
 

NEW CATALYST FORMULATIONS BASED ON GOLD AND 

MOLYBDENUM NITRIDES AND CARBIDES: APPLICATION IN 

SELECTIVE HYDROGENATION 

 

 

Noémie PERRET 

A dissertation submitted for the degree of Doctor of Philosophy 

 

Heriot-Watt University 

School of Engineering and Physical Sciences 

Department of Chemical Engineering 

November 2012 
 

 

 

The copyright in this thesis is owned by the author. Any quotation from the thesis or use 

of any of the information contained in it must acknowledge this thesis as the source of 

the quotation or information. 



i 

 

 

 

 

The development of selective heterogeneous catalytic systems is of fundamental 

importance for the realisation of sustainable green chemical processes. In this thesis, the 

hydrogenation of nitroarene, aldehyde and carboxylic acid compounds is examined in 

continuous gas phase operation, for the synthesis of a target functionalised aromatic 

amine and alcohol. Novel catalysts based on Mo nitride, carbide and supported Au have 

been synthesised and subjected to an array of complementary characterisation 

measurements that provide catalyst structure/performance correlations with detailed 

kinetic and mechanistic analysis.  

The use of Mo2N and Mo2C as catalysts served to promote the selective 

hydrogenation of nitrobenzene to aniline and p-chloronitrobenzene to p-chloroaniline 

where the incorporation of nano-scale Au increased reaction rate. Activity has been 

correlated to hydrogen adsorption/release capacity, which shows a dependence on the 

degree of nitridation and crystallographic structure. In contrast, hydrogenation of 

benzaldehyde is limited by C=O activation, which is facilitated by the Mo component. 

Alumina supported Au has exhibited 100% selectivity in the hydrogenation of 

benzaldehyde and 4-nitrobenzaldehyde to the target alcohol, where Au particle size and 

surface Lewis acidity play crucial roles. The hydrogenation of benzoic acid over Au 

supported on a CeO2-ZrO2 mixed oxide has shown promising results with the possibility 

of a one step transformation to the alcohol.  

The results presented in this thesis establish feasible catalytic routes to high 

value amines and alcohols where critical process optimisation is demonstrated in terms 

of catalyst composition/surface structure and reaction conditions. 
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Chapter 1 

Introduction and Scope of the Thesis  

This Chapter presents a brief overview of the concept of green chemistry and 

introduces the catalysts and reactions investigated in this PhD research. The objectives 

of this project are also identified. 

1.1   Green Chemistry 

The response to the dual demands of environmentally friendly and economically 

competitive chemical processes has seen a concerted move towards the development of 

sustainable and green technologies over the past 15 years. Green chemistry is defined by 

12 principles [1.1], which focus on the design of processes that promote the use of more 

environmental friendly feedstock, decrease the use of solvent, promoters and separation 

agents, involve fewer processing steps, lessen energy requirements and increase 

material efficiency. Moreover, the substances employed should be benign and limit the 

risks of accident and toxicity to human health. Selective catalytic systems can be 

designed to fulfil these guidelines. By preventing pollution at source, reducing or 

eliminating waste formation and circumventing waste treatment and disposal, 

heterogeneous catalysis represents a cornerstone of green chemistry. 

Functionalised aromatic amines and alcohols are important intermediates in the 

production of several urea herbicides and insecticides, pharmaceuticals, agrochemicals, 

cosmetics, azo and leuco dyes, corrosion inhibitor and pigments [1.2,1.3]. The existing 

literature has mainly focused on the catalytic hydrogenation of nitro-compounds and 

aldehydes in batch liquid systems operated at elevated pressures [1.4,1.5]. However, 

selectivity in terms of targeted –NO2 or C=O reduction in the presence of other reactive 

functional groups is challenging [1.6-8]. The drawback of traditional routes and the by-

products associated with each reaction are assessed throughout this thesis. Synthesis 

routes often involve low product yield, low selectivity, toxic by-products and energy 

inefficiency. This is a system that requires reassessment in line with green chemistry 

principles in order to achieve sustainability in larger scale application.  

 



Chapter 1: Introduction and scope of the thesis 

 2

1.2   Scope and Organisation of the Thesis 

A review of the literature dealing with the formulation of novel catalysts for 

heterogeneous processes over the past 25 years revealed the development and use of 

interstitial nitrides and carbides of early transition metals (group 4-6) [1.9-12]. Not only 

have these materials exhibited catalytic activity similar to noble metals for a wide range 

of reactions but they are less expensive to produce [1.13]. They possess an electronic 

structure with a Fermi energy close to that of group VIII metals, which explain the 

similarities in term of catalytic behaviours [1.9]. Moreover, nitrides and carbides exhibit 

distinct kinetics and products selectivities, which have yet to be exploited [1.14]. The 

methods of preparation of molybdenum nitride and carbide have been developed and 

their application as hydrotreating catalysts is now established [1.10,1.12,1.15]. The 

literature on their use as catalysts for hydrogenation reactions is however limited.  

The main focus of my PhD research is to develop novel catalysts that exhibit 

high selectivity to a target amine or alcohol. The hydrogenation of nitrobenzene 

(Chapter (Chap.) 5/6), para(p)-chloronitrobenzene (Chap. 2/3/4/5/6) and meta-(m)-

dinitrobenzene (Chap. 4) will be investigated as they can produce aniline, p-

chloroaniline and m-nitroaniline, respectively, as three amines extensively used as raw 

material for dyestuff [1.16,1.17]. The production of an aromatic alcohol will be then 

considered from benzaldehyde (Chap. 7), 4-nitrobenzaldehyde (Chap. 8) and benzoic 

acid (Chap. 9). The reactions have been conducted in the gas phase, which facilitates 

continuous operation, offering advantages in terms of product/catalyst separation and 

economies of scale.  

Catalyst optimisation can only be achieved through a coupling of 

characterisation with the observed catalytic response. This require a thorough 

understanding of (i) reaction mechanism, (ii) synthesis mechanism and (iii) 

characterisation of the critical (bulk and surface) properties. Firstly the synthesis 

mechanism and use of β-Mo2N for the hydrogenation of p-chloronitrobenzene is 

investigated (Chap. 2). This is followed by a consideration of the effect(s) of varying 

surface area and Mo2N crystallographic phase (β- and γ-) on the same reaction (Chap. 

3). The work presented in Chap. 6 will cover the effect of nitrogen incorporation on the 

catalytic response of Mo metal for the reduction of -NO2 and C=O. The hydrogenation 

of nitroarenes promoted over Mo2C (bulk and supported on Al2O3) is examined in Chap 

4. Product yield is a crucial factor for industrial processes and can be improved by the 
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use of promoters. An increase in the activity of Mo based systems in methanol steam 

reforming, hydrodesulfurisation and hydrodenitrogenation has been reported with the 

addition of noble metals (Pd, Pt) [1.18] or the inclusion of Ni, Fe and Co [1.19]. With a 

view to enhancing overall catalyst performance, the incorporation of Au (Chap. 2/3/4) 

and the inclusion of Fe and Co (Chap. 5) as promoter have been considered.  

It is clear from a series of comprehensive reviews [1.20-23], that interest in the 

use of supported Au catalysts is growing. Although work to date has largely focused on 

oxidation reactions in liquid phase, studies dealing with the hydrogenation of aldehydes 

to alcohols (e.g. crotonaldehyde, citral, acrolein) have shown promising results in terms 

of selectivity and stability [1.20,1.24]. Chap. 7 will cover the selective hydrogenation 

of benzaldehyde to benzyl alcohol over Au/Al2O3. The catalytic response of 

hydrogenation reactions over supported Au depends mainly on (i) Au particle size and 

morphology [1.22,1.25,1.26] and (ii) nature of the support in terms of interaction with 

the metal, redox and acid-base properties [1.27-29]. These effects are probed for the 

hydrogenation of 4-nitrobenzaldehyde (Chap 8) and benzoic acid (Chap. 9). A 

schematic diagram of my PhD research is presented Figure 1.1.  

Critical catalyst structural features are examined throughout this work by 

applying a range of techniques including:  

• Determination of point of zero charge, surface area and pore size distribution. 

• Adsorption/desorption dynamics of H2, N2 and O2 investigated by flow 

chemisorption, temperature programmed reduction/desorption (TPR/TPD). 

• Surface and bulk structural analysis: Elemental analysis, Atomic Absorption 

Spectroscopy (AAS), X-ray Diffraction (XRD), X-ray Photoelectron Spectroscopy 

(XPS), Scanning Electron Microscope (SEM), Transmission Electron Microscopes 

(TEM), Inductively Coupled Plasma Atom Emission Spectroscopy (ICP-AES), Fourier 

Transform Infrared Spectroscopy (FTIR) and Ultraviolet–Visible Spectroscopy (UV-

Vis). 

Each Chapter includes a comprehensive literature review of the topic under 

investigation, pertinent experimental details; results are coupled with discussion.



4 

C
hapter 1: Introduction and scope of the thesis 

 

4 

Figure 1.1: Scope of the studies undertaken in this thesis 
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The reader should note that some of the results presented in this thesis are the outcome of 

collaborations with,  

Université Pierre et Marie Curie (France): Catherine Louis and Laurent Delannoy made 

the four catalysts used Chapter 4 (Mo2C, Au/Mo2C, Mo2C/Al2O3 and Au/Mo2C) while 

Claude Potvin conducted the XPS analysis (with associated curve fitting). Thomas Onfroy 

and Christophe Calers carried out the FTIR pyridine and XPS measurements, respectively, 

presented in Chapter 8. 

University of Glasgow and Aberdeen (UK): Anne-Marie Alexander, S. M. Hunter, Peter 

Chung and Justin S.J. Hargreaves prepared Co3Mo3N and Fe3Mo3N catalysts and 

conducted SEM analysis while Russell Howe did the XPS measurements (with associated 

curve fitting) presented in Chapter 5. 

Universidad de Cádiz (Spain): Serafin Bernal and Juan José Delgado synthesised the two 

Au supported catalysts used Chapter 9 and carried out the STEM and XPS analysis (with 

associated curve fitting). 

Ecole Polytechnique Fédérale de Lausanne (Switzerland): Fernando Cárdenas-Lizana, 

Daniel Lamey and Lioubov Kiwi-Minsker synthesised γ-Mo2N and conducted the SEM and 

XPS measurements Chapter 3 and Chapter 6. Fernando Cárdenas-Lizana also contributed to 

some of the results and writting of Chapter 2. 
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Chapter 2 

Synthesis Mechanism and Catalytic Response of β-Mo2N and           

Au/β-Mo2N for the Gas Phase Hydrogenation of p-Chloronitrobenzene 

In this Chapter, the synthesis mechanism of β-Mo2N from a temperature 

programmed treatment of MoO3 in flowing N2+H2 is investigated. Au is incorporated as 

a promoter and Au/Mo2N is characterised. The catalytic actions of Mo2N and Au/Mo2N 

are examined in the continuous gas phase hydrogenation of p-chloronitrobenzene. The 

effect of the support (Mo2N vs Al2O3) and metal (Au vs Pd) are also considered. 

2.1   Introduction 

Transition-metal nitrides in general, and Mo nitride in particular, exhibit a 

combination of properties that have resulted in multiple applications as 

coatings/structural components [2.1], high performance magnets [2.2], in electronic and 

optical devices [2.3] and as catalytic materials [2.4,2.5]. Conventional preparative 

routes have involved either (a) high temperature (1400-1900 K) reaction of the base 

metal and elemental nitrogen [2.6], (b) carbothermal nitridation of metal oxides [2.6] or 

(c) a self propagating high temperature synthesis [2.7]. Alternative methods that can 

operate under milder reaction conditions have drawn on controlled temperature 

programmed procedures. Examples include the reaction of MoO3 with NH3 [2.8-11] and 

N2+H2 [2.12,2.13], reaction of MoCl5 with urea [2.14], reduction of MoO2 with NH4Cl 

[2.15], chemical vapour deposition of MoCl5 (in the presence of NH3) [2.16] and the 

thermal decomposition of (HMT)2(NH4)4Mo7O24 [2.17,2.18]. A combination of NH3+H2 

has been the most widely employed reacting gas in reduction-nitridation processes 

[2.4,2.19,2.20]. However, the use of a N2+H2 mixture circumvents the heat transfer 

problems associated with the endothermic NH3 decomposition [2.12].  

The methodologies applied to date have generated a combination of MoxNy 

phases, principally metastable cubic (γ-Mo2N) and hexagonal (δ-MoN) structures [2.6]. 

Although γ-Mo2N is the most commonly synthesised form by thermal treatment of 

MoO3 [2.9,2.12,2.19,2.21], there is also evidence in the literature for the formation of a 

body centred tetragonal β-nitride phase with a Mo/N ratio in the range 2.0-2.6 

[2.13,2.22-26].  
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The literature dealing with the temperature programmed synthesis of Mo nitrides 

is still quite limited and a search through the literature did not reveal any comprehensive 

analysis of the mechanism(s) involved in the formation of β-Mo nitride from MoO3. It 

is, however, worth noting a number of reports that deal (in part) with Mo nitride 

preparation [2.13,2.23,2.24,2.27-29], physical/chemical properties [2.6] and 

morphology [2.13,2.24]. Additional published studies are relevant in that the formation 

of partially reduced oxides (Mo4O11 [2.30], MoO2 [2.9]) or ordered bronzes (HxMoO3, 

0.07 < x < 0.34) [2.31] and/or Mo [2.22] have been observed during the reduction-

nitridation process. Nagai et al. [2.23] recorded the formation of MoO2, γ-Mo2N, β-

Mo2N and Mo during treatment of MoO3 with NH3 up to 1173 K.  

In terms of applications, it has been reported that group VI nitrides can exhibit 

comparable catalytic activity in hydrogen mediated reactions to that obtained with 

conventional metal catalysts [2.4,2.32]. This has been ascribed to a contraction of the d-

band and modification of electron density due to the incorporation of N interstitially in 

the metal lattice [2.33], resulting in a capacity for H2 adsorption [2.4]. Molybdenum 

nitrides have been successfully used to promote the hydrogenation of long chain 

alkadienes [2.34], CO [2.35] and ethylene [2.36], the hydrodenitrogenation of carbazole 

[2.23,2.28,2.37] and the hydrodesulfuration of thiophene [2.13,2.24] and 

dibenzothiophene [2.38]. Moreover, Mckay et al. [2.39], demonstrated in a recent study 

an enhanced catalytic response in ammonia synthesis for β-Mo2N (prepared by MoO3 

treatment in H2/N2 at 973 K) when compared with δ-MoN and γ-Mo2N. However, there 

are no studies in the open literature dealing with the hydrogenation of nitro-compounds 

over molybdenum nitride. 

In this Chapter, the intermediates in β-Mo nitride synthesis are identified with 

the first application of this nitride in the catalytic hydrogenation of nitroarenes. The 

selective hydrogenation of p-chloronitrobenzene (p-CNB) to p-chloroaniline (p-CAN) 

has been selected as a model reaction. p-CAN is a high production volume compound 

[2.40], extensively used in the manufacture of a range of fine chemicals [2.41]. Existing 

routes to p-CAN involve high pressure batch liquid phase operations that generate toxic 

by-products with a low overall product yield [2.42] and there is now a pressing demand 

for alternative cleaner catalytic routes. In this study, the feasibility of β-Mo nitride as a 

catalytic material to promote the continuous gas phase hydrogenation of p-CNB to p-

CAN is established. 
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A critical advancement in cleaner amine synthesis in batch operation using oxide 

supported Au catalysts has resulted from the work of Corma et al. [2.43], who 

demonstrated a preferential activation of -NO2 with H2 dissociation at low coordination 

Au sites by in situ IR spectroscopy and theoretical calculations. Previous work 

conducted in this laboratory [2.44,2.45] established -NO2 hydrogenation 

chemoselectivity over Au in gas phase continuous operation. Studies to date have 

shown low hydrogenation activity for Au that can be ascribed to a restricted 

activation/dissociation of H2 [2.46], which is dependent on chemisorption temperature 

[2.47] and Au particle size [2.48]. As Mo2N can chemisorb hydrogen and Au is 

selective for nitro-group reduction, the combination of Au with Mo nitride is examined 

as a new catalyst formulation directed at elevating hydrogenation rate while maintaining 

chemo-selectivity. The catalytic action of Mo2N and Au/Mo2N are investigated in the 

gas phase hydrogenation of p-CNB. Au/Al2O3 (as benchmark [2.49]) is examined to 

probe a possible support effect, i.e. Mo2N vs. Al2O3. Moreover, as Pd has shown 

enhanced activity in -NO2 reduction [2.50], the catalytic performance of Pd/Mo2N is 

also considered. 

2.2   Experimental 

2.2.1   Mo Nitride Synthesis 

The MoO3 (99.9995% w/w) precursor was obtained from Alfa Aesar and used as 

received. Mo nitride synthesis was conducted in a commercial CHEM-BET 3000 

(Quantachrome) unit. The precursor (0.150 g MoO3) was loaded in a U-shaped quartz 

cell (10 cm×3.76 mm i.d.) and heated in 15 cm3 min-1 (GHSV = 7×103 h-1, Brooks mass 

flow controlled) 15% v/v N2/H2 at 5 K min-1 to 933 K. The effluent gas passed through 

a liquid N2 trap and changes in composition (consumption/release of H2 and/or N2) were 

monitored by a thermal conductivity detector (TCD) with data acquisition/manipulation 

using the TPR WinTM software. The reaction was quenched by switching to a He flow 

(15 cm3 min-1), the temperature was maintained at 933 K for 3 h and the sample was 

cooled to room temperature. In order to independently analyse precursor reduction, the 

thermal treatment of MoO3 in 15 cm3 min-1 15% v/v Ar/H2 at 5 K min-1 to 933 K was 

also monitored. In addition, nitride decomposition, was examined by a controlled 

thermal treatment at 5 K min-1 in a flow (60 cm3 min-1, GHSV = 2×104 h-1) of He to 
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1273 K. Samples for off-line analysis were passivated at room temperature in 1% v/v 

O2/He; there was no detectable temperature increase during sample passivation.  

A suspension of HAuCl4 (300 cm3, 3×10-4 M, Aldrich), aqueous urea (100 cm3, 

0.86 M) and Mo2N was mixed (at 300 rpm) and heated (1 K min-1) to 353 K (2.5 h). 

The solid was filtered and washed with distilled water until the wash water was Cl-free 

(based on AgNO3 test), dried in He (45 cm3 min-1) at 383 K for 3 h, sieved into a batch 

of 75 μm average particle diameter and stored at 277 K under He in the dark. Pd/Mo2N 

(2.5×10-4 M Pd(NO3)2, Aldrich) was synthesised following the same protocol. For 

comparison purposes, Au supported on Al2O3 (Puralox, Condea Vista Co.) was 

prepared by standard impregnation with HAuCl4 as described elsewhere [2.51], dried 

and stored as above.  

2.2.2   Sample Characterisation 

Temperature programmed reduction (TPR) post-passivation, hydrogen 

chemisorption (at 290 K), surface area and pore volume measurements were conducted 

using the commercial CHEM-BET 3000 (Quantachrome) unit. Samples were activated 

in 17 cm3 min-1 5% v/v H2/N2 at 2 K min-1 to 493-673 ± 1 K (1 h), swept with 65 cm3 

min-1 N2 (1.5 h) and cooled to room temperature. After TPR, the reduced samples were 

swept with a 65 cm3 min-1 flow of N2 for 1.5 h, cooled to room temperature and 

subjected to H2 chemisorption using a pulse (10 µl) titration procedure. BET surface 

area was obtained from analysis in a 30% v/v N2/He flow with ultra pure N2 (> 99.99%, 

BOC) as internal standard. At least two cycles of nitrogen adsorption-desorption in the 

flow mode were employed using the standard single point BET method. Pore volume 

measurements were performed using the commercial Micromeritics Flowsorb II 2300 

unit. Prior to analysis, the samples were outgassed at 423 K for 1 h and the total pore 

volume was obtained at a relative N2 pressure of P/P0 = 0.95. BET and pore volume 

measurements were reproducible to within ± 5%; the values quoted represent the mean.  

Identification of the intermediate and final products was confirmed by XRD, 

employing a Bruker/Siemens D500 incident X-ray diffractometer using Cu Kα 

radiation. The samples were scanned at a rate of 0.02º step-1 over the range 20º ≤ 2θ ≤ 

90º (scan time = 0.5 s step-1). Diffractograms were identified by direct comparison with 

either commercial samples (MoO3 (Aldrich, 99%) and Mo powder (Aldrich, ≥ 99.9%)) 
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or the JCPDS-ICDD reference standards, i.e. MoO3 (35-609), MoO2 (32-0671), Mo (42-

1120), β-Mo2N (25-1368) and Au (04-0784)). Diffuse reflectance UV-Vis (DRS UV-

Vis) measurements were conducted using a Perkin Elmer Lambda 35 UV-Vis 

Spectrometer with BaSO4 powder as reference; absorption profiles were calculated from 

the reflectance data using the Kubelka-Munk function. Analysis by scanning electron 

microscopy (SEM) was carried out using a Hitachi S2700 field emission SEM unit 

operated at an accelerating voltage of 10 kV. The sample was deposited on a standard 

aluminium SEM holder and coated with gold. Elemental (nitrogen) analysis was 

determined using an Exeter CE-440 Elemental Analyser after sample combustion at ca. 

1873 K.  

The Au and Pd content (supported on β-Mo2N or Al2O3 and in solution during 

reaction) was determined by atomic absorption spectrometry (Shimadzu AA-6650 

spectrometer) using an air-acetylene flame. High resolution transmission electron 

microscopy (HRTEM) employed a JEOL JEM 2011 unit operated at an accelerating 

voltage of 200 kV using Gatan DigitalMicrograph 3.4 for data treatment. The specimens 

were prepared by dispersion in acetone and deposited on a holey carbon/Cu grid (300 

Mesh). The mean metal (Au or Pd) particle size is given as surface area-weighted mean 

(d) [2.45] where over 200 individual metal particles were counted for each catalyst.  

2.2.3   Hydrogenation of p-Chloronitrobenzene (p-CNB) 

2.2.3.1   Catalytic System 

The hydrogenation of p-CNB (Sigma-Aldrich, purity ≥ 99%) as a solution in 

ethanol (Sigma-Aldrich ≥ 99%) was carried out under atmospheric pressure at 493 K, in 

situ immediately after β-Mo2N activation, in a fixed bed vertical glass reactor (l = 450 

mm; i.d. = 15 mm). The catalytic reactor and operating conditions to ensure negligible 

heat/mass transport limitations have been fully described elsewhere [2.52] but some 

features, pertinent to this study, are given below. A layer of borosilicate glass beads 

served as preheating zone, ensuring that the organic reactant was vaporised and reached 

reaction temperature before contacting the catalyst. Isothermal conditions (± 1 K) were 

ensured by diluting the catalyst bed with ground glass (75 µm); the ground glass was 

mixed thoroughly with catalyst before insertion in the reactor. The reaction temperature 

was continuously monitored using a thermocouple inserted in a thermowell within the 
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catalyst bed. The p-CNB reactant in ethanol was delivered at a fixed calibrated flow rate 

to the reactor via a glass/teflon air-tight syringe and teflon line using a microprocessor 

controlled infusion pump (Model 100 kd Scientific). A co-current flow of p-CNB and 

ultra pure (> 99.99%, BOC) H2 (< 1% v/v p-CNB in H2) was maintained at GHSV = 

330 min-1 with a catalyst mass to inlet p-CNB molar rate (m/F) in the range 8×103-

8×104 g mol-1 min; H2 content was well in excess of the stoichiometric requirement 

where the hydrogen flow rate was monitored using a Humonics (Model 520) digital 

flowmeter. In a series of blank tests, passage of p-CNB in a stream of H2 through the 

empty reactor did not result in any detectable conversion. The reactor effluent was 

frozen in a liquid nitrogen trap for subsequent analysis.  

2.2.3.2   Analytical Method and Activity/Selectivity Evaluation  

The composition of the reaction/product(s) mixtures were determined using a 

Perkin-Elmer Auto System XL chromatograph equipped with a programmed 

split/splitless injector and a flame ionization detector, employing a DB-1 capillary column 

(i.d. = 0.33 mm, length = 30 m, film thickness = 0.20 μm). Data acquisition and 

manipulation were performed using the TotalChrom Workstation Version 6.1.2 (for 

Windows) chromatography data system and the overall reactant/product molar fractions 

were obtained using detailed calibration (not shown). Fractional hydrogenation (Xp-CNB) 

was obtained from 

                 - CNB
[ ] [ ]

[ ]
in out

p
in

p CNB p CNBX
p CNB

− − −
=

−
                                              (2.1) 

where selectivity with respect to p-chloroaniline (p-CAN) is given by 

         - CAN
[ ](%) 100

[ ] [ ]
out

p
in out

p CANS
p CNB p CNB

−
= ×

− − −
                                     (2.2)                                             

Repeated reactions with different samples from the same batch of catalyst delivered 

conversion/selectivity values that were reproducible to within ± 7%. 
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2.3   Results and Discussion 

2.3.1   β-Mo2N Synthesis Mechanism 

2.3.1.1   Temperature Programmed Synthesis 

The commercial MoO3 sample (as received), when subjected to a temperature 

programmed treatment in 15% v/v N2/H2 to 933 K, generated the profile presented in 

Figure 2.1(A).  

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
Figure 2.1: TCD response resulting from the temperature programmed nitridation of MoO3 to 933 
K (at 5 K min-1) in (A) 15% v/v N2/H2 and (B) 15% v/v Ar/H2. Insets: XRD patterns for the 
passivated products post thermal treatment. Note: peak assignments based on JCPDS-ICDD 
standards for (A) β-Mo2N (25-1368, ■) and (B) Mo (42-1120, ▲). 
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The emergence of four positive (H2 consumption) peaks suggests four separate reaction 

steps. To probe this response, the thermal treatment was repeated, stopping at different 

stages in order to generate eight samples for ex situ analysis, as identified in Figure 

2.1(A). Sample selection included starting material (1), final product (8) and 

intermediate samples (2-4 and 6) obtained pre- and post- a stage of significant H2 

consumption. Given the broadness of the two final peaks, samples 5 and 7 were taken at 

the peak maxima. Sample 2 was selected, although no significant response was noted, 

as there is some evidence in the literature [2.31] of a transition from MoO3 to MoO2 at 

this temperature (623 K). The associated time, temperature related peak maxima (Tmax), 

BET surface area, total pore volume and phase composition associated with each 

sample are given in Table 2.1. Taking the profile in Figure 2.1(A), intermediate(s) 

formation and conversion occurred during the final isothermal (933 K) hold, suggesting 

a kinetically controlled process. In contrast, previous studies have suggested that Mo 

nitride intermediate(s) formation was temperature dependant, i.e. thermochemically 

controlled: MoO2 (613-773 K) [2.9,2.12,2.13,2.53]; HxMoOx (≤ 623 K) 

[2.31,2.53,2.54]; Mo4O11 (673 K) [2.55]; γ-Mo2OxN1-x (773 K) [2.56]; Mo (900-1153 K) 

[2.13,2.55,2.57].  

 
Table 2.1: Reaction time, temperature related TCD signal maximum (Tmax), BET surface area 
(SA), total pore volume and % fraction of each phase associated with the passivated samples: see 
Figure 2.1. 

Sample Time 
(min) Tmax (K) BET area 

(SA, m2 g-1) 
Pore Volume  
(10-3 cm3 g-1) % (Phase) 

(1) 0 298 1 2 100 (MoO3) 

(2) 69 623 2 3 100 (MoO3) 

(3) 150 933 2 3 100 (MoO2) 

(4) 240 933 6 7 90 (MoO2)  
10 (Mo) 

(5) 325 933 14 11 25 (Mo)  
75 (β-Mo2N) 

(6) 365 933 14 10 20 (Mo) 
80 (β-Mo2N) 

(7) 440 933 14 10 100 (β-Mo2N) 

(8) 1165 933 17 11 100 (β-Mo2N) 
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2.3.1.2   XRD/Elemental Analysis/DRS UV-Vis 

Powder XRD patterns of passivated samples obtained at points 1-8 are presented 

in Figure 2.2. It has been established previously [2.58] that the passivation step 

provides a protective oxide surface layer without deeper oxidation. In order to confirm 

the composition of each sample, the XRD patterns were compared with commercial 

samples (MoO3 (A), MoO2 (B) and Mo (C)) and the JCPDS-ICDD standards for MoO3 

(35-609), MoO2 (32-0671), Mo (42-1120) and β-Mo2N (25-1368, D). In Figure 2.2, 

each of the four columns represent the specific contribution at that stage of reduction 

and/or nitridation (1-8) due to (A) MoO3, (B) MoO2, (C) Mo and (D) β-Mo2N and 

serves to illustrate the evolution of the MoO3 reactant to β-Mo2N product. The 

diffractogram of the final product shows peaks at 37.7°, 43.1°, 45.3°, 62.7°, 64.3°, 

75.5°, 78.6° and 80.5° (Figure 2.2, profile 8-D), which are consistent with the (112), 

(200), (004), (220), (204), (312), (116) and (224) reflections of bulk β-Mo2N. This 

result agrees with the findings of Gong et al. [2.13] who reported the formation of β-

Mo2N via temperature programmed treatment of MoO3 with N2+H2 at 923-1023 K. In 

contrast, Nagai and co-workers [2.23,2.28] proposed that β-phase formation (from 

MoO3 treatment in NH3) required a higher synthesis temperature where the conversion 

of the (cubic) γ-phase to the β-form occurred at 1070 K (in He).  

A decrease in the intensity of the characteristic signals for MoO3 in Figure 2.2 

(comparing profiles 1-A with 2-A) suggests a transformation of the trioxide over the 

temperature range 298-623 K. While Ressler et al. [2.31] have proposed a transition of 

MoO3 to MoO2 at 623 K, we observed no detectable signals due to (bulk) MoO2 

associated with sample 2 (see profile 2-B). The sharp H2 TPR consumption peak 

recorded at 933 K (between samples 2 and 3, see Figure 2.1(A)) can be attributed to the 

reduction of MoO3 to MoO2 as confirmed in profile 3-B (Figure 2.2). Moreover, the 

amount of H2 associated with this signal matched that required for the oxide reduction 

(to within ± 10%), confirming the sole transition of trioxide to Mo dioxide.  

The ill-defined positive peak between points 3 and 4 (Figure 2.1(A)) can be 

linked to a partial reduction of MoO2 to Mo (Figure 2.2, profile 4-C and Table 2.1). 

The latter proceeds further from stage 4 to 5 (Figure 2.1(A)) where the XRD response 

for sample 5 shows only trace MoO2. Nitrogen consumption generated a negative TCD 

signal (see Figure 2.1(A)) and the XRD profiles for samples 5 and 6 are consistent with 

the nitridation of Mo (profiles 5-D and 6-D in Figure 2.2). The nitridation process is 
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complete by stage 7, at which point there was no detectable Mo present (Figure 2.2, 

Table 2.1). Moreover, elemental analysis of samples 5 and 7 revealed an increase in 

nitrogen content (from 2.4 ± 0.3 to 5.7 ± 0.3% w/w), which can be attributed to the 

progressive nitridation of Mo. Samples 7 and 8 exhibited equivalent nitrogen contents, 

close to that for β-Mo2N. The occurrence of a final positive signal (stage 6-8, Figure 

2.1(A)) can be attributed to H2 uptake on β-Mo2N [2.4].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: XRD profiles of samples 1-8 (see Figure 2.1) focusing on the contributions due to (A) 
MoO3, (B) MoO2, (C) Mo metal and (D) β-Mo2N. Diffractograms for model samples and peak 
assignment based on JCPDS-ICDD reference data are denoted by A (MoO3; Alfa Aesar, 99.9995%; 
35-0609, ¿), B (MoO2; Aldrich, 99%; 32-0671, ●), C (Mo; Aldrich, ≥ 99.9%; 42-1120, ▲) and D 
(JCPDS-ICDD β-Mo2N standard (25-1368), ■).  
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Our results confirm that the reaction of MoO3 with N2+H2 follows the sequence: 

2 2 2

2 2

H H N
3 2 2H O H OMoO MoO Mo Mo Nβ+ + +

− −→ → → −                                (2.3) 

Previous studies have suggested the participation of MoO2 [2.9,2.10,2.12,2.13,2.24], 

MoOxHy [2.31,2.53,2.54], Mo4O11 [2.59,2.60] and Mo [2.13,2.24] as intermediates 

during the temperature programmed treatment of MoO3 to form Mo nitride. Matsuda et 

al. [2.54] proposed the reduction pathway MoO3 → HxMoO3 → MoO2 for reaction at  

623 K, Wise and Markel [2.12] suggested the steps MoO3 → MoO2 → Mo at 773 K and 

Słoczyński [2.61] reported MoO3 → Mo4O11 → MoO2 where T < 823 K.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: DRS UV-Vis spectra of samples 1-4 (see Figure 2.1(A)); dotted line in Profile (3) 
represents spectrum for a commercial MoO2 (Aldrich, 99%).  

In order to facilitate identification of the reaction intermediates, DRS UV-Vis 
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on the literature [2.62] for MoO3 where bands at 220-250 nm and 320 nm have been 

observed and attributed to tetrahedral Mo-O and octahedral Mo-O-Mo bridging, 

respectively. The appearance of the higher wavelength band (at 325 nm) in Profile 2 

suggests a partial transition of Mo(VI) from tetrahedral to octahedral coordination, a 

result that is in line with findings reported by Aritani et al. [2.63]. The broad band over 

the 400-600 nm range for samples 3 and 4 suggests the formation of Mo(V) and/or 

Mo(IV) [2.64,2.65] and is consistent with our TPR (Figure 2.1(A)) and XRD (Figure 

2.2) measurements, i.e. MoO2 is produced at the final isothermal (933 K) hold (see 

Table 2.1). Indeed the UV-Vis spectrum associated with sample 3 coincides directly 

with that recorded for the commercial MoO2 (dotted profile). The decrease in intensity 

of the MoO2 signal for sample 4 (Profile 4) can be attributed to a partial reduction to Mo 

during steps 3 and 4 (see Figures 2.1(A) and 2.2). 

2.3.1.3   Stepwise Reduction/Nitridation and Denitridation 

The results for the solid transformation of MoO3 in N2+H2 to β-Mo2N are 

consistent with the formation of MoO2 and Mo as intermediates, i.e. a first stage that 

involves the conversion of MoO3 to MoO2 (sample 3 in Figure 2.1(A)) with subsequent 

reduction to metallic Mo. Nitrogen is then incorporated into the solid in a nitridation 

step. In order to decouple the reduction and nitridation steps and further confirm this 

reaction mechanism, the temperature programmed treatment of MoO3 in H2+Ar, i.e. in 

the absence of N2, was monitored and delivered the profile shown in Figure 2.1(B). The 

final product (at 933 K) in this instance was Mo as confirmed by XRD analysis (see 

inset in Figure 2.1(B)).  

By comparing the profiles obtained for thermal treatment in N2+H2 (Figure 

2.1(A)) with that in Ar+H2 (Figure 2.1(B)), any observed differences can be attributed 

to the involvement of nitridation step(s) in the former. In both cases, the patterns 

coincide up to the point at which MoO2 is partially reduced (sample 4 in Figure 2.1(A) 

and sample 9 in Figure 2.1(B)), where the associated XRD patterns are consistent with 

a mixture of MoO2+Mo: see profiles 4B and 4C in Figure 2.2 for thermal treatment in 

N2+H2, equivalent to that obtained in Ar+H2. Additional hydrogen consumption in the 

Ar+H2 treatment, i.e. positive signal (samples 9 and 10 in Figure 2.1(B)), can be 

attributed to H2 uptake on Mo as has been reported elsewhere [2.66,2.67]. Further 
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treatment of the Mo sample in N2+H2 resulted in the sole formation of β-Mo2N as 

confirmed by XRD analysis (diffractogram pattern not shown).  

The reversibility of the nitridation step was also examined by considering a 

thermally (to 1273 K) induced denitridation of sample 8 (see Figure 2.1(A)). The 

resultant profile is shown in Figure 2.4 where the amount of nitrogen released was 

consistent with the content in the starting sample. Nitride decomposition generated Mo 

as the sole product, which was confirmed by XRD analysis (see inset in Figure 2.4). 

This result finds support in the literature where the generation of Mo has been reported 

from γ-Mo2N (via β-Mo2N at 1073 K) for treatment (in He) at T ≥ 1153 [2.23,2.57].  

 

 

 

 

 

 

 

 

Figure 2.4: TCD response for the temperature programmed treatment of β-Mo2N to 1273 
K in He. Inset: XRD pattern for passivated product post-thermal treatment. Note: peak 
assignments based on the JCPDS-ICDD standard for Mo (42-1120, ▲). 

 

2.3.1.4   SEM/BET/Pore Volume 

A solid to solid transition can be termed topotactic if the structural atomic 

arrangement is conserved in terms of the relative position of the metal atoms [2.68]. It 

has been shown that Mo nitrides can be synthesized by controlled thermal treatment of 

MoO3 with NH3 [2.8,2.33,2.69] or N2+H2 [2.70] via a topotactic route where a 

continuous transformation through oxynitride(s) takes place [2.54]. A non-topotactic 

formation of β-Mo2N has also been proposed in the literature [2.22,2.24] but without 

any explicit evidence to support this.  
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Figure 2.5: SEM micrographs of starting MoO3 (sample 1, Figure 2.1(A); first row, Figure 2.2), passivated MoO2 (sample 3, Figure 2.1(A); third raw Figure 2.2), Mo 
(sample 10, Figure 2.1(B)) and β-Mo2N (sample 8, Figure 2.1(A); eighth row, Figure 2.2). 
 

C
hapter 2: Synthesis m

echanism
 and catalytic response of β-M

o
2 N

 and Au/β-M
o

2 N
 for hydrogenation of p-C

N
B 

 

21 

 

    MoO3    MoO2      Mo    β-Mo2N 

  5µm 

  5µm 

  5µm 

  5µm 

  10µm 

5µm 

5µm 

   5µm 

 



Chapter 2: Synthesis mechanism and catalytic response of β-Mo2N and Au/β-Mo2N for hydrogenation of p-CNB 

 22

  

In order to consider the morphology and structural evolution of the solid during 

the preparation of β-Mo2N, SEM analysis was conducted. The representative SEM 

images of the starting MoO3, given in Figure 2.5, clearly show a platelet orthorhombic 

crystal structure, as reported elsewhere [2.6,2.71]. SEM analysis of the β-Mo2N product 

(sample 8 in Figure 2.1(A)) indicates a non-topotactic transformation, i.e. disruption of 

the platelet morphology during the reduction-nitridation process. Moreover, the SEM 

micrographs of MoO2 (sample 3 in Figure 2.1(A)) and Mo (sample 10 in Figure 

2.1(B)) reveal a morphology similar to that of β-Mo2N, suggesting that the disruption of 

the crystal configuration takes place during the MoO3 " MoO2 reduction step. This is 

the first demonstrable evidence for a non-topotactic transformation, identifying the 

critical step(s) and intermediate(s).  

The BET areas and total pore volume of the samples obtained during the 

reduction/nitridation process are given in Table 2.1. The starting MoO3 (pale yellow 

crystalline powder) exhibited a negligible surface area (1 m2 g-1) and low pore volume 

(2×10-3 cm3 g-1). As reduction/nitridation proceeded, MoO3 was transformed into a light 

gray (sample 2, Figure 2.1(A)), gray (samples 3-6) and ultimately a lustrous gray-black 

solid (β-Mo2N). An increase in both BET (1 → 17 m2 g-1) and pore volume (2×10-3 → 

11×10-3 cm3 g-1) was observed with the transformation of MoO3 into β-Mo2N. Nagai et 

al. [2.23] recorded a surface area of 18 m2 g-1 for β-Mo2N synthesised from MoO3 (1 m2 

g-1) in a temperature controlled reduction-nitridation using NH3 while Gong et al. [2.13] 

achieved BET surface areas in the range 2-9 m2 g-1 in N2+H2 under similar synthesis 

conditions. It should be noted that the most significant increase in surface area was 

associated with the reduction of MoO2 to Mo (sample 3 to 4) and the subsequent 

nitridation to β-Mo2N (sample 4 to 5). Schulmeyer and Ortner [2.72] reported that the 

conversion of MoO2 (in H2) to Mo was accompanied (on the basis of SEM analysis) by 

the formation of surface cracks and craters as a result of the stresses associated with 

oxygen removal, which can contribute to the higher BET value. There is no available 

data on pore volume changes during β-Mo2N synthesis: the analysis here (Table 2.1) 

reveals an increase in total pore volume that was accompanied by a greater surface area. 
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2.3.2   Characterisation of β-Mo2N  

Nitride passivation post-synthesis (see Experimental section) was required to 

avoid sample autothermal oxidation upon contact with air [2.73]. The removal of the 

passivating layer was investigated by TPR and the result is presented in Figure 2.6(I). 

The TPR profile exhibits a broad positive (hydrogen consumption) peak with Tmax = 637 

K, which can be ascribed to the reduction of the surface oxide layer with water release 

[2.74]. It should be noted that higher temperatures (by up to 400 K) are required for 

MoO3 reduction [2.75], consistent with a more facile removal of the superficial 

passivating layer. Gong and co-workers [2.13] observed a single reduction peak (at 700 

K) during the TPR of passivated β-Mo2N while Colling et al. [2.20] reported the 

desorption of H2O associated with the reduction of the passivated surface of γ-Mo2N at 

T > 400 K. As the TPR signal returned to baseline in the final isothermal hold (see 

Figure 2.6(I)), a final temperature of 673 K was deemed to be sufficient for β-Mo2N 

activation.   

 

 

 

 

 

 

 

 
 

Figure 2.6: TPR profiles for passivated (I) β-Mo2N and (II) Au/β-Mo2N 

Post-TPR, β-Mo2N exhibited a measurable ambient temperature H2 uptake (0.29 

μmol g-1, Table 2.2). There is no comparable measurement of H2 chemisorption on 

β-Mo2N in the literature. We should, however, flag the work of  Li. et al. [2.76] who 

demonstrated room temperature hydrogen adsorption on Mo2N, although the 

crystallographic phase was not identified. In addition, Saito and Anderson [2.77] 
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recorded an uptake of 14.3 μmol g-1 on γ-Mo2N + Mo (BET = 7 m2 g-1). The dynamics 

of H2 adsorption on group VI metal nitrides is still not well understood. Furimsky in his 

review [2.4] has considered H2 activation on nitrogen deficient Mo-N sites, which leads 

to a heterolytic interaction with possible dissociative adsorption. The limited published 

work suggests a dependency of H2 chemisorption capacity on temperature [2.78] and 

nitride surface area [2.79]. Li et al. [2.80], studying the H2 adsorption on β-Mo2N, 

recorded an order of magnitude greater uptake (from 12 to 173 μmol g-1) with 

increasing temperature (308 K → 623 K) that they attributed to the formation of a stable 

hydride phase in the nitride sub-surface. Li et al. [2.76] suggested a surface dissociative 

adsorption on Mo-N pairs with migration from low to high energy sites. Moreover, 

Haddix and co-workers [2.81], using NMR to probe hydrogen interaction with Mo2N, 

concluded that strongly bound hydrogen atoms can be generated at room temperature, 

occupying ca. 10% of the total (BET) surface area, suggesting adsorption at nitrogen 

deficient sites on the surface. 

Table 2.2: Hydrogen chemisorption, metal (Au or Pd) particle size range and mean value (d) 
and rate (k) and specific rate (k’) constant associated with the hydrogenation of p-CNB. 

Catalyst Mo2N Au/Mo2N Au/Al2O3 Pd/Mo2N 

H2 chemisorption (µmol g-1) 0.29 0.42 (32)a 0.21(4)a 0.51 

Metal size range   (nm) - 2-14 1-20 1-7 

d   (nm) - 8 8 2 

k (μmolp-CNB g-1 min-1) 4.6 9.0 - - 

k’ (mmolp-CNB molmetal
-1 min-1) - 710 220 1140 

aunits : mmol molAu
-1 

 
2.3.3   Au/β-Mo2N synthesis and characterisation  

The XRD pattern pre- and post-TPR (see Figure 2.7(I)) of Au/Mo2N coincided 

(in term of peak position and relative intensities) to that recorded for β-Mo2N (see 

sample 8, Figure 2.2). Any XRD signal due to metallic Au (2θ = 38.1°, JCPDS-ICDD 

04-0784) was not visible as it overlaps with the main reflections for β-Mo2N (112) at 

ca. 2θ = 37.6°. The TPR profile associated with Au/β-Mo2N (Figure 2.6, profile II) is 

characterised by a main H2 consumption peak (Tmax = 603 K) where the incorporation of 



Chapter 2: Synthesis mechanism and catalytic response of β-Mo2N and Au/β-Mo2N for hydrogenation of p-CNB 

 25

Au (0.25% w/w) induced a shift in the main hydrogen consumption peak (by 34 K) to a 

lower temperature, demonstrating a more facile removal of the passivating oxygen due 

to the presence of Au. A similar effect has been noted in the literature [2.82] for the 

TPR of passivated Mo2N with Ni addition. Chemisorption measurements have revealed 

a measurable increase in the amount of hydrogen uptake due to the inclusion of Au 

(Table 2.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 2.7: Au/β-Mo2N: XRD pattern (I, including peak assignments based on JCPDS-ICDD 25-
1368), representative medium (II) and high (III) resolution TEM images and metal particle size 
distribution (IV). Note: diffractogram pattern of isolated Au particle (IIIa) and intensity profile 
revealing distance between planes of the atomic lattice in the 12 nm segment marked on the nitride 
support (IIIb).  
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The representative TEM image in Figure 2.7(II and III) coupled with 

diffraction analysis (IIIb) establish a spacing of 0.24 nm between the planes in the 

atomic lattice that is characteristic of the β-Mo2N (112) plane. The TEM image 

provided in Figure 2.7(II) serves to illustrate the nature of Au dispersion and 

morphology. The diffractogram pattern for an isolated Au particle (Figure 2.7(IIIa)) 

confirms the presence of metallic Au with associated d-spacings = 0.20/0.23 nm 

consistent with the (200) and (111) planes of Au0 (JCPDS-ICDD 04-0784). The Au 

particles exhibit a pseudo-spherical morphology and a size distribution in the 2-13 nm 

range, as illustrated in the histogram given in Figure 2.7(IV), with a mean particle size 

of (d =) 8 nm (Table 2.2). It should be noted that there is an appreciable component of 

Au particles with diameters ≤ 10 nm, i.e. the proposed critical Au size range for 

catalytic activity in hydrogen mediated reactions [2.83].  

As the aim of this work is to explore the possibility of an enhanced selective 

hydrogenation rate over Mo nitride supported Au, Au/Al2O3 was adopted as a 

benchmark catalysts that has exhibited ultra-selectivity in -NO2 group reduction [2.84]. 

It has been established [2.51] that the reference Au/Al2O3 shows the same mean Au 

particle size (d = 8 nm) as Au/Mo2N. Given that nitroarene hydrogenation rate over 

supported Au is sensitive to dispersion [2.45], an explicit comparison of performance in 

terms of a support effect necessitates equivalence in terms of Au size. The synthesised 

Au/Mo2N demonstrated an appreciably higher (by a factor of 8) level of hydrogen 

chemisorption (per mol Au) relative to Au/Al2O3 (see Table 2.2), which must be due to 

a contribution from both Au and Mo2N components.  

Since the catalytic action of Pd in -NO2 reduction is well established [2.85], the 

reaction over Pd/Mo2N was considered in order to evaluate the effect of incorporating a 

different metal with Mo2N. Pd/Mo2N was synthesised using an analogous procedure 

(with respect to Au/Mo2N). The catalyst presented a uniform distribution of Pd 

nanoparticles (size range = 1-7 nm, d = 2 nm) and exhibited increased H2 chemisorption 

(see Table 2.2) compared with the supported Au systems, as has been noted elsewhere 

[2.84].  
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2.3.4   Catalytic response in the gas phase hydrogenation of p-chloronitrobenzene 

2.3.4.1    β-Mo2N 

The observed capacity of β-Mo2N for hydrogen uptake suggests possible 

hydrogenation properties. This was tested in the gas phase hydrogenation of p-CNB 

where p-chloroaniline (p-CAN) was detected as the sole product. There was no 

evidence of further ring hydrogenation or hydrogenolysis of the -Cl or -NO2 

substituents. This ultra-selectivity with respect to -NO2 group reduction is a significant 

result as the hydrogenation of p-CNB has been invariably accompanied by 

dechlorination and side-reactions resulting in the formation of azoxyderivates 

[2.86,2.87], aniline (AN) [2.88-90] and nitrobenzene (NB) [2.89-91]. This has been a 

feature of reaction over Ru-Ir/γ-Al2O3 [2.86], silica supported group VIII metals (Ag, 

Cu, Co, Fe and Ni) [2.87], PtMOx (M = Sm, Pr, Ce, Nd and La) supported on carbon 

nanotubes [2.89] and unsupported NiB alloys (as nanotubes (20-25 nm) [2.91] and 

nanoparticles (6-100 nm) [2.88]).  

 

 

 

 

 
 

 

 

 

Figure 2.8: Variation of p-CNB fractional conversion (Xp-CNB) with time-on-stream; m/F ≈ 52500 g 
mol-1 min; dotted line represents fit to eqn. (2.4). 

 

The variation in fractional p-CNB conversion (Xp-CNB) as a function of time-on-

stream is presented in Figure 2.8. An initial temporal decline in conversion is in 

evidence with a subsequent steady state at extended reaction times (> 250 min).  
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The temporal variation of conversion can be expressed in terms of the empirical 

relationship [2.92] 

                                -CNB 0

300min 0

( )
( ) ( )

pX X t
X X tβ

−
=

− +
                                               (2.4) 

where X300min corresponds to fractional conversion after 300 min on-stream and β is a 

time scale fitting parameter. Fit convergence (R2 > 0.99) yields values for X0 (initial 

conversion). Figure 2.9(I;■) represents the production of p-CAN per gram of β-Mo2N 

for up to 1800 min. For reactor operation under plug-flow conditions where hydrogen 

was maintained far in excess, the following reactor/kinetic expression applies 

                                              1
0ln(1 ) mX k

F
−  − =  

 
                                                        (2.5)        

where k (mol g-1 min-1) is the pseudo-first order kinetic constant, m the mass of catalyst 

(g) and F the reactant flow rate (mol min-1); m/F has the physical meaning of contact 

time. The associated linear relationship (forced through the origin, see Figure 2.9(II;■)) 

serves to validate our approach and the result k = 4.6 μmol g-1 min-1 is included Table 

2.2.  

 

 

 

 

 

 

 
 

 

Figure 2.9: (I) time on-stream p-CAN production over Mo2N (■) and Au/Mo2N (□); (II) fractional 
initial conversion of p-CNB (X0) as a function of m/F over Mo2N (■) and Au/Mo2N (□) where the 
lines represent fit to pseudo-first order kinetics. 
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2.3.4.2   Au/β-Mo2N 

100% selectivity to p-CAN extended to gas phase operation over Au/Mo2N and 

the incorporation of Au was associated with an increased p-CAN production over 

Au/Mo2N relative to Mo2N as a function of time on-stream (see Figure 2.9(I;□)). The 

improved catalytic performance resulting from the combination of Au with Mo2N is 

further demonstrated in the pseudo-first order kinetic plots presented in Figure 

2.9(II;□). the rate constant obtained (k, μmol p-CNB g-1 min-1, Table 2.2) corresponds to 

an increase by a factor of 2 compared to Mo2N. This response can be linked to the 

increased hydrogen uptake on Au/Mo2N (Table 2.2). Variations in surface hydrogen are 

known to influence the catalytic response in hydrogenation reactions where a 

concomitant increase in activity and surface hydrogen for molybdenum nitrides has also 

been reported elsewhere [2.93]. Zhang et al. [2.94], studying the hydrogenation of 

cyclohexene and the hydrodesulphurisation of thiophene over Mo2N, associated with 

the higher activity with the incorporation of Zr to an increase in weakly bound 

hydrogen.  

In order to compare Au/Mo2N with the benchmark, specific rate constant (k’) 

was defined per mol of metal. A major finding in this work is the appreciably greater 

activity (k’, mmolp-CNB molmetal
-1 min-1) exhibited by Au/Mo2N relative to Au/Al2O3 (at a 

common mean Au particle size), which is demonstrated in Figure 2.10 and Table 2.2. 

This can be taken as a demonstration of a surface cooperative effect involving Au and 

Mo2N that results in a concomitant enhanced hydrogen uptake (Table 2.2) and catalytic 

efficiency. Blaser et al. [2.95] concluded that reaction at the gold-support interface can 

contribute to overall hydrogenation rate acceleration. Shimizu et al. [2.96] studied the 

effect of the carrier for supported Ag catalysts in nitroarene reduction and reported a 

synergy between Ag and Al2O3 that governed the rate-limiting H2 dissociation to 

generate a H+/H- pair at the metal/support interface.  

The hydrogenation rate can also be influenced by differences in p-CNB/surface 

interaction (-NO2 activation) where the Au-Mo2N interface may play a critical role. 

Corma and co-workers [2.97] have differentiated between -NO2 group adsorption on the 

support and Au-support interface in terms of reactant activation, notably for Au/TiO2. 

This effect can be probed by examining the catalytic action of Pd/Mo2N where a higher 

p-CNB hydrogenation rate (Figure 2.10, Table 2.2) relative to Au/Mo2N was recorded. 

These results are consistent with published literature where increased hydrogen 
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uptake/activity over supported Pd (relative to Au) has been reported [2.84]. In marked 

contrast to Au/Mo2N and Au/Al2O3, at a common p-CNB conversion, Pd/Mo2N 

promoted the formation of NB and AN as products of hydrodechlorination and 

hydrogenation (Figure 2.10). Interaction with Pd/Mo2N serves to activate the C-Cl 

bond, which is then susceptible to hydrogenolytic cleavage. Use of Pd/Mo2N in 

practical (industrial) application would require the incorporation of downstream 

separation and treatment units in order to extract the target p-CAN. This is 

circumvented in the case of Au/Mo2N, which delivered the best performance in this 

study. Process efficiency can be further improved by operating multiple passes through 

the catalyst bed where the ultra-selectivity imposed by Au/Mo2N can deliver complete 

conversion of the inlet p-CNB to p-CAN. 

 

 

 

 

 

 

 

 
 

Figure 2.10: Specific activity with selectivity (Si) to p-CAN (open bars), AN (hatched bars) and NB 
(solid bars) under conditions of equal fractional p-CNB conversion (X0 ~ 0.2) over Au/Mo2N, 
Au/Al2O3 and Pd/Mo2N.  

 

The results presented in this Chapter provide the first evidence of the combined 

catalytic action of Au and Mo2N that serves to elevate surface hydrogen, resulting in an 

increased hydrogenation rate of p-CNB to the target p-CAN in gas phase operation. 

Further work must focus on structural modification of molybdenum nitride (e.g. 

crystallographic phase and/or surface area) and control over Au particle size to increase 

activity while retaining selectivity.  
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2.4   Conclusion 

The results establish that the formation of β-Mo2N by temperature programmed 

treatment (to 933 K) of MoO3 in N2/H2 (15% v/v) occurs via a kinetically controlled 

stepwise reduction (MoO3 → MoO2 → Mo) and subsequent nitridation (Mo → β-

Mo2N). The transformation is non-topotactic with an increase in BET (from 1 to 17 m2 

g-1) and total pore volume (from 2×10-3 to 11×10-3 cm3 g-1). H2 chemisorption 

measurements have revealed a significant hydrogen content associated with the nitride. 

 This work has demonstrated, for the first time, the catalytic action of β-Mo2N to 

promote the continuous gas phase hydrogenation of p-CNB where p-CAN was the sole 

product, i.e. 100% selective in terms of -NO2 group reduction. Incorporation of Au with 

Mo2N served to increase H2 uptake with a four-fold higher hydrogenation rate relative 

to Mo2N. Au/Mo2N as a new catalyst formulation promotes the hydrogenation of p-

CNB with 100% selectivity to p-CAN. Moreover, Au/Mo2N outperformed a benchmark 

Au/Al2O3 catalyst that exhibited an equivalent mean Au particle size. Under the same 

reaction conditions, Pd/Mo2N was non-selective and promoted a combined 

hydrodechlorination/ hydrogenation to give NB and AN. Moreover, the viability of 

Au/Mo2N in the selective reduction of nitroarenes is established with versatility in gas 

phase operation. These findings can serve as the basis for the development of Au/Mo2N 

materials as new catalysts for the cleaner production of commercially important 

aromatic amines with multiple applications in the fine chemical industry. 
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Chapter 3 

Effect of Crystallographic Phase (β vs. γ) and Surface Area on Gas 

Phase Nitroarene Hydrogenation over Mo2N and Au/Mo2N 

In the previous Chapter, β-Mo2N was found to exhibit 100% selectivity towards 

-NO2 reduction in the gas phase hydrogenation of  p-chloronitrobenzene. Moreover the 

incorporation of Au generated an increase in activity. In this Chapter, the effect of 

crystallographic phase (β vs γ) and surface area on the catalytic response are considered. 

The incorporation of Au by deposition-precipitation is investigated further. 

3.1   Introduction  

The application of transition metal nitrides as hydrotreating catalysts is now 

established [3.1-3]. The use of molybdenum nitrides to promote hydrogen mediated 

reactions has been considered to a limited extent with evidence of significant 

hydrogenation activity [3.4-9]. This has been ascribed to a contraction of the d-band and 

modification of electron density due to the interstitial incorporation of N in the metal 

lattice, which facilitates hydrogen adsorption/activation [3.10]. A distinct selectivity 

response has been observed for Mo nitride when compared with conventional supported 

metal (e.g. Pd or Pt) catalysts [3.5,3.6,3.8]. Indeed, the preferential formation of crotyl 

alcohol (from crotonaldehyde) [3.6] and ethene (from ethyne) [3.5] has been reported 

for reaction over Mo2N with enhanced selectivities relative to Pd/Al2O3.  

In the previous Chapter, the application of β-Mo2N in the selective 

hydrogenation of p-chloronitrobenzene (p-CNB) to p-chloroaniline (p-CAN) was 

established. p-CAN is a high value chemical extensively used in the manufacture of fine 

chemicals but existing production routes exhibit serious drawbacks in terms of low 

selectivity and the generation of toxic waste [3.11]. In this Chapter the role of nitride 

crystallographic phase and surface area in gas phase hydrogenation is now considered.  

In the synthesis of nitrides via temperature programmed reduction-nitridation, a 

number of factors have been proposed to influence the MoNx phase, including the 

nature of the precursor [3.12] and preparation conditions [3.13-15], i.e. gas 

composition/space velocity, heating rate and final temperature. Cubic γ-Mo2N has been  
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the most common crystallographic form obtained via thermal treatment of MoO3 in NH3 

[3.12,3.13]. The use of H2+N2 mixtures can generate either (tetragonal) β-Mo2N [3.16-

18] or γ-Mo2N [3.14,3.19,3.20]. Moreover, the formation of (hexagonal) δ-MoN from 

MoS2+NH3 has also been reported [3.21]. The synthesis of high surface area (up to 225 

m2 g-1) Mo nitrides requires a low temperature ramp rate (≤ 1 K min-1) [3.14] and/or 

high gas space velocity (up to 150000 h-1) [3.22] to circumvent hydrothermal sintering 

resulting from water released [3.20]. β-Mo2N typically exhibits low surface areas (2-17 

m2 g-1) [8,19,20] whereas higher values are characteristic of γ-Mo2N (5-225 m2 g-1) 

[3.23-25].  

The effect of the Mo nitride crystallographic phase in terms of hydrogenation 

applications has not been studied in a systematic manner. It is, however, worth noting 

that, in the case of ammonia synthesis [3.16] and carbazole hydrodenitrogenation [3.13], 

β-Mo2N delivered a higher surface area normalised activity when compared with γ-

Mo2N and δ-MoN. A definitive correlation between catalytic activity and nitride area, 

irrespective of phase, has yet to be established. Hydrogen uptake, which is dependent on 

surface area and crystallographic phase [3.26-28], can play a critical role in determining 

hydrogenation rate. McKay and co-workers [3.16] have shown that specific activity (per 

m2) for ammonia synthesis over β-Mo nitride was independent of surface area. In 

contrast, specific activities for thiophene desulfurisation [3.14] and pyridine 

hydrodenitrogenation [3.29] were found to decrease with increasing γ-Mo nitride area 

(from 4 to 193 m2 g-1). 

In this Chapter, the independent effect(s) of varying surface area (7-66 m2 g-1) 

and Mo2N crystallographic phase (β- and γ-) on p-CNB hydrogenation performance are 

considered for the first time. Moreover, with a view to enhancing overall catalyst 

performance, the role of Au as promoter is assessed. The use of promoters with Mo 

nitrides catalysts has not been addressed to any significant extent. It should be noted 

that an increase in activity has been demonstrated for methanol steam reforming (with 

lower CO2 production) over Mo nitride with the addition of Pd, Pt and Ni [3.30] and 

thiophene hydrodesulfurisation due to the inclusion of Co [3.31].  
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3.2   Experimental 

3.2.1   Mo nitride Synthesis  

The MoO3 (99.9995% w/w) precursor was obtained from Alfa Aesar. Mo nitride 

synthesis was conducted via temperature programmed treatment in H2/N2 or H2/N2/Ar 

continuous flow at atmospheric pressure. β-Mo2N synthesis was carried out in a 

commercial CHEM-BET 3000 (Quantachrome) unit. γ-Mo2N preparation employed a 

fixed bed reactor. As Mo nitride powders produced in reducing gases are subject to self-

ignition on contact with air [3.32], the samples were passivated at 293 K in 1% v/v 

O2/He for ex situ analysis; there was no detectable temperature increase during 

passivation.  

3.2.1.1   β-Mo2N  

The MoO3 precursor was loaded in a quartz cell (3.76 mm i.d.) and contacted 

with 15 cm3 min-1 (Brooks mass flow controlled; GHSV = 1500 h-1) H2/N2, kept at 293 

K for 1 h and then heated at 5 K min-1 to 933 K, maintaining the final temperature for 

18 h. The reaction was quenched by switching to an Ar flow (65 cm3 min-1) and the 

sample was cooled to ambient temperature.  

3.2.1.2   γ-Mo2N 

The MoO3 precursor was placed in a horizontally mounted quartz reactor (i.d. = 

10 mm), flushed with dry high purity Ar (99.9% v/v) at 400 cm3 min-1 (GHSV = 24000 

h-1) for 4 h and heated to 623 K (at 5 K min-1), which was maintained for 4 h. A 400 

cm3 min-1 flow of 8%/42%/50% v/v N2/H2/Ar was then introduced and the temperature 

held constant for 2 h. Two γ-Mo2N samples were prepared using different temperature 

ramping rates. The synthesis conditions were selected based on published literature 

[3.14] that has established a dependence of nitride surface area (34-101 m2 g-1) on 

heating rate (0.2-20 K min-1). The temperature was raised from 623 K to 933 K at 0.3 K 

min-1 (sample denoted as γ-Mo2N-a) or 0.1 K min-1 (γ-Mo2N-b), maintaining the final 

isothermal hold for 2-13 h. The sample was quenched in Ar and rapidly (< 30 min) 

cooled to ambient temperature; the latter step was facilitated by contacting the reactor 

with an external high velocity air flow.  
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3.2.2   Au/Mo2N Preparation and Activation  

Au/β-Mo2N, Au/γ-Mo2N-a and Au/γ-Mo2N-b (with a nominal Au loading = 1 

mol %) were prepared by deposition-precipitation (D-P). A suspension of HAuCl4 (300 

cm3, 3.32Í10-4 M), aqueous urea (100 cm3, 0.86 M) and the nitride support (2 g), were 

stirred (300 rpm) and heated (1 K min-1) to 353 K, maintaining the final temperature for 

2.5 h. The D-P process was performed in the dark in order to avoid formation of 

metallic colloids in solution by photoreduction of Au(III) [3.33]. It has been reported 

that a high residual chloride content (> 300 ppm) can induce the formation of large (> 

20 nm) Au particles [3.34] while the chloride can poison the catalytically active sites 

[3.35]. In order to circumvent these negative effects, the catalyst precursor was filtered, 

washed with distilled water until the wash water was Cl-free (based on the AgNO3 test), 

dried in He (45 cm3 min-1) at 383 K for 3 h and sieved into a batch of 75 μm average 

particle diameter. The samples were kept at 277 K under He in the dark in order to 

prevent Au agglomeration, which has been reported for storage in air and in the light 

[3.36].  

3.2.3   Characterisation 

The pH values associated with the point of zero charge (pHPZC) of the nitrides 

were determined using the potentiometric mass titration technique. In each case, three 

different masses (0.025, 0.050 and 0.075 g) were immersed in 50 cm3 0.1 M NaCl to 

which a known amount of NaOH (0.1 M) was added to adjust the pH to ca. 11. After 

stabilisation of the pH (ca. 1 h), titration of the samples was performed under 

continuous agitation in a He atmosphere with HCl (0.1 M). Temporal changes to pH 

were measured using a crystal-body electrode coupled to a data logging and collection 

system (Pico Technology Ltd.); calibration was performed with standard buffer 

solutions (pH 4 and 7).  

Temperature programmed reduction (TPR), BET surface area, total pore 

volume, H2 chemisorption and temperature programmed desorption (TPD) were 

determined using the commercial CHEM-BET 3000 (Quantachrome) unit. The samples 

were loaded into a U-shaped Quartz cell (3.76 mm i.d.) and heated in 17 cm3 min-1 

(Brooks mass flow controlled) 5% v/v H2/N2 at 2 K min-1 to 673 ± 1 K. The effluent gas 

passed through a liquid N2 trap and changes in H2 consumption were monitored by TCD 
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with data acquisition using the TPR WinTM software. The activated samples were 

maintained at the final temperature in a constant flow of H2/N2 until return of the signal 

to baseline, swept with 65 cm3 min-1 N2 for 1.5 h and cooled to room temperature. The 

samples were then subjected to H2 chemisorption using a pulse (10 µl) titration 

procedure, followed by H2-TPD in N2 (65 cm3 min-1) at 45 K min-1 to 933 K with an 

isothermal hold until the signal returned to the baseline. BET areas and pore volumes 

were determined, respectively, in 30% and 95% v/v N2/He using undiluted N2 as 

internal standard. At least 3 cycles of N2 adsorption-desorption in the flow mode were 

employed to determine total area and pore volume using the standard single point 

method. The measurements were reproducible to within ± 8% and the values quoted 

represent the mean.  

Powder X-ray diffractograms were recorded on a Bruker/Siemens D500 incident 

X-ray diffractometer with Cu Kα radiation. The samples were scanned at a rate of 0.02º 

step-1 over the range 20º ≤ 2θ ≤ 90º. Diffractograms were identified using the JCPDS-

ICDD reference standards, i.e. MoO3 (35-609), β-Mo2N (25-1368), γ-Mo2N (25-1366) 

and Au (04-0784). Lattice parameters and residual error associated with the main planes 

for β-Mo2N and γ-Mo2N were determined using the TOPAS (version 3) software. 

Analysis by scanning electron microscopy (SEM) was conducted on a Philips FEI 

XL30-FEG equipped with an Everhart-Thornley secondary-electron (SE) detector, 

operated at an accelerating voltage of 10-15 kV and using NORAN System SIX 

(version 1.6) for data acquisition. Before analysis, the samples underwent a 

hydrocarbon decontamination treatment using a plasma-cleaner (EVACTRON). 

Elemental (nitrogen) analyses were conducted using an Exeter CE-440 Elemental 

Analyser after sample combustion at ca. 1873 K.  

The Au content was measured by atomic absorption spectroscopy (AAS, 

Shimadzu AA-6650 spectrometer with an air-acetylene flame) from the diluted extract 

in aqua regia (25% v/v HNO3/HCl). X-ray photoelectron spectroscopy (XPS) analyses 

were conducted on an Axis Ultra instrument (Kratos) using a monochromatic Al Kα X-

ray source (1486.6 eV). Prior to analysis, the nitride sample was adhered to a 

conducting carbon tape, mounted in the sample holder and subjected to ultra-high 

vacuum conditions (< 10-8 Torr). The source power was maintained at 150 W and the 

emitted photoelectrons were sampled from a square area of 750×350 µm2; the 

photoelectron take-off angle was 90°. The analyser pass energy was 80 eV for survey 
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spectra (0–1000 eV) and 40 eV for high resolution spectra (over the Mo 3d3/2 and Mo 

3d5/2 binding energy (BE) range, 227-239 eV). Sputtering of the surface (for 1 min) with 

a 3 keV argon ion beam was employed to remove the passivating layer and reveal the 

sub-surface composition. The adventitious C 1s peak was calibrated at 284.5 eV and 

used as internal standard to compensate for any charging effects. The instrument work 

function was calibrated to give a BE of 84.00 eV for the Au 4f7/2 line of metallic gold 

(Metalor) and the spectrometer dispersion was adjusted to give a BE of 932.7 eV for the 

Cu 2p3/2 line of metallic copper (Metalor). Quantification of the XPS signal employed 

the CasaXPS software, using relative sensitivity factors provided by Kratos. High 

resolution transmission electron microscopy (HRTEM) analyses were performed on a 

JEOL JEM 2011 unit with a UTW energy dispersive X-ray detector (Oxford Instruments) 

operated at an accelerating voltage of 200 kV; Gatan DigitalMicrograph 3.4 was 

employed for data acquisition. Samples for analysis were prepared by dispersion in 

acetone and deposited on a holey carbon/Cu grid (300 Mesh). Up to 320 individual Au 

particles were counted for each catalyst and the mean metal particle sizes are quoted as 

the number average (d).  

3.2.4   Catalysis Procedure 

All the gases (H2 and N2, Ar, O2 and He) employed were of ultra high purity (> 

99.99, BOC). p-CNB (Sigma-Aldrich, ≥ 99%) reactant and solvent (ethanol, Sigma 

Aldrich, ≥ 99.8%) were used without further purification. The composition of the 

reactant/product mixtures was determined using a Perkin-Elmer Auto System XL 

chromatograph equipped with a programmed split/splitless injector and a flame ionisation 

detector, employing a DB-1 capillary column (i.d. = 0.33 mm, length = 30 m, film 

thickness = 0.20 μm). Data acquisition/manipulation was performed using the 

TotalChrom Workstation (Version 6.1.2 for Windows) chromatography data system. 

The overall reactant/product molar fractions were obtained using detailed calibrations 

(not shown).  

The hydrogenation of p-CNB was carried out under atmospheric pressure at 493 

K, in situ immediately after activation, in a fixed bed vertical glass reactor (i.d. = 15 

mm). The catalytic reactor was operated under conditions that ensured negligible 

heat/mass transport limitations. A layer of borosilicate glass beads served as preheating 

zone where the organic reactant was vaporised and reached reaction temperature before 
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contacting the catalyst. Isothermal conditions (± 1 K) were maintained by diluting the 

catalyst bed with ground glass (75 µm); the ground glass was mixed thoroughly with 

catalyst before insertion in the reactor. The reaction temperature was continuously 

monitored using a thermocouple inserted in a thermowell within the catalyst bed. The 

reactant (p-CNB as a solution in ethanol) was delivered at a fixed calibrated flow rate to 

the reactor via a glass/teflon air-tight syringe and teflon line using a microprocessor 

controlled infusion pump (Model 100 kd Scientific). A co-current flow of p-CNB and 

H2 (< 1% v/v p-CNB in H2) was delivered at a GHSV = 330 min-1 with an inlet reactant 

molar flow (F) in the range 0.7-3.2 µmol min-1. The H2 flow rate was monitored using a 

Humonics (Model 520) digital flowmeter, where the H2 content was maintained well in 

excess of the stoichiometric requirement. The mass of catalyst to inlet p-CNB molar 

feed rate (m/F) spanned the range 2.6×10-3-7.9×10-2 g min µmol-1. As a blank test, 

passage of p-CNB in a stream of H2 through the empty reactor did not result in any 

detectable conversion. The reactor effluent was frozen in a liquid nitrogen trap for 

subsequent analysis. Fractional hydrogenation (Xp-CNB) was obtained from 

 

                 -CNB
[ CNB] [ CNB]

[ CNB]
in out

p
in

p pX
p

− − −
=

−
                                          (3.1) 

 

and selectivity with respect to p-chloroaniline (p-CAN), as the target product, is 

given by 
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−
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− − −
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Repeated reactions with different samples from the same batch of catalyst 

delivered conversion/selectivity values that were reproducible to within ± 7%. 
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3.3   Results and Discussion 

3.3.1   Mo2N  

3.3.1.1   β-Mo2N Characterisation 

The XRD pattern of the MoO3 precursor is shown Figure 3.1(a). The reflections 

over the range 2θ = 23-49° correspond to the (110), (040), (021), (130), (101), (111), 

(041), (060), (150), (061) and (002) planes that are characteristic of orthorhombic α-

MoO3 (JCPDS-ICDD 35-609, see Figure 3.1(e)). The diffractogram for the passivated 

β-Mo2N (Figure 3.1(b)) shows peaks at 2θ = 37.7°, 43.1°, 45.3°, 62.7°, 64.3°, 75.5°, 

78.6° and 80.5° that can be associated, respectively, with the (112), (200), (004), (220), 

(204), (312), (116) and (224) planes of β-Mo2N (JCPDS-ICDD 25-1368, Figure 3.1(f)).  

 

 

 

 

 

  

 

 

 

 

 

 
 
 
Figure 3.1: XRD patterns associated with (a) MoO3, (b) β-Mo2N, (c) γ-Mo2N-a and (d) γ-Mo2N-b 
with JCPDS-ICDD reference diffractograms for (e) MoO3 (35-609), (f) β-Mo2N (25-1368) and (g) γ-
Mo2N (25-1366). 



 

Table 3.1: Lattice parameters and residual error associated with the main planes for γ-Mo2N and β-Mo2N in the 
analysis of Mo nitrides synthesised via temperature programmed treatment of MoO3. 

Cubic γ-Mo2N Tetragonal β-Mo2N 

h k l 
Residual Error (%) 

h k l 
Residual Error (%) 

β-Mo2N γ-Mo2N-a γ-Mo2N-b β-Mo2N γ-Mo2N-a γ-Mo2N-b 

1 1 1 0.532 0.257 0.315 1 1 2 0.079 0.196 0.163 

2 0 0 1.018 0.326 0.129 2 0 0 0.099 0.783 1.235 

2 2 0 1.134 0.101 0.285 0 0 4 0.005 - - 

3 1 1 0.693 0.079 0.047 2 2 0 0.013 - - 

2 2 2 0.492 0.280 0.332 2 0 4 0.082 1.334 0.942 

    3 1 2 0.008 0.601 0.727 

    1 1 6 0.016 - - 

    2 2 4 0.035 0.171 0.793 

Lattice 
Parameters 
(Å) 

a = 4.198 a = 4.163 a = 4.156 Lattice  
Parameters 
(Å) 

a = 4.205 
c = 8.045   

a = 4.172 
c = 8.483  

a = 4.162 
c = 8.201 

a* = 4.163  a** = 4.188 
c** = 8.048   

* for JCPDS-ICDD γ-Mo2N reference (25-1366); ** for JCPDS-ICDD β-Mo2N reference (25-1368) 
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It should be noted that there were no detectable signals due to Mo or oxide 

species, a result that confirms the complete transformation of MoO3 to β-Mo2N, where 

the passivation step served solely to provide a superficial oxide film without bulk 

oxidation [3.17].  

In order to check for a possible γ-phase content, the sample was subjected to a 

single crystal analysis using the TOPAS software for lattice parameter optimisation and 

the results are presented in Table 3.1. The residual error obtained from adjusting the d-

spacing to tetragonal β-Mo2N was significantly lower when compared with that 

obtained for cubic γ-Mo2N. The lattice parameters from the adjustment to the β-form (a 

= 4.205 Å; c = 8.045 Å) are very close to those for the JCPDS-ICDD standard (25-

1368). Moreover, the nitrogen content (see Table 3.2: 5% w/w, bulk Mo/N = 2.7) is in 

good agreement with reported values of 2.6-2.7 [3.16,3.17,3.37,3.38] for β-Mo2N.   

The synthesised β-Mo2N was examined by TEM and a representative image is 

shown in Figure 3.2(1a) where the intensity profile (see inset) yielded an average d-

spacing of 0.24 nm, consistent with the (112) plane of β-Mo2N. SEM analysis was also 

conducted to evaluate morphological features and the representative micrograph 

presented in Figure 3.2(2a) shows an aggregation of small crystallites (< 5 µm). A β-

Mo2N crystal structure containing ensembles of varying sizes (< 10 µm) has been 

reported elsewhere [3.12,3.16,3.18]. As the starting MoO3 is characterised by a platelet 

morphology [3.39], the disruption of the orthorhombic precursor structure in the 

reduction/nitridation process (MoO3 → MoO2 → Mo → Mo2N) is the result of a non-

topotactic transformation [3.8,3.12,3.17]. Cairns and co-workers [3.18] attributed the 

formation of small β-Mo2N ensembles to water release/particle expansion during 

precursor reduction, following the model of Sloczynski and Bobinski [3.40].  

It has been proposed [3.26] that passivation of Mo2N results in the formation of 

one or two chemisorbed oxygen layers. Surface characterisation by XPS generated the 

spectra over the Mo 3d binding energy (BE) region for the MoO3 precursor (a) and β-

Mo2N (b) presented in Figure 3.3. The XPS profile for MoO3 is characterised by a sole 

spin-orbit doublet with a Mo 3d3/2 BE = 236.6 eV that is characteristic of Mo(VI) [3.41].  



 

 
 
Table 3.2: Nitrogen content, Au loading, bulk and surface atomic Mo/N ratio, BET surface area, total pore volume, characteristic temperature programmed 
reduction (TPR) Tmax with associated H2 consumption, H2 chemisorbed/desorbed (TPD), pH of the point of zero charge (pHPZC), Au particle size range and 
mean value (d). 

Catalyst β-Mo2N Au/β-Mo2N γ-Mo2N-a Au/γ-Mo2N-a γ-Mo2N-b Au/γ-Mo2N-b 

Nitrogen content (% w/w) 5 - 6 - 6 - 

Au loading (mol %) - 0.26 - 0.54 - 0.59 
Mo/N bulk ratioa; 

surface ratio after Ar ion sputteringb 2.7; 2.4 - 2.2; 1.4 - 2.2; 1.4 - 

BET surface area (m2 g-1) 7c (3)d 9c (5)d 36c (30)d 40c (33)d 66c(60)d 82c (75)d 

Pore volume (cm3 g-1) 0.020 0.029 0.036 0.052 0.055 0.092 

TPR  Tmax (K) 637 603 670 610 668 607 

H2  consumption during TPR (μmol g-1) 303 373 732 777 1292 1454 

H2  chemisorption (103 µmol m-2) 42 45 16 20 16 18 

TPD  Tmax (K) 806 746 827 795, 933 823 813, 933 

H2   desorbed (μmol m-2) 0.4 1.4 0.2 0.7 0.2 0.5 

pHPZC 3.5 - 3.3 - 3.3 - 

Au size range (nm) - 2-13 - 1-8 - 1-8 

d (nm) - 7 - 4 - 4 
afrom elemental analysis; bfrom XPS measurements; cactivated simple; dpassivated simple 
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Figure 3.2: Representative (1) TEM images and (2) SEM micrographs of (a) β-Mo2N, (b) γ-Mo2N-a and (c) γ-Mo2N-b. Note: Inset in (1a) shows the intensity profile, 
revealing the distance between the planes of the atomic lattice over the 10 nm segment that is marked on the TEM image; diffractogram patterns associated with the 
circled areas are included in (1b) and (1c). 
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Removal of the passivating oxide layer from Mo nitrides by Ar ion sputtering 

has been demonstrated elsewhere [3.41]. Sputtering was employed in this study to 

analyse the depth-profile composition of β-Mo2N and mimic surface composition under 

reaction conditions. The XPS profile of the passivated sample (Figure 3.3(b1)) shows a 

principal XPS peak at BE = 228.7 eV that is characteristic of Moδ+ (2 ≤ δ < 4) in 

passivated β-Mo2N [3.42-44]. The occurrence of a detectable signal at 236.4 eV is 

consistent with a partial oxidation to Mo(VI) as a result of passivation [3.41]. While the 

hexavalent Mo signal in the precursor is strong and well defined, it is appreciably 

weaker for the Ar ion sputtered sample, demonstrating the near complete removal of the 

passivation layer (Figure 3.3(b2)).   

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3.3: XPS spectra in the Mo 3d region of (a) MoO3 and (b) β-Mo2N (1) passivated and (2) 
after Ar ion sputtering. Note: Arrows illustrate the position of Mo 3d3/2 corresponding to Mo(VI). 
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The temperature requirements for the removal of this oxide overlayer were 

analysed by temperature programmed reduction (TPR) and the resultant profile, shown 

in Figure 3.4(a1), is characterised by a positive peak with a maximum intensity at 637 

K. Hydrogen consumption at temperatures over the range 637-740 K during TPR of 

passivated β-Mo2N has been reported previously [3.17,3.26,3.45,3.46]. The H2 

consumed (303 μmol g-1) is recorded in Table 3.2 but we could not find any comparable 

measurement in the literature. The BET surface area falls within the range of values (2-

17 m2 g-1) quoted previously for β-Mo2N synthesised by temperature programmed 

reaction in N2/H2 [3.8,3.16,3.17]. The total area after passivation decreased (from 7 to 3 

m2 g-1), as has been noted elsewhere [3.47].  

A search through the literature has failed to unearth any study where quantitative 

measurements of H2 chemisorption on β-Mo2N are recorded. However, NMR [3.48] and 

IR [3.4] analyses suggest that H2 can adsorb on Mo2N at nitrogen deficient surface sites. 

Moreover, subsequent to adsorption, a heterolytic dissociation on Mo-N pairs (via the 

formation of Mo-H and N-H groups) has been proposed with migration to the sub-

layers, which results in strong interactions [3.27,3.28,3.49]. A H2 uptake of 42×10-3 

μmol m-2 was recorded (Table 3.2) during pulse (ambient temperature) chemisorption 

analysis. Total surface hydrogen was evaluated by temperature programmed desorption 

(TPD) and the resultant profile is presented in Figure 3.5(a1). The XRD pattern (not 

shown) of β-Mo2N post-TPD was unchanged, demonstrating that the crystalline 

structure did not suffer any detectable alteration. Moreover, the nitrogen content (from 

elemental analysis) was unchanged; it has been established that loss of nitrogen from β-

Mo2N requires temperatures in excess of 1000 K  [3.13]. The TPD profile is 

characterised by a broad peak (Tmax = 806 K) where the H2 released (0.4 μmol m-2) is 

appreciably greater (by an order of magnitude) than that measured in the chemisorption 

step and must result from hydrogen uptake during TPR. Taking an overview of the 

limited available literature, the amount of H2 desorbed (up to ca. 4 μmol m-2) and 

associated Tmax (370-800 K) appear to depend on nitride synthesis, pre-treatment and 

surface area [3.26,3.28]. High temperature (700-800 K) desorption has been associated 

with loss of H2 from the bulk nitride as opposed to desorption from surface sites [3.28].  
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Figure 3.4: TPR profiles (solid line) with temperature ramp (dashed line) generated for passivated (a) β-Mo2N, (b) γ-Mo2N-a and (c) γ-Mo2N-b (1) pre- and (2) post-Au  
incorporation. 

C
hapter 3: Effect of crystallographic phase &

 surface area on nitroarene hydrogenation over M
o2 N

 and Au/M
o

2 N
 

 

54 



 

0 5 10 15

 

 

300

500

700

900
746 K

(c2)

(b2)

(a2)

933 K

795 K

T
 (K

)

t (min)

933 K

813 K

0 5 10 15

 
 

806 K

823 K

827 K

 

(c1)

(b1)

(a1)
T

C
D

 si
gn

al
 (a

.u
)

t (min)

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Hydrogen TPD response (solid line) with temperature ramp (dashed line) for (a) β-Mo2N, (b) γ-Mo2N-a and (c) γ-Mo2N-b (1) pre- and (2) post-Au 
incorporation. 
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3.3.1.2    γ-Mo2N Characterisation 

Two γ-nitride (γ-Mo2N-a and γ-Mo2N-b) samples with different surface areas 

(Table 3.2) were synthesised by modifying the heating rate (see section 3.2.1.2). The 

total pore volumes are comparable to those quoted by Zhang and co-workers [3.50], i.e. 

0.012 cm3 g-1 (surface area = 17 m2 g-1) and 0.060 cm3 g-1 (surface area = 110 m2 g-1). A 

reduction in surface area was observed after passivation, as noted for β-Mo2N. The 

nitrogen content of both γ-Mo2N samples (Table 3.2) was equivalent (6% w/w, bulk 

ratio Mo/N = 2.2) and agrees with values reported in the literature [3.44,3.50]. 

 The XRD patterns for γ-Mo2N-a (c) and γ-Mo2N-b (d) (see Figure 3.1) 

coincide, presenting five main peaks at 2θ = 37.5°, 43.6°, 63.3°, 76.0° and 80.0° that 

can be matched to the (111), (200), (220), (311) and (222) planes of cubic γ-Mo2N 

(JCPDS-ICDD 25-1366, profile (g)). Single crystal analysis generated lattice parameters 

consistent with the γ-Mo2N JCPDS-ICDD standard; residual error < 0.4% (Table 3.1). 

Representative TEM images of γ-Mo2N-a and γ-Mo2N-b are presented in Figure 

3.2(1b) and Figure 3.2(1c), respectively, where the d-spacings (0.20 nm and 0.24 nm) 

are in agreement with the (200) and (111) planes of γ-Mo2N. SEM analysis (see Figure 

3.2(2b) and 2(2c)) has revealed the predominance of large (ca. 15 μm×25 μm) platelet 

crystals with secondary, smaller (ca. 2 μm×10 μm) rod-like formations. This suggests a 

retention of the platelet morphology characteristic of MoO3 and a topotactic MoO3 

→ MoxNyO1-y → γ-Mo2N transformation [3.23,3.51]. The crystal size for both γ-Mo2N 

samples is greater when compared with β-Mo2N, as has been reported previously [3.16].  

As in the case of β-Mo2N, XPS analysis of γ-Mo2N (not shown) confirmed a 

close to total removal of the passivation layer by Ar ion sputtering. A principal XPS 

signal at 228.3 eV was recorded that is within the range (228.2-230.0 eV) reported for 

passivated γ-Mo2N [3.52-54] and attributed to Moδ+ where 2 ≤ δ < 4. In all three cases, 

bulk Mo/N exceeded the surface ratios (Table 3.2). Moreover, the surface Mo/N (1.4) 

for both sputtered γ-Mo2N samples is significantly lower than that measured for β-

Mo2N (2.4). 

 The TPR profiles recorded for passivated γ-Mo2N-a (b1) and γ-Mo2N-b (c1) 

shown in Figure 3.4 are characterised by a peak at 669 ± 1 K that falls within the values 

(590-855 K) recorded elsewhere [3.26,3.29,3.55,3.56]. A comparison of the TPR 

profiles for both γ-Mo2N samples with that of β-Mo2N reveals a shift in the reduction 
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peak to a higher temperature (by ca. 30 K) for γ-Mo2N, suggesting differences in 

oxygen-nitride interactions. The hydrogen consumed during TPR can be associated with 

(i) removal of the passivation layer and (ii) surface adsorption of H2, which can migrate 

to sub-layers. Hydrogen consumption (μmol g-1, see Table 3.2) increases in the order: 

β-Mo2N < γ-Mo2N-a < γ-Mo2N-b. The hydrogen required for reduction of the 

passivation layer should be proportional to nitride surface area and an equivalent 

amount of H2 (per surface area) was recorded for the two γ-Mo2N (= 20 μmol m-2) 

samples. This value is within the range (5-20 μmol m-2) reported in the literature for γ-

Mo2N with BET areas of 24-193 m2 g-1 [3.29].  

The significantly higher specific H2 consumption for β-Mo2N (= 43 μmol m-2) 

relative to (both) γ-Mo2N can be related to the crystallographic structure (β- vs. γ-) 

where difference in the exposed planes and surface composition can affect oxygen 

interaction with the nitride surface. Moreover, there is some consensus 

[3.27,3.48,3.49,3.57] that hydrogen uptake occurs at unsaturated surface Mo sites. 

Higher H2 consumption can then be related to the greater nitrogen deficient surface 

character (higher Mo/N) exhibited by β-nitride, as confirmed by XPS. Specific (per m2) 

H2 chemisorption (Table 3.2) was the same on both γ-Mo2N samples but was 

significantly lower (by a factor of 3) than that recorded for β-Mo2N. In contrast, Choi 

and co-workers [3.28] found that H2 uptake capacity increased in the order, β-Mo16N7 < 

δ-MoN < γ-Mo16N7. They attributed this to a reduced number of Mo atoms on the 

surface of β-Mo16N7. We observe the opposite effect with a higher Mo/N surface ratio 

for β-Mo2N relative to γ-Mo2N.  

Hydrogen TPD from γ-Mo2N-a (b1) and γ-Mo2N-b (c1) generated the profiles 

presented in Figure 3.5 with an equivalent H2 release (0.2 μmol m-2) at Tmax = 825 ± 2 

K, which is within the range (820-898 K) reported elsewhere [3.26,3.58]. The shift in 

H2 desorption to a higher temperature (by ca. 20 K) for γ-Mo2N relative to β-Mo2N 

suggests stronger interaction. Total H2 desorbed from γ-Mo2N was lower (by a factor of 

2) than that recorded for β-Mo2N, where the latter exhibited greater H2 consumption 

(per surface area) in the TPR and chemisorption measurements. These results suggest a 

dependence of surface hydrogen content on crystallographic phase that can be linked to 

surface Mo/N. 
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3.3.1.3   Catalytic Results 

Selectivity is the key challenge in the hydrogenation of p-CNB, i.e. exclusive     

-NO2 group reduction without C-Cl bond scission. Dechlorination results in the 

formation of nitrobenzene (NB) with subsequent hydrogenation to aniline (AN) as 

shown in Figure 3.6.  

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.6: Main reaction pathways associated with the hydrogenation of p-CNB to the target (ð) 
product (p-CAN) with non-selective (") products resulting from hydrodechlorination/ 
hydrogenation. 

 

Published articles [3.59-61] dealing with selective nitroarene hydrogenation 

have identified steps employed to improve selectivity, notably use of 

additives/promoters (e.g. NaHS and KOH) [3.62,3.63], support modifications (in terms 

of Lewis acid-base properties and formation of oxygen vacancies) [3.64,3.65] and metal 

dispersion [3.66]. Hydrogenation of p-CNB over β-Mo2N, γ-Mo2N-a and γ-Mo2N-b 

generated p-CAN as the sole product, with no evidence of dechlorination. This finding 
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in itself is significant as composite hydrodechlorination/ hydrogenation (to form 

NB/AN) is a feature of reaction over conventional transition metal catalysts, i.e. Ni 

[3.67], Pt [3.68] and Ru [3.69]. Hydrogenation selectivity can be attributed to effective 

polarisation of the N=O group via surface interaction that renders the nitro function 

susceptible for hydrogen attack [3.70]. Indeed, -NO2 adsorption-reduction on Mo has 

been demonstrated elsewhere [3.71,3.72] and Chen and Chen [3.67] have shown that 

the addition of Mo to nickel borides promoted selective nitro-group reduction while 

suppressing the dehalogenation step.  

 

 

 

 

 

 

 

 

 

 

 
Figure 3.7 (a) Variation of p-CNB fractional conversion (Xp-CNB) with time-on-stream (m/F = 0.08 g 
min µmol-1) for β-Mo2N (▲) and Au/β-Mo2N (∆); lines represent fit to eqn. (3.3). Pseudo-first order 
kinetic plot for reaction over: (b) β-Mo2N (▲) and Au/β-Mo2N (∆); (c) γ-Mo2N-a (●) and Au/γ-
Mo2N-a (○); (d) γ-Mo2N-b (■) and Au/γ-Mo2N-b (□). 
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A temporal decrease in fractional p-CNB conversion (Xp-CNB) with time on-

stream was observed, which can be expressed in terms of the empirical relationship 

[3.73] 

   -CNB 0

30h 0

( )
( ) ( )

pX X t
X X tβ

−
=

− +
                                               (3.3) 

from which a value for the initial conversion (X0) can be obtained, where X30h 

represents fractional conversion after 30 h on-stream and β is a time scale fitting 

parameter. A representative (β-Mo2N) time on-stream response is shown in Figure 

3.7(a) where it can be noted that a near steady state conversion was attained after ca. 15 

h and maintained for 30 h of continuous operation. The applicability of a pseudo-first 

order kinetic treatment has been established for related catalyst systems [3.73]  

                                    1
0ln(1 ) mX k

F
−  − =  

 
                                               (3.4)                          

where m/F corresponds to the mass of catalyst relative to inlet p-CNB molar 

feed rate. The pseudo-first order kinetic plots for β-Mo2N, γ-Mo2N-a and γ-Mo2N-b are 

included in Figure 3.7(b)-(d). The linear fit (passing through the origin) confirms 

adherence to the kinetic model. The extracted raw rate constants (k, µmol g-1 min-1, 

Table 3.3) follow the order, γ-Mo2N-b > γ-Mo2N-a > β-Mo2N.  

In order to differentiate between the effect of surface area and crystal phase on 

the catalytic activity, the comparison must be based on specific rate (k´, µmol m-2 min-1, 

Table 3.3). Both γ-Mo2N-a and γ-Mo2N-b delivered an equivalent specific activity (35 

± 2×10-2 µmol m-2 min-1) demonstrating that, for a given crystallographic phase, the 

intrinsic activity is independent of surface area. A significant finding is the appreciably 

higher specific rate recorded for β-Mo2N. This can be correlated with the greater 

hydrogen content relative to γ-Mo2N, which, in turn, is related to the increased number 

of nitrogen deficient (higher Mo/N, see Table 3.2) surface sites. The results 

demonstrate that p-CNB hydrogenation performance is sensitive to the nitride phase 

where rate is proportional to surface area. 
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3.3.2   Au/Mo2N 

3.3.2.1   Preparation and Characterisation 

Catalyst supports, notably metal oxides, exhibit a characteristic pH-dependent 

surface charge [3.74]. The pH associated with the point of zero charge (pHPZC) is a 

critical property that determines the solution pH requirements to ensure effective 

precursor-support interactions during catalyst preparation by deposition-precipitation 

(D-P) [3.75]. When pH < pHPZC, the support bears a positive charge (due to 

protonation), favouring interaction with anionic species in solution and a pH in excess 

of pHPZC results in a surface affinity for cationic species [3.76]. The pHPZC depends on 

the chemical nature of the support rather than the crystallographic phase with equivalent 

values recorded for α- and γ-Al2O3, TiO2-rutile and TiO2-anastase, maghemite (γ-) and 

hematite (α-Fe2O3) [3.77]. The titration curves associated with pHPZC measurements for 

β-Mo2N (1a), γ-Mo2N-a (1b) and γ-Mo2N-b (1c) are presented in Figure 3.8, yielding a 

similar value (3.4 ± 0.1) for the three nitrides. No measurements of pHPZC for Mo2N 

were found in the open literature. 

Table 3.3: p-CNB hydrogenation rate constants (k and k´). 

Catalyst 
Rate constant 

k 
(µmol g-1 min-1) 

Specific rate constant 
k´ 

(Í10-2 µmol m-2 min-1) 

β-Mo2N 4.6 66 

γ-Mo2N-a 12.2 34 

γ-Mo2N-b 24.5 37 

Au/β-Mo2N 9.0 100 

Au/γ-Mo2N-a 20.4 51 

Au/γ-Mo2N-b 38.4 47 



 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 3.8: (1) pH profiles associated with the point of zero charge (pHPZC) determination for (a) β-Mo2N, (b) γ-Mo2N-a and (c) γ-Mo2N-b. (2) Temporal pH (solid line) 
and temperature (dashed line) variations in the preparation of (a) Au/β-Mo2N, (b) Au/γ-Mo2N-a and (c) Au/γ-Mo2N-b. Note: Dotted line identifies the pHPZC of the 
nitride; time during which pH < pHPZC is given in italics. 
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 The temporal pH variations during the preparation of Au/β-Mo2N (2a), Au/γ-

Mo2N-a (2b) and Au/γ-Mo2N-b (2c) are also given in Figure 3.8. Initially, solution pH 

< pHPZC and an electrostatic interaction between anionic gold species in solution 

(HAuCl4 and/or Au(OH)Cl3-) and the positively charged support is favoured [3.36]. The 

surface sites act as nucleation centres for Au deposition [3.78]. The progressive 

decomposition of urea, as a result of the increase in temperature (up to 353 K), led to a 

gradual increase in solution pH where pH > pHPZC. The support develops a negative 

surface charge resulting in an electrostatic repulsion with anionic gold species. A 

combination of chemical and electrostatic interactions between the precipitating species 

and the support are required to facilitate metal deposition [3.75]. Moreover, supports 

with a greater surface area can facilitate a more homogeneous nucleation, resulting in 

the formation of smaller supported Au ensembles.  

The ultimate Au loadings (0.26–0.59 mol %, see Table 3.2) are below the 

nominal 1 mol %, which can be associated with the low pHPZC that characterises the 

three nitride supports. A similar interpretation was proposed for a lower than expected 

Au content resulting from deposition on SiO2 (pHPZC = 2.2) [3.79]. The range of Au 

loadings obtained in this study can be correlated to the synthesis time where solution pH 

< pHPZC, which was shortest (65 min) for β-Mo2N, representing less favourable 

conditions for Au deposition resulting in the lowest metal content. The Au loading on 

both γ-Mo2N supports with similar times at pH < 3.3 (pHPZC) was essentially equivalent. 

A concomitant increase in BET surface area and pore volume was observed after 

Au inclusion (Table 3.2). A similar phenomenon has been observed for the deposition 

of Pd and Au on boron nitride [3.80] and attributed to the development of nanopores 

during thermal treatment (drying and activation) with the release of water incorporated 

during deposition. The TPR profiles associated with Au/β-Mo2N (a2), Au/γ-Mo2N-a 

(b2) and Au/γ-Mo2N-b (c2) are presented Figure 3.4. Each is characterised by a 

principal H2 consumption peak with Tmax = 606 ± 4 K ascribed to passivating layer 

removal where the incorporation of Au resulted in a decrease in reduction temperature 

(by up to 60 K, see Figure 3.4(a1)-(c1)). A similar effect has been noted elsewhere 

[3.56] for the TPR of passivated Mo2N, i.e. shift to lower temperature by up to 140 K, 

following Ni introduction. Moreover, the incorporation of Au on reducible carriers, e.g. 

Fe2O3 [3.81] and CexZr1-xO2 [3.82] has resulted in a significant decrease (by up to      

400 K) in the temperature required for partial reduction of the support. Reduction of 
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oxide supported gold (Au3+→Au0) prepared by D-P has been reported to generate a 

TPR peak at T < 500 K [3.65]. This was not a feature of this study, suggesting a 

transformation of the Au precursor to metallic Au during preparation (pre-TPR). This 

has been reported previously [3.83], notably in the synthesis of iron oxide supported Au 

by co-precipitation. A reductive deposition of Au can occur on surface oxidised Mo 

species (post-passivation). The significantly lower standard redox potential of ionic Mo 

(e.g. E0 for H2MoVIO4/MoIVO2 = +0.65 V) compared with ionic Au (E0 for 

AuIII(OH)3/Au0 = +1.32 V, E0 for AuIIICl4
-/Au0 = +1.00 V) [3.84] can act to reduce the 

Au precursor.  

The incorporation of Au was accompanied by greater H2 consumption during 

TPR (Table 3.2). This can be linked to (i) the increase in surface area and (ii) hydrogen 

spillover (from Au). It is known that H2 chemisorption on supported Au is limited when 

compared with platinum group metals [3.85] but dissociative adsorption can proceed on 

low coordination Au sites, i.e. at edges and corners [3.86]. The three Au/nitride samples 

exhibited a measurable increase in H2 chemisorption relative to the nitride support 

(Table 3.2). Hydrogen TPD generated the profiles shown in Figure 3.5 for Au/β-Mo2N 

(a2), Au/γ-Mo2N-a (b2) and Au/γ-Mo2N-b (c2). In each case, the incorporation of Au 

resulted in a significant increase in the amount of H2 released (see Table 3.2). The TPD 

profiles present a principal peak (746-813 K) at a lower temperature (by up to 60 K) 

than that recorded for the nitride with an additional higher temperature (933 K) 

shoulder. These results indicate that the addition of Au results in greater capacity for 

hydrogen uptake (and subsequent release) with a distinct TPD response relative to the 

starting nitride.  

Transmission electron microscopy was employed to obtain a measure of Au 

particle size. Representative (1) medium and (2) high magnification TEM images with 

particle size distributions (3) for (a) Au/β-Mo2N, (b) Au/γ-Mo2N-a and (c) Au/γ-Mo2N-

b are presented Figure 3.9. The images reveal a well dispersed Au phase in the form of 

quasi-spherical nano-scale particles. 
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Figure 3.9: Representative (1) medium and (2) high magnification TEM images and (3) Au particle 
size distribution associated with (a) Au/β-Mo2N, (b) Au/γ-Mo2N-a and (c) Au/γ-Mo2N-b. Note: Insets 
in high magnification TEM images show diffractogram patterns for single Au particles. 
 

 The diffractogram patterns for isolated Au particles are included (as insets) in 

the high magnification images (2) where the d-spacings (0.20/0.23) are consistent with 

the (111) and (200) planes of metallic gold. For the three catalysts, the Au particles 

(number average mean of 4-7 nm) are predominantly within the size range (≤ 10 nm) 

that has been deemed critical for hydrogenation activity [3.87]. The smaller mean Au 

size associated with γ-Mo2N (see Table 3.2) can be ascribed to the prolonged deposition 

time where pH < pHPZC (see Figure 3.8), resulting in stronger interactions with the 

support that minimise particle agglomeration.  
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3.3.2.2   Catalytic Results 

The chemoselective hydrogenation of nitro-compounds over oxide supported Au 

is now established [3.59,3.60]. It has been shown that Au catalysts preferentially 

promote N=O reduction over other reactive functional groups, such as C≡N [3.88],C=O 

[3.89],C=C [3.60], Br [3.73] and Cl [3.90]. Activity and selectivity are dependent on Au 

particle size [3.91] and the nature of the support [3.59]. In the gas phase hydrogenation 

of p-CNB, we have demonstrated exclusive nitro-group reduction over Au supported on 

non-reducible (SiO2, Al2O3) [3.92] and reducible (CeO2, TiO2, Fe2O3) [3.90] carriers. 

The results of this study demonstrate that this chemoselective response extends to Au 

supported on β-Mo2N and γ-Mo2N where reaction exclusivity to p-CAN was 

maintained. Moreover, incorporation of Au enhanced hydrogenation performance, as 

shown in Figure 3.7, where the specific rate delivered by Au/β-Mo2N exceeded that 

obtained with both Au/γ-Mo2N (Table 3.3). Increased activity due to Au inclusion can 

be linked to an increase in reactive hydrogen as established by TPD analysis.  

3.4   Conclusion 

Temperature programmed treatment of MoO3 in flowing N2+H2 was used to 

synthesise tetragonal β-Mo2N (7 m2 g-1) and cubic γ-Mo2N (36 and 66 m2 g-1). The γ-

form exhibits a platelet (ca. 15 μm×25 μm) morphology whereas β-Mo2N takes the 

form of aggregates of small (< 5 μm) crystallites. Passivation of the synthesised samples 

provided a protective oxide layer that prevented bulk oxidation and facilitated ex-situ 

handling. In the synthesis of Au/Mo2N, solution pH exceeded support pHPZC (3.4 ± 1) 

resulting in a less favourable surface interaction with the anionic Au precursor. This was 

particularly pronounced in the case of β-Mo2N and resulted in lower Au loading and the 

formation of larger Au particles (mean diameter = 7 nm for Au/β-Mo2N vs. 4 nm for 

Au/γ-Mo2N) after activation. Temperature programmed reduction to 673 K was 

necessary to remove the passivation layer where the inclusion of Au shifted the TPR 

profile to lower temperatures (by up to 60 K).  

100% selectivity to the target p-CAN product in the hydrogenation of p-CNB 

was achieved over Mo2N, regardless of the phase. Hydrogen TPD analysis has 

established H2 uptake on each nitride during TPR where β-Mo2N exhibited a higher 

specific (per unit area) H2 content relative to γ-Mo2N. This is associated with a greater 
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number of nitrogen deficient sites on β-Mo2N (as established by XPS analysis), which 

translates into a higher specific selective hydrogenation rate. An equivalent specific rate 

was obtained for both γ-Mo2N samples, indicative of invariance with respect to surface 

area. The addition of Au served to increase H2 uptake capacity and elevated 

hydrogenation rate where p-CAN was again the sole product; Au/β-Mo2N outperformed 

Au/γ-Mo2N. The results demonstrate that the combination of Au with Mo2N is a viable 

catalyst formulation for selective nitroarene hydrogenation.  
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Chapter 4 

Enhanced Selective Nitroarene Hydrogenation over Au Supported on 

β-Mo2C and β-Mo2C/Al2O3  

In this Chapter, the application of Mo carbide for the reduction of -NO2 is 

investigated. Au/β-Mo2C and Au/β-Mo2C/Al2O3 are synthesised and characterised in 

order to establish a promotional effect of Au with β-Mo2C. The catalytic actions of the 

four systems (β-Mo2C, β-Mo2C/Al2O3, Au/β-Mo2C, Au/β-Mo2C/Al2O3) are considered 

in the gas phase hydrogenation of p-chloronitrobenzene and m-dinitrobenzene. 

4.1   Introduction 

It is known that molybdenum carbide exhibits catalytic properties that are 

similar to noble metals (e.g. Pd and Ru) [4.1]. Indeed, carbides have been shown to be 

promising catalysts in ammonia synthesis [4.2], thiophene [4.3] and dibenzothiophene 

[4.4] hydrodesulfurization, Fischer-Tropsch processing [4.5], the water gas shift 

reaction [4.6], alcohol steam reforming [4.7] and n-butane hydrogenolysis [4.8]. In 

comparison with noble metal catalysts, carbides are less expensive to produce and are 

tolerant to sulphur poisoning [4.7]. Moreover, in hydrogenation reactions [4.9], carbides 

exhibit selectivities that are quite distinct from Group VIII metal catalysts but this 

response has yet to be fully exploited.  

Molybdenum carbide can adopt a face-centred cubic (fcc, α-MoC1-x), 

orthorhombic (α-Mo2C) and hexagonal close packed (hcp, β-Mo2C) crystal structure 

[4.9,4.10]. The particular crystalline phase, which is dependent on the method of 

synthesis, exhibits different catalytic behaviour [4.11]. Molybdenum carbides can be 

prepared by the reaction of graphite with vaporised Mo metal or MoO3 but this method 

generates a low surface area material (1-2 m2 g-1) and delivers a low product yield 

[4.12]. The principal means of Mo carbide synthesis involves temperature programmed 

nitridation and carburisation or direct carburisation [4.9]. A reduction and nitridation of 

MoO3 (with NH3) generates fcc Mo nitride that, in a subsequent carburisation step (in 

e.g. CH4/H2), can be converted to fcc α-MoC1-x [4.5]. Alternatively, a direct 

carburisation of MoO3 (to 900-1000 K) yields hcp β-Mo2C [4.13]. Both approaches can 
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produce a high surface area carbide (40-200 m2 g-1) at high yield where the variables 

that impact on surface area include heating rate [4.14], gas space velocity [4.15], carbon 

source (e.g. CH4, C2H6 and C3H8) [4.16,4.17] and % v/v H2 in the feed [4.18].  

It is possible to deposit the Mo oxide precursor on a support (e.g. Al2O3), which 

with carburisation generates Mo2C/Al2O3 [4.3,4.19]. The resultant dispersion on the 

carrier can result in enhanced catalytic performance relative to the bulk carbide 

[4.20,4.21]. Moreover, the incorporation of a transition metal (e.g. Ni [4.22] or Pt  

[4.7,4.23]) with Mo carbide has also been shown to influence catalytic activity [4.23] 

and selectivity [4.7]. In terms of hydrogenation, the focus of this study, Mo2C has been 

used to promote the conversion of cyclohexene [4.24], naphthalene [4.21], benzene 

[4.20] and toluene [4.25]. However, a search through the literature did not unearth any 

reported study of the gas phase hydrogenation of aromatic nitro compounds over Mo 

carbide. 

Gold catalysts deliver lower hydrogenation activity relative to conventional 

transition metal (Pd, Pt and Ni) catalysts as a result of a less effective 

activation/dissociation of H2  [4.26]. In the hydrogenation of nitro compounds [4.27], 

ketones [4.28], aldehydes [4.29] and dienes [4.30], gold catalysts can exhibit enhanced 

selectivity to the target product. Activity and selectivity for hydrogenation reactions are 

dependent on Au particle size where significant catalytic activity requires a well 

dispersed Au phase (particles < 5 nm) [4.31]. Moreover, it has been shown that electron 

transfer from the support to nano-sized Au particles influences the catalytic response 

[4.32]. Of direct relevance to this study is the finding of Florez and co-workers [4.33] 

that charge transfer in Au-carbide systems is greater than that observed for oxide 

supports. Previous work conducted in this laboratory [4.32,4.34-36] demonstrated 

exclusivity (with respect to -NO2 reduction) in the gas phase continuous hydrogenation 

of a range of polyfunctional nitroarenes over Au supported on Al2O3, TiO2, Fe2O3 and 

CeO2. The goal of this study is to combine the catalytic properties of Mo carbide and 

Au in order to achieve a synergy that elevates reaction rate while maintaining 

hydrogenation selectivity.  

para-Chloroaniline (p-CAN) and meta-nitroaniline (m-NAN) are commercially 

important chemicals in the manufacture of polymers, dyes and agrochemicals [4.37]. 

Conventional synthesis routes exhibit serious drawbacks in terms of low selectivity to 

the target amine with the generation of appreciable toxic waste [4.38]. This Chapter 
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reports the first synthesis and use of Au/Mo2C and Au/Mo2C/Al2O3 to promote the 

hydrogenation of para-chloronitrobenzene (p-CNB) and meta-dinitrobenzene (m-DNB). 

The catalytic responses are compared with that obtained using Au/Al2O3 as a 

benchmark and the catalytic data are correlated with critical catalyst structural 

characteristics. 

4.2   Experimental 

4.2.1   Catalyst Preparation and Activation 

Bulk β-Mo2C was synthesised via the temperature programmed carburisation of 

ammonium heptamolybdate tetrahydrate ((NH4)6Mo7O24·4H2O, Merck (99%)) in 80 

cm3 min-1 20% v/v CH4 (99.995%, Air Liquide) in H2 (99.995 %, Air Liquide). The 

temperature was ramped at 1 K min-1 to 973 K, maintained for 1 h and cooled to room 

temperature under H2 with sample passivation in 1% v/v O2/Ar (30 cm3 min-1) for 1 h. 

The passivation step was necessary to circumvent autothermal oxidation upon contact 

with air [4.39]. In the preparation of δ-alumina (Degussa) supported β-Mo2C with a 

nominal Mo2C loading of 10% w/w, 5 g of support was mixed with 40 cm3 solution 

containing 0.92 g (NH4)6Mo7O24·4H2O and stirred for 1 h at room temperature. Water 

was removed on a rotary evaporator at 353 K under vacuum for ca. 1 h and the solid 

was dried at 353 K for 12 h. The impregnated alumina was heated in 16 cm3 min-1 Ar at 

0.5 K min-1 and held at 673 K for 3 h. The sample was then contacted with 80 cm3 min-1 

20% v/v CH4/H2 with temperature ramping from 673 to 873 K (1 K min-1) and from 873 

to 973 K (0.5 K min-1); the final temperature was maintained for 1 h. The CH4/H2 flow 

was switched to H2 and the sample was cooled to room temperature and passivated as 

above. The (NH4)6Mo7O24·4H2O impregnated alumina was also calcined in air at 673 K 

for 4 h to obtain MoO3/Al2O3, which was subjected to XPS analysis for comparison 

purposes with the carburised sample.  

Mo2C and Mo2C/Al2O3 supported Au (nominal loading = 1 % w/w Au) were 

prepared by deposition-precipitation with urea [4.40], where 78 cm3 distilled water and 

2 cm3 HAuCl4 solution (10 g dm-3) were introduced into a double-walled glass reactor, 

with water circulation at 353 K that facilitated accurate temperature control with 

vigorous stirring. A suspension of 1 g Mo2C (or Mo2C/Al2O3) in 20 cm3 distilled water 

was immersed in an ultrasound bath for 2 min to enhance dispersion and this was 
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introduced to the glass reactor with the immediate addition of 400 mg solid urea. The 

suspension was stirred at 353 K for 16 h in the absence of light, the solution pH was 

monitored continuously and the solid was separated by centrifugation and washed with 

100 cm3 distilled water. Washing was repeated four times and the solid was dried under 

vacuum in a desiccator in the dark for ca. 12 h. For comparison purposes, a 1% w/w 

Au/δ-Al2O3 was also prepared using the procedure described above. The catalyst 

precursors (as prepared samples) were sieved into a batch of 75 μm average particle 

diameter and stored at 277 K under He in the dark. 

4.2.2   Catalyst Characterisation 

The Au, Mo, Cl and Al content of the as prepared samples were measured by 

inductively coupled plasma atom emission spectroscopy (CNRS Centre of Chemical 

Analysis, Vernaison). Carbon content was determined using an Exeter CE-440 

Elemental Analyser after sample combustion at ca. 1873 K. The pH values associated 

with the point of zero charge (pHPZC) of the supports were determined using the 

potentiometric mass titration technique [4.41]. For each support, three different masses 

(0.025, 0.050 and 0.075 g) were immersed in 50 cm3 0.1 M NaCl to which a known 

amount of NaOH (0.1 M) had been added to adjust the pH to ca. 11. After stabilisation 

of the pH (ca. 1 h), titration of the samples was performed under continuous agitation in 

a He atmosphere with HCl (0.1 M) as titrant. The pH was measured using a pH meter 

(Hanna Instruments) equipped with a crystal-body electrode coupled to a data logging 

and collection system (Pico Technology Ltd.); calibration was performed with standard 

buffer solutions.  

Temperature programmed reduction (TPR) and BET surface area were 

determined using the commercial CHEM-BET 3000 (Quantachrome) unit. Samples of 

Mo2C, Al2O3, Mo2C/Al2O3, Au/Mo2C, Au/Mo2C/Al2O3 and Au/Al2O3 were loaded into 

a U-shaped quartz cell (10 cmÍ3.76 mm i.d.) and heated in 16 cm3 min-1 (Brooks mass 

flow controlled) 5% v/v H2/N2 at 2 K min-1 to 573 ± 1 K. The effluent gas passed 

through a liquid N2 trap and changes in H2 consumption were monitored by TCD with 

data acquisition/manipulation using the TPR WinTM software. The activated samples 

were maintained at the final temperature in a constant flow of H2/N2 for 4 h, swept with 

65 cm3 min-1 N2 for 1.5 h and cooled to room temperature. The passivation treatment of 

the carbides can be taken to result in a monolayer oxygen coverage. The H2 
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consumption (mmol gMo2C
-1) during TPR then represents the amount required to remove 

this passivating monolayer 

O(s) + 3/2 H2 (g) → H (s) + H2O (g)                                   (4.1) 

where (s) indicates surface atoms and (g) the gas phase. Taking a stoichiometry 

of two oxygen atoms per Mo atom [4.42], the β-Mo2C surface area  (SATPR, m2 gMo2C
-1) 

can be calculated from 

SATPR (m2 gMo2C
-1) = (2/3) × nH2 × NA/(2 × NMo)                          (4.2)     

where nH2 represents moles of H2 consumed during TPR per gram Mo2C (H2 

consumption, Table 4.1) and NA is the Avogadro number. On the assumption that the 

surface of Mo2C consists of an equal proportion of the main low index planes, an 

approximate Mo surface density (NMo) is given by 1×1019 Mo m-2 [4.42]. The BET 

surface area (SABET) was determined (after TPR) in 30% v/v N2/He using pure N2 

(99.9%) as internal standard. At least three cycles of N2 adsorption-desorption in the 

flow mode were employed to determine total surface area by the standard single point 

method; areas were reproducible to within ± 3% and the values quoted in this paper 

represent the mean. Post BET area measurement, the samples were passivated (as 

described above) for off-line analysis.  

Powder X-ray diffractograms were recorded on a Bruker/Siemens D500 incident 

X-ray diffractometer using Cu Kα radiation. The samples were scanned at a rate of 

0.02º step-1 over the range 5º ≤ 2θ ≤ 80º. Diffractograms were identified using the 

JCPDS-ICDD reference standards, i.e. β-Mo2C (Card No. 11-0680), δ-Al2O3 (16-394) 

and Au (04-784). The Au metal particle size (dhkl) was estimated using the Scherrer 

equation 

hkl cos
Kd λ

β θ
×

=
×

                                                      (4.3) 

where K = 0.9, λ is the incident radiation wavelength (1.5056 Å), β is the peak 

width at half the maximum intensity and θ represents the diffraction angle 

corresponding to the (200) plane associated with metallic Au (2θ = 44.5°). Transmission 

electron microscopy (TEM) combined with Energy-Dispersive X-ray spectroscopy 

(EDX) analysis was performed using a JEOL 2010 electron microscope operating at 200 
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kV. Samples for analysis were crushed and homogenously dispersed in ethanol by 

ultrasonication and a drop of the suspension was deposited on a carbon-coated copper 

grid and evaporated. The surface area weighted Au particle diameter was calculated 

from 

3
i i

i
2

i i
i

n d
d

n d

∑

∑
=                                                        (4.4) 

where ni is the number of particles of diameter di. XPS spectra were collected on 

a SPECS (Phoibos MCD 150) X-ray photoelectron spectrometer, using a Mg Kα (hν = 

1253.6 eV) X-ray source. The samples were reduced by TPR and passivated before 

transfer in air to the XPS chamber. After collection, the binding energies were 

calibrated with respect to the C-C/C-H components of the C 1s peak (binding energy = 

284.6 eV). All spectra processing was carried out using the Casa XPS software package.  

4.2.3   Catalysis Procedure 

Reactions were conducted under atmospheric pressure at 423-473 K in a fixed 

bed vertical glass reactor (l = 450 mm; i.d. = 15 mm). The samples were activated (in 

situ) in 60 cm3 min-1 H2 at 2 K min-1 to 573 K, maintaining the final temperature for 1 h. 

The catalytic reactor and operating conditions to ensure negligible heat/mass transport 

limitations have been fully described elsewhere [4.43] but some features, pertinent to 

this study, are given below. A layer of borosilicate glass beads served as preheating 

zone, ensuring that the organic reactants were vaporized and reached reaction 

temperature before contacting the catalyst. Isothermal conditions (± 1 K) were ensured 

by diluting the catalyst bed with ground glass (75 µm); the glass was mixed thoroughly 

with catalyst before insertion in the reactor. The reaction temperature was continuously 

monitored using a thermocouple inserted in a thermowell within the catalyst bed. The 

reactants, p-CNB and m-DNB, as solutions in ethanol, were delivered at a fixed 

calibrated flow rate to the reactor via a glass/teflon air-tight syringe and teflon line using 

a microprocessor controlled infusion pump (Model 100 kd Scientific). A co-current flow 

of p-CNB (or m-DNB) and ultra pure (> 99.99%, BOC) H2 (< 1% v/v organic in H2) was 

maintained at a GHSV = 2×104 h-1 with an inlet reactant molar flow (F) in the range        

4-39×10-5 molp-CNB h-1 (or 2-10×10-5 molm-DNB h-1). The H2 content in the feed was up to 

2400 times in excess of the stoichiometric requirement. Hydrogen flow rate was monitored 
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using a Humonics (Model 520) digital flowmeter. The ratio of mass of catalyst to inlet 

molar organic feed rate (m/F) spanned the range 76-1250 g h molp-CNB
-1 (or 3-2500 g h 

molm-DNB
-1). In a series of blank tests, passage of both reactants in a stream of H2 through 

the empty reactor or over the Al2O3 support did not result in any detectable conversion. 

The reactor effluent was frozen in a liquid nitrogen trap for subsequent analysis, which was 

made using a Perkin-Elmer Auto System XL gas chromatograph equipped with a 

programmed split/splitless injector and a flame ionization detector, employing a DB-1    

(50 m×0.33 mm, 0.20 μm film thickness) capillary column (J&W Scientific). p-CNB 

(Sigma-Aldrich, purity ≥ 99%), m-DNB (Fluka, ≥ 98%) and ethanol (Sigma Aldrich,    

≥ 99%) were used as supplied without further purification. Taking the hydrogenation of 

p-CNB as representative, activity is quantified in terms of fractional conversion (Xp-CNB)  

- CNB
[ ] [ ]

[ ]
in out

p
in

p CNB p CNBX
p CNB

− − −
=

−
                                     (4.5) 

where selectivity with respect to p-chloroaniline (p-CAN) is given by 

- CAN
[ ](%) 100

[ ] [ ]
out

p
in out

p CANS
p CNB p CNB

−
= ×

− − −
                                 (4.6) 

and the subscripts in and out refer to the inlet and outlet streams. Repeated reactions 

with samples from the same batch of catalyst delivered conversion/selectivity values 

that were reproducible to within ± 3%.  

4.3   Results and Discussion 

4.3.1   Catalyst Characterisation 

 Elemental analysis (see Table 4.1) indicates that the deposition-precipitation 

procedure was efficient in preparing Au loaded on Al2O3, Mo2C and Mo2C/Al2O3 with a 

gold content of ca. 1 % w/w. The pH associated with the point of zero charge (pHPZC) is 

a critical property of the support that determines the solution pH requirements to ensure 

precursor-support interactions during catalyst preparation by deposition-precipitation 

[4.40,4.44,4.45].  
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Table 4.1: Au and Mo2C content (% w/w), Mo/C ratio, BET surface area (SABET), H2 consumption during TPR and specific Mo2C surface area 
calculated from TPR measurements (SATPR), Au particle size range, surface area weighted mean Au diameter (d) and dispersion (D). 

Catalyst Au     
(% w/w) 

Mo2C 
(% w/w) Mo/C SABET 

(m2 g-1) 
H2 consumption     
(mmol gMo2C

-1) 
SATPR      

(m2 gMo2C
-1) 

Au size 
rangea/d (nm) D 

Mo2C - 100 1.8 39 1.6 34 - - 

Mo2C/Al2O3 - 12.1 1.5 82 5.2 110 - - 

Au/Mo2C 0.94 99.1 1.7 47 1.7 36 4-20/13.4 0.09 

Au/Mo2C/Al2O3 1.03 5.6 1.5 89 5.5 116 6-12/8.3 0.15 

Au/Al2O3 0.95 - - 91 0.1b - 1-3/2.3 0.54 
afrom TEM analysis 
bmmol H2 consumed g-1 during TPR 

 

 

 

 

 

 

Figure 4.1: pH profiles associated with the pH of point of zero charge (pHPZC) measurement for (a) Mo2C, (b) Al2O3 and (c) Mo2C/Al2O3. 
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The associated titration curves for the supports (Figure 4.1) show that the pHPZC 

for Mo2C (2.9) and Mo2C/Al2O3 (3.7) are much lower than that measured for Al2O3 

(7.5). The gold loadings achieved in this study are significant given that the pHPZC 

values for Mo2C and Mo2C/Al2O3 are lower than ca. 5, the pH which has been 

identified as a prerequisite for effective deposition of the gold precursor on metal oxide 

and carbon supports [4.45]. When the solution pH < pHPZC, the support surface bears a 

positive charge (due to protonation), favouring interaction with anionic species in 

solution and a pH in excess of pHPZC results in a surface affinity for cationic species 

[4.46]. It is known that, in aqueous solution, AuCl4- undergoes a sequential substitution 

of Cl- with OH- at pH = 4, 4.6, 6.5 and 9, at which point Au(OH)4
- predominates 

[4.45,4.47].  

 

 

 

 

 

 

 

 

 

 
Figure 4.2: Temporal pH variations in the preparation of (a) Au/Mo2C, (b) Au/Al2O3 and (c) 
Au/Mo2C/Al2O3. Note: dashed lines identify pHPZC of the supports. 

The temporal pH variations in the preparation of Au/Mo2C, Au/Al2O3 and 

Au/Mo2C/Al2O3 are given in Figure 4.2 where the pHPZC of each support is identified 

as a dashed line. The observed temporal increase in pH corresponds to a progressive 

neutralisation of the acidity of the HAuCl4 solution by OH- generated via the 

decomposition of urea. In the case of Al2O3 (Figure 4.2(b)), the initial solution pH (3.1) 
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was far below the pHPZC and the subsequent pH increase ultimately converged with the 

pHPZC. Under these synthesis conditions, pH < pHPZC over the first 2-3 hours of 

deposition-precipitation and Au precursor interactions with the (positively) charged 

Al2O3 were facilitated. However, solution pH in the preparation of Au/Mo2C (Figure 

4.2(a)) and Au/Mo2C/Al2O3 (Figure 4.2(c)) exceeded the associated support pHPZC. As 

a consequence, interactions of anionic Au precursor species with the negatively charged 

support were not favoured and deposition occurred principally via physical (as opposed 

to electrostatic) adsorption effects.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.3: XRD patterns for Mo2C (I), Au/Mo2C (II), Al2O3 (III), Au/Al2O3 (IV), Mo2C/Al2O3 (V) 
and Au/Mo2C/Al2O3 (VI). Note: XRD peak assignments are based on JCPDS-ICDD reference 
standards: (▲) β-Mo2C (Card No. 11-0680); (■) δ-Al2O3 (16-394); (●) Au (04-784). 



Chapter 4: Enhanced selective nitroarene hydrogenation over Au supported on β-Mo2C and β-Mo2C/Al2O3 
 

86 

XRD patterns of Mo2C (I), Au/Mo2C (II), Al2O3 (III), Au/Al2O3 (IV), 

Mo2C/Al2O3 (V) and Au/Mo2C/Al2O3 (VI) are presented in Figure 4.3. The XRD 

profile (I) of Mo2C presents peaks that are characteristics of hexagonal β-Mo2C. There 

was no evidence of any bulk oxide (MoO3 or MoO2) present in the carburised sample, 

i.e. the oxide precursor had been completely converted to the carbide and the 

passivation procedure resulted in a superficial (as opposed to bulk) oxidation. The TPR 

profile for Mo2C is presented in Figure 4.4(I) and the H2 consumption required to 

remove the passivation layer is given in Table 4.1. The TPR profile is characterised by 

a maximum H2 consumption at 493 K with a lower temperature shoulder to the main 

peak. The amount of H2 consumed was used to calculate the specific Mo2C surface area 

(SATPR, see eqn. (4.2)) and the result (34 m2 g-1) is in good agreement with the value 

obtained by standard BET analysis (39 m2 g-1). The introduction of Au resulted in a shift 

in the reduction temperature to a lower value (by ca. 40 K, see Figure 4.4(II)) for 

Au/Mo2C. A similar effect has been noted for Au supported on reducible carriers, e.g. 

Fe2O3 [4.48] and CeO2 [4.30] with a decrease in the temperature required for a partial 

reduction of the support (by up to 400 K).  

The XRD pattern for Au/Mo2C post-activation (Figure 4.3(II)) exhibits the 

principal planes for β-Mo2C with evidence of a signal due to the (111) plane of metallic 

Au (2θ = 38.1°) that overlaps with the (002) peak for the support (2θ = 37.9°). A peak at 

44.4° related to Au (200) is also detectable as shown in the inset to Figure 4.3(II). XRD 

analysis (pattern not shown) of the as prepared Au/Mo2C also exhibited signals due to 

metallic Au, indicating that the gold precursor was reduced during preparation. The 

formation of metallic Au during catalyst synthesis has already been reported elsewhere, 

notably in the preparation of iron oxide supported Au by co-precipitation [4.49]. It 

should be noted that synthesis conditions were chosen in this study to avoid gold 

reduction, i.e. preparation and storage in the dark with room temperature drying in an 

inert atmosphere. The standard redox potential of ionic Mo (e.g. E0 for 

H2MoVIO4/MoIVO2 = +0.646 V) is significantly lower than that for ionic Au (E0 for 

AuIII(OH)3/Au0 = +1.32 V, E0 for AuIIICl4-/Au0 = +1.002 V) [4.50]. Surface oxidised 

Mo species (post-passivation), with a lower electrochemical potential, can act to reduce 

the Au precursor, resulting in a reductive deposition of Au.  
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Figure 4.4: TPR profiles for Mo2C (I), Au/Mo2C (II), Al2O3 (III), Au/Al2O3 (IV), Mo2C/Al2O3 (V) 
and Au/Mo2C/Al2O3 (VI). 

TEM-EDX analysis revealed a degree of heterogeneity associated with 

Au/Mo2C and an apparent bimodal distribution of large (ca. 20 nm, Figure 4.5(A-1)) 

and small (4-6 nm, Figure 4.5(A-2)) Au particles; a representative EDX spectrum is 

included with image (A-2). A Cl content > 300 ppm has been shown to induce the 

formation of large Au particles (> 20 nm) [4.51] and poison catalyst activity [4.52]. 

However, in this study, the Cl content of all the catalysts was below detection limits    

(< 200 ppm), i.e. sample washing (see Experimental section) was effective in removing 

residual Cl. The mean Au diameter obtained from TEM analysis (13.4 nm, see Table 
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4.1) is in good agreement with the value (16 nm) from XRD peak line broadening 

analysis, i.e. application of eqn. (4.3). EDX surface mapping revealed areas of the Mo2C 

support with a low (Au/Mo = 0.0012 in Figure 4.5(A-1)) or undetectable Au content. 

The formation of larger gold particles has also been observed for Au on oxide carriers 

characterized by low pHPZC, notably SiO2, which delivered poor Au dispersion after 

deposition-precipitation with urea [4.40], as a direct consequence of weaker interaction 

with the support.  
 
 
 
 

 
 
 
 
Figure 4.5: Representative TEM images with EDX measurements over selected areas for Au/Mo2C 
(A, with representative EDX spectrum in A-2), Au/Al2O3 (B) and Au/Mo2C/Al2O3 (C).  
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The TPR profile of δ-Al2O3 is featureless with no evidence of H2 uptake (Figure 

4.4(III)), which was expected and is in agreement with the literature [4.53]. The TPR 

response exhibited by as prepared Au/Al2O3 is presented in Figure 4.4(IV) and shows a 

single peak at 431 K. Hydrogen consumption during TPR matched that required for the 

reduction of the precursor to the metallic form, i.e. Au3+ → Au0. An equivalent response 

in terms of Au reduction has been reported elsewhere with Tmax at 434 K [4.35] and 436 

K [4.54]. The BET surface area of Au/Al2O3 (91 m2 g-1, Table 4.1) was lower than that 

of the starting Al2O3 support (101 m2 g-1), which can be attributed to a partial pore 

filling by the metal component [4.55]. The XRD profiles for δ-Al2O3 (Figure 4.3(III)) 

and Au/Al2O3 (Figure 4.3(IV)) exhibit the seven main characteristic XRD peaks for δ-

Al2O3. There was no observable XRD response due to Au, indicative of the formation of 

a well dispersed metallic phase. Indeed, Au particles with an average size of 2.3 nm 

were detected by TEM (Table 4.1), which is consistent with stronger metal/support 

interactions that limit particle agglomeration. This response finds agreement with 

previous reports of Au/Al2O3 prepared by deposition-precipitation with urea [4.40]. 

Representative low (B-1) and higher (B-2) magnification TEM images are presented in 

Figure 4.5, where well dispersed pseudo-spherical particles (in the 1-3 nm range) are in 

evidence.  

With regard to Au/Mo2C/Al2O3, the Mo2C loading was decreased by over a 

factor of 2 after Au deposition on the parent Mo2C/Al2O3 (see Table 4.1). This loss of 

supported Mo2C into solution can be attributed to a leaching of surface oxidised Mo, 

formed during the passivation step, into solution as H2MoO4 [4.56]. There were no 

detectable peaks due to Mo2C in the XRD of Mo2C/Al2O3 (Figure 4.3(V)), which can 

be attributed to strong interaction between MoO3 and Al2O3, resulting in finely 

dispersed Mo2C [4.57]. Moreover, the four principal Mo2C XRD peaks (at 2θ = 34.4°, 

37.9°, 39.4° and 61.6° associated with the (010), (002), (011) and (110) planes) overlap 

with the characteristic peaks (at 2θ = 34.5°, 36.5°, 39.5° and 61.1°) for δ-Al2O3. It 

should be noted that the formation of Mo2C supported on γ-Al2O3 has been reported 

previously using the same approach, i.e. impregnation with (NH4)6Mo7O24·4H2O and 

subsequent temperature programmed carburisation [4.3,4.58]. Carbon contents were 

measured and the resultant Mo/C ratios (< 2, see Table 4.1) suggest full carburisation of 

all the samples, where the occurrence of excess C can be due to the presence of free 

surface carbon [4.42].  
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The temperature requirement for surface reduction, i.e. to remove the passivated 

layer, was significantly higher (by 80 K) for the alumina supported Mo2C (Figure 

4.4(V)) relative to bulk Mo2C (Figure 4.4(I)). This has been noted elsewhere and 

attributed to interaction between the carbide and the alumina carrier [4.20,4.56]. 

Hydrogen consumption (per gram Mo2C) during TPR was appreciably greater for 

Mo2C/Al2O3 (5.2 mmol gMo2C
-1, Table 4.1) relative to Mo2C (1.6 mmol gMo2C

-1), 

suggesting a dispersion effect. Indeed, the specific carbide surface area (SATPR) showed 

a significant increase on the alumina support, which was unaffected by the 

incorporation of Au. An invariance in surface area after Au deposition is consistent with 

the BET measurements (Table 4.1). As in the case of Au/Mo2C, the presence of Au on 

Mo2C/Al2O3 resulted in a shift in the TPR profile to a lower temperature (see Figure 

4.4(VI)). The XRD pattern (Figure 4.3(VI)) for Au/Mo2C/Al2O3 shows three peaks at 

38.1°, 64.5° and 77.5°, that are characteristic of Au metal.  

TEM-EDX has demonstrated the presence of Au particles in the 6-12 nm size 

range with a mean particle size of 8.3 nm (Table 4.1), which is in good agreement with 

the Au particle size based on XRD line broadening (9 nm). A representative low 

magnification TEM image is presented in Figure 4.5(C-1) where EDX analysis of a 

large sample area (see dotted line circle) reveals the presence of both Au and Mo with 

Au/Mo ratio (0.16) close to the nominal value (0.1) in terms of bulk content. Further 

EDX mapping (not shown) of areas with Mo/Al in the range = 0.015-0.019) showed no 

detectable Au.  

XPS spectra over the Mo 3d, C 1s and Au 4f binding energy (BE) regions are 

presented in Figures 4.6 and 4.7. The Mo 3d profiles for Mo2C (Figure 4.6(I)) and 

Au/Mo2C (Figure 4.6(II)) are very similar and present, after deconvolution, a principal 

Mo 3d5/2 contribution at BE = 228.3 ± 0.2 eV, corresponding to carbidic Mo [4.24]. 

Signals at higher BE (and lower intensity) can be related to the presence of Mo in an 

oxidised state due to passivation i.e. Mo(IV) (229.2 ± 0.2 eV) [4.7], Mo(V) (231.2 ± 0.2 

eV) [4.59] and Mo(VI) (232.5 ± 0.2 eV) [4.60]. The presence of higher oxidation state 

Mo species is also consistent with our proposed Mo promoted oxido-reduction of the 

anionic Au precursor during deposition-precipitation. The Mo 3d profile for 

Mo2C/Al2O3 (Figure 4.6(III)) coincides with that recorded for Au/Mo2C/Al2O3 (Figure 

4.6(IV)), where a carbidic Mo contribution is visible although the molybdenum phase is 

predominantly in the form of Mo oxides, i.e. Mo(IV), Mo(V) and Mo(VI), respectively, 
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at BE = 229.4, 231.3 and 232.7 eV. Comparison with the spectrum generated for the 

calcined supported precursor (MoO3/Al2O3, Figure 4.6(V)) demonstrates that the 

carburisation procedure led to the formation of low oxidation state molybdenum 

species, i.e. carbidic Mo, Mo(IV) and Mo(V). Moreover, the presence of Mo2C can be 

attested by the deconvoluted C 1s spectra shown in Figure 4.7(I)-(IV), where a 

contribution due to carbidic carbon, at BE = 283.4 eV [4.61], is observed for all the 

catalysts. In addition, contributions assigned to graphitic carbon (BE = 284.6 eV) [4.62], 

C-O (BE = 286.3 eV) [4.7] and C=O (BE = 288.6 eV) [4.22] are also evident. XPS 

analysis of Mo2C supported on zeolites [4.21] and Al2O3 [4.19,4.22] has generated 

similar spectra. Our XPS results reveal carbidic character for the alumina supported 

Mo2C, pre- and post-Au incorporation that may be more consistent with a supported 

oxycarbide phase. Indeed, we should flag an IR-study by Wu et al. [4.63] that 

established the presence of Moδ+ (0 < δ < 2) in as prepared Mo2C/Al2O3 where 

subsequent passivation resulted in superficial oxycarbide formation (2 ≤ δ < 4) with 

carbide regeneration by reduction in H2.  

 

 

 

 

 

 

 

 

 

 

 
Figure 4.6: XPS spectra over the Mo 3d region for Mo2C (I), Au/Mo2C (II), Mo2C/Al2O3 (III), 
Au/Mo2C/Al2O3 (IV) and MoO3/Al2O3 (V). 
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The Au 4f7/2 (BE = 84.0 ± 0.2 eV) and Au 4f5/2 (BE = 87.6 ± 0.2 eV) peaks for 

Au/Mo2C (Figure 4.7(V)) are characteristic of Au in the metallic state [4.64]. The Au 

4f7/2 peaks for Au/Al2O3 (Figure 4.7(VII)) and Au/Mo2C/Al2O3 (Figure 4.7(VI)) are 

both centered at 83.5 ± 0.2 eV. Similar values have been reported in the literature for 

Au/Al2O3 [4.65] and attributed to electron transfer from the support. The equivalence of 

the Au BE values in this study suggests that there is no detectable specific interaction 

between Au and Mo in Au/Mo2C/Al2O3. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 4.7: XPS spectra over the C 1s region for Mo2C (I), Au/Mo2C (II), Mo2C/Al2O3 (III), 
Au/Mo2C/Al2O3 (IV) and Au 4f region for Au/Mo2C (V), Au/Mo2C/Al2O3 (VI) and Au/Al2O3 (VII). 
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4.3.2   Catalytic Activity/Selectivity 

Reaction selectivity is critical in para-chloronitrobenzene (p-CNB) and meta-

dinitrobenzene (m-DNB) hydrogenation where a number of intermediates and by-

products are possible, as identified in Figure 4.8. 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.8: Reaction pathways in the hydrogenation of p-CNB (I) and m-DNB (II).   

 Previous studies in this laboratory have shown that the gas phase hydrogenation 

of p-CNB over Pd/Al2O3 generated nitrobenzene (hydrodechlorination) and aniline 

(hydrodechlorination/hydrogenation) as products [4.34] whereas supported Au 

exclusively produced p-chloroaniline (p-CAN) [4.32,4.34,4.35]. The hydrogenation of 

m-DNB (Figure 4.8(II)) involves even greater selectivity demands in terms of partial    

-NO2 hydrogenation. We have chosen m-DNB as a model reactant because the partially 

hydrogenated m-nitroaniline (m-NAN) product is commercially important in the 

manufacture of polymers and dyes [4.37]. Earlier work has established that complete 

reduction to m-phenylenediamine (m-PDM) is achieved over supported Ni while the m-

DNB → m-NAN step is selectively promoted over supported Au at low levels of 
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conversion [4.36]. The existing literature on the hydrogenation of nitroarenes has 

focused on batch liquid systems operated at elevated pressures [4.66] that have 

delivered low selectivities to the target amine [4.67]. A move from batch liquid to gas 

phase continuous operation serves to lower the associated energy demands while 

economies of scale favour continuous processes for large throughput. This is the first 

reported application of Mo carbide (as both catalyst and Au support) in gas phase 

nitroarene hydrogenation. 

4.3.2.1   Hydrogenation of p-chloronitrobenzene (p-CNB) 

The temporal response of p-CNB conversion (Xp-CNB) over the five catalyst 

systems is shown in Figure 4.9(I), where a decline in activity with time on-stream is in 

evidence. The temporal variation of conversion has been fitted to a first order 

exponential decay in order to extract a value for the initial conversion (X0). The 

applicability of a pseudo-first order kinetic treatment has been established previously 

[4.68] 

                                 1
0ln(1 ) nX k

F
−  − =  

 
                                                 (4.7)                     

where n represents either moles of Mo2C (nMo2C) or gold (nAu) and the ratio n/F has the 

physical significance of contact time. The specific rates obtained from the linear 

relationships shown Figure 4.9(II) are given in Table 4.2. All the catalysts were 100 % 

selective in terms of p-CNB hydrogenation to the target p-CAN product with no 

evidence of hydrodechlorination or ring hydrogenation.  

The rate constant, normalised with respect to Mo2C surface area (k (μmolp-CNB  

mMo2C
-2 h-1), Table 4.2) generated for Mo2C/Al2O3 was significantly lower than that 

recorded for Mo2C, i.e. supporting the carbide on the alumina carrier inhibited 

hydrogenation. We can link this to the observed (by XPS, see Figure 4.6(III)) lesser 

carbidic (or rather oxycarbide) character for the alumina supported system. Moreover, 

the presence of free carbon (Mo/C = 1.5, Table 4.1) on the surface can block Mo active 

sites and limit activity [4.42]. It has been reported elsewhere [4.69] that strong 

interaction between the carbide phase and Al2O3 support can render the carbide sites 

less active in the catalytic decomposition of hydrazine. However, Brungs and co-

workers [4.70], have shown that Mo2C/Al2O3 was more stable in methane reforming 
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than bulk Mo2C where coke deposition was limited on the supported carbide. Indeed, 

reaction over Mo2C/Al2O3 was characterised by a significantly higher ratio of the 

conversion achieved after 3 h to the initial value (X3h/X0) relative to Mo2C (Table 4.2). 

Loss of activity in gas phase hydrogenation of p-CNB has been attributed to metal 

leaching [4.71], metal sintering [4.72], deposition of polymeric products formed by 

condensation [4.73], occlusion of active sites by surface carbonate species [4.74] and 

poisoning by the water generated during reaction [4.75]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.9: (I) Variation of p-CNB fractional conversion (Xp-CNB) with time on-stream. (II) pseudo-
first order kinetic plots with respect to (a) Mo2C and (b) Au: (¯) Mo2C, (¿) Au/Mo2C, (▲) 
Au/Al2O3, (○) Mo2C/Al2O3 and (●) Au/Mo2C/Al2O3.  
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The introduction of Au (on both Mo2C and Mo2C/Al2O3) resulted in an 

appreciable increase in hydrogenation rate, which can be attributed to the catalytic 

action of both carbide and the supported Au phase. Gold dispersion (Table 4.1) was 

obtained from d values [4.76] and used to determine turnover frequency (TOF (h-1), 

Table 4.2). We apply TOF as a quantitative measure of catalyst performance in terms of 

the Au component but recognise the contribution of both support (Mo2C) and metal to 

the overall hydrogenation rate. Activity in hydrogenation reactions over supported Au 

has been deemed to be dependent on Au particle size [4.77]. Previous work conducted 

in this laboratory [4.32] demonstrated an increase (forty-fold) in p-CNB hydrogenation 

rate over oxide supported Au with decreasing particle size (from 9 to 3 nm). As 

Au/Mo2C is characterised by a larger mean Au size compared with Au/Al2O3, we 

should expect a lower resultant specific activity. A major finding in this Chapter is the 

appreciably higher TOF delivered by Au/Mo2C relative to Au/Al2O3. This is taken as a 

demonstration of a surface synergism between Au and Mo2C that results in enhanced 

catalytic efficiency. Given that the activation of H2 is rate limiting in hydrogenation 

reactions over Au, H2 dissociation on Mo2C must contribute to the observed elevation of 

hydrogenation rate, possibly by supplying reactive atomic hydrogen to Au in a 

“reverse” spillover step. 

 

 
Table 4.2: Specific rate constant (k, with respect to Mo2C surface area), turnover 
frequency (TOF, with respect to Au dispersion) and ratio of fractional conversion 
after 3 h to the initial value (X3h/X0) for the hydrogenation of p-CNB.  

Catalyst 
k                                   

(μmolp-CNB mMo2C
-2 h-1) TOF  (h-1) 

X3h/X0    
X0 ≈ 0.15 

Mo2C 36 - 0.12 

Mo2C/Al2O3 4 - 0.70 

Au/Mo2C 139 1098 0.12 

Au/Mo2C/Al2O3 33 27 0.60 

Au/Al2O3 - 26 0.50 
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4.3.2.2   Hydrogenation of m-dinitrobenzene (m-DNB) 

The hydrogenation of m-DNB also exhibited a time on-stream decline that was 

more severe than observed for p-CNB, as can be assessed from the X3h/X0 entries in 

Table 4.3. Alumina supported Mo2C delivered a comparable specific hydrogenation 

rate relative to the bulk carbide and retained a higher degree of the initial conversion 

with time on-stream. Incorporation of Au enhanced hydrogenation performance with an 

increase in rate (per Mo2C surface area) by a factor of 3-4. As in the case of p-CNB 

hydrogenation, the TOF generated by Au/Mo2C was significantly greater than that 

recorded for Au/Al2O3. The hydrogenation of m-DNB presents a particular challenge in 

terms of selectivity where m-NAN, as the target product, can serve as a reactive 

intermediate in the formation of m-PDM (Figure 4.8(II)). Any meaningful comparison 

of hydrogenation selectivity is only feasible at a common fractional m-DNB conversion 

(Xm-DNB): selectivity values are given in Table 4.3 where Xm-DNB ≈ 0.05 and 0.15. The 

variation of m-NAN and m-PDM selectivity (S) as a function of Xm-DNB is presented 

Figure 4.10 for reaction over Au/Mo2C and Au/Al2O3. At low fractional conversions 

(Xm-DNB < 0.06), Mo2C exhibited 100 % selectivity to m-NAN, with decreasing 

selectivity at higher conversions; m-PDM was the principal product where Xm-DNB > 

0.15. Au/Mo2C also exhibited reaction exclusivity in terms of m-NAN production at 

low Xm-DNB (Figure 4.10, Xm-DNB < 0.07) with a switch to preferential m-PDM formation 

at higher conversions (Xm-DNB > 0.20); see also entries in Table 4.3. The net effect is a 

significantly higher rate of m-NAN production over Au/Mo2C (0.18 gm-NAN gcatalyst
-1 h-1, 

where Xm-DNB < 0.20) compared with Mo2C (0.05 gm-NAN gcatalyst
-1 h-1, where Xm-DNB < 

0.12). In complete contrast, Au/Al2O3 (Figure 4.10) generated m-PDM as the principal 

product (S > 80%), regardless of Xm-DNB.  

The hydrogenation of nitroarenes has been proposed to proceed via a 

nucleophilic mechanism, where a weak nucleophilic agent (hydrogen) attacks the 

activated –NO2 group(s) [4.78]. Differences in reaction selectivity can be associated 

with differences in the mode of reactant adsorption on the catalyst surface where m-

NAN formation requires an intermediate resonance structure with a single delocalized 

positive charge on the ring, i.e. only one -NO2 group is activated for nucleophilic attack. 

m-PDM results from the formation of a resonance structure with two positive localized 

charges on the ring where both -NO2 groups are activated. 



 

 

 
  
 
 
 
Table 4.3: Specific rate constant (k, with respect to Mo2C surface area), turnover frequency (TOF, with respect to Au 
dispersion) selectivity to m-NAN (Sm-NAN at Xm-DNB ≈ 0.05 and Xm-DNB ≈ 0.15) and ratio of fractional conversion after 3 h to the 
initial value (X3h/X0) for the hydrogenation of m-DNB.  

Catalyst 
k  (×106)                                  

(μmolm-DNB  mMo2C
-2 h-1) TOF   (h-1) X3h/X0 

Sm-NAN (%) 
 at Xm-DNB ≈ 0.05 

Sm-NAN (%)     
at Xm-DNB ≈ 0.15 

Mo2C 13 - 0.10 100 37 

Mo2C/Al2O3 15 - 0.15 100 45 

Au/Mo2C 38 229 0.10 100 56 

Au/Mo2C/Al2O3 60 50 0.30 85 38 

Au/Al2O3 - 34 0.10 0a 21 

a100 % selectivity with respect to m-PDM 
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Differences in m-DNB hydrogenation selectivity can be attributed to the 

electronic character of the Au sites where adsorption on Auδ- results in repulsion 

between the π-delocalized electrons and the partially (negatively) charged gold resulting 

in the formation of a resonance structure with two positive localized charges on the ring 

and both –NO2 groups are activated. The latter effect predominates in the case of 

Au/Al2O3 and is consistent with the XPS response that shows electron transfer from 

Al2O3 to Au. 

 

 

 

 

 

 

 

 

 
Fig. 4.10: Variation of m-NAN selectivity (Sm-NAN) as a function of m-DNB fractional conversion (Xm-

DNB) for reaction over (¿) Au/Mo2C and (▲) Au/Al2O3. 

 

 We can associate the selectivity of Au/Mo2C towards m-NAN, in part, to 

interactions with Au sites that (based on XPS measurements) do not bear a partial 

negative charge and which favour the formation of a resonance form with a single 

delocalized positive charge on the ring where only one of the –NO2 groups is activated 

[4.79]. We can not discount possible m-DNB activation via interactions with Mo2C 

and/or at the Au/carbide interface which, from a consideration of the catalytic response, 

favour m-NAN formation. The results in this Chapter demonstrate that the use of Mo2C 

as support serves to both enhance hydrogenation rate and influence selectivity.  
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4.4   Conclusion 

The first synthesis of gold catalysts supported on molybdenum carbide (Mo2C 

and Mo2C/Al2O3) is reported in this Chapter; gold was deposited by deposition-

precipitation of HAuCl4 (as precursor) with urea. The (β-phase) Mo2C support was 

prepared by a temperature programmed carburisation and confirmed by XRD analysis. 

Mo2C was characterised by a lower pHPZC (2.9) when compared with Mo2C/Al2O3 (3.7) 

and Al2O3 (7.5). In the synthesis of Au/Mo2C and Au/Mo2C/Al2O3, solution pH 

exceeded support pHPZC resulting in a less favourable interaction with the anionic Au 

precursor. The latter effect led to a poorer dispersion of Au relative to Au/Al2O3. The 

formation of metallic Au was observed during Au/Mo2C preparation and can be 

attributed to the lower electrochemical potential of the passivated carbide support with a 

consequent reductive deposition of Au. Preparation of Au/Mo2C/Al2O3 was 

accompanied by a significant Mo leaching into solution and the supported Mo2C phase 

exhibited lesser carbidic character than bulk Mo2C.  

This Chapter is the first reported application of Au/Mo carbide combinations as 

catalytic materials. The results for the gas phase hydrogenation of substituted 

nitroarenes have established a synergism where the combined catalytic action of Au 

with Mo2C resulted in higher hydrogenation efficiency for the conversion of p-CNB and 

m-DNB, exceeding the performance of Au/Al2O3. In the hydrogenation of m-DNB, 

exclusive formation of the partially reduced m-NAN was enhanced over Au/Mo2C 

relative to Mo2C under conditions where Au/Al2O3 was non-selective.  
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Chapter 5 

Characterisation and Hydrogenation Performance of Ternary Nitride 

Catalysts 

In this Chapter, the effect of the inclusion of a second metal on the catalytic response of  

Mo based systems is investigated. Co3Mo3N and Fe3Mo3N are  synthesised, 

characterised and their catalytic response considered in the gas phase hydrogenation of 

p-chloronitrobenzene. 

5.1   Introduction 

Research has shown that nitrides of early transition metals (Groups IV-VI) 

exhibit catalytic properties [5.1-4]. This has been attributed to a hybridisation of the 

nitrogen p-orbitals with the metal d-orbitals, resulting in an electronic structure with a 

Fermi energy close to that of Group VIII metals [5.1]. The majority of the studies to 

date have focused on binary nitrides such as W2N [5.5], TiN [5.6], VN [5.7] and Mo2N 

[5.4]. Ternary nitride systems are divided into two groups, i.e. metallic and 

covalent/ionic. The former represents catalytically active systems in which metal-metal 

interactions are dominant and N atoms are interstitial within the metal array. Ternary 

Mo nitrides have been investigated to a lesser extent, largely due to the challenge of 

synthesising a pure phase that circumvents the concomitant formation of Mo2N and the 

second metal [5.8,5.9]. As Co3Mo3N has been identified as effective in hydrotreating, 

the synthesis and catalytic properties of intermetallic ternary Mo-nitride systems is now 

receiving renewed attention [5.10-12].  

The catalytic action of ternary Mo nitrides, notably Co-Mo, Fe-Mo and Ni-Mo, 

has been studied in ammonia synthesis [5.11,5.13-16], pyridine [5.17,5.18] and 

quinoline [5.19] hydrodenitrogenation (HDN), thiophene [5.9,5.20-22] and 

dibenzothiophene [5.19,5.23] hydrodesulfurisation (HDS) and NO reduction 

[5.12,5.24]. The incorporation of a second metal has resulted in higher activity relative 

to the binary system (i.e. Mo2N) [5.9,5.10,5.15,5.17,5.20,5.22,5.24-26]. In ammonia 

synthesis [5.15,5.25,5.26], the increase in activity has been correlated with the 

energetics of N2 adsorption/activation, which is a function of the second metal and 
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follows the order Co3Mo3N > Fe3Mo3N > Ni2Mo3N > Mo2N. In the case of pyridine 

HDN, Chu and co-workers [5.17] proposed that H2 is activated on the second metal and 

migrates to Mo sites, leading to a different HDN activity/selectivity response from the 

binary nitride. 

Both Co3Mo3N and Fe3Mo3N are characterised by a face centred cubic (fcc) 

arrangement of the metal (Co and Mo or Fe and Mo) atoms with the lattice nitrogen 

occupying octahedral interstitial sites [5.13,5.27,5.28]. These nitrides are typically 

synthesised via temperature programmed nitridation of a bimetallic oxide precursor 

[5.29,5.30], obtained from a combination of metal nitrate (or metal chloride) with 

ammonium heptamolybdate (or sodium molybdate) [5.8,5.9,5.13,5.14,5.16,5.24, 

5.27,5.28]. The precursors (e.g. CoMoO4.nH2O and FeMoO4) can be nitrided in a flow 

of NH3 with a temperature ramp to 873-1073 K [5.8,5.28,5.31]. The effects of precursor 

[5.15,5.32,5.33], nitridation (gas composition and final temperature) [5.34] and 

activation conditions [5.14,5.32] on nitride structure have been the subject of studies 

directed at optimising synthesis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Reaction pathways for the hydrogenation of p-chloronitrobenzene to the target p-
chloroaniline (ð), the observed by-product (nitrobenzene (NB),→) and reaction products 
(chlorobenzene (CB) and aniline (AN), 4 ) reported in the literature. 



Chapter 5: Characterisation and hydrogenation performance of ternary nitride catalysts 
 

110 

 

While ternary Mo nitride systems have shown activity for hydrogen mediated 

reactions (HDN, NO reduction and ammonia synthesis) [5.12,5.24], there has been no 

reported application in hydrogenation. However it is worth flagging studies that have 

established hydrogenation activity for Mo2N in the conversion of crotonaldehyde [5.35], 

ethyne [5.36] and nitroarenes [5.37,5.38]. Taking the latter, selective hydrogenation of 

p-chloronitrobenzene to p-chloroaniline is commercially important in the manufacture 

of polymers, dyes and agrochemicals [5.39]. Reaction over traditional metal (e.g. Pt 

[5.40] and Pd [5.41]) catalysts generates by-products resulting from 

hydrodechlorination (nitrobenzene) with subsequent hydrogenation (aniline), as shown 

in Figure 5.1. The formation of chlorobenzene has also been reported [5.40]. The 

literature to date has focused on batch liquid phase operation [5.42,5.43] but results 

Chapter 2 demonstrated that reaction over Mo2N in continuous gas phase delivers p-

chloroaniline as the sole product. Surface adsorption/activation of the reactant is critical 

where the rate is influenced by surface composition (e.g. nitrogen deficient Mo nitride 

site density and degree of nitridation) [5.44,5.45], Mo oxidation state [5.46] and 

crystallographic phase (β- vs. γ- Mo2N) [5.47]. The goal of this chapter is to probe the 

catalytic hydrogenation properties of bimetallic nitrides, taking Co3Mo3N and Fe3Mo3N 

as iso-structural stable ternary nitrides and employing p-chloronitrobenzene → p-

chloroaniline as a model reaction. 

5.2   Experimental 

5.2.1   Catalyst Preparation 

In the synthesis of Co3Mo3N, the molybdate precursor was prepared by 

combining aqueous solutions of cobalt nitrate (Co(NO3)2·6H2O, Sigma Aldrich, 98+%) 

and ammonium heptamolybdate ((NH4)6Mo7O24·4.H2O, Sigma Aldrich, 81-83% as 

MoO3) and heating to 353 K for 3 h. In the case of Fe3Mo3N, the molybdate precursor 

was synthesised by drop-wise addition of 400 cm3 0.25 M FeCl2.4H2O (Sigma-Aldrich 

> 99%) to 0.66 M Na2MoO4·2H2O (Sigma-Aldrich, > 99%). After vacuum filtration, 

the precipitate obtained was washed twice with distilled water, once with ethanol and 

dried overnight at 393 K. The powders were calcined in air (Co-Mo) or N2 (Fe-Mo) for 

5 h at 773 K. The CoMoO4·nH2O or FeMoO4 obtained was loaded into a vertical quartz 

reactor (i.d. 10.5 mm) for nitridation by ammonolysis. A 94 cm3 min-1 flow of NH3 
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(BOC, 99.98%) was introduced to the reactor with temperature ramping over three 

stages, i.e. from ambient to 630 K (at 5.6 K min-1), then to 720 K (at 0.5 K min-1) and 

finally to 1058 K (at 2.1 K min-1), which was maintained for 5 h. The nitrided sample 

was cooled to ambient temperature in flowing NH3, followed by a purge in N2 to 

remove any residual NH3. In order to prevent pyrolysis on exposure to air, the material 

was passivated in a 100 cm3 min-1 flow of O2/N2 (v/v O2 < 0.1%) overnight. Samples 

were subsequently activated in a 60 cm3 min-1 flow of 3:1 H2/N2 (BOC, H2 99.998%, N2 

99.995%) at 973 K for 2 h and were exposed to air at ambient temperature. 

5.2.2   Catalyst Characterisation 

The nitrogen content of Co3Mo3N and Fe3Mo3N was determined using an Exeter 

CE-440 Elemental Analyser after sample combustion at ca. 1873 K. Temperature 

programmed reduction (TPR), H2 chemisorption and temperature programmed 

desorption (TPD) measurements were performed using the commercial CHEM-BET 

3000 (Quantachrome) unit. The samples, as prepared, were loaded into a U-shaped 

Quartz cell (10 cm×3.76 mm i.d.) and heated in 17 cm3 min-1 (Brooks mass flow 

controlled) 5% v/v H2/N2 at 2 K min-1 to 823 K. The effluent gas passed through a 

liquid N2 trap and changes in H2 consumption were monitored by TCD with data 

acquisition/manipulation using the TPR WinTM software. The final temperature was 

maintained (in a constant flow of H2/N2) until return of the signal to baseline, samples 

swept with 65 cm3 min-1 N2 for 1.5 h and cooled to room temperature. The nitrides were 

then subjected to H2 chemisorption using a pulse (10 µl) titration procedure, followed 

by H2-TPD in N2 (65 cm3 min-1) at 50 K min-1 to 973 K with an isothermal hold until 

the signal returned to the baseline. Nitrogen adsorption-desorption isotherms were 

obtained at 77 K using a commercial automated system (Micromeritics Gemini 2390). 

The specific surface areas were calculated from the isotherms using the standard BET 

method. Average pore size and cumulative pore volume was obtained from BJH 

analysis of the desorption isotherms; samples were outgassed at 423 K under N2 for 1 h 

prior to analysis. 

Powder X-ray diffractograms were recorded on a Bruker/Siemens D500 incident 

X-ray diffractometer using Cu Kα radiation. The samples were scanned at a rate of 

0.02º step-1 over the range 15º ≤ 2θ ≤ 85º. Diffractograms were identified using the 

JCPDS-ICDD reference standards for Co3Mo3N (89-7953) and Fe3Mo3N (89-7952). 



Chapter 5: Characterisation and hydrogenation performance of ternary nitride catalysts 
 

112 

Crystal particle size (dhkl) was estimated using the Scherrer equation assuming 

negligible contribution of strain and instrumental broadening to reflection widths:  

                                                      hkl cos
Kd λ

β θ
×

=
×

                                                    (5.1)                                                                 

where K = 0.9 radians, λ is the incident radiation wavelength (1.5056 Å), β is the peak 

width at half the maximum intensity and θ represents the diffraction angle 

corresponding to the main plane associated with Co3Mo3N  (2θ = 42.6°) and Fe3Mo3N 

(2θ = 42.3°). Lattice parameters were determined using TOPAS (version 3) software.  

Samples for XPS analysis were pressed into self supporting disks, mounted on 

nickel sample stubs with double sided tape and evacuated at 10-8 mbar for 12 h before 

insertion into the analysis chamber of a VG ESCALAB II spectrometer (base vacuum 

10-9 mbar). Spectra were obtained with an Al Kα X-ray source (10 kV, 20 mA, 14 eV) 

where correction for sample charging was made by setting the C 1s binding energy to 

285.0 eV. Spectral curve fitting was performed using Gaussian line shape functions, 

constrained by the intensity ratios and peak splitting required for Mo 3d or 3p spin-orbit 

doublets: intensity ratio 3:2 and splitting of 3.2 eV for Mo 3d; intensity ratio 2:1 and 

splitting of 17.2 eV for Mo 3p; intensity ratio 2:1 and splitting of 15.4 eV for Co 2p; 

intensity ratio of 2:1 and splitting of 13.2 eV for Fe 2p). Binding energies were 

reproducible to within 0.2 eV. Atomic ratios were estimated by normalising peak areas 

using the appropriate atomic sensitivity factors. Analysis by scanning electron 

microscopy (SEM) was conducted with an ISAAC Quanta 200F field emission 

environmental unit equipped with an EDAX Genesis System for data 

acquisition/manipulation. Prior to analysis, samples were prepared by dry dispersion 

onto carbon stubs.    

5.2.3   Catalysis Procedure 

Co3Mo3N and Fe3Mo3N were pre-treated in situ in a flow (60 cm3 min-1) of H2 at 

2 K min-1 to 823 K, which was maintained for 1 h. Reactions were carried out at T = 

493 K (and 1 atm) in a fixed bed vertical glass reactor (l = 600 mm; i.d. = 15 mm). The 

catalytic reactor and operating conditions to ensure negligible heat/mass transport 

limitations have been fully described elsewhere [5.48] but some features, pertinent to 

this study, are given below. A layer of borosilicate glass beads served as preheating 

zone, ensuring that the organic reactant (p-chloronitrobenzene, chlorobenzene or 
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nitrobenzene) was vaporised and reached reaction temperature before contacting the 

catalyst. Isothermal conditions (± 1 K) were ensured by diluting the catalyst bed with 

ground glass (75 µm); the ground glass was mixed thoroughly with catalyst before 

insertion into the reactor. The reaction temperature was continuously monitored using a 

thermocouple inserted in a thermowell within the catalyst bed.  

The aromatic reactant (as a solution in ethanol) was delivered at a fixed 

calibrated flow rate to the reactor via a glass/teflon air-tight syringe and teflon line using 

a microprocessor controlled infusion pump (Model 100 kd Scientific). A co-current flow 

of p-chloronitrobenzene (or chlorobenzene or nitrobenzene) and ultra pure H2 (< 1% v/v 

organic in H2) was maintained at a GHSV = 2.0×104 h-1 with an inlet reactant molar flow 

(F) = 2.1-4.6×10-5 mol h-1. The H2 content was maintained far in excess of stoichiometric 

requirements where the mass of catalyst to inlet molar feed rate (m/F) ratio spanned the 

range 328-2315 g h mol-1. In a series of blank tests, passage of each reactant in a stream of 

H2 through the empty reactor did not result in any detectable conversion. The reactor 

effluent was frozen in a liquid nitrogen trap for subsequent analysis, which was made 

using a Perkin-Elmer Auto System XL gas chromatograph equipped with a programmed 

split/splitless injector and a flame ionization detector, employing a DB-1    50 m×0.20 mm 

i.d., 0.33 μm film thickness capillary column (J&W Scientific). p-Chloronitrobenzene 

(Sigma-Aldrich, purity ≥ 99.0%), nitrobenzene (Fluka, purity ≥ 99.0%), chlorobenzene 

(Sigma-Aldrich, purity ≥ 99.9%) and ethanol (Sigma Aldrich, ≥ 99% v/v) were used 

without further purification. Repeated reactions with samples from the same batch of 

catalyst delivered conversion (X) and selectivity (S) values that were reproducible to 

better than ± 5%.  

5.3   Results and Discussion 

5.3.1   Catalyst Characterisation: Pre-reaction 

5.3.1.1   XRD 

The synthesis of both nitrides drew on prior literature that reported the formation 

of a pure ternary nitride phase [5.9,5.28,5.32]. The occurrence of Mo2N and Co or Fe 

has been reported elsewhere to lower catalytic activity [5.21,5.49] and the synthesis of 

pure ternary nitrides has been identified as critical in catalytic applications. The XRD 

pattern for Co3Mo3N is presented Figure 5.2(A) where the 14 peaks in the 2θ range at 
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22-79° are characteristic of the ternary Co-Mo nitride; the associated planes are 

identified in the figure. XRD analysis of Fe3Mo3N (see Figure 5.2(B)) presents 14 

peaks in the same range that match the JCPDS-ICDD standard. In both cases, there 

were no detectable signals due to Mo2N, Co or Fe or oxide formation, confirming that 

the samples had not undergone bulk oxidation upon storage in air. The lattice parameter 

obtained for Co3Mo3N (a = 11.016Å, Table 5.1) is close (within 0.1%) to that reported 

in the JCPDS reference database and falls within the range (11.004-11.032) of 

experimental values reported in the literature [5.13,5.28,5.50]. As Co3Mo3N and 

Fe3Mo3N possess a η-structure and belong to the Fd-3m space group, the lattice 

parameter for both is close and the value for Fe3Mo3N (11.067Å, Table 5.1) is also in 

good agreement with the JCPDS standard.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 5.2: XRD patterns for (A) Co3Mo3N and (B) Fe3Mo3N with the associated planes from the 
JCPDS-ICDD references (Co3Mo3N: card No. 89-7953 and Fe3Mo3N: card No. 89-7952).   
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5.3.1.2   Textural properties: BET, pore volume and SEM 

There have been few reports demonstrating the synthesis of pure ternary nitrides 

[5.20,5.28,5.32,5.51] and the available literature dealing with nitride characterisation is 

limited. Critical textural characteristics for the synthesised Co3Mo3N and Fe3Mo3N are 

presented in Table 5.1. The BET surface area recorded for Co3Mo3N (9 m2 g-1) falls 

below the range (12-52 m2 g-1) given in the literature [5.14,5.20,5.21] but is measurably 

higher than that of Fe3Mo3N (4 m2 g-1). Previous studies of Fe3Mo3N recorded BET 

values < 18 m2 g-1 [5.14,5.15,5.52]. Both ternary nitrides exhibited the same apparent 

crystallite size (29 nm, see eqn. (5.1)) that is consistent with recorded [5.16,5.53,5.54] 

values (21-52 nm).  

Table 5.1: Ternary nitride crystal size (dhkl), lattice parameter (a), N content, BET 
surface area, total pore volume and average pore radius, temperature related 
maximum (Tmax) and H2 consumed/desorbed during TPR and TPD. 

 Co3Mo3N Fe3Mo3N 

dhkl (nm) 29 29 

Lattice parameter: a (Å)a 11.016 
(11.027b) 

11.067 
(11.086c) 

N (wt%) 
Pre-TPR 2.7 3.1 
Post-TPR 2.7 2.8 
After 5 h on-streamd 2.7 2.6 

BET (m2 g-1) 9 4 

Total pore volume (cm3 g-1) 0.028 0.005 

Average pore radius (Å) 52 82 

TPR 
Tmax (K) 773 795 

H2 consumed (μmol m-2) 295 316 

H2  chemisorption (103 µmol m-2) 44 67 

TPD Tmax (K) 973           973 

 H2 released (μmol m-2) 15             32 
aobtained from XRD 

bfrom JCPDS-ICDD Co3Mo3N reference (89-7953) 
cfrom JCPDS-ICDD Fe3Mo3N reference (89-7952) 
dhydrogenation of p-chloronitrobenzene 
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Figure 5.3: Representative (I) low and (II) higher magnification SEM images for (A) Co3Mo3N and (B) Fe3Mo3N. 
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The total pore volume (0.028 cm3 g-1) and average pore radius (52 Å) measured for 

Co3Mo3N agrees with the analysis of Hada and co-workers [5.21] who reported 

mesopores in the 40-50 Å size interval without any detectable micropore component. 

By comparison, Fe3Mo3N exhibited a lower total pore volume and larger mean pore 

radius (82 Å); a search through the literature did not reveal any published pore size 

analysis for an equivalent system.  

The morphology of the ternary nitrides depends mainly on the precursor, where 

the treatment of aqueous solutions of metal chlorides (FeCl2 and CoCl2) results in a 

non-pseudomorphic transformation with variations in microstructure morphology, from 

elongated prisms to rounded particles [5.28]. By contrast, the use of a metal (Co and Ni) 

nitrate consistently results in the formation of rod-like particles [5.31,5.54,5.55]. 

Representative scanning electron microscopy (SEM) images are presented in Figure 5.3 

where it can be seen that Co3Mo3N (IA) is comprised of acicular crystallites. This 

reflects the morphology of the cobalt molybdate precursor (image not shown) and 

establishes the pseudomorphic nature of ammonolysis [5.25]. At higher magnification 

(Figure 5.3(IIA)), it is evident that these acicular crystallites are multidomainic. The 

morphology exhibited by Fe3Mo3N (Figure 5.3(B)) is very different and the crystallites 

show an irregular morphology with a wide size distribution, in agreement with the 

literature [5.28]. SEM-EDS analysis revealed the presence of surface Na in the case of 

Fe3Mo3N, which must result from sample preparation where sodium molybdate served 

as precursor. There was no detectable Na associated with Co3Mo3N prepared from 

ammonium heptamolybdate.  

5.3.1.3   XPS 

The surface composition of the catalysts before and after reaction was 

determined by XPS analysis. The results are given in Table 5.2 where a significant Na 

content is associated with Fe3Mo3N, confirming the SEM-EDS observations. It should 

be noted that the N/Mo ratios are approximate due to the overlap of the N 1s signal with 

Mo 3p. Nevertheless, the values for both nitrides demonstrate a surface N enrichment 

relative to bulk values where N/Mo ≈ 0.3. Surface stoichiometry differing from the bulk 

has been noted elsewhere for Mo nitride [5.56]. In the case of binary systems, it has 
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been proposed [5.57] that nitrogen can be accommodated at near surface interstitial sites 

and defects, such as grain boundaries that leads to higher N/Mo.  

Table 5.2: Surface atomic ratios obtained from XPS analysis of 
Co3Mo3N and Fe3Mo3N pre- and post- reaction (hydrogenation of p-
chloronitrobenzene). 

 
Co3Mo3N Fe3Mo3N 

pre-
reaction 

post-
reactiona 

pre-
reaction 

post-
reactiona 

N/Mo 0.6 0.7 0.9 0.7 
Co (Fe)/Mo 1.0 1.0 0.9 1.9 
Na/Mo b b 0.4 0.3 
Cl/Mo b 0.2 b 0.2 
aafter 5 h on-stream  

bbelow detection limits 

 

The XPS spectra of the passivated ternary nitrides are presented Figures 5.4. 

The Mo 3d profiles (Figure 5.4(I)) are dominated by a spin-orbit doublet (peaks C and 

D) at 232.6 ± 0.2 eV and 235.8 ± 0.2 eV due to the presence of oxidised species (Mo 

3d5/2 for Mo(V) = 231.6 eV and Mo(VI) = 233.0 eV), which result from the passivation 

step as already observed for binary [5.58] and ternary [5.24] Mo nitrides. The profile for 

Co3Mo3N (IA) presents a second doublet (peaks A and B) at lower binding energy 

(228.5 ± 0.2 eV and 231.8 ± 0.2 eV) close to that attributed to Mo2+ (Mo 3d5/2 = 228.2 

eV) [5.59], which has been reported for Co3Mo3N [5.21]. The Mo 3d5/2 signal for 

Fe3Mo3N (IB) occurs at a higher binding energy (229.0 ± 0.2 eV) that approaches the 

value for Mo3+ (229.2 eV) [5.21], suggesting a higher oxidation state relative to 

Co3Mo3N. Such differences in XPS response may, however, only reflect differences in 

the extent of passivation prior analysis.  

The Co 2p spectrum for Co3Mo3N (Figure 5.4(IIA)) is dominated by a spin-

orbit doublet (peaks C and D; 782.2 ± 0.2 eV and 797.6 ± 0.2 eV) where each is 

accompanied by a higher binding energy satellite (peaks E and F; 787.3 ± 0.2 eV and 

803.4 ± 0.2 eV). A second doublet (peaks A and B) is also in evidence at lower binding 

energy (778.6 ± 0.2 eV and 794.1 ± 0.2 eV). The stronger signal (peak A) is close to 

that reported for Co4N supported on alumina (782.5 eV) [5.60] with a binding energy 

attributed to Co3+ (781.6 eV) [5.21] while peak B falls within the range (777.6-779.9 

eV) reported for Co and Co2+ [5.21]. The Fe 2p spectrum for Fe3Mo3N is likewise 
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dominated by a spin-orbit doublet (peak A and B, Figure 5.4(IIB)). The Fe 2p binding 

energy (711.8 ± 0.2 eV and 725.8 ± 0.2 eV) is close to that for Fe3+ in Fe2O3  (711.6 eV) 

[5.61] and Fe3Mo3N (710.9 eV) [5.53]. The presence of a satellite peak (C) at ca. 719 

eV supports the identification of Fe3+, which has been reported at 718.7-718.8 eV for 

Fe2O3 [5.62]. The Fe 2p spectrum shows no evidence of Fe at lower oxidation states; 

zero valent iron in Fe3N is reported to exhibit an Fe 2p3/2 binding energy = 706.7 eV 

[5.63].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 5.4: XPS spectra over the (I) Mo 3d, (II) Co 2p and Fe 2p regions for (A) Co3Mo3N and (B) 
Fe3Mo3N pre-reaction; dotted lines represent the fits. 
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5.3.1.4   TPR, Elemental analysis, H2 chemisorption and TPD 

A temperature programmed reduction (TPR) step is necessary to remove the 

surface oxidation layer prior to catalysis. The TPR profiles for Co3Mo3N (A) and 

Fe3Mo3N (B) are presented in Figure 5.5 (I).  

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 5.5: H2 (I) Temperature programmed reduction (TPR) and (II) temperature programmed 
desorption (TPD) profiles with associated temperature ramp (dotted line) for Co3Mo3N (A) and 
Fe3Mo3N (B). 

Both show a positive peak associated with H2 consumption (Tmax at 773 K for 

Co3Mo3N and 795 K for Fe3Mo3N). Maxima in hydrogen consumption in the range 

590-780 K have been recorded for NixMoN and Mo2N and attributed to the removal of 

the passivation layer [5.17,5.64,5.65], while thermal treatment in the range 673-973 K 

[5.22,5.25,5.66,5.67] has been employed for Co3Mo3N and Fe3Mo3N. It is commonly 

assumed that the passivation layer corresponds to a monolayer of oxygen atoms [5.68]. 

The specific H2 consumption (μmol m-2) presented in Table 5.1 is essentially equivalent 

for both ternary nitrides. As the TPR signal returned to baseline for both samples, a final 

temperature of 823 K was deemed sufficient for nitride activation. The BET surface 
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areas measured post-TPR were unchanged. Kojima and co-workers [5.14,5.49] have 

studied the effect of the pretreatment gas composition to remove the passivation layer 

from Co3Mo3N and observed partial sample decomposition (to Co and Mo2N) for 

treatment in pure H2 or N2, an effect that was circumvented when using 25% v/v N2/H2. 

In this study, TPR activation in 5% v/v H2/N2 and pure H2 with subsequent passivation 

did not result in any detectable differences in terms of the XRD response relative to the 

as synthesised samples. However, Fe3Mo3N exhibited lower nitrogen content after TPR 

(see Table 5.1), which was not feature of the thermal treatment of Co3Mo3N. This 

nitrogen loss can be due to excess nitrogen (pre-TPR), relative to the stoichiometry 

(2.9% N), that was labile and consumed with the passivation layer during the reductive 

treatment.  

This Chapter reports the first H2 chemisorption (by pulse titration) and TPD 

analysis for Co3Mo3N (Figure 5.5 (IIA)) and Fe3Mo3N (Figure 5.5 (IIB)) conducted 

following TPR. The ambient temperature H2 uptake values are given in Table 5.1 where 

the nature of the second metal (Fe or Co) appears to play a critical role with measurably 

greater uptake on Fe3Mo3N. Indeed, it has been proposed that H2 adsorbs predominantly 

on the second metal (in ternary nitrides) with dissociation and subsequent migration to 

Mo sites [5.17]. Hydrogen TPD from Mo2N has been reported to generate peaks in the 

range 370-900 K with total H2 desorption < 4 μmol m-2 [5.64,5.69-71]. The ternary 

nitrides exhibit desorption over a broad temperature range (Tmax = 973 K) with a 

specific H2 release (Table 5.1) that is 4-8 times higher than that reported for the binary 

system. As the quantity of H2 desorbed is appreciably greater than that consumed during 

the chemisorption step, H2 uptake must be an activated process that is facilitated during 

TPR. In the case of Mo2N, H2 adsorbed can migrate to sub-layers where it is more 

strongly bound with a resultant high temperature requirement for desorption [5.72]; this 

may also apply to ternary nitrides. The results indicate a higher uptake/release (per m2) 

from Fe3Mo3N relative to Co3Mo3N. There is evidence in the literature [5.73,5.74] that 

H2 adsorption on Mo nitride occurs at nitrogen deficient sites. The loss of nitrogen from 

Fe3Mo3N during TPR may generate defect sites that contribute to increased H2 uptake. 

Moreover, Li et al. have linked structural changes, as observed during the synthesis of 

Fe3Mo3N (see section 5.3.1.2.), to the generation of boundary and grain sites [5.18] that 

are known to enhance hydrogen interaction [5.75-77]. 
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5.3.2   Catalytic Results 

Nitroarene hydrogenation was conducted under atmospheric pressure in 

continuous gas phase operation. This represents a significant departure from traditional 

batch liquid phase operation at elevated pressures [5.43], facilitating higher throughput 

and minimising separation operations, in line with the principles of sustainable chemical 

processing [5.78]. Existing batch operations deliver low selectivities to the target amine 

[5.79] where enhanced selectivity has required  additives/promoters (e.g. NaHS and 

KOH) [5.80,5.81] and operation under reflux conditions. The hydrogenation of 

nitrobenzene was taken as a benchmark to test the activity of the nitride systems for -

NO2 reduction. Indeed, nitrobenzene hydrogenation has been extensively studied 

[5.82,5.83] where aniline as product is commercially important as an intermediate in the 

production of dyes [5.84]. Exclusive -NO2 reduction over binary nitride were 

established in Chapter 2 and Chapter 3.  

 

 

 

 

 

 

 

 

 

 
 
Figure 5.6: (I) Time on-stream fractional nitrobenzene conversion (XNB) to aniline and (II) pseudo-
first order kinetic plots for reaction over Co3Mo3N (▲) and Fe3Mo3N (●).    
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The hydrogenation of nitrobenzene generated aniline as the sole product over 

both ternary nitrides. The slight temporal decline in conversion (Figure 5.6(I)) can be 

expressed in terms of the empirical relationship [5.41] 

NB 0

5h 0

( ) t
( ) ( t)
X X
X X β

−
=

− +
                                               (5.2) 

 

from which a value for the initial conversion (X0) can be obtained, where X5h represents 

fractional conversion after 5 h on-stream and β is a time scale fitting parameter. The 

applicability of pseudo-first order kinetics for nitroarene hydrogenation over Mo2N has 

been established Chapter 2 and 3 where  

                         1
0ln(1 ) mX k

F
−  − =  

 
                                                  (5.3)                           

and the m/F parameter has the physical significance of contact time. The rate constants 

obtained from the linear relationships shown in Figure 5.6(II) are given Table 5.3. 

Fe3Mo3N exhibited a higher hydrogenation rate constant (normalised with respect to 

catalyst mass (k) or surface area (k´)) relative to Co3Mo3N, which can be correlated to 

the greater levels of hydrogen uptake/release recorded in Table 5.1. The results suggest 

that hydrogen availability for reaction is the limiting factor.  

 

 
Table 5.3: Rate constants (k, normalised per unit catalyst mass and k´, normalised per 
unit surface area) and selectivities (at X0 ≈ 0.50) with respect to p-chloroaniline (Sp-CAN) 
and nitrobenzene (SNB) in the reaction of nitrobenzene (NB), p-chloronitrobenzene (p-
CNB) and chlorobenzene (CB) over Fe3Mo3N and Co3Mo3N. 

Catalysts Reactant k 
μmol g-1 h-1 

k´ 
μmol m-2 h-1 Sp-CAN SNB 

Fe3Mo3N 

NB 561 94 - - 

p-CNB 296 49 1 0 

CB a a - - 

Co3Mo3N 

NB 381 42 - - 

p-CNB  633 70 0.35 0.65 

CB 157 17 - - 
abelow detection limits 
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Selectivity in the hydrogenation of p-chloronitrobenzene (p-CNB) is critical 

with a targeted reduction of the nitro group to generate p-chloroaniline (p-CAN, Figure 

5.1), avoiding hydrodechlorination (to nitrobenzene or aniline) or hydrodenitrogenation 

to generate chlorobenzene. The temporal response for p-CNB conversion (Xp-CNB) over 

Co3Mo3N (A) and Fe3Mo3N (B) is shown in Figure 5.7, where a significant decline in 

activity with time on-stream is in evidence. Application of a pseudo-first order kinetic 

treatment (Figure 5.7(C)) generated specific rate constants (Table 5.3) that exceeded 

those (20-40 μmol m-2 h-1) recorded for Mo2N under similar reaction conditions [5.47]. 

It should be noted that the incorporation of the second metal has also resulted in 

increased activity in ammonia synthesis [5.15,5.25,5.26], NO reduction [5.24], HDN 

[5.10,5.17] and HDS [5.9,5.10,5.20,5.22]. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7: Time on-stream fractional p-chloronitrobenzene conversion (Xp-CNB) for reaction over 
(A) Co3Mo3N (▲) and (B) Fe3Mo3N (●) with (C) pseudo-first order kinetic plots. 
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Reaction over Fe3Mo3N promoted the sole formation of p-CAN (Table 5.3). IR 

analyses [5.85,5.86] have established nitro group interaction with Mo (110), Mo2N and 

CoMoNx. Selective activation of the -NO2 group can proceed on Mo where the 

incorporation of Fe increases the available hydrogen. The reaction rate was lower than 

that recorded for nitrobenzene, indicating a deactivating effect due to the p-substituted 

Cl. Indeed, surface interaction through the Cl substituent can result in a decrease in 

N=O bond polarity that inhibits nitro group activation with an accompanying lower 

activity. In contrast, Co3Mo3N generated nitrobenzene as the principal product, in 

addition to p-CAN. This is in agreement with literature that has established 

hydrodechlorination of mono- [5.87-89], and di-chlorobenzene [5.87] over Mo and Co 

systems. Given that Co3Mo3N exhibited a lower associated hydrogen content but 

delivered higher specific activity (Table 5.3), activation of the ring substituents in p-

CNB must be the limiting factor.  

Deviation in selectivity for different ternary Mo-nitrides has been noted 

previously for HDN applications [5.10,5.17] but this feature was not developed in those 

studies. The different activity/selectivity response exhibited by the two ternary nitrides 

was probed further by examining the conversion of chlorobenzene as reactant. Reaction 

of chlorobenzene over Co3Mo3N produced benzene with 100% selectivity and a loss of 

activity with time on-stream (Figure 5.8(I)); the associated pseudo-first order plot is 

given in Figure 5.8(II) and specific rate constants are recorded in Table 5.3. Under the 

same reaction conditions, there was no detectable conversion of chlorobenzene over 

Fe3Mo3N, which is consistent with the observed exclusive p-CNB → p-CAN. These 

tests establish catalytic hydrodechlorination properties for Co3Mo3N that are not a 

feature of Fe3Mo3N. Dechlorination of chloroarenes is known to proceed with the 

formation of a surface σ-complex [5.87,5.90]. There is evidence in the literature 

[5.46,5.91,5.92] that interaction between organic reactants and Mo species is stronger 

when the latter are at low oxidation states. The XPS results suggest that the Co3Mo3N 

surface exhibits a lower oxidation state (with Con+ (0 ≤ n ≤ 3) and Mo2+) relative to 

Fe3Mo3N (with Fe3+ and Mo3+). The nature of the second metal (Co vs. Fe) and 

differences in oxidation must impact on p-CNB adsorption. Given the product 

distribution, interaction of p-CNB (and chlorobenzene) with Co3Mo3N activates C-Cl 

for hydrogen scission.  
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Figure 5.8: (I) Time on-stream fractional chlorobenzene conversion (XCB) to benzene and (II) 
pseudo-first order kinetic plot for reaction over Co3Mo3N.  

5.3.3   Catalyst Characterisation: Post-reaction 

 Loss of activity in gas phase hydrogenation of p-CNB over supported transition 

metals (e.g. Ni, Au, Pd and Cu) has been attributed to metal leaching and sintering 

[5.93], coke formation [5.94] and poisoning by the water [5.95] or chloride [5.96] 

generated during reaction. Work on the application of ternary nitrides in catalysis is at 

too early a stage to draw any conclusions from the available literature regarding 

possible deactivation effects. Kojima and co-workers [5.49] have attributed the 

deactivation of a Co-Mo nitride system in ammonia synthesis to a change in structure 

with partial decomposition to Co and Mo2N.  

 In the case of Co3Mo3N, we have recorded a temporal loss of activity in the 

conversion of p-CNB (Figure 5.7(A)) and chlorobenzene (Figure 5.8(I)) but essentially 

an invariance in the conversion of nitrobenzene with time on-stream (Figure 5.6(I)). 

This suggests that deactivation is associated with dechlorination, possibly due to Cl 

poisoning. Indeed, XPS analysis provides evidence for surface residual Cl post-reaction; 

see Cl/Mo ratios given in Table 5.2. Variation in selectivity in the conversion of p-CNB 

is shown in Figure 5.9(A) where the temporal decline in conversion (see Figure 

5.7(A)) is accompanied by a switch in selectivity from nitrobenzene as the predominant 

product to p-CAN, which was the sole product at extended reaction times (≥ 12 h). This 
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suggests a preferential poisoning of the active sites responsible for dechlorination. The 

XRD response, in terms of peak position, dhkl and relative intensity was unchanged after 

reaction with no evidence of ternary nitride decomposition to Mo2N or Co. Moreover, 

the bulk N content was the same pre- and post-reaction (Table 5.1). The Co 2p XPS 

profile of the samples post-reaction (not shown) did not present any major change 

relative to the spectrum (Figure 5.4(IIA)) generated for the unused catalyst. The Mo 

3d5/2 signal was shifted to a higher binding energy (by 0.3 eV), which may result from a 

partial oxidation of the Mo component during reaction.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5.9: Variation of selectivity (S) to p-chloroaniline (□) and nitrobenzene (■) with time on-
stream for the hydrogenation of p-chloronitrobenzene over Co3Mo3N (A) and Fe3Mo3N (B).    
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 The exclusive hydrogenation of p-chloronitrobenzene to p-chloroaniline over 

Fe3Mo3N was maintained for prolonged reaction times (Figure 5.9(B)) and the 

temporal decline in conversion (Figure 5.7(B)) did not impact on product selectivity. 

The XRD pattern after reaction coincided with that presented in Figure 5.2(B). 

However, the bulk N content was lowered following reaction (Table 5.1), implying 

some structural change that accompanies deactivation. Indeed, the XPS results given in 

Table 5.2 reveal a dramatic enhancement of Fe/Mo ratio following reaction. A decline 

in activity with a decrease in the relative surface Mo content suggests that -NO2 

activation occurs principally on Mo sites over Fe3Mo3N. While the XPS Fe 2p profile 

and associated binding energy was essentially unchanged after use, a shift of Mo 3p5/2 

by 0.3 eV to a higher value may again be indicative of a change in oxidation state. XPS 

analysis has revealed the presence of Cl in the used sample (Table 5.2), which can not 

be associated with dechlorination. This residual Cl may, however, be attributed to the 

use of FeCl2·2H2O as precursor, which may move from the bulk to the surface during 

reaction and possibly poison the catalyst. 

5.4   Conclusion 

Two pure ternary nitrides (Co3Mo3N and Fe3Mo3N) have been synthesised and 

confirmed by XRD and elemental analysis. Both present a similar lattice parameter and 

crystal size. SEM analysis has revealed structural differences, where Co3Mo3N takes the 

form of acicular crystallites and Fe3Mo3N presents a wide size range of aggregates. The 

bulk N content in Fe3Mo3N exceeded the stoichiometry, where temperature 

programmed reduction (TPR) served to remove the superficial passivation oxide layer 

from both nitrides and excess nitrogen from Fe3Mo3N. XPS analysis has revealed a 

surface N/Mo ratio greater than the bulk value, indicating surface N enrichment for both 

nitrides. The XPS results indicate similar Co/Mo and Fe/Mo ratios with evidence of 

possible differences in oxidation states for the two systems. Hydrogen TPD analysis has 

demonstrated significant H2 release from both ternary nitrides (15-32 μmol m-2), 

exceeding that measured previously for Mo2N (< 4 μmol m-2). Fe3Mo3N exhibited 

higher H2 uptake/release than Co3Mo3N that resulted in an increased rate of 

nitrobenzene hydrogenation (to aniline).  

Hydrogenation of p-chloronitrobenzene over Fe3Mo3N generated p-

chloronitroaniline as the sole product, whereas Co3Mo3N promoted a composite 
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hydrodechlorination and hydrogenation to give p-chloronitroaniline and nitrobenzene. 

The hydrodechlorination character of the Co nitride was established in the conversion of 

chlorobenzene to benzene under conditions where Fe3Mo3N was inactive. Both ternary 

nitrides exhibited time on-stream deactivation that can be linked, in the case of 

Co3Mo3N, to Cl poisoning that accompanying the formation of nitrobenzene. Loss of 

activity over Fe3Mo3N is associated with a significant increase in surface Fe/Mo ratio 

and displacement of bulk Cl (from the FeCl2·2H2O synthesis precursor) to the surface. 
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Chapter 6 

New Insights into the Effect of Nitrogen Incorporation in Mo: 

Significance in Catalytic Hydrogenation 

In Chapter 2 and Chapter 3, β-Mo2N was shown to exhibit catalytic activity in 

hydrogenation of nitro-compounds. In this Chapter, the catalytic activity of Mo metal 

and the role of nitrogen in Mo nitride for -NO2 and C=O reduction are assessed. 

6.1   Introduction 

 The application of Mo nitrides in catalytic hydrotreatment is now established [6.1-

3] with higher activity relative to commercial Ni-Mo/Al2O3 in hydrodesulfurisation 

[6.1] and hydrodenitrogenation [6.2]. Enhanced hydrogenation selectivity has also been 

reported with respect to conventional supported metal (e.g. Pd or Pt) catalysts [6.4,6.5]. 

The two allotropic forms (cubic γ-Mo2N and tetragonal β-Mo2N) have shown different 

catalytic properties where β-Mo2N has delivered higher specific (i.e. surface area 

normalised) hydrogenation rates [6.6-9]. While the catalytic application of γ-Mo2N has 

been the subject of appreciable research [6.10-13], the use of β-Mo2N has not been 

considered to the same extent. Nevertheless, β-Mo2N  has been employed to promote 

hydrodenitrogenation of carbazole [6.14], hydrodesulfurisation of thiophene [6.15] and 

dibenzothiophene [6.16] and in ammonia synthesis [6.6]. Moreover, the results 

presented in Chapter 2 and Chapter 3 demonstrated activity and selectivity for β-Mo2N 

in the hydrogenation of nitro-compounds.  

 An explicit identification of the catalytically active site remains challenging. It is 

generally accepted that the adsorption and catalytic properties of transition metal 

nitrides in hydrogen mediated reactions are governed by bulk structure and surface 

composition where Mo oxidation state, degree of nitridation, Mo (and nitrogen deficient 

Mo nitride) site density are critical parameters [6.17]. In the hydrogenation of alkadiene, 

Mo species at lower oxidation states (Moδ+ where 0 ≤ δ < 4) were proposed to exhibit 

higher activity, which was attributed to a more effective alkadiene activation [6.18]. 

Change in bulk structure can influence the distribution of exposed planes, which 

impacts on surface interactions. An observed [6.2,6.17] dependence of pyridine 
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hydrodenitrogenation on surface Mo/N serves to illustrate the importance of the degree 

of nitridation in the catalytic response. On the one hand, an increased in activity was 

recorded at low ratios as a result of enhanced pyridine activation [6.17]. On the other 

hand, H2 adsorption was proposed to take place in nitrogen deficient sites (i.e. more 

abundant in nitrides with high Mo/N ratios) [6.2]. Metallic Mo edge and nitrogen 

deficient sites have been proposed as the source of appreciable hydrogenation and 

hydrogenolysis activity [6.7,6.12,6.19-21] but the specific contribution of each in terms 

of hydrogen and/or organic reactant activation remains unresolved. Indeed, while there 

is some evidence that H2 adsorbs on Mo2N at nitrogen deficient sites [6.12,6.19], it has 

also been suggested that the activity response in the hydrogenation of carbazole (to 

perhydrocarbazole) [6.7,6.20], indole (to indoline) [6.21] and butadiene (to butane) 

[6.12] is related to the action of metallic Mo. Moreover, carbazole and 

perhydrocarbazole C-N hydrogenolysis is thought to proceed on N deficient sites 

[6.7,6.20] whereas  hydrogenolysis of the indoline C-N bond occurs on Mo sites [6.21].  

 β-Mo2N can be synthesised via temperature programmed reduction/nitridation of 

MoO3 in N2/H2 [6.6,6.15,6.22]. Nitride formation follows a non-topotactic route, i.e. 

disruption of reactant morphology, with a stepwise reduction (MoO3→MoO2→Mo) and 

subsequent nitridation [6.23,6.24]. The oxide precursor (MoO3) can be reduced to Mo in 

a flow of H2 at temperatures in excess of 933 K [6.15,6.24,6.25]. Metallic Mo has 

exhibited catalytic activity in a range of hydrogen mediated reactions, including 

hydrogenation of benzene [6.25], 1-hexene [6.26,6.27], alkadiene [6.18] and 

hydrogenolysis of propanol [6.28]. A search through the literature revealed only one 

study that considered the catalytic action of β-Mo2N in relation to Mo where the former 

delivered higher carbazole hydrodenitrogenation but lower hydrogenation rates [6.7]. 

This was attributed to different active site requirements for hydrogen scission (N 

deficient Mo nitride) and addition (Mo) steps.  

 In this Chapter, the catalytic consequence of N incorporating in Mo is examined. 

The Mo/N content can be effectively controlled by varying the duration or temperature 

of the nitridation step [6.15,6.29]. Drawing on Chapter 2 and 3 that have established 

nitro-group hydrogenation activity and selectivity for β-Mo2N, nitrobenzene and p-

chloronitrobenzene are employed as model reactants. The catalytic testing is extended to 

evaluate carbonyl group reduction, taking benzaldehyde as reactant. 
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6.2   Experimental 

6.2.1    Catalyst Preparation 

Bulk Mo (metal) preparation was conducted in a horizontally mounted quartz 

reactor (1 cm i.d.) via the temperature programmed reduction of MoO3 (ca. 4 g, 

99.9995%, Alfa Aesar) in pure H2 (30 cm3 min-1, GHSV = 460 h-1) at 5 K min-1 to     

933 K, maintaining the final temperature for 75 h then switching to an Ar flow (30 cm3 

min-1) for 30 min and cooling to ambient temperature. Samples for off-line analysis 

were passivated at 298 K in 1% v/v O2/He; no increase in temperature was detected 

during passivation. The latter step was introduced to avoid uncontrolled sample 

oxidation upon exposure to air [6.30].  

The Mo powder obtained was subjected to temperature programmed nitridation 

in H2/N2, using a commercial CHEM-BET 3000 (Quantachrome) unit. The Mo 

precursor was loaded in a quartz cell (3.76 mm i.d.) and contacted with 15 cm3 min-1 

(GHSV = 1500 h-1) 15% v/v H2/N2, maintained at 293 K for 1 h and then heated at 5 K 

min-1 to 933 K. The effluent gas passed through a liquid N2 trap and changes in N2 and 

H2 consumption were monitored by a thermal conductivity detector (TCD) with data 

acquisition/manipulation using the TPR WinTM software. The TCD response is 

presented in Figure 6.1.  

 

 

 

 

 

 

 

 
Figure 6.1: TCD response resulting from the temperature programmed treatment of Mo at 5 K 
min-1 to 933 K in 15% v/v N2/H2. The final isothermal hold was maintained for 1 h, 2 h and 5 h (see 
solid arrow) for the formation of MoN-1, MoN-2 and β-Mo2N, respectively. 
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The final temperature (933 K) was maintained for 5 h at which point the signal returned 

to baseline, i.e. nitridation was complete. It is known [6.29] that altering the duration of 

the final isothermal hold can affect the degree of nitridation. Two partially nitrided 

samples, denoted as MoN-1 and MoN-2, were accordingly generated by maintaining the 

final temperature for 1 h and 2 h, respectively (see Figure 6.1). The reaction was then 

quenched by switching to an Ar flow (65 cm3 min-1) and the samples cooled to ambient 

temperature, followed by passivation as described above. 

6.2.2   Characterisation 

Temperature programmed reduction (TPR) of the passivated samples, BET 

surface area, H2 chemisorption and temperature programmed desorption (TPD) were 

determined using the CHEM-BET 3000 unit. Passivated samples (Mo, MoN-1, MoN-2 

and β-Mo2N) were loaded in a quartz cell and heated in 17 cm3 min-1 5% v/v H2/N2 at  

5 K min-1 to 673 K. The activated samples were maintained at the final temperature in a 

constant flow of H2/N2 until return of the signal to baseline, swept with 65 cm3 min-1 

N2 for 1.5 h and cooled to ambient temperature. The samples were then subjected to H2 

chemisorption (at 298 K) using a pulse (10 µl) titration procedure, followed by 

temperature programmed desorption (TPD) in N2 (65 cm3 min-1) at 45 K min-1 to      

933 K. BET areas were determined in 30% v/v N2/He using N2 as internal standard. At 

least 3 cycles of N2 adsorption-desorption in the flow mode were employed to 

determine the total area using the standard single point method. The measurements 

were reproducible to within ± 6% and the values quoted represent the mean. 

 Powder X-ray diffractograms were recorded on a Bruker/Siemens D500 incident 

X-ray diffractometer using Cu Kα radiation. The samples were scanned at a rate of 

0.02º step-1 over the range 5º ≤ 2θ ≤ 85º. Diffractograms were identified using the 

JCPDS-ICDD reference standards, i.e. Mo (42-1120) and β-Mo2N (25-1368). Crystal 

particle size (dhkl) was estimated using the Scherrer equation:  

                                                    hkl cos
Kd

β θ
×λ

=
×

                                                       (6.1)                          

where K = 0.9, λ is the incident radiation wavelength (1.5056 Å), β is the peak width at 

half the maximum intensity and θ represents the diffraction angle corresponding to the 

main plane associated with Mo (2θ = 40.5°) and β-Mo2N (2θ = 37.7°). Elemental (bulk 
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nitrogen) analyses were conducted using an Exeter CE-440 Elemental Analyser after 

sample combustion at ca. 1873 K.  

Analysis by scanning electron microscopy (SEM) was carried out with a Philips 

FEI XL30-FEG equipped with an Everhart-Thornley secondary-electron (SE) detector, 

operated at an accelerating voltage of 10-15 kV and using NORAN System SIX 

(version 1.6) for data acquisition/manipulation. Before analysis, the samples were 

subjected to hydrocarbon decontamination using a plasma-cleaner (EVACTRON). X-

ray photoelectron spectroscopy (XPS) measurements were conducted using an Axis 

Ultra instrument (Kratos) with a monochromatic Al Kα X-ray source (1486.6 eV). Prior 

to analysis, the samples were adhered to a conducting carbon tape, mounted in the 

sample holder and subjected to ultra-high vacuum conditions (< 10-8 Torr). The source 

power was maintained at 150 W and the emitted photoelectrons were sampled from a 

square area of 750×350 µm2; the photoelectron take-off angle was 90°. The analyser 

pass energy was 80 eV for survey spectra (0–1000 eV) and 40 eV for high resolution 

spectra (over the Mo 3d3/2 and Mo 3d5/2 binding energy (BE) range, 226-238 eV). The 

adventitious C 1s peak was calibrated at 284.5 eV and used as internal standard to 

compensate for any charging effects. The instrument work function was calibrated to 

give a BE of 84.00 eV for the Au 4f7/2 line for metallic gold (Metalor) and the 

spectrometer dispersion was adjusted to give a BE of 932.70 eV for the Cu 2p3/2 line for 

metallic copper (Metalor). Spectral curve quantification employed the CasaXPS 

software, using relative sensitivity factors provided by Kratos.  

6.2.3   Catalysis Procedure 

 The catalytic conversion of nitrobenzene, p-chloronitrobenzene and benzaldehyde 

was carried out under atmospheric pressure at T = 493-523 K, in situ immediately after 

activation, in a fixed bed vertical glass tubular reactor (i.d. = 15 mm). The reactions 

were conducted under operating conditions where heat/mass transport limitations were 

negligible. A layer of borosilicate glass beads served as preheating zone, ensuring that 

the organic reactant was vaporised and reached reaction temperature before contacting 

the catalyst. The reaction temperature was continuously monitored using a 

thermocouple inserted in a thermowell within the catalyst bed.  
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Each reactant (as a solution in ethanol) was delivered at a fixed calibrated flow rate 

(1.2 cm3 h-1) via a glass/Teflon air-tight syringe and Teflon line using a microprocessor 

controlled infusion pump (Model 100 kd Scientific). A co-current flow of the reactant and 

ultra pure H2 (< 1% v/v organic in H2) was maintained at a GHSV = 2×104 h-1 with an 

inlet reactant molar flow (F) of 9-46 µmol h-1. The H2 content was well in excess of the 

stoichiometric requirement (for the observed products) and the flow rate was monitored 

using a Humonics (Model 520) digital flowmeter. The mass of catalyst to inlet reactant 

molar feed rate (m/F) spanned the range 131-5281 g h mol-1. The catalytic hydrogen 

treatment of benzyl alcohol was carried out over Mo and β-Mo2N under similar reaction 

conditions to those used for benzaldehyde (T = 523 K, m/F = 1250-2083 g h mol-1) in 

order to investigate the carbonyl reduction pathway. In a series of blank tests, passage of 

each reactant in a stream of H2 through the empty reactor did not result in any detectable 

conversion. The reactor effluent was frozen in a liquid nitrogen trap for subsequent 

analysis, which was made using a Perkin-Elmer Auto System XL gas chromatograph 

equipped with a programmed split/splitless injector and a flame ionization detector, 

employing a DB-1 50 m×0.33 mm i.d., 0.20 μm film thickness capillary column (J&W 

Scientific). Nitrobenzene (Fluka, purity ≥ 99%), p-chloronitrobenzene (Sigma-Aldrich, ≥ 

99%), benzaldehyde (Fluka, ≥ 98%), benzyl alcohol (Riedel-de Haën, ≥ 99%) and 

ethanol (Sigma Aldrich, ≥ 99%) were used as supplied without further purification. All 

the gases (H2, N2, Ar, O2 and He) employed were of ultra high purity (> 99.99%, BOC). 

Reactant fractional conversion (Xp-CNB), taking p-chloronitrobenzene (p-CNB) as 

representative, was obtained from 

                 [ CNB] [ CNB]
[ CNB]

in out
p CNB

in

p pX
p

−
− − −

=
−

                                              (6.2) 

and selectivity with respect to p-chloroaniline (p-CAN), as the target product, is given 

by 

         [ CAN](%) 100
[ CNB] [ CNB]

out
p CAN

in out

pS
p p

−
−

= ×
− − −

                                        (6.3)                                             

Repeated reactions with different samples from the same batch of catalyst delivered 

conversion/selectivity values that were reproducibility to within ± 4%. 
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6.3   Results and Discussion 

6.3.1   Mo Nitride Synthesis and Characterisation 

Treatment of MoO3 in H2 to 933 K generated solely Mo, as confirmed by XRD 

analysis (Figure 6.2(a)) where the peaks at 40.5°, 58.6° and 73.7° match the JCPDS-

ICDD reference standard (42-1120) in terms of both position and relative peak 

intensities. There were no detectable peaks associated with the main planes of MoO3 or 

MoO2 based on JCPDS-ICDD cards (35-0609) and (32-0671), respectively.  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 6.2: XRD patterns with crystallographic plane characteristic of each peak associated with 
(a) Mo, (b) MoN-1, (c) MoN-2 and (d) β-Mo2N. XRD peak assignments are based on JCPDS-ICDD 
reference data: (q) Mo (42-1120) and (r) β-Mo2N (25-1368). 
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The Scherrer expression (eqn. (6.1)) was used to calculate Mo crystal size (dhkl = 

36 nm, Table 6.1), which falls within the range (10-100 nm) of values quoted in the 

literature [6.31]. SEM analysis was conducted to evaluate morphological features and a 

representative micrograph of Mo is shown in Figure 6.3(a), which reveals irregularly 

shaped aggregates (< 5 µm). The associated BET area is low (ca. 4 m2 g-1, Table 6.1) 

but comparable to that recorded for both commercial and laboratory synthesised Mo 

samples (1-13 m2 g-1) [6.31].  

Table 6.1: Bulk β-Mo2N:Mo ratios from XRD analysis, BET surface area, bulk (from 
N2 consumption during nitridation and elemental analysis) and surface (from XPS 
analysis) Mo/N with XPS binding energies (BE) for Mo 3d3/2 and Mo 3d5/2. 

Catalysts Mo MoN-1 MoN-2 β-Mo2N 

β-Mo2N:Moa -b 0.34:0.66 0.88:0.12 -c 

BET (m2 g-1) 3.9 4.5 4.1 4.4 

Bulk Mo/N - 5.1d/4.9e 2.8d/2.8e 2.5d/2.6e 

Surface Mo/N - 2.2 1.1 0.9 

Mo 3d BE (eV)  231.3 
228.0 

231.7 
228.4 

231.8 
228.6 

231.8 
228.5 

afrom XRD analysis 
bdhkl = 36 nm using (110) plane associated with Mo at 2θ = 40.5˚ (see eqn. (6.1)) 
cdhkl = 27 nm using (112) plane associated with β-Mo2N at 2θ = 37.7˚ (see eqn. (6.1)) 
dfrom N2 consumption during nitridation 
efrom elemental analysis 

The TCD response generated during the nitridation of Mo is shown in Figure 6.1. 

The negative peak, observed during the temperature ramp can be attributed to H2 

consumption due to the removal of the passivation layer (see experimental section) 

before incorporation of nitrogen. Nitrogen consumption generated a broad positive 

signal with a return to baseline after the isothermal hold for 5 h, indicating complete 

nitridation of the sample. The bulk Mo/N ratio for β-Mo2N obtained from N2 consumed 

during nitridation matches that obtained from elemental analyses (Table 6.1) and is in 

good agreement with the literature (2.5-2.8) [6.6,6.7,6.22]. XRD analysis (Figure 

6.2(d)) confirms full nitridation with no additional peak(s) due to residual Mo in 
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evidence. The 8 peaks identified are consistent with the main reflections of β-Mo2N 

(JCPDS-ICDD reference 25-1368). A particle size (dhkl, Table 6.1) of 27 nm is in the 

upper range of values (3-30 nm) reported previously [6.7,6.9,6.32]. The BET surface 

area is similar to that of the starting Mo (ca. 4 m2 g-1) and comparable with values (2-17 

m2 g-1) [6.6,6.15,6.24] recorded for β-Mo2N synthesised via temperature programmed 

reaction in N2+H2.  

 

 

 

 

 

 

 

 
Figure 6.3: Representative SEM micrographs for (a) Mo, (b) MoN-1, (c) MoN-2 and (d) β-Mo2N. 

In order to probe the catalytic effect due to nitrogen incorporation, two additional 

samples (MoN-1 and MoN-2) were generated by modifying the duration of the 

nitridation step (1-2 h, Figure 6.1). The XRD diffractograms shown in Figure 6.2 for 

(b) MoN-1 and (c) MoN-2 exhibit only peaks due to Mo or β-Mo2N. The intensity ratio 

of the principal plane for β-Mo2N (at 37.7º) relative to that of Mo (40.5º) was used to 

estimate the β-Mo2N:Mo ratios presented in Table 6.1 where a higher Mo2N content is 

established for the composite sample (MoN-2) that was subjected to nitridation for 2 h.  

The bulk Mo/N measured from N2 consumption and elemental analysis of the solid 

samples are again in good agreement where the ratios follow the order MoN-1 > MoN-2 

2 µm 2 µm 

2 µm 2 µm 

(a) (b) 
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> β-Mo2N. Representative micrographs for (b) MoN-1, (c) MoN-2 and (d) β-Mo2N 

shown Figure 6.3 reveal an equivalent overall morphology to that exhibited by the 

starting Mo, as noted previously [6.23,6.24]. In previous work [6.24], we proposed  that 

a disruption of the crystal structure occurs during the MoO3→MoO2 reduction step and 

the resultant structure is retained in the subsequent steps MoO2→Mo→ β-Mo2N. This is 

in agreement with the results presented here where the switch from a body-centred 

cubic to tetragonal structure with nitrogen incorporation was not accompanied by any 

distinguishable variation in morphology or surface area (Table 6.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 6.4: XPS spectra in the Mo 3d region for (a) Mo, (b) MoN-1, (c) MoN-2 and (d) β-Mo2N. 
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XRD and elemental analyses provide information on bulk  properties but these 

can differ significantly from surface characteristics [6.33]. As the catalytic step 

proceeds on the surface actives sites, complementary characterisation of surface 

composition is essential. The XPS profile measured for Mo (Figure 6.4(a)) is 

dominated by a peak with a binding energy (BE) = 228.0 eV, which can be attributed to 

Moδ+ (0 ≤ δ < 2) for passivated Mo. While metallic Mo is characterized by a Mo 3d5/2 

spin component at 227.8 ± 0.1 eV [6.26,6.27,6.34], the formation of a passivating oxide 

layer is known to shift the peak to higher BE [6.18,6.27]. The XPS profile for β-Mo2N 

(Figure 6.4(d)) exhibits a main peak at higher BE (= 228.5 eV) that is characteristic of 

Moδ+ (2 ≤ δ < 4) for passivated β-Mo2N [6.32,6.35,6.36]. The second spin component 

for both Mo and β-Mo2N (BE include Table 6.1), can be ascribed to contributions from 

Mo4+ (229.9 eV [6.25]) and Mo5+ (231.6 eV, [6.30,6.37]) species. The Mo 3d5/2 signal 

for β-Mo2N is shifted to a significantly higher BE (by 0.5 eV) relative to Mo, suggesting 

differences in oxidation state for both samples. The XPS response for MoN-1 (b) and 

MoN-2 (c) largely converges with the profile for β-Mo2N, with a main peak at 228.5 ± 

0.1 eV. The results suggest there is no significant influence due to the degree of 

nitridation on the distribution of Mo valence state, in agreement with previous literature 

[6.29]. The signal at higher BE (235.7-236.0 eV) for the four samples can be related to 

the occurrence of Mo6+ resulting from the passivation step [6.6,6.37]. Surface Mo/N 

obtained from XPS (Table 6.1) demonstrate decreasing Mo/N with increasing 

nitridation and a surface enrichment by nitrogen relative to bulk values. Demczyk and 

co-workers [6.33] also observed a higher surface nitrogen content and attributed this to 

a stoichiometry (possibly Mo2N3-xOx) that differs from the bulk. Moreover, Ghampson 

et al. [6.9] proposed that nitrogen can be accommodated on the near surface at 

interstitial sites and defects, such as grain boundaries leading to lower Mo/N.  

6.3.2   Hydrogen Uptake and Release 

Removal of the protective passivation layer prior to catalysis was achieved by 

temperature programmed reduction (TPR). The profile for passivated Mo is presented in 

Figure 6.5(aI) and shows a single positive peak at 673 K. Li et al. [6.18] also applied a 

reductive treatment (in H2 at 723 K) to remove the passivation layer from Mo but did 

not provide any detailed TPR analysis. TPR of β-Mo2N Figure 6.5(aII) also exhibited a 

similar H2 consumption with a Tmax that is within the 590-780 K range reported for 

passivated Mo2N [6.13,6.38]. The TPR profiles for MoN-1 and MoN-2 (not shown) 
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generated an equivalent response in terms of peak intensity and temperature. The 

passivation treatment can be taken to result in a monolayer oxygen coverage and H2 

consumed during TPR should be proportional to surface area. Equivalency in H2 

consumption for the four samples (Table 6.2) is consistent with the similar total (BET) 

area (ca. 4 m2 g-1).  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 6.5: H2 (a) TPR and (b) TPD profiles (solid lines) with temperature ramp (dotted lines) 
generated for passivated (I) Mo and (II) β-Mo2N. 

 

There is evidence in the literature [6.12,6.39-41] that the incorporation of N in Mo 

creates supplementary sites that can modify reactant (H2 and organic) adsorption and 

alter the catalytic response. Hydrogen interaction with metallic Mo can lead to 

homolytic dissociation [6.42] while heterolytic dissociation on Mo-N pairs results in 

Mo-H and N-H formation [6.43,6.44]. Both dissociation mechanisms are possible for 

Mo nitride but heterolytic interaction is favoured on coordinatively unsaturated Mo sites 
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[6.44]. Hydrogen uptake and release (by temperature programmed desorption (TPD)) 

were measured and the results are given in Table 6.2. The available literature on the 

dynamics of H2 interaction with Mo is limited [6.45-47]. ARPES [6.46] and LEED 

[6.47] analyses have shown that H2 can adsorb on the (110) plane of Mo but 

quantitative measurements were not provided in these studies. We recorded a total H2 

uptake of 0.23 μmol g-1 on Mo during pulse chemisorption measurements at ambient 

temperature but could not find any value to compare this with in the open literature. A 

measurably higher H2 uptake was observed for β-Mo2N (0.35 μmol g-1, Table 6.2). 

Adsorption on MoN-1 and MoN-2 delivered intermediate values where uptake 

increased with increasing degree of nitridation.  

Table 6.2: Hydrogen consumed during TPR with H2 uptake in subsequent 
chemisorption and release during TPD. 

Catalysts Mo MoN-1 MoN-2 β-Mo2N 

TPR H2 consumption 
(μmol g-1) 141 143 151 174 

H2 chemisorption 
(μmol g-1) 0.23 0.26 0.33 0.35 

H2 TPD 
(μmol g-1) 5.5 5.6 7.1 7.9 

Hydrogen TPD generated the profiles for (I) Mo and (II) β-Mo2N shown in 

Figure 6.5(b), which are characterised by H2 release over a broad temperature interval 

with Tmax in the final isothermal hold (933 K). Desorption at temperatures > 500 K have 

been associated with loss of H2 from bulk (as opposed to surface) β-Mo2N [6.48]. 

Hydrogen released during TPD (Table 6.2) was up to 30 times greater than that 

chemisorbed, suggesting that the majority of hydrogen uptake was generated during 

TPR. A migration of hydrogen to nitride sub-layers has been proposed, which results in 

strong interactions [6.43,6.44,6.48] and the requirement of elevated temperatures for 

release. The increase in H2 chemisorption (and total release) in this study can be linked 

to lower surface (and bulk) Mo/N ratios, where the incorporation of nitrogen serves to 

facilitate H2 uptake.  
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6.3.3   Catalytic Response: Nitro Group Reduction 

The catalytic activity of Mo nitrides in nitro group reduction has been 

demonstrated [6.49,6.50]. We set out, in this work, to study the effect of N 

incorporation in Mo on nitroarene hydrogenation, taking Mo and β-Mo2N as the two 

boundary systems. Hydrogenation of nitrobenzene generates aniline (Figure 6.6(a)), an 

important aromatic amine used as an intermediate in commercial dye, fine chemical 

(e.g. polyurethane) and pharmaceutical (e.g. antifebrin) manufacture [6.51]. This 

reaction has been extensively studied [6.52-54] and nitrobenzene is commonly used as a 

model reactant to test the catalytic potential of new systems for -NO2 reduction. 

Nitrobenzene adsorption can proceed via the aromatic ring or the nitro group, where the 

latter has been shown to generate aniline [6.54,6.55]. Strong interaction through the 

aromatic ring can result in the formation of cyclohexylamine (over Ni film [6.56]) or 

nitrocyclohexane (over Rh complex [6.57]).  

The four systems (Mo, MoN-1, MoN-2 and β-Mo2N) considered in this study 

produced aniline as the sole product. While no published report of the application of Mo 

in the hydrogenation of nitro-compounds were found, IR analysis [6.58] has shown that 

NO2 can adsorb on Mo (110). Previous work conducted in this laboratory established 

nitrobenzene hydrogenation to aniline over β-Mo2N in liquid phase batch operation 

[6.49]. The data presented here confirm that this extends to continuous gas phase 

reaction where exclusivity to aniline as product suggests nitrobenzene activation on Mo 

and β-Mo2N via the -NO2 function. This is consistent with literature that has 

demonstrated weak interaction of the aromatic ring with MoO3 [6.59], Mo nitride [6.49] 

and carbide [6.59,6.60]. 

Representative time on-stream nitrobenzene conversion (XNB) profiles are 

presented in Figure 6.7(a). In each case, there is a temporal decline in conversion that 

can be expressed in terms of the empirical relationship [6.55] 

NB 0

4h 0

( )
( ) ( )
X X t
X X tβ

−
=

− +
                                                (6.4) 

where X4h represents fractional conversion after 4 h on-stream and β is a time scale 

fitting parameter.  
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Figure 6.6: Reaction pathways reported for the hydrogenation of (a) nitrobenzene, (b) p-
chloronitrobenzene and (c) benzaldehyde; solid arrows identify the steps observed in this study. 
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Figure 6.7: (a) Variation of nitrobenzene fractional conversion (XNB) with time on-stream (m/F ≈ 
800-900 g h mol-1); (b) pseudo first order plots for hydrogenation of (I) nitrobenzene, (II) p-
chloronitrobenzene and (III) benzaldehyde; Mo (♦), MoN-1 (■), MoN-2 (u) and β-Mo2N (▲). 

 

Deactivation of Mo nitride in hydrotreating and hydrogenation reactions has been 

examined by IR [6.61] and XPS [6.62] and attributed to nitrogen loss and carbon 

deposition during reaction. Moreover, the water generated during -NO2 reduction has 

been proposed to have a detrimental effect on activity [6.63]. Values for initial 

conversion (X0) were obtained from the fit to Eqn (6.4), as shown in Figure 6.7(a)). The 

applicability of pseudo-first order kinetics has previously been established [6.8,6.24] 

1
0ln(1 ) mX k

F
−  − =  

 
                                                    (6.5) 

where m/F is the ratio of mass of catalyst to inlet nitrobenzene molar feed rate. The 

pseudo-first order kinetic plots are given in Figure 6.7(bI) where the linear fit (passing 
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through the origin) confirms adherence to the model. The extracted rate constants (k1, 

μmol g-1 h-1), given in Table 6.3, exhibit an increase in the order: Mo < MoN-1 < MoN-

2 < β-Mo2N. This matches the observed order of increasing H2 chemisorption and 

release, as recorded in Table 6.2, which can, in turn, be correlated with increasing N 

content (decreasing Mo/N ratio, see Table 6.1). Nitrobenzene hydrogenation proceeds 

via a nucleophilic mechanism [6.54] where the polarised N=O function undergoes a 

nucleophilic hydrogen attack with the formation of a negatively charged intermediate. 

The higher rate observed due to N inclusion in Mo can be due to enhanced polarisation 

of the -NO2 group. Indeed, HREELS analysis [6.41] has identified NO interaction with 

both Mo and N sites and -NO2 activation may be sensitive to surface Mo/N, which 

influences hydrogenation rate. The characterisation results reported in this study point 

to the generation of reactive hydrogen as rate limiting where the availability of 

hydrogen is favoured by increased nitridation.  

Table 6.3: Rate constants (μmol g-1 h-1) for the conversion of nitrobenzene (k1), p-
chloronitrobenzene (k2) and benzaldehyde (k3). 

Catalysts Mo MoN-1 MoN-2 β-Mo2N 

 
k1 
 

249 271 319 407 

 
k2 
 

204 233 343 444 

 
k3 
 

46 37 30 26 

Nitro group reduction selectivity was further probed by examining the catalytic 

conversion of p-chloronitrobenzene. The hydrogenation of the -NO2 function in p-

chloronitrobenzene (Figure 6.6(b)) generates p-chloroaniline, which can undergo 

hydrodechlorination (C-Cl hydrogen scission) to form aniline. Alternatively, aniline can 

result from the hydrodechlorination of p-chloronitrobenzene (to nitrobenzene) with 

subsequent hydrogenation. Reaction over conventional transition metal (e.g. Pd [6.55]) 

catalysts is non-selective, delivering nitrobenzene and aniline as by-products. The 

results Chapter 2 and Chapter 3 reported selective p-chloroaniline formation over β-

Mo2N in gas phase [6.24,6.50] and, from the results generated here, this also applies to 

Mo, MoN-1 and MoN-2. Kinetic analysis of p-chloronitrobenzene hydrogenation (see 
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Figure 6.7(bII) and Table 6.3) resulted in the same activity trend as that observed for 

nitrobenzene where rate was again elevated with decreasing Mo/N and increasing H2 

availability.  

 

 

 

 

 

 

 

 
 
Figure 6.8: Rate constants associated with the hydrogenation of nitrobenzene (k1,○), p-
chloronitrobenzene (k2,●) and benzaldehyde (k3, ■) over Mo, MoN-1, MoN-2 and β-Mo2N. 

 
The catalytic response in the hydrogenation of nitrobenzene (k1) and p-

chloronitrobenzene (k2) for the four systems is illustrated in Figure 6.8. Inductive and 

conjugative effects due to the electronegative para-substituted Cl result in electron 

transfer to -NO2 [6.64]. Consequently, the anionic intermediate is stabilised, which 

should favour nucleophilic reduction. The rate constant in the hydrogenation of p-

chloronitrobenzene is accordingly higher than that of nitrobenzene for reaction over β-

Mo2N and MoN-2. However, this does not apply to MoN-1 or Mo where the Cl 

substituent had an inhibiting effect with a higher rate of nitrobenzene hydrogenation 

relative to p-chloronitrobenzene. It is known that Cl can interact with Mo [6.65] and 

hydrodechlorination of mono- [6.59,6.66] and di-chlorobenzene [6.59] has been 

reported for MoO3 and Mo. While we did not observe any dechlorination in the 

conversion of p-CNB, surface interaction through the Cl substituent facilitated at higher 

Mo site density can result in a decrease in N=O bond polarity, which destabilises the 

activated nitroarene intermediate with a resultant decrease in rate relative to 

nitrobenzene. 
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6.3.4   Catalytic Response: Carbonyl Group Reduction 

The catalytic hydrogenation of benzaldehyde has been promoted using transition 

metals (Pt, Pd, Ru, Au and Ni) supported on oxides (Al2O3, ZrO2, CeO2, TiO2 and SiO2) 

in both liquid [6.67-70] and gas [6.71-74] phase operation. The reaction pathway is 

shown in Figure 6.6(c) where benzyl alcohol and toluene have been the principal 

reported products. The conversion of benzaldehyde to benzyl alcohol follows a 

nucleophilic mechanism [6.71] where C=O polarisation renders the oxygen susceptible 

to attack with proton transfer [6.75]. Toluene can result from hydrogenolysis of 

benzaldehyde, which is favoured by a strong surface interaction with the carbonyl 

oxygen that undergoes hydrogenolytic cleavage [6.76]. Conversion of benzyl alcohol to 

toluene over oxide supported metals has been proposed to involve adsorption/activation 

of the alcohol on the support and reaction with hydrogen dissociated at the metal site 

[6.75]. When benzaldehyde is strongly held on the surface, e.g. in the presence of strong 

basic sites, benzene is formed directly from hydrogenolysis [6.77]. Methylcyclohexane 

can result from the further reduction of toluene, e.g. over Ni/Al2O3 [6.72]. In liquid 

phase operation over Ru/C, hydrogenation of the aromatic ring generated hexahydro-

benzaldehyde [6.78] and cyclohexylmethanol [6.70] from benzaldehyde and benzyl 

alcohol, respectively.  

Reaction over the four catalytic systems in this study generated toluene as the sole 

product, consistent with hydrogenolytic character. β-Mo2N has exhibited catalytic 

activity in C-N [6.14] and C-S [6.15,6.16] hydrogenolysis. We should note the work of 

Ghampson et al. [6.9] who reported C-O hydrogenolysis in the conversion of 2-

methoxyphenol to phenol over γ-Mo2N. In addition, Guerrero-Riuz and co-workers 

[6.5] observed γ-Mo2N/C promoted C=O (crotonaldehyde) hydrogenolysis. A pseudo 

first order kinetic treatment was also applicable to the benzaldehyde reaction data, as 

demonstrated in Figure 6.7(bIII); the associated rate constants are given in Table 6.3. 

In order to establish if toluene is generated by direct conversion of benzaldehyde or 

successive benzaldehyde → benzyl alcohol → toluene steps, the reaction of benzyl 

alcohol under the same conditions was examined over Mo and β-Mo2N. Benzyl alcohol 

was converted with 100% selectivity to benzene where the rate constant over Mo       

(124 μmol g-1 h-1) and β-Mo2N (49 μmol g-1 h-1) was significantly higher than that 

observed for benzaldehyde as reactant (Table 6.3). These results indicate that toluene 

must be formed by direct hydrogenolysis of the carbonyl bond.  
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In marked contrast to nitro group reduction, the activity sequence for the 

benzaldehyde reaction follows the order β-Mo2N < MoN-2 < MoN-1 < Mo, as depicted 

in Figure 6.8. The catalytic response in this case is not governed by reactive hydrogen 

but by benzaldehyde adsorption/activation. The higher rate exhibited by Mo relative to 

β-Mo2N points to enhanced activation of the carbonyl oxygen that facilitates hydrogen 

scission. There are no reported studies of aldehyde adsorption on Mo2N. However, IR 

analysis of acetaldehyde uptake on Mo2C [6.79] has revealed a chemisorptive 

interaction of the carbonyl oxygen with Mo atoms, which preceded C-O bond scission. 

It can be noted that Mo exhibits greater activity for CO adsorption than Mo2N [6.80] 

where a repulsive interaction occurs between the negatively charged nitrogen atom and 

the oxygen lone pair [6.81]. Moreover, a stronger interaction of organic reactants (e.g. 

alkadiene [6.18], benzene [6.25], 1-butene [6.40]) has been reported for Mo species at 

low oxidation states. The shift in the XPS response to higher BE (higher Mo oxidation 

state) after incorporation of nitrogen may then result in a weaker interaction of 

benzaldehyde with the surface of Mo-nitride relative to Mo. Mo atoms are proposed as 

active sites for the activation of C=O where a decrease in Mo/N ratio lowers the number 

of available active sites. The results suggest that C=O activation for hydrogenolysis is 

favoured on Mo and inhibited by the progressive incorporation of N. The -NO2 function 

is more reactive than C=O due to inductive effects [6.82], leading to higher rates for 

nitrobenzene and p-chloronitrobenzene relative to benzaldehyde (Figure 6.8). 

6.4   Conclusion 

 Nitro (nitrobenzene and p-chloronitrobenzene) and carbonyl (benzaldehyde) 

group reduction show a contrasting dependence on Mo/N ratio. Variation in Mo/N is 

possible by altering the duration of Mo nitridation (in N2/H2) where β-Mo2N was the 

product of complete nitridation. Surface area (ca. 4 m2 g-1) and bulk morphology 

(aggregates < 5μm) was unchanged as a result of nitridation. XPS measurements have 

revealed a surface enrichment by nitrogen (lower Mo/N) relative to the bulk where the 

passivated nitrided samples exhibit higher oxidation states than passivated Mo. Ambient 

temperature H2 uptake and release during TPD increased with increasing nitridation. 

Selective -NO2 reduction (to -NH2) was observed for the gas phase conversion of 

nitrobenzene and p-chloronitrobenzene over the four catalyst systems. Increasing rates 

can be correlated with decreasing Mo/N ratio and associated increased availability of 

reactive hydrogen. The electronegative Cl substituent served to activate -NO2 for 
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reaction over β-Mo2N while surface interaction with Mo lowered activity. Reaction of 

benzaldehyde resulted in toluene formation with increasing rate from β-Mo2N to Mo 

that was not limited by surface hydrogen but by C=O activation for hydrogenolytic 

attack. 
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Chapter 7 

Selective Hydrogenation of Benzaldehyde to Benzyl Alcohol over 

Au/Al2O3 

This Chapter investigates the use of Au supported in hydrogenation of aldehyde 

as an alternative route in the production of commercially important alcohol. The 

catalytic behaviour of Au/Al2O3 in the continuous gas phase hydrogenation of 

benzaldehyde is examined and compared with Ni/Al2O3 and Pd/Al2O3. 

7.1   Introduction 

Benzyl alcohol is a commercially important chemical (with a projected 

production of  61 kt in 2012 [7.1]), employed as a solvent for inks, paints, lacquers and 

as precursor for the manufacture of a range of esters in the cosmetics and flavoring 

industries [7.2]. The standard industrial production route has involved the hydrolysis of 

benzyl chloride in alkaline media but the associated production of dibenzyl ether with 

chlorine release represent serious drawbacks that have now limited the applicability of 

this approach [7.3]. Two alternative catalytic routes, generally in liquid phase, are: (i) 

oxidation of toluene, typically over vanadia [7.4]; (ii) disproportionation of 

benzaldehyde (Cannizzaro reaction) over irreducible basic oxides such as MgO [7.5]. 

The oxidation route generates significant quantities of benzoic acid and benzaldehyde, 

requiring additional downstream separation/purification, while the use of additives 

(such as sodium bromide) to increase yield and/or avoid formation of by-products 

results in reactor corrosion [7.6]. The Cannizzaro reaction has not been studied to any 

significant extent and the low rates achieved (0.2 molalcohol molMgO h-1) have prevented 

commercial implementation. 

The catalytic hydrogenation of benzaldehyde represents an alternative, which 

has now been promoted using transition metals (Pt, Pd, Ru and Ni) supported on oxides 

(Al2O3, ZrO2, CeO2, TiO2 and SiO2), largely in the liquid phase (T = 295-405 K; P = 1-

60 atm) [7.7-10] but with limited gas phase [7.11-13] application. However, C=O 

hydrogenation selectivity is challenging and has not exceeded 80% over Group VIII 

metals due to a catalysed hydrogenolysis to generate toluene and benzene [7.7].  

http://en.wikipedia.org/wiki/Solvent
http://en.wikipedia.org/wiki/Ink
http://en.wikipedia.org/wiki/Paint
http://en.wikipedia.org/wiki/Lacquer
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Moreover, catalyst deactivation from coke deposition has been a common feature of the 

catalysts tested to date [7.9]. In gas phase operation, activity has been related to the 

strength of reactant interaction while selectivity is governed by the competitive 

adsorption of benzaldehyde and benzyl alcohol [7.14]. Where benzaldehyde is strongly 

held on the surface, e.g. in the presence of strong basic sites, benzene formation is 

preferred [7.15]. The use of reducible oxides (TiO2, ZrO2 or CeO2) favours interaction 

via the hydroxyl oxygen with the resultant generation of toluene, whereas benzyl 

alcohol interaction with irreducible supports is limited [7.11]. Moreover, a high surface 

capacity for hydrogen uptake (including spillover) is associated with increased activity 

and selectivity to toluene [7.12]. 

In this Chapter, the use of supported Au is considered, for the first time, to 

promote the selective hydrogenation of benzaldehyde to benzyl alcohol. Nevertheless, it 

should be noted that the reverse reaction (oxidation of benzyl alcohol) has been studied 

over Au (on TiO2 and Al2O3) at elevated pressures (up to 147 atm) with a higher 

selectivity (close to 100%) to benzaldehyde than that obtained with Pt and Pd catalysts 

[7.16]. Catalysis by Au has attracted appreciable research activity as demonstrated in 

the review by Hutchings et al. [7.17] but the work to date has largely dealt with 

oxidation reactions involving CO, alcohol, aldehyde, and diol  reactants [7.18]. By 

comparison, Au promoted hydrogenation has not been considered to the same extent, 

focusing largely on the conversion of ketones, aldehydes and nitroarenes [7.19]. 

Although supported Au delivers lower hydrogenation rates than conventional transition 

metal catalysts (e.g. Pd, Pt and Ni), enhanced performance in terms of selectivity and 

stability has been reported, notably in the hydrogenation of aldehydes to alcohols (e.g. 

crotonaldehyde, citral, acrolein) [7.20]. Moreover, there is some evidence [7.21] that 

edge sites on Au nanoparticles favour C=O adsorption/activation and hydrogenation. In 

this Chapter, critical Au/Al2O3 characterisation results are linked with benzaldehyde 

hydrogenation data in continuous flow gas phase operation and performance are 

compared with Ni/Al2O3 and Pd/Al2O3.   
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7.2   Experimental 

7.2.1   Catalyst Preparation and Activation 

Au/Al2O3 (1.1% w/w) was prepared by standard impregnation of Al2O3 (5 g, 

Puralox, Condea Vista Co.) with an aqueous HAuCl4 solution (Aldrich, 7.3×10-3 M). 

The slurry was heated at 2 K min-1 to 353 K under vigorously stirring (ca. 600 rpm) and 

maintained in a He purge. The solid residue was dried in He at 2 K min-1 to 383 K for   

3 h, sieved into a batch of 75 μm average particle diameter and stored under He at     

278 K (in the dark). The Au loading was determined by inductively coupled plasma-

optical emission spectrometry (ICP-OES, Vista-PRO, Varian Inc.). For comparative 

purposes, Pd/Al2O3 and Ni/Al2O3 prepared by impregnation with Pd(NO3)2 and 

Ni(NO3)2 [7.22], were employed as reference catalysts. Prior to use in catalysis, 

Au/Al2O3, Pd/Al2O3 and Ni/Al2O3 were activated in 60 cm3 min-1 H2 at 2 K min-1 to a 

final temperature in the range 473-723 K. The samples were passivated in 1% v/v O2/He 

at room temperature for ex situ analysis. 

7.2.2    Catalyst Characterisation 

Temperature programmed reduction (TPR) and BET surface area analysis were 

conducted using the commercial CHEM-BET 3000 (Quantachrome) unit. The Au/Al2O3 

sample was loaded into a U-shaped Quartz cell (10 cm×3.76 mm i.d.) and heated in 17 

cm3 min-1 (Brooks mass flow controlled) 5% v/v H2/N2 at 2 K min-1 to 473 ± 1 K. The 

effluent gas passed through a liquid N2 trap and changes in H2 consumption were 

monitored by TCD with data acquisition/manipulation using the TPR WinTM software. 

The reduced sample was maintained at the final temperature in a constant flow of H2/N2 

until the TCD signal returned to baseline, swept with 65 cm3 min-1 flow N2 for 1.5 h and 

cooled to room temperature. The sample was then subjected to H2 chemisorption using 

a pulse (10 µl) titration procedure. Hydrogen pulse introduction was repeated until the 

signal area was constant, indicating surface saturation. In a series of blank tests, 

chemisorption measurements on the alumina support did not result in any hydrogen 

uptake. BET area was recorded with a 30% v/v N2/He flow using pure N2 (99.9%) as 

internal standard. At least 3 cycles of N2 adsorption-desorption in the flow mode were 

employed to determine total surface area using the standard single point method. BET 
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surface area and H2 uptake values were reproducible to within ± 5%; the values quoted 

represent the mean.  

UV-Vis spectra of the HAuCl4 aqueous solution and Au/Al2O3 were obtained 

using, respectively, a Spectronic Unicam HEλIOS β UV-Vis Spectrophotometer and a 

Perkin-Elmer Lambda 35 UV-Vis Spectrometer (with BaSO4 powder as reference). 

Powder X-ray diffractograms were recorded on a Bruker/Siemens D500 incident X-ray 

diffractometer with Cu Kα radiation. The sample was scanned at a rate of 0.02º step-1 

over the range 20º ≤ 2θ ≤ 80º. Diffractograms were identified using the JCPDS-ICDD 

reference standards, i.e. Al2O3 (10-0425) and Au (04-0784). Metal particle size (dhkl) 

was estimated using the Scherrer equation:  

                                     hkl cos
Kd

θ
× λ

=
β×

                                                      (7.1)                                                          

where K = 0.9, λ is the incident radiation wavelength (1.5056 Å), β is the peak 

width at half the maximum intensity and θ represents the diffraction angle 

corresponding to the main plane associated with metallic Au (2θ = 38.1°). Au particle 

morphology and size were also determined by transmission electron microscopy 

analysis; JEOL JEM 2011 HRTEM unit with a UTW energy dispersive X-ray detector 

(Oxford Instruments) operated at an accelerating voltage of 200 kV using Gatan 

DigitalMicrograph 3.4 for data acquisition/manipulation. The sample for analysis was 

prepared by dispersion in acetone and deposited on a holey carbon/Cu grid (300 Mesh). 

The mean Au particle size is given as a surface area-weighted mean (d) according to: 

                

3
i i

i
2

i i
i

n d
d

n d

∑

∑
=                                                         (7.2) 

where ni is the number of particles of diameter di and Σ ni = 650. 

Characterisation details for the Pd/Al2O3 and Ni/Al2O3 catalysts have been published 

previously [7.22].  
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7.2.3   Catalysis Procedure 

Reactions were carried out under atmospheric pressure at T = 393 K, in situ 

immediately after activation, in a fixed bed vertical glass tubular reactor (60 cm×15 mm 

i.d.). The catalytic reactor and operating conditions to ensure negligible heat/mass 

transport limitations, have been fully described elsewhere [7.23] but some features, 

pertinent to this study, are given below. A layer of borosilicate glass beads served as 

preheating zone, ensuring that the organic reactant was vaporized and reached reaction 

temperature before contacting the catalyst. Isothermal conditions (± 1 K) were ensured 

by diluting the catalyst bed with ground glass (75 µm). The reaction temperature was 

continuously monitored using a thermocouple inserted in a thermowell within the 

catalyst bed.  

Benzaldehyde (or benzyl alcohol) as a solution in ethanol was delivered at a 

fixed calibrated flow rate to the reactor via a glass/teflon air-tight syringe and teflon line 

using a microprocessor controlled infusion pump (Model 100 kd Scientific). A co-

current flow of benzaldehyde (or benzyl alcohol) and ultra pure H2 (< 1% v/v organic in 

H2) was maintained at a GHSV = 2×104 h-1 with an inlet reactant molar flow (F) = 

4.8×10-5 mol h-1. The H2 content was up to 3000 times in excess of the stoichiometric 

requirement, the flow rate of which was monitored using a Humonics (Model 520) 

digital flowmeter. The molar metal to inlet molar organic feed rate (n/F) ratio spanned 

the range 5×10-3-88×10-3 h. In a series of blank tests, passage of reactant in a stream of 

H2 through the empty reactor or over the Al2O3 support did not result in any detectable 

conversion. A flow of benzaldehyde in a stream of He over Au/Al2O3 generated traces 

quantities of benzyl alcohol via disproportionation [7.5] where the amount produced 

was less than 3% of that formed by selective hydrogenation under the same reaction 

conditions. The reactor effluent was frozen in a liquid nitrogen trap for subsequent 

analysis, which was made using a Perkin-Elmer Auto System XL gas chromatograph 

equipped with a programmed split/splitless injector and a flame ionization detector, 

employing a DB-1 50 m×0.33 mm i.d., 0.20 μm film thickness capillary column (J&W 

Scientific). Benzaldehyde (Fluka, ≥ 98% w/w purity), benzyl alcohol (Riedel-de Haën, 

≥ 99% w/w purity) and ethanol (Sigma Aldrich, ≥ 99% v/v) were used without further 

purification.  
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Fractional benzaldehyde conversion (x) is defined by       

           [benzaldehyde] [benzaldehyde]
[benzaldehyde]

in out

in
X −

=                                            (7.3) 

where the subscripts “out” and “in” refer to the outlet and inlet gas streams, 

respectively. Selectivity in terms of benzyl alcohol as the target product is given by          

[ ]
[ ] [ ]benzyl alcohol

benzylalcohol
% 100

benzaldehyde benzaldehyde
out

in out

S = ×
−

                                 (7.4) 

Repeated reactions with the same batch of catalyst delivered a product 

composition that was reproducibility to within ± 3%.  

7.3   Results and Discussion 

7.3.1   Catalyst Characterisation 

The UV-Vis spectrum recorded for the Au precursor solution is presented in 

Figure 7.1(A) where the band at ca. 385 nm can be attributed to Au3+ [7.24]. The TPR 

of the Au/Al2O3 precursor generated the profile shown in Figure 7.1(B), which is 

characterised by a single peak with Tmax = 415 K. A single step reduction of cationic 

gold (Au3+) to the zero valent state has been recorded elsewhere for Au/Al2O3 prepared 

by deposition-precipitation at 436 K [7.25] and 490 K [7.26]. Moreover, hydrogen 

consumption during TPR (Table 7.1) matched that required for the reduction of the 

precursor to the metallic form. It should be noted that both cationic (Au+ and  Au3+) 

[7.27] and metallic [7.28] gold have been proposed as the active species in 

hydrogenation reactions. The BET surface area for Au/Al2O3 (Table 7.1) was lower 

than that of the starting Al2O3 support (172 m2 g-1), suggesting partial pore filling by the 

metal component [7.11].  

The UV-Vis spectrum (Figure 7.1(C) of the activated catalyst exhibits an 

absorption band with maximum intensity (Amax) at ca. 545 nm characteristic of zero 

valent gold [7.25]. The wavelength corresponding to maximum band intensity is 

dependent on Au dispersion with a shift to lower wavelengths with decreasing Au 

particle size. The value quoted in this work is close that reported in the literature [7.25] 

for highly dispersed Au/Al2O3 (Amax = 540 nm; d = 4 nm) suggesting the presence of Au 

nano-particles. The UV response is consistent with a supported Au0 phase post-TPR. 
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The XRD profile (Figure 7.1(D)) presents peaks at 2θ = 45.7° and 66.7° that 

correspond, respectively, to the (400) and (440) planes of cubic γ-Al2O3, where the 

broadness of the peaks is indicative of short range order. In addition, peaks at 2θ = 

38.1°, 44.3°, 64.6° and 77.5° can be assigned to the (111), (200), (220) and (311) planes 

of metallic Au. Standard X-ray line broadening analysis based on the Scherrer formula 

(eqn. 7.1) yields a mean Au particle size of 8.5 nm (Table 7.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1: (A) UV-Vis spectrum of HAuCl4 aqueous solution, (B) TPR profile, (C) UV-Vis 
spectrum and (D) XRD pattern for Au/Al2O3. Note: XRD peak assignments are based on JCPDS-
ICDD reference data: (¿)  γ-Al2O3 (10-0425); (¯) Au ( 04-0784). 
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Table 7.1: Characteristics of Au/Al2O3 catalyst. 

Au loading (% w/w) 1.1 

BET area (m2 g-1) 161 

TPR Tmax (K) 415 

TPR H2 consumption (µmol g-1) 78 

UV-Vis  Amax (nm) 545 

dhkl  (nm)a 8.5 

Au particle size range (nm)b 1-20 

d (nm)b 7.9 
afrom XRD analysis: see eqn (7.1). 
bfrom TEM analysis. 

 

Representative (A) medium and (B) high magnification TEM images of 

Au/Al2O3 are given in Figure 7.2, which reveal discrete Au particles at the nano-scale 

that exhibit a quasi-spherical morphology. The diffractogram pattern for an isolated Au 

particle is included as an inset in Figure 7.2(B) where the associated d-spacings 

(0.20/0.23) are consistent with the (200) and (111) planes of metallic gold (0.204/0.235 

nm). Although the nature of hydrogen/Au interactions has yet to be conclusively 

established, the consensus that emerges from the literature [7.29] suggests that 

chemisorption occurs predominantly at step, edge and corner sites, which are more 

prevalent on smaller particles. Moreover, a well dispersed Au phase at the nano-scale (< 

10 nm) is required in order to optimise the catalytic response. A total count of 650 Au 

particles delivered a surface area-weighted metal diameter (d, Table 7.1) of 7.9 nm 

which is in good agreement with that obtained from XRD analysis.  
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Figure 7.2: Representative (A) medium and (B) high magnification TEM images (with associated 
diffractogram pattern) of Au/Al2O3. 

 

5 nm 

(B) 

20 nm 

(A) 



Chapter 7: Selective hydrogenation of benzaldehyde to benzyl alcohol over Au/Al2O3 

175 

0 1 2 3 4

0.00

0.04

0.08

0.12

0.16

0 1 2 3 4 5 6
0.0

0.1

0.2

0.3

 

 

X

t (h)

 

 

ln
[1

/(1
-X

0)]

102 n/F (h)

(A)

(B)

7.3.2    Catalytic Activity/Selectivity   

The temporal dependence of benzaldehyde fractional hydrogenation (X) over 

Au/Al2O3 is shown in Figure 7.3(A) where a time invariant (for 6 h on-stream) 

conversion is in evidence.  

 

 

 

 

 

 

 

 

 

 
 

 

Figure 7.3: (A) Variation of benzaldehyde fractional conversion (X) with time-on-stream over 
Au/Al2O3 (n/F = 3.5×10-2 h); (B) Pseudo-first order kinetic plot for the hydrogenation of 
benzaldehyde to benzyl alcohol (P = 1 atm; T = 393 K). 

Benzaldehyde hydrogenation over Au/Al2O3 generated benzyl alcohol as the 

sole product, i.e. 100% selective in promoting exclusive carbonyl group reduction to the 

alcohol. Reaction selectivity is challenging in benzaldehyde hydrogenation as a range of 

intermediates and by-products are possible as shown in Figure 7.4, which includes all 

the reaction pathways that have been proposed in the literature 

[7.5,7.7,7.10,7.12,7.13,7.30,7.31]; step I represents the target reduction of the carbonyl 

function. In both liquid and gas phase operation, catalytic hydrogenolysis with the 

formation of toluene and benzene is promoted [7.5,7.13].  
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Figure 7.4: Possible reaction pathways associated with the hydrogenation of benzaldehyde to the 
target benzyl alcohol (ð), isolated by-products (è) and reaction products reported in the literature 
( 4 ).   
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It has been proposed [7.5] that benzene is formed directly from benzaldehyde 

(step II) while toluene can result from the subsequent conversion of the alcohol (step 

III) and hydrogenolysis of benzaldehyde (step IV). Saadi and co-workers [7.12] isolated 

methylcyclohexane as a result of the further reduction of toluene (step V) during the gas 

phase hydrogenation of benzaldehyde over Ni/Al2O3. In liquid phase operation over 

Ru/C, hydrogenation of the aromatic ring (steps VI and VII) generated hexahydro-

benzaldehyde [7.30] and cyclohexylmethanol [7.10] from benzaldehyde and benzyl 

alcohol, respectively. The nature of the solvent can influence both activity and 

selectivity [7.13] where the use of ethanol has resulted in benzaldehyde diethyl acetal 

formation by reaction with benzaldehyde (step VIII) and benzyl ethyl ether, formed 

from both benzaldehyde (step IX) and benzyl alcohol (step X) [7.7,7.31]. In our 

exclusive production of benzyl alcohol from benzaldehyde over Au/Al2O3, 

etherification of the reactant and/or product with the solvent (ethanol) did not occur and 

there was no detectable hydrogenolysis to generate toluene and/or benzene.  

Benzaldehyde reaction kinetics have been reported for both liquid [7.8,7.9] and 

gas phase [7.11,7.12] operation. The applicability of a pseudo-first order kinetic 

treatment can be tested using the relationship [7.32] 

                                   1
0ln(1 ) nX k

F
−  − =  

 
                                                    (7.5)                             

where X0 represents the initial fractional conversion and n/F has the physical 

meaning of contact time. The linear relationship between ln(1-X0)-1 and n/F, shown in 

Figure 7.3(B), confirms adherence to pseudo-first order behaviour and the associated 

specific rate constant (k) is given in Table 7.2. In order to explore the potential of the 

Au/Al2O3 catalyst, Ni/Al2O3 and Pd/Al2O3 were employed as benchmark catalysts. The 

activities given in Table 7.2 are in good agreement with values quoted in the literature 

[7.9,7.12,7.33] where both Pd and Ni catalysts delivered higher (by a factor up to 6) 

hydrogenation rates relative to Au. A lower hydrogenation activity for supported Au can 

be attributed to the higher energy barrier for H2 dissociation [7.34]. Hydrogen uptake (at 

ambient temperature) on Au/Al2O3 was significantly lower than that measured for 

Pd/Al2O3 and Ni/Al2O3 (Table 7.2).  



 

 

 

 

 

Table 7.2: Hydrogen chemisorption, pseudo-first order specific rate constants (k), initial reaction selectivities (S0) and those obtained after 15 h on-stream (S15h) for 
the conversion of benzaldehyde and benzyl alcohol over Au/Al2O3, Pd/Al2O3 and Ni/Al2O3. 

  Benzaldehyde feed Benzyl alcohol feed 

Catalyst H2 uptake      
(µmol g-1) 

k                   
(mmol mmetal

-2
 h-1) 

S0 (%)       
benzyl 
alcohol 

S0 (%) 
toluene 

S15h (%)    
benzyl 
alcohol 

S15h (%) 
toluene 

k                
(mmol mmetal

-2
 h-1) 

S0 (%) 
toluene 

S0 (%) 
benzene 

Au/Al2O3 < 1 0.5 100 0 100 0  < 0.01 0 100 

Pd/Al2O3 24 2.6 10 90 95 5 1.7 100 0 

Ni/Al2O3 4 3.1 0 100 -a -a 1.4 100 0 

ano detectable activity after 15h on-stream. 
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In terms of sustainable processing, the initial reaction rate is not the only 

consideration and catalyst lifetime must also be addressed. This feature was investigated 

for reaction over a prolonged period (15 h) and the results are presented in Figure 7.5, 

where temporal conversion is related to the initial value. While Au/Al2O3 largely 

retained the initial level of conversion (X15h/X0 = ca. 0.9), Ni/Al2O3 exhibited a drastic 

immediate decline in activity to deliver negligible conversion after 3 h on-stream while 

Pd/Al2O3 showed a continual decrease that was particularly marked at extended times 

(> 8 h on-stream). A temporal catalyst deactivation during benzaldehyde hydrogenation 

has been observed previously, attributed to coke deposition and associated with toluene 

formation [7.9]. 

 

 

 

 

 

 

 

 
 

Figure 7.5: Ratio of benzaldehyde fractional conversion with time on-stream (X) to the initial value 
(X0) for reaction over Au/Al2O3 (■), Pd/Al2O3 (▲) and Ni/Al2O3 (●) (n/F = 3.5×10-2 h; P = 1 atm;      
T = 393 K). 

Initial reaction selectivities (S0) are presented in Table 7.2. In common with 

Au/Al2O3, reaction over Pd/Al2O3 or Ni/Al2O3 did not result in any aromatic ring 

hydrogenation, hydrogenolysis to form benzene or reactant etherification/acetalisation. 

Reaction exclusivity to benzyl alcohol over Au/Al2O3 was maintained over extended 

time on-stream (see Table 7.2). The formation of benzyl alcohol (from benzaldehyde) 

has been proposed to occur via a nucleophilic mechanism where the carbonyl function 

is activated at the metal/support interface [7.11]. Adsorption of benzaldehyde where 



Chapter 7: Selective hydrogenation of benzaldehyde to benzyl alcohol over Au/Al2O3 

180 

both the aromatic ring and carbonyl group are co-planar to the surface facilitates C=O 

polarization, rendering the oxygen susceptible to nucleophilic attack with proton 

transfer to generate the alcohol [7.35]. The nature of the metal/support interface and the 

degree of metal dispersion are considered to be critical in determining benzyl alcohol 

formation [7.11]. Initially, toluene was the principal product resulting from reaction 

over Pd/Al2O3 with a low selectivity (10%) to benzyl alcohol while Ni/Al2O3 generated 

toluene as the only product. These selectivity trends find general agreement with the 

literature [7.7,7.9,7.12,7.23]. Initial selectivities to benzyl alcohol of 20-40% [7.9] and 

10-20% [7.12] have been reported for Pd/Al2O3 (in liquid phase) and Ni/Al2O3 (in gas 

phase, T = 383-413 K), respectively. Toluene production from benzaldehyde is favoured 

by a strong interaction between the carbonyl oxygen and the surface with 

hydrogenolytic cleavage of C=O by dissociated hydrogen (Figure 7.4, step IV) [7.14].  

In order to probe the possible reaction pathway, the conversion of benzyl alcohol 

under the same reaction conditions was considered and the results are included in Table 

7.2. The rate constants generated for the alcohol feed were consistently lower than those 

obtained for the reaction of benzaldehyde and this can be attributed to the electrophilic 

character of C=O which renders this functionality more reactive relative to O-H [7.13]. 

Transformation of benzyl alcohol to toluene (Figure 7.4, step III) has been proposed to 

proceed via adsorption/activation on the support (formation of a benzoate on Al2O3) and 

reaction with hydrogen from the metal site [7.35]. The rate of toluene production over 

Ni/Al2O3 from benzaldehyde was significantly higher (by a factor of 2) than that 

obtained from benzyl alcohol and path IV (Figure 7.4) can be taken to be the 

predominant route to toluene. The rate of conversion of benzyl alcohol over Au/Al2O3 

was two orders of magnitude lower than benzaldehyde hydrogenation; trace quantities 

of benzene were detected. The low reactivity of the alcohol on Au/Al2O3 must 

contribute to reaction exclusivity with respect to the benzaldehyde → benzyl alcohol 

step. In the case of Pd/Al2O3, benzyl alcohol conversion generated toluene as the sole 

product. The temporal decline in activity exhibited by Pd/Al2O3 during benzaldehyde 

conversion was accompanied by a switch in selectivity from toluene as the predominant 

product to benzyl alcohol. This response indicates a temporal inhibition of steps III and 

IV, limiting hydrogenolysis, while reaction via step I proceeds, resulting in the 

preferential production of benzyl alcohol. Ultimately, hydrogenation step (I) is limited 

with a residual conversion recorded after 15 h on-stream.  
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There was no detectable toluene formation in any reaction over Au/Al2O3, which 

represents a marked divergence in behaviour from both Pd/Al2O3 and Ni/Al2O3. We 

attribute this response to fundamental differences in surface reactive hydrogen and 

arene reactant activation at the metal/support interface. 

7.4   Conclusion  

This Chapter establishes the viability of benzaldehyde hydrogenation over 

Au/Al2O3 as a sustainable alternative route to benzyl alcohol. The reaction has been 

conducted under relatively mild reaction conditions (393 K, 1 atm) in continuous flow 

gas phase operation where 100% selectivity with respect to benzyl alcohol was achieved 

and maintained for 15 h on-stream. Temperature programmed reduction (TPR) of 

Au/Al2O3 to 473 K generated a supported Au metal phase, as confirmed by XRD and 

UV-Vis analyses, characterised by quasi-spherical particles with a surface weighted 

mean metal diameter = 7.9 nm. While Pd/Al2O3 and Ni/Al2O3 delivered higher activity 

(under the same reaction conditions), both exhibited severe deactivation with time-on-

stream and promoted hydrogenolysis to toluene. The exclusive selectivity achieved with 

Au/Al2O3 is attributed to a polarization of the C=O bond which renders the oxygen 

susceptible to nucleophilic hydrogen attack to generate the alcohol, which does not 

undergo further reaction.  
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Chapter 8 

Selectivity in the Gas Phase Hydrogenation of  4-Nitrobenzaldehyde 

over Supported Au Catalysts 

In the previous Chapter, Au supported exhibited 100% selectivity in the 

hydrogenation of benzaldehyde to benzyl alcohol. The hydrogenation of 4-

nitrobenzaldehyde represents a greater challenge as the reduction of both functional 

group (-NO2 and C=O) can occur. In this Chapter, the roles of Au particle size, reaction 

temperature, support redox and acidity in determining selectivity for the hydrogenation 

of 4-nitrobenzaldehyde are examined. 

8. 1   Introduction 

Functionalised aromatic amines and alcohols are important intermediates in the 

production of a range of pharmaceuticals, agrochemicals, cosmetics, herbicides, dyes 

and polymers [8.1,8.2]. Amine and alcohol production can be achieved via the catalytic 

hydrogenation of nitro-compounds and aldehydes [8.3,8.4]. However, selectivity in 

terms of targeted -NO2 or C=O reduction in the presence of other reactive functional 

groups (e.g. C≡N, C=C, COOH) remains challenging [8.5,8.6]. In this Chapter, the 

feasibility of controlling the selective hydrogenation of 4-nitrobenzaldehyde is 

examined. Reduction of -NO2 is more facile than C=O and the amine should be the 

preferred product [8.7].  

The possible pathways associated with the conversion of 4-nitrobenzaldehyde 

are presented in Figure 8.1, where 4-aminobenzaldehyde (step (I)) and 4-nitrobenzyl 

alcohol (step (II)) are commercially important compounds [8.8,8.9]. This reaction has 

been studied over soluble metal (Pd [8.10,8.11], Ru [8.8] and Co [8.12]) complexes and 

solid transition metal (supported Au, Ru, Ni, Pd and Pt [8.6,8.8,8.9,8.13-15] and PtO2-

H2O [8.16]) catalysts  in the liquid phase (P = 1-50 bar, T = 303-423 K). There has been 

only one reported gas phase application (for the hydrogenation of 3-nitrobenzaldehyde) 

over MgO [8.17]. 
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Figure 8.1: Possible reaction pathways in the hydrogenation of 4-nitrobenzaldehyde. 
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The reduction of both nitro and carbonyl functions generates 4-aminobenzyl 

alcohol (steps (III) and (IV)) as reported for reaction over PtO2-H2O [8.16], sol-gel 

entrapped Pd [8.18], MgO [8.17] and Ru/Al2O3 [8.8]. Moreover, formation of 4-

nitrotoluene can result either from direct attack of C=O (step (V)) or further 

hydrogenation of 4-nitrobenzyl alcohol (step (VI)) and has been detected for reaction 

over Au/Fe2O3 and Fe(OH)x [8.13]. Generation of 4-aminotoluene can proceed via steps 

(VII), (VIII) and (IX). It is well established [8.6,8.9,8.11,8.16] that 4-

aminobenzaldehyde and 4-aminobenzyl alcohol polymerise during hydrogenation with 

the formation of toxic azoxy compounds. The latter is favoured by the longer contact 

times that apply to conventional batch processes [8.11] and should be circumvented in 

continuous operation. Taking an overview of the literature, 4-aminobenzaldehyde has 

been the major product with selectivities up to 99% [8.6,8.9,8.10,8.12,8.13]. Preferential 

4-nitrobenzyl alcohol formation has been demonstrated in reactions involving Ru 

complex [8.8] as catalysts but the precise source of this selectivity or the means of 

controlling product distribution remains unresolved. 

Studies to date have focused on batch liquid phase processes where enhanced 

selectivity in homogenous catalysis required an alkali additive (KOH) [8.10,8.12] and 

operation under reflux conditions [8.12]. A switch to heterogeneous catalysis offers 

advantages in terms of product/catalyst separation while economies of scale favour 

continuous processes for high throughput. The use of Au catalysts has shown promise in 

the liquid phase conversion of 4-nitrobenzaldehyde to 4-aminobenzaldehyde although 

polymerisation was also observed [8.6,8.9,8.14]. Supported Au has exhibited 

chemoselectivity in -NO2 reduction to -NH2 in the presence of other reactive 

functionalities, e.g. C≡N [8.19], C=C [8.9], Br [8.20] and Cl [8.21]. Bailie and 

Hutchings [8.22] first demonstrated C=O activation on Au/ZrO2, resulting in enhanced 

selectivity to crotyl alcohol. This work has led to a number of investigations on the 

selective hydrogenation of C=O to C-OH [8.23-33] over Au but none of these have 

considered the conversion of nitrobenzaldehyde. The catalytic response of Au/ZrO2, as 

a starting point, is examined in the gas phase hydrogenation of 4-nitrobenzaldehyde. 

Previous work has established the importance of the support [8.26,8.34-36] and Au 

particle size [8.21,8.37-39] in determining hydrogenation performance. These effects 

are probed by investigating four catalysts that allow a decoupling of Au size, support 

redox and acidity effects; the role of reaction temperature is also assessed. 
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8.2   Experimental 

8.2.1   Catalysts Preparation and Activation 

The ZrO2 support was prepared by precipitation of zirconium (IV) oxychloride 

octahydrate (ZrOCl2·8H2O, ≥ 99.5%, Aldrich) with aqueous ammonia (35% w/w NH3, 

Fisher). The ZrOCl2 solution (0.1 M) was added dropwise with vigorous stirring to 

aqueous ammonia (2.5 M). Temporal pH changes were measured with a crystal-body 

electrode coupled to a data logging and collection system (Pico Technology), calibrated 

with standard buffer solutions (pH 7 and 10). The resultant hydrogel was washed with 

distilled water until the wash water was Cl-free (AgNO3 test), dried at 373 K for 24 h 

and calcined in air (20 cm3 min-1 g-1) at 1 K min-1 to 673 K for 5 h.  

Gold (ca. 1% w/w) supported on ZrO2, TiO2 (Degussa) and Al2O3 (Puralox) was 

prepared by deposition-precipitation (D-P) where a suspension (300 cm3) of HAuCl4 

(99.999%, Aldrich), aqueous urea (100 cm3) and support (5 g) was stirred (300 rpm) 

and heated (1 K min-1) to 353 K for ca. 200 min. Synthesis was conducted in the dark to 

avoid formation of metallic colloids in solution by photoreduction of Au(III) [8.40]. As 

a high residual chloride content (> 300 ppm) results in the formation of larger (> 20 nm) 

Au particles [8.41] and can poison catalytic sites [8.42], the catalyst precursor was 

washed repeatedly. Gold on Al2O3 prepared by D-P is denoted by AuAl2O3-1. Alumina 

supported Au (ca. 1% w/w) was also prepared by standard impregnation of Al2O3 with 

an aqueous HAuCl4 solution (Aldrich, 7.3×10-3 M, 39 cm3) where the slurry was heated 

at 2 K min-1 to 353 K and agitated (600 rpm) in a He purge; this sample is denoted by 

AuAl2O3-2. The catalyst precursors were dried in He (10 cm3 min-1 g-1) at 383 K for 3 h 

and sieved into a batch of 75 μm average diameter. The samples were stored at 277 K 

under He in the dark in order to prevent Au agglomeration, which can occur when kept 

in air and in the light [8.43]. The precursors were activated in 60 cm3 min-1 H2 at 2 K 

min-1 to 473 K and passivated in 1% v/v O2/He at ambient temperature for ex situ 

analysis. 

8.2.2   Catalyst Characterisation 

The pH associated with the point of zero charge (pHPZC) of the supports was 

determined using the potentiometric mass titration [8.44]. In each case, three different 

masses (0.025, 0.050 and 0.075 g) were immersed in 50 cm3 0.1 M NaCl to which a 
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known amount of NaOH (0.1 M) had been added to adjust the pH to 11. After 

stabilisation of the pH (ca. 1 h), titration with HCl (0.1 M) was performed under 

continuous agitation in He; temporal changes to pH were measured as described above. 

Temperature programmed reduction (TPR), BET surface area, total pore volume, H2 

chemisorption and temperature programmed desorption (TPD) were measured using the 

commercial CHEM-BET 3000 (Quantachrome) unit. Samples (0.2 g of Au/ZrO2, 

Au/TiO2, Au/Al2O3-1 and Au/Al2O3-2) were loaded into a U-shaped Quartz cell (10 

cm×3.76 mm i.d.) and heated in 17 cm3 min-1 (Brooks mass flow controlled) 5% v/v 

H2/N2 at 2 K min-1 to 473 ± 1 K. The effluent gas passed through a liquid N2 trap and H2 

consumption was monitored by TCD with data acquisition/manipulation using the TPR 

WinTM software. The activated samples were maintained at 473 K in a constant flow of 

H2/N2 until the signal returned to baseline, swept with 65 cm3 min-1 N2 for 1.5 h and 

cooled to ambient temperature. The samples were subjected to H2 chemisorption using a 

pulse (10 µl) titration procedure, followed by TPD in N2 (65 cm3 min-1) at 45 K min-1 to 

1173 K with an isothermal hold until the signal returned to baseline. Surface area and 

pore volume were determined, respectively, in 30% and 95% v/v N2/He using undiluted 

N2 as internal standard. At least 3 cycles of N2 adsorption-desorption in the flow mode 

were employed using the standard single point method. The measurements were 

reproducible to within ± 8% and the values quoted represent the mean.  

Surface acidity was determined by pyridine adsorption followed by infrared (IR) 

spectroscopy analysis. Samples were pressed (ca. 1×103 kg cm-2) into thin wafers           

(ca. 10 mg cm-2) and placed in the IR cell. Before pyridine adsorption/desorption, the 

samples were treated under static conditions at 473 K for 1 h in H2 (666 mbar) and then 

outgas under secondary vacuum at 473 K for 1 h. The sample wafers were contacted at 

ambient temperature with gaseous pyridine (1.33 mbar) via a separate cell containing 

liquid pyridine. The spectra were recorded following desorption at 423 K with a Bruker 

Vector 22 spectrometer (resolution 2 cm-1, 128 scans). The reported spectra were 

obtained after subtraction of the spectrum recorded prior to pyridine adsorption. The 

number of Lewis acid sites titrated by pyridine was obtained using a molar extinction 

coefficient value (ε = 2.22 cm µmol-1) for the ν19b vibration of coordinated pyridine (Py-

L) at ca. 1455 cm-1 [8.45]. 

Gold content was measured by atomic absorption spectroscopy (AAS) using a 

Shimadzu AA-6650 spectrometer with an air-acetylene flame from the diluted extract in 
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aqua regia (25% v/v HNO3/HCl). Powder X-ray diffractograms were recorded on a 

Bruker/Siemens D500 incident X-ray diffractometer using Cu Kα radiation. The 

samples were scanned over the range 10º ≤ 2θ ≤ 85º (step: 0.02º; counting time: 0.5 s 

step-1). Diffractograms were identified using the JCPDS-ICDD reference standards, i.e. 

tetragonal ZrO2 (50-1089), monoclinic ZrO2 (37-1487), anatase (21-1272), rutile (21-

1276), Al2O3 (10-0425) and Au (04-0784). The fraction of monoclinic zirconia was 

calculated, based on the work of Toraya et al. [8.46], using the integrated intensities (I) 

of the (111) and (-111) monoclinic (m-ZrO2 ) and (011) tetragonal (t-ZrO2) planes, 

m m
m

m m t

(-111)+ (111)=
(-111)+ (111)+ (011)

I IX
I I I

  ;    m
m

m

1.31=
1 0.31

XV
X

×
+ ×

                         (8.1) 

where Xm represents the intensity ratio and Vm the fraction of monoclinic 

zirconia.  

Gold particle morphology and size were determined by transmission electron 

microscopy analysis; JEOL JEM 2011 HRTEM unit with a UTW energy dispersive X-

ray detector (Oxford Instruments) operated at an accelerating voltage of 200 kV using 

Gatan DigitalMicrograph 3.4 for data acquisition/manipulation. Samples for analysis 

were prepared by dispersion in acetone and deposited on a holey carbon/Cu grid (300 

Mesh). Up to 420 individual Au particles were counted for each catalyst and the mean 

Au particle sizes are given as the surface area-weighted average (d) [8.34]. Gold 

dispersion (D) was calculated from d values [8.47] and used to determine turnover 

frequency (TOF (s-1)). XPS spectra were collected on a SPECS (Phoibos MCD 150) X-

ray photoelectron spectrometer, using an Al Kα (hν = 1486.6 eV) X-ray source. The 

binding energies were calibrated with respect to the C-C/C-H components of the C 1s 

peak (binding energy = 284.7 eV). All spectra processing was carried out using the Casa 

XPS software package. 

8.2.3   Catalysis Procedure 

Reactions were carried out under atmospheric pressure at 423-473 K, in situ 

after catalyst activation, in a fixed bed vertical glass tubular reactor (60 cm×15 mm 

i.d.). The catalytic reactor and operating conditions to ensure negligible heat/mass 

transport limitations have been described elsewhere [8.48] but some features, pertinent 

to this study, are given below. A layer of borosilicate glass beads served as preheating 
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zone, ensuring that the organic reactant was vaporised and reached reaction temperature 

before contacting the catalyst. Temperature was continuously monitored using a 

thermocouple inserted in a thermowell within the catalyst bed.  

4-Nitrobenzaldehyde as a solution in ethanol was delivered at a fixed calibrated 

flow rate via a glass/teflon air-tight syringe and teflon line using a microprocessor 

controlled infusion pump (Model 100 kd Scientific). A co-current flow of 4-

nitrobenzaldehyde and ultra pure H2 (< 1% v/v 4-nitrobenzaldehyde in H2) was 

maintained at GHSV = 2 × 104 h-1 with an inlet 4-nitrobenzaldehyde molar flow (F) = 

6.0×10-5 mol h-1. Hydrogen flow rate was monitored using a Humonics (Model 520) 

digital flowmeter where H2 content was far in excess of the stoichiometric requirements. 

The mass of Au to inlet 4-nitrobenzaldehyde feed rate (m/F) ratio spanned the range 0.6-

12 gAu mol-1 h. The catalytic conversion of benzaldehyde and nitrobenzene over 

Au/ZrO2 and Au/Al2O3-2 at 443 K was also examined. Passage of each reactant in a 

stream of H2 through the empty reactor did not result in any detectable conversion. The 

reactor effluent was frozen in a liquid nitrogen trap for subsequent analysis, which was 

made using a Perkin-Elmer Auto System XL gas chromatograph equipped with a 

programmed split/splitless injector and a flame ionization detector, employing a DB-1 (50 

m×0.33 mm i.d., 0.20 μm film thickness) capillary column (J&W Scientific). 4-

Nitrobenzaldehyde (Aldrich, 98% w/w purity), benzaldehyde (Fluka, ≥ 98% w/w), 

nitrobenzene (Fluka, ≥ 99%) and ethanol (Sigma Aldrich, ≥ 99%) were used without 

further purification. Fractional 4-nitrobenzaldehyde conversion (X) is defined by       

          
[ ] [ ]

[ ]
4 4

4
in out

in

nitrobenzaldehyde nitrobenzaldehyde
X

nitrobenzaldehyde
− − −

=
−

                (8.2) 

where the subscripts “out” and “in” refer to the outlet and inlet gas streams, 

respectively. Selectivity in terms of 4-aminobenzaldehyde (SMBAD), as an example, is 

given by 

[ ]
[ ] [ ]

MBAD
4

4 4
out

in out

aminobenzaldehyde
S

nitrobenzaldehyde nitrobenzaldehyde
−

=
− − −

                    (8.3) 

where 4-aminobenzaldehyde (YMBAD) yield was obtained from  

MBAD MBADY S X= ×                                      (8.4) 

Repeated reactions with samples from the same batch of catalyst delivered a 

product composition that was reproducible to within ± 3%. 
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8.3   Results and discussion 

8.3.1   Au/ZrO2: Synthesis and Characterisation 

The structural characteristics of ZrO2 in terms of surface area and crystalline 

phase depend on a range of parameters, including the Zr salt precursor, pH and duration 

of precipitation and the post-treatment, notably washing and calcination stages [8.49-

51]. Precipitation of hydrous zirconia was accompanied by a temporal pH decrease from 

11.8 to 9.4, as presented in Figure 8.2(a). The same pH response has been observed 

under equivalent synthesis conditions [8.52]. The XRD pattern of the calcined sample 

(Figure 8.2(c)) exhibits both tetragonal and monoclinic phases. Six of the nine XRD 

peaks can be ascribed to monoclinic ZrO2 planes ((110), (-111), (111), (200), (022) and 

(310)) with three signals due to tetragonal ZrO2 ((011), (112) and (121) planes); the 

fractional monoclinic phase content (Vm from eqn. (8.1)) = 0.65). Chuah et al. [8.52] 

have shown that zirconia phase composition is sensitive to precipitation temperature, pH 

and calcination. Synthesis at temperature in the range 303-353 K in basic medium and 

calcination at 773 K generated a mixed phase that was predominantly monoclinic (Vm  = 

0.50-0.78). The surface area (104 m2 g-1, Table 8.1) and total pore volume (0.14 cm3 g-

1) are consistent with values (109 m2 g-1 [8.53] and 0.16 cm3 g-1 [8.54]) reported 

previously.  

The pH associated with the point of zero charge (pHPZC) is a critical support 

property that determines the solution pH requirements to ensure precursor-support 

interactions during catalyst preparation by deposition-precipitation [8.55]. A pHPZC of 

7.4 was determined experimentally for ZrO2, which is in general agreement with the 

literature where pHPZC in the 6.2-8.5 interval has been recorded [8.56,8.57]. The pHPZC 

depends on oxide synthesis and composition where a lower value (6.2) is associated 

with the pure tetragonal form relative to the monoclinic phase (8.5) [8.56]. The temporal 

pH variation in the preparation of (0.8% w/w) Au/ZrO2 is given in Figure 8.2(b) where 

the pHPZC of ZrO2 is identified by the horizontal dotted line. The increase in temperature 

(up to 353 K) resulted in a progressive decomposition of urea with an accompanying 

increase in solution pH. As the latter remained below the pHPZC the support bears a 

positive charge (due to protonation), favouring interaction with anionic gold species in 

solution (HAuCl4 and/or Au(OH)Cl3-) [8.43]. The surface sites act as nucleation centres 

for Au deposition [8.58]. 



 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 8.2: Temporal pH variations in the preparation of (a) ZrO2 and (b) Au/ZrO2 (pHPZC of the support identified by the dotted line); XRD patterns for (c) ZrO2 and 
Au/ZrO2 (d) pre- and (e) post-TPR where (r) identifies tetragonal ZrO2 (JCPDS card 50-1089), (p) monoclinic ZrO2 (37-1487) and (●) Au (04-0784); (f) TPR profile 
(solid line) with temperature ramp (dotted line) generated for Au/ZrO2; (g) representative TEM image with (h) Au particle size distribution; (i) XPS spectrum of 
Au/ZrO2 in the Au 4f  region. 
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Table 8.1: Gold loading, BET surface area, total pore volume, temperature programmed 
reduction (TPR) Tmax with associated H2 consumption, H2 chemisorbed/desorbed (TPD), surface 
area- weighted mean Au diameter (d), dispersion (D) and Au 4f7/2 binding energy (BE). 

Catalyst Au/ZrO2 Au/TiO2 Au/Al2O3-1 Au/Al2O3-2 

Au loading (% w/w) 0.8 1.2 1.1 1.1 

BET surface area (m2 g-1) 93a (104b)  48a 166a 161a 

Total pore volume (cm3 g-1) 0.13a (0.14b) 0.12a 0.36a 0.36a 

TPR   
Tmax (K) 452 364 457 415 

H2  consumed (mmol gAu
-1) 7.0 10.5 7.9 7.1 

H2  chemisorption   (µmol gAu
-1) 56 28 37 19 

H2  desorbed (mmol gAu
-1) 28 9 51 24 

d (nm) 7.0 4.7 4.3 7.8 

D 0.18 0.27 0.29 0.16 

Au 4f7/2 BE (± 0.2 eV) 83.5 83.4 83.3 83.2 
aactivated catalyst 
bsupport 

The XRD pattern for Au/ZrO2 as prepared (Figure 8.2(d)) only exhibits peaks 

due to monoclinic and tetragonal ZrO2. Compared with the starting ZrO2 (Figure 

8.2(c)), the relative peak intensities differ and the fraction of monoclinic phase is higher 

(Vm = 0.85). This can be linked to the deposition step and the associated contact with 

aqueous Au salt solution, pH and temperature variations. Indeed, it should be noted that 

Xie et al. [8.59] observed a transformation of  tetragonal ZrO2 following immersion in 

water at 298 K (for 12 h), resulting in a 78% conversion to monoclinic ZrO2 with no 

change to surface area, which they attributed to differences in surface free energy 

between the two phases after water adsorption.  

Temperature programmed reduction (TPR) of Au/ZrO2 generated the profile 

shown in Figure 8.2(f) where a positive peak (H2 consumption) with Tmax = 452 K is in 

evidence. There was no detectable H2 consumption in the TPR (to 773 K) of the ZrO2 

support, which agrees with the literature [8.60,8.61] and the response recorded for 

Au/ZrO2 can be attributed to the reduction of cationic gold. Positive TPR signals in the 

range 424 K-503 K range have been recorded elsewhere for Au/ZrO2 [8.54,8.62]. In this 

study, the H2 consumed (Table 8.1) corresponds to the amount required (to within 10%) 
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for the reduction of supported Au3+ to Au0. The surface area (93 m2 g-1) and total pore 

volume (0.13 cm3 g-1) of the activated catalyst was lower than that recorded for the 

support alone (Table 8.1), which can be ascribed to partial pore blockage by the Au 

component. The relative intensity of the XRD signals coincide for Au/ZrO2 pre- 

(Figure 8.2(d)) and post- (Figure 8.2(e)) TPR, indicating that the reduction step had no 

effect on support phase composition. A weak signal at 38.1˚ can be attributed to Au 

(111) but the peak intensity is too low to allow an accurate evaluation of Au particle 

size by standard line broadening analysis.  

Gold particle morphology and size were probed by transmission electron 

microscopy (TEM) and a representative micrograph is given in Figure 8.2(g), which 

reveals quasi-spherical particles at the nano-scale (3-12 nm). Particle size distribution is 

illustrated by the histogram presented in Figure 8.2(h), which gives a surface area 

weighted mean Au diameter of 7 nm, matching that reported by Mohr et al. [8.38] for 

the synthesis of Au/ZrO2 by deposition-precipitation. The majority of Au particles are < 

10 nm, which has been established as critical for hydrogenation activity [8.63]. The 

electronic character of the supported Au phase can be critical in determining reactant 

adsorption/activation and consequent activity/selectivity [8.35,8.39] and is dependent on 

support interaction and dispersion [8.64]. XPS analysis was employed to probe Au 

electronic state where the profile (Figure 8.2(i)) over the Au 4f  binding energy (BE) 

region generates signals at 83.5 ± 0.2 eV (Table 8.1) and 87.3 ± 0.2 eV, which are in 

line with Au 4f7/2  (83.7 eV [8.62], 83.8 eV [8.64]) and 4f5/2 (87.6 eV) values reported 

for Au/ZrO2. This represents a shift to lower BE relative to the reference Au foil 4f7/2  

(84.0 eV) and can be attributed to electron transfer from the support to the nano-scale 

Au [8.65]. 

Catalytic activity in hydrogen mediated reactions is dependent on the H2 

adsorption/dissociation capacity of the catalyst. Hydrogen chemisorption and release 

(H2-TPD) results for Au/ZrO2 are given in Table 8.1. The available literature on the 

dynamics of H2 interaction with Au/ZrO2 is limited but hydrogenation activity has been 

established [8.22,8.62,8.66,8.67]. Dissociative chemisorption of H2 can occur at low 

coordination Au sites, i.e. at edges and corners [8.33,8.68] with the result that H2 

activation is enhanced with increased Au dispersion [8.32,8.63,8.69]. Zhang and co-

workers [8.54] have proposed that H2 activation requires the combined action of ZrO2 

hydroxyl groups and surface Au sites. Moreover, it is known that H2 adsorbed on 
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supported metals can spillover onto the ZrO2 support [8.70]. A search through the 

literature did not reveal any reported data with which to compare the ambient 

temperature H2 chemisorption value (56 µmol gAu
-1, Table 8.1). However, this level of 

uptake is appreciably lower than that recorded for other transition metal systems, such 

as Pt/ZrO2 (up to 1440 μmol gPt
-1) [8.61,8.71]. Hydrogen released during TPD far 

exceeded H2 chemisorbed, suggesting that uptake is an activated process with the 

possible contribution of spillover hydrogen during TPR to the total H2 desorbed. 

8.3.2   Au/ZrO2: Catalytic Response 

The hydrogenation of 4-nitrobenzaldehyde over Au/ZrO2 generated 4-

aminobenzaldehyde as the only product with no detectable hydrogenation or 

hydrogenolysis of the carbonyl group.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.3: (a) Initial selectivity (S0) to 4-aminobenzaldehyde (p) and 4-nitrobenzyl alcohol (r) 
with fractional 4-nitrobenzaldehyde conversion (X0) over Au/ZrO2 at 443 K; (b) representative 
(m/F = 5 gAu mol-1 h, T = 443 K) temporal 4-nitrobenzaldehyde fractional conversion profile with fit 
to eqn. (8.5); (c) pseudo-first order kinetic plot. 
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This is the first report of 100% selectivity to 4-aminobenzaldehyde over Au 

catalysts, where reaction exclusivity was maintained at high levels of 4-

nitrobenzaldehyde conversion (Figure 8.3(a)). There was no evidence of any 

polymerisation or detectable azoxy formation, which may be attributed to the short 

contact time (180 ms) in the catalyst bed. 

A representative time on-stream 4-nitrobenzaldehyde conversion (X) profile is 

presented in Figure 8.3(b) where a temporal decline is evident that can be expressed in 

terms of the empirical relationship [8.20] 

0

4h 0

( )
( ) ( )

X X t
X X tβ

−
=

− +
                                                  (8.5) 

where X4h represents fractional conversion after 4 h on-stream, β is a time scale 

fitting parameter and X0 is the initial conversion (obtained from the fit to eqn. (8.5), 

shown in Figure 8.3(b)). Reaction exclusivity to 4-aminobenzaldehyde was maintained 

with time on-stream. Loss of activity during hydrogenation over Au catalysts has been 

attributed to coke deposition that occludes the active sites [8.72]. Moreover, water 

released as the by-product of nitro group reduction can have a deleterious effect on 

catalytic activity [8.54,8.73]. Previous work in this laboratory [8.20,8.31] have 

established the applicability of pseudo-first order kinetics for hydrogenation over 

supported Au,  

                                          
1

0ln(1 ) mX k
F

−  − =  
 

                                             (8.6) 

where m/F is the ratio of mass of Au to inlet 4-nitrobenzaldehyde molar feed 

rate. The pseudo-first order plot is given in Figure 8.3(c) where the linear fit (passing 

through the origin) confirms adherence to the kinetic model; the associated rate constant 

(k) is given in Table 8.2.  

Prior published work has demonstrated a dependence of activity and selectivity 

in the hydrogenation of nitro compounds and aldehydes on Au particle size [8.38,8.39] 

and the nature of the support [8.29,8.35,8.36] in term of reducibility and acid-base 

properties. The objective of this Chapter is to assess the feasibility of controlling 

product distribution in the hydrogenation of 4-nitrobenzaldehyde. The sole formation of 

4-aminobenzaldehyde was obtained over 3-12 nm Au particles (mean = 7 nm) on a non-
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reducible (ZrO2) support. Metal-support interactions in the case of titania are known to 

influence the catalytic response [8.74]. Indeed, the use of Au/ZrO2 and Au/TiO2 in 

acrolein hydrogenation has revealed differences in activity/selectivity that were linked 

to variations in Au coordination and reactivity at the Au-support interface [8.38,8.39]. 

Therefore, the catalytic action of TiO2 (with a comparable Au loading) was examined as 

an alternative Au support.  

Table 8.2: Rate constant (k), turnover frequency (TOF) and initial selectivity 
to 4-aminobenzaldehyde (SMBAD) and 4-nitrobenzyl alcohol (SNBOL) at X0 ≈ 0.2 
for the conversion of 4-nitrobenzaldehyde at 443 K.  

 
 

k 
(mmol gAu h-1) 

TOF  
(10-3 s-1) SMBAD SNBOL 

Au/ZrO2 71 22 1 0 

Au/TiO2 145 30 1 0 

Au/Al2O3-1 176 33 0.82 0.18 

Au/Al2O3-2 64 22 0 1 

8.3.3   Au/TiO2: Characterisation 

Preparation of Au/TiO2 by deposition-precipitation delivered a 1.2% w/w Au 

loading with a lower total (BET) surface area but comparable pore volume to Au/ZrO2 

(Table 8.1). TPR analysis (Figure 8.4(a)) generated a reduction peak 364 K that is 

close to the range (373-432 K) previously reported for Au/TiO2 [8.34,8.75]. The 

associated H2 consumption (Table 8.1) is higher than that required for the reduction of 

Au3+ to Au0 (7.6 mmol gAu
-1). The excess H2 can contribute to a partial reduction of Ti4+ 

to Ti3+ at the Au-support interface [8.34,8.75].  

The XRD measurement (Figure 8.4(b)) is consistent with a mixture of anatase 

and rutile forms of TiO2 where anatase:rutile ≈ 5:1, which is characteristic of Degussa 

P25 [8.76] for thermal treatment up to 923 K [8.77]. The signal at 38.4° suggests the 

presence of Au metal but the peak overlaps with one due to anatase, which does not 

permit a calculation of Au size. The representative TEM image shown in Figure 8.4(c) 

reveals dispersed nano-scale Au particles. The TEM derived Au particle size histogram 

(Figure 8.4(d)) shows a narrower distribution of smaller Au particles relative to 

Au/ZrO2 with a surface area weighted mean diameter = 4.7 nm. The Au 4f7/2 binding 
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energy measured by XPS (83.4 eV ± 0.2) (Table 8.1, spectrum not shown) is at the 

lower end of the range reported in the literature for Au/TiO2 (83.3-84.2 eV) 

[8.64,8.65,8.78] and, despite the difference in Au size, essentially converges with the 

value recorded for Au/ZrO2. 

 

  

 

 

 

 

 

 

 

 

 

 
 
Figure 8.4: (a) TPR profile (solid line) with temperature ramp (dotted line) generated for Au/TiO2; 
(b) XRD pattern post-TPR where (p) identifies anatase (JCPDS Card 21-1272), (r) rutile (21-
1276) and (●) Au (04-0784); (c) representative TEM image; (d) Au particle size distribution. 
 

Dissociative hydrogen adsorption at ambient temperature has been established 

for Au/TiO2 [8.79,8.80]. In this study, H2 chemisorption and subsequent desorption was 

lower for Au/TiO2 when compared with Au/ZrO2 (Table 8.1). It is known that TiOx 

species, formed during activation, can migrate to the metal surface and occlude surface 

sites for H2 adsorption [8.81]. The lower H2-TPD can be attributed in part to the lower 

surface area that characterises Au/TiO2, limiting the extent of hydrogen spillover during 

TPR. 
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8.3.4   Au/TiO2: Catalytic Response 

The hydrogenation of 4-nitrobenzaldehyde over Au/TiO2 has been studied in 

batch liquid mode, where 4-aminobenzaldehyde selectivity up to 99% was obtained 

[8.6,8.9]. Batch operation required high H2 pressure (10 bar) with laborious 

catalyst/product separation and purification stages. Gas phase continuous operation 

ensures higher throughput at a lower operating pressure (PH2 < 1 bar). As was observed 

for Au/ZrO2, 4-nitrobenzaldehyde hydrogenation over Au/TiO2 generated 4-

aminobenzaldehyde as the only detectable product with time on-stream. 

The reduction of nitro compounds requires effective polarisation of the N=O 

function with nucleophilic hydrogen attack and the formation of a negatively charged 

intermediate [8.82]. Boronat et al. [8.68] investigated the hydrogenation of nitrostyrene 

and observed a higher selectivity to aminostyrene for  reaction over Au/TiO2 (98%) 

relative to Au/SiO2 (30%). Drawing on in situ IR analysis and quantum chemical 

calculations, they attributed this effect to -NO2 activation at the Au-TiO2 interface. In a 

recent application of the selective energy transfer (SET) model to hydrogenation 

kinetics for a range of functionalised nitroarenes over Au/TiO2, activation of the O-N-O 

bending/stretching moiety at TiO2 or Au-TiO2 interface sites was proposed [8.83]. A 

similar surface dynamic can apply to selective -NO2 reduction in the 4-

nitrobenzaldehyde-Au/TiO2 reaction system that also extends to Au/ZrO2.  

Au/TiO2 delivered a higher turnover frequency (TOF) than Au/ZrO2 (Table 8.2). 

However, Au/ZrO2 exhibited higher H2 uptake and release (Table 8.1), which should 

lead to greater hydrogenation efficiency. We therefore propose that -NO2 

activation/polarisation is the limiting factor. Corma et al. [8.84] have demonstrated that 

nitrobenzene can adsorb on both Au and TiO2 where the interaction is weaker on the 

metal relative to the support but is significantly enhanced on highly uncoordinated Au 

atoms. The greater Au dispersion on TiO2 will generate an increased proportion of edge 

and corner sites relative to Au/ZrO2 and a greater number of interfacial low-coordinated 

Au sites  [8.85] that contribute to enhanced TOF.  

It is established that the Au support plays a crucial role in modifying organic 

reactant adsorption/activation in hydrogenation applications [8.26,8.35,8.68]. Reduction 

of both -NO2 and C=C functions in nitrostyrene was recorded for Au supported on SiO2 

and C, in contrast to the selective action of Au on TiO2 and Fe2O3 [8.68]. Moreover, 
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Au/FeOOH preferentially promoted the reduction of C=O relative to C=C in the 

hydrogenation of cinnamaldehyde, whereas both functional groups were reduced over 

Au/α-Fe2O3 [8.26]. In order to probe support effects further, we considered the catalytic 

consequences of using Al2O3 as an acidic carrier where two Au/Al2O3 samples with Au 

particle sizes that match Au/TiO2 and Au/ZrO2 were synthesised and tested. 

8.3.5   Au/Al2O3: Characterisation 

  

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 8.5: (a) TPR profile (solid line) with temperature ramp (dotted line) generated for Au/Al2O3-
1; (b) XRD pattern post-TPR where (p) identifies  Al2O3 (JCPDS Card 10-0425); (c-d) 
representative TEM images with associated diffractogram pattern; (e) Au particle size distribution. 

 

The BET areas and pore volumes recorded for both Au/Al2O3 samples (Table 

8.1) are in good agreement with previous reports [8.20,8.86]. TPR of the catalyst 

prepared by deposition-precipitation (Au/Al2O3-1, see Figure 8.5(a)) generated a peak 

with Tmax close to that recorded for Au/ZrO2, where H2 consumption matched the 
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requirement for precursor reduction to zero valent Au. Hydrogen chemisorption agrees 

with that reported previously (33-38 μmol gAu
-1 [8.87]) for  equivalent Au/Al2O3 

catalysts. Hydrogen desorption exceeded that measured for Au/ZrO2 and Au/TiO2 

(Table 8.1), which can be attributed to the capability of Al2O3 to accommodate 

spillover hydrogen [8.88].  

The five XRD signals at 2θ = 32-67° (Figure 8.5(b)) correspond to the (220), 

(311), (222), (400) and (440) planes of cubic γ-Al2O3, where the broadness of the peaks 

is indicative of short range order. The absence of a detectable XRD signal for Au 

suggests a well dispersed phase, which was confirmed by TEM analysis; a 

representative image is presented in Figure 8.5(c). The diffractogram pattern for an 

isolated Au particle is included in the TEM image given in Figure 8.5(d) where the d-

spacing (0.23) corresponds to the (111) plane of metallic gold. The Au particle size 

distribution (Figure 8.5(e)) delivers a mean diameter (= 4.3 nm), which is close to that 

for Au/TiO2. Synthesis of alumina supported Au with the same loading by impregnation 

(Au/Al2O3-2) generated a larger mean Au size (7.8 nm, see Table 8.1); the associated 

catalyst characteristics are presented and discussed in detail elsewhere [8.31]. It is well 

established that catalyst synthesis by impregnation generates weak precursor/support 

interactions leading to larger Au particles [8.27,8.67]. XPS analysis has generated 

equivalent BE values for both samples (83.2-83.3 ± 0.2 eV, Table 8.1). A shift in the 

Au 4f7/2 signal to lower BE relative to the Au reference has already been reported for 

Au/Al2O3 and attributed to electron donation from the support [8.89,8.90].  

8.3.6   Au/Al2O3: Catalytic Response  

In contrast to Au/ZrO2 and Au/TiO2, reaction of 4-nitrobenzaldehyde over 

Au/Al2O3-1 generated 4-nitrobenzyl alcohol in addition to 4-aminobenzaldehyde as 

principal product (Table 8.2), i.e. reduction of both carbonyl and nitro functions 

(Figure 8.1). Liu and co-workers [8.13] reported that the C=O group of 4-

nitrobenzaldehyde can be activated on Fe2O3 supported Au but this resulted in 

hydrogenolysis leading to the formation of 4-nitrotoluene and 4-aminotoluene. The only 

reported production of 4-nitrobenzyl alcohol involved the use of 

propyltriethylammonium (CH2CH2CH2Net3
+) functionalized MCM-41 supported 

[H3Ru4(CO)12]- in liquid phase (PH2 = 50 bar) operation [8.8]. This is the first report of 

C=O group reduction with the formation of 4-nitrobenzyl alcohol over Au catalysts. 
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Initial product selectivity (S0) was independent of 4-nitrobenzaldehyde conversion (X0), 

as demonstrated in Figure 8.6(a).  

 

 

 

 

 

 

 

 

 

 

 
 
Figure 8.6: (a) Initial selectivity (S0) to 4-aminobenzaldehyde (▲) and 4-nitrobenzyl alcohol (r) 
with fractional 4-nitrobenzaldehyde conversion (X0) over Au/Al2O3-1 at 443 K; (b) yield of 4-
nitrobenzyl alcohol (YNBOL, r) and 4-aminobenzaldehyde (YMBAD, ▲) as a function of time on-
stream; (c) pseudo-first order kinetic plot. 

The generation of 4-nitrobenzyl alcohol indicates a critical contribution due to 

Al2O3. Results in Chapter 7 demonstrated selective hydrogenation of benzaldehyde to 

benzyl alcohol over Au/Al2O3 [8.31]. Reduction of the carbonyl function is known to 

occur via a nucleophilic mechanism [8.91] where C=O polarisation renders the oxygen 

susceptible to attack with hydrogen transfer to generate the alcohol [8.92].  

Benzaldehyde interaction with the support can be ionic (e.g. on Mn3O4) or bridging (e.g. 

on Al2O3), the latter leading to the formation of a surface benzoate, which is an 

intermediate for alcohol formation. FTIR measurements have established that the 

benzoate results from benzaldehyde adsorption at Al3+ sites [8.93]. Lewis acidity is then 

a critical requirement, which we characterised by FTIR analysis using pyridine as an 

established probe molecule [8.94].  
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Figure 8.7: FTIR spectrum of pyridine adsorbed on (a) Al2O3, (b) Au/Al2O3-1, (c) Au/Al2O3-2, (d) 
ZrO2, (e) Au/ZrO2, (f) TiO2 and (g) Au/TiO2, following outgas treatment at 423 K.  
  

  

            When pyridine is bonded to metal oxide surface sites, the frequency of the 

modes of ring-breathing vibrations (νCCN) are increased. The interaction of the 

nitrogen lone pair with oxide Lewis acid sites is associated with a ν8a and ν19b bands 

position in the range 1445-1460 cm-1 and 1600-1633 cm-1, respectively, where a higher 

frequency of ν8a reflects stronger acidity [8.94]. The νCCN spectrum (following outgas 

at 423 K) is presented Figure 8.7; band positions and acid site concentrations are given 
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in Table 8.3. The ZrO2 and TiO2 supports present a peak at 1608 ± 1 cm-1, close to that 

reported previously (1603-1608 cm-1 [8.94,8.95]), suggesting equivalent Lewis acid 

strength. In contrast, Al2O3 exhibits a principal peak at 1617 cm-1 with a shoulder at a 

higher frequency (1623 cm-1) that are associated with Al3+ sites in octahedral and 

tetrahedral symmetries, respectively [8.94]. The occurrence of a higher ν8a frequency for 

Al2O3 is indicative of stronger Lewis acidity than ZrO2 and TiO2, which can be 

attributed to the smaller Al ionic radius [8.96]. There is a measurable increase in acid 

site concentration that follows the order TiO2 > ZrO2 > Al2O3. The number of acid sites 

associated with oxide supports is dependent on synthesis method, bulk crystal structure, 

exposed planes on the surface, pretreatment conditions as well as the method of analysis 

and a direct comparison with the literature is difficult [8.97,8.98]. It is however worth 

noting that the occurrence of oxygen vacancies due to the partial reduction of TiO2 

enhances pyridine interaction [8.98], which can account, at least in part, for  the higher 

site concentration recorded in Table 8.3. The introduction of Au to the supports did not 

significantly affect acid strength or concentration in the case of Au/ZrO2, Au/TiO2 or 

Au/Al2O3-1. The conversion of 4-nitrobenzaldehyde to 4-nitrobenzyl alcohol over 

Au/Al2O3-1 can then be linked to strong surface Lewis acidity that contributes to the 

formation of a surface benzoate, which is reduced by hydrogen supplied from Au sites.  

 

Table 8.3: Wavelength(s) of the ν8a vibration and Lewis acid sites 
titrated from pyridine adsorption on the supports and supported Au 
as determined by FTIR analysis with outgas treatment at 423 K. 

 
 ν8a (cm-1) Acid sites (μmol g-1) 

Au/ZrO2 1607 41a (43b) 

Au/TiO2 1609 48a (52b) 

Au/Al2O3-1 1617, 1623 40a (35b) 

Au/Al2O3-2 1617, 1623 55a (35b) 
acatalyst 
bsupport  

 

Reaction over Au/Al2O3-1 was accompanied by a temporal variation of 4-

aminobenzaldehyde and 4-nitrobenzyl alcohol yields, as shown in Figure 8.6(b). The 

yield of 4-aminobenzaldehyde (YMBAD) declined with time on-stream while the yield of 

4-nitrobenzyl alcohol (YNBOL) showed an initial increase to attain a steady state (at t > 1 
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h). This response suggests a time dependent deactivation of sites responsible for -NO2 

reduction as observed for Au/ZrO2 (Figure 8.3(b)). 4-Nitrobenzaldehyde consumption 

followed pseudo-first order kinetics as confirmed by the linear relationship presented in 

Figure 8.6(c) with a TOF (Table 8.2) close to (but measurably higher than) Au/TiO2 

and appreciably greater than that recorded for Au/ZrO2. This response is consistent with 

an activity dependence on Au particle size, where smaller Au particles (≤ 5 nm) show 

higher intrinsic efficiency.  

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.8: Rate constant (k) and initial selectivity (at X0 ≈ 0.3) to 4-aminobenzaldehyde (SMBAD, 
hatched bars) and 4-nitrobenzyl alcohol (SNBOL, open bars) as a function of temperature for the 
conversion of 4-nitrobenzaldehyde over (a) Au/TiO2 and (b) Au/Al2O3-1.  
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The effect of reaction temperature (423-473 K) on the activity/selectivity delivered by 

(a) Au/TiO2 and (b) Au/Al2O3-1 was considered and the results are presented in Figure 

8.8. Full selectivity to 4-aminobenzaldehyde was retained over Au/TiO2 at each 

temperature with an accompanying increase in selective hydrogenation rate with 

increasing temperature. In contrast, Au/Al2O3-1 exhibited a temperature dependent 

selectivity where 4-nitrobenzyl alcohol was favoured by decreasing temperature, 

suggesting different activation energies for -NO2 and C=O reduction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8.9: (a) Rate constant (k) and initial selectivity (at X0 ≈ 0.3) to 4-aminobenzaldehyde (SMBAD, 
hatched bars) and 4-nitrobenzyl alcohol (SNBOL, open bars) as a function of temperature for the 
conversion of 4-nitrobenzaldehyde over Au/Al2O3-2. (b) Representative (m/F = 2.8 gAu mol-1 h, T = 
443 K) yield of 4-nitrobenzyl alcohol (YNBOL) with time on-stream. 
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Hydrogenation of 4-nitrobenzaldehyde over Au/Al2O3-2 in the temperature 

range 423-473 K generated the results presented Figure 8.9(a). In contrast to Au/Al2O3-

1, reaction over Au/Al2O3-2 was 100% selective to 4-nitrobenzyl alcohol (at 423-443 

K). The alcohol yield showed an initial temporal decline to attain a steady state after ca. 

7 h on-stream (Figure 8.9(b)). On the basis of FTIR measurement (Figure 8.7), the 

Lewis acid strength of Au/Al2O3-2 was equivalent to that of Au/Al2O3-1. The increased 

number of acid sites on Au/Al2O3-2 (Table 8.3) can be ascribed to a higher residual Cl 

content [8.99], which is a feature of catalysts prepared by impregnation (using HAuCl4 

as precursor) relative to deposition-precipitation [8.87]. Reaction exclusivity to 4-

nitrobenzyl alcohol over Au/Al2O3-2 can be attributed to the action of surface acidity 

resulting in benzoate formation in tandem with larger Au size. In the hydrogenation of 

acrolein [8.38,8.39], increased selectivity to allyl alcohol (to the detriment of C=C 

hydrogenation) was associated with an increase in Au size (from 4 to 8 nm). The 

number of low coordination Au sites is known to decrease at lower Au dispersion 

[8.85], limiting catalytic effectiveness in -NO2 reduction, which must apply to 

Au/Al2O3-2. As in the case of Au/Al2O3-1, formation of the aminobenzaldehyde 

(selective -NO2 reduction) over Au/Al2O3-2 was favoured by a higher reaction 

temperature (Figure 8.9(a)). The lower Au dispersion for Au/Al2O3-2 was accompanied 

by an appreciably lower TOF than that recorded for Au/Al2O3-1 (Table 8.2).  

Reaction selectivity was probed further by examining the hydrogenation of 

benzaldehyde and nitrobenzene over Au/Al2O3-2 and Au/ZrO2, which were chosen as 

they exhibit similar Au size but different surface acidity. Benzaldehyde and 

nitrobenzene hydrogenation delivered benzyl alcohol and aniline, respectively, as the 

only products over both catalysts. Both reactions are exothermic (calculated with HSC 

Chemistry, Version 5.0) ΔH423K = -67 kJ mol-1 (benzaldehyde) and -469 kJ mol-1 

(nitrobenzene)), exhibiting negative free energies where nitrobenzene→aniline (ΔG443K 

= -442 kJ mol-1) is more thermodynamically favourable than benzaldehyde→benzyl 

alcohol (ΔG443K = -18 kJ mol-1). Selectivity to 4-nitrobenzyl alcohol over Au/Al2O3-2 is 

consistent with the significantly higher rate of benzyl alcohol formation relative to 

aniline, as recorded in Table 8.4. This can be attributed to a predominant contribution 

due to support Lewis acidity that promotes C=O activation. In contrast, reaction over 

Au/ZrO2, which exhibits weak Lewis acidity, resulted in a measurably higher 

nitrobenzene hydrogenation rate relative to benzaldehyde. In this case, the more 

thermodynamically facile -NO2 reduction is preferred, which can account for the 
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observed selective 4-nitrobenzaldehyde→4-aminobenzaldehyde step. A higher reaction 

rate was obtained for the hydrogenation of 4-nitrobenzaldehyde relative to 

benzaldehyde and nitrobenzene over both catalysts, suggesting an activating inductive 

effect due the presence of the second electronegative group on the benzene ring. 

Table 8.4: Rate constants for the hydrogenation of 4-nitrobenzaldehyde, benzaldehyde and 
nitrobenzene over Au/ZrO2 and Au/Al2O3-2 at 443 K.  

 4-Nitrobenzaldehyde  feed 
(mmol gAu h-1) 

Benzaldehyde feed 
(mmol gAu h-1) 

Nitrobenzene feed 
(mmol gAu h-1) 

Au/ZrO2 71 35 44 

Au/Al2O3-2 64 43 22 

 

8.4   Conclusion 

A dependence of the catalytic response in the gas phase hydrogenation of 4-

nitrobenzaldehyde over supported Au on metal particle size and support properties 

(notably in terms of Lewis acidity) was established in this Chapter. The preparation of a 

ZrO2 support by precipitation of ZrOCl2 with ammonia in basic medium generates a 

mixture of tetragonal and monoclinic phases (determined by XRD) with pHPZC = 7.4. 

The incorporation of Au by deposition-precipitation increased the monoclinic ZrO2 

content where TPR served to reduce Au3+ to Au0 with a mean particle size of 7.0 nm 

with evidence (from XPS) of electron transfer from the support and greater H2 release 

(during TPD) relative to chemisorption that is ascribed to the involvement of spillover 

hydrogen. The hydrogenation of 4-nitrobenzaldehyde over Au/ZrO2 generated 4-

aminobenzaldehyde as sole product. An equivalent synthesis and activation of Au/TiO2 

resulted in a narrower distribution of smaller Au particles (mean = 4.7 nm) that again 

exhibited 100% selectivity with respect to –NO2 reduction with an elevated TOF 

relative to Au/ZrO2, which can be attributed to the contribution of a greater number of 

lower coordination Au sites. In contrast, reaction over Au/Al2O3 generated 4-

nitrobenzyl alcohol due to stronger surface Lewis acidity (as demonstrated by FTIR 

analysis following pyridine adsorption), which favours the formation of an intermediate 

benzoate that is reduced to the alcohol; the selectivity was enhanced with decreasing Au 

size and lower reaction temperature.  
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Chapter 9 

Selective Hydrogenation of  Benzoic acid over Au Supported on CeO2 

and Ce0.62Zr0.38O2: Formation of Benzyl Alcohol 

The results Chapter 7 and Chapter 8 demonstrated the viability of Au supported 

as catalysts in the hydrogenation of benzaldehyde and nitrobenzaldehyde as an 

alternative route to aromatic alcohol. In this Chapter, the formation of benzyl alcohol 

from benzoic acid is considered over Au supported on reducible support.  

9.1   Introduction 

 Increasing sustainability demands are now placed on chemical production to 

improve catalytic selectivity in order to minimise by-product formation, circumvent 

separation/purification unit operations and avoid costly clean up and disposal. This 

requires a fundamental understanding of reaction mechanisms and catalyst 

structure/performance relationships. Benzoic acid, the reactant considered in this 

Chapter, is an inexpensive feedstock [9.1] that can be hydrogenated to benzaldehyde 

[9.2] or benzyl alcohol [9.3,9.4] as important commercial products. Reaction over a 

range of oxide catalysts, including CeO2 [9.5-8], ZrO2 [9.1,9.7,9.9-11], MgO [9.7], ZnO 

[9.1,9.7,9.12], TiO2 [9.11], HfO2 [9.11] and MoOx [9.13,9.14] in gas phase operation (P 

= 1 atm, T = 473-773 K) has resulted in the formation of benzaldehyde, benzyl alcohol, 

toluene, benzene and benzophenone (Figure 9.1).  

 Infrared studies suggest a dissociative adsorption of benzoic acid to form a 

benzoate with coordination between the carboxylic oxygen(s) and cationic metal site(s) 

[9.10,9.15-18]. In the presence of surface oxygen vacancies, hydrogenation proceeds via 

a redox Mars and van Krevelen (MvK) mechanism [9.1,9.7,9.8,9.11,9.19]. Interaction 

with isolated oxygen vacancies results in the removal of one oxygen atom from the 

carboxyl function with the formation of benzaldehyde (step I, Figure 9.1) [9.18]. 

Surface hydrogen can react with this oxygen to form water, regenerating the active site 

[9.1,9.7]. In the presence of twin vacancies, benzoic acid adsorbs through both oxygens 

with reduction to produce toluene (step II) [9.20,9.21]. Toluene can also be generated 

on a surface that bears excess vacancies via consecutive reduction of benzaldehyde (step 
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III) [9.22,9.23]. The steady-state concentration of oxygen vacancies is a critical factor 

that controls selectivity via steps I-III [9.11]. This concentration is influenced by 

solvents/additives [9.1,9.7,9.11] but is largely determined by the reducibility of the 

oxide where redox properties [9.22,9.23], metal-oxygen bond strength [9.11], H2 partial 

pressure [9.22] and activation conditions [9.6] are crucial variables. Reducible oxides 

(such as Co3O4) exhibit a high oxygen vacancy density and promote the generation of 

toluene [9.7,9.11] where use of solvents or additives that possess an affinity for these 

sites (e.g. CO2 or polar compounds such as water) favours benzaldehyde formation 

[9.1,9.11].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.1: Reaction pathway reported in the literature for the gas phase hydrogenation of benzoic 

acid over oxide catalysts. 
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 Adsorption on surfaces that do not bear oxygen vacancies is accompanied by 

scission of the acidic function [9.9,9.18,9.21] with the formation of benzene (step IV) 

and/or benzophenone (step V). Decarboxylation of benzoic acid is favoured at high 

temperature (> 673 K) and low surface hydrogen coverage [9.1] but this step is slow 

relative to deoxygenation at oxygen vacancies (MvK mechanism) [9.22]. Benzene can 

also result from a decarbonylation of benzaldehyde (step VI) [9.22] or hydrogenolysis 

of toluene (step VII) [9.18]. Hydrogenation of benzaldehyde to benzyl alcohol (step 

VIII) has been observed at low temperatures (< 630 K) [9.7,9.8,9.12,9.22]. 

 Catalyst acidity/basicity can alter the affinity of the surface for reactant and 

products and influence selectivity. Benzoic acid is a stronger acid and carboxylate 

benzoates are better ligands than benzaldehyde or benzyl alcohol [9.17,9.22]. Surface 

basicity enhances adsorption of benzoic acid but inhibits interaction with benzaldehyde 

while acidity favours the consecutive (hydrogenation/hydrogenolysis/MvK) reaction of 

benzaldehyde [9.12,9.17,9.20,9.22]. However, on a strong basic oxide, such as MgO 

[9.7], carboxylate benzoates are strongly bound to the surface and decarboxylation (to 

benzene or benzophenone) can result.  

 The activation of H2 via dissociative adsorption on oxides (such as ZrO2) has been 

shown to be rate determining [9.9]. While the incorporation of noble metals can 

facilitate hydrogen dissociation and influence reactivity, only one study  report the gas 

phase hydrogenation of benzoic acid over supported metals (Cu and Pt on ZrO2) where 

the increase in H2 uptake resulted in preferential hydrogenation (particularly in the case 

of Pt) of the aromatic ring with the formation of methyl-cyclohexane and cyclohexane-

carboxylic acid [9.11]. Gold is known to exhibit lower capacity for H2 adsorption 

relative to Pt [9.24-26] and has been used to promote selective C=O hydrogenation of 

aldehydes [9.27-30] and ketones [9.31,9.32]. In Chapter 7, supported Au promoted the 

sole formation of benzyl alcohol in the hydrogenation of benzaldehyde.  

 The literature dealing with benzyl alcohol generation from benzoic acid is limited 

and the possibility of a direct hydrogenation (single step) has not been investigated in 

any detail. The facility for oxygen vacancy formation [9.6,9.33] and amphoteric surface 

properties [9.18] of ZrO2 [9.1,9.7,9.9,9.10] and CeO2 [9.5,9.6,9.8] should serve to 

promote benzoic acid→benzaldehyde with secondary formation of benzyl alcohol, 

toluene and benzene. The addition of a metal, such as Au, can favour hydrogenation 

(step VIII) due to increased surface hydrogen. Gold supported on CeO2 and a mixed 
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oxide (Ce0.62Zr0.38O2) has exhibited activity in the hydrogenation of p-

chloronitrobenzene [9.34] and crotonaldehyde [9.28]. In this Chapter, the catalytic 

action of these systems are considered in the hydrogenation of benzoic acid directed at 

the selective formation of benzyl alcohol where the role of reaction temperature and 

solvent carrier are examined. 

9.2   Experimental 

9.2.1   Catalyst Preparation  

 Au/Ce0.62Zr0.38O2 (Au/CZ) and Au/CeO2 were prepared by deposition-precipitation. 

An aqueous solution of HAuCl4 (Alfa Aesar) served as precursor and the oxide supports 

(CZ) and CeO2) were obtained from Grace Davison. A known mass (ca. 15 g) of the 

support was added to 800 cm3 deionised water, the suspension stirred and heated to 333 

K, the HAuCl4 solution (0.0032 M) introduced at a fixed flow rate (3 cm3 min-1) and the 

pH adjusted to 8 with an aqueous Na2CO3 solution (0.05 M). After ageing for 1 h, the 

solution was cooled to ambient temperature, filtered and the resultant solid washed with 

deionised water until there was no evidence of chloride ions and dried at 383 K for 12 h. 

The samples were calcined in a flow of 5% v/v O2/He at 523 K, which was maintained 

for 1 h with a further contact (1 h) in flowing He and subsequent cooling to 298 K. The 

samples were sieved to 75 μm mean particle diameter and stored in the dark under He. 

The Au content was measured by inductively coupled plasma-optical emission 

spectrometry (ICP-OES, Vista-PRO, Varian Inc.) from the diluted extract in aqua regia.  

9.2.2   Catalyst Characterisation 

BET surface area, total pore volume and pore size distribution were determined by 

volumetric adsorption of N2 at 77 K. Carbon monoxide  adsorption isotherms were 

measured at 308 K (PCO = 1.33×104 Pa) and used to determine Au mean particle size (d) 

as described in detail elsewhere [9.35]. Temperature programmed reduction (TPR) and 

temperature programmed desorption (TPD) were determined using the commercial 

CHEM-BET 3000 (Quantachrome) unit. The samples were loaded into a U-shaped 

Quartz cell (10 cm×3.76 mm i.d.) and heated in 17 cm3 min-1 (Brooks mass flow 

controlled) 5% v/v H2/N2 at 5 K min-1 to 573 K. The effluent gas passed through a 

liquid N2 trap and changes in H2 consumption were monitored by TCD with data 
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acquisition/ manipulation using the TPR WinTM software. The samples were maintained 

at the final temperature in a constant flow of H2/N2 until return of the signal to baseline, 

swept with 65 cm3 min-1 N2 for 1.5 h and cooled to room temperature. Hydrogen 

chemisorption was conducted using a pulse (10 µl) titration procedure followed by TPD 

in N2 (65 cm3 min-1) at 50 K min-1 to 973 K with an isothermal hold until the signal 

returned to the baseline. Ammonia chemisorption by pulse (1 ml) titration was also 

conducted with TPD in N2 (180 cm3 min-1) at 10 K min-1 to 873 K. The degree of 

support reduction was determined with respect to oxygen storage capacity (OSC) where 

the sample was reduced in 50 cm3 min-1 H2 at 5 K min-1 to 573 K, which was 

maintained for 1h, swept with 65 cm3 min-1 N2 for 1.5 h, cooled to 523 K and subjected 

to a pulse (50 µl) O2 titration. It has been demonstrated previously that there is a 

negligible contribution from Au to the total O2 adsorbed [9.36] and the degree of Ce4+ 

reduction was determined from O2 uptake.  

Powder X-ray diffractograms were recorded using a Bruker/Siemens D500 incident 

X-ray diffractometer using Cu Kα radiation. The samples were scanned at a rate of 

0.02º step-1 over the range 5º ≤ 2θ ≤ 85º. Diffractograms were identified using the 

JCPDS-ICDD reference standards (CeO2 (43-1002), monoclinic (37-1484) or tetragonal 

(50-1089) ZrO2 and Au (04-0784)). The oxide crystal size (dhkl) was estimated using the 

Scherrer equation 

                                           hkl cos
Kd λ

β θ
×

=
×

                                                      (9.1) 

where K = 0.9, λ is the incident radiation wavelength (1.5056 Å), β is the peak width at 

half the maximum intensity and θ represents the diffraction angle corresponding to the 

main plane of CeO2 and CZ (2θ = 28.5-29.0°).  

The supported Au particle size distribution was measured by High Angle 

Annular Dark Field-Scanning Transmission Electron Microscopy (HAADF-STEM). 

Images were recorded using a JEOL2010-F microscope with 0.19 nm spatial resolution 

under Scherzer defocus conditions. HAADF-STEM images were obtained with an 

electron probe (0.5 nm diameter) at a diffraction camera length of 10 cm. This imaging 

mode provides contrast that is directly related to the average atomic number (Z) in the 

region under the electron beam. X-ray photoelectron spectroscopy (XPS) analysis was 

performed on a Kratos Axis Ultra DLD unit equipped with a catalytic cell, allowing 

transfer of the pretreated samples to the analytical chamber under anaerobic conditions. 
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Spectra were recorded using monochromatised AlKα radiation (1486.6 eV) at an x-ray 

source power = 60 W. Surface charging effects were compensated for using the Kratos 

coaxial neutralization system. A 20 eV pass energy was used to collect the spectra 

where the energy resolution corresponded to a full-width at half the maximum intensity 

(1.1 eV) of the Au 4f7/2 peak. The Ce 3d3/2 and 3d5/2 signals for cerium (III) and (IV) 

were fitted and Ce3+ (%) were calculated based on the integrated peak area ratios of the 

total area corresponding to Ce3+ with respect to the total area of the entire spectrum.  

9.2.3   Catalysis Procedure 

 The four samples (CeO2, CZ, Au/CeO2 and Au/CZ) were reduced (at 5 K min-1) in 

50 cm3 min-1 H2 at 573 K for 1 h prior to catalysis. Reactions were carried out at 523-

573 K and 1 atm in situ in a fixed bed vertical continuous flow glass reactor (l = 600 

mm; i.d. = 15 mm). The catalytic reactor and operating conditions to ensure negligible 

heat/mass transport limitations have been fully described elsewhere [9.37] but some 

features, pertinent to this study, are given below. A layer of borosilicate glass beads 

served as preheating zone, ensuring that the benzoic acid (or benzaldehyde) reactant 

was vaporised and reached reaction temperature before contacting the catalyst. 

Isothermal conditions (± 1 K) were ensured by diluting the catalyst bed with ground 

glass (75 µm); the ground glass was mixed thoroughly with catalyst before insertion 

into the reactor. The reaction temperature was continuously monitored using a 

thermocouple inserted in a thermowell within the catalyst bed.  

 Benzoic acid (or benzaldehyde) as an aqueous or ethanolic solution was delivered 

at a fixed calibrated flow rate to the reactor via a glass/teflon air-tight syringe and teflon 

line using a microprocessor controlled infusion pump (Model 100 kd Scientific). A co-

current flow in ultra pure H2 (< 1% v/v organic in H2) was maintained at a GHSV = 

1.7×104 h-1 with an inlet reactant molar flow (F) = 2.5-8.4×10-5 mol h-1. The molar Au to 

inlet organic feed rate (n/F) ratio spanned the range 0.03-0.28 h. Product composition was 

determined using a Perkin-Elmer Auto System XL gas chromatograph equipped with a 

programmed split/splitless injector and a flame ionization detector, employing a DB-1 50 

m×0.20 mm i.d., 0.33 μm film thickness capillary column (J&W Scientific). Benzoic acid 

(Fluka, ≥ 99% w/w purity), benzaldehyde (Fluka, ≥ 98% w/w purity) and ethanol 

(Sigma Aldrich, ≥ 99% v/v) were used as received without further purification. 
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Repeated reactions with different samples from the same batch of catalyst delivered a 

product composition that was reproducible to within ± 6%. 

9.3   Characterisation Measurements 

9.3.1   BET and pore size distributions 

 Catalyst textural properties in term of surface area, pore volume, crystal size and 

crystallographic phase are important as they can impact on redox behaviour [9.38]. 

Critical characteristics of the supports (CeO2 and CZ) and catalysts (Au/CeO2 and 

Au/CZ) are presented Table 9.1. The CZ support presents a surface area (67 m2 g-1) 

which falls within the range (15-128 m2 g-1) reported in the literature for mixed oxides 

[9.39-41]. The CeO2 support exhibits an appreciably higher surface area and the pore 

size distribution presented in Figure 9.2 reveals pore diameters in the range 20-100 Å 

with a mean value of 46 Å. In contrast, the CZ support shows a broader bimodal 

distribution of larger pores (17-2300 Å, mean = 173 Å) with a greater total pore volume 

(0.31 cm3 g-1, Table 9.1).  

 

 

 

 

 

 

 

 

 

 

Figure 9.2: Pore size distributions for CeO2 (□), CZ (○), Au/CeO2 (■) and Au/CZ (●). 
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 The average pore diameter for CeO2-ZrO2 has been shown to increase (from 30 to 

250 Å) with decreasing surface area (from 111 to 15 m2 g-1) [9.39] and volumes in the 

range 0.11-0.33 cm3 g-1 have been reported [9.39,9.42]. The larger pores and bimodal 

distribution in CZ confer a hierarchical and stable pore network [9.43], which contribute 

Table 9.1: BET surface area, mean pore diameter, total pore volume, crystal spacing 
(d111) with lattice parameter (a) and crystal size (dhkl), Au loading, CO uptake (CO/Au), 
mean Au particle size, temperature programmed reduction maxima (Tmax) with H2 and 
NH3 consumed/released during TPR/TPD, oxygen capacity storage (OSC, expressed in 
terms of % Ce3+) and XPS binding energy (BE) of Au 4f7/2 peak. 

 Au/CeO2 Au/CZ  

BET (m2 g-1) 108a (113b) 67a (67b) 

Mean pore diameter (Å) 47a (46b) 177a (173b) 

Total pore volume (cm3 g-1) 0.15a (0.16b) 0.29a (0.31b) 

XRD 

d111 spacing (Å) 3.13a, b 3.07a, b 

Lattice parameter: a (Å)c 5.41a, b 5.34a, b 

Crystal size dhkl (nm)d 10a, b 6a, b 

Au (wt%) 3.0 2.3 

CO/Au (molCO molAu
-1)e 0.31 0.31 

Au mean particle size (d, nm) 1.4e; 2.0f 1.4e; 1.5f 

TPRa 
Tmax (K) 420 420 

H2 consumed (mmolH2 gAu
-1) 18.1 22.4 

H2 TPDa 
Tmax (K) 817 822 

H2 released ( mmolH2 gAu
-1) 6.3 5.5 

NH3 TPD 
Tmax (K) 410a (420b) 379, 521a  

(387, 537)b 

NH3 released (mmol g-1) 0.31a (0.32b) 0.39a (0.34b) 

OSC (% Ce3+)a 2g, 7h 34g, 31h 

XPS BE : Au 4f7/2(eV) 84.7 84.3 
asupported Au; bsupport; cbased on Fm3m space group; dfrom Scherrer equation; ecalculated 
from CO isotherms; fobtained from STEM analysis;  
gfrom oxygen pulse titration; hfrom XPS analysis 
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to enhanced thermal stability [9.38]. The incorporation of Au did not result in any 

significant modification to the pore size characteristics or total surface area.  

9.3.2   XRD 

  

  

 

 

 

 

 

 

 

 

 
 
Figure 9.3: XRD patterns for (A) Au/CeO2 and (B) Au/CZ. Note: the main planes associated with 
CeO2 (reference standard 43-1002) are identified in (A).  

  

 The XRD pattern for Au/CeO2 (Figure 9.3(A)) presents eight peaks in the range 

2θ = 28°-79° that can be associated with the main planes of CeO2 (JCPDS-ICDD 

reference standard 43-1002). The absence of any signal due to supported Au, notably at 

38.2° ((111) plane of Au), suggests that the Au particles are well dispersed (particle size 

< 5 nm) and not detectable by XRD. The pattern for CeO2 (not shown) coincides with 

that recorded for Au/CeO2. Ceria exhibits a cubic-fluorite structure (space group Fm3m) 

and the lattice parameter (Table 9.1) is in agreement with the JCPDS reference (a = 

5.41 Å). The XRD pattern of CZ (not shown) is identical to that recorded for Au/CZ 

(Figure 9.3(B)) and exhibited a response similar to CeO2 with no detectable signals due 
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to ZrO2. Studies of the structural properties and phase composition of CexZr1-xO2 (with 

0.2 < x < 0.8) [9.44-46] have revealed that the solid formed is not thermodynamically 

stable due to the difference in the ionic radius of Zr4+ (0.84 Å) and Ce4+ (0.97 Å) and 

associated crystallographic structures (monoclinic or tetragonal ZrO2 and cubic-fluorite 

CeO2). A decrease in Ce content from 0.8 to 0.5 can result in two tetragonal phases (t′ 

and t′′) with a P42/nmc structure [9.46]. The metastable t′′ phase has been reported for 

CexZr1-xO2 with 0.5 < x < 0.8 and is characterised by a lattice parameter c/a = 1 

[9.44,9.45] while the t′ phase has been reported for x in the range 0.4-0.6 (and c/a = 

1.001-1.02) [9.38,9.47]; the predominant phase is dependent on method of synthesis and 

crystal size [9.48]. The XRD results (Figure 9.3, Table 9.1) for CZ and Au/CZ relative 

to CeO2 and Au/CeO2 show a shift to higher 2θ (by 0.5-1.5°) with a decrease in d111 

spacing (from 3.13 to 3.07 Å), lattice parameter (from 5.41 to 5.34 Å) and crystal size 

(from 10 to 6 nm) that is in agreement with the reported XRD analysis of CexZr1-xO2 

with a t′′ structure [9.49-51]. These changes can be attributed to the incorporation of Zr 

in the framework resulting in a shortening of Ce-O bond length with a decrease in the 

lattice parameter where values in the range 5.30-5.36 Å have been recorded for CexZr1-

xO2 (0.6 < x < 0.7) [9.44,9.47,9.52]. 

9.3.3   Carbon monoxide adsorption isotherms and HAADF-STEM 

  

  

 

 

 

 

 

 
 
 
Figure 9.4: Carbon monoxide adsorption isotherms (at 308 K) for CeO2 (□), CZ (○), Au/CeO2 (■) 
and Au/CZ (●).  
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The occurrence of nano-crystals (dhkl < 15 nm, Table 9.1) is significant as 

crystalline ceria at the nano-scale is known to favour the formation of a well dispersed 

metal phase [9.53]. In an earlier FTIR study of CO adsorption on Au/CZ [9.54], the 

occurrence of zero valent Au following calcination of Au/CZ under the conditions used 

in this study was established. Carbon monoxide adsorption isotherms are presented in 

Figure 9.4 where the CO/Au ratios given in Table 9.1 were determined from the 

difference in CO uptake recorded for the supported Au and bare support. Previous work 

has demonstrated [9.35] that Au dispersion can be related to CO/Au and used to 

determine Au particle size. The resultant mean Au size (d) is the same (1.4 nm, Table 

9.1) on CeO2 and CZ. Representative HAADF-STEM images (Figure 9.5(A)) and 

associated Au size distributions (Figure 9.5(B)) reveal Au particles < 5 nm with a mean 

value (1.5-2 nm) that agrees with the CO adsorption measurements. Gold on CZ is 

characterised by a narrower size distribution than Au/CeO2. Gold particle size is critical 

in hydrogenation applications where significant activity is only observed for particles < 

10 nm with enhanced rates for smaller particles (1-4 nm) due to an increase in low 

coordination edge and corner sites [9.55].  

 

 

 

 

 

 

 

 

 

 
 
 

Figure 9.5: (A) Representative STEM images and (B) associated Au particle size distributions for 
(I) Au/CeO2 and (II) Au/CZ.  
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9.3.4   TPR, OSC and H2 TPD measurements 

 Temperature programmed reduction (TPR) profiles are presented in Figure 

9.6(A) where the final temperature (573 K) matched that used in the activation step 

prior to catalysis. There was no measurable H2 consumption in the treatment of CeO2 or 

CZ, suggesting that the supports were not reduced under these conditions. Indeed, 

published TPR analyses [9.28,9.56] have established H2 consumption by CeO2 at higher 

temperatures (670-800 K) that was attributed to surface reduction whereas bulk 

transformation required temperatures > 970 K. Moreover, reduction of CexZr1-xO2 (x = 

0.5-0.8) has only been observed at temperatures in excess of 700 K with a maximum H2 

consumption at ca. 850 K [9.35,9.42]. The incorporation of Au on both supports 

resulted in a positive TPR signal at 420 K that can be ascribed to a partial reduction of 

both supports with the occurrence of H2 spillover, i.e. dissociation on Au with diffusion 

of atomic H across the metal/support interface [9.35]. The spillover phenomenon is 

important in hydrogenation reactions, providing a surface reservoir of reactive hydrogen 

that can contribute to increased reaction rate [9.57]. Reduction of the support leading to 

the creation of oxygen vacancies is significant in this application as these vacancies can 

participate in the reaction (via the MvK mechanism) [9.33]. The TPR step can then 

result in (a) incorporation of chemisorbed hydrogen (reversible) and/or (b) formation of 

oxygen vacancies (irreversible) with the generation of water and Ce3+ to accommodate 

charge balance [9.58]. Reduction of CeO2 and CexZr1-xO2 is limited by hydrogen 

adsorption on the surface [9.59], which is facilitated by Au as has been proposed for 

Au/CeO2 [9.28,9.56,9.60], Au/Ce0.62Zr0.38O2 [9.35], Au/CeZrO4 [9.61] and Au/Ce-Zr 

[9.62]. 

  The measurement of oxygen storage capacity (OSC) post-TPR provides a 

measure of the degree of support reduction [9.42]. Previous FTIR [9.63] analysis has 

confirmed that the reduction of CexZr1-xO2 generates Ce3+ sites with no evidence for the 

reduction of Zr4+. We accordingly relate the O2 consumed in the OSC analysis to Ce3+ 

oxidation and the data given in Table 9.1 establish a higher degree of Au/CZ reduction 

compared with Au/CeO2, which is consistent with the literature [9.42,9.45,9.47]. The 

smaller Zr cannot accommodate 8 atoms in its coordination sphere, resulting in the 

smaller lattice parameter for CZ (Table 9.1), which favours migration of oxygen from 

tetrahedral to octahedral sites [9.64]. The increase in oxygen mobility in the lattice 

facilitates formation of oxygen vacancies [9.59]. The H2 TPD profiles for Au/CeO2 and 



Chapter 9: Selective hydrogenation of  benzoic acid over Au/CeO2 and Au/CZ: Formation of benzyl alcohol 

 232

0 1500 3000 4500 6000

 

 

t (s)

T
C

D
 si

gn
al

 (a
.u

)

(AI)

300

350

400

450

500

550

 

T
 (K

)

420 K

0 1500 3000 4500 6000

T
C

D
 si

gn
al

 (a
.u

)
t (s)

 

 

(AII)

300

350

400

450

500

550

T
 (K

)

420 K

0 200 400 600 800 1000 1200

 

 

t (s)

T
C

D
 si

gn
al

 (a
.u

)

(BI)

300

450

600

750

900

 

T
 (K

)

817 K

0 200 400 600 800 1000 1200

 
 

t (s)

T
C

D
 si

gn
al

 (a
.u

)
(BII)

300

450

600

750

900

 

T
 (K

)

822 K

Au/CZ are given in Figure 9.6(B) and characterised by signals at Tmax = 820 ± 3 K; 

there was no detectable H2 release from the bare supports. Hydrogen desorbed (Table 

9.1) from Au/CeO2 was measurably higher, suggesting a greater reversible surface 

hydrogen component relative to Au/CZ, which exhibited increased support reduction 

(Ce4+ → Ce3+) during TPR.  

 

 

 

 

 

 

 

 

 

 

 
Figure 9.6: (A) Temperature programmed reduction (TPR) and (B) H2 temperature programmed 
desorption (TPD) profiles (with the associated temperature ramp) generated for the support 
(dotted lines) and supported Au (solid lines) systems: (I) CeO2 and Au/CeO2; (II) CZ and Au/CZ.  

  

9.3.5   NH3 TPD 

 Surface acidity has been shown to play a significant role in benzoic acid 

hydrogenation, affecting adsorption/desorption of benzoic acid and benzaldehyde 

[9.12,9.20,9.22]. Ammonia TPD measurements were conducted to evaluate total acid 

site concentration and strength [9.65]. The TPD profiles are presented in Figure 9.7 and 

the associated temperature for maximum release (Tmax) and total NH3 desorbed are 

recorded in Table 9.1. The CeO2 support exhibited desorption over the 320-620 K range 

that can be attributed to surface hydroxyl groups and weak Lewis acidity (Ce4+) where 
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the Tmax and NH3 released are in reasonable agreement with the literature (Tmax = 390-

470 K; 0.10-0.25 mmol NH3 g-1) [9.66,9.67]. The TPD profile for CZ presents two 

desorption peaks at 387 K and 537 K, which coincide with that reported previously 

(Tmax = 398 and 580 K) for Ce0.5Zr0.5O2 [9.62], suggesting a range of acid strength. 

Ammonia release from CZ falls within that (0.18-0.45 mmol NH3 g-1) recorded 

elsewhere [9.62,9.66].  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 9.7: Ammonia TPD profiles (with associated temperature ramp) generated for the support 
(dotted lines) and supported Au (solid lines) systems: (I) CeO2 and Au/CeO2; (II) CZ and Au/CZ. 

 Both CeO2 and CZ have been characterised as weak Lewis acids where the 

inclusion of Zr increases the number of acid sites [9.66] and strength [9.68]. This is 

consistent with the measurably higher NH3 release from CZ (Table 9.1) and occurrence 

of the higher temperature (Tmax = 537 K) desorption (Figure 9.7(II)). Peaks with a 

maximal temperature in the range 530-600 K have been reported in the literature for 
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Lewis acid sites on ZrO2, i.e. Zr4+ [9.69,9.70]. The low and high temperature peaks may 

then coincide with desorption from Ce4+ and Zr4+, respectively. A decrease in acid 

strength has been reported [9.62] for Au and Pt supported on Ce-Zr mixed oxides, 

which may be reflected in the shift of Tmax for Au/CZ relative to CZ (Table 9.1). 

Inclusion of Au with CZ is accompanied by a marked decrease in intensity of the lower 

temperature desorption peak. The decrease in acid strength and intensity of the lower 

peak can be attributed to Ce4+ reduction to Ce3+, as demonstrated by OSC 

measurements.  

9.3.6   XPS 

 Partial reduction of CZ was also determined by XPS where the calculated % Ce3+ 

is in good agreement with that obtained from OSC analysis (Table 9.1). The XPS 

profiles over (A) the Ce 3p and (B) Au 4f binding energy (BE) range are presented in 

Figure 9.8. The Ce profiles present up ten 3p signal components where the peaks 

denoted v0, v, v′, v′′ and v′′′ correspond to the spin-orbit split of the Ce 3d5/2 core hole 

while the peaks designated as u0, u, u′, u′′ and u′′′ represent the Ce 3d3/2 contribution 

[9.6,9.71,9.72]. The peaks due to Ce 3d10 4f0 O 2p6 (u′′′; v′′′), Ce 3d9 4f1 O 2p5 (u′′; v′′) 

and Ce 3d9 4f2 O 2p4 (u; v) electronic states result from Ce4+ while Ce3+ is associated 

with 3d9 4f1 O 2p6 (u′; v′) and 3d9 4f2 O 2p5 (u0; v0) electronic states. The profile of 

Au/CeO2 (Figure 9.8(AI)) exhibits the six peaks attributed to Ce4+ and the contribution 

due to Ce3+ (u′; v′) is small, which is consistent with the low degree of reduction of the 

support (<10%). In contrast, Au/CZ exhibits four peaks due to Ce3+ (u′; v′; u0; v0) that 

can be linked to the significant level of Ce4+ reduction. The higher Au 4f7/2 BE for 

Au/CeO2 (84.7 eV, Table 9.1) and Au/CZ (84.3 eV) relative to the Au reference (84.0 

eV [9.73]) suggest the formation of surface Auδ+. Charge transfer, Au-support 

interaction and Au coordination number are known to influence Au 4f7/2 BE [9.54]. 

Density functional calculations [9.74] have established charge transfer between Au and 

Ce cations where Au+ results from strong interaction with one or two (bridging) surface 

oxygen atoms while adsorption on other sites (e.g. O-Ce and Ce cations) are weaker and 

associated with Au0 [9.74]. We can note that the most stable sites for Au on ZrO2 are 

the bridging positions on an oxygen and Zr, which results in a relatively weak 

interaction with limited charge transfer [9.75]. As both catalysts exhibit similar Au 

particle size, the difference in BE can be related to support interactions. 
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Figure 9.8: XPS spectra over (A) Ce 3p and (B) Au 4f regions for (I) Au/CeO2 and (II) Au/CZ; raw 
data are given by ■ where lines represent the fits. 
 

9.4   Catalytic Results 

 Reactions operated under thermodynamic control favour pathways with lower 

enthalpies and higher negative Gibbs free energies. Taking the reaction network given 

in Figure 9.1, the stoichiometric requirement (with respect to H2) for each step and 

associated changes in reaction enthalpy (ΔH298K) and Gibbs free energy (ΔG298K) [9.76] 

are presented in Table 9.2. Formation of benzaldehyde via path I is endothermic 

(positive ΔH298K) whereas all the other steps are exothermic with paths (II) and (VI) 

releasing the greatest heat. The ΔG298K values provide valuable information and serve as 

an indicator of possible thermodynamic limitations: reaction can occur spontaneously 

where ΔG298K < 0. It can be seen from the entries in Table 9.2 that benzaldehyde is a 
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thermodynamically unfavourable product while the formation of benzyl alcohol, toluene 

and benzene are favoured (ΔG298K << 0).  

Table 9.2: Stoichiometric requirements for reactions given in Figure 9.1 with associated changes in 
enthalpy (ΔH) and Gibbs free energy (ΔG) of formation. Note: All the compounds are in gas state. 

Product (path) Stoichiometrya Reaction ΔH298K    
(kJmol-1) 

ΔG298K   
(kJmol-1) 

Benzaldehyde 
(I) 1 C7O2H6 + H2 ↔ C7OH6 + H2O 8.3 6.5 

Toluene (II) 3 C7O2H6 + 3H2 ↔ C7H8 + 2H2O -143.5 -124.1 

Toluene  
(I+III) 3 

C7O2H6 + H2 ↔ C7OH6 + H2O 

C7OH6 + 2H2 ↔ C7H8 + H2O 

8.3 

-101.3 

6.5 

-82.1 

Benzyl alcohol 
(I+VIII) 2 

C7O2H6 + H2 ↔ C7OH6 + H2O 

C7OH6 + H2 ↔ C7OH8 

8.3 

-50.6 

6.5 

-48.5 

Benzene 
(II+VII) 4 

C7O2H6 + 3H2 ↔ C7H8 + 2H2O 

C7H8 + H2 ↔ C6H6 + CH4 

-143.5 

-41.9 

-124.1 

-43.5 

Benzene 
(I+III+VII) 4 

C7O2H6 + H2 ↔ C7OH6 + H2O 

C7OH6 + 2H2 ↔ C7H8 + H2O 

C7H8 + H2 ↔ C6H6 + CH4 

8.3 

-101.3 

-41.9 

6.5 

-82.1 

-43.5 

Benzene  
(IV) - C7O2H6  ↔ C6H6 + CO2 -20.4 -54.3 

Benzene 
 (I+VI) 4 

C7O2H6 + H2 ↔ C7OH6 + H2O 

C7OH6 ↔ C6H6 + CO 

8.3 

-193.7 

6.5 

-174.1 

Benzophenone 
(V) - 2C7O2H6  ↔ C13OH10 + H2O + CO2 -121.1 -b 

awith respect to H2 
bno reference ΔG value available for this step  

 Passage of benzoic acid over the supports alone, i.e. in the absence of Au, did not 

result in any detectable conversion. Taking an overview of the literature, a range of 

oxides (ZnO, ZrO2, CeO2, PbO) have shown activity for reaction at 523-573 K 

[9.7,9.8,9.12,9.22] with benzaldehyde and toluene as principal products and low 

selectivity to benzyl alcohol (S < 0.1). We can attribute the lack of 

hydrogenation/hydrogenolysis activity observed in this study for CeO2 and CZ to the 

low activation temperature (573 K) employed. Indeed, under these activation 

conditions, TPR and TPD analysis have revealed insignificant support reduction with no 

measurable hydrogen uptake/release on/from the bare supports. Conversion of benzoic 

acid can then be attributed to contributions due to the supported Au phase. Reaction of 
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aqueous solutions of benzoic acid over Au/CeO2 and Au/CZ generated benzaldehyde 

and benzyl alcohol as the only products with no detectable toluene, benzene or 

benzophenone formation. This response is far removed from the product distribution 

that would result under thermodynamic control. Formation of benzene and 

benzophenone has been observed at higher temperatures (> 673 K) and longer contact 

time [9.22] over strongly basic catalysts (such as MgO [9.7]) or at low H2 surface 

coverage [9.21], conditions that are removed from those which prevail in this study. 

Moreover, aromatic ring reduction, with formation of methyl-cyclohexane or 

cyclohexane-carboxylic acid, was not observed in contrast to reaction over Cu and Pt 

supported on ZrO2 [9.11].  

  

 

 

 

 

 

 

 

 

 

 
 
Figure 9.9: (A) Variation of aqueous benzoic acid fractional conversion (XBAC) with time-on-stream 
over Au/CeO2 (¯) and Au/CZ (¿) (n/F = 0.14 h; T = 573 K); (B) Pseudo-first order kinetic plots. 

 

 The temporal dependence of benzoic acid fractional conversion (XBAC) over 

Au/CeO2 and Au/CZ is shown in Figure 9.9(A) where a time invariant (for up to 6 h 

on-stream) response is in evidence. This is significant as the catalysts that have been 
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used to promote gas phase benzoic acid hydrogenation (including CeO2) have exhibited 

loss of activity [9.5,9.6], which was attributed to coke deposition [9.5] and associated 

with toluene and benzene formation [9.6]. Applicability of a pseudo-first order kinetic 

treatment can be tested using the relationship [9.77] 

                    1
BAC BACln(1 ) nX k

F
−  − =  

 
                                               (9.2)                         

where n/F (h) represents the molar ratio of Au in the catalyst bed to benzoic acid inlet 

flow rate. The linear relationship between ln(1-XBAC)-1 and n/F, shown in Figure 9.9(B), 

confirms adherence to pseudo-first order behaviour and the associated rate constants 

(kBAC) are given in Table 9.3. An increase in reaction temperature (from 523 to 573 K) 

served to raise the rate where higher kBAC values were recorded for Au/CZ relative to 

Au/CeO2. Hydrogenation activity and selectivity over supported Au have been shown to 

depend on: (a) Au particle size and morphology [9.36,9.78,9.79]; (b) surface hydrogen 

[9.80]; (c) nature of the support in terms of reducibility (oxygen vacancy site density), 

acid-base properties and interaction at the metal interface [9.32,9.81]. As both catalysts 

show an equivalent Au size (Table 9.1 and Figure 9.5), contributions due to the first 

factor can be excluded. While TPD results have exhibited a measurably greater H2 

release from Au/CeO2, the difference was not significant and did not translate into 

increased rate. For the hydrogenation of benzoic acid, Cheng et al. [9.23] attributed the 

increase in activity after incorporating Mn on CeO2/Al2O3 to enhanced support 

reducibility. The greater degree of Ce4+ reduction exhibited by Au/CZ (from OSC) with 

formation of oxygen vacancies must play a critical role in delivering higher rate by 

activating benzoic acid for reaction.  

The variation of benzaldehyde (SBAD) and benzyl alcohol (SBOL) selectivities as a 

function of conversion (XBAC) are shown in Figure 9.10(I) for reaction over Au/CeO2 at 

523 K (AI) and 573 K (BI) and Au/CZ at 523 K (CI) and 573 K (DI). In common with 

conversion, product selectivity was constant with time on-stream. It can be seen that 

benzyl alcohol selectivity increased with conversion over both catalysts and was 

favoured by a lower reaction temperature. At 523 K, Au/CZ exhibited higher SBOL 

relative to Au/CeO2 and the reverse trend holds for reaction at 573 K where Au/CZ 

delivered lower SBOL.  
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Table 9.3: Pseudo-first order rate constant and rate constant ratios (k2/k1 and k3/k1, see Figure 9.11 and eqns 9.6-9.8) obtained from the fit of Eqn (9.11) for the 
hydrogenation of aqueous and ethanolic benzoic acid (kBAC) and aqueous benzaldehyde (kBAD) solutions at 523 and 573 K. 

Catalyst T (K) 
kBAC 

aqueous feed 
(h-1) 

k2/k1 k3/k1 
kBAD 

aqueous feed 
(h-1) 

kBAC
 

ethanolic feed 
(h-1) 

Au/CeO2 
523 0.3 3.2 3.0 6.9 - 

573 1.8 6.8 0.3 2.2 5.4 

Au/CZ 

523 0.5 13.1 0.7 6.0 - 

573 3.1 1.8 1.0 2.4 10.6 
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Figure 9.10: Hydrogenation of aqueous benzoic acid over Au/CeO2 at 523 K (A) and 573 K (B) and 
Au/CZ at 523 K (C) and 573 K (D): (I) Variation of selectivity (S) to benzaldehyde (▲) and benzyl 
alcohol (Δ) with benzoic acid fractional conversion (XBAC); (II) Variation of benzaldehyde molar 
fraction (NBAD) with benzoic acid molar fraction (NBAC).  
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The production of benzyl alcohol over oxides is known to proceed in a stepwise 

manner with the reduction of benzoic acid to benzaldehyde (path I, Figure 9.1) and 

subsequent hydrogenation to the alcohol (path VIII) [9.7,9.22]. In addition to the 

stepwise conversion, we also consider here the possibility of a direct hydrogenation of 

benzoic acid to benzyl alcohol. The consecutive/parallel steps are given below (see 

Figure 9.11), 

                              
1k

2 2BAC H BAD H O+ → +                 (9.3) 

                              2k
2 2BAD H BOL H O+ → +                 (9.4) 

                             32 k
2 2BAC H BOL H O+ → +                 (9.5) 

and  

                                         
( ) ( )BAC

1 3 BAC
BAC

dN k k N
d n F

= − + ×

       
               (9.6) 

                                      
( )

BAD
1 BAC 2 BAD

BAC

dN k N k N
d n F

= × − ×

  
                          (9.7) 

                                      
( )

BOL
2 BAD 3 BAC

BAC

dN k N k N
d n F

= × + ×

                               
(9.8) 

where Ni represents the molar fraction of the ith compound and kj is the pseudo-first 

order rate constant of step j; BAD and BOL represent benzaldehyde and benzyl alcohol, 

respectively.  

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 9.11: Possible consecutive/parallel steps (k1, k2 and k3) associated with the conversion of 
benzoic acid to benzyl alcohol. 
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From a combination of Eqns (9.6) and (9.7) 

                                          BAD BAD

BAC BAC

dN NL M
dN N

 
= − + × 

 
                                  (9.9) 

with         1 2

1 3 1 3

k kL M
k k k k

= ∴ =
+ +                                      

(9.10) 

 

which, when integrated gives 

 

                                
( )BAD BAC BAC1

MLN N N C
M

= × − +
−                                        

(9.11)
             

 

                                   
where C is a constant and the values of L and M can be determined by non-linear fitting;  

L and M are given by 

                                             
3 2

1 1

1k kL M
k L k L

−
= ∴ =

                    
                           (9.12) 

 

 The applicability of this parallel/consecutive model can be assessed from the plots 

presented Figure 9.10(II); related rate constant ratios (k2/k1 and k3/k1) are given Table 

9.3. A ratio k3/k1 < 1 is indicative of a stepwise formation of benzyl alcohol (via 

benzaldehyde) where k2/k1 > 1 favours alcohol formation. In contrast, k3/k1 > 1 can be 

associated with a direct hydrogenation of benzoic acid to benzyl alcohol, which is the 

case for Au/CeO2 at 523 K. Given the limited support reduction observed for Au/CeO2, 

any contribution due to oxygen vacancies coverage in the direct formation of benzyl 

alcohol over Au/CeO2 is minor. Benzoic acid can adsorb to form a surface benzoate 

where the carboxyl oxygen coordinates to surface cationic sites [9.10,9.15]. A bidentate 

coordination with one (chelating) or two (bridging) points of attachment has been 

proposed for benzoic acid adsorption on oxides [9.82]. The role of the metal/support 

interface can be critical in determining product distribution. Indeed, contributions due to 

the occurrence of defects, degree of coordination and electronic state  of Au (neutral, 

positive or negatively charged) have been proposed to influence the catalytic response 

[9.83]. XPS analysis has revealed the occurrence of electron transfer to the support 

where the formation of Auδ+ facilitates interaction with anionic species and bidentate 
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adsorption of benzoic acid as been reported for Au (111) [9.84]. Moreover, NH3 TPD 

analysis has established surface acidity, most likely due to Ce4+. Therefore, we envisage 

a two point attachment of benzoic acid on Au/CeO2 that generates a bridging bidentate 

benzoate via interaction with Ce4+ and Auδ+ sites as shown in Figure 9.12(A). Addition 

of surface hydrogen generates the alcohol in a single step.  

 Reaction over Au/CZ at 523 K shows a contribution due to both concerted and 

stepwise pathways where the stepwise conversion is preferred (k3/k1 = 0.7). Given the 

higher density of oxygen vacancies on Au/CZ, this can be attributed to a MvK 

mechanism with benzoic acid activation at a vacancy site and reaction with surface 

hydrogen to generate benzaldehyde (Figure 9.12(B)). Surface hydrogen can react with 

the oxygen that filled the vacancy to form water, regenerating the active site [9.8]. The 

surface benzaldehyde as a reactive intermediate can, in turn, be converted to benzyl 

alcohol via nucleophilic attack of C=O, which does not required the involvement of 

oxygen vacancies [9.85]. Infrared analysis has demonstrated the formation of an 

intermediate chemisorbed at a cationic metal site [9.10], which can react with surface 

hydrogen to give benzyl alcohol that desorbs into the gas phase (see Figure 9.12(C)).  

 A one step benzoic acid → benzyl alcohol transformation over Au/CZ can result 

from carboxyl oxygen interaction with Auδ+ in close proximity to an oxygen vacancy 

that serves to activate the second reactant oxygen (Figure 9.12(D)). Oxygen interaction 

with the support vacancy facilitates C-O scission while hydrogen addition at the gold 

site generates the alcohol. The interaction of Au with oxygen vacancies at the 

metal/support has been shown to play a crucial role in the catalytic response of 

Au/CeO2 [9.86]. The presence of gold facilitate reduction to Ce3+ and oxygen vacancies 

are most likely created close to the support interface with metal nanoparticles [9.87]. 

The surface mechanisms proposed (A and D) for the direct formation of benzyl alcohol 

require the participation of Au sites that bear a partial positive charge, as confirmed by 

XPS. Mechanism (D) involves synergism between Auδ+ and oxygen vacancies, which is 

facilitated by Au/CZ as it exhibits higher OSC and the well dispersed (from STEM 

analysis) Au phase ensures the occurrence of Au in close proximity to these vacancies. 

While a concerted surface reaction can proceed via both mechanisms, proposal (A) 

should predominate on Au/CeO2 given the higher relative Ce4+ content (from NH3 TPD 

and OSC analysis) and lesser oxygen vacancy formation.  
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Figure 9.12: Schematic showing possible benzoic acid/surface interaction(s) leading to reaction: (A) one step generation of benzyl alcohol via bidentate attachment at 
Auδ+ and support Ce4+ sites; stepwise route involving (B) benzoic acid adsorption at an oxygen vacancy with surface hydrogen addition to give benzaldehyde as a 
reactive intermediate that is (C) activated at a Ce4+ site; (D) concerted activation of the carboxyl function at an oxygen vacancy and Auδ+ with hydrogen addition.
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 An increase in reaction temperature over Au/CZ favoured the concerted reaction 

with a rate equivalency for both pathways (k3/k1 = 1). The relative rate of the sequential 

benzoic acid and benzaldehyde hydrogenation showed a marked response to 

temperature (k2/k1 decreasing from 13.1 to 1.8). In order to probe this effect, the 

hydrogenation of benzaldehyde was examined and the results (kBAD) are included in 

Table 9.3. The conversion of the benzaldehyde feed delivered similar rate constants for 

Au/CeO2 and Au/CZ where benzyl alcohol was the sole product with no detectable 

toluene formation. This response suggests that the difference in surface acidity or 

number of oxygen vacancies does not affect C=O reduction to C-OH to any significant 

extent and benzaldehyde conversion in the stepwise mechanism (C) must proceed over 

equivalent active sites on both catalysts. The significantly higher rate of benzaldehyde 

hydrogenation relative to benzoic acid conversion over Au/CeO2 and Au/CZ at 523 K is 

consistent with the observed k2/k1 > 1. The lower kBAD recorded at the higher 

temperature suggests benzaldehyde desorption from the surface that serves to lower rate 

and limits the sequential pathway, which is evident for reaction over Au/CZ (lowered 

k2/k1, increased k3/k1). In contrast, an increase in reaction temperature to 573 K favours 

stepwise conversion (k3/k1 < 1) over Au/CeO2. This suggests that the relative 

contribution of the reactive benzoate (Figure 9.12(A)) to the overall surface mechanism 

is lower at the higher reaction temperature. The rate of benzaldehyde hydrogenation 

(kBAD) exceeds that for the acid (kBAC), which facilitates stepwise conversion to the 

alcohol. As expected for a sequential reaction, the selectivity/conversion plot (Figure 

9.10(BI)) shows a crossing point (at XBAC ≈ 0.17) and selectivity to the alcohol 

increases with conversion. The highest selectivity to benzyl alcohol (S = 0.94) was 

achieved for reaction over Au/CZ at 523 K and can be associated with a favoured 

stepwise route with high associated k2/k1.  

 Contacting reducible oxides, such as CeO2 [9.88,9.89] and ZrO2 [9.1,9.11], with 

water vapour can occlude oxygen vacancies. A significant decrease in the conversion of 

benzoic acid to benzaldehyde [9.1] or toluene [9.11] has been observed after addition of 

water. Even at low coverage and pressure, H2O dissociates readily where the resultant 

OH group fills an oxygen vacancy and the H atom binds to a bridging O site [9.90], 

leading to a reoxidation of the surface [9.91]. Consequently, adsorption and dissociation 

of water on the reducible supports can consume oxygen vacancies. In order to check for 

a possible contribution due to a solvent effect, the hydrogenation of ethanolic benzoic 
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acid solutions was examined at 573 K and the resultant selectivity/conversion responses 

are presented Figure 9.13.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 9.13: (I) Selectivity (S) to benzaldehyde (▲), benzyl alcohol (Δ) and toluene (●) as a function 
of the fractional conversion of benzoic in ethanolic solutions (XBAC); (II) Variation XBAC with time-
on-stream; (A) reaction over Au/CeO2; (B) reaction over Au/CZ; T = 573 K.  
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 In addition to benzaldehyde and benzyl alcohol, the formation of toluene was 

recorded over both catalysts. Toluene can be generated (i) directly via deoxygenation of 

benzoic acid (step (II), Figure 9.1) or (ii) from consecutive the reaction of 

benzaldehyde (step (III), Figure 9.1) [9.22]. Both reactions have been proposed to occur 

through a MvK mechanism and require (i) twin or (ii) excess oxygen vacancies. We can 

attribute the higher (by a factor 3) rate constants (kBAC, Table 9.3) and the formation of 

toluene to the increase in available oxygen vacancies in the ethanol carrier. Reaction 

over Au/CeO2 (Figure 9.13(AI)) resulted in a significant increase in selectivity to 

benzaldehyde (in ethanol relative to water), which can be attributed to the contribution 

of oxygen vacancies, favouring the stepwise mechanism. Conversion of ethanolic 

benzoic acid over Au/CZ (Figure 9.13(BI)) generated appreciable levels of toluene 

where selectivity converges with that for benzaldehyde at XBAC > 0.4. Given the 

invariance of selectivity to the alcohol with conversion, we can conclude that toluene 

formation occurs mainly via the consecutive reaction of benzaldehyde. The higher 

selectivity to toluene exhibited by Au/CZ compared with Au/CeO2 can be attributed to 

the greater oxygen vacancy site density associated with CZ. In contrast to the 

conversion of the aqueous feed, a temporal decline in activity was observed for the 

conversion of benzoic acid in ethanol (Figure 9.13(AII) and 9.13(BII), which can be 

linked to toluene formation and associated coking [9.12].  

9.5   Conclusion 

 This is the first reported application of supported Au catalysts to promote the gas 

phase hydrogenation of benzoic acid where we establish differences in catalytic 

response for Au/CeO2 and Au/CZ. Gold incorporation by deposition-precipitation 

generated nanosized Au particles (< 5 nm) with an equivalent mean size (ca. 2 nm) on 

both supports, as determined by CO chemisorption and STEM analysis. The presence of 

Au facilitated support reduction, particularly in the case of CZ, to create oxygen 

vacancies (with reduction of Ce4+ to Ce3+ quantified by OSC measurements) and 

provided a supply of surface hydrogen. XPS results establish the occurrence of Auδ+ 

resulting from electron transfer and strong interaction with the support while differences 

in surface acidity were demonstrated by NH3 TPD.  

 The gas phase hydrogenation of aqueous benzoic acid solutions generated 

benzaldehyde and benzyl alcohol as the sole products. Kinetic analysis has revealed that 
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the formation of benzyl alcohol can proceed in a stepwise manner, via formation of 

benzaldehyde as a reactive intermediate, or in a single step (i.e. direct hydrogenation of 

benzoic acid). A higher overall rate of benzoic acid conversion was achieved with 

Au/CZ and can be attributed to the action of oxygen vacancies to activate the carboxyl 

function for hydrogen attack. A concerted hydrogenation was favoured over Au/CeO2 at 

523 K, which we attribute to a two point interaction with surface Ce4+ and Auδ+ sites to 

generate a reactive benzoate where surface hydrogen addition produces the alcohol. 

Reaction over Au/CZ at the same temperature followed both sequential and concerted 

routes with preferential stepwise conversion where benzaldehyde is generated via an 

MvK mechanism and subsequently converted to the alcohol through surface interaction 

with Ce4+. An increase in reaction temperature (to 573 K) resulted in a slight shift in 

favour of a single step conversion of benzoic acid to benzyl alcohol over Au/CZ. This is 

facilitated by activation of a carboxyl oxygen at a support vacancy and polarisation of 

the second oxygen at an Auδ+ site. A switch from water to ethanol as carrier increased 

availability of surface oxygen vacancies with an enhancement in overall reaction rate, 

the occurrence of toluene as a significant product and higher selectivity to 

benzaldehyde. 
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Chapter 10 

Summary and Future Work 

The main objective of this research project was the enhancement of catalytic 

processes (in term of selectivity and activity) through optimisation of the catalysts and 

control of the reaction conditions. The results presented in this PhD thesis demonstrate 

the viability of Au supported on molybdenum nitride and carbide as catalyst for the gas 

phase hydrogenation of nitroarenes. Moreover, the work has demonstrated new catalytic 

processes based on supported Au for the synthesis of an aromatic alcohol via the 

hydrogenation of an aldehyde and carboxylic acid feed. All the reactions were 

conducted under relatively mild reaction conditions (393-573 K, 1 atm) in continuous 

flow gas phase operation. The results can be applied to develop cleaner alternative 

routes in the production of a range of amines and alcohols as products of commercial 

importance in the fine chemical sector. The main findings are highlighted in this 

Chapter and future research directions are proposed. 

10.1   General Conclusions 

The results establish the formation of β-Mo2N by temperature programmed 

treatment of MoO3 in N2/H2 via a stepwise reduction MoO3 → MoO2 → Mo. This is 

followed by a subsequent nitridation Mo → β-Mo2N, to generate catalytic material that 

exhibits reaction exclusivity in -NO2 reduction. The catalytic action of Mo2N, Mo2C and 

Fe3Mo3N were demonstrated to promote the selective nitro reduction in the continuous 

gas phase hydrogenation of nitro compounds. Hydrogen adsorption/dissociation was 

shown to be the limiting factor over the binary compounds under the experimental 

conditions employed.  

In the hydrogenation of p-chloronitrobenzene, the incorporation of Au with 

Mo2N and Mo2C served to increase H2 uptake with a higher rate relative to the bare 

support and 100% selectivity to the target product, i.e. p-chloroaniline. Moreover, Au 

supported on Mo nitride and carbide outperformed benchmark Au/Al2O3 catalysts. 

Under the same reaction conditions, the addition of Pd or incorporation of Co with Mo 

nitride promoted hydrodechlorination (non-selective reaction) that is attributed to a 

strong interaction of the aromatic ring with the surface. Rate invariance with respect to 

surface area and a dependence on crystallographic phase was demonstrated for Mo 
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nitride. The higher specific activity of β- relative to γ-phase was attributed to higher 

surface H2 content that was correlated to increased availability of nitrogen deficient sites.  

The results for the gas phase hydrogenation of m-dinitrobenzene established that 

the exclusive formation of the partially reduced m-nitroaniline was achieved over Mo2C 

at low conversions. Catalytic performance (in term of activity and selectivity) was 

enhanced with the incorporation of gold where Au/Al2O3 was non-selective under 

similar conditions. This difference in selectivity was attributed to the specific interaction 

of the reactant with Mo2C and/or at the metal-support interface associated, which 

favours formation of m-nitroaniline. A switch from -NO2 to C=O reduction over Mo 

compounds was probed in the hydrogenation of benzaldehyde where toluene formation 

was linked to C=O activation for hydrogenolytic attack. 

The reduction of C=O group was further investigated in the hydrogenation of 

benzaldehyde, 4-nitrobenzaldehyde and benzoic acid. Au/Al2O3 exhibited 100% 

selectivity to benzyl alcohol in the conversion of benzaldehyde where two benchmark 

catalysts (Pd/Al2O3 and Ni/Al2O3) promoted hydrogenolysis to toluene. In the presence 

of the -NO2 group (hydrogenation of 4-nitrobenzaldehyde), reaction over Au/Al2O3 

resulted in the selective reduction of C=O group with formation of 4-nitrobenzyl 

alcohol. Selectivity to the alcohol was attributed to stronger surface Lewis acidity 

present on the surface and was enhanced with increasing Au size and lower reaction 

temperature. In contrast, Au/ZrO2 and Au/TiO2 demonstrated exclusive reduction of -

NO2. Adsorption/activation of the organic reactant was the limiting factor with activity 

related to the number of low coordination Au sites. The hydrogenation of benzoic acid 

to benzyl alcohol can occur through a stepwise manner with formation of a 

benzaldehyde intermediate. The possibility of a direct one step route over Au supported 

on CeO2 and Ce0.62Zr0.38O2 was examined and the reaction pathway correlated with 

surface properties, notably Au size, support reducibility/oxygen vacancy formation and 

acidity where the metal/support interface is critical.  

10.2   Future Directions 

10.2.1   Preparation of bimetallic Pd-Au/Mo2C by a colloidal method 

The results Chapter 4 showed that Mo2C was active and selective in the 

hydrogenation of p-chloronitrobenzene to p-chloroaniline. After addition of Au, the 
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selectivity was maintained and the system delivered higher hydrogenation rates relative 

to the reference Au/Al2O3 and Mo2C. Exclusive selectivity eliminates waste by-products 

but industrial application necessitates higher activity than achieved in this study. The 

catalytic system can be improved by the use of promoters.  

In a previous collaboration [10.1] between this laboratory and Dr. Catherine 

Louis (Laboratoire de Réactivité de Surface, Université Pierre et Marie Curie, Paris), 

oxide supported Au-Pd nano-particles were prepared by deposition-precipitation and 

found to exhibit ultra-selective in the conversion of p-chloronitrobenzene to p-

chloroaniline. The selectivity was attributed to a surface Pd-Au synergism that activated 

the -NO2 function for hydrogen attack. The Au/Pd ratio was critical where p-

chloroaniline was the sole product at Au/Pd ≥ 20; higher Pd content increased rate but 

promoted the formation of nitrobenzene (hydrodechlorination). Moreover, the supported 

Au-Pd/Al2O3 prepared by deposition precipitation exhibited Au/Pd surface ratios that 

differed from the nominal values.  

Colloidal methods show promise in catalyst synthesis [10.2] and involve the 

combination of the metal salt precursor with a stabilizing (polyvinylalcohol), addition of 

a reducing agent (NaBH4) with the introduction of the support. The stabilizing agent 

prevents undesired agglomeration and promotes the formation of well dispersed Au 

particles. Supported Au-Pd nanoalloy with well defined size, shape and composition can 

be generated with this method. Therefore, a Au-Pd phase, with varying Au/Pd ratios, 

supported on Mo2C can be synthesised and used in the hydrogenation of nitro 

compounds. This future study would set out to (i) improve the method of synthesis of 

supported Au-Pd catalysts at the nanoscale, (ii) use for the first time Mo2C as a support 

for bimetallic particles and (iii) enhance selective hydrogenation rates relative to results 

obtained in Chapter 4 due to the addition of Pd. 

10.2.2   Further investigation of benzoic acid hydrogenation 

By adjusting experimental conditions in term of temperature and solvent 

(Chapter 9), high selectivity to benzyl alcohol (S = 0.96) was achieved over 

Au/Ce0.62Zr0.38O2. The incorporation of Zr served to increase the reducibility of the 

support and generate oxygen vacancy sites. A decrease in temperature favoured the 
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stepwise route over Au/Ce0.62Zr0.38O2. It would be interesting to investigate further the 

possibility of achieving 100% selectivity to the alcohol and increase overall activity. 

Metal particle size can affect selectivity where increased selectivity to the 

alcohol (to the detriment of C=C hydrogenation) with an increase in Au size (from 4 to 

8 nm) has been reported in the literature [10.3]. This tendency was also observed in 

Chapter 8. In the same manner, it is likely that an increase in Au particles size would 

affect selectivity in the conversion of benzoic acid by promoting the stepwise route. 

Indeed, active sites for the direct route involved the metal/support interface and may be 

promoted by Au sites of low coordination, i.e. high dispersion.  

An increase in oxygen storage capacity was associated with an increase in 

activity. However, increase in oxygen vacancy site density resulted in the formation of 

toluene. The impact of oxygen vacancy density on the catalytic response is still not well 

understood. This can be investigated by using solvents or promoters/inhibitors which 

exhibit different affinity with oxygen vacancies (e.g. CO2 [10.4]) or CexZr1-xO2 supports 

with different composition (0 ≤ x ≤ 1). 

Carboxylic acids serve as inexpensive feedstock so their use as reactant is 

economically attractive. The catalytic system which was developed Chapter 9 may be 

exploited for the formation of other aldehyde and alcohol products of industrial interest. 

Pestman et al. [10.5] investigated the formation of acetaldehyde from acetic acid where 

Pt supported on reducible supports (e.g. Fe2O3, TiO2) exhibited promising results as the 

ketonization reaction was suppressed and high selectivity to the aldehyde (up to 85%) 

was achieved. However, by-products resulting from decomposition, i.e. CO2 and CH4, 

were still obtained. The mechanism proposed involved the oxygen vacancies (MvK 

mechanism) on the oxide, the activation of H2 on Pt and transfer of H to the oxide via 

H2-spillover. The hydrogenation of benzoic acid in Chapter 9 presented a similar 

reaction mechanism but benzene (from decomposition) or benzophenone (from 

ketonization) formation was not detected. Hence, the hydrogenation of acetic acid over 

Au/CexZr1-xO2 may generate only aldehyde and alcohol and circumvent ketonization or 

decomposition by-products and the formation of acetaldehyde and ethanol can be 

optimised.  
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10.2.3   Ternary nitride 

The hydrogenation of nitrobenzene and p-chloronitrobenzene over Fe3Mo3N 

(Chapter 5) gave promising results in term of exclusive formation of aniline and p-

chloroaniline, respectively. The work to date has mainly focused on improving 

synthesis method/optimising parameters in order to obtain the pure phase and the use of 

this material for hydrogenation reaction is limited [10.6]. One drawback of this material 

is the low surface area recorded in the literature (≤18 m2 g-1 [10.7-9]), which limits its 

industrial application as catalyst. While a few studies [10.10-12] have dealt with the 

synthesis of Mo2N with high surface area, there is a dearth of literature dealing with 

ternary compounds.  

In the synthesis of Mo binary nitrides, a decrease in temperature ramp rate and 

an increase in gas space velocity (GHSV) serve to enhance surface area [10.10-12]. 

Indeed, low surface area has been attributed to sintering, which results from water 

released during reduction [10.12]. The synthesis mechanism for ternary Mo nitride has 

not been investigated to any extent and the same phenomena may occur during the 

nitridation of FeMoO4. A GHSV of 40000 h-1 and temperature ramp up to 5.4 K min-1 

was employed in the preparation method used Chapter 5, while, for Mo2N, high surface 

area are achieved with GHSV of 150000 h-1 and temperature ramp rate ≤ 1 K min-1. 

Therefore, further work should focus on studying the effect of GHSV and temperature 

ramp on the surface area of ternary Fe3Mo3N.  

Any variation in synthesis procedure may still result in a relatively low surface 

area. An alternative solution is the deposition of Fe3Mo3N on a support. Indeed, 

incorporation of Mo2N on Al2O3 has already been studied [10.13,10.14]; the synthesis 

consist on impregnation of Al2O3 with an aqueous solution of (NH4)6Mo7O24 followed 

by a temperature programmed nitridation in NH3. There is no available literature on the 

synthesis of supported Fe3Mo3N, albeit Ni2Mo3N and Co3Mo3N supported on Al2O3 

have been synthesised [10.15]. Based on these studies, a method involving impregnation 

of the precursor followed by nitridation can be developed. 
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