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“All that glitters is not gold, but at least it contains free electrons!” 
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ABSTRACT 

The major part of the present work, deals with the reduction kinetics of Cu2O 
powder and a Cu2O-WO3 powder mixture by hydrogen gas, studied by 
ThermoGravimetric Analysis (TGA). The reduction experiments were carried out 
both isothermally and non-isothermally on thin powder beds over different 
temperature intervals. During the experiments, the reductant gas flow rate was kept 
just above the starvation rate for the reaction to ensure that chemical reaction was 
the rate-controlling step. The activation energy for the reactions was evaluated 
from isothermal as well as non-isothermal reduction experiments. 
 
In the case of the reduction of Cu2O, the impact of the stability of the copper 
oxide on the activation energy for hydrogen reduction under identical experimental 
conditions is discussed. A closer investigation of additions of Ni or NiO to Cu2O 
did not have a perceptible effect on the kinetics of reduction. 
 
In the case of the reduction of the Cu2O-WO3 mixture, the reaction mechanism 
was found to be affected in the temperature range 923-973 K, which is attributed 
to the reaction/transformation in the starting oxide mixture. At lower 
temperatures, Cu2O was found to be preferentially reduced in the early stages, 
followed by the reduction of the tungsten oxide. At higher temperatures, the 
reduction kinetics was strongly affected by the formation of a complex oxide from 
the starting materials. It was found that the Cu2O-WO3 mixture underwent a 
reaction/transformation which could explain the observed kinetic behavior. 
 
The composition and microstructures of both the starting material and the reaction 
products were analyzed by X-ray diffraction (XRD) as well as by microprobe 
analysis.  
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Kinetic studies of reduction indicated that, the mechanism changes significantly at 
923 K and the product formed had unusual properties. The structural studies 
performed by XRD indicated that, at 923 K, Cu dissolved in W forming a 
metastable solid solution, in amorphous/nanocrystalline state. The samples 
produced at higher as well as lower temperatures, on the other hand, showed the 
presence two phases, pure W and pure Cu. The SEM results were in conformity 
with the XRD analysis and confirmed the formation of W/Cu alloy. TEM analysis 
results confirmed the above observations and showed that the particle sizes was 
about 20 nm. 
 
The structure of the W/Cu alloy produced in the present work was compared with 
those for pure copper produced from Cu2O produced by hydrogen reduction 
under similar conditions. It indicated that the presence of W hinders the 
coalescence of Cu particles and the alloy retains its nano-grain structure. The 
present results open up an interesting process route towards the production of 
intermetallic phases and composite materials under optimized conditions. 
 
 
Keywords: Hydrogen reduction, kinetics, activation energy, copper oxide, copper 

tungsten composite, alloy powder, nanostructure, powder metallurgy 
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Chapter 1 

INTRODUCTION 

New alloys continue to be developed and introduced to meet the challenging 
requirements of the electronic industry. The advances in high technology have led 
to the development of a new generation of materials with improved properties. 
Processing multiphase composite materials using the powder metallurgy approach 
is rapidly becoming an important fabrication route for advanced materials 
production. To be able to fabricate alloys, with exceptional property combinations 
such as the ability to use several different materials insoluble in one another, 
significantly lowering processing temperatures and tailoring materials properties, 
special process design is needed.  
 
A promising process route for production of alloys in powder form is hydrogen 
reduction of metal oxides. Since metal powders can be produced from the 
respective oxides by reduction using a suitable gaseous reductant, the alloy 
formation can be achieved at fairly low temperatures resulting in fine-grained alloy 
materials. The gas-solid reaction route provides an excellent alternative towards 
large-scale bulk production of tailor-made materials.  
 
One of the precursors used in the present work, cuprous oxide Cu2O, is an 
industrially important compound of copper. It is a common material mainly used as 
a red pigment for antifouling paints, glasses, porcelain glazes, and ceramics and as a 
seed or crop fungicide. The cuprous oxide is a red or reddish brown 
crystal/powder that occurs in nature as the mineral cuprite. It is produced on a 
large scale by reduction of mixed copper oxide ores with copper metal or by 
electrolysis of an aqueous solution of sodium chloride using copper electrodes. [1] 
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Copper and its alloys constitute one of the major groups of commercial metallic 
materials that have a wide range of applications in view of their unique properties. 
The thermal and electrical conductivities of copper are significantly high, exceeded 
only by silver. The high electrical conductivity is of great importance, especially for 
the efficient transmission and utilization of electrical energy. 
 
Further, a mixture of Cu2O and WO3 powders was used as precursor for the direct 
production of the W/Cu material of unusual morphologies. Tungsten copper 
(W/Cu) composite materials are today used in a variety of applications where the 
thermal and electrical properties of copper and the very low expansion 
characteristics of tungsten can be advantageously coupled. The combination of 
these two elements leads even to the optimisation of other alloy properties such as 
ductility, mechanical strength, corrosion and wear resistance at elevated 
temperatures. Primary applications for W/Cu composite materials are electrical 
contacts and electrodes, welding and electro forging dies, heat sinks and packaging 
materials. [2-5] 
 
Since tungsten and copper, however, show an extremely limited solid solubility, 
only a few processes have been known to be successful commercially. The most 
common methods for the fabrication of W/Cu composite material are the 
infiltration process, where liquid copper is filled in a cold-pressed porous tungsten 
skeleton, and liquid phase sintering of hot pressed blends of copper and tungsten 
powders. [6-13] In many studies, the mechanical alloying process has been used to 
synthesize W/Cu powders. Unfortunately, this process causes problems with 
impurities in the final material, introduced from milling jars and balls after hours of 
milling. Even if mechanical alloying in many cases has produced materials with 
unique properties and very special alloys, the process is time-consuming and has 
only been a success in a limited scale. [14-19] 
 
In the present work, a hydrogen reduction route was used and it represents a direct 
method for the production of metal composite powders with uniform composition. 
This route offers a unique advantage as the materials produced under well-defined 
conditions have enough active centres to achieve good chemical bonding between 
the dispersed material and the matrix during the production process itself. As the 
numbers of unit processes are kept to a minimum and no environmentally 
dangerous effluence occurs in the process, the hydrogen reduction process offers a 
green route towards the production of alloy powders and intermetallics. 
 
The experimental measurements have been performed using ThermoGravimetric 
Analysis (TGA) to study the reduction kinetics of Cu2O and a Cu2O-WO3 mixture. 
The samples were kept in the form of shallow loosely packed powder beds so that 
the reductant gas had access to all the individual particles and mass-transfer aspects 
did not influence the reaction kinetics. In this way, it was possible to focus the 



Chapter 1. 

3 
 
 

studies to the chemical reaction in each small particle. The reaction kinetics could 
then be described by a theoretical model for the chemical reaction and the reaction 
mechanisms underlying the hydrogen reduction could be investigated. The 
products morphology and chemical composition could be then characterized by X-
Ray Diffraction (XRD), Scanning Electron Microscopy (SEM) and Transmission 
Electron Microscopy (TEM).  
 
Previous work 

Investigations of the reaction kinetics of reduction of a number of pure metallic 
oxides, tungstates, titanates, chromates and aluminates have over the years been 
investigated by the present group. The main experimental technique used for these 
studies is the TGA coupled with Differential Thermal Analysis (DTA). The earlier 
studies on the reduction of complex metal oxides indicated that the kinetics of 
reduction is strongly influenced by the bonding between metal cations and the 
oxygen matrix. [20-22] The mechanism of the reduction in the case of CoWO4, 
MnWO4, FeWO4, and ZnWO4 was found to be dependent, to some extent, on the 
stabilities of the pure oxides. [22, 23-25] All the tungstates, except for NiWO4 which is 
reduced in two steps, were found to be reduced in one single step. [20] The study on 
the reduction kinetics of titanates presents an interesting comparison between 
FeTiO3, CoTiO3 and NiTiO3 in order to investigate if the metallic phase had an 
effect on the chemical reduction rate of the titanates. [26-27] Present work, about 
reduction kinetics of Cu2O and the mixture of Cu2O-WO3, is, in certain respects, 
an extension of the previous studies preformed by the present group.  
 
In earlier studies of hydrogen reduction of pure copper oxides, the focus has so far 
been on the reduction of CuO. [28-29] One interesting study was focused on the 
reduction of surface oxide on copper particle. [30] Furthermore, Basu et al. [31-32] 
prepared various copper-tungsten oxide mixtures that could be precursors for the 
direct production of W/Cu powders of unusual morphologies for the ultimate 
manufacture of W/Cu electrical contact material. They also presented results 
obtained on the kinetics of the reduction of copper tungstate in dry hydrogen at 
various temperatures. In those experiments, complete reduction has been 
attempted. The product phases had been characterized to determine the 
mechanism of reduction of the tungstate and to determine any morphological 
change that could occur during reduction. Recently, Dorman et al. [11-13] reported an 
assessment of the solid-phase synthesis of CuWO4-based composite oxides with 
variable content of copper and of their hydrogen reduction to W/Cu composite 
powders. 
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Project objectives 

The focus of the present work has been the process-property correlation. An 
understanding of the mechanisms underlying the gas-solid reactions is essential for 
optimization of process parameters and development of new process routes. 
Accordingly the following project aims were raised: 

- Develop materials whose properties can be tailored to match the design 
requirements of a particular structure 

- Demonstrate how advanced materials can be both cost-effective and have a 
high performance advantage with an appropriate process design 

- Develop a suitable process, for production of multiphase material, with a 
reduced number of processing steps 
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Chapter 2 

EXPERIMENTAL WORK 

The thermogravimetric analysis (TGA) experiments were carried out under both 
isothermal as well as non-isothermal conditions. The samples were kept in the form 
of shallow loosely packed beds so that the reducing gas had access to all individual 
particles. Thus, the likelihood of mass-transfer aspects influencing the kinetics in 
the present studies was negligible. Accordingly it was possible to focus on the 
chemical reaction step, in each small particle, as the rate-determining step. 
 
The major part of the work was directed towards an understanding of the kinetics 
of reduction of pure Cu2O powder and a mixture of Cu2O and WO3 powders by 
hydrogen. The target, in the latter case was an alloy of W-20wt% Cu by weight. 
Accordingly the composition of the raw material was chosen to be 18.25 wt% 
Cu2O and 81.75 wt% WO3. Some experiments were carried out in order to 
investigate the possible effects of addition of Ni or NiO powder on the rate of 
reduction of Cu2O. The compositions of these powder mixtures were 
5/10wt% Ni-95/90wt% Cu2O and 5/10wt% NiO-95/90wt% Cu2O. 
 
Materials 

The employed protective gas used during the heating mode of the isothermal 
experiments as well as during quenching experiments was argon gas (supplied by 
AGA GAS Stockholm, Sweden) with a purity of 99.999 %. Hydrogen gas, from the 
same supplier and also with a purity of 99.999 %, was used as the reductant during 
both the isothermal as well as non-isothermal experiments. Before using the gases, 
they were purified in order to decrease the moisture level and to remove traces of 
CO2. The moisture removal in the gases was enabled by passing them successively 
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through silica gel and magnesium perchlorate. The carbon dioxide impurity in the 
gases was removed by an ascarite tower in the gas system. 
 
The raw materials used for the experiments in the present work were Cu2O powder 
(supplied by Sigma-Aldrich, Sweden) with a purity of 97 % andWO3 powder 
(supplied by Atlantic Equipment Engineers, USA) with a purity of 99.9 %. In the 
case of the reduction experiments with the addition of Ni and NiO, both the 
nickel (II) oxide powder and the nickel powder were supplied by Merck KGaA, 
Germany (purity of 99.8 %, particle size <10 μm). The particle size distributions of 
the copper- and tungsten oxide powders were determined by Dynamic Light 
Scattering (DLS) analysis using a Mastersizer 2000 Ver. 2.00 apparatus from 
Malvern Instruments Ltd., Malvern, UK. The average particle size of the Cu2O and 
the WO3 powders was found to be 1.3 μm and 2.0 μm respectively. The powder 
mixtures to be investigated, both Cu2O-WO3 as well as Cu2O-Ni and Cu2O-NiO, 
were well-ground in an agate mortar before use. Both the Cu2O and the 
Cu2O-WO3 mixture were subjected to SEM analysis in order to verify particle sizes 
and identify the shapes. A SEM picture of the Cu2O-WO3 mixture, at a 
magnification of X5000, is presented in Figure 1.  

 

1 μm  
Fig. 1.  SEM images of the surface of the powdered Cu2O WO3 material 

 
Figure 1 shows some differences in particle shape, where the WO3 has a cubic 
shape; while the Cu2O is more spherical. It can also be seen that the WO3 particles 
have a larger size than the Cu2O particles and that they are within an average 
particle size in agreement with the DLS analysis. In addition, it is shown that the 
oxides are well mixed. 
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An investigation of the Cu2O-WO3 mixture 

In the course of the isothermal reduction experiments performed for the oxide 
mixture (Cu2O-WO3), the reaction showed a decrease in reduction rate between the 
temperatures 923 and 973 K. It was felt that the mechanical mixture of the oxides 
could undergo a chemical reaction and/or sintering at these temperatures. If a 
complex oxide has been formed before the reduction takes place or if the reactants 
melt, the nature of the reduction reaction would be quite different. Thus, it was 
necessary to characterize the starting oxide powder before use. 
 
Towards this aim, Differential Thermal Analysis (DTA) experiments were 
performed in argon atmosphere in a SETARAM, TAG 92 apparatus. A schematic 
diagram of the Setaram TGA 92 assembly is shown in Figure 2. 
 

Sample Holder (DTA)

Thermocouple

Crucible

Auxiliary-Gas
Inlet

Gas Outlet
To vacuum

Pump

Thermocouple

Graphite
Furnace

Carrier-Gas
Inlet

Balance

Computer

Control
Modul

Sample Holder (TGA)

Crucible

Pt-Basket

 
Fig 2.  A schematic diagram of the thermogravimetric assembly. 

 
The figure shows an alumina sample holder, provided with two tricouple 
transducers (one for the sample and the other for the reference), hung from the 
balance beam. The crucibles were made of recrystallized alumina and had an inner 
diameter of 4 mm and a height of 8 mm. A steady argon flow of 0.2 l/min was 
maintained throughout the DTA experiment. The sample and the reference were 
heated from room temperature to 973 K, at a constant heating rate of 5 K/min, 
before being quenched to room temperature. A predetermined temperature profile 
program was used, (Setaram software, version 1.54 a), and the DTA pattern was 
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registered by the computer at intervals of 1.5 seconds. The result of the DTA study 
of the starting oxide mixture is shown in Figure 3.  
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Fig. 3.  DTA result of the thermal decomposition of the powder oxide mixture Cu20-W03 at the 

heating rate of 5 K/min 
 
The above figure shows that the DTA curve has a strong endothermic peak at 
904 K. This suggests that a compound is formed by an endothermic reaction 
between the two component oxides and/or that a first order transformation, as for 
example formation of a liquid phase has occurred. This phenomenon needs further 
examination of the heated oxide mixture. In order to improve the understanding of 
the state of the starting material during heat treatment, the mixture of the two 
oxides was first heat-treated and then investigated by XRD and SEM. 
 
The oxide mixture was compacted to a dense tablet (6 mm in diameter and 2 mm 
in height) and heat-treated under controlled conditions in argon atmosphere. 
During this experiment, the tablet was placed in a Pt crucible which, in turn, was 
placed inside an alumina lined iron container. The iron container was filled with 
argon gas before being sealed and heat-treated at 973 K for 48 h. The container 
was then removed from the furnace and cooled in air. 
 
To show the differences between the heat-treated oxide mixture and the untreated 
mixture, the two XRD patterns are presented together in Figure 4. 
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Fig. 4.  XRD patterns of the oxide powder material and the same material annealed at 973 K for 

48 h. 
 
Figure 4 shows that the oxide mixture has formed a new compound during the 
heat-treatment. Identification of the new phase from the XRD pattern was not 
possible as the peaks did not correspond to the standard patterns in the XRD data 
base. Further attempts are needed in order to identify the compound. 
 
The morphological study of the heat-treated oxide material is shown in Figure 5. 
The micrograph is presented in two different magnifications, (a) X1000 and (b) 
X5000. The powder sample shows a mixture of two different particle shapes. One 
shape was found to have round or faceted and equal axed particles with a mean 
diameter of 0.2μm, the other with needle-like particles. 
 

ba

10 μm 1 μm
 

Fig. 5.  SEM images of the phase morphology in the oxide powder mixture after heat treatment 
at 973 K in 48 h. Image (a) with a magnification of X1000 and (b) with X5000. 
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Apparatus and procedure 

Both the isothermal as well as the non-isothermal reduction studies were 
performed using a Setaram TGA 92 thermoanalyzer. The experimental set-up 
consists of several parts: an electronic microbalance, a graphite furnace, gas 
cleaning system, a CS 92 controller, and a computer fully operated by the Setaram 
software (version 1.54 a). The schematic diagram of the experimental set-up is 
shown in Figure 2. A detailed description of this apparatus is given in 
Supplement 1.  
 
The sample to be investigated was placed in high purity (99.999 %) sapphire 
crucible (supplied by Agate Products Ltd., UK) with an inner diameter of 8 mm 
and a height of 2 mm. The low depth of the crucible enabled access of the 
reduction gas to the precursor without gas-diffusion. The crucible was kept in a Pt 
basket suspended in the furnace chamber from the beam balance by a platinum 
suspension wire. The length of the wire was adjusted to ensure that the sample was 
placed in the high temperature zone of the furnace. The crucible was also carefully 
centered in the reaction tube to ensure that it was kept clear of the walls. The 
temperature of the furnace was controlled by an S-type thermocouple (10%Rh/Pt- 
Pt) placed as close as possible to the bottom of the crucible. Before heating the 
furnace, the reaction chamber was evacuated to a vacuum of less than 10 Pa and 
filled with the required gas. 
 
In the case of the isothermal experiments, the reaction chamber was filled with 
argon gas at a flow rate of 0.2 nl/min through the auxiliary gas inlet before starting 
the heating sequence. The furnace was heated to the predetermined reduction 
temperature with a heating rate of 25 K/min. The argon gas flow was terminated 
and the hydrogen gas introduced into the furnace, through the carrier gas inlet, 
when the predetermined reduction temperature was reached and stabilized. 
 
In the case of the non-isothermal reduction experiments, the sample to be 
investigated was heated from room temperature up to the predetermined maximum 
reduction temperature in a stream of hydrogen gas with a flow rate (0.6 nl/min). 
Five different heating rates were employed for  the experiments carried out on the 
Cu2O. In the case the reduction of Cu2O-WO3 mixture, four heating rates were 
employed.  
 
For all the TGA experiments, the hydrogen gas flow rate was maintained until the 
furnace was cooled to room temperature at the end of the experiment in order to 
avoid oxidation of the reduced sample. Moreover, test experiments were 
performed, under similar conditions, with alumina powder to register the buoyancy 
effect of the hydrogen gas velocity on the sample and compensate for the same 
during the reduction experiments. 
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The critical flow rate of the hydrogen gas beyond the starvation rate was 
determined in preliminary investigations with different initial hydrogen flow rates at 
an agreed experimental temperature. The gas flow rate was found to have a very 
little effect on the reduction rate. This was indicating that the reduction rate was 
independent of the flow rate and furthermore, it was assumed to hold at all the 
experimental temperatures. To be sure that the experiments were conducted above 
the gas-starvation rate and to ensure that gas phase diffusion was ruled out, the 
experiments were conducted at 0.6 nl/min. 
 
In order to investigate the effect of diffusion through the bed on the reduction rate, 
the height of the bed was changed by using different sample weights. Despite the 
fact that the rate of reduction was affected by the height of the bed, within the 
experimental accuracy limits, it was not possible to decrease the amount of the 
sample taken without risking larger experimental uncertainties. It was felt that a bed 
height corresponding to 15 mg would be safe in order to avoid the uncertainties 
related to the weighing in of the sample. Thus, in the case of all the TGA 
experiments, a sample mass of 15 mg was employed in order to avoid gas diffusion 
through the bed which would have had an impact on the reduction rate. 
 
Characterization 

In the present work, different characterization methods were employed in order to 
determine the morphology, the chemical composition and the crystallographic 
structure of the raw powder oxides and the reduced products. 
 
The phase identification of the materials was performed at room temperature by 
using a Philips PW 1830 diffractometer (X'pert System). An accelerating voltage of 
40 kW at 30 mA was used to a monochromatized X-ray beam with nickel-filtered 
CuKα radiation at a wavelength of 1.5418 Å. A continuous scan mode was used to 
collect data from 30° to 90° with a 0.02 sample pitch and a 4°min-1 scan rate. 
 
The morphology and the chemical composition were determined by using a 
JEOL/JSM-840 SEM accompanied by Electron Probe Micro Analysis (EPMA) 
and Energy Dispersion Spectrometry (EDS), a Field Emission Gun SEM (FEG-
SEM), a JEOL 8900 accompanied by Wavelength Dispersive Spectroscopy (WDS). 
Both backscattered electron- and secondary electron imaging were performed (BEI 
and SEI). 
 
The nano-structured powder samples were examined by a 2000EX JEOL 
Transmission Electron Microscope (TEM) operating at 200kV. Before the TEM 
investigation, the samples were prepared in two different ways. In the first case, the 
W/Cu powder particles were dispersed in ethanol and then evaporated on a carbon 
supporting film with a 200 mesh aluminium grid (supplied by Agar Scientific). In 
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the second case, the W/Cu powder was compressed into compact discs with a 
diameter of 3 mm and with a height of approximately 100 µm. The discs were then 
dimpled to electron transparency in an ion miller PIPS (Precision Ion Polishing 
System) using a Gatan model. The average chemical composition in the powder 
samples were analysed by Energy-Dispersive X-ray Spectroscopy (EDXS), INCA 
Energy TEM: microanalysis system for TEM. 
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Chapter 3 

RESULTS 

From the ratio between the instant mass loss and the theoretical final mass loss (the 
loss of all oxygen atoms from the oxides), the fraction of reduction, X, could be 
calculated. The dimensionless mass change (X) is plotted against time (t) and 
employed to describe the extent of the reaction.  
 
Isothermal reduction 

The present isothermal reduction experiments were preformed in the temperature 
ranges of 553-673 K (for the Cu2O) and 673-1073 K (for the mixture of 
Cu2O-WO3). The isothermal reduction curves obtained both in the study of Cu2O 
and of the oxide mixture are presented in Figure 7. 
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Fig. 7.  The fraction of reduction, X, as a function of time, t, for the isothermal reduction 

experiments, a) the study of Cu2O and b) the study of Cu2O-WO3. 
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In Figure 7b, where the reduction of Cu2O-WO3 is presented, it can be seen that 
the reduction was extremely slow at 673 K. The reduction rate was, however, 
found to increase gradually with temperature in the interval 673-923 K. On the 
other hand, the rate of reduction was found to decrease between 923 and 973 K. At 
temperatures higher than 973 K, the reduction rate was once again found to 
increase. A distinct change in the slope of the curves was observed at X ≈ 0.15. 
This would most probably correspond to the complete reduction of Cu2O, which 
theoretically would be at X = 0.11. As the rate of the reduction is controlled by the 
chemical reaction and as Cu2O is easily reduced compared to WO3, the observed 
reduction behavior in this region would be expected. During all the reduction 
experiments, both the flow rate of the hydrogen gas and the sample mass were kept 
constant viz. 0.6 nl/min and 15 mg. 
 
Earlier investigations of hydrogen reduction of complex oxides, carried out in the 
present laboratory, indicated that the presence of NiO or pure Ni could have a 
catalytic effect on some reduction reactions. In order to study the effect of Ni and 
NiO on the reduction of Cu2O, four different isothermal reduction experiments 
were preformed. Two of them were carried out with the addition of 5 and 10wt% 
Ni, and the other two experiments were carried out with added 5 and 10wt% NiO. 
Figure 6 shows the reduction curves for Cu2O mixed with 5wt% Ni and 
5wt% NiO. 
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Fig 6.  The fractional conversion, X, as function of time during the isothermal reduction with 

addition of Ni and NiO. 
 
It can be seen that adding Ni or NiO does not have any significant effect. The 
effects were similar even in the case of the additions of 10 % Ni or NiO. 
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Non-isothermal reduction 

In Figure 8, the results of the non-isothermal reduction experiments are presented. 
Concerning the reduction experiments of pure Cu2O (Figure 8a), the experiments 
were performed at different heating rates viz. 6, 9, 12, 15 and 18 K/min. Each 
experiment started from room temperature and terminated at 673 K. Independent 
of the heating rate, the reduction proceeds slowly below 623 K. Beyond this 
temperature, the reduction rate increases with an increase in temperature. It can 
also be observed from the Figure 7a that, all the reduction curves show a similar 
trend and that the fraction of reduction, X, reaches a maximum value of X ≈ 0.98. 
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Fig. 8.  The fraction of reduction, X, as a function of time, t, for the non-isothermal reduction 
experiments, a) the study of Cu2O and b) the study of Cu2O-WO3. 

 
The non-isothermal reduction curves obtained in the study of the Cu2O-WO3 
powder mixture at different heating rates, i.e. 9, 12, 15 and 18 K/min, are 
presented in Figure 8b. In this case, the experiments were started from room 
temperature and finished at 900 K. Independent of the heating rate, the reduction 
slowed down even more below 623 K. Beyond this temperature, the reduction rate 
increases with an increase in temperature. It can also be observed from Figure 8b 
that the changes of the slopes at different stages of reduction generally are in 
conformity with the results of the isothermal experiments presented in Figure 6b. It 
was noticed that the fraction of reduction, X, for the non-isothermal reduction 
experiments reached a maximum value between X ≈ 0.90-0.95. A possible 
explanation could be the inaccessibility of hydrogen to the core of the particle in 
the last stages of reduction. This could not be verified by X-ray diffraction or other 
techniques due to the extremely small amounts that might be present. 
 
X-ray diffraction studies 

Since all the isothermal reduction curves in the study of the Cu2O-WO3 mixture 
(Figure 7b) showed discontinuities in their characteristics, it was felt that the 
reduction of the mixed oxide powder might go through at least two reduction 
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steps. To verify this aspect, experiments were performed in the case of two 
isothermal experiments, wherein the reaction was arrested after a definite degree of 
reduction. The experiments were performed at temperatures of 773 K and 923 K. 
Both of these experiments were arrested in such a way that the degree of reduction 
was between 55 and 60 %.  
 
In Figure 9, the diffraction patterns obtained from the XRD analysis, along with 
the standard pattern (shown as dotted lines) are presented. The diffraction patterns 
for the fully reduced samples, carried out in the isothermal reduction experiments 
at 773 K and 923 K are shown in Figure 9(a2) and Figure 9(b2) respectively. 
Figure 9a1 and Figure 9b1 shows the pattern for the partially reduced samples 
carried out at the same temperatures. 
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Fig 9.  XRD patterns of the partially reduced samples carried out in the isothermal reduction 
experiments at 773 K (a1) and at 923 K (b1). Corresponding XRD patterns for the fully reduced 
experiments carried out at 773 K (a2) and 923 K (b2). The standard patterns for W, Cu and WOX 
are shown as dotted lines. 
 
In Figure 9a1 and Figure 9b1 the peaks corresponding to elemental Cu and the 
peaks showing the unreduced tungsten oxide are clearly visible, while the patterns 
for elemental W are more diffuse. This indicates that only the copper oxide has 
been fully reduced. In the case of the completely reduced samples, the XRD 
patterns show a significant difference. In the fully reduced sample at 773 K 
(Figure 9a2), the patterns for both elemental Cu and W are clearly noticeable. In 
Figure 9b2, the peaks corresponding to elemental W are found to be broader and 
exhibit a significant shift in contrast to the fully reduced sample at 773 K. 
Furthermore, the fully reduced sample at 923 K does not show any clear peak 
corresponding to elemental Cu. This may indicate an alloy formation between Cu 
and W, which is illustrated in Figure 10. 



Chapter 3 

17 
 
 

In this figure the XRD patterns corresponding to the fully reduced samples from 
the isothermal experiments at 773, 923 and 973 K are compared.  
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Fig. 10.  XRD patterns of the isothermal reduction experiments, carried out at 773 K, 923 K and 

973 K. The standard patterns for W and Cu is shown as dotted lines. 
 
The XRD patterns corresponding to the reduction at 773 K and 973 K show the 
presence of elemental Cu as sharp peaks. On the other hand, the pattern 
corresponding to the intermediate temperature 923 K shows no peaks 
corresponding to elemental Cu. 
 
It should be emphasized that the peaks corresponding to elemental W are much 
smaller and displaced at this intermediate temperature. This strongly suggest the 
formation of an amorphous or nano-structured phase. TEM analysis of this sample 
indicates the formation of nano Cu-W alloy particles and that the Cu might have 
dissolved in the W-phase formed, confirming the XRD results. According to the 
phase diagram studies available in the literature, the solubility of Cu in W is 
negligible. [2-5] In the present work, the results at 923 K might suggest the formation 
of a metastable solution of Cu in W in solid state. A similar possibility has earlier 
been indicated by Subramanian et al. [30]  
 
Morphological studies 

The reduction products obtained by both the reduction of pure Cu2O and by the 
mixture of Cu2O-WO3 were analysed by SEM. Figure 11 shows the results of SEM 
analyses of pure Cu powder produced under, isothermal conditions, at a) 553 K, b) 
613 K and c) 673 K (magnification: X15000).  
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Fig. 11.  SEM micrographs showing the fully reduced Cu powder with the effect of different 

reduction temperatures; a) 553 K, b) 613 K and c) 673 K (magnification of X15000). 
 
Morphological changes as well as increasing size of particles were noticed with 
increasing reduction temperature. The Cu particles in Figure 11a have a structure of 
a cluster of tiny particles, with an estimated particle size of 0.2μm. The size of the 
Cu particles, in Figure 11b and Figure 11c changed with increasing temperature and 
appeared as if they had sintered together. 
 
Figure 12 shows the powder surface, (magnification: X5000) after the isothermal 
reduction experiments of the Cu2O-WO3 mixture, performed at 973 K (a) and at 
923 K (b). 
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Fig. 12.  SEM images of the powder surface after the isothermal reduction experiments of the 

Cu2O-WO3 mixture, performed at 973 K (a) and at 923 K (b). 
 
The significant difference between Figure 12a and Figure 12b is that the powder 
reduced at 923 K has a totally different structure compared to the sample reduced 
at 973 K. The powder material, in Figure 12b, appears to have formed clusters and 
the particles seem to have a fractal growth of facets. The analysis of this product 
strongly indicates the formation of a Cu-W alloy with relatively significant Cu 
solubility. Further, three SEM images are presented with different magnifications in 
Figure 13, a) X10k, b) X70k and c) X100k. 
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Fig. 13.   SEM images, at different magnifications, of the powder surface after the isothermal 

reduction experiments performed at 923 K. a) X10k, b) X70k, c) X100k. 
 
With higher resolution, the pictures reveal that the powder contains of two 
different structures. In Figure 13b the fractal growth of facets is clearly seen and in 
Figure 13c, the material seems to be brittle agglomerate consisting of small 
spherical particles.  
 
To give further particulars about the non-isothermal reduction experiments of the 
Cu2O-WO3 mixture, an arrested reduction product was subjected to SEM analysis. 
The SEM micrograph in Figure 14 (magnification: X5000) correspond to the part 
of the reduction experiment where only the Cu2O was reduced. 
 

1 μm  
Fig. 14.  SEM images of the powder surface for the partially reduced Cu2O-WO3 sample. 
 
 
In Figure 14, the fine particles were identified by EDS analysis as elemental Cu. As 
can be seen, these Cu particles, about 0.2 μm in diameter, were stuck on to the 
surface of the bigger particles. The underlying bigger particles, with sizes about ten 
times larger than the Cu particles, were identified by EDS analysis as unreduced 
tungsten oxide. Clearly, thorough mixing of the starting materials and the arresting 
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at an intermediate stage resulted in the distribution copper on the tungsten oxide 
surface. 
 
In the light of all the experiments performed in the TGA and all the analysis carried 
out with XRD and SEM, the experiment carried out in a temperature of 923 K 
resulted in the most fine-grained W/Cu material. On the basis of these results, all 
the experiments performed by TEM were samples produced at isothermal 
reduction conditions at 923 K. [Supplement 3] 
 
In Figure 15a, the structure in a powder particle is shown with a magnification of 
X250k. The particle structure consists of equal axed grains with an average grain 
size well below 20nm. A number of the grains exhibit a lamellar contrast and the 
grain boundaries are affected by a shear. This phenomenon is often seen at 
twinning. In a greater detail, the grain boundaries show a rotation in points where 
the twins intersect grains boundaries. Figure 15b shows the electron pattern 
corresponding to the lamellar structure in the grains (Figure 15a). The diffraction 
pattern is revealing the presence of preferred texture orientation of the crystal 
lattice in the lamellar structure. Furthermore, it can be seen that the pattern shows a 
broad spread in lattice space regarding the diffraction rings. This is, to some extent, 
related to the occurrence of Cu spots for the (111) and (200) planes, which 
indicates the existence of copper in the powder material. Referring to the 
diffraction pattern in Figure 15b, the crystal structure was identified as a hexagonal 
lattice with a=2.52 and c/a=1.76. 
 

 

20 nm

a) b)

 
Fig. 15.   TEM image of the W/Cu powder with equal axed grains (a) together 

with corresponding diffraction pattern (b). 
 
Figure 16a shows a different particle structure from the same powder sample as in 
Figure 15. The corresponding diffraction pattern is presented in Figure 16b, and 
gave the same information about the crystal structure as in Figure 15b.The grains 
seem elongated and the darkish grains seems divided from the lighter ones. 
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Fig. 16.   a) TEM image of a W/Cuparticle with elongated grain structure (X250k).  
b) Corresponding diffraction pattern. 

 
The elongated structure in this figure where examined by exposing just one grain to 
the electron beam. The diffraction spots, originating from the single grain, reveal a 
hexagonal structure, whereas the diffraction rings are originating from the poly 
crystalline area.  
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Chapter 4 

DISCUSSION 

Kinetics of gas-solid reactions 

Kinetics is the study of the movement of a system towards equilibrium. The driving 
force for such a movement is the difference in the chemical potential between the 
products and the reactants. In this case: 
 
The reaction involved is 
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For a multicomponent system: 
 

∑ −+= SdTVdPdndG iiμ     (3) 
 
Thus the system strives to reach chemical, mechanical and thermal equilibrium. 
The first term in Eq. 3 corresponds to an equalization of the chemical potentials 
achieved through the chemical reaction. The equalization of the concentration is 
achieved by transfer of materials in and between the phases involved. Pressure 
equalization occurs through mass transfer in the gas phase. Finally, heat transfer is 
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the means to achieve thermal equilibrium. Thus, the field of kinetics covers 
generally 

a) chemical reactions (interfacial reaction) 
b) mass transfer 
c) heat transfer 

 
The total description of a gas-solid reaction is extremely complicated. The gas 
phase can have many components and the solid material may have many phases 
with varying physical properties like porosity, density etc and different affinities to 
the gas phase. The mass- and heat transfer are strongly affected by the structural 
changes of the solid such as sintering, swelling, softening and crack formation. 
Thus, the field of gas-solid reactions is a complex blending of different physical as 
well as chemical phenomena. [33] 
 
Theoretical considerations 

A common feature of all gas-solid reactions system is that the overall process may 
involve several intermediate steps. Typically, these intermediate steps involve the 
following: 

1. Gaseous diffusion (mass transfer) of reactants from the bulk of the gas 
phase to the solid. 

2. Diffusion of gaseous reactants through the product layer. 
3. Chemical reaction consisting of a) adsorption of the gaseous reactants on 

reactant surface, b) the actual chemical reaction between the adsorbed gas 
and the solid and c) desorption of reaction products from the solid surface. 

4. Diffusion of gaseous products through the product layer. 

5. Gaseous diffusion (mass transfer) of products from the solid surface to the 
bulk of the gas phase. 

 
In studying gas-solid reactions then, one is confronted with these five phenomena 
as well as with several other phenomena that may affect the progress of reaction 
and the performance of industrial equipment in which gas-solid reactions are 
carried out. These other phenomena include the heat transfer (both within the 
reacting solid and between the solid and the surrounding gas) changes in the solid 
structure that accompanies the reaction, and the flow of gases and solids through 
the equipment in which gas-solid reactions are taking place. [34] 
 
One of the challenges, in the present work, was to determine the impact of the 
process variables on each of the intermediate steps. A sensible approach was to 
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find the rate-controlling step by examining how the particle bed size, gas velocity 
and temperature affected the conversion. As mentioned earlier, the reduction of 
Cu2O, given in Eq. 1, is expected to proceed in one single step.  
 
By using a high flow rate of the reactant gas, it was possible to reject the gaseous 
diffusion as the rate-depending step (the first and the fifth step). Further, the 
experiment was designed in such way that the solid reactant was in a form of fine 
powder; dispersed in a very thin bed and all the particles had easy access to the gas 
phase. In this way, diffusion of gaseous reactants/products through the product 
layer could be fairly fast (the second and the fourth step could be rejected). Thus, 
by following the kinetics of the reaction in the early stage of the reduction with a 
high flow rate of the reactant gas, the rate of the chemical reaction, which would be 
the rate-determining step, could be followed. Since thermal activated processes 
increase in reaction rate with increase temperature could all the reduction 
experiments, carried out in Fig. 6, could be described by the Arrhenius equation 
and the Arrhenius activation energy could be calculated.  
 
Arrhenius activation energy 

From the rate of the reaction obtained by isothermal reduction experiments at 
different temperatures (Figure 6), the activation energy for the reduction could be 
calculated using the Arrhenius equation. This equation is expressed as: 
 

 ⎟
⎠
⎞

⎜
⎝
⎛ −⋅=

RT
Qexpkk o      (4) 

 
In Eq. (2) is ko constant, Q stands for the activation energy for the reaction, R is the 
gas constant, T is the temperature given in Kelvin and k is the reaction rate 
constant. 
 
The Arrhenius plots for Reaction 3 were constructed by taking the reaction rates 
when the rate was at the maximum, which was at the early stage of the reduction at 
various temperatures. For the reactions observed in Figure 6a, an Arrhenius plot is 
given in Fig. 14a and the activation energy value found to be Q1=92 kJ/mol 
(±5 kJ/mol). In the case of the reactions observed in Figure 6b, the Arrhenius plots 
have been divided into two regions of the reduction vs. X<0.1 and X>0.1. The 
reaction in the temperature range 673-873 K, when X<0.1, would correspond to 
Reaction 1. An Arrhenius plot for the first step in the reaction is given in 
Figure 14b and the activation energy value was Q2=60 kJ/mol (±5 kJ/mol). 
 



Discussion 

26 
 
 

1,0x10-3 1,1x10-3 1,2x10-3 1,3x10-3 1,4x10-3 1,5x10-3

-7,0

-6,5

-6,0

-5,5

-5,0

-4,5

-4,0

ln (dX
/dt)  [s -1]

 

Q
3

Q
2

1/T  [K-1]

 

    X<0.1
Q2= 60 kJ/mol
Q3= 105 kJ/mol

b)

1,5x10-3 1,6x10-3 1,7x10-3 1,8x10-3

-9

-8

-7

-6

 

Q1=92 kJ/mol

ln
 (d

X
/d

t) 
 [s

-1
]

1/T  [K-1]

a)

 
Fig. 14  Arrhenius plots of the results from the isothermal reduction experiments of 

 a) Cu2O and b) of Cu2O-WO3 when X<0.1 
 
Figure 14 shows that the activation energy for the reduction of pure Cu2O under 
identical experimental conditions is different. The reason for the difference in the 
activation energy for Q1 and Q2 is not clear. One possibility is that the presence of 
the oxide of tungsten may have an influence on the kinetics of the reduction of 
Cu2O. In the temperature range 1023-1073 K, the activation energy value was 
Q3=105 kJ/mol (±5 kJ/mol).The reaction would include the reduction of reactant 
which has undergone transformation during the heating sequence. Due to the 
formation of complex oxide, where oxygen is likely to form stronger bonds, the 
higher value for the activation energy is expected. The Arrhenius plots for the 
second step of the reaction, when X>0.1, is briefly discussed in supplement 2. 
 
In the case of non-isothermal experiments, it has been shown that results could be 
described successfully using a shrinking core model.  [35] The model description was 
developed under the assumptions that the chemical reaction controls the overall 
reaction rate in a topo-chemical manner and that the particles are spherical. In the 
present work, the model was used to describe the reduction of Cu2O by hydrogen. 
The reaction rate of the chemical reaction can be expressed as; 
 

 ( )
⎟
⎠
⎞

⎜
⎝
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RT
Q
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    (5) 

 
where X is the fraction of reduction, R is the gas constant, T is the temperature 
(K), Q is the activation energy, and B is a constant given by the equation: 
 

 
R
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where A0 is the initial reaction surface area, K0 is the reaction rate constant. By 
taking the natural logarithm on both sides of equation Eq. (5) and rearrange parts 
of it, following expression is obtained: 
 

 ( ) ( )
RT

Q-- BlnX1lnTln
dt
dXln 3/2 =−+⎟

⎠
⎞

⎜
⎝
⎛    (7) 

 
The three terms on the right hand side of Eq. (7) are independent of temperature 
and the left side is a linear function of 1/T. From the non-isothermal reduction 
curves shown in Figure 8, it is possible to plot the left-hand term in Eq. (7) as a 
function of 1/T. Such plots are presented in Figure 15. The slope of the linear plot 
provides the value for –Q/R in Eq. (7). 
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Fig. 15.  Arrhenius plot the results from the non-isothermal reductions experiments of 

 a) Cu2O and b) of Cu2O-WO3 when X<0.1 
 
The calculated value for the activation energy, Q4, was found to be 111 ±5 kJ/mol. 
This value is in reasonable agreement of isothermal study in Figure 14a 
(92 ±5 kJ/mol). 
 
An Arrhenius plot for the first step of the reduction of Cu2O-WO3, when assuming 
that only the Cu2O is reduced, is given in Figure 15b. In the low temperature range, 
(T<650 K), the calculated activation energy, Q5, was found to be 118 ±5 kJ/mol. 
This value is in good agreement with the non-isothermal studies on pure Cu2O 
(111 ±5 kJ/mol), shown in Figure 15a. For the temperature interval above 650 K, 
the value of the activation energy was calculated to 62 ±5 kJ/mol (Q6). A 
comparison of these values with isothermal experiments is difficult in view of the 
transformations that occur in the starting material in parallel with the reduction 
reaction. 
 
The Arrhenius activation energy of the reduction reaction is expected to be related 
to the strength of a metal-oxide bond in the oxide reduced for non-catalyzed 
reactions. The standard Gibbs energy of the oxide would be a measure of the 
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stability of the oxide, and consequently a measure of the metal-oxide bonding. In 
Supplement 1, a presentation of this discussion is brought forward, together with a 
discussion about relation between the activation energies for reduction and the 
Coulombic attraction between the metal cation and oxygen ion in the oxides.  
 
It would be very interesting to compare the morphology observations in the case of 
the reduction product of the Cu2O-WO3 mixture with those obtained by the 
reduction of pure Cu2O. [Supplement 1] In the latter case, the reductions could be carried 
out at lower temperatures, viz. 553-673 K, whereas, in the case of Cu2O-WO3 
mixture, the reduction temperatures are slightly higher, 673-1073 K. [Supplement 2] It 
would be reasonable to expect sintering and growth of the particles if they are 
produced at a higher temperature.  
 
The SEM micrographs of copper powder produced by the reduction of Cu2O at 
553, 613 and 673 K are presented in Figure 11. It is clearly seen that the particles 
coalesce into each other as the reduction temperature is increased. The estimated 
average particle sizes are 0.2 μm for the product at 553 K, 0.5 μm for the product 
at 613 K and 0.8 μm for the product at 673 K. The grain growth is approximately 
linear with increasing temperature. This observation is in agreement with the 
reasoning in the earlier paragraph.  
 
It would be interesting to compare these results with the SEM micrograph in 
Figure 13c for product of Cu2O-WO3 reduction at 923 K. The average particle size 
of the reduction product can be estimated to be around 20 nm. This would mean 
that the co-reduction of the two oxides results in the production of nano alloys.  
 
As mentioned earlier, the co-reduction experiments were carried between 673 and 
1073 K. It has been mentioned earlier that the W-Cu alloy is produced only around 
923 K. Both at lower as well as higher temperatures, viz. 773 and 973 K, the XRD 
analysis has shown that W and Cu exist as separate phases, which would be 
expected from the phase diagram. [Supplement 3] The particle sizes for Cu estimated 
from the SEM pictures for the products at these temperatures are around 0.2 μm. 
Thus, it appears that the alloy formation and a metastable solution appear to be 
important factors in the formation of nano alloys.  
 
The above observations open up a number of possibilities in reduction processing 
in order to produce nano alloys and composites. The hydrogen reduction process 
parameters can be suitably manipulated to tailor the product structure. This would 
require extensive experimentation as well as theoretical calculations in order to 
model the processes towards desired properties. Such attempts are currently made 
in the present laboratory. 
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Chapter 5 

SUMMERY AND CONCLUSIONS 

The major part of the present investigation deals with the kinetic studies of the 
hydrogen reduction of copper oxide (Cu2O) and reduction of a mixture of copper 
and tungsten oxides (Cu2O-WO3) to produce Cu-W composite. The experiments 
were conducted in isothermal as well as non-isothermal modes and the Arrhenius 
activation energies for the chemical reaction rate were evaluated from the reduction 
rates. The possible catalytic effects, on the reduction of pure Cu2O, with addition 
of nickel metal powder as well as nickel oxide powder were ruled out by 
experimentation. In the case of the reduction experiments of the Cu2O-WO3 
mixture the reaction rate was affected in the temperature range 923-973 K. By 
examining the starting material, it was found that it underwent a 
reaction/transformation at 904 K, which could explain the observed kinetic 
behavior. Examinations of the reaction products (W-20wt%Cu) indicate a higher 
solubility of Cu in W at 923 K indicative of a metastable solution. The XRD 
pattern shows no clear elemental Cu peak and peaks showing W are found to be 
both broader as well as smaller, and exhibit a significant shift from the peaks for 
pure W. The analysis further indicates that the alloy formed at 923 K is of a 
metastable solution of Cu in W in solid state. On the basis of these results, all the 
experiments performed by TEM were samples produced at isothermal reduction 
conditions at 923 K. The TEM analysis revealed that the particle of the W/Cu 
powder consists of two different structures (with average grain size well below 
20 nm), both identified as a hexagonal lattice. The structure of the W/Cu alloy 
studied is compared with that of Cu synthesized under similar conditions. 
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Proposal for future work 

- Extend the research to ternary systems. 

- Investigate the possibilities to fabricate uniform products at the same time as 
the reduction occurs. 

- Designs of suitable precursor to process reactors for bulk production of 
composite materials. 

- Development of an appropriate model, based on experimental data, to 
combined process parameters with exceptional properties of produced 
material. 
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