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ABSTRACT

In the present work, novel bi-metallic catalysts for syngas
production atlow temperature steam reforming are developed,
characterised and tested. Steam methane reforming by using
bi-metallic Ni-Cu catalysts found to balance the product of CO
to CO, ratios, while affected the water gas shift reaction by
increasing the hydrogen selectivity up to 600°C. The addition
of different amounts of Cu (3, 5, 7, 10 wt%) to the Ni catalyst for
methane steam reforming showed different reactivity trends.
One of the major outcomes of this work is the maximum
load capacity of Cu (5wt.%Cu) to maintain the reactivity. For
comparison purposes, mono-metallic catalysts of Cu and Ni
were developed and tested along with the bi-metallic ones.
The activity of the reaction decreased by doping more than
5wt.%Cu which affected the amount of hydrogen produced.
This is related to the possible limited number of available sites
required for hydrogen adsorption to maintain the reaction of
methane steam reforming. Another important outcome of this
work is the bi-metallic Ni-Cu catalysts did not decrease the
amount of carbon formation.

Keywords: Bimetallic catalysts, steam methane reforming,
Heterogeneous catalysts, syngas generation, Bimetallic Ni-Cu/
ALO, catalyst.

INTRODUCTION

Steam-Methane Reforming(SMR) is considered to be the
most financially viable technology for syngas production
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[1]. Methane (CH,) can be converted to syngas at elevated
temperatures, normally above 800°C [2-4]. However, for the
technology of Solid Oxide Fuel Cells (SOFCs), SMR at operating
temperatures between 500-700°C is highly desirable, as the
generated heat from the SOFCs can be utilised to increase the
overall system efficiency [5,6]. The coupling of Methane steam
reformers with SOFCs is already being used via combined heat
and power (CHP) systems in residential stationary applications
[7]. Residential CHPs use the established methane grid
infrastructure, which facilitates the roll out of the Fuel Cell
technology [7,8]. Over 120,000 CHP units have been sold
and installed for domestic use in Japan by 2017 [9]. The fuels
suitable to operate SOFCs come from a variety and mixture
of gases including; H,, CO and CH,. The direct use of CH,,
results in the formation of coke at the anode and therefore
negatively contributes towards the lifetime of the SOFCs.
Therefore, external reforming at comparable temperatures
to the operational SOFC temperatures in order to produce
syngas has attracted attention for its benefit on SOFCs lifetime
with negligible efficiency cost [10, 11].

The overall chemical reaction for methane steam reforming
is described in Eq. 1. The reaction from Eq.1 is the result of
the combination of the two reactions introduced in Eq. 2
(endothermic SMR) and Eq. 3 (exothermic water gas shift
(WGS) reaction).

CHa + 210 = COs + 4, , AHP20s=+165kI/mol ~ (Eq. 1)
CHi+ H,0 = CO + 3 , AHP205=+206 kI/mol  (Eq.2)
CO+H,0 = CO2+ Ha , AH505 = —41 kJ/mol (Eq. 3)

The SMR reaction involves a heterogeneous catalyst. The
catalyst is made from metal oxides, which is known as metal
oxide catalysts such as; Ni, Pt and Pd. The main issue for metal
oxide catalysts lies on the fact that they deactivate due to
metal sintering and thermal degradation. In addition, such
catalysts favour carbon formation. This causes instability
for the catalytic reaction performance. Bi-metallic catalysts
have been also suggested to enhance the catalytic reaction
as compared to the mono-metallic catalysts [12]. Improving
the catalyst composition by doping with binary metals has
the potential to improve the reaction behaviour. Both the
surface composition and the bimetallic particle size can
affect the catalytic performance of the reaction. The ex-situ
catalytic performance test provides an indication for catalytic
performance such as; methane fuel conversion, catalytic
activity and product selectivity, which are essential design
parameters to build an external reformer technology.

The addition of metallic Cu within the Ni catalyst can
enhance the reactivity of the decomposition reaction of the
hydrocarbon fuel [13-18]. The metallic Cu has the potential to
enhance the methane decomposition reaction. The increasing
a small amount of Cu (0.01 wt.%, 0.1 wt.%, 0.5 wt.%) to Ni (0.5
wt.%) catalyst can improve the reaction activity [19]. However,
the catalytic performance was found to decrease at 750°C,
because of the aggregation of the active particles and carbon
formation [16, 17]. The catalyst promoter has the potential to
affect the ensemble size of metal [20-23]. For the methane
decomposition reaction, substitution of Cu over Ni showed an
improvement of the catalytic reaction stability at 500-900°C
with maximum conversion of 54% at 700°C [24]. Moreover, the
Cu addition to Ni/SiO, catalysts was investigated in terms of
enhancement of the catalytic stability [25]. The performance
of decomposition reaction when utilising the Ni-Cu catalyst
was increased as compared to the usage of the Ni/SiO,
catalyst [26]. Methane decomposition has been reported over
un-supported bimetallic Ni-Cu catalyst [24, 27-33]. Mainly, it
was reported that Cu decreased the carbon formation with
an improvement in the catalytic activity at 600°C for methane
decomposition reaction. Furthermore, suggested that shifting
the Ni/Cu composition further towards higher Cu contents
could improve the carbon tolerance [34].

The aim of the current work is to examine the stability
effect when introducing Cu promoters in Ni-based catalysts
at low metal loadings (less than 10 wt.%) for methane
steam reforming purposes. The work further adds in the
understanding of the effect of the Cu addition in terms of
mitigation of Ni aggregation and the stability of the catalyst
structure. In addition, the reduction of carbon formation
during the reaction due to the doping is investigated. For
that reason, an experimental approach in the synthesis,
characterisation and testing of the Ni-based bimetallic
catalysts for methane steam reforming applications is
presented. Several loadings of metallic Cu (3, 5, 7, 10 wt%) are
introduced and the effects of the methane conversion, water
conversion, hydrogen production and carbon production are
discussed. The catalysts are characterised after the methane
steam reforming reaction by means of XRD, SEM-EDX, TGA and
BET analysis. Finally, a carbon formation analysis is introduced,
presented and analysed.

MATERIALS AND METHODS
Catalyst Preparation

The catalyst was prepared via an impregnation method. The
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raw materials (Nickel(ll) nitrate hexahydrate-Ni(NO,),-6H,0 and
Copper(ll) nitrate trihydrate - Cu(NO,),:3H,0) were purchased
from Alfa Aesar. For the preparation of the mono-metallic
catalysts, Ni(NO,),-6H,O0 and Cu(NO,),:3H,0 were dissolved in
ethanol along with magnetic stirring for 30min. For the case
of the bi-metallic catalysts, an additional of 30 min of stirring
after the Ni(NO,),-6H,0 was discharged to the Cu(NO,),-3H,0
solution took place. Finally, trilobe AI203 catalyst carriers (69)
purchased by Johnson Matthey added to the nitrate metal
solution and mixed for 120 minutes using ultrasonic mixer at
room temperature. Then, the metal supported catalyst left to
dry at 100°C for 8 hours. Finally, the catalyst was calcined at
500°C (5°C/min) for 5 hours.

Catalyst Characterisation

A Philips XL-30 with LaB6 filament SEM fitted with an Oxford
Instruments INCA Energy Dispersive X-ray Spectroscopy (EDS)
system was used to study the catalyst morphology. In principle,
an electron beam is scanned over the catalyst surface which
will generate signals. The signals detection produces the
image. The SEM apparatus uses a NordlysS camera which is
able to produce images with minimal geometric distortion at
a resolution of 1344x1024 pixels. The SEM captures adjusted
angle from 15°-130° upon a 50x50 mm stage. The images were
displayed and recorded using INCA software. The fitted EDS
allowed the study of elemental composition of the scanned
samples. The EDS provides quantitative analysis for elemental
composition providing the elemental distribution across the
scanned sample. The scanned samples were coated with
gold before being introduced to the microscope chamber
in order to make electrically insulating samples conducting.
The external morphology of the samples was recorded in the
range of 1 um up to 100 um and a two-dimensional image
was displayed on the computer screen using INCA software.
A sample of the catalyst (around 1.4 g) was introduced to
Micrometrics ASAP 2010 analyser. The BET surface area was
determined by using the data from the isotherms during
physisorption with N,. The measured static gas volume
during adsorption process was used to develop physisorption
isotherms in order to calculate the Brunauer—-Emmett-Teller
(BET) surface [35]. The measurements were carried out over
approximately 1.4 g of catalyst sample using a Micrometrics
ASAP 2010 analyser. Accelerated Surface Area and Porosimetry
(ASAP) uses the static volumetric technique to determine
surface area using N, physisorption isotherms at -196°C. The
sorption measurements were conducted over the range of
relative pressures from 0.01 to 0.99 during adsorption and the

relative pressure was subsequently reduced to 0.14 during the
desorption stage. For the XRD analysis, a Bruker D8 Advanced
Diffractometer was used fitted with XRD database provided by
ICDD. The powder obtained from the catalyst scanned using
XRD at room temperature at angles between 30° to 90°, with
a step size of 0.02° and CuKa radiation, A=0.154 nm and K=0.9.
The XRD patterns were matched and assigned according to
the XRD database (PDF-4+2012) provided by International
Centre for Diffraction Data (ICDD). The TGA analysis was
performed usinga NETZSCHTG 209 F1 instrument. An amount
of the sample (20mg) introduced to the aluminium crucible.
The carbon formed on the sample after the reaction is treated
using air (50ml/min) by increasing the temperature (10°C/
min) from 25°C to 900°C. The sample was introduced to the
TGA instrument in an aluminium crucible that can resist a high
increase in the temperature. During the TGA process carbon
deposited on the sample in the reaction was removed from
the catalyst by oxidation in air at a flow rate of 50 ml/min and
heating the sample (20 mg) in the oven chamber from 25°C to
900°C at a ramp rate of 10°C/min. Then, the percentage mass
changes with temperature were recorded. The measured mass
loss by TGA is assumed as sum of complete metal oxidation to
NiO and Cu,O and carbon burn off. The calculation assumed
that the catalyst was fully reduced before performing TGA.
Then, the accumulated carbon in grams for the reaction
duration was calculated.

Catalytic Activity Measurements

The catalytic reaction took place in the experimental apparatus
shown in Fig.1. The prepared catalysts (quantity of 3g) of the
prepared catalyst packed in the middle of the reactor furnace
(50 mm bed height). The reactor (395 mm lenght) was made
from 316L stainless steel with diameter of 10.9 mm and wall
thickness 0.89 mm. Methane (99.99% purity) was supplied to
the reactor tube using Brooks mass flowmeter at flow rate of
25 ml/ min. The reaction was carried out between 500-700°C.
The steam was injected at a molar ratio of 3:1, generated from
water passing through the pipe wrapped with trace heater
(OMEGA). A pump (Cole Palmer) controlled the flowrate
of water. When the operation stabilised, gas samples were
withdrawn for analysis using Refinery Gas Analyser (Agilent
7890A) every 15 minutes for a total duration of four hours. The
entire piping system was purged with N, before commencing
the reaction. Then, hydrogen injected at a flow rate of 10 ml/
min for catalyst reduction purposes. As reported previously,
the assigned reduction temperature measured by temperature
programmed reduction was ( 650°C for 10% Ni, 250°C for 10%
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Cu, 350°C for 7% Cu - 3% Ni, 380°C for 5% Cu - 5% Ni, 425°C
for 7% Ni - 3% Cu) [36]. The reduction was performed by
increasing the temperature to the target value by 5°C/min and

maintain the target temperature for 30 minutes. After that, the
system was purged again with N,

Figure 1: Experimental apparatus used for catalytic reaction activity test

RESULTS
The effect of Cu content on the Ni-based catalyticreactivity
Methane and water conversions

Fuel conversion and the catalyst selectivity for syngas
production were tested at several reaction temperatures. The
methane fuel conversion when utilising both the Ni mono-
metallic and the Ni-Cu bimetallic catalysts is presented in
Fig 2. The bi-metallic catalysts revealed lower conversion at
500-550°C comparing to the Ni mono-metallic catalyst. SMR
is an endothermic reaction and thus, it is activated while the
temperature is increased. The catalytic reactivity of Ni-based
mono-metallic catalysts is enhanced at the temperature range
of 500-550°C. The catalytic reactivity at 600°C showed that a
small loading with Cu (3%) could lead on a higher conversion
rate than the mono-metallic Ni catalyst. The small amount of
Cu could enhance the WGS reaction by consuming CO, while
extra CO is generated from the steam methane reaction.

Increasing the Cu content up to 5% and 7%, resulted in lower
methane fuel conversion compared to the mono-metallic
Ni catalyst. This behaviour is related to the reduction of the
active metal site for the methane steam reforming reaction.
The lower methane conversion for 5% Ni - 5% Cu and 3% Ni -
7% Cu catalysts in comparison to the 7% Ni - 3% Cu at 600°C
is attributed to the fact that the conversion takes place on the
Ni surface and, as seen in Fig. 3, the water consumption was
higher for the case of 7% Ni - 3% Cu. For the case of the mono-
metallic 10% Cu catalysts, the levels of methane conversion
were very low, as presented in Table 1. According to those
outcomes, Cu is responsible only for WGS after the SMR
takes place. For higher temperatures (650-700°C), it can be
observed from Fig. 3 that the water conversion had decreased
or remained at similar levels, indicating that the steam is no
longer the main contributor for the catalytic methane reaction.
This behaviour appears because at elevated operating
temperatures, the methane decomposition reaction and the
reverse WGS reaction are dominating.
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Figure 2: CH, conversion for the mono-metallic and the bi-metallic catalysts at various temperatures between 500-700°C
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Figure 3: H,0 conversion for the mono-metallic and the bi-metallic catalysts at various temperatures between 500-700°C

Table 1. Activity of catalytic methane reaction for physically mixed monometallic 10% Cu and 10% Ni catalysts

10%Cu  10%Ni, 10%Cu* 10%Ni, 10%Cu*  10%Ni, 10%Cu*

Temperature (°C) 700 700 600 500
S/C 3 3 3 3

CH, conversion (%) 9.7 87.0 558 28.6
Water conversion (%) 0.00 15.1 14.8 10.1
H> yield 0.08 2,19 1.56 0.87
CO; yield 0.01 0.23 0.24 0.17
CO yield 0.00 0.56 0.23 0.04

*Physical mixture of single metal (1.5 g of 10%Cu and 1.5 g of 10%Ni).
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Hydrogen yield

The hydrogen yield at the temperature range 500-700°C
is presented in Fig 4. As extracted from Fig. 4, a common
denominator for all the cases is an increase in the hydrogen
yield with the increase of the reaction temperature. At the
temperature range of 500-550°C, the mono-metallic Ni catalyst
showed the highest hydrogen yield as compared to the
performance of the bi-metallic catalysts. The large Ni content
enhances the activation of C - H bonds for the SMR. At 600°C
and for 7% Ni - 3% Cu, the hydrogen yield was 2.4 mol/mol-

CH, and achieved the maximum value comparing to the other
catalysts. This is mainly related to the WGS reaction. Hydrogen
can be produced from both steam methane reforming over
Ni and WGS reaction over active Cu. The catalyst becomes less
selective to hydrogen at 500-600°C when more than 5 wt.%
Cu is added to the catalyst. Thus, the low Ni content could
reduce the fuel conversion and therefore the amount of H,
produced. In addition, it was observed that the bimetallic
catalyst has negligible effect on H, generated at 650-700°C, as
the decomposition reaction is active at higher temperatures.
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Figure 4: Hydrogen yield for the mono-metallic and the bi-metallic catalysts at various temperatures between 500-700°C

Carbon dioxide and carbon monoxide yields

TheCO, yieldforthemono-metallicand the bi-metallic catalysts
at various temperatures between 500 — 700°C is presented in
Fig. 5. The produced CO, is increasing for all the catalysts until
600°C, where the maximum Co, yield is achieved. After that
point, when the reaction temperature reaches higher values
(650-700°C) the Co, yield is decreasing. This is related to the
nature of WGS reaction, which is less favourable under higher
temperatures. The CO yield for the mono-metallic and the
bi-metallic catalysts at various temperatures between 500

- 700°C is presented in Fig. 6. For all the studied catalysts, as
the temperature increases, the CO yield also increases. In that
case, CO is generated from both the SMR and the reverse WGS
reaction. The CO yield at 500°C is very low for all the catalysts,
as under these conditions, the WGS is the favourable reaction.
The effect of Cu addition in the bi-metallic catalysts showed
that the CO can produce by both the WGS reaction and SMR
reaction [20-23]. For the case of 700°C, the Cu catalytic addition
at high temperature encourages strongly the reverse WGS
reaction, and as a result, a higher amount of CO is generated
from the activated decomposition reaction.
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Figure 5: CO, yield for the mono-metallic and the bi-metallic catalysts at various temperatures between 500-700°C
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Figure 6: CO yield for the mono-metallic and the bi-metallic catalysts at various temperatures between 500-700°C

Steam methane reforming over monometallic mixture

The MSR was also studied over monometallic 10% Ni and
10% Cu catalysts. According to the data presented in Table
1, the mono-metallic 10% Cu catalyst at 700°C was able to
achieve 9.7% CH, conversion. In addition, small traces of co,
were detected. In general, Cu is not an effective catalyst in
terms of selection for methane steam reforming applications.
The methane reaction mechanism occurs when derived
intermediates of CH, are chemisorbed on the surface of the
catalyst and react with the water species [37]. Cu catalyst
normally doesn't activate the C-H bond necessary for SMR
[38]. The main objective of SMR is to convert CH, to H, and

CO, and then it reacts with steam to produce CO, and H..
By physical mixing the two catalysts, 10%Ni and 10%Cu, an
effective activity at 700°C was observed by achieving the
highest CH, conversion. The 7% Ni - 3% Cu catalyst at 600°C
showed 71.1% methane conversion and 2.4 mol H,, which is
higher than carrying the reaction over the physical mixture of
the mono-metallic catalysts. The CO removal process via WGS
reaction where further methane was converted via SMR to CO
then to H, could be a reason. From the previous analysis, the
CH4 reaction was active at 650-700°C, a significant amount
of H, and CO were developed inside the reactor. This kind of
behaviour is related to the activation of the C-H bonds during
the steam reforming reaction.
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Characterization of reacted catalysts
SEM-EDX of the reacted catalysts

The SEM/EDX micrographs of the reacted catalysts at
(700°C)
temperatures are presented in Fig. 7 and Fig. 8 respectively.

the minimum (500°C) and maximum reaction
The EDX spectrum is used to detect the main composition on

the catalyst surface. The monometallic 10% Ni catalyst reacted

T s A e )

70pm

70um

at 700°C showed a higher degree of agglomeration compared
to the same reacted catalyst at lower temperature.

The 7% Ni - 3% Cu revealed shades of white and bright white
spots. The agglomeration alongside the Al,O* support plane
were observed for the 5% Ni - 5% Cu catalysts at both reaction
temperatures. The reacted 3% Ni-7% Cu catalyst operated at
500°C revealed changes and with increasing the operating
temperature, more agglomeration was observed

Ly are—|

100pm

Figure 7: SEM micrographs for the studied catalysts at the lowest temperature (500°C) for a) the mono-
metallic Ni catalyst, b) for the bimetallic 7%Ni — 3%Cu catalyst, c) for the bimetallic 5%Ni — 5%Cu catalyst and
d) for the bimetallic 3%Ni - 7%Cu catalyst

70um

[ e

70um

Figure 8: SEM micrographs for the studied catalysts at the highest temperature (700°C) for a) the mono-
metallic Ni catalyst, b) for the bimetallic 7%Ni - 3%Cu catalyst, c) for the bimetallic 5%Ni - 5%Cu catalyst and
d) for the bimetallic 3%Ni - 7%Cu catalyst
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Surface area analysis

The surface area analysis for the as-prepared and the reacted
catalysts (for the reaction temperatures 500 and 700°C)
is presented in Table 2. The catalytic surface area of the
reacted catalysts showed lower values, as compared with the
surface area of the as prepared catalyst. The reacted catalysts
presented a low N, volume of adsorption during the BET test.
This is inferred to the pores blockage of the AlLO, support,
as agglomeration was observed from the SEM micrographs,
resulting in reduced amount of nitrogen adsorbed during the

For the reacted catalysts at 700°C, both the mono-metallic
10%Ni and the bi-metallic 7%Ni-3%Cu revealed low surface
area by comparing the results for the same reacted catalysts
at 500°C. This is related to the fact that high operating
temperature has a negative aspect on the catalyst surface area
and the high Ni content at high temperature is active with
methane steam reforming reaction due to thermodynamic
nature of the reaction. On the other hand, the bi-metallic
catalysts of 5% Ni - 5% Cu and 3% Ni -7% Cu showed lower
surface area at 500°C than the same catalysts reacted at 700°C.
The large Cu content is engaged with high activity for WGS

test. reaction at low temperature, leading to the support pore
coverage and as a result, to deactivation.
Table 2. The surface area of fresh and tested catalysts at 500°C and 700°C
10%Ni  7%Ni-3%Cu 5%Ni-5%Cu  3%Ni-7%Cu
Surface area, fresh (m%/g) 122 125 128 125
Surface area, reacted at 933 97.1 932 91.7
500°C (m?/g)
Surface area, reacted at 86.1 89.0 95.0 100
700°C (m?/g)
Pore diameter, fresh (nm) 19.9 19.8 19.6 20.1
Pore diameter, reacted at 20.1 18.3 20.1 20.5
500°C (nm)
Pore diameter, reacted at 219 19.8 18.4 16.1
700°C (nm)
XRD analysis interaction with the support and is directly proportional

The XRD analysis of the reacted catalysts were analysed by
the commercial software Match3! and the databases from
FullProf Suite were utilised. Fig. 9 presents the X-ray diffraction
patterns. The patterns for the mono-metallic 10%Ni catalyst
and the bi metallic catalysts are presented for the reaction
at 500°C in Fig. 9a, where the peaks are matched to the Ni,
Cu, CuNi and ALO.,.
Al support used. The patterns for the same catalysts for

The phase Al,O, originates from the

the reaction at 700°C are presented in Fig. 9b. Finally, the
comparison between the patterns of the 7%Ni-3%Cu catalysts
in two different temperatures, 500 and 700°C is presented in
Fig. 9c. The metal crystallite stability is related to the metal

with the melting temperature of the active metal. Thus,
crystallite growth was found when the reaction temperature
was increased as indicated from the XRD patterns changes
at 700°C, as compared with the XRD patterns at 500°C. The
XRD patterns for the metallic Ni-phase is present at both 44°
and 52°, and by utilising the Scherrer equation, the average
Ni crystallite size was 17.4 nm. In addition, for the case of the
7%Ni-3%Cu catalyst, the peaks for Ni and Cu are also shifted
to higher angles as the temperature increases, indicating the
presence of internal stresses in the material. Finally, at 700°C,
the presence of an extra peak of ALO, at 26=48° has been
identified. The reacted bimetallic catalysts revealed patterns
matched to Ni, Cu and Ni-Cu phases.
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Figure 9: X-ray diffraction for tested catalysts at 500°C (9a) and at 700°C (9b). Finally, the diffraction
patterns for the catalyst 7%Ni-3%Cu at 500°C and 700°C are presented (9¢).
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Carbon formation for reacted catalysts

Carbon is formed during the catalytic reaction on the
catalyst surface due to the absorption of hydrocarbon
species and hydrogen release [39]. The carbon formation is
mainly produced from the CO decomposition (Eq. 4), the CH,
decomposition or a CH, dehydrogenation reaction (Eq. 5)
and the CO reduction (Eqg. 6). The catalyst selectivity for solid

carbon (SelC) was estimated as shown in Eq. 7.

2C0O = C+CO:2 , AH®208 = -172 kJ/mol (Eq. 4)
CHa =C + 2H> , AH®298 = +75 kJ/mol (Eq. 5)
CO + H2=C + H20 , AH%298 = -131 kJ/mol (Eq. 6)

Sel,. (%) =100 x Zeator

CH,,in

(Eq.7)

Out of the thermodynamic point of view, the forward reaction
of CH4 decomposition (Eq. 5) is favoured at the temperatures
600-750°C while the opposite effect occurs for the reactions
described by Eq.4 and Eq.6 at the same temperature range as

shown in Fig.10. The role of the catalyst is to have a sufficient
activity to counterbalance the coke deposition. The effect of
bimetallic catalyst is observed from carbon formation analysis
presented in Fig.11. It is difficult to detect a uniform trend,
as several reactions can occur at the temperature range that
the reactions took place. The amount of carbon formed when
using bi-metallic catalysts was in general larger than the
monometallic 10%Ni catalyst. The 10%Ni catalyst prepared in
the present work showed sufficient stability, in terms of carbon
formation when comparing it with Ni-Cu catalysts. Bimetallic
catalysts did not find to decrease the carbon formation. The
Ni dilution with small amount of Cu suggest that unstable
carbide intermediated formed during the reaction and
remained on the metal surface and later on the carbide was
decomposed forming the carbon on the catalyst surface.
The current prepared bimetallic catalyst did not improve the
carbon tolerance compared with 10%Ni catalyst. It might be
that a higher carbon deposition is formed as larger metal
particles are formed from dilution of Ni with Cu as indicated
from BET and XRD analysis.
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Figure 10: Gibbs free energy for carbon formation reactions at temperature 450-750°C
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Figure 11: Selectivity of carbon formation for the tested mono-metallic and bi-metallic catalysts at all
the studied temperatures (500-700°C)

CONCLUSIONS

In this work, various bi-metallic catalysts based on Ni and
Cu were developed, characterised and tested under various
temperatures in the range of 500-700°C. For comparison
purposes, mono-metallic catalysts of Ni and Cu were
prepared and tested. All the catalysts were tested regarding
their behaviour for methane steam reforming reaction.
The loadings considered for the bi-metallic catalysts were
10, 7, 5, and 3%wt. The maximum conversion value (87%)
was obtained at the maximum temperature of 700°C for
the case of the mono-metallic catalyst (10%Ni). The results
showed an increasing amount of CO produced when the
reaction temperature was increased due to the reverse
WGS and methane decomposition. The bimetallic catalysts
improved the catalyst selectivity for WGS reaction at the
lower temperatures between 500 — 600°C. The bi-metallic
catalyst with the small amount of Cu (3wt.%) showed good
conversion of fuel at 600°C, where the catalyst revealed 71.1%
methane conversion and 2.4 mol hydrogen were produced.
The prepared bi-metallic catalysts did not find to decrease the
carbon formation. The 10%Ni catalyst prepared on this study
showed good stability regarding carbon formation compared
to the prepared bimetallic Ni-Cu catalysts.
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