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ARTICLE INFO ABSTRACT
Keywords: The catalytic performance of a monometallic Ni/Al;0O3 and three bimetallic catalysts (NigM;/Al,03, with M =
Bimetallic catalyst Cu, Fe, and Ge) for the (sorption-enhanced) steam methane reforming reaction was evaluated. NizCu;/Aly03 was

Hydrogen production
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Sorption-enhanced steam methane reforming
Microkinetic modelling

found to be the optimal catalyst in terms of methane conversion, hydrogen yield, and purity. Ge also has a
promoting effect on the monometallic Ni catalyst, whereas the addition of Fe negatively influenced its perfor-
mance. Physico-chemical characterization of the materials indicated the formation of alloys upon activation of
the materials with hydrogen. The addition of Cu increased the surface area and metal dispersion, and improved
the overall morphology of the catalyst. The experimental observations were also supported by a numerical study
combining Density Functional Theory-based calculations and Microkinetic modelling of the SMR process. NizCu;
and Ni3Ge; were calculated to have a similar level of catalytic activity as Ni, whereas NisFe; was unsuitable for
the reaction. The SMR reaction was further improved by adding calcium oxide as the COg sorbent, which
increased methane conversion, CO selectivity, hydrogen yield, and hydrogen purity. The highest methane con-
version of 97 % was achieved by Ni/Aly03 and NizCu;/Al;03 at 700 °C.

1. Introduction process (Eq. (3) and Eq. (4)). The integration of the CO;, capture unit

with the reforming reactor enhances hydrogen production by shifting

Hydrogen is one of the most promising alternatives to fossil fuels for the equilibrium of the reactions and reduces the overall cost of the
several industrial applications because of its clean combustion products system as a more compact process unit is employed [3].

and high-grade heat generated upon combustion. Currently, Steam

Methane Reforming (SMR) is the most predominant industrial process Steam methane reforming : CH +H,0 < CO+3H, AH,

used for hydrogen and syngas production. The SMR reaction (Eq. (1)) = +206kJ/mol @
takes place at high temperature and pressure (typically between 700 and ’
1000 °C and 14-20 bar [1]) in the presence of a catalyst and is Water — gas shift : CO+H,0 < CO, +H, AHy, = —41kJ/mol (2)

accompanied by the Water-Gas Shift (WGS) reaction (Eq. (2)), which

further enhances hydrogen production. Removal of the CO, produced in CO, capture and sorbent regeneration : CO, +Ca0 « CaCO; AH,

this process is usually carried out through in-process capture or endpoint = — 178KkJ/mol 3)
capture using technologies like amine-based solvent scrubbing or Pres-

sure Swing Adsorption [2]. In recent years, a novel technology —

sorption-enhanced steam methane forming (SESMR) — has been pro-

posed, which integrates in-situ CO5 capture with the conventional SMR
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Overall equation of SESMR : CH, + H,0 + CaO « CaCO; +4H, AH;98
= —13kJ/mol
@

Both SMR and SESMR require the presence of a catalyst to proceed at a
sufficient rate. Commercial Ni-based catalysts are the most commonly
used because of their high catalytic activity, good availability and
relatively low price. However, some of the major issues associated with
Ni-based materials include sintering, carbon deposition, and sulphur
poisoning. The addition of a second metallic element to enhance the
performance Ni-based catalysts has been extensively investigated, and
noble metals (including Ru, Rh, Pd and Pt) have been found to be
excellent promoters [4]. Although these materials have high catalytic
activity and good stability, their application to industrial processes is
limited by the cost of noble metals. Researchers have therefore turned to
non-noble metal promoters and bimetallic catalysts in search of cost-
effective alternatives. Xu et al. [5] developed a microkinetic model
based on the elementary reaction steps of SMR and screened a list of
~500 bimetallic alloys based on their adsorption energies, thermody-
namic stability, oxide stability, and price. They concluded that NisFey,
CosNj, and NigX; (X = Ge, As, and Sb) are potentially good candidates
for SMR at high temperatures. A similar approach was employed by Liu
etal. [6] to screen a large database containing 5,000 adsorption energies
on different bimetallic surfaces and adsorption sites. They identified 48
stable and inexpensive bimetallic alloys that are potentially active for
SMR, among which NizCu;, Ni;Fe;, and NizCo; are present.

Khzouz et al. [7] tested the performance of a Ni-Cu/Al,O3 catalyst for
low temperature SMR and concluded that Cu acts as a stabilizer and
improves the overall activity of the bimetallic material by inhibiting
coke formation. Huang and Jhao [8] carried out SMR tests with samaria-
doped ceria supported Ni-Cu catalyst and attributed the enhanced per-
formance to the promoting effect of Cu on the WGS reaction. MgO-
supported Ni-Cu and Ni-Fe catalysts were tested for both steam and
dry methane reforming by Djaidja et al. [9], results showed that
although the addition of Cu and Fe decreased the overall catalytic ac-
tivity, the stability of the materials was improved with less carbon for-
mation. On the other hand, Ni-Ge-based catalysts have been seldomly
employed for reforming processes. However, germanium-based cata-
lysts have been proven to be active for hydrogen production. Furukawa
et al. [10] used Ni-Ge/SiO2 and Co-Ge/SiO; as catalysts for hydrogen
production from ammonia-borane and it exhibited higher catalytic ac-
tivity compared to Ni/SiO2 and Co/SiO;. This promoting effect was
attributed to the enhanced reducibility of the bimetallic catalysts and
the enrichment of electrons in Ni and Co through alloy formation.
Moreover, germanium-based catalysts have also been found to be
sulphur resistant. Garetto et al. [11] tested the sulphur-resistant ability
of monometallic Pt and bimetallic Pt-Ge catalysts, using thiophene as the
source of sulphur. They concluded that the addition of Ge improved the
sulphur resistance of the catalyst by decreasing the density of charge of
the alloy and weakening the bond strength between metallic elements
and electrophilic sulphur. It is therefore of interest to investigate the
performance of Ni-Ge-based bimetallic catalyst for SMR, as it has been
predicted to have a high activity [5]. The addition of Ge can also
potentially improve the sulphur resistance of the bimetallic Ni-Ge
catalyst. This is particularly beneficial for future large-scale applica-
tion of this novel bimetallic catalyst, as the presence of sulphur-
containing species (e.g. HpS, thiophene) is usually inevitable in the
natural gas stream under industrial SMR conditions, and can easily
deactivate conventional Ni-based catalysts [12,13]. Although Ni-As and
Ni-Sb alloys were also predicted to be active for SMR, they were
excluded from this study due to the toxicity of As and Sb.

The performance of bimetallic catalysts under SESMR conditions has
also been studied. Ghungrud et al. [14] tested novel hydrotalcite-
supported Ni-Co catalysts and reported that the methane conversion
increased with Co loading in the material, which was attributed to the
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enhancement of the WGS reaction by Co. The Ni-Co bimetallic catalysts
were further promoted by Ce. A higher metal dispersion and better
metal-support interaction were achieved, resulting in a maximum
methane conversion of 95.7 %. Similarly, hydrotalcite-supported Ni-Ce
and Ni-Zr catalysts were studied by Dewoolkar et al. [15]. The materials
achieved a high methane conversion of approximately 96 %. The coke
resistance of the catalysts was also enhanced due to the increase in
surface area and surface basicity with the addition of Ce and Zr. To the
best of the author’s knowledge, the use of Ni-Cu, Ni-Fe, and Ni-Ge
bimetallic catalysts for SESMR has not been studied before. It is there-
fore of interest to test these novel materials under SESMR conditions to
evaluate their performance and investigate the effects of the CO5 sorbent
on their catalytic activity.

In this study, the catalytic performance of a monometallic Ni/Al2O3
catalyst and a series of Ni-based bimetallic catalysts (noted NizM;/
Aly03, with M = Cu, Fe, and Ge) were evaluated and compared. The
materials were tested under both SMR and SESMR conditions, and their
catalytic activity was further evaluated with ab-initio Density Func-
tional Theory (DFT)-based simulations and Microkinetic modelling
(MKM). This combined experimental and numerical study of bimetallic
catalysts provides insight into the promoting effect of several cost-
effective and widely available non-noble metals and their potential as
novel alternatives to conventional Ni-based materials. This work also
aims to provide an experimental verification of previous high-
throughput screening studies and is also the first-ever attempt to
experimentally test Ni-Ge-based material as an SMR catalyst.

2. Methodology
2.1. Catalyst synthesis

Ni/Aly03, NigCu;/Al;03 and NisFe;/Al;,O3 catalysts were synthe-
sized by impregnating the alumina support (gamma-phase, bimodal,
Alfa Aesar) with the aqueous solution of nickel nitrate hexahydrate (Ni
(NO3)2-6H50, 99 %, Thermo Scientific Chemicals), copper nitrate hemi-
pentahydrate (Cu(NOg3)2-2.5H20, 98 %, Thermo Scientific Chemicals)
and iron nitrate nonahydrate (Fe(NO3)9-9H20, 99 %, Thermo Scientific
Chemicals). Appropriate amount of metal precursors was dissolved in
deionised water so that the total metal loading in the reduced samples
was equal to 10 wt%, and the Ni:Cu or Ni:Fe molar ratio was equal to
3:1. NizGe;/Al;03 was synthesized by impregnating the alumina sup-
port and GeOy powder (Germanium (IV) oxide, 99.9999 %, Thermo
Scientific Chemicals) with appropriate amount of nickel nitrate solution,
so that the total metal loading in the reduced samples was equal to 10 wt
%, and the Ni:Ge molar ratio was equal to 3:1.

The solutions were then agitated in an ultrasonic tank for 3 h at 60 °C
and dried in a static oven overnight. The samples were then calcined at
500 °C for 4 h with a heating rate of 5 °C/min, followed by hydrogen
reduction at 600 °C (Ni/Al,03 and Ni3Cu;/Aly03) or 800 °C (NigFey/
A1203 and NigGel/Alzog).

2.2. Characterization

The catalysts were characterized using different techniques,
including X-ray fluorescence spectroscopy (XRF), Scanning electron
microscope (SEM) and energy dispersive X-ray analysis (EDX), Nj
physisorption, Hy pulse chemisorption, X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS) and Thermogravimetric analysis
(TGA).

XRF analysis was carried out using a micro-XRF Bruker M6 Jet-
stream. Quantification was done using Fundamental parameters, with
data acquired at 30 kV and 600 pA.

SEM-EDX analysis was carried out using the TESCAN VEGA 3 scan-
ning electron microscope.

N, adsorption and desorption isotherms were obtained using the
Micromeritics 3 Flex instrument. Prior to the physisorption tests, the
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samples were degassed at 400 °C for 5 h with a heating rate of 10 °C/min
to remove any moisture or impurities. The surface area was calculated
using the Brunauer-Emmett-Teller (BET) equation, and the total pore
volume and median pore radius were obtained from the Barrett-Joyner-
Halenda (BJH) method.

A Micromeritics 3Flex was also used to perform pulse Hy pulse
chemisorption tests. Prior to the chemisorption measurements, pure
hydrogen stream was flowed over one gram of fresh catalyst for 30 min
to fully reduce the catalyst. The samples were then degassed in a Ny
stream and cooled down to 30 °C. Loop Hy gas was pulsed over the
sample for 10 times or until the area of the peaks was stable, indicating
no further adsorption of Hy by the sample.

XRD results were obtained with the Siemens D5005 X-ray Diffrac-
tometer using Cu Ko radiation. The reduced samples were crushed into a
powder and scanned in the 26 range of 30°-80° with a step size of 0.02°.

XPS analysis was carried out using a Thermofisher ESCALAB 250
electron spectrometer, which featured a hemispherical sector energy
analyser. An Al Ka X-ray source with a single energy level was employed
to optimise resolution. The experiments maintained a source excitation
energy of 15 KeV, an emission current of 6 mA, an analyser pass energy
of 20 eV, a step size of 0.1 eV, and a dwell time of 50 ms. Throughout the
examinations, the spectrometer consistently maintained a base pressure
better than 5 x 107" mbar, ensuring that all recorded signals were
originated from the sample surface.

TGA of the used catalysts was carried out using a Perkin Elmer TGA
8000. Prior to the TGA tests, all samples were reduced by hydrogen and
degassed for 24 h to ensure no metal oxides or impurities were present.
Approximately 20 mg of sample was oxidized in air while being heated
from 30 to 1000 °C with a heating rate of 10 °C/min. The change in
sample weight during the oxidation process is equal to difference be-
tween the weight loss due to carbon combustion, and the weight in-
crease due to metal oxidation. The degree of carbon formation is
evaluated using the following equation:

Mipitial + Moxidation — Mearbon = Minal )
Mearb

carbon amount (wt.%) = ——— (6)
Mipitial

Where m;p, is the initial weight of the sample used for TGA, mgiy, is the
final weight of the sample after TGA, mxjqaion iS the weight gained due
the oxidation of metal in the air flow, and m¢,mon is the weight reduced
due to the combustion of carbon. Both mj,i;a and mg,g were measured
directly by the balance of the TGA instrument. moyjgaion Was calculated
using results from the XRF analysis (to determine the weight of each
metal in the sample) and by assuming that all active metals (Ni, Cu, Fe,
and Ge) are fully oxidised by the end of the TGA test. The carbon amount
is defined as the amount of carbon present in the sample.

TGA of the used sorbent from the SESMR tests (with T = 700 °C) was
also carried out to determine the amount of coke deposited on the sor-
bent material. Samples of used sorbent were heated from 30 °C to 800 °C
in air flow with a heating rate of 10 °C/min. The TGA test of used sorbent
consists of three main mass loss stages, which is considered to be typical
for air TGA test of calcium oxide powders with coke deposition [16]. The
first mass loss stage between 100 and 150 °C is due to the release of
moisture. The second stage at around 450 °C is due to the decomposition
of Ca(OH),, the sample weight by the end of this stage is noted m;. The
final stage between 600 and 700 °C is due to the combustion of depos-
ited coke, and the sample weight by the end of this stage is noted my.

The amount of carbon deposited on the sorbent is calculated using
the equation below:
my — ny

)

Mearbon (WL%) = m
1

A more intuitive visual representation of the TGA curves with numerical
values can be found in section 3.3.
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2.3. Activity test

A fixed bed reactor described by Shen et al. [17] was used to test the
catalytic activities of Ni/AlpO3, NizCu;/AlyO3, NisFe;/Al,O3 and
Ni3Ge;/Al,03 catalysts under SMR and SESMR conditions.

2.3.1. Catalytic activity test for SMR

Approximately 2.5 g of catalysts was introduced at the centre of the
reactor. The catalysts were reduced under a fixed gas flow of 10 %
hydrogen (balanced with nitrogen) under 600 °C until no water was
observed by the humidity probe (Vaisala HMT330 series) in the exhaust
gas line. A gaseous feedstock of 10 vol% methane in nitrogen was then
passed through the fed after a stable water content was generated in the
system through an HPLC pump (Jasco, model PU1586). The operating
temperatures of catalyst activity tests were controlled, ranging from 600
°C to 800 °C. The exhaust gases were analysed to determine the actual
gas composition in a dry basis via a bundle of gas analysers (ADC
MGA3000 model). All tests were carried out under atmospheric pres-
sure, while a GHSV of 15,000 h~! was chosen.

2.3.2. Catalytic activity test for SESMR

For SESMR, limestone (Longcliffe) was selected to be the sorbent
material. The limestone was sieved to control the particle size to be in
the range of 315 to 400 um. In a typical SESMR test, approximately 3 g of
sorbent was mixed with 2.5 g of catalysts and then the mixture was
placed in the middle of the reactor using a quartz liner. The materials
were sufficiently vibrated so that better contact could be achieved be-
tween the catalyst pellets and the sorbent particles. The catalyst/sorbent
mixture was activated under the same hydrogen flow for SMR but at 850
°C. The mixture was considered to be fully activated when there was no
water generation and no carbon dioxide was detected, which indicates
the complete reduction of the catalyst and the complete calcination of
the limestone. The SESMR tests were carried out at 600, 650, and 700 °C,
as CO4 adsorption occurs at temperatures lower than 760 °C [18], and
the process shifts from SESMR to the conventional SMR at higher tem-
peratures. Methane conversion, hydrogen yield, hydrogen purity, and
CO selectivity were calculated based on the pre-breakthrough stage
[19], and the averaged data are presented in this paper. Because of the
sorbent, a lower operating temperature was chosen, which was
controlled to be between 600 and 700 °C. The sorbent was disposed of
after each test and for each SESMR test, only one temperature was
selected. The same GHSV and pressure as the SMR tests were applied for
all SEMSR tests.

With the gas composition data collected, methane conversion,
hydrogen yield, hydrogen purity, and carbon monoxide selectivity were
determined via the equations below:

CH4 in — CH4 out

CH, conversion = W (€)]
H, yield = “EHL;"‘:“‘ ©)
Hopurity = o w1 1, ojt{ z+Ogto out + CO, out a0
CO selectivity = ___COout (€R)

COout + CO, out

Methane conversion under thermodynamic equilibrium conditions was
obtained using FactSage software. FactSage equilibrium calculation was
carried out under batch conditions. The same conditions as the experi-
mental SMR tests were used: atmospheric pressure, steam to carbon
ratio of 3 and temperatures of 600, 700 and 800 °C. However, it should
be noted that FactSage can only simulate the gas compositions ther-
modynamically, assuming no influence or presence of catalysts/sorbent
and the materials were perfectly mixed.



S. Wang et al.
2.4. Density Functional Theory

All DFT-based calculations in this work were carried out using the
Quantum Espresso software package [20]. The projector augmented
wave (PAW) method [21] was used to simulate the interactions between
the electrons and the ions. The generalized gradient approximation
(GGA) with the Perdew-Burke-Ernzerhof (PBE) functional was used to
describe the exchange correlation [22]. The plane wave cutoff energy
was set to be 400 eV. A Monkhorst-Pack 3 x 3 x 1 k-point grid was used
to sample the Brillouin zone. Spin polarization effects were taken into
account for magnetic elements. The convergence criteria for force and
energy were set to be 0.025 eV/A and 10 eV, respectively. All catalysts
were simulated by a four-layer p(2 x 2) slab model, with the top two
layers and the adsorbate relaxed, and the bottom two layers fixed. The
two neighbouring layers in the z-direction were separated by a 10 A
vacuum. The adsorption energy, E,gs, is calculated as below:

Euts = Eagsesiab — Eads — Estap 12)

Where Eggs+51qp 1S the total energy of the slab with the absorbate, Ey4; is
the total energy of the isolated phase adsorbate, and Egg, is the total
energy of the clean slab.

All gas phase species were modelled by placing the molecule in a
cube with the lattice parameters of a = 20A,b = 20.5A,c = 21A. A
Monkhorst-Pack 1 x 1 x 1 k-point grid was used to sample the Brillouin
zone.

2.5. Microkinetic modelling

The microkinetic model was implemented using the descriptor-based
analysis package CatMAP [23]. The model was constructed using the
elementary steps of the SMR reaction, and reaction energetics obtained
from DFT calculations, combined with the unity bond index-quadratic
exponential potential (UBI-QEP) method and the
Brgnsted-Evans-Polanyi (BEP) relationship. The model was built based
on the adsorption on 7 transition metal surfaces, including Rh(111), Ni
(111), Cu(111), Fe(110), Pd(111), Pt(111), and Au(l11). Detailed
information on the reaction steps and energetics can be found in Sup-
plementary Information.

3. Results and discussion
3.1. Characterization of fresh catalysts

3.1.1. XRF analysis

The XRF analysis was carried out to determine the actual metal
loading and Ni:M ratio of the samples (Table 1). The actual metal
loading of all samples is very close to the theoretical value of 10 %, with
errors less than 6.3 %. The Ni:Cu and Ni:Ge ratios were measured to be
2.69: 1 and 2.7: 1, which are close to the theoretical value of 3: 1.
However, the measured Ni:Fe ratio is significantly lower than the
theoretical value. This agrees with the observation during the catalyst
synthesis process — nickel nitrate has a higher water solubility compared
with iron nitrate, making it easier to thoroughly penetrate the alumina
pellets in the liquid form during the heated agitation process. As XRF is a
surface technology, Fe segregated on the outer layer of the support

Table 1
Theoretical and measured total metal loading and Ni:M ratio.
Total metal loading (wt.%) Ni:M ratio
Theoretical Measured Theoretical Measured
Ni/Al;03 10 9.88 - -
NizCuy/Al,03 10.02 31 2.79: 1
NigFe;/Al,03 9.37 3: 2.01:1
Ni3Ge,/Al;03 10.58 31 2.67:1
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resulted in a higher iron concentration.

3.1.2. SEM-EDX analysis

The SEM images of the fresh calcined catalysts are presented in
Fig. 1. The alumina support consists of interconnecting pores which
allows for the efficient diffusion of reaction gases. All catalysts exhibit
very similar morphological features, with a uniform distribution of
metal particles on the support. The size of the particles is in the range of
5-30 pm. The spatial distribution of the active metals within the support
was evaluated using EDX. The elemental mapping and the composition
of the scanned area are presented in Fig. 2. It is evidenced that for all
samples, the active metals are evenly distributed within the support with
no apparent phase segregation or agglomeration. Cu and Ge were
dispersed within the support with the desired ratio, meaning that a
uniform layer of bimetallic species has been formed. However, it should
be noted that the Ni:Fe ratio at the inner section of the NisgFe;/Al;O3
sample is lower than the theoretical value of 3: 1 (Fig. 2 (c)). This is
consistent with the observation stated in 3.1.1 that Ni penetrates the
alumina support more easily compared with Fe, and therefore is more
evenly distributed.

3.1.3. N physisorption

The results obtained from the Ny physisorption analysis are sum-
marised in Table 2. The untreated alumina support has a BET surface
area of 227.2 m?/g, a BJH pore volume of 0.77 cm>/g, and a median
pore diameter of 12.2 nm. The metal-loaded fresh samples have a
smaller surface area and pore volume compared to the bare support, as
the metal particles may block the pores of alumina during the impreg-
nation process [24]. The surface area, pore volume, and pore size were
slightly increased after the reduction process, apart from NigGe;, which
showed a slightly decreased surface area. This stems from the formation
of large binary NiGe crystallites upon reduction at higher temperatures
(800 °C) [10]. As shown in Table 3, NigGe; had the largest crystallite
size and therefore, fewer exposed surfaces compared to smaller crys-
tallites. The BJH analysis indicated that the catalysts are mesoporous,
with median pore diameters in the range of 10-14 and 12-15 nm for the
fresh and reduced samples, respectively. Among the bimetallic catalysts,
NigCu;/Al;03 showed a higher surface area compared with the mono-
metallic Ni catalyst. This promoting effect of Cu on the overall textural
properties of the bimetallic catalyst was also observed by Khzouz et al.
[7]1, and is attributed to the more uniform distribution of the metallic
species on the support surface and less blockage of pores.

3.1.4. Hj chemisorption

The hydrogen uptake amount, metal dispersion rate, metallic surface
area, and crystallite size of the catalysts obtained by Hy chemisorption
analysis are summarized in Table 3. The highest H, uptake amount was
obtained by Ni/Al,O3 with a metal dispersion rate of 1.07 %, which is on
a similar level as other alumina-supported Ni catalysts synthesized by
the wet-impregnation method [25]. Compared with Ni/Al,O3, all
bimetallic catalysts showed a lower Hy uptake amount. The dilution of
surface Ni atoms by the addition of the second element and the forma-
tion of bimetallic alloys (as evidenced by the XRD results in section
3.1.5) decreased the Hy uptake amount and the metallic surface area of
Ni. This is consistent with the results reported in previous literature,
where the dispersion rate of the main active metal is decreased when Cu
[26], Fe [27] or Ge [28] is added. It is also observed that the addition of
Cu and Fe decreased the crystallite size of the bimetallic catalysts,
whereas Ge significantly increased it.

3.1.5. XRD analysis

The XRD patterns of the reduced samples with a zoom of the peaks in
the range of 40°-55° are presented in Fig. 3, and the peaks were fitted
using the Inorganic Crystal Structure Database [29]. No crystallite peaks
were detected for the bare alumina support, indicating that the alumina
used was amorphous, which is not unexpected [30,31]. In Fig. 3 (b), the
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Fig. 1. SEM images of (a) Ni/Al;03, (b) NizCu;/Al;03, (c) NigFe;/Al;03, (d) NizGe;/Aly03.

dashed lines indicate the positions of the (111) and (200) reflections of
pure Ni. The peaks with the highest intensity located at 44.25°, 44.21°,
and 43.53° were assigned to the (111) peaks of the NizCu;j, NizFe;, and
NisGe; solid solutions, respectively. The peaks with lower intensity
between 50°-52° and 74°-76° correspond to the (200) and (220) sur-
faces of the face centred cubic bimetallic alloys. The shift of the peaks to
lower angles compared with pure Ni confirmed the formation of bime-
tallic alloys and also indicates an increase in the lattice size of the alloys
compared with pure Ni [32]. The lattice constant of Ni3Cu;, NisFe;, and
NisGe; were estimated using Bragg’s Law and were calculated to be
3.538, 3.541, and 3.577 A, respectively. No other peaks with low in-
tensities were identified, showing the high crystallinity and phase purity
of the alloy formed after the reduction process [33].

3.1.6. XPS analysis

The surface state of the reduced samples was examined using XPS
analysis, and the spectra obtained are presented in Fig. 4. In Fig. 4 (a),
the 2p 3/2 peaks at 852.6 and 856.2 eV are attributed to metallic Ni° and
NiO (Ni%"), respectively. The 2p 1/2 peak at 873.6 eV was attributed to
NiO (Ni?"). Weaker satellite peaks were observed at the higher binding
energy side of the two main peaks (861.8 and 880.6 eV), which is a
typical characteristic of nickel [34]. The same main peaks and their
corresponding satellite peaks were also observed for two of the bime-
tallic catalysts (Fig. 4 (b) and (c)). However, the peaks are slightly
shifted towards to higher binding energy side, which is possibly due to
their strong interaction with the alumina support [32]. For NisGe;/
Al,03, the peaks at 854.1 and 871.7 eV are attributed to Ni(OH), (Ni%H.
The presence of nickel oxide and hydroxide species in the samples is due
to the passivation layers formed on the surface of the fine Ni particles at
room temperature [35,36]. In the Cu 2p spectrum, the peaks at 934.4
and 954 eV correspond to CuO (Cu?") 2p 3/2 and Cu® 2p Y%, respectively
[37,38]. The Fe 2p spectrum contains three main peaks with relatively
low intensity at 707, 711.5, and 724.8 eV, which correspond to Fe 2p 3/
2, a combination of Fe>™ 2p 3/2 and Fe®" 2p 3/2, and a combination of
Fe?" 2p 1/2 and Fe>* 2p 1/2 [39,40]. Similar to Ni, the passivation of
copper and iron can occur under ambient temperature when exposed to
air [41,42], which explains the presence of the oxide species in the
samples. Finally, two peaks at 1222 and 1253 eV were observed in the

Ge 2p spectrum, corresponding to GeOo (Ge*H) 2p 3/2 and GeOo (Ge*H)
2p 1/2 [43]. Similarly, this was possibly due to the inevitable oxidation
by air during storage and transportation of the samples. A thin layer of
GeO; usually forms on the surface of Ge, which can take place even at

room temperature when exposed to air [44].

3.2. Catalytic performance study for steam methane reforming

The catalytic performance of Ni/Al,O3 and the bimetallic catalysts
for the SMR reaction was evaluated based on the CH4 conversion, Hy
yield, and purity, as well as the CO selectivity. To evaluate the repeat-
ability of the experiments, SMR tests using NizCu;/Al;03 were repeated
three times at 600, 700, and 800 °C, and the standard deviation error
bars of each set of results were plotted in Fig. 5.

All catalysts showed an increase in methane conversion with higher
reaction temperature, as the SMR reaction is endothermic. It was also
found that for Ni, Ni3Cuj, and Ni3Ge;, the gap between the observed
catalytic activity and the equilibrium gradually reduced as reaction
temperature increased. The reaction at 600 °C was potentially due to
diffusion limitations. Xu and Froment [45] proposed that intraparticle
diffusion can be neglected for catalyst particles which are smaller than
0.2 mm. The diameter of the catalysts used in this work was approxi-
mately 3 mm. Based on the study by Pashchenko [46], a particle size of
3 mm significantly affects the diffusion within the catalyst particle, with
an effectiveness factor (effectiveness factor =

reaction rate with diffusion limitation i i i -
reaction rate withour diffusion limitation (intrinsic kinetic)) of 0.03. This €xp lains the differ

ence between the observed value at 600 °C and equilibrium. As the re-
action temperature gradually increased, the reaction rate of the SMR
and WGS reactions increased and the activity of the catalysts
approached the thermodynamic equilibrium.

The promoting effect of Ge and Cu becomes increasingly significant
as reaction temperature rises, with the highest methane conversion of
87 % achieved by NizCu;/Al;03 at 800 °C. The difference between the
methane conversion level at thermodynamic equilibrium and the
measured values is potentially due to the high GHSV (15,000 h™1) used
and the low methane concentration (10 vol%) in the feed stream, which
decreased the possibility of contact between the reaction gases and the
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Fig. 2. EDX elemental mapping of (a) Ni/Al,O3, (b) Ni3Cu;/Al;03, (¢) NigFe;/Al,03, (d) Ni3Ge;/Al,0s.

Table 2 Table 3
Results from N physisorption analysis. Results from H pulse chemisorption tests.
BET surface area BJH adsorption BJH adsorption H, uptake Metal Metallic surface Crystallite
(m%/g) pore volume (cm®/ median pore (umol/g) dispersion area size (A)
diameter (nm. % _
8) (nm) (%) mZ/g mZ/g
Alumina 227.16 0.77 12.22 sample metal
Fresh Reduced Fresh  Reduced Fresh Reduced Ni/Al,O3 14.04 1.07 0.56 5.56 1,010.3
NisC 9.43 1.56 0.37 5.33 505.4
Ni/AL,O5 1903 227.7 062 077 1196 1237 e ‘g/
. 203
NfgCul/A1203 217.0 2225 0.69 0.77 11.50 12.56 NisFe,/ 8.14 0.62 0.41 4.07 410.4
NigFe;/Al,03 176.3 180.7 0.62 0.70 13.35 14.30 ALO
. 203
Ni3Ge;/Al;,03 179.5 159.6 0.52 0.58 10.84 13.61 NisGey/ 5.21 0.42 0.25 2.48 2,940.5
ALO;

catalyst. Similar to Cu, Ge enhanced the catalytic activity of Ni catalyst
at 800 °C with a methane conversion rate of 80 %. A similar trend was
observed for hydrogen yield and hydrogen purity — both values increase
as temperature rises. Compared with the monometallic Ni catalyst,
NizCu;/Alx03 and NizGe;/Al,O3 showed higher hydrogen yield and
purity at higher temperatures, with a maximum value of 64 % and 72 %,
respectively.

It is generally agreed that noble metals are the most active for SMR —
Ru-, Rh-, Pt-, and Pd-promoted Ni catalysts were reported to be able to
achieve a methane conversion same to the thermodynamic equilibrium
level [47-49]. Although the methane conversion of Ni3Cu;/Aly03 and

NizGe;/Al,O3 are 10-15 % lower compared with the noble metal-
promoted catalysts, it should be noted that Cu and Ge are much more
available and cost-effective.

CO selectivity serves as a measurement of the extent of the WGS
reaction within the system. As demonstrated by Eq. (2), the WGS reac-
tion allows for the production of more hydrogen through the conversion
of CO and H0. As shown in Fig. 5 (d), the CO selectivity of NizCu;/
Al;03 and NizGe;/Al,O3 was on a similar or lower level compared with
Ni/AlOs. In particular, both NigCu;/Al;03 and NigGe;/Al,03 showed a
higher methane conversion rate with a lower CO selectivity at 800 °C.



S. Wang et al. Chemical Engineering Journal 486 (2024) 150170

(a) (111) (b) Ni(111) Ni(200)

(200)
Ni,Ge,/Al,0, l L

Ni,Fe,/Al,O, J \

.

Intensity (a.u.)
Intensity (a.u.)

=

Ni3Cu1/AIZO§J L L A
Alumina __A

30 40 50 60 70 80 40 45 50 55
20 (degrees) 260 (degrees)

Fig. 3. XRD patterns of the alumina support and the reduced bimetallic catalysts: (a) overall pattern (b) a zoom of the 20 range of 40°-55°.

Ni 2p NiO (Ni2*) 2p 3/2
3 NiO (Ni24) 2p 1/2
©
(a) Z — N2p 3/2
2
=
886 881 876 871 866 861 56 851 846
Ni 2p Cu2p CuO (Cu?*) 2p 3/2
3 3
< ’N\/\/ s Cuo (Cu™)2p 1/2
7] 173
c c
2 2
= =
886 881 876 871 866 861 856 851 846 965 960 955 950 945 940 935 930
Ni 2p Fe 2p
— — FeZ*Fe3*2p 1/2
8 N = FeZ* Fe3*2p 3/2
(©) = z
£ £ N—
£ £ Fe2p 3/2
886 881 876 871 866 861 856 851 846 730 7;5 — 7;0 — 7;5 — 7;0 705
Ni 2p Ni(OH), (Ni2*)i2p 3/2 Ge2p | GeO, (Ge**) 2p 3/2;
. 2. H 1
© © H
& &
c c
2 2
= =
886 881 876 871 866 861 856 851 846
1260 1250 1240 1230 1220 1210
Binding energy (eV) Binding energy (eV)

Fig. 4. XPS spectra of reduced (a) Ni/Al;03, (b) NizCu;/Al;03, (c) NizFe;/Al,03, (d) NizGe;/Al;03.



S. Wang et al.

100 pas 100
90 | X
- 90
8 ¢ o 80
S A
< 70 X -
5 s g "
® 60 f $ T 60
[0 (0]
> =,
5 50 f A - 50
S g
o 40 o 40
P ° g
B 30 r T 30
= ¢
20 + 20
10 10
) N ) i
550 600 650 700 750 800 850 550
Temperature (°C)
100 100
90 f 90
<
80 S g0
X X >
—_ X Q =
Q 70 é = 70
S A 8
Z 60 f © 60
> [ ] w
2 50 | S 50
- g
g4} e g 40
2 :
I 30 c 30
3
20 5 20
o
10 10
(c)
0 1 1 1 1 1 0
550 600 650 700 750 800 850 550

Temperature (°C)

Chemical Engineering Journal 486 (2024) 150170

X X X Thermodynamic
equilibrium
X
; ANi/AI203
A
: @ Ni3Cu1/AI203
A
Ni3Fe1/AI203
°
@ Ni3Ge1/AI203
]
R )

600 650 700 750 800 850
Temperature (°C)

X Thermodynamic
equilibrium

o

ANi/AI203
A B @ Ni3Cu1/Al203

Ni3Fe1/AI203

[ ] ¢

@ Ni3Ge1/AI203

)

600 650 700 750 800 850
Temperature (°C)

Fig. 5. (a) Methane conversion, (b) hydrogen yield, (c) hydrogen purity, and (d) CO selectivity of the mono and bimetallic catalysts under SMR conditions.

This indicates that the addition of Cu and Ge improved the activity of the
catalysts by enhancing the WGS reaction, the methane consumed by the
SMR reaction was therefore further converted to CO2 through WGS,
leading to a low CO selectivity.

The theoretical Hy purity was found to be maintained at a relatively
stable level from 600 to 800 °C with a slight increase as temperature
rises. However, it is observed in Fig. 5 (c) that there is a significant in-
crease in Hy purity from 600 to 700 °C. At 600 °C, the reactions using all
four catalysts were far from reaching the thermodynamic equilibrium,
leading to a large difference in the concentration of CH4 and Hy at the
outlet (CH4 out and H; out) compared to the theoretical value. As the
reaction temperature increased to 700 °C and the reaction gradually
approached equilibrium, the gap between the theoretical and observed
CHy out and Hj out values reduced. The trend in Hy purity at higher
temperatures therefore resembles the theoretical trend more at 700 and
800 °C, compared with at 600 °C.

On the other hand, the addition of Fe has a significant negative
impact on the activity of the catalyst, which is in contraction to the
predictive results reported by Xu et al. [5]. This is partially due to the
morphological properties of NisFe;/AlyO3 — as shown by both XRF and
SEM-EDX analysis, Fe particles tend to segregate on the surface of the
alumina support, which may lead to blockage of surface pores, leaving
insufficient entrance for reactant gases to enter the support. Ni-Fe alloy
also requires a relatively high reduction temperature, which is between

600 and 800 °C based on previous literature [50,51]. This may have led
to incomplete activation of the NisFe;/Al;O3 catalyst prior to the SMR
test, as results from the XPS analysis evidenced the presence of iron
oxide species within the reduced sample. To further explore how the
addition of Cu, Fe, and Ge influences the performance of the nickel
catalyst, a series of first principle-based calculations and microkinetic
modelling were carried out, and the results are presented in section 3.4.

The used catalysts were characterized using N2 physisorption and
TGA, and the results are summarized in Table 4. The amount of carbon
presented in the table is the accumulated amount after three consecutive

Table 4
Properties of the used catalysts after SMR tests.

BET BJH adsorption ~ BJH adsorption Accumulated
surface pore volume median pore carbon amount
area (m2/ (cm3/g) diameter (nm) (wt.%)
g)
Ni/ 180.9 0.65 12.37 3.37
ALO;
NizCuy/ 192.4 0.76 14.46 2.26
Al,03
NigFe,/ 164.7 0.65 14.74 2.98
Al 03
NizGe,/ 163.7 0.58 13.62 3.29

Al,03
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SMR tests, with reaction temperature varying from 600 to 800 °C. Once
subjected to the approximately 1.5-hour SMR test, the surface area and
pore volume of the catalysts were decreased with an increase in pore
diameter. This is as expected, due to the potential sintering of the active
metals and pore blockage by coke at higher temperatures. All bimetallic
catalysts showed a better carbon resistant ability compared with the
monometallic Ni/Al,03, with the lowest carbon formation amount of
2.26 % achieved by NigCu;/Al,03. The enhanced stability of the bime-
tallic catalysts may be achieved due to the formation of Ni-based alloys
(as indicated by the XRD results in section 3.1.5.), which prevented the
formation of bulk Ni particles prone to coke formation [9]. The low
carbon deposition amount was also attributed to the reaction conditions
employed. It has been found that for SMR reaction at equilibrium under
atmospheric pressure with a steam-to-carbon ratio of 3, no carbon for-
mation was observed when the reaction temperature exceeded 700 °C
[52]. It was also observed that for short-term tests (<2h), a reaction
temperature of 800 °C significantly suppressed carbon formation
compared to 600 °C [52]. It is therefore concluded that a reaction
temperature of 800 °C is optimal for the SMR process, as the bimetallic
catalysts are able to reach their highest activity with minimal carbon
deposition amount.

3.3. Catalytic performance study for sorption-enhanced steam methane
reforming

The catalytic performance of Ni/AloO3 and the bimetallic catalysts
was also evaluated under SESMR conditions at 600, 650, and 700 °C,
and the results are presented in Fig. 6. Fig. 7 presents the composition of
the outlet gas stream of the SESMR test at 700 °C using Ni/Al;O3 as the
catalyst.

By increasing the reaction temperature from 600 to 700 °C, both

Chemical Engineering Journal 486 (2024) 150170

methane conversion and hydrogen yield were improved. This was
attributed to the enhancement of the endothermic SMR reaction (Eq.
(1)), while in the meantime, the adverse effect of high temperature on
the exothermic WGS and CO; adsorption reactions (Eq. (2) and (3)) was
not as significant. Compared with the SMR test under the same reaction
temperature (T = 700 °C), the addition of the CO; sorbent improved the
methane conversion of all catalysts by approximately 20-30 %. The
highest methane conversion rate of 95 % was achieved by Ni/Aly03 and
NizCu;/Al03 at 700 °C. Similarly, hydrogen yield, hydrogen purity, and
CO selectivity were all enhanced in the presence of the sorbent. The
sorbent in the system effectively absorbs the CO, produced through the
WGS reaction and therefore moves the reaction equilibrium towards the
direction of hydrogen production. The concentration of CO; in the outlet
gas stream at 700 °C was approximately 2 vol% (corresponding to a CO
selectivity of ~73 %). The outlet CO, concentration can be further
decreased by reducing the GHSV of the system to increase the contact
time between CO; and the sorbent, or by reducing the particle size of the
sorbent [53]. However, it should be noted that CO, absorption by cal-
cium oxide is exothermic (Eq. (3)), a further increase in temperature
beyond 700 °C will result in the process returning to its conventional
SMR state. It is concluded that for the bimetallic catalysts focused on in
this study, 700 °C is the optimal temperature for the materials to achieve
the best performance, in terms of highest methane conversion, hydrogen
yield, and purity.

Compared with the tests under SMR conditions, the promoting effect
of Ge is not as significant under SESMR conditions. Methane conversion,
hydrogen yield, and hydrogen purity of Ni3Ge;/Al,03 were found to be
lower than the monometallic Ni/Al;Os. It is also observed that Ni3Ge;/
Al;03 exhibited the lowest CO selectivity, meaning that CO5 has not
been effectively absorbed in the system. TGA tests of used sorbent from
the SESMR tests at 700 °C were carried out and the TGA curves are
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Fig. 6. (a) Methane conversion, (b) hydrogen yield, (c) hydrogen purity, and (d) CO selectivity of mono and bimetallic catalysts under SESMR conditions.
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Fig. 7. Composition of the outlet gas stream for SESMR at 700 °C (using Ni/Al,O3 as catalyst).

shown in Fig. 8. The amount of carbon deposited on the used sorbent
from the four tests was calculated to be 4.68 wt%, 6.07 wt%, 6.06 wt%,
and 6.80 wt%, respectively (using Equation (7)). It was observed that
the amount of deposited carbon for the three tests using bimetallic
catalysts was higher than that observed in the test using monometallic
Ni. This is potentially due to the high carbon resistance of the three
bimetallic catalysts, as demonstrated in Table 4, making elemental
carbon more likely to be deposited on the surface of the calcium oxide
sorbent. The relatively low CO selectivity of Ni3Ge;/Al>03 was therefore
attributed to the highest carbon deposition amount on the sorbent sur-
faces during the reaction — although sufficient steam-to-carbon ratio was
utilised for the reaction, a relatively large amount of carbon in the feed
was converted into coke instead of CO through side reactions, such as
methane cracking or the Boudouard reaction [54]. The carbon formed
was deposited on the surface of the calcium oxide sorbent, reducing its
ability to effectively absorb the CO; formed by the WGS reaction.

3.4. Microkinetic modelling of SMR and DFT calculations for the
bimetallic systems

As mentioned in section 1, NigFe; was predicted to be one of the
catalysts with the highest SMR activity. However, this is in contradiction
to the results presented in this paper (section 3.2). In order to ascertain
the cause of this difference between numerical and experimental results,
and to further investigate the promoting effect of Cu and Ge in the
bimetallic systems, a combined DFT and MKM study was conducted.

In the work by Xu et al. [5], DFT-calculated adsorption energies of
carbon and oxygen on the (211) bimetallic surface were used to eval-
uate the catalytic activity of the materials, which are summarised in
Table 5. However, based on results from the XRD analysis (section 3.1.5)
and extensive literature data [55-58], only the (111), (200) and (220)
phases are present in the reduced catalysts, among which (111) is the
most dominant. The catalytic activity of the bimetallic catalysts involved
in this study is therefore mainly determined by the atomic/molecular
adsorption energies of the species involved in the SMR reaction on the

10

(111) surface. It is therefore possible that the difference between the
prediction and the experimental results is due to a difference in surface
energetics. To confirm this, we have calculated the adsorption energies
of carbon and oxygen on the Ni(111), NigCu;(111), NigFe;(111), and
NisGe;(111) surfaces as these values are not all readily available from
pre-existing literature. As can be seen from Table 5, there isa 0.1-0.8 eV
difference between the adsorption energies on the (111) and (211)
surfaces. The (21 1) surface shows a stronger adsorptive ability towards
carbon in general, whereas its oxygen adsorptive ability is weaker in the
case of NisFe; and Ni3Ge;.

To evaluate how different adsorption energies affect the overall
catalytic activity for the SMR reaction, the eight materials listed in
Table 5 were plotted against a “volcano plot” (Fig. 9). The volcano plot
was obtained from the microkinetic model developed using the
approach described in the methodology section (section 2.5). The result
shows the turnover frequency (TOF) of Hy production as a function of
the carbon and oxygen adsorption energies, which is a measurement of
the material’s catalytic activity for the SMR reaction.

The four (21 1) surfaces are indicated by the triangles on the volcano
plot. Ni(211), NigFe;(211), and NigGe;(211) are located in the central
region of the plot, indicating the highest TOF (10~ s1), and therefore
highest catalytic activity. This is consistent with the previous prediction
that NisFe; and Ni3Ge; are the most active bimetallic catalysts for SMR.
However, if the prediction is to be made based on the (111) surfaces
(indicated by the crosses on the volcano plot), it is evidenced that NizCuy
is the most optimal with a TOF of 10 s™1. Ni3Ge; was also shown to be
an active catalyst with the second highest Hy TOF. On the other hand,
compared with NigFe;(211), its (111) surface has significantly lower
carbon and oxygen adsorption energies, leading to a relatively lower
catalytic activity. Based on the (11 1) surfaces, the relative activity of the
mono and bimetallic catalysts was found to be Ni~NigCu; > Ni3Ge; >
NigFe;, which is consistent with the results obtained from the experi-
mental testing. It is concluded that the low catalytic activity of NigFe;/
AlyO3 is due to a combination of different factors — including both
physical and chemical properties. As indicated by the XRF and SEM-EDX
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Fig. 8. TGA curves of the used sorbent from the SESMR tests using (a) Ni/Al,03, (b) Ni3Cu;/Al;03, (c) NizFe;/Al,03, and (d) NizGe;/Al,03 as catalysts.

Table 5

Adsorption energies on the (111) surface (obtained by DFT calculations) and on the (21 1) surface (extracted from literature [5,64]).

Surface C adsorption energy (eV) O adsorption energy (eV) Surface C adsorption energy (eV) O adsorption energy (eV)
Ni(111) -7.9 —5.4 Ni(211) —8.2 —5.5
NigCu(111) -7.8 -5.3 NizCu;(211) —8.6 —5.6
NigFe; (111) -8.9 —6.4 NizFe;(211) -8.3 -5.7
NizGe; (111) -7.3 -5.9 NizGe1(211) -8.4 -5.5

analysis (sections 3.1.1 and 3.1.2), Fe tends to segregate on the outer
surface of the alumina support, making it difficult for the reactant gases
to diffuse to the active sites located inside the support. Another negative
impact of Fe addition is on the reducibility of the catalysts. Temperature
Programmed Reduction studies on bimetallic Ni-Fe catalysts [59-61]
have shown that the addition of Fe shifted the reduction peak to a higher
temperature, compared to the monometallic Ni catalyst. This increased
the difficulty of fully activating the bimetallic Ni-Fe catalyst before each
performance testing, leading to lower catalytic activity. Finally, the most
important reason for the lower activity of NisFe;/Al,O3 was attributed
to its undesirably high adsorption ability towards carbon and oxygen.
Based on the Sabatier Principle [62,63], the best-performing catalyst
should bind the atoms/molecules involved in the reaction with an in-
termediate strength — not too weak so that reactions can be activated,
and not too strong so that the products can detach from the catalyst
surface. In the case of this study, the optimal binding strength for the
SMR reaction was estimated to be between —8.5 and —7.0 eV for carbon,
and between —6.0 and —5.0 eV for oxygen (based on the central region
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coloured in red in Fig. 9). The adsorption strength of NigFe; towards
carbon and oxygen is too strong (i.e. the adsorption energies are too
low), making it therefore unsuitable for the SMR reaction.

The DFT calculations on both (21 1) and (11 1) surfaces also indicate
that the crystallite phase of a given catalyst can significantly influence
its catalytic activity. The overall performance of the catalyst is therefore
also dependent upon the synthesis method employed during the exper-
iments, and the amount of (111) surface produced in the synthesized
samples.

It is also generally acknowledged that the method used for the DFT
calculations (e.g., functionals, pseudopotentials, etc) can affect the final
results obtained. It is therefore of interest that a systematic database be
built for molecular and atomic adsorption on the (111) phase of tran-
sition metals and alloys, as it is usually the most exposed and close-
packed surface in transition metal-based species. This will greatly
facilitate the accurate prediction of catalytic activity for SMR and other
reactions alike.
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Fig. 9. TOF of H, production as a function of carbon and oxygen adsorption energies.

4. Conclusions

Three bimetallic catalysts have been successfully synthesized using
the wet impregnation method, and the formation of Ni-Cu, Ni-Fe, and
Ni-Ge bimetallic solid solutions upon reduction was confirmed by XRD
analysis. XRF and EDX analysis showed that Ni, Cu, and Ge were ho-
mogeneously distributed within the porous alumina support, whereas Fe
tended to segregate on the outer layer of the support. The addition of Cu
improved the overall surface area and metal dispersion rate compared to
the monometallic Ni catalyst, whereas a slight decrease was observed for
Fe and Ge. The optimal physical and chemical properties of the NisCu;/
Al,O3 catalyst were also reflected in its catalytic performance. The
highest methane conversion of 87 % for SMR tests was achieved by
Ni3Cu;/Alp03 at 800 °C under high GHSV conditions, proving it to be a
promising low-cost alternative to conventional Ni catalysts and noble
metal-based catalysts. Similarly, the addition of Ge improved the overall
activity of the monometallic Ni catalyst, and the effect is most significant
at high temperatures. The bimetallic Ni-Fe catalyst on the other hand,
showed a lower activity compared to Ni. The experimental observations
were also supported by ab-initio DFT calculations and microkinetic
modelling. DFT calculations of molecular and atomic adsorption en-
ergies were carried out for the (111) and (211) surfaces of the mono
and bimetallic materials, and a clear difference in their carbon and ox-
ygen adsorption abilities was observed. This explained the inconsistency
between the experimental results and the conclusions made based on
previous numerical screening processes. The microkinetic model indi-
cated that both Ni3Ge;(111) and Ni3Cu;(111) were able to achieve a
similar level of hydrogen production rate as Ni(111), whereas the
NisFe;(111) surface is not suitable for the SMR reaction. TGA tests of
the used catalysts showed that the carbon-resistant ability of the cata-
lysts was enhanced by the formation of bimetallic alloys. However,
further study is needed to investigate the stability of the materials under
long-term SMR conditions. It would also be of interest to carry out more
advanced characterization tests on the bimetallic catalysts, including
Transmission Electron Microscopy, to obtain information on the inner
structure of the catalyst, and the distribution, size, and shape of the alloy
particles formed. The addition of calcium oxide as the CO5 sorbent
enhanced the overall performance of all materials, with Ni/Al,O3 and

12

NizCu;/Alp03 reaching a methane conversion of 97 % at 700 °C, which
is close to the thermodynamic equilibrium level. Hydrogen yield and
hydrogen purity were also improved by 30 % and 20 % respectively,
proving SESMR to be a promising technology for low-carbon hydrogen
production. In conclusion, this combined experimental and numerical
investigation of bimetallic catalysts has identified promising novel ma-
terials for the application of (SE)SMR and provided directions for future
research in this field.
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