catalysts

Article

Effect of Re Addition on the Water—Gas Shift Activity of
Ni Catalyst Supported by Mixed Oxide Materials for

H, Production

Jessica Gina Lomonaco 1, Thanathon Sesuk 2, Sumittra Charojrochkul ? and Pannipa Tepamatr 1*

check for
updates

Citation: Lomonaco, J.G.; Sesuk, T.;
Charojrochkul, S.; Tepamatr, P. Effect
of Re Addition on the Water-Gas
Shift Activity of Ni Catalyst
Supported by Mixed Oxide Materials
for H, Production. Catalysts 2023, 13,
959. https://doi.org/10.3390/
catal13060959

Academic Editors: Ning Rui and
Lili Lin

Received: 31 March 2023
Revised: 22 May 2023
Accepted: 29 May 2023
Published: 1 June 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Chemistry, Faculty of Science and Technology, Thammasat University,
Pathumthani 12120, Thailand; jessica.gina@dome.tu.ac.th

2 National Energy Technology Center, NSTDA, Pathumthani 12120, Thailand

*  Correspondence: pannipa@tu.ac.th

Abstract: Water—gas shift (WGS) reaction was performed over 5% Ni/CeO,, 5% Ni/Ce-5% Sm-O,
5% Ni/Ce-5% Gd-O, 1% Re 4% Ni/Ce-5% Sm-O and 1% Re 4% Ni/Ce-5% Gd-O catalysts to reduce
CO concentration and produce extra hydrogen. CeO, and M-doped ceria (M = Sm and Gd) were
prepared using a combustion method, and then nickel and rhenium were added onto the mixed oxide
supports using an impregnation method. The influence of rhenium, samarium and gadolinium on the
structural and redox properties of materials that have an effect on their water-gas shift activities was
investigated. It was found that the addition of samarium and gadolinium into Ni/CeO, enhances
the surface area, reduces the crystallite size of CeO,, increases oxygen vacancy concentration and
improves Ni dispersion on the CeO, surface. Moreover, the addition of rhenium leads to an increase
in the WGS activity of Ni/CeMO (M = Sm and Gd) catalysts. The results indicate that 1% Re 4%
Ni/Ce-5% Sm-O presents the greatest WGS activity, with the maximum of 97% carbon monoxide
conversion at 350 °C. An increase in the dispersion and surface area of metallic nickel in this catalyst
results in the facilitation of the reactant CO adsorption. The result of X-ray absorption near-edge
structure (XANES) analysis suggests that Sm and Re in 1% Re 4% Ni/Ce-5% Sm-O catalyst donate
some electrons to CeO;, resulting in a decrease in the oxidation state of cerium. The occurrence of
more Ce3* at the CeO, surface leads to higher oxygen vacancy, which alerts the redox process at the
surface, thereby increasing the efficiency of the WGS reaction.

Keywords: Re; Ni; Sm; hydrogen production; water—gas shift

1. Introduction

The water—gas shift reaction describes a well-established industrial process where
water vapor reacts with CO to generate hydrogen and carbon dioxide. The WGS reaction is
shown in Equation (1):

CO + Hzo =H, + COZ AHygg = —41.2 k]/mol (1)

Recently, the water—gas shift reaction has received much attention due to the develop-
ment of fuel-cell technology. The water—gas shift reaction is extensively used to enhance
the hydrogen amount in the synthesis gas. The reforming of hydrocarbons from fossil
fuels, coal and biomass can generate synthesis gas containing H,, CO, CO, and H,O [1].
However, the existence of CO poisons the catalyst employed in a fuel cell. An advantage
of using the water—gas shift reaction is that it can decrease the concentration of carbon
monoxide while generating extra hydrogen as fuel for H; fuel cells.

A WGS catalyst based on cerium oxide has become increasingly attractive due to its
high oxygen mobility, reducibility and oxygen storage capacity. Pt/CeO,-based catalysts are
the most active in the water—gas shift reaction, but their high price prompts the search to find
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cheaper and more abundant materials. Many studies have reported good performance of
transition metals, such as nickel, copper, cobalt, iron and manganese, on many supports for
the WGS reaction [2]. Among these metals, Ni is quite interesting as it is used as a promoter
for many reactions, such as reforming, hydrogenation or hydrocracking processes [3—6]. For
example, Ni-SBA-15 catalysts were investigated for catalytic activity of CHy dry reforming.
The results showed that catalytic performance and stability were increased because of Sm
promotion in the interaction of nickel, with the support and the dispersion of Ni [6].

The dopant incorporation promotes the oxygen storage capacity of CeO, [7-10]. Ce**
can be replaced by lower-valence rare-earth elements, e.g., Sm3* or Gd**, leading to
the creation of oxygen vacancy by charge compensation [8]. The effect of Zr- and Sm-
doped ceria on the Ni/ceria catalyst during dry reforming of the methane reaction was
investigated by Luisetto and co-workers [7]. They investigated the number of defects of
ceria-based materials by Raman spectroscopy. They found that Sm-doped ceria showed
a higher number of defects than Zr-doped ceria. A direct correlation between water—
gas shift activity and oxygen storage capacity (OSC) was found by Luo and co-workers.
Metal-doped CeO; had higher OSC and reducibility than pure CeO,, resulting in the
enhancement of redox activity [11]. In addition, Re is a good choice to replace the Pt group
metal catalyst due to its excellent electrochemical properties, lower cost compared to Pt
metal and sustainable sources. Recently, water—gas shift activity in Re-based catalysts was
studied, and the results showed that Re supported on an alumina catalyst promoted by
K and Co exhibited an excellent performance for the WGS reaction [12]. In addition, the
water—gas shift activity of Pt-Re bimetallic and Pt alone supported on a zirconia-doped
ceria has been evaluated [13]. Pt-Re/CeZrO illustrated higher water—gas shift activity
than Pt/CeZrO because Pt dispersed better on bimetallic Pt-Re than on the monometallic
Pt. Many studies have reported that Re promotes the water—gas shift activity of Pt as it
enhances Pt dispersion on the support surface and inhibits Pt sintering [14,15].

The aim of this work was to compare the performance of Ni/CeO, and Ni/CeMO
(M =Sm and Gd) catalysts for the WGS reaction. In addition, the influence of Re im-
pregnation on the WGS activity of Ni/CeO,-based catalysts was investigated. Effects of
rhenium addition and different dopant materials on the WGS performance were deter-
mined using BET surface area, X-ray diffraction, H, temperature-programmed reduction,
O, temperature-programmed desorption, CO temperature-programmed desorption and
chemisorption techniques to explain the key factors in improving catalytic activity.

2. Results and Discussion
2.1. Catalysts Characterization

Figure 1 presents the X-ray diffraction profiles of the supported Ni catalysts. It indi-
cates that ceria phases were found in all supported Ni catalysts, in which the diffraction
peaks marked in Figure 1 correspond well to JCPDS No. 43-1002 of standard ceria with a
cubic structure. Additionally, the diffraction peaks at around 26 = 37.2°, 43.3° and 63.1 cor-
respond to the NiO phase in the supported Ni catalysts, which is identical to JCPDS
No. 75-0197 [16,17]. The NiO peaks of supported Ni catalysts were very weak, indicating
that there was only a small proportion of NiO. The crystallite size of ceria in the Ni/CeO;-
based catalysts were considered by the Debye Scherrer equation, and the results are listed
in Table 1. Ni addition onto ceria support by an impregnation method resulted in a growth
in crystallite size and a decrease in surface area (Table 2) because the calcination at a high
temperature (650 °C) after impregnation of Ni leads to the agglomeration of CeO, crystal-
lites. However, it was found that the CeO, crystallite size decreases when Sm and Gd are
loaded into 5% Ni/CeO,, which is related to an increase in the suitable dispersion of NiO.
The lattice parameter of CeO, was calculated from 111 diffraction peaks broadening. The
CeO;, lattice constant of pure ceria and supported Ni catalysts were found in the range of
0.5407-0.5435 nm. Ni ion could not be inserted into the ceria lattice due to the nature of
impregnation synthesis. The lattice contraction after the impregnation of Ni was a result of
calcination at a high temperature during the impregnation step (650 °C), which can further
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decompose surface hydroxyls to reduce the cell dimension. The diffraction peaks of Ni/Ce-
5% Sm-O and Ni/Ce-5% Gd-O appeared at slightly lower diffraction angles compared with
the diffraction peaks of Ni/CeO,. The lower displacement indicates unit cell enlargement.
An increase in CeO; lattice parameters of Ni/Ce-5% Sm-O and Ni/Ce-5% Gd-O when
compared with Ni/CeO, because of Ce*" ions were replaced by larger cations (Sm** or
Gd>*). Comparison of ionic radii of Ce** (0.097 nm), Sm* (0.108 nm) and Gd3* (0.105 nm)
suggested that the dopant ions presented in the ceria lattice should be M3*. Moreover,
under calcination temperature, M should take the higher oxidation state, M3+ (M =Sm
and Gd). It can be concluded that Sm** or Gd** incorporation in the ceria lattice generates
unbalanced charges and strain; thus, oxygen vacancy is expected to be generated [18-20].

TGA analysis was used to investigate the thermal decomposition of 1% Re 4% Ni/Ce-
5% Sm-O (Figure 2). Figure 2 presents the three steps of thermal decomposition in air
atmosphere. The slight weight loss of 6 wt.% was found in the first step at a temperature
below 200 °C, which is related to the loss of moisture. In the next step, a minor weight
loss of 5 wt.% was observed in a temperature range from 200 to 300 °C. This result is due
to the exothermic decarboxylation process. The final weight-loss stage is observed in the
temperature range of 300-600 °C with 4 wt.% weight loss, which is attributed to exothermic
combustion. The absence of any weight loss at temperatures above 650 °C suggest that
metal oxide is completely formed. This result confirms that the optimum temperature for
the calcination of the samples is 650 °C.

Surface area, pore diameter and pore volume of Ni catalysts are summarized in
Table 2. The specific surface area was obtained using the multipoint BET method. The
Barrett-Joyner-Halenda (BJH) method was applied to determine the pore volume and pore
diameter. Doping ceria with Sm and Gd resulted in a decrease in crystallite size. Smaller
crystallite size was associated with an increase in a specific surface area. The average pore
diameters decreased with the addition of Sm and Gd into the Ni/CeO;-based catalysts. An
increase in surface area with a reduction in pore diameter size suggested that the materials
were more porous with smaller pores and a greater surface area. As observed, the pore
volume remained almost constant. Hence, an addition of Sm and Gd in Ni/CeO;-based
catalysts does not cause any pore blockage.

® * e (d) [ ]

5

-4 ©
£z
E
2
il

b

N A @

20 30 40 50 60 70 80 90

20

e CeOJCPDS 43-1002 ANIiO JCPDS 75-0197

Figure 1. XRD patterns of Ni catalysts, (a) CeO,, (b) 5% Ni/CeO,, (c) 5% Ni/Ce-5% Sm-O, (d) 5%
Ni/Ce-5% Gd-O.
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Table 1. Crystallite size and lattice parameter of Ni-based catalysts.

Catalysts Crystallite Size ? (nm) Lattice Parameter ? (nm)
CeO, 9.41 0.5435
5% Ni/CeO, 13.35 0.5407
5% Ni/Ce-5% Sm-O 9.01 0.5417
5% Ni/Ce-5% Gd-O 9.64 0.5414

@ Calculated from the 111 diffraction peaks broadening.

Table 2. BET surface area, average pore diameter, total pore volume, Ni dispersion and Ni surface
area of Ni-based catalysts.

Catalysts BET Surface Area? Total Pore Volume?  Average Pore Diameter P Ni Dispersion ¢ Ni Surface Area ©
y (m?/g) (ecm3/g) (nm) (%) (m?/g)
5% Ni/CeO, 29 0.061 8.35 0.17 0.95
5% Ni/Ce-5% Sm-O 54 0.079 5.88 0.25 1.55
1% Re 4% Ni/Ce-5% 50 0076 6.14 098 5.07
Sm-O
5% Ni/Ce-5% Gd-O 51 0.067 5.30 0.22 1.28
1% Re 4% Ni/Ce-5% 48 0.064 512 076 41

Gd-O

b Estimated from N, adsorption at —196 °C. ¢ Estimated from H; chemisorption.

100
0F 1
06 1
04 1
02 1
20 1
BB 1
86 1
84 1
82 1

E-':] T T T I I I
] 100 200 300 400 300 600 700

Temperature (°C)

Weight (%)

Figure 2. TGA analysis of 1% Re 4% Ni/Ce-5% Sm-O.

Ni dispersion over monometallic Ni and bimetallic NiRe supported on ceria and
mixed oxide supports was investigated using H, chemisorption analysis (Table 2). The
results showed that an addition of Sm or Gd to Ni/CeO, enhances nickel metal dispersion
on the catalyst surface. Moreover, an impregnation of Re onto Ni/CeMO (M = Sm and
Gd) greatly increased the dispersion and surface area of metallic Ni. This result is likely
due to the electron movement between rhenium, nickel and ceria, which leads to the
presence of a strong metal-support interaction. The strong metal-support interaction can
improve the metal dispersion of certain oxides, which leads to the enhancement of metal
surface coverage or reduces particle size [21]. In addition, nickel metal was believed to be
an active site for the WGS reaction. Among all the catalysts used, 1% Re 4% Ni/Ce-5%
Sm-O exhibited the greatest surface area and dispersion of metallic Ni. Typically, a higher
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surface area of metal provides an enhancement of water—gas shift activity because more
surface-active sites are exposed to reactants [22].

The water—gas shift reaction is recognized as a redox mechanism (Equations (2)—(4))
at high temperatures, where carbon monoxide molecules adsorb on the surface of the
catalyst and extract one oxygen from the metal oxide support to produce CO,. The loss of
oxygen from metal oxides generates oxygen vacancies, which are fulfilled by separating
H,O molecules to create H and O atoms. H atoms combine and desorb into H, gas, while
O atoms are captured by oxygen-depleted metal oxides [23].

CO + 0 — CO,q (CO adsorbs on the active metal sites (o)) 2)
COad +2Ce0Oy; — COy + CeyO3 + 0 3)
H,O + C6203 — 2CeO, + Hy (4)

As is well known, oxygen vacancies are major defects on the ceria surface. Oxygen
vacancy plays a beneficial role in the charge transfer and dissociation of H,O molecules,
which promotes the catalytic activity of the water—gas shift catalyst [24]. The availability
of oxygen vacancies, the optimal strength for carbon monoxide adsorption and H,O
dissociation activity play an important role in improving the performance of the water—gas
shift reaction [25]. In this work, we try to quantify oxygen vacancies in ceria-based catalysts
using Raman spectroscopy to understand the properties of the WGS catalysts.

Raman spectroscopy analysis was performed to reveal the defect structure of sup-
ported Ni catalysts (Figure 3). In the Raman spectra, a Raman peak at 464 cm ™! is assigned
to a triple degeneracy active mode, which is called Fy; mode. This represents the sym-
metrical stretching vibration formed by eight oxygen atoms bound to one cerium atom.
In addition, there is another broad peak at around 570 cm ! in the 5% Ni/Ce-5% Sm-O
catalyst, which is called the D band. The D band is a defect-induced mode due to the
presence of a different charge state of doping cations or surface defects that are related to the
oxygen vacancies’ evolution [26,27]. The ratio of Ip /Ipyg represents the oxygen vacancies’
concentration [28]. The intensity of the D peak and the ratio of Ip /Iy in the 5% Ni/Ce-5%
Sm-O catalyst are higher than that of other catalysts, indicating that the 5% Ni/Ce-5%
Sm-O catalyst has the highest oxygen vacancy concentration. Moreover, the Fy; peak of 5%
Ni/Ce-5% Sm-O shifted to 455 cm~! due to the enhancement of Ce3* cations and oxygen
vacancies. The presence of Ce®" in the ceria support leads to an increase in the unit cell
parameter and decrease in the bonds’ force constants, resulting in a red shift of the Fyg
band. High oxygen vacancy concentration in the 5% Ni/Ce-5% Sm-O catalyst alerts the
interaction between nickel and ceria to drive metal dispersion [29], hindering nickel particle
sintering, which is expected to increase stability.

The TPR profiles of 5% Ni/CeO;-based catalysts and 1% Re 4% Ni/CeO;-based
catalysts are exhibited in Figure 4. There were three main reduction peaks at the low
temperature range of 230-280 °C, medium temperature range of 320-350 °C and high
temperature range (850 °C), which was attributed to the bulk reduction. For lower tempera-
tures, Hy consumption is due to the reduction in NiO species, whereas the nickel-catalyzed
reduction in the CeO; surface shell occurs at a medium temperature [19]. Two NiO reduc-
tion peaks of 5% Ni/Ce-5% Sm-O suggested a different environment of nickel. Ni was
located at 250 °C and 280 °C, which suggested a different environment of Ni. The con-
sumption peak at 250 °C was due to the nickel reduction in the vicinity of CeO,, while the
reduction peak at 280 °C was due to the presence of samarium. The reduction in bimetallic
NiRe is compared with monometallic Ni supported on M-doped ceria (M = Sm and Gd).
It was found that the reduction peaks of the NiO and CeO, surface of bimetallic 1% Re
4% Ni/Ce-5% Sm-O appeared at the lowest temperature. It is interesting to note that an
incorporation of samarium and rhenium shifts the consumption peaks of NiO species and
the ceria surface to the lowest temperature when compared to other catalysts. The results
imply that the bimetallic 1% Re 4% Ni/Ce-5% Sm-O catalyst is more active than other
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catalysts. Typically, the generation of oxygen vacancies results in easy oxygen exchange;
thus, reactive oxygen can be easily reduced by H, at low temperatures. As a result of
Raman spectroscopy, it is indicated that the formation of the oxygen vacancy enhances the
ability of the catalyst reduction.

(a)

—Ceria

—Nifcera

NiCel%iGdO
"I — Nu'Ce5%SmO

Intensity (a.u.)

100 200 300 400 500 600 00 800 900 1000
Raman Shift (cm™)

—Ceria

—Nifceria
Ni/Ce3%Gd0

— Ni/Ced %Sm0

Intensity (a.u.)

300 400 500 600 00 BO0
Raman Shift (cm)

Figure 3. Raman spectra of wide range (a) and narrow range (b) of supported Ni catalysts.
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Figure 4. H,-TPR profiles of monometallic Ni and bimetallic NiRe supported by pure ceria and
M-doped ceria (M = Sm and Gd).

O,-TPD and CO-TPD were used to investigate the availability of reactive oxygen
species in Ni/ceria-based catalysts. Figure 5 exhibits the O,-TPD of Ni/CeO,, Ni/Ce-5%
Sm-O and NiRe/Ce-5% Sm-O. The low-temperature peak (below 200 °C) can be attributed
to adsorbed O, on O vacancies. The absence of high-temperature O, desorption peaks in
the bimetallic NiRe/Ce-5% Sm-O suggests the easy release of lattice O. From the study by
Dutta and co-workers [30], it was proposed that by replacing cerium with titanium ion,
disorder can be generated, leading to asymmetry in the crystal structure with weak M-O
bonds. Similarly, the distorted O lattice in 1% Re 4% Ni/Ce-5% Sm-O may lead to the
generation of weak bonds in the oxide, which explains the simple release of oxygen.

The CO-TPD in Figure 6 illustrates that the CO, desorption peak of 1% Re 4% Ni/Ce-
5% Sm-O appeared at a lower temperature than that of other catalysts, which suggests that
the adsorbed carbon monoxide can easily react with surface O, generating carbon dioxide
(mass 44 was monitored using mass spectroscopy after CO exposure in CO-TPD analysis).
As a result of Hy-TPR, Hy consumption at below 300 °C corresponds to the reduction 9j
nickel ion and weak Ce-O and Sm-O bonds adjacent to Ni [31]. The reduction peak at low
temperatures on 1% Re 4% Ni/Ce-5% Sm-O is much more intense than those for 1% Re 4%
Ni/Ce-5% Gd-O, 5% Ni/Ce-5% Gd-O and 5% Ni/ceria, suggesting a high proportion of
weakly bound surface O on 1% Re 4% Ni/Ce-5% Sm-O, which can be easily eliminated by
hydrogen. The results agree well with O,-TPD that 1% Re 4% Ni/Ce-5% Sm-O has more
active O, which can be adsorbed in asymmetrical oxygen vacancies. Hence, it can easily be
released and subsequently reveal active oxygen vacancy sites.

Figure 7a exhibits the X-ray absorption near-edge structure spectra of Ce L3 absorption
edges for 5% Ni/CeO,, 5% Ni/Ce-5% Sm-O and 1% Re 4% Ni/Ce-5% Sm-O compared with
ceria and Ce(NO3)3-6H,0. The XANES of ceria presents a double white line, which was
assigned to the transition of Ce 2p to the mixed valence state of ground-state-electron con-
figuration Ce 419, as well as one with 4f1. A single white line was found for Ce(NOj3)3-6H,O
at 5725.1 eV, which was ascribed to cerium in the trivalent state [32]. Figure 7b shows the
linear combination fit result of 5% Ni/CeO,, 5% Ni/Ce-5% Sm-O and 1% Re 4% Ni/Ce-5%
Sm-O. Elemental species in the unknown sample can be quantified using a linear combi-
nation fit, clarifying that a linear sum of mass absorptions of standards is the total mass
absorption of an edge element in the unknown sample. CeO, and Ce(NO3)3-6H,0 are
standards for the plot of linear combination fit. This plot suggests that the Ce oxidation
states in the 5% Ni/Ce-5% Sm-O compound are lower than the Ce oxidation states in 5%
Ni/CeO,. Sm donates some electrons to CeO,, resulting in an enhancement of the Sm
oxidation state and a lowering of the Ce oxidation state. Moreover, the Ce oxidation state
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in 1% Re 4% Ni/Ce-5% Sm-O was the lowest when compared with other catalysts. The
results indicate that both Re and Sm donate their electrons to ceria, resulting in a further
decrease in the Ce oxidation state. Increasing the concentration of Ce>* produces greater
oxygen vacancies, which facilitates the movement of electrons at the surface, thus leading

to an enhancement of WGS rate.

The XANES results indicate that the addition of Re helps to increase the concentration

of Ce®* because Re donates its electrons to ceria, resulting in an increase in the Re oxidation

state and a decrease in the Ce oxidation state. It has been previously reported that the
Ce3* ratio represents the oxygen vacancies that drive the redox reactions [33]. In addition,
experimental and theoretical studies have verified that the enhanced content of Ce3* leads
to the generation of more oxygen vacancies on the ceria surface [34,35]. Oxygen vacancies
play a crucial role in the WGS catalyst because H,O dissociation involved in the WGS
mechanism occurs at oxygen vacancy sites [36,37]. The conversion from Ce** to Ce>* driven
by oxygen vacancies may be the key factor to enhancing the catalytic activity of the catalyst.

~ 5%Ni/ceria
\
SN 5%Ni/Ce5%SmO
\

/ ~ — — - 1%Re4%Ni/Ce5%SmO
~ // N Q-..“"s~~
=: z"’-”’ '/\\ *..‘“"-s
S - {oA T ———
e g AN N
= I \
) i ™,
= / g
= /,/

//\_.__/\\/\———\
0 100 200 300 400 500 600 700 800 900

Temperature °C
Figure 5. O,-TPD of monometallic Ni and bimetallic NiRe supported by pure ceria and Sm-

doped ceria.
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\ .
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Figure 6. CO-TPD of Ni/CeO,, Ni/Ce-5% Sm-O and ReNi/Ce-5% Sm-O.
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Figure 7. XANES spectra of Ce L3 absorption edge (a) and linear combination fit results of Ce
compound (b).

2.2. WGS Activity and Stability of Ni Catalysts

Figure 8 presents the %CO conversion of monometallic Ni and bimetallic NiRe sup-
ported by pure ceria and mixed oxide materials. For Ni/ceria, the conversion started at
about 200 °C and ascended slowly to reach the highest CO conversion of 84% at 350 °C. As
observed, the bimetallic NiRe/CeMO (M = Sm and Gd) catalyst illustrated higher carbon
monoxide conversion than monometallic Ni/CeMO (M-5m and Gd). This result may be
due to the addition of Re, which leads to a stronger interaction between metal-support
and is a consequence of increasing Ni metal dispersion and Ni surface area, hence more
exposing surface-active sites. Among all the catalysts, 1% Re 4% Ni/Ce-5% Sm-O had
excellent WGS performance with the maximum CO conversion close to 100% at 350 °C.
The WGS activity enhancement of bimetallic 1% Re 4% Ni/Ce-5% Sm-O was due to its



Catalysts 2023, 13, 959

10 of 16

high concentration of oxygen vacancies. Therefore, it is easily reduced, and more active
oxygen vacancy sites are exposed to reactants.

100 e
90 | 3%Ni/CeO2
J—— 5% N1/Ce5%GdO
80 J—e— 5%Ni/Ce5%SmO
= 70 J—2— 1%Re4%Ni/Ce5%GdO
£ J—=— 1%Re4%Ni/Ce5%SmO
E 60 1— —-Equilibrium
g 50 -
L] ]
o ]
g
= 30
20 1
10 -
0 : L L T T T T T T T T T T T
100 200 300 400 500
Temperature (°C)

Figure 8. %CO conversion of supported Ni catalysts (using 0.15 g of catalysts, the feed gas contained
5% CO, 10% H,O and balance Ny, and the total flow rate was 100 mL/min).

Figure 9 exhibits the effect of Sm and Re on the catalyst activity and CHy selectivity
over supported Ni catalysts at 350 °C. 1% Re 4% Ni/Ce-5% Sm-O was shown to be the
excellent catalyst in terms of activity, H, yield and CHy selectivity. This catalyst was able to
convert 97% carbon monoxide with 52% Hj yield. CHy is an undesired product because it
competes against hydrogen production and is a precursor for coke generation. The highest
methane formation occurred in 5% Ni/CeO,. Therefore, the addition of Sm and Re onto
Ni/CeO; resulted in an enhancement of the hydrogen yield at the same time it suppressed
methane generation.

The WGS reaction stability of 1% Re 4% Ni/Ce-5% Sm-O operated at 300 °C under
the mixture of 5% CO, 10% H,O and balance Ny. As shown in Figure 10, the 1% Re 4%
Ni/Ce-5% Sm-O catalyst retained high WGS stability for the whole period of 50 h. Thus,
this catalyst is highly resistant towards deactivation during a WGS reaction.

The Arrhenius plot and the apparent activation energy (E.) over supported nickel
catalysts are exhibited in Figure 11. The results illustrate that the WGS rate of bimetallic
ReNi supported on Sm-doped ceria was higher than that of other catalysts. The E, values
can be calculated from the slope of the Arrhenius plot. Typically, activation energy for
transition metal supported on ceria-based materials is in the range of 60-80 kJ /mol [38],
which agrees well with the activation energy obtained from this work (E, = 64 kJ/mol for
5% Ni/CeO,, E,; = 62 kJ/mol for 5% Ni/Ce-5% Sm-O and E, = 56 kJ /mol for 1% Re 4%
Ni/Ce-5% Sm-0O). The bimetallic NiRe catalyst supported on Ce-5% Sm-O provided the
highest CO conversion rate and the lowest of the E, values.
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Figure 9. Average performance of supported Ni catalysts for the water—gas shift reaction at 350 °C
(using 0.15 g of catalysts, the feed gas contained 5% CO, 10% H,O and balance N, and the total flow
rate was 100 mL/min). Note that the H; yield is expressed in vol/vol.

100
90 A
80 A
70 -
60 -
50 A
40 -
30 A
20 A
10 A

0 T T T T
0 10 20 30 40 50

Time (h)

% CO conversion

Figure 10. Long-term stability test at 300 °C of 1% Re 4% Ni/Ce-5% Sm-O (using 0.15 g of catalysts,
the feed gas contained 5% CO, 10% H,O and balance N, and the total flow rate was 100 mL/min).
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Figure 11. Arrhenius plots of reaction rate over Ni catalysts at 350 °C (using 0.02 g of catalysts, the
feed gas contained 5% CO, 10% H,O and balance N, and the total flow rate was 100 mL/min).

3. Experimental Procedure
3.1. Catalysts Preparation

Ceria and M-doped ceria (M = Sm and Gd) supports were synthesized using a combus-
tion method [39,40]. The redox reactions between fuels and oxidants (metal nitrates) pro-
vided the exothermicity essential for the nucleation and growth of metal oxide powders [41].
NH,;CONH; was used as a fuel to ignite the reaction. Ce(NOs3)3.6H,O (Sigma-Aldrich, Pte.
Ltd., Singapore) and M(INO3)3.6H,O (Sigma-Aldrich Pte. Ltd., Singapore) were used as
starting materials for the preparation of pure ceria and M-doped ceria (M = Sm and Gd)
supports. NH,CONH, was mixed with metal nitrate using stoichiometry between oxidant
and fuel in a ratio of 2.5:1. The mixed reactant was crushed to obtain a homogeneous
solution and then heated using a Bunsen burner until auto-ignition occurred; therefore,
nitrate and other organic compounds decomposed when they were heated to form metal
oxides. The final products were ceria and M-doped ceria (M = Sm and Gd). Sm and Gd
with 5 wt.% were loaded in the ceria support, which were denoted as Ce-5% Sm-O and
Ce-5% Gd-O, respectively.

Monometallic Ni and bimetallic NiRe were prepared by the impregnation and co-
impregnation method, respectively. Ni(NO3),-6H,O (Alfa Aesar, Thermo Fisher Scientific
Inc, Seoul, Republic of Korea) and NH4ReO, (Sigma-Aldrich Pte. Ltd., Singapore) were
dissolved with deionized water. The salt solutions of Ni and Re were added to CeO, and
M-doped ceria (M = Sm and Gd) supports. All samples were dried overnight at 100 °C and
calcined at 650 °C for 8 h.

3.2. Catalyst Characterization

The specific surface areas and pore size of all samples were analyzed using Nj
adsorption—desorption isotherms at 77 K with a BELSORP-MAX instrument (Osaka, Japan).
Prior to the measurements, the sample was degassed at 300 °C for 3 h. The specific surface
area was calculated using the Brunauer-Emmett-Teller method.
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X-ray powder diffraction patterns were obtained on a PANalytical X'Pert Pro diffrac-
tometer (Malvern Panalytical Ltd, Malvern, UK) using nickel-filtered Cu K radiation. The
X-ray diffractograms were collected at 0.02° per step and 0.5 s per step with a current of
40 mA and 40 kV in a 26 range from 20-80°. The CeO, crystallite sizes were calculated from
the full width at half maximum of the strongest (111) reflection using Scherrer’s equation.

A Perkin-Elmer TGA /DTA 6300 instrument (Perkin Elmer, Rodgau Germany) was
used for thermogravimetric analysis (TGA). The analysis was performed under an air flow
rate of 100 mL/min to measure the mass change of a sample as a function of temperatures
up to 700 °C with a heating rate of 20 °C min 1.

The Raman spectra were operated on Perkin Elmer System 2000 FTIR/FT-Raman
(Perkin Elmer, Germany) using argon ion laser irradiation from 200 to 1000 cm~! with an
output power of 10 mW and a wavelength of 532 nm.

The pulsed CO chemisorption, O,-TPD, C-TPD and H,-TPR were operated on a
catalyst analyzer BELCAT-B (Osaka, Japan). The catalysts’ reduction behavior was studied
by Hy-TPR. Before a TPR measurement, the catalyst was pretreated under He flow at 120 °C
for 30 min. The analysis was carried out in a mixture of 5%Hj; and Ar in a temperature
range of 50 °C~1000 °C with a heating rate of 10 °C min~!. For O,-TPD, the catalyst was
first purged under He flow at 200 °C for an hour and then cooled to 50 °C and treated
in 10% O, /He for an hour. O,-TPD analysis operated under helium flow by increasing
the temperature from 50 to 900 °C at a rate of 10 °C min~!. For CO-TPD, the sample was
purged under He flow and then exposed to 10%CO/He at 50 °C for an hour. After that, the
sample was cleaned with He for 40 min. The analysis was performed under He flow in a
temperature range of 50-900 °C at a rate of 10 °C/min, and the masses of 44 and 28 were
monitored using mass spectrometry. The surface area and dispersion of metallic Ni were
obtained from Hj chemisorption. Before measurement, 200 mg of catalyst was evacuated in
helium at 40 °C and subsequently reduced in the flow of hydrogen at a rate of 30 mL/min
at 300 °C for 1 h. The reduced catalyst was then cooled to 40 °C under He flow, followed
by volumetric hydrogen chemisorption with pure Hj. The surface area of metallic Ni was
calculated from chemisorbed H; on the assumption that one H atom is adsorbed on one
surface Ni atom, and the metal dispersion was calculated using the following equation:

Metal dispersion (%) = 1.17 Xypp /W-F (5)

where Xpyp is chemisorbed hydrogen (umol/gram of catalyst), W is % wt. of Ni, and F is
the fraction of nickel reduced to metal.

The oxidation states of metal in each catalyst were investigated using an X-ray ab-
sorption near-edge structure (XANES). Ce L3 absorption edge was determined using the
transmission mode with a Lytle detector. The Kapton window, which put on the sample
frame, was used to place the sample. Ion chambers filled with a mixture of Ar and He
were installed in front of and behind the sample to continuously detect the incident and
transmitted X-ray.

3.3. Water—Gas Shift Activity

The WGS activity was investigated at temperatures from 100 to 500 °C. About 0.15 g of
the catalyst was placed between two layers of quartz wool inside a stainless-steel fixed-bed
flow reactor. Before WGS activity testing, the synthesized catalyst was exposed to 5%
H,/N; gas from room temperature to 300 °C and kept constant at 300 °C for an hour.
The reaction temperature in the reactor was controlled using the tube furnace. For WGS
activity measurement, H,O was fed through a pre-heater using a syringe pump and then
mixed with the flow of CO and Ny, in which the flow rate was controlled using a mass flow
controller before feeding into the reactor. The feed gas was composed of 5% CO, 10% H,O
and 85% Ny, and the total flow rate was maintained at 100 mL/min in all testing conditions.
Reaction products were investigated using an online gas chromatographer (Shimadzu
GC-14B, Shimadzu Singapore Pte Ltd., Singapore), equipped with a thermal conductivity
detector and a Unibeads C column. Helium served as the eluent for a Unibeads C column,
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which was used to detect H, and CO at a rate of 50 mL/min, and the temperature was
set at 60 °C. The content of carbon monoxide and conversion at the outlet was repeated
at least five times for each experiment. The WGS activities can be calculated using the
following equation:

%CO conversion = (COj, — COqut)/CO;n x 100 6)

The water—gas shift rates were carried out in separate experiments using 0.02 g of
samples, and the feed gas contained 5% CO, 10% H,O and balance N, where the carbon
monoxide conversion was less than 30%.

Rate = (F x X)/m (7)

where COj and COgy; are the molar flow in the inlet and outlet feed gas, respectively, Rate
refers to the WGS rate (mol/g-s), F is the CO molar flow rate (mol/s), m is the catalyst
weight (g) and X is the CO conversion.

4. Conclusions

The effect of Sm and Gd on the water—gas shift performance of Ni/CeO, was inves-
tigated. An addition of Sm and Gd into Ni/CeO, slightly enhanced WGS activity when
compared with Ni/CeO,. An addition of Sm to Ni/CeO, enhanced the BET surface area,
decreased crystallite size, enhanced oxygen vacancy concentration and promoted better
dispersion of Ni on the CeO, surface. In addition, the effect of Re on the WGS activity of
Ni/CeMO (M = Sm and Gd) was also investigated. It was found that 1% Re 4% Ni/Ce-5%
Sm-O gives excellent WGS activity with the highest CO conversion of 97% at 350 °C. In
addition, the addition of Sm and Re onto Ni/CeO, resulted in an enhancement of the
hydrogen yield at the same time it suppressed methane generation. The role of Re in
improving the water—gas shift performance of Ni/CeSmO is due to the easier reducibility
of Ni and the CeO; surface. Furthermore, an increase in Ni dispersion and Ni surface area
facilitated carbon monoxide adsorption. The result of an electron transfer reaction between
rhenium, samarium, nickel and cerium allows the reduction in the 1% Re 4% Ni/Ce-5% Sm-
O catalyst to become easier. The electron movement within the catalysts can be explained
using XANES analysis. This result implies that Sm and Re assist in reducing ceria, causing
an increase in Ce®* at the CeO, surface. Therefore, increasing the concentration of Ce3* in
the 1% Re 4% Ni/Ce-5% Sm-O catalyst gives rise to oxygen vacancy, which accelerates the
surface redox processes. These effects contribute to improving the rate of water—gas shift.
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