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Abstract: Catalytic conversion of CO2 to CO using reverse water gas shift (RWGS) reaction is a key
intermediate step for many CO2 utilization processes. RWGS followed by well-known synthesis
gas conversion may emerge as a potential approach to convert CO2 to valuable chemicals and fuels.
Nickel (Ni) based catalysts with ceria-zirconia (Ce-Zr) support can be used to tune the metal-support
interactions, resulting in a potentially enhanced CO2 hydrogenation rate and elongation of the
catalyst lifespan. The thermodynamics of RWGS reaction is favored at high temperature for CO2

conversion. In this paper the effect of Palladium (Pd) and Iridium (Ir) as promoters in the activity of
10 wt%Ni 2 wt%Pd 0.1wt%Ir/CeZrO2 catalyst for the reverse water gas shift reaction was investigated.
RWGS was studied for different feed (CO2:H2) ratios. The new active interface between Ni, Pd and Ir
particles is proposed to be an important factor in enhancing catalytic activity. 10 wt%Ni 2 wt%Pd
0.1 wt%Ir/CeZrO2 catalyst showed a better activity with CO2 conversion of 52.4% and a CO selectivity
of 98% for H2:CO2 (1:1) compared to the activity of 10%Ni/CeZrO2 with CO2 conversion of 49.9%
and a CO selectivity of 93%. The catalytic activity for different feed ratios using 10 wt%Ni 2 wt%Pd
0.1 wt%Ir/CeZrO2 were also studied. The use of palladium and iridium boosts the stability and life
span of the Ni-based catalysts. This indicates that the catalyst could be used potentially to design
RWGS reactors for CO2 utilization units.

Keywords: catalysis; reverse water-gas shift reaction; Ni/CeZrO2 catalyst; promoter

1. Introduction

Climate change and global warming are environmental issues caused by the most
widely known greenhouse gas carbon dioxide (CO2). An important goal for the earth’s
sustainability is reducing the emission of CO2 [1]. Utilization of CO2 can be a promising
way to decrease global warming threats, but it requires energy to transform CO2 as a cheap,
non-toxic source for the production of biofuels. A feasible solution for CO2 conversion that
has been proposed is the Fischer-Tropsch (F-T) process [2]. Syngas (H2/CO) obtained from
reverse water gas shift (RWGS) reaction with H2 as main raw material is converted into
valuable fuels [3,4].

Synthesis gas production by using the stoichiometric RWGS reaction with the aim of
CO2 efficiency is a key intermediate step for many CO2 utilization processes. RWGS which
converts H2 and CO2 to renewable energy sources, has been proposed in equation [1,5].

CO2 is a kinetically and thermodynamically stable molecule, thus CO2 conversion

CO2 + H2 ↔ CO + H2O ∆H◦298 = 41.2 kJ/mol (1)

reactions are endothermic and need efficient catalyst to avoid side reactions such as metha-
nation and carbon formation [6]. The maximal conversion, selectivity and the reversibility
of the RWGS reaction is typically governed by thermodynamic equilibrium. Reaction
temperature is one of the factors that influences the conversion of CO2 to CO [5]. Even
though a higher level of conversion due to the endothermic reaction are effectively obtained
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at higher temperature reactions, a less energy consuming process at lower temperatures
will be preferred. This is because the cascade utilization of thermal energy is more difficult
with RWGS reaction operating at high temperature [1].

In several RWSG publications recently, transition metal such as Ni has gained the
reputation for high activity, economic viability and higher availability compared to noble
metals such as Rh, Ru, Pt, Re and Pd [7]. Noble metals have also been studied and are
typically found to be much more resistant to carbon deposition than Ni catalysts, but are
generally uneconomical [8–10], especially with the resent surges in precious metal cost.
The main challenge that prevents the industrial process from being used is that supported
Ni catalysts deactivated easily due to carbon deposition and/or metal sintering [11]. Thus,
Ni based catalysts using promoters such as transition metals are under investigation, in
order to improve both their activity and their selectivity with the objective of avoiding or,
at least hindering coke formation thereby improving the catalyst stability [12–14]. Recent
research work in RWGS shows that compared to other bimetallic Ni-based catalysts such
as NiRh and NiPt, NiPd bimetallic catalyst exceed performance. This can be attributed to
the stability of NiPd which helps improve the reducibility of NiO. These benefits increased
metal distribution and chemisorption of H2 [15].

Over the years in the area of heterogeneous catalysis, it has been discovered that metal
catalyst distributed over ion-conduction supports possess activities for several catalytic
reactions which also includes RWGS reaction [5]. This is much higher than those dispersed
on inert supports [16]. CeO2, ZrO2 and TiO2 supports that shows outstanding ionic or
mixed ionic-electronic conductivity are gradually substituting the classical non-conducting
supports (Al2O3 and SiO2) [17,18].

In this work, the effect of palladium and iridium as promoter in the activity and
selectivity of 10 wt%Ni 2 wt%Pd 0.1 wt%Ir/CeZrO2 catalysts for the RWGS was investi-
gated. The study aims to analyze the catalytic properties of Ni-Pd-Ir systems, focusing in
particular on the promoting effects induced by the presence of Pd and Ir in the catalyst
formulation. This is complemented by the characterization of the catalyst before reaction
by H2-TPR to obtain possible changes occurring during the course of the reaction on the
interaction with the reactant mixture.

2. Results and Discussion
2.1. XRD Analysis

The XRD pattern of 10 wt%Ni 2 wt%Pd 0.1 wt%Ir/CeZrO2 and 10 wt%Ni/CeZrO2
catalysts were presented in Figure 1. NiO peaks are present at 2θ = 37.3◦, 43.3◦, 62.9◦,
75.4◦, 79.4◦ [19]. These illustrated peaks corresponded to the NiO planes of (111), (200),
(220) and (222). NiO peaks in solid-solutions with lesser intensity highlighted a good
distribution of NiO crystallites in the catalyst [20]. The characteristic peaks of CeO2 are
visible at 2θ = 48.5◦ and 57.5◦ show a cubic phase which correlate with crystals planes of
(220) and (311) [21]. ZrO2 exhibited typical peaks of a tetragonal phase at 2θ = 29.5◦ and
34◦ corresponding to crystals with planes of (111) and (200) [22]. The diffraction peak of
Pd (220) is observed at 68.5◦ [23]. The XRD peak comprises of a sequence of slim peaks
stipulating non-homogeneity of the nanoparticles. This occurrence results to widening of
XRD peaks as well as crystalline size [24].

2.2. BET-BJH Measurements

The specific surface area of fresh and spent 10 wt%Ni 2 wt%Pd 0.1 wt%Ir/CeZrO2 and
10 wt%Ni/CeZrO2 catalysts prepared in this work are presented in Table 1. Using ceria-zirconia
as a permeable support enables Ni, Pd and Ir to be distributed over a broad surface area.
The surface area (SBET) of fresh samples were approximately 95 and 100 m2/g while spent
samples were 35 and 41 m2/g, respectively. The surface area for spent catalysts appeared lower
compared to the fresh catalysts. For 10 wt%Ni 2 wt%Pd 0.1 wt%Ir/CeZrO2 catalyst, spent
catalyst was less than the fresh catalyst by 63.2%, while spent 10 wt%Ni/CeZrO2 catalyst is
lower than the fresh catalyst by 59%. The reduction in surface area of both spent catalysts can be
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an indication of the catalysts polluted by coke formation. BJH method was used to estimate the
pore volume of both fresh and spent catalysts at 0.19, 0.20, 0.17 and 0.20 cm3/g, respectively, plus
an average pore size of 78, 170 and 159 Å. This stipulates that the material possess a mesoporous
nature. High specific surface area is one of the most important characteristics for catalytic
reactions, and it is very important to keep high catalytic performance for the catalysts [25].
Bastan et al. [20], observed Ni/CeZrO2 sample exhibited larger surface area than Ni/CeO2 or
Ni/ZrO2 samples. This could be a matter of the CeZrO2 support itself that determine how
small and porous the initial crystals are formed.
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Figure 1. XRD pattern of 10 wt%Ni 2 wt%Pd 0.1 wt%Ir/CeZrO2 and 10 wt%Ni/CeZrO2 catalysts.

Table 1. BET-BJH results of fresh and spent 10 wt%Ni 2 wt%Pd 0.1 wt%Ir/CeZrO2 and 10 wt% Ni/CeZrO2 catalysts.

Catalyst BET Surface Area (m2/g)

Pore Volume (cm3/gcat) Pore Size (Å)

Fresh 10 wt%Ni 2 wt%Pd 0.1 wt%Ir/CeZrO2 0.19 78 95

Fresh 10 wt% Ni/CeZrO2 0.20 78 100

Spent 10 wt%Ni 2 wt%Pd 0.1 wt%Ir/CeZrO2 0.17 170 35

Spent 10 wt% Ni/CeZrO2 0.20 159 41

2.3. H2-TPR

Results for the TPR profiles of fresh and spent 10 wt%Ni/CeZrO2 and 10 wt%Ni 2 wt%Pd
0.1 wt%Ir/CeZrO2 catalysts are provided in Figure 2. For the fresh 10 wt%Ni/CeZrO2 catalyst
convoluted broad peaks were observed at 280 ◦C and 370 ◦C in which, the first and second
peaks are related to the weak and strong bond of Ni2+ species to the support [20]. The peaks
at 600 ◦C and 740 ◦C are related to the partial reduction of Ce4+ to Ce3+. The catalyst showed
broader main reduction peaks at higher temperatures than that for the 10 wt%Ni 2wt%Pd
0.1 wt%Ir/CeZrO2. The wideness of the peak suggests a broad particle size distribution of Ce
and, given that the reduction temperature is relatively high [20]. H2-TPR of spent catalyst after
RWGS reaction was carried out to compare to the fresh catalyst before the reaction. A broad peak
was observed at slightly higher temperature compared to fresh 10 wt%Ni/CeZrO2 at 390 ◦C
which is related to Ni0. For the fresh 10 wt%Ni 2 wt%Pd 0.1 wt%Ir/CeZrO2 catalyst broad
and clear peaks at 120 ◦C and 530 ◦C, respectively, were detected. The first peak corresponded
to the reduction of Ni2+ to Ni0. The Ni peaks were shifted to a lower temperature at 120 ◦C
compared to Ni peaks in 10 wt%Ni/CeZrO2, while the peak at 530 ◦C is related to the partial
reduction of Ce4+ to Ce3+ was also shifted to a lower temperature [26]. Pd shifted the peak
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observed at 740 ◦C for 10 wt%Ni/CeZrO2 to lower temperature at 530 ◦C. The peak at 530 ◦C
can be attributed to the reduction of the mixed oxides of CeO2 and ZrO2 since it is known
that the reduction of ceria is facilitated by the presence of Zr. For spent 10 wt%Ni 2 wt%Pd
0.1 wt%Ir/CeZrO2, broad peak attributed to Ni0 is shifted to higher temperature at 270 ◦C. For
both spent catalysts, a shift to higher temperatures were observed. Dantas et al. [27] showed
in their study that the presence of noble metal such as Pd as promoter facilitate the reduction
of Ni supported sample. Pd can easily adsorb hydrogen on its metallic state. Thus, metallic
Pd is formed at lower temperature during the hydrogenation process than necessary for Ni
reduction. Therefore, the hydrogen formed on the noble metal surface can move to nickel oxide
surface, reducing it more easily. Pd promoter shifted the peaks observed for 10 wt%Ni 2 wt%Pd
0.1 wt%Ir/CeZrO2 to lower temperatures.
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Figure 2. TPR-H2 of fresh and spent 10 wt%Ni 2 wt%Pd 0.1 wt%Ir/CeZrO2 and 10 wt%Ni/CeZrO2 catalysts.

2.4. Catalyst Activity

The stability of the 10 wt%Ni 2 wt%Pd 0.1 wt%Ir/CeZrO2 and 10%Ni/CeZrO2
catalysts were studied for 40 h at 750 ◦C is shown in Figure 3. 10 wt%Ni 2 wt%Pd
0.1 wt%Ir/CeZrO2 catalyst showed more stability in the CO2 conversion and CO selectivity
than the 10 wt%Ni/CeZrO2 catalyst. We speculate that the decrease is due to carbon
formation. It also showed a better activity with average CO2 conversion of 52.4% and a CO
selectivity of 98.3% for H2:CO2 (1:1) compared to the activity of 10 wt%Ni/CeZrO2 with
an average CO2 conversion of 49.8% and a CO selectivity of 93.3%.

Both catalysts showed CO2 conversion for 40 h reaction time without significant deac-
tivation of the catalysts. To the best of our knowledge, it is very rare case that supported-Ni
catalyst having more than 5% Ni shows such high activity and stability for 40 h under the
condition of space velocity of 18,000 h−1 in RWGS reaction. The addition of promoters
may have caused structural changes contributing to alter the activity and stability of the
catalyst. Larsen and Chorkendorff [28] observed that the presence of Pd with Ni favors
the formation of a metal alloy on the surface of the catalyst. This can be credited to the
coaction between the Ni and Pd phase at the interface. The interaction between Ni and
Pd at the interface leads to the corresponding H and CO atoms being chemisorbed. The
more NiO sites been reduced by the adsorbed H atoms, the more metallic sites available
for RWGS reaction [29].
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10 wt%Ni/CeZrO2 catalysts at 750 ◦C and 1 bar pressure.

Danta et al. [27] showed in their study high selectivity for CO indicating low carbon
deposition on the surface of the catalyst. Their study supports that 10 wt%Ni 2 wt%Pd
0.1 wt%Ir/CeZrO2 is stable. This is also supported by the high surface area of the Ni-Pd-Ir
with CeZrO2 support compared with Ni with Ce-ZrO2 alone. Bastan et al. [20] showed
in their study of effect of support’s composite that 10 wt%Ni/CeZrO2 catalyst showed
much better catalytic performance than 10 wt%Ni/CeO2 and 10 wt%Ni/ZrO2. 10 wt%Ni
2 wt%Pd 0.1 wt%Ir/CeZrO2 catalyst showed long life span. RWGS reaction was carried
out up to 85 h without significant deactivation of the catalyst. It showed the promoters
help elongate the life span of the catalyst.

Figure 4 shows the data of catalytic activity for 10 wt%Ni 2 wt%Pd 0.1 wt%Ir/CeZrO2
at different feed ratios (H2/CO2), expressed as carbon dioxide conversion. Results obtained
was at 750 ◦C and at 1 bar pressure. A decrease in CO2 conversion as the amount of CO2
in the feed ratio is increased is observed. Carbon dioxide conversion decreases from 52%
(near to the thermodynamic equilibrium at the reaction conditions) for the hydrogen to
carbon dioxide (1:1), to 7.6% for the feed ratio with H2/CO2 (1:25). This shows that at
higher amount of CO2, more carbon formation occurs on the catalyst thereby reducing the
CO2 conversion. This is supported by the theoretical results using Aspen plus software.

Investigation of condensation was carried out using the Mollier diagram before analy-
sis due to the challenge of calculating the yield for H2O that might occur during the RWGS
process. The results of the yields obtained for CO and H2O were 51% and 39%, respectively.
H2O content obtained from the experiment was 0.018 kg/kg compared to the estimate
from the Mollier diagram which was 0.015 kg/kg. Results from the calculation was used to
compensate the yield of H2O. Table 2 shows the volume of gases at different ratios.

As shown in Figure 5, CO2 conversion for both 10 wt%Ni/CeZrO2 and 10 wt%Ni
2 wt%Pd 0.1 wt%Ir/CeZrO2 catalysts were carried out at different temperatures of 450 ◦C,
550 ◦C, 650 ◦C and 750 ◦C. The pressure at 1 bar and the feed ratio (H2/CO2) of 1:1 was
constant. Quantification of both CO and CH4 formation shows that Sabatier and RWGS
reaction were occurring simultaneously at different temperatures. More methane was
formed at lower temperature of 450 ◦C and as the temperature increased to 750 ◦C, more
carbon monoxide was formed. CO2 conversion increases from 22% at 450 ◦C to above 50%
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at 750 ◦C It shows a steady increase in the CO2 conversion as the temperature increases. At
lower temperature Sabatier reactions takes place.
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3. Materials and Methods
3.1. Catalyst Preparation

The catalysts were performed by first preparing granules of ceria-zirconia mixed oxide
from a commercial material with a ceria-to-zirconia ratio of 1:1.4 (Solvay actalys 9447).
The powdered ceria-zirconia was mixed with water and boehmite in a ratio of 1 to 2 to
0.2. The mixture was ground in a ball mill for 12 h before being dried in a hot air oven
at 150 ◦C. The resulting cake was gently crushed and calcined at 700 ◦C for 4 h and the
resulting material was crushed and sieved to 1–2 mm in particle size. The active phase
was added subsequently using incipient wetness impregnation. Initially, the catalysts were
impregnated with nickel nitrate solution and the resulting catalyst yielded 10 wt% Ni.
The catalyst was dried at 90 ◦C and calcined at 500 ◦C for 4 h. A part of the catalyst was
impregnated with a palladium nitrate and iridium acetate solution, resulting in a catalyst
with 10 wt% Ni, 2 wt% Pd and 0.1 wt% Ir. The catalyst was dried at 90 ◦C and calcined at
500 ◦C for 4 h to render it in its final form.

3.2. RWGS Reaction

The hydrogenation of CO2 was carried out at 750 ◦C for 40 h at atmospheric pressure
using 2 mL of catalyst. The gas mixture CO2:H2 (1:1, 25 mL/min, space velocity of
18,000 h−1). Catalytic RWGS reactions were conducted in a continuous flow steel reactor
(14 mm internal diameter and 65 mm length. 2 mL of catalyst particles with a particle size
of 1–2 mm of the 10 wt%Ni 2 wt%Pd 0.1 wt%Ir/CeZrO2 catalyst was mixed with 8 mL
of α-alumina and loaded on quartz wool and positioned in the center of the vertically
fixed-bed reactor. α-alumina was used as a diluting material. The reactor was placed inside
a furnace and heated to 750 ◦C using a temperature controller. Individual Bronkhorst
mass flow controllers were used to regulate 4% H2 in Ar and CO2 gas flows at 25 mL/min
(Figure 6). The catalyst was reduced with 4% H2 in Ar (25 mL/min) at 750 ◦C for 40 min
before the RWGS reaction. After reduction, a reagent gas mixture CO2:H2 (1:1, 25 mL/min,
space velocity of 18,000 h−1) was flowed into the reactor with a total volume of 50 mL/min
at the temperature of 750 ◦C and at atmospheric pressure. The reaction was carried out for
430 min at a stable temperature of 750 ◦C. CO2, H2, CO, CH4 and H2O concentrations were
monitored using a quadrupole mass spectrometer (Hiden Analytical, 12886WR, Livonia,
MI, USA) equipped with capillary temperature controller, single gauge, MSIU (RC) control
unit, quadrupole filter, ionization detector and turbo pumps. The valve in the experimental
setup was used to switch from inlet to outlet and vice versa. The tubes carrying CO2 and H2
were kept heated with heating elements to keep the gases from condensing before reaching
the reactor. Insulators were used to prevent the heat from escaping. The temperatures
of the reactor and heating elements were monitored with a K-type thermocouples. A
schematic of the setup is shown in Figure 6.

3.3. Characterization Techniques

The following characterization techniques were used: Brumauer-Emmett-Teller (BET),
X-ray diffraction (XRD), temperature programmed reduction (TPR-H2). The 10 wt%Ni
2 wt%Pd 0.1 wt%Ir/CeZrO2 catalyst was characterized in detail using Brumauer-Emmett-
Teller (BET), X-ray diffraction (XRD) and temperature programmed reduction (TPR-H2).

3.3.1. X-ray Diffraction (XRD)

X-ray diffraction (XRD) of the catalysts were measured using a Stoe Stadi MP Diffrac-
tometer (STOE and Cie GmbH, Darmstadt, Germany). The system layout includes a CuKα

radiation source with a Ge monochromator and a Mythen detector obtained from DECTRIS
Ltd., Baden-Daettwil, Switzerland [30]. Identification of the catalysts were carried out in
reflection mode. For the diffraction pattern documentation, a 2θ scan ranging between
5–90◦ including a 0.19◦ step size and a 60 s sampling time was used at each step.
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3.3.2. BET Surface Areas and Pore Distributions

BET adsorption-desorption method using a Micromeritics 3 Flex instrument (Norcross,
GA, USA) was used to determine the specific surface area and pore size of 10 wt%Ni
2 wt%Pd 0.1 wt%Ir/CeZrO2 catalyst. Barrett, Joyner and Halenda (BJH) method was used
for the analysis of the pore volume [31]. Degassing of the sample was carried at 250 ◦C
under high vacuum for 4 h before the analysis. Nitrogen gas was used as the analysis gas
at liquid nitrogen temperatures to perform the quantification. Analysis of surface areas
was carried out by suggested equations by Brunauer, Emmet and Teller (BET) [32].
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3.3.3. H2-Temperature Program Reduction (H2-TPR)

A Micromeritics 3-flex system (Norcross, GA, USA) with setting at dynamic chemisorp-
tion was used to carry out H2-TPR. ~150 mg of the catalyst was weighed into a sample
holder and setup in the machine. A volume of 10 mL/min of H2 gas (4% H2, Ar 96%)
was flowed through the catalyst. Temperature of the catalyst was increased at a rate of
10 ◦C/min from 30 ◦C to 1000 ◦C. Thermal conductivity detector was used for detection.

3.4. Reaction Procedure and Product Analysis

Prior to reaction, fresh catalysts were reduced in a flow of 4% H2, Ar 96% (25 mL/min)
for 40 min at 750 ◦C for both 10 wt%Ni/CeZrO2 and 10 wt%Ni 2 wt%Pd 0.1 wt%Ir/CeZrO2
catalysts. RWGS reaction was carried out for 40 h at 750 ◦C and at 1 bar pressure. CO2 con-
version and CO selectivity were calculated for every 2.5 h. Percentage of CO2 Conversion,
CO selectivity and yield were estimated using the following formulae:

% Conversion = Xco2 (%) =
Fco2,in − Fco2,out

Fco2,in
× 100 % (2)

% Selectivity = Sco (%) =
Fco,out − Fco,in

Fco2,in − Fco2,out
× 100 % (3)

% Yield =
amount of product produced× stoichiometric factor

amount of feed
× 100 % (4)



Catalysts 2021, 11, 1076 9 of 10

3.5. Thermodynamic Calculation

In order to relate the experimental results to theoretical calculated values, thermody-
namic calculation was performed using Aspen Plus V11 (Cambridge, MA, USA). Equilib-
rium was calculated using Gibbs reaction.

4. Conclusions

The conversion of carbon dioxide into carbon monoxide through reversed water gas
shift (RWGS) process was demonstrated using 10 wt% Ni/CeZrO2 and 10 wt%Ni 2 wt%Pd
0.1 wt%Ir/CeZrO2 catalysts. To better understand the effect of Pd and Ir as promoters
in Ni based catalysts, the physiochemical properties of the catalysts were investigated.
These included XRD, BET-BJH and H2-TPR. The catalytic activity of both catalysts were
compared. The study shows the catalyst activity of 10 wt%Ni 2 wt%Pd 0.1 wt%Ir/CeZrO2
catalyst had the highest catalytic activity together with the selectivity with regards to CO
production. 52% of CO2 conversion and 98% of CO selectivity were obtained for this
catalyst. Almost no deactivation was observed for the catalysts during the RWGS reaction
as shown in this paper. The mentioned analyses above together with a stable performance
of this catalyst over 40 h of reaction time demonstrates this. Addition of Pd and Ir into the
Ni/CeZrO2 did have positive effect on catalytic activity for the RWGS reaction. Combining
Ni and Pd have been known to have a higher activity for RWGS reaction [29]. This is due
to the local synergy that exist in the bimetallic NiPd catalyst which shows increased CO2
hydrogenation [33]. These meant Pd and Ir introduced here as promoters possessed a
desirable stability for the considered process. This catalyst is a very promising material for
the RWGS for CO2 utilization.
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