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Reverse water–gas shift (RWGS) operation at lower temperatures has multiple advantages such as use of

low-cost materials and improvement of thermal efficiency. This report demonstrates the enhancement

of CO selectivity by Au addition and clarifies the relationship between the enhanced CO selectivity and

the density of state (DOS) in the vicinity of the Fermi level (Ef).
CO2 has been recognized as an abundant and inexpensive
carbon resource for chemical industry. Reverse water–gas shi
(RWGS) reaction is one of the most important reactions in C1
chemistry, because the resulting carbon monoxide (CO) can be
utilized as feedstock for the production of valuable compounds
such as methanol, dimethyl ether and hydrocarbons.1–6

Commonly, RWGS reaction is performed at high tempera-
ture to acquire a working performance of CO2 conversion and
selectivity because of its thermodynamic nature,7 as shown in
eqn (1).

CO2 + H2 4 CO + H2O DH = +41 kJ mol−1 (1)

On the other hand, RWGS operation at lower temperatures
have multiple advantages such as use of low-cost materials and
utilization of low-temperature exhaust heat. However, there is
the thermodynamic challenge to achieve sufficient level of CO
production due to the endothermic nature (eqn (1)). In addi-
tion, the Sabatier reaction in eqn (2) proceeds in the same
temperature range as RWGS, causing a decrease in CO
generation.

CO2 + 4H2 / CH4 + 2H2O DH = −165 kJ mol−1 (2)

Many studies has been reported the improvement of RWGS
catalytic activities and CO selectivity such as modifying catalyst
metals,8,9 catalyst support.10–12 Some researchers have reported
that Pt catalyst exhibits superior CO2 conversion relative to Cu,
Fe, and Ni catalysts,13,14 but lower CO selectivity.14 Therefore,
improving CO selectivity of Pt catalyst, it is a fascinating topic,
both academically and industrially. It has well-known that Bi-
metallic catalysts exhibited higher catalyst activity and selec-
tivity relative to their based metals due to the interaction
between the added and based metals.15,16 For example, it has
been reported that the addition of Ni and CO, which have lower
D-band levels than platinum, improves the catalytic activity
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such as CO selectivity and hydrogenation.17,18 On the other
hand, adding Au, which has a higher D-band level than Pt, to Pt
instead of metals such as Ni and Co, which have a lower D-band
level than Pt, and investigating the relationship between the
activity and the electronic state is an interesting topic for
control of the Pt catalytic activity. Numerous studies have been
reported on CO oxidation and CO2 reduction reactions in Pt/
CeO2 and Au/CeO2, respectively.19–23 However, there is no report
on the addition of Au to Pt and the relationship between the
electronic state of its valence band and RWGS activity. The
purpose of this research is to investigate their relationships and
to obtain method for the improvement of CO selectivity.

The Au-doped Pt/CeO2 catalysts were synthesized by electro-
less plating technique with a chelate agent in amanner similar to
the previous study.24 The starting materials, hexachloroplatinic
acid(IV) hexahydrate (0–0.001 mol), hydrogen tetra-
chloroaurate(III) tetrahydrate (0.0002–0.001 mol) as metal
precursors, cerium oxide (CeO2: 140 m2 g−1, 3.6 g) as a support
material, formaldehyde (0.066 mol) as a reducing agent, and
citric acid (0.002 mol) as a chelate agent were mixed and stirred
with 200 ml of deionized water in the ask. The mixed solution
was further stirred for 20min., and the pHwas adjusted to 4 with
addition of 1.0mol l−1 NaOH aqueous solution because of lowing
pH due to the reduction of Pt and Au ion. Aer that, the mixed
solution was heated to 80 °C and kept the pH at 4 for 3 h. Finally,
the mixed solution with the Au-doped Pt/CeO2 catalyst (total
metal loading: 5 wt%) was ltered with deionized water, and the
obtained catalyst was dried at 100 °C in air for 12 h. As a refer-
ence, Pt/CeO2 catalyst was synthesized by impregnation method.

Fig. 1 shows the XRD patterns of the obtained Au-doped Pt/
CeO2 catalysts, the change of Pt lattice constant with addition of
Au calculated by Vegard's law, and the physical properties of the
catalysts. All catalysts presented diffraction peaks at 2q = 28.5°,
33.1°, 47.5°, 56.3°, 59.1°, 69.4°, 76.7°,78.0°, attributed to the
uorite-type CeO2 cubic crystal structure.25 In addition, the Au-
doped Pt/CeO2 catalysts except for the Pt/CeO2 catalyst shows
Au peak at 38.3° and the Pt peak at 39.7°, corresponding to the
Au(111) (ref. 26) and Pt(111) (ref. 25) planes. The Pt (111) peak of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterization of the synthesized Pt/CeO2 and Au-doped Pt/
CeO2 catalysts.
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Pt/CeO2 was very broad, suggesting that Pt exists in an amor-
phous state.

The mixing degree of Au in Pt was calculated from Vegard's
law using the Pt (111) peak, and it was found that Au was mixed
in Pt at a ratio of 1 to 22 at%. The crystallite size of each catalyst
calculated from the Pt (111) peak ranged from 3.2 to 5.0 nm, and
the specic surface area ranged from 105 to 123 m2 g −1, indi-
cating that there were no signicant differences among the
catalysts.

The catalytic properties of the catalysts for RWGS reaction
are shown in Fig. 2. In all catalysts, CO2 conversion increased
with rising the measurement temperature, being comparable
over a temperature range of 200 to 300 °C (Fig. 2a). The CO2

conversion had a tendency to increase with decreasing Au
content in the catalysts above 350 °C, and the Pt/CeO2 catalysts
showed the highest CO2 conversion activity for all catalysts
above 350 °C, exhibiting 45.4% at 400 °C. On the contrary, the
CO selectivity of the Pt/CeO2 catalyst drastically decreased with
increasing the measurement temperature, being 27.9% at 400 °
C (Fig. 2b). The CO selectivity showed a tendency to increase
with adding Au to Pt, and those at 400 °C of Pt99Au1/CeO2,
Fig. 2 RWGS catalytic properties of the Pt/CeO2 and Au-doped Pt/
CeO2 catalysts, (a) CO2 conversion, (b) CO selectivity.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Pt91Au9/CeO2, Pt78Au22/CeO2 were 40.2%, 100%, 72.0%,
respectively. The Pt91Au9/CeO2 catalyst, exhibited the highest
CO selectivity, caused little methanation reaction at the range of
200 to 400 °C. These results demonstrate that the Au doping to
Pt crystallite structure induces the CO selectivity enhancement
of the Pt/CeO2 catalyst.

In order to clear the mechanism of the CO selectivity
enhancement by addition of Au, the difference of the electronic
state in the catalysts were evaluated with measuring the work
function. Fig. 3 shows the work function measurement results
of the catalysts. In this paper, the work function was evaluated
by using photoemission yield spectroscopy in air (PYSA)
instrument (AC-3, RIKEN KEIKI Co., Ltd) with an open counter
as an electron detector and a D2 lamp as an ultraviolet light
source, being calculated by using the leading edge of an elec-
tron emission current from the catalysts surface. The work
functions of the Pt/CeO2, Pt99Au1/CeO2, Pt91Au9/CeO2, Pt78Au22/
CeO2 were 6.2, 5.2, 5.2, and 5.2 eV, respectively. The Pt/CeO2

catalyst exhibited bigger work function compared to the others,
and the work function was also bigger than the literature value
of Pt (5.65 eV).27 This result indicates that Pt surface in the Pt/
CeO2 was oxidation state. On the other hand, the work functions
of the Au-doped Pt catalysts were same values. Comparing the
electron emission amount of the Au-doped Pt catalyst at 7.0 eV,
the order was Pt99Au1/CeO2 > Pt78Au22/CeO2 > Pt91Au9/CeO2,
and the higher the CO selectivity, the lower the electron emis-
sion. This result suggests that the difference in CO selectivity
may be due to the difference in the electron-donating properties
of the catalysts. So, to clarify the relationship between the CO
selectivity and the electron emission amount from the catalysts,
the core level and valence bands of each catalyst were analyzed
by using X-ray photoelectron spectroscopy (XPS, PHI Quanter-
aSXM) with Al-Ka (1486.6 eV) monochromator.

The measurement results of Pt 4f core level XPS spectra of
each catalyst are shown in Fig. 4. XPS peaks at binding energy
Fig. 3 Work function of the Pt/CeO2 and the Au-doped Pt/CeO2

catalysts.
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Fig. 5 Valence band spectra of the Pt/CeO2 and the Au-doped Pt/
CeO2 catalysts.
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values of 71.3 eV (Pt 4f7/2) and 74.7 eV (Pt 4f5/2) for the Pt91Au9/
CeO2 and Pt78Au22/CeO2 catalysts were attributed to metallic Pt
species on the surface. XPS peaks at slightly higher binding
energy values than that of metallic Pt were observed for the
Pt99Au1/CeO2 catalyst. On the other hand, XPS peaks at binding
energy values of 73.0 eV (Pt 4f7/2) and 75.8 eV (Pt 4f5/2) for the Pt/
CeO2 shied to higher binding energy values than that of
metallic Pt and were attributed to Pt oxide species on the
surface. This XRS results are consistent with the measurement
results of work function for each catalyst.

Fig. 5 shows the valence band spectra of the catalysts. The
valence band spectra of all catalysts were observed the O 2p band
corresponding to the CeO2 support spread over 3.0–9.0 eV.28 The
Pt and Au have high density of state (DOS) near the Ef (0 eV), and
the valence band spread at the range of 0–3.0 eV. The DOS at the
range of 0–3.0 eV of the Pt/CeO2 catalyst was much lower than
those of the others because the Pt existed oxidation state. On the
other hand, the catalysts except for the Pt/CeO2 catalyst have high
DOS at the range of 0–3.0 eV, and the DOS order was Pt99Au1/
CeO2 > Pt78Au22/CeO2 > Pt91Au9/CeO2. On the contrary, the CO
selectivity order at 400 °C was Pt91Au9/CeO2 > Pt78Au22/CeO2 >
Pt99Au1/CeO2, and the lower DOS at the range of 0–3.0 eV led to
the higher CO selectivity in the Au-doped Pt/CeO2 catalysts. When
the Au-doped Pt/CeO2 catalyst has higher DOS at the range of 0–
3.0 eV, more electrons go to an antibonding orbital of CO2.
Therefore, the O–C–Obonds are weakened which tend to give rise
to methanation reaction. It is suggested that a low DOS near the
Fermi level may enhance the CO selectivity of the RWGS reaction.

In conclusion, relationship between the RWGS catalytic
properties and electronic state of the Au-doped Pt/CeO2 cata-
lysts were investigated. The Au-doped Pt/CeO2 catalysts,
synthesized by electroless plating technique, exhibited the
Fig. 4 Pt 4f core level spectra of the Pt/CeO2 and the Au-doped Pt/
CeO2 catalysts.

29322 | RSC Adv., 2023, 13, 29320–29323
comparable CO2 conversion activities to the Pt/CeO2 catalyst up
to 300 °C. In addition, the CO selectivity of the Au-doped Pt/
CeO2 catalysts were much higher than that of the Pt/CeO2

catalyst above 250 °C. The work function and the valence band
analysis indicated that the DOS in the vicinity of the fermi level
of the Au-doped catalysts was associated with the CO selectivity
of the Au-doped Pt/CeO2 catalyst. The addition ot the appro-
priate Au to the Pt/CeO2 catalyst formed the advantageous DOS
for RWGS reaction. On the other hand, when the DOS is higher,
the O–C–O bonds are weakened due to the increase in electron
donation from the Au-doped Pt/CeO2 catalyst to an antibonding
orbital of CO2 and promotes the methanation reaction. It is
suggested that the higher CO selectivity of the Pt/CeO2 catalyst
may realizes by controlling the DOS in the vicinity of the Fermi
level.
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R. Mucsi, L. Óvári, J. Kiss, Z. Fogarassy, B. Pécz,
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T. R. Reina, Appl. Catal., B, 2018, 232, 464–471.

9 X. Yang, X. Su, X. Chen, H. Duan, B. Liang, Q. Liu, X. Liu,
Y. Ren, Y. Huang and T. Zhang, Appl. Catal., B, 2017, 216,
95–105.

10 M. T. Rodrigues, P. C. Zonetti, O. C. Alves, E. F. Sousa-Aguiar,
L. E. P. Borges and L. G. Appel, Appl. Catal., A, 2017, 543, 98–
103.

11 S. S. Kim, H. H. Lee and S. C. Hong, Appl. Catal., B, 2012,
119–120, 100–108.

12 T. Inoue, T. Iizuka and K. Tanabe, Appl. Catal., 1989, 46, 1–9.
13 C.-S. Chen, J. H. Lin, J. H. You, C. R. Chen and J. Am, J. Am.

Chem. Soc., 2006, 128, 15950–15951.
14 K. Oshima, T. Shinagawa, Y. Nogami, R. Manabe, S. Ogo and

Y. Sekine, Catal. Today, 2014, 232, 27–32.
15 Z. Xie, B. Yan, S. Kattel, J. H. Lee, S. Yao, Q. Wu, N. Rui,

E. Gomez, Z. Liu, W. Xu, L. Zhang and J. G. Chen, Appl.
Catal., B, 2018, 236, 280–293.

16 W. Yu, M. D. Porosoff and J. G. Chen, Chem. Rev., 2012, 112,
5780–5817.
© 2023 The Author(s). Published by the Royal Society of Chemistry
17 M. D. Porosoff and J. G. Chen, J. Catal., 2013, 301, 30–37.
18 R. M. Navarro, R. Guil-Lopez, A. A. Ismail, S. A. Al-Sayari and

J. L. G. Fierro, Catal. Today, 2015, 242, 60–70.
19 M. A. Salaev, A. A. Salaeva, T. S. Kharlamova and

G. V. Mamontov, Appl. Catal., B, 2021, 295, 120286.
20 F. Arena, P. Famulari, G. Truno, G. Bonura, F. Frusteri and

L. Spadaro, Appl. Catal., B, 2006, 66, 81–91.
21 A. Rezvani, A. M. Abdel-Mageed, T. Ishida, T. Murayama,

M. Parlinska-Wojtan and R. J. Behm, ACS Catal., 2020, 10,
3580–3594.

22 X. Zhu, J. Liu, X. Li, J. Liu, X. Qu and A. Zhu, J. Energy Chem.,
2017, 26, 488–493.

23 X. Sun, K. Yuan, J. Zhou, C. Yuan, H. Liu and Y. Zhang, ACS
Catal., 2022, 12, 923–934.

24 T. Onodera, S. Suzuki, Y. Takamori and H. Daimon, Appl.
Catal., A, 2010, 379, 69–76.

25 R. K. Singha, A. Shukla, A. Yadav, T. Sasaki, A. Sandupatla,
G. Deo and R. Bal, Catal. Sci. Technol., 2017, 7, 4720–4735.

26 J. Fu, D. Ren, M. Xiao, K. Wang, Y. Deng, D. Luo, J. Zhu,
G. Wen, Y. Zheng, Z. Bai, L. Yang and Z. Chen,
ChemSusChem, 2020, 13, 1–9.

27 C. M. Varma and A. J. Wilson, Phys. Rev. B: Condens. Matter
Mater. Phys., 1980, 22, 3795–3804.

28 P. Bera and M. S. Hegde, J. Indian Inst. Sci., 2010, 90, 299–
325.
RSC Adv., 2023, 13, 29320–29323 | 29323

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra06635e

	Low-temperature RWGS enhancement of Pt1tnqh_x2212nAun/CeO2 catalysts and their electronic state
	Low-temperature RWGS enhancement of Pt1tnqh_x2212nAun/CeO2 catalysts and their electronic state
	Low-temperature RWGS enhancement of Pt1tnqh_x2212nAun/CeO2 catalysts and their electronic state


