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Efficient reverse water gas shift 
reaction at low temperatures 
over an iron supported catalyst 
under an electric field
Masaki Yamaoka 1, Keidai Tomozawa 1, Koki Sumiyoshi 1, Tadaharu Ueda 1,2,3 & Shuhei Ogo 1,2*

The development of high-performance Fe-based catalysts is attractive because Fe is a cost-effective 
and earth-abundant element. Application of an external electric field and an appropriate catalytic 
support to an Fe-based catalyst enabled the reverse water–gas shift reaction to proceed with high 
activity, selectivity, and durability even at the low temperature of 423 K. The Fe-supported catalyst 
showed superior CO selectivity (≈ 100%) compared to the Co- or Ni-supported catalyst. The apparent 
activation energy (5.9 kJ mol−1) over the Fe/Ce0.4Al0.1Zr0.5O2 catalyst under an electric field was much 
lower than that without an electric field (61.4 kJ mol−1).

Extensive attention has been given to solving the important issue that anthropogenic emissions of greenhouse 
gases such as CO2 could accelerate global warming. Recently, a variety of CO2 capture and utilization (CCU) tech-
nologies have been developed because they are regarded as effective ways to reduce artificial CO2 emissions1–3. 
Catalytic conversion of CO2 with green H2 produced by electrolysis of water using renewable energies is a prom-
ising candidate for CCU technology4. Many methods for converting CO2 into valuable chemicals, such as CH4, 
CO, and CH3OH, have been reported4–12. In particular, CO production from CO2 through the reverse water–gas 
shift (RWGS) reaction (Eq. 1) is quite important because CO can be further converted into high-value chemicals 
and fuels, such as hydrocarbons and various oxygenates, via Fischer–Tropsch (FT) synthesis or well-established 
industrial processes, respectively4,13,14, which is mainstream for C1 chemistry.

However, high-temperature heating is required to obtain high CO2 conversion due to the thermodynamic 
equilibrium constraints for the RWGS reaction, leading to many problems in terms of energy and catalyst dura-
bility. Therefore, CO2 conversion at low temperatures requires unconventional catalytic reaction techniques. 
In particular, the application of an external direct current electric field to metal-supported metal oxide semi-
conductor catalysts has enabled several catalytic reactions15,16 that include CO2 activation, such as the RWGS 
reaction17,18, CO2 methanation5 and dry reforming of methane19,20, to proceed even below 473 K. Both surface 
hydrogen migration and redox reactions that use lattice oxygen vacancies of metal oxide supports promoted by 
an electric field have resulted in the RWGS reaction proceeding smoothly and selectively with redox reactions 
even at low temperatures over Ru-supported catalysts18.

Highly active and selective catalysts for the RWGS reaction have been extensively developed21 based on vari-
ous precious metal-supported materials (e.g., Pt/La-ZrO2

17, Rh/Fe-CeO2
22, Ru/ZrTiO4

18, PtMn/SiO2
23) and base 

metal materials (e.g., Fe-based24, Ni-based25, Cu-based catalysts26). Considering the amount and price of metal 
resources, Fe-based catalysts should be preferred for practical use. However, preparing stable high-performance 
Fe-based catalysts with high Fe dispersion is difficult because the supported Fe particles easily agglomerate during 
catalyst preparation, prereduction and/or catalytic reactions. On the other hand, the anchoring effect of Al doped 
in an oxide support effectively suppresses agglomeration of the supported Fe particles27. Such highly dispersed 
Fe catalysts could exhibit high activity and stability in low-temperature RWGS reactions under an electric field. 
In this study, high-performance Fe-supported catalysts were developed by controlling the interaction between 
support oxides and supported Fe for use in the RWGS reaction under an electric field.

(1)CO2 +H2 ⇆ CO+H2O,�H
◦

298 = 41.2 kJ/mol
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Results and discussion
Catalytic activity tests for the RWGS reaction under an electric field were conducted with 10 wt% Fe, Co, or Ni 
supported on Ce0.4Al0.1Zr0.5O2 (CAZO) to elucidate the effects of the supported metal on the catalytic activity and 
selectivity (Fig. 1). All of the tested M/CAZO catalysts showed catalytic activity even at the low temperature of 
423 K. In particular, the Fe-supported catalyst exhibited higher CO selectivity (ca. 100%), although its catalytic 
activity was slightly lower, while the Co- and Ni-supported catalysts exhibited high CH4 selectivity. The CO2 
conversion over the Fe- and Co-supported catalysts increased with increasing applied current, while that over 
the Ni-supported catalyst was independent of the applied current. Clearly, the supported metal affected the 
catalytic activity and selectivity, and the Fe-supported catalyst was suitable for obtaining CO from the RWGS 
reaction with high selectivity.

The catalytic activity was investigated by using the Fe-supported CAZO catalysts with various Fe loading 
amounts to clarify the effect of the Fe loading amount on the RWGS activity under an electric field at various 
input currents (Fig. 2). The CAZO support without Fe loading showed no catalytic activity. The CO2 conversion 
increased with increasing Fe loading up to 10 wt% and then became constant. Although the number of active 
sites was sufficiently large at 10 wt% Fe, the activity increased proportional to the input current. The catalytic 
activity depends on both the Fe loading amount and the input current. Moreover, these Fe-supported catalysts 
under applied 1–5 mA currents exhibited nearly 100% CO selectivity (Fig. 2).

Figure 1.   CO2 conversion and product yields in the RWGS reaction over various 10 wt% metals supported on 
Ce0.4Al0.1Zr0.5O2 at 423 K under an electric field. Furnace temperature: 423 K; catalyst weight: 100 mg; input 
current (mA): 3.0, 5.0, and 7.0; gas composition (%): CO2:H2:Ar = 25:25:50; total gas flow rate: 100 mL min−1.

Figure 2.   Effect of the Fe loading amount on the CO2 conversion and CO selectivity in the RWGS reaction over 
the Fe/CAZO catalysts under an electric field at various input currents. Furnace temperature: 423 K; catalyst 
weight: 100 mg; input current (mA): (green filled triangles) 1.0, (blue filled squares) 3.0, and (red filled circles) 
5.0; gas composition (%): CO2:H2:Ar = 25:25:50; total gas flow rate: 100 mL min−1.
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The catalytic activity was also investigated by using Fe-supported catalysts with different supports, such as 
CeO2, Ce0.5Zr0.5O2 (CZO) or CAZO, to clarify the effect of the support on the catalytic RWGS activity under 
an electric field. All three Fe-supported catalysts under an applied 3–7 mA current exhibited nearly 100% CO 
selectivity (Fig. 3), and the highest CO2 conversion was observed for the Fe/CAZO catalyst. The CO2 conversion 
was correlated with the response voltage because of the galvanostatic control. The CO2 conversion increased with 
the applied electric power (Fig. 3b), independent of the catalytic support, implying that the promoting effects of 
the electric field is almost the same for the three Fe-supported catalysts.

By applying Scherrer’s equation, the crystallite sizes of the supported Fe were calculated to be d = 27.5, 36.7 
and 27.5 for Fe/CeO2, Fe/CZO, and Fe/CAZO, respectively, based on the X-ray diffraction (XRD) patterns of the 
three Fe-supported catalysts (Fig. S1). The catalytic activity was independent of the crystallite size, although the 
crystallite size of Fe/CZO was slightly larger than that of the other catalysts. The support affected the electronic 
and/or ionic conductivity rather than the particle size of the supported Fe, indicating that Fe/CAZO, for which 
a higher voltage (power) could be applied, exhibited higher catalytic activity.

The catalytic activity for the RWGS reaction was investigated at the designated catalyst bed temperature 
under different powers of the electric field generated by various applied currents (Fig. 4). The black line indicates 
the equilibrium conversion of the RWGS reaction at CO2:H2 = 1:1. Under an electric field, the CO2 conversion 

Figure 3.   (a) Effects of the support on the CO2 conversion and response voltage and (b) effect of the input 
electric power on the CO2 conversion for the RWGS reaction over 10 wt% Fe-supported catalysts at 423 K 
under an electric field. Furnace temperature: 423 K; catalyst weight: 100 mg; input current (mA): 3.0–7.0; gas 
composition (%): CO2:H2:Ar = 25:25:50; total gas flow rate: 100 mL min−1.

Figure 4.   Temperature dependence of the CO2 conversion in the RWGS reaction over the Fe/CAZO catalyst 
under an electric field with various applied currents. Furnace temperature: 423–773 K; catalyst weight: 100 mg; 
input current (mA): (grey unfilled circles) 0, (blue filled squares) 3, (red filled circles) 5, (green filled triangles) 
and 7; gas composition (%): CO2:H2:Ar = 25:25:50; total gas flow rate: 100 mL min−1.
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exceeded the equilibrium conversion in the low-temperature region below 550 K, while no catalytic activity was 
observed in the conventional RWGS reaction without an electric field (0 mA). The catalytic activity of the Fe/
CAZO catalysts under an electric field below 550 K was comparable to that of the Ru-supported catalysts18. When 
a higher current was applied, more CO2 was converted at the same catalyst bed temperature. The actual catalyst 
bed temperature, which was measured using a thermocouple, increased by 30–50 K due to Joule heating. The 
RWGS reaction proceeded even at low catalyst bed temperatures such as 475 K (423 K as the external tempera-
ture) when an electric field (5 mA) was applied, while no RWGS reaction proceeded at the same temperature 
without an electric field. Therefore, in the lower temperature region at approximately 500 K, Joule heating did 
not affect the catalytic activity under an electric field.

From the Arrhenius plots for the RWGS reaction over the Fe/CAZO catalyst (Fig. 5), the apparent activa-
tion energy was estimated to be Ea = 5.9 kJ mol−1 under an electric field, which was much lower than the value 
of Ea = 61.4 kJ mol−1 without an electric field. The difference in the apparent activation energy indicates that 
the reaction mechanism of the RWGS reaction under an electric field should be different from that of the 
conventional catalytic RWGS reaction without an electric field. Recently, the RWGS reaction over a Ru/ZrTiO4 
catalyst under an electric field (Ea = 6.74 kJ mol−1) was reported to proceed through a redox mechanism based 
on in situ diffuse reflectance infrared Fourier transform spectroscopy measurements, in which the electric field 
promoted the formation of lattice oxygen vacancies on the surface of the metal oxide support to reduce CO2 to 
CO using the formed surface lattice oxygen vacancies even at low temperatures18. A periodic operation test was 
conducted on the Fe/CAZO catalyst under an electric field at 423 K (see the Supporting Information), and the 
results also supported this redox reaction mechanism. The observation that CO was produced when CO2 was 
supplied but not when H2 was supplied (Fig. S2) indicates that the RWGS reaction over the Fe/CAZO catalyst 
under an electric field could proceed through a redox mechanism similar to that for the reported Ru/ZrTiO4 
catalyst system. Moreover, the observation that the amount of CO formed during CO2 supply without an electric 
field was significantly reduced (Fig. S3) indicates that an electric field must promote the redox reaction involving 
lattice oxygen vacancies.

The CO2 conversion and CO selectivity variations with time on stream were investigated to evaluate the cata-
lytic stability of the Fe/CAZO catalyst under an electric field (Fig. 6 and Fig. S4). The CO2 conversion remained 
constant at approximately 10%, despite some fluctuations, with the CO selectivity remaining constant at 100% 
for at least 8 h, indicating that the Fe/CAZO catalyst should be highly stable with high activity and selectivity 
for the RWGS reaction under an electric field.

Conclusions
The catalytic performance of Fe-supported catalysts, i.e., Fe/CeO2, Fe/Ce0.5Zr0.5O2 (Fe/CZO) and Fe/
Ce0.4Al0.1Zr0.5O2 (Fe/CAZO), was investigated for the RWGS reaction with and without an electric field at 423 K. 
Fe/CAZO exhibited high CO2 conversion and CO selectivity (ca. 100%), with its catalytic performance being 
maintained for at least 8 h. The apparent activation energy was estimated to be 5.9 kJ mol−1 under an electric 
field, which was much lower than that without an electric field (61.4 kJ mol−1). The application of an electric field 
to catalysts enables low-temperature selective CO2 conversion to proceed even though no activity was observed 

Figure 5.   Arrhenius plots for the RWGS reaction over the Fe/CAZO catalyst with or without an electric field. 
Furnace temperature: 423–773 K; catalyst weight: 100 mg; input current (mA): (grey unfilled circles) 0 and (red 
filled circles) 5; gas composition (%): CO2:H2:Ar = 25:25:50; total gas flow rate: 100 mL min−1.
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in the conventional RWGS reaction without an electric field (0 mA). This is the first report showing that the 
RWGS reaction proceeds over Fe-based catalysts without platinum group metals (PGM) at low temperatures 
below 500 K. These results will lead to the creation of a new CO2 recycling technology that uses an inexpensive/
abundant Fe-based catalyst and unused low-temperature waste heat.

Experimental
Catalyst preparation
CeO2 was supplied by the Catalyst Society of Japan (JRC-CEO-1). Ce0.5Zr0.5O2 (denoted as CZO) and 
Ce0.4Al0.1Zr0.5O2 (denoted as CAZO) were prepared using a complex polymerization method based on a synthetic 
procedure presented in the literature as follows27. Citric acid monohydrate (FUJIFILM Wako Pure Chemical Co.) 
and ethylene glycol (FUJIFILM Wako Pure Chemical Co.) were dissolved in 200 mL of distilled water and stirred. 
Then, stoichiometric amounts of Ce(NO3)3⋅6H2O (FUJIFILM Wako Pure Chemical Co.), ZrO(NO3)2⋅2H2O 
(FUJIFILM Wako Pure Chemical Co.) and Al(NO3)3⋅9H2O (FUJIFILM Wako Pure Chemical Co.) were added 
to the solution and stirred. The molar ratios of metal, citric acid monohydrate and ethylene glycol were 1:3:3. The 
prepared solution was heated on a hot plate at 523 K with stirring to remove water and then dried in an oven at 
343 K overnight. The obtained powder was calcined at 773 K for 5 h (5 K min−1).

Using Fe(NO3)3⋅9H2O (FUJIFILM Wako Pure Chemical Co.), Co(NO3)2⋅6H2O (FUJIFILM Wako Pure 
Chemical Co.) or Ni(NO3)2·6H2O (FUJIFILM Wako Pure Chemical Co.) as precursors, 10 wt% Fe, Co or Ni, 
respectively, was supported on the prepared supports by an impregnation method based on a synthetic procedure 
presented in the literature as follows28. Each of the support powders was dispersed in 20 mL of distilled water 
and stirred for 2 h at room temperature in vacuo. Then, 20 mL of an aqueous solution of the metal precursor 
was added to the support-powder-dispersed solution and stirred for 2 h. The mixed solution was heated on a hot 
plate at 523 K with stirring to remove water and then dried in an oven at 343 K overnight. The obtained powder 
was calcined at 773 K for 2 h (5 K min−1).

The crystalline structure of the prepared catalysts was characterized by powder X-ray diffraction (XRD; 
X’part-PRO; PANalytical), which was performed at 45 kV and 40 mA using Cu-Kα radiation. Diffractograms 
were taken at 2θ angles of 3–75° with a step size of 0.01°.

Activity test
Catalytic activity tests with or without an electric field were conducted using a fixed-bed flow-type reactor with a 
quartz tube (6.0 mm i.d.), as shown in Fig. 7. The catalysts were sieved to 250–500 µm, and 100 mg of each sample 
was charged into a reaction tube. For pretreatment, the catalyst was reduced at 773 K for 2 h under a H2/Ar gas 
flow (H2:Ar = 1:2, 75 mL min−1). After the reduction, the furnace temperature was lowered to 423 K. The composi-
tion of the reactant feed gas was CO2:H2:Ar = 1:1:2 (100 mL min−1). Two stainless-steel electrodes (2.0 mm o.d.) 
were inserted into each end of the catalyst bed to apply a direct current using a DC power supply. The catalyst 
bed temperature was directly measured using a thermocouple, which was inserted into the bottom side of the 
catalyst bed. After removal of the produced water using a cooling trap, product gases, including CO2, CO, and 
CH4, were analyzed using a gas chromatograph-flame ionization detector (GC-FID, GC-2014; Shimadzu Corp.) 
equipped with a Porapak Q packed column and a methanizer (MTN-1; Shimadzu Corp.). The CO2 conversion 
and CO selectivity were calculated by the following equations (Eqs. 2 and 3, respectively):

(2)CO2 conversion (%) = (FCO,out + FCH4,out)/FCO2,in × 100

(3)CO selectivity (%) = FCO,out/(FCO,out + FCH4,out)× 100

Figure 6.   Catalytic stability during the RWGS reaction over the Fe/CAZO catalyst under an electric 
field. Furnace temperature: 423 K; catalyst weight: 100 mg; input current: 5.0 mA; gas composition (%): 
CO2:H2:Ar = 25:25:50; total gas flow rate: 100 mL min−1.
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