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1 Abstract

2 Ethylene (C2H4) is a crucial raw material for the chemical industry. Recently, the oxidative 

3 dehydrogenation of ethane (C2H6) using CO2 as a milder oxidant (CO2-ODHE) has been proposed as a 

4 potential method for C2H4 production through the efficient utilization of shale gas and the mitigation of CO2 

5 emissions. In this work, a series of Fe, Cr-Fe, and Cr oxides were prepared by a two-step urea precipitation 

6 method with Fe3O4, FeCr2O4, and Cr2O3 components, in which the Cr-Fe catalyst exhibits better activity with 

7 the conversion of ethane (35%) and CO2 (27%) and stable C2H4 yield (18%) at 650 ℃. Through TEM, SEM, 

8 Raman, XAFS and in-situ XRD results, it was found that the in-situ formation of the FeCr2O4 during the CO2-

9 ODHE reaction can enhance the thermostability of the Cr-Fe catalyst. Furthermore, the generation of FeCr2O4 

10 effectively adsorbs and activates CO2 molecules to reduce the generation of deposited carbon on the surface 

11 of the Cr-Fe catalyst.

12 Key words:  CO2-ODHE, Cr-Fe oxides Catalysts, Anti-coking, FeCr2O4, C2H4

13  

14

15
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1 1.  Introduction

2 Ethylene (C2H4) is recognized as the cornerstone of the petrochemical industry, serving as a crucial 

3 intermediate for over 70% of fundamental organic chemical raw materials, including ethylene oxide, 

4 polypropylene, and polystyrene, which are widely applied in textiles, plastics, and other fields 1, 2. With the 

5 recent continuous increase in verified shale gas reserves, the catalytic dehydrogenation of light alkanes, which 

6 constitute more than 20% of shale gas, has emerged as a promising and economically efficient pathway for 

7 ethylene production 3, 4. The oxidative dehydrogenation of ethane using CO2 (CO2-ODHE) refers to the 

8 process with CO2 as a mild oxidant to produce ethylene with lower energy consumption and a higher reaction 

9 equilibrium constant 5 and eliminate carbon deposition6 by providing reactive oxygen species (*O). CO2 can 

10 react with coke deposited on the catalyst surface via the Boudouard reaction (CO2 + C = 2CO), thus improving 

11 catalyst performance. Furthermore, taking into account both thermodynamic and kinetic factors, the CO2-

12 ODHE process needs to be conducted at high temperatures (> 873 K), which results in several problems such 

13 as poor high-temperature stability, susceptibility to sintering7, and carbon deposition, hindering their industrial 

14 applications8. However, the sintering of the active species at high reaction temperatures can lead to irreversible 

15 deactivation of the catalysts.9 In addition, the side reactions, such as the reforming reaction and the reverse 

16 water gas shift (RWGS) reaction, can significantly influence the overall catalytic performance. The reforming 

17 reaction with the conversion of alkanes into syngas (CO and H2) competes with the desired dehydrogenation 

18 pathway, leading to reduced ethylene selectivity and yield10. On the other hand, the RWGS reaction (CO2 + 

19 H2 ↔ CO + H2O) can promote the reaction equilibrium by consuming H2 5. Therefore, developing efficient 

20 catalysts with excellent catalytic performance, sintering resistance, and anti-coking properties for the CO2-

21 ODHE reaction has received wide research for both academic and practical significance.

22 Recently, a series of typical non-noble metal CO2-ODH catalysts have been widely developed, such as 

23 Cr-, Ga-, and Fe-based oxides 5, 11-15. Chromium-based catalysts are the most widely studied active 

24 components in this field in the CO2-ODHE reaction because of  their high activity and selectivity, which can 
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1 make a recycle between metallic and oxidized Cr species to adsorb and activate CO2 for the dehydrogenation 

2 of C2H6 16. Both the inevitable toxicity of Cr6+ and the easy aggregation of Cr2O3 further restrict the application 

3 of Cr-based catalysts in the CO2-ODHE reaction 17. In addition, Fe, as a typical promoter, is frequently used 

4 to modify active metals (Cr, Co, or Ni) by altering electronic and coordination structures. Yan et al. 18 found 

5 that the Ni-FeOx interface sites can selectively break C-H rather than C-C bonds in C2H6 to promote the 

6 formation of C2H4. Furthermore, the Fe3+/Fe2+ redox cycle and unique α-Fe component can also effectively 

7 prevent reforming reactions 19. Recently, FeCr2O4 with a unique spinel structure has received a wide attention 

8 because of its good conductivity, reducibility, and thermodynamic stability, which has been evidenced as an 

9 excellent participate for high-temperature reaction 9, 20. Besides, according to kinetic experimental and DFT 

10 studies, FeCr2O4 could activate the sp2 C-H bond activation of benzene with lower activation energy compared 

11 to the Cr2O3 component 21. Bogdan et al. studied carbon-supported Fe-Cr-Ni and Fe-Cr oxide catalysts, 

12 discovering that the formation of the FeCr2O4 phase on the surface of Fe-Cr/C catalysts is responsible for the 

13 high stability and high ethylene selectivity at 700 °C 22-24. And in another work, they found that the formation 

14 of FeCr2O4 could prevent the reduction of iron and the formation of iron carbides 25. Additionally, in their 

15 latest research, it was found that a reversible water-gas shift reaction is activated by spinel-type oxide phases, 

16 which was characterized in detail by in situ magnetometry and Mössbauer spectroscopy methods26. While 

17 these studies highlight the beneficial role of the supported FeCr2O4 phase, the potential for its in-situ 

18 generation during the demanding CO2-ODHE reaction itself, and its subsequent impact on catalytic 

19 performance and stability, remain less explored. Thus, we investigate the structural evolution of FeCr oxide 

20 catalysts under CO2-ODHE conditions, specifically focusing on whether the beneficial FeCr2O4 spinel 

21 phase forms in situ during the reaction and how this dynamic process governs catalytic behavior.

22 Here, we synthesized nano iron oxide, chromium oxide, and FeCr bimetallic oxides using a two-step urea 

23 precipitation method and applied them in the CO2-ODHE reaction. Through a series of structural 

24 characterizations such as XRD, SEM, TEM, Raman, XAFS, and temperature-programmed experiments, we 
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1 found that the spinel structural FeCr2O4, which is formed in situ under the reaction atmosphere, exhibited good 

2 thermal stability to endure the high reaction temperature. Meanwhile, the FeCr2O4 could enhance the 

3 adsorption and activation of CO2 to mitigate coke accumulation and improve the activity.

4 2.  Experimental

5 2.1.  Catalyst preparation

6 Without any additional purification, all of the chemicals utilized in this work were analytical grade and 

7 bought from Sinopharm Chemical Reagent Co., Ltd.

8 The catalysts used in this study were synthesized using a two-step urea hydrolysis co-precipitation 

9 method. Ferric nitrate (Fe (NO3)3·9H2O) and chromium nitrate (Cr (NO3)3·9H2O) were chosen as the metal 

10 precursors. The metal ion ratios were controlled at 1:0, 1:3, and 0:1, respectively. The metal nitrates were 

11 mixed, stirred, and dissolved in deionized water. The mixture was aged for 1 h and then transferred to a 100 

12 mL polytetrafluoroethylene (PTFE)-lined autoclave. The autoclave was first maintained at 80 ℃ in an oven 

13 for 6 h and then heated to 180 ℃ for 24 h. Afterward, the autoclave was allowed to cool naturally to room 

14 temperature. The resulting precipitates were collected by multiple centrifugations and washed with deionized 

15 water until the pH reached 7. The final products were dried in a vacuum oven at 70 ℃ and then calcined at 

16 400 ℃ for 4 h with a heating rate of 10 ℃·min-1. The fresh samples obtained were designated as Fe, Cr-Fe, 

17 and Cr, respectively.

18 2.2.  Characterization 

19 The nitrogen adsorption-desorption isotherm was analyzed on an ASAP2020-HD88 analyzer 

20 (Micromeritics Co., Ltd.) at 77 K. Before introducing N2, the measured powders were degassed at 250 ℃ for 

21 4 h under vacuum (<100 m Hg). The pore-size distribution of each sample was calculated using the BJH 

22 method in accordance with the desorption branch of the obtained isotherms. The BET specific surface areas 

23 were calculated from data in the relative pressure range between 0.06 and 0.30.
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1 The powder X-ray diffraction (XRD) patterns were obtained using Cu Kα1 radiation (λ = 1.540598 Å) 

2 with a scanning range of 10°-90° on a Panalytical Empyrean X-ray diffractometer (40 kV and 40 mA). Prior 

3 to each test, the ground sample was planished on a quartz sample holder.

4 The transmission electron microscopy (TEM), high-resolution transmission electron microscopy 

5 (HRTEM) images and scanning transmission electron microscopy-energy dispersive spectrometer (STEM-

6 EDS) elemental mapping results were measured on a FEI TALOS F200X microscope with an acceleration 

7 voltage of 200 kV. The measured samples were first ultrasonically dispersed in pure alcohol for about 5 min, 

8 and then a drop of the liquid supernatant was applied to a very thin carbon film. Before being placed inside 

9 the sample holder, the sample grid was allowed to dry naturally. The scanning electron microscope (SEM) 

10 images were obtained from a field emission scanning electron microscope (Zeiss, sigma500).

11 The X-ray photoelectron spectroscopy (XPS) for the used samples was performed by PHI 5000 Versa 

12 Probe III with a monochromatic Al Kα X-ray source with the beam size of 100 um x 1400 um. Charge 

13 compensation was achieved by the dual beam charge neutralization and the binding energy was corrected by 

14 setting the binding energy of the hydrocarbon C 1s feature to 284.8 eV. 

15 The Raman spectra were collected using a Renishaw Raman InVia reflex microscope with laser excitation 

16 at 532 nm. The samples were attached to a glass slide, and Raman shifts were acquired from 100 to 1900 cm−1 

17 with a spectral resolution of 1 cm−1. For each experimental run, the scanning parameter for each Raman spectra 

18 was set at 100 s in order to improve the signal-to-noise ratio. In order to assess the repeatability of the spectral 

19 results, several spot analyses were performed on various regions of the same sample.

20 The X-ray absorption fine structure (XAFS) spectra at the Fe K-edge (E0 = 7112 eV) and Cr K-edge (E0 

21 = 5989 eV) were performed at BL14W1 and 16U1 beam line of Shanghai Synchrotron Radiation Facility 

22 (SSRF) operated at 3.5 GeV under “top-up” mode with a constant current of 220 mA. The XAFS data were 

23 recorded under transmission mode. The energy was calibrated according to the absorption edge of pure Fe and 

Page 6 of 31Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
m

is
 G

w
yn

ng
al

a 
20

25
. D

ow
nl

oa
de

d 
on

 2
0/

09
/2

02
5 

07
:4

8:
44

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5TA05111H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta05111h


1 Cr foil. The data were analyzed using the Demeter software package 27. For the X-ray absorption near edge 

2 structure (XANES) part, the experimental absorption coefficients as function of energies μ(E) were processed 

3 by background subtraction and normalization procedures, and reported as “normalized absorption”. The 

4 chemical valence of Fe was determined with the linear combination fit by comparison to the corresponding 

5 references of Fe/Fe3O4 based on the normalized XANES profiles in the Athena software. For the extended X-

6 ray absorption fine structure (EXAFS) part, the Fourier transformed (FT) data in R space were analyzed by 

7 multiple Fe compound models for Fe-O, Fe-O-Fe or Fe-O-Cr shells, respectively. The passive electron factors, 

8 S0
2, were determined by fitting the experimental Fe foil data and fixing the Fe-Fe coordination number (CN) 

9 to be 8+6, and then fixed for further analysis of the measured samples. For Cr, the Fourier transform (FT) in 

10 R-space is analyzed by applying Cr2O3 and Cr2FeO4 models to Cr-O and Cr-O-Cr, respectively. Similarly, 

11 amp was obtained by fixing the coordination number (CN) of Cr-Cr as 6 according to the data of Cr foil, and 

12 then S0
2 was fixed to further analyze the measured samples. The parameters describing the electronic 

13 properties (e.g., correction to the photoelectron energy origin, E0) and local structure environment including 

14 coordination number (CN), bond distance (R) and Debye Waller (D.W.) factor around the absorbing atoms 

15 were allowed to vary during the fitting process. The fitted ranges for k were selected to be k = 3.0-12.0 Å-1 

16 and 2.8-11.0Å-1 (k3 weighted) for Fe and Cr samples. The Fourier transformed (FT) data in R space were 

17 analyzed by selecting R = 1.0-3.4 and 1.2-3.0 Å (k3 weighted), respectively.

18 In-situ X-ray diffraction (XRD) measurements of Cr-Fe catalysts was carried out within a compact flow 

19 cell at BL02U2 beam line of Shanghai Synchrotron Radiation Facility (SSRF) (λ = 0.79743 Å). Two-

20 dimensional XRD data were acquired by using a Pilatus 2M with a distance c.a. 240 mm from the samples. 

21 The catalyst sample was compressed into a disc with a diameter of 10 mm and then placed on the heating 

22 stage of the in-situ cell. It was reduced in-situ by a mixture of H2/Ar (20/20 mL·min-1) with the temperature 

23 ramping from room temperature to 450 ℃ (40 ℃·min-1) and holding for 30 min. After flushing in Ar for 10 

24 min. the catalyst was sequentially exposed to the reaction gases (CO2/C2H6/Ar = 10/10/20 mL·min-1) ,and 
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1 then temperature was increased to 500, 600, 650, 700 ℃ (10 ℃·min-1), respectively. Each temperature point 

2 was maintained for 15 min. The two-dimensional (2D) diffraction images were continuously collected by 

3 Pilatus3 S-2M detector. LaB6 standard was used for wavelength calibration. The 2D images were 

4 subsequently integrated by the program Dioptas to obtain XRD profiles, The 2θ Angle was converted to the 

5 corresponding value of the Cu Kα1 radiation (λ = 1.54056 Å).

6 The temperature-programmed reduction by hydrogen (H2-TPR) measurements for the catalyst samples 

7 were conducted on Micromeritics Autochem II 2920 instrument equipped with a thermal conductivity detector 

8 (TCD). After being pretreated under O2 (5%O2/He) flow in a quartz U-tube reactor at 300 ℃ for 30 min, the 

9 samples (50 mg) were cooled down to room temperature in Ar. Then 5% H2/Ar (50 mL·min−1) was introduced 

10 to pass through the catalyst bed until a stable TCD signal was observed. Subsequently, a temperature ramping 

11 program from room temperature to 800 ℃ at the rate of 10 ℃·min−1 was performed. 

12 CO2‑temperature programmed desorption (CO2‑TPD) was carried out on an AutoChem II 2920 

13 (Micromeritics, USA) instrument and a mass spectrometer (LC‑D200M, TILON) was used to gather gas 

14 signals. 100 mg of fresh catalyst was placed in a U-shaped quartz sample tube. Prior to TPD studies, the 

15 catalyst sample was processed with 5% H2/Ar (50 mL·min−1) at 450 ℃ for 90 min and then cooled down to 

16 room temperature using the same steam. He started purging for 30 min, then the catalyst was exposed to 5% 

17 CO2/He (50 mL·min−1) for 1h until surface saturation was achieved. The weakly physisorbed CO2 was purged 

18 by flushing in He (50 mL·min−1) for 30 min. Finally, desorption of CO2 was carried out with increasing 

19 temperature to 700 ℃ at a ramp of 10 ℃·min−1 under He. The signals of He (m/z = 4) and CO2 (m/z = 44) 

20 were detected by using the mass spectrometer during the investigation. 

21 CO2‑temperature programed surface reaction (CO2-TPSR) experiments were performed to prove 

22 oxidation of deposited carbon by CO2 for used catalysts (85 mg) on the similar instrument with CO2-TPD. 

23 After being pretreated under He (30 mL·min−1) in a quartz U-tube reactor at 150 ℃ for 30 min, the samples 

24 were cooled down to room temperature in He. Then 5% CO2/He (30 mL·min−1) was introduced to pass through 
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1 the catalyst bed until a stable TCD signal was observed. Subsequently, a temperature ramping program from 

2 room temperature to 900 ℃ at rate of 10 ℃·min−1 was performed under 5% CO2/He flow. The signals of He 

3 (m/z = 4) and CO2 (m/z = 44) were detected by using the mass spectrometer during the investigation. He-

4 TPSR experiments were conducted to prove the intrinsic active oxygen species for coke elimination of the 

5 used catalysts (50 mg), following the same procedure as the CO2-TPSR experiments, with the only difference 

6 being that the CO2 flow was replaced by a He flow.

7 The TPO experiment was performed using a thermoanalyzer (Setaram Labsys Evo 1150) coupled with a 

8 mass spectrometer for evolved gas analysis to quantify the amount of coke deposited on the used catalysts 

9 after CO2-ODHE at 700 ℃.  The ~10 mg catalyst was placed in a 70 μL alumina crucible and heated in 40-

10 800 ℃ (5 ℃·min-1) under 20% O2/N2 flow (40 mL·min−1). The amount of CO2 in the outlet gas was quantified 

11 by an online mass spectrometer. 

12 2.3.  Catalytic tests

13 The catalytic performance of the samples in CO2-ODHE was evaluated in a 6 mm fixed-bed micro-

14 reactor. 100 mg of catalyst was used in each test. The catalyst was fixed in the middle of the bed with quartz 

15 cotton, and the reaction temperature of the catalyst was monitored by a thermocouple located in the center of 

16 the bed. Before the catalytic performance test, the catalysts were pretreated at 450 ℃ in a 50% H2/Ar flow for 

17 1 hour, then the reaction was initiated by feeding a mixture gas with C2H6/CO2/Ar = 10:10:20 mL·min−1 under 

18 atmospheric pressure, N2 was used as the internal standard. The reaction temperature ranged from 500 to 

19 700 ℃, with a step increment of 50 ℃. Each temperature point was maintained for 40 min to ensure the 

20 reliability and repeatability of the gas chromatography data, allowing us to obtain activity data for the catalysts 

21 at different temperatures. The samples after reaction were designated as Fe-used, Cr-Fe-used, and Cr-used, 

22 respectively.

23 The reaction products were analyzed by a gas chromatograph (Agilent Technologies 7890B), using a 

24 flame ionized detector (FID) equipped with an Alumina capillary column to detect CH4, C2H6, and C2H4(N2 
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1 carrier gas), and a thermal conductivity detector (TCD) packed Porapack Q columns, N columns and 

2 molecular sieve 5A columns to detect H2, N2, CO, CH4, and CO2 (He carrier gas). C2H6 conversion (X (C2H6)), 

3 CO2 conversion (X (CO2)), C2H4 yield (Y(C2H4), C2H4 selectivity (S(C2H4)), CO selectivity (S(CO)) and CH4 

4 selectivity (S(CH4)) in gaseous products and Carbon balance are calculated as follows:

5 X (C2H6) = [F (C2H6, in) – F (C2H6, out)]/F (C2H6, in) * 100%,

6 X (CO2) = [F (CO2, in)-F (CO2, out)]/F (CO2, in) * 100%,

7 Y (C2H4) =F (C2H4, out) /F (C2H6, in) * 100%,

8 S (C2H4) = Y(C2H4)/ X(C2H6) * 100%,

9 Sgas (C2H4) =2*F (C2H4, out)/ [2*F (C2H4, out) + F (CO, out) + F (CH4, out)] * 100%,

10 Sgas (CH4) = F (CH4, out)/ [2*F (C2H4, out) + F (CO, out) + F (CH4, out)] * 100%,

11 Sgas (CO)= F (CO, out)/ [2*F (C2H4, out) + F (CO, out) + F (CH4, out)] * 100%,

12 Carbon balance = [2*F (C2H6, out) +2*F (C2H4, out) + F (CH4, out) + F (CO2, out) + F (CO, out)]/[2*F 

13 (C2H6, in) + F (CO2, in)] * 100%,

14 where F (i, in) and F (i, out) stand for the volume flow of component i (mL·min−1) after N2 correction at 

15 inlet and outlet, respectively.

16 F(i)=F(N2) * A(i)/ A(N2) * R(i)/ R(N2)

17 A(i): Peak area of component i in the gas chromatogram.

18 R(i): Relative response factor of component i (determined by calibration with standard gases.).

19 In the comparison of ethylene formation rates, the effects of space velocity and inert gas dilution have 

20 been excluded through the following calculation formula:

21 Rates of Ethylene formation (μmol g-1 cat s-1) = Y (C2H4) *space velocity (GHSV) * (VC2H6/ Vtotal) / Vm
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1 3.  Results and discussion

2 3.1. CO2-ODHE Catalytic Reaction Performance

3 In this work, a series of monometallic and bimetallic iron-chromium oxide catalysts, were evaluated by 

4 a CO2-assisted ethane dehydrogenation reaction. Typically, the catalytic performance of samples with 

5 different Cr/Fe ratios was tested to optimize the catalyst (Fig. S1). The Cr-Fe (3:1) sample with the highest 

6 ethylene yield was selected for comparison with monometallic samples to investigate the structure-activity 

7 relationship.

8 During the CO2-ODHE, C2H4, CH4, CO, H2, H2O, and C products are formed according to following 

9 reactions18, 28, 29:

the CO2 dehydrogenation of ethane to ethylene： C2H6 + CO2↔ C2H4 + CO + H2O
(1)

the direct dehydrogenation of ethane (DHE): C2H6 ↔ C2H4 + H2
(2)

the reverse water gas shift reaction (RWGS)： CO2 + H2 ↔ CO + H2O
(3)

the Boudouard reaction： CO2 + C↔2CO (4)

the dry-reforming (DRE): C2H6 + 2CO2 ↔4CO + 3H2
(5)

the C2H6 cracking： C2H6 + H2 →2CH4
(6)

the Coke formation： C2H6 ↔2C + 3H2
(7)

10 The main and side reactions collectively determine the overall material balance and reaction activity. The 

11 results of catalytic experiments and the mass ratio of products at 650 °C are shown in Fig.1 and Table S1. As 

12 the temperature increased, Cr-Fe bimetallic sample exhibited much better activity compared with the 

13 monometallic Fe and Cr samples. At 650 ℃, the conversion of ethane and CO2 approached 35% and 27%, 

14 respectively. The product mass content, with CO constituting 61% and ethylene accounting for 23%, while 

15 coke formation represents only 5%, indicates that the Cr-Fe sample is a promising catalyst for the ethane 

16 oxidative dehydrogenation reaction. Although monometallic Cr catalyst exhibited 20% for ethane conversion 

17 at 650 ℃ , consistent with unsupported Cr-based catalysts even at a lower space velocity of 3600 mL g-1 cat 

18 h-17, 12 , both the CO2 conversion and ethylene yield were significantly lower compared to the Cr-Fe catalyst. 
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1 Additionally, the significant amount of coke deposited on the monometallic Cr catalyst (accounting for 66% 

2 of the mass content) clearly indicates the rapid occurrence of coke formation under high-temperature 

3 conditions. Meanwhile, monometallic Fe catalyst exhibited poor catalytic performance in the CO2-ODHE 

4 reaction, only achieving the conversion of both C2H6 and CO2 below 5%, which demonstrated the bad ability 

5 to activate the C-H and C-O bonds even at such a high temperature about 650 ℃. Supported monometallic Fe-

6 based catalysts in previous studies., such as Fe/CeO2 and Fe/Mo2C, exhibit very low ethane conversion of 

7 only 0.5% 18 and 8% 30 at 600 ℃, respectively. Carbon balance for all the experiments reached above 95 % 

8 except monometallic Cr catalysts at 650 ℃ was only 89 % (Fig. 2), and no C3, C4, or aromatics were detected. 

9 Since the formation of coke is related to the reaction time, we calculated the selectivity of C2H4, CO, and CH4 

10 in the gas-phase products as the temperature increased for different catalyst samples based on the carbon 

11 balance data, as shown in Fig.2. At the initial temperature of 500 °C, the ethylene selectivity of the Cr-Fe 

12 bimetallic oxide sample was about 56.7%, with low conversion of C2H6 and CO2. As the conversion increased 

13 with temperature, the ethylene selectivity in gas-phase products decreased to 40% at 650 °C due to the 

14 occurrence of side reactions. Although the ethylene selectivity of the monometallic Cr sample improved at 

15 650 °C, the decline in carbon balance data indicated significant coke formation (Fig. 2b). However, taking the 

16 conversion and selectivity into consideration, the highest C2H4 yield can be acquired for Cr-Fe samples, 

17 reaching nearly 18% at 650 ℃ (Fig. 1d), almost the same as at 700 ℃ (Fig. S2). This indicates that the Cr-Fe 

18 sample exhibits excellent catalytic activity at 600-650 ℃, comparable to the ethane conversion and ethylene 

19 yields of various Cr-based and Fe-based catalysts reported in the literature (Table S2). In order to exclude the 

20 influence of space velocity and inert gas dilution on the inherent activity, the reaction rates normalized by 

21 catalyst weight were calculated. As shown in Table S1, the formation rate of ethylene of the Cr-Fe catalyst 

22 was about 13.4 μmol g-1 cat s-1, which was about 6 ~7 times higher than that of other reported Fe- and Cr-

23 based catalysts. Considering the low active metal content in supported catalysts, even when normalized to a 

24 single active metal, the ethylene formation rate of the Cr-Fe sample remains comparable to others. 
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1 Furthermore, on the basis of stability tests at 650 ℃, a slight decrease in the conversion of C2H6 and CO2 was 

2 observed. However, the C2H4 yield remained at 18% for 300 min. 

3 Fig. 1. Catalytic performance of the CO2-ODHE reaction of Cr, Cr-Fe, and Fe. (a) C2H6 conversion, (b) CO2 

4 conversion, (c) C2H4 selectivity, (d) C2H4 yield, (e) Stability at 650 ℃ of Cr-Fe Samples (space velocity: 

5 24,000 mL g-1 cat h-1)
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1 Fig. 2. Selectivity in gaseous products and Carbon balance of (a) Cr-Fe, (b) Cr, and (c) Fe.

2 3.2. Morphological and Structural Analysis Before and After Reaction

3 On the basis of the dramatic difference in catalytic performance between Fe, Cr-Fe, and Cr samples, it is 

4 significant to figure out the active site and make clear the “structure-activity” relationship in CO2-ODHE 

5 reaction. The powder XRD patterns of the fresh samples were shown in Fig. 3a. The monometallic Fe sample 

6 exhibits the hexagonal structure of hematite-type Fe2O3 (JCPDS No.99-0060), according to the diffraction 

7 peaks at 24.2°, 33.2°, and 35.6°. Meanwhile, the peaks at 24.5°, 33.6°, and 36.2° also demonstrated a typical 

8 hexagonal structure of eskolaite-type Cr2O3 (JCPDS No.38-1479) for the monometallic Cr sample. The XRD 

9 pattern of the Cr-Fe sample was different from the patterns of Fe2O3 and Cr2O3, which can be attributed to 

10 mixed oxide (Fe,Cr)2O3 (JCPDS No. 35-1112). Taking into consideration that the atomic ratio for Cr to Fe 

11 was 3:1, the main diffraction peaks (104) and (110) of the fresh Cr-Fe sample were closer to the peak positions 

12 of the Cr2O3 in Fig. 3b. It indicated that Fe3+ ions were successfully doped into the Cr2O3 lattice to form 

13 (Fe,Cr)2O3 oxide solid solution in fresh Cr-Fe sample, because of the similar ionic radiuses of the Fe3+ (0.645 

14 Å) and Cr3+ (0.615 Å) cations 31. XRD peak broadening is mainly related to the inhomogeneity of the cell size 

15 resulting from spatial variations in the amount and distribution of cations and vacancies in Cr3+ and Fe3+ 32. 

16 Consequently, all three samples exhibited the same hexagonal lattice structure. Furthermore, the average 

17 particle sizes of all fresh samples were calculated by the Scherrer formula, about 48 nm, 28 nm, and 24 nm 

18 for Fe, Cr-Fe, and Cr sample, respectively. It exhibited monometallic Cr sample possesses the better anti-

19 sintering ability compared to monometallic Fe sample, which can also explain the smaller particle size of fresh 

20 Cr-Fe sample due to the formation of a (Fe,Cr)2O3 solid solution. Thus, the formation of the (Fe,Cr)2O3 solid 
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1 solution oxide leads to lattice distortion and an increase in lattice defects, inhibiting grain growth and reducing 

2 the grain size of Cr-Fe samples. The smaller grain size indicates more exposed active sites, which is beneficial 

3 for catalytic reactions.

4 Taking the high reaction temperature and complex gas atmosphere of CO2-ODHE reaction into 

5 consideration, dramatic structural evolution may occur during the reaction. From the XRD patterns of all used 

6 samples (Fig. 3c), it is evident that the CO2-ODHE reaction induces significant phase transformations in the 

7 Fe-containing catalyst samples. For the Fe-used sample, the peaks at 18.4°, 30.2°, and 35.3° can be attributed 

8 to the (111), (220), and (311) planes of cubic phase Fe3O4 (JCPDS No.99-0073). It indicated that Fe2O3 was 

9 reduced to Fe3O4 during H2 pre-activation and the reaction process. Using the Scherrer formula, the grain size 

10 of the monometallic Fe sample was ~60 nm after the reaction, suggesting the obvious agglomeration along 

11 with the phase transformation during the reaction. For the monometallic Cr sample (initial phase: Cr2O3), the 

12 XRD pattern demonstrated the stability of Cr2O3 phase after the H2 pre-activation and the reaction process. 

13 However, the particle size of Cr2O3 increased notably from 24 nm to 36 nm after reaction. For Cr-Fe-used 

14 sample, there were new diffraction peaks at 18.3°, 30.1°, 35.5°,43.1°, 57.1° and 62.6°, indicating the formation 

15 of spinel structure FeCr2O4 component (JCPDS No.99-0030) with an average particle size of 20.8 nm 33. 

16 Compared with used monometallic Fe and Cr samples, the FeCr2O4 component exhibited a better anti-

17 sintering ability. In addition, there was also isolated Cr2O3 phase in Cr-Fe-used sample due to the high ratio 

18 of Cr/Fe about 3:1. Thus, it can preliminarily determinate that the formation of FeCr2O4 could improve the 

19 catalytic activity of Cr-Fe sample in CO2-ODHE reaction. Additionally, the material synthesized with the 

20 initial Cr/Fe molar ratio of 2:1 was also evaluated to identify the main active phase during the reaction. It was 

21 observed that at 650 °C, the ethane conversion (34%), CO2 conversion (26%), and ethylene yield (17%) over 

22 the 2:1 catalyst were largely consistent with those of the 3:1 catalyst (Fig. S1). Furthermore, even in the 

23 Cr2Fe1-used sample, a small amount of Cr2O3 was detected by XRD (Fig. S3), indicating incomplete 

24 consistency with the initial stoichiometric ratio. Nevertheless, the similar catalytic performance between both 

Page 15 of 31 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
m

is
 G

w
yn

ng
al

a 
20

25
. D

ow
nl

oa
de

d 
on

 2
0/

09
/2

02
5 

07
:4

8:
44

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5TA05111H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta05111h


1 samples strongly supports that the active species is the spinel-structured FeCr2O4, despite the notably lower 

2 content of Cr2O3 in the Cr2Fe1-used sample compared to the Cr3Fe1-used sample.

3 Table 1. Surface Atomic Ratio, BET Surface Area, BJH Pore Size Distribution (rp), Crystallite Size of fresh 

4 FeCrOx Catalysts and Phase composition, Crystallite Size of used FeCrOx Catalysts

Sample
Surface atomic 
ratio (Fe/Cr)a SBET (m2/g)b rp(nm)b Dfresh(nm)c Phase composition 

after reaction Dused (nm)d

Fe 100/0 13 44.75 48 Fe3O4 60

Cr-Fe 23.1/76.9 51 20.9 28 FeCr2O4/Cr2O3 20.8/28.9

Cr 0/100 39 32.13 24 Cr2O3 36.8

5 a Determined by XPS; b Calculated from nitrogen adsorption-desorption results; c Calculated from Scherrer 

6 formula at the (1 0 4) crystal plane of (Fe,Cr)2O3. d calculated from Scherrer formula at the related phase in 

7 used catalysts.

8

9 Fig. 3. (a)XRD patterns of fresh FeCrOx catalysts, (b) The magnified portion of the curve in the 30-40° range 

10 in (a), (c) XRD patterns of used FeCrOx catalysts.

11 In consideration of incomplete dissolution in ICP-OES tests and structural homogeneity for the Cr-Fe 

12 sample, the quantitative analysis of iron and chromium elements was calculated by XPS fitting results. As 

13 shown in Table 1, the surface atomic ratio of Fe to Cr in the Cr-Fe catalyst is 23.1:76.9, well consistent with 

14 the designed value, verifying the effectiveness of the two-step urea hydrolysis method. Furthermore, the pore 

15 structure and specific surface area of the fresh samples were characterized using N2 physical adsorption 

16 experiments. The specific surface areas of the fresh Fe, Cr-Fe, and Cr samples are 13 m2/g, 51 m2/g, and 39 
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1 m2/g, respectively. The nitrogen adsorption and desorption isotherms of all catalysts exhibit type V curves, 

2 indicating weak interactions between the adsorbent and the adsorbate. The presence of hysteresis loops is 

3 caused by the inter-particle pores (Fig. S4). The BJH average pore diameter of fresh Cr-Fe sample was 20.9 

4 nm, which is significantly smaller than those of the monometallic Fe (44.75 nm) and monometallic Cr (32.13 

5 nm) samples. The particle size of all fresh samples was well consistent with the XRD results. Therefore, the 

6 Cr-Fe sample exhibits a higher specific surface area and a smaller particle size than those of the monometallic 

7 Fe and Cr samples, which may be beneficial for the adsorption and activation of reactant molecules.

8 Fig. 4. SEM images of FeCrOx catalyst samples (1) before and (2) after the reaction: (a) Fe, (b) Cr-Fe, (c) 

9 Cr.

10 Fig. 4 shows the SEM images of the Fe, Cr-Fe, and Cr catalysts before and after the reaction. It can be 

11 seen that the morphology of the three fresh samples was quite similar, all approximately spherical and uniform 

12 in size, with secondary particle sizes ranging from several tens to a hundred nanometers, as shown in Fig. 4a1, 

13 b1, and c1. However, after the CO2-ODHE reaction at 700 ℃, there is a significant agglomeration and growth 

14 in particle size of the monometallic Fe sample (Fig. 4a2), with morphology changing from spherical to angular 

15 polygons because of the low melting point of iron oxide and high diffusion rate of iron ions during the 

16 transformation of Fe2O3 into Fe3O4
34, 35. In contrast, the spherical morphology of Cr and Cr-Fe samples can 

17 be well maintained without obvious aggregation after the CO2-ODHE reaction. It further evident the good 

100nm

c2
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1 ability of anti-sintering for the formation of FeCr2O4.

2

3 Fig. 5. (a) TEM (b) High-resolution TEM images and (c) elemental mapping images of the Cr-Fe-used catalyst 

4 Meanwhile, the TEM and HRTEM characterizations further provided the detailed information about the 

5 morphology, size, and shape of the Cr-Fe-used sample under a microdomain view (Fig. 5). The TEM image 

6 in Fig. 5a displays that the Cr-Fe-used sample is composed of polyhedron-like nanoparticles with an average 

7 particle size of ~ 25.5±8.0 nm, in good agreement with XRD results. In the high-resolution TEM images, two 

8 distinct lattice fringes were clearly visible, in which the interplanar distances of 0.36 nm and 0.48 nm were 

9 attributed to the (012) plane of Cr2O3 and the (111) plane of FeCr2O4, respectively. Taking the particle size of 

10 active site over 20 nm, an area about 70 nm2 was chosen to conduct EDS mapping experiment (Fig. 5c) for 

11 the guarantee of data reliability. It indicated that the Cr and Fe elements were distributed uniformly in the 

12 component of FeCr2O4 in some areas, with isolated Cr element in other area from Cr2O3. It further 

13 demonstrated that FeCr2O4 was stable after CO2-ODHE reaction.

14 Fig. 6. Raman patterns of (a) Fe, (b) Cr, and (c) Cr-Fe catalysts before and after the reaction.

15 Fig. 6 presents the Raman spectra for the Fe, Cr, and Cr-Fe samples before and after the reaction to 
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1 provide fine surface structural information. The Raman spectrum of the fresh Fe sample displayed typical 

2 features of Fe2O3, with notable peaks at 224, 245, 292, 407, 496, and 609 cm−1, corresponding to the six 

3 vibrational modes (A1g(1), Eg(1), Eg(2), Eg(3), Eg(4), A1g(2)) 21, 36 in Fig. 6a. The fresh Cr sample exhibited 

4 characteristic Raman peaks of Cr2O3, occurring at 304 cm−1 (Eg), 341 cm−1 (Eg), 537 cm−1 (Ag), and 592 cm−1 

5 (Eg) 36-38 (Fig. 6b). For the Cr-Fe mixed sample, the most evident difference in the spectrum of the Cr-Fe 

6 mixed oxide compared to its parent binary oxides is the presence of a very strong band in the region of 560-

7 700 cm−1, which is completely absent in the monometallic oxides and is indicative of the characteristic peak 

8 of  FeCrOx mixed oxide 37, 39 (Fig. 6c). Previous studies have indicated that this strong band is associated with 

9 magnons, which represent collective excitations of electron spins and anisotropic magnetic interactions within 

10 the lattice framework 36, 38, 40. After the reaction, the Raman spectrum of the Fe-used sample shows significant 

11 changes with peaks at 299, 534, and 662 cm−1, corresponding to Fe3O4 
37, 39. In contrast, the Cr-used sample 

12 shows a blue shift in the characteristic vibrational peaks of Cr2O3, indicating the decrease of oxygen vacancies 

13 on the catalyst surface after the reaction 41. Notably, the peak positions of the Cr-Fe-used sample do not show 

14 a significant shift after CO2-ODHE reaction, however, a prominent shoulder appears at 695-750 cm−1, 

15 confirming the presence of the spinel phase FeCr2O4 
21, 37, 39, 42 in the Cr-Fe-used sample.
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1 Fig. 7. Cr K-edge (a) XANES profiles, (b) EXAFS fitting results and Fe K-edge (c) XANES profiles, (d) 

2 EXAFS fitting results in R space of used FeCrOx catalysts.

3 The element-sensitive XAFS technique was used to determine the precise electronic and local 

4 coordination structures of the Fe and Cr species in used Fe, Cr-Fe, and Cr catalysts. The near-edge region 

5 (XANES) of the XAFS spectra provided electronic information about the metal atoms under investigation. 

6 The absorption edge energy, white line peak intensity, and pre-edge features are all related to the oxidation 

7 state of the metal. The XANES spectra of Cr-used and Cr-Fe-used samples in Fig. 7a indicated that the average 

8 oxidation state of Cr element in Cr-containing samples was +3, without further being reduced into metallic Cr 

9 state during the reaction. According to XRD and HRTEM results, the Cr species was in the formation of Cr2O3 

10 and FeCr2O4 in Cr-Fe-used sample. There was a strong Cr-O shell at ~2.0 Å with a coordination number of 

11 6.4 ± 0.7 and 6.7 ± 0.6 for Cr-used and Cr-Fe-used samples, respectively. For the second shell, a coordination 

12 structure of Cr-O-Cr at ~2.95 Å can be fitted for Cr-used and Cr-Fe-used samples, in which the coordination 

13 number of Cr-O-Cr/Fe shell for Cr-used (~2.5) and Cr-Fe-used (~4.5) samples was obviously different (Fig. 

14 7b and Table S3). It further demonstrated that FeCr2O4 possessed a different coordination structure with Cr2O3.

15 Furthermore, the Fe K-edge (7112 eV) XAFS measurements of the Fe-used and Cr-Fe-used catalysts 

16 were also conducted in Fig. 7c, 7d and Table S4. The edge jump energy of Fe-used and Cr-Fe-used were 

17 between Fe-foil and Fe3O4. The average oxidation state of iron for Fe-used and Cr-Fe-used was +2.2 and +2.6, 
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1 respectively, calculated by linear combination fitting results in Fig. S5 and Table S4. The EXAFS spectrum 

2 of Fe-used and Cr-Fe-used samples in Fig. 7d exhibited the coordination structure of Fe species. For the Fe-

3 used, the Fe-O (R ≈ 2.0 Å, CN ≈3.9), Fe-O-Fe1 (R ≈ 2.97 Å, CN ≈ 3.9) and Fe-O-Fe2 (R ≈ 3.49Å, CN ≈ 11.6) 

4 shells were acquired, which were assigned to the typical Fe3O4 structure. In addition, a tiny Fe-Fe (R ≈ 2.52 

5 Å, CN ≈ 1.2) was necessary for Fe-used using Fe-foil model, which was well consistent with the lower average 

6 oxidation state over iron species. For Cr-Fe-used sample, the coordination number of Fe-O shell at R ≈ 1.94 

7 Å increased to 5.4. Fe-O-Fe1 (R ≈ 2.92 Å, CN ≈ 2.4) and Fe-O-Cr (R ≈ 3.47Å, CN ≈ 12.1) were acquired. 

8 According to XAFS results, it can be seen that there were more oxygen atoms surrounding Fe species in 

9 FeCr2O4, which may be benefit for the elimination of deposition coke. Based on the combined results of XRD, 

10 HRTEM and XAFS results, we can confirm that the main active sites in Fe, Cr-Fe and Cr samples are Fe3O4, 

11 FeCr2O4 and Cr2O3, respectively.
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1 Fig. 8. In-situ SR-XRD (a) patterns of Cr-Fe catalyst during CO2-ODHE reaction and 2D images of (b) fresh 

2 (c) 450 ℃ in the 50% H2/Ar (d) 650 ℃ in the reaction gases (CO2/C2H6/Ar = 10/10/20 mL·min-1) 

3 Additionally, the phase transformation process of the Cr-Fe catalyst from hydrogenation pretreatment to 

4 CO2-ODHE reaction was in-situ monitored by synchrotron radiation XRD (SR-XRD). The 2D-XRD pattern 

5 exhibits distinct concentric rings, with non-uniform intensity distribution of the diffraction rings observed 

6 within the azimuthal angle range of 0°-180°, indicating a preferred orientation of the crystals along specific 

7 crystal planes (Fig. 8). Through radial integration, the 2D image was converted into a 1D diffraction pattern. 

8 As expected, the fresh sample exhibited the clearly visible diffraction rings, ordered from the center outward, 

9 correspond to the diffraction peaks at 24.3, 33.5, 35.9, 41.2, 49.8, and 54.6°, which are indexed to the (012), 

10 (104), (110), (113), (024), and (116) crystal planes of the (Fe,Cr)2O3 (JCPDS No.35-1112) solid solution at 

11 room temperature(Fig. 8a,b), respectively. After the reduction, the (Fe,Cr)2O3 solid solution was gradually 

12 reduced to Fe0 (JCPDS No.06-0696) with the appearance of an additional diffraction ring appears at 44.5° 

13 (indicated by an arrow in Fig 8c). The diffraction peaks at 24.5, 33.6, and 36.2° of Cr2O3 (JCPDS No.38-1479) 

14 became distinctly visible. Upon switching to the reaction atmosphere, the disappearance of Fe0 diffraction 

15 peak at 44.5° indicates that Fe0 cannot remain stable under the reaction conditions in the presence of the 

16 oxidizing CO2 atmosphere. With the absence of diffraction peaks at 33.4, 41.2, and 49.8° signified the 

17 complete disappearance of the (Fe, Cr)2O3 solid solution phase, the new diffraction peaks at 30.1, 35.5, and 

18 57.1° just appeared, corresponding to the diffraction ring observed at the position indicated by the arrow in 

19 Fig. 8d, indicating the formation of FeCr2O4 under the reaction condition. Furthermore, with the development 

20 of reaction, the FeCr2O4 component was generated and maintained for the whole reaction.

21 Moreover, when the pretreatment gas was altered to air and inert gas (Ar) instead of the reducing 

22 hydrogen atmosphere (Fig. S6), it was observed that a reducing pretreatment atmosphere slightly favored the 

23 conversion of ethane than the others at lower temperatures, suggesting that the reductive pretreatment 

24 atmosphere promotes the phase transformation process, thereby effectively shortening the induction period 
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1 for the generation of active phase. Notably, even when oxidative (air) or inert (Ar) atmospheres are used 

2 instead of H2 pretreatment, the FeCr2O4 phase remains stable after the reaction (Fig. S7), which may be due 

3 to the inevitable generation of reductive H2 in the CO2-ODHE reaction. Therefore, the in-situ XRD 

4 experiments further confirmed the generation of the spinel-structured FeCr2O4 during the CO2-ODHE reaction, 

5 which had previously been identified as the active phase for this reaction through TEM and Raman 

6 characterizations.

7 3.3. Catalyst Reaction Mechanism

8 Fig. 9. (a) H2-TPR and of fresh FeCrOx samples (b) CO2-TPD of FeCrOx samples, (c) O2-TPO and (f) CO2-

9 TPSR of used FeCrOx samples, (d) the estimated relative coke deposition on the catalyst from (c), and (e) 

10 Raman spectra of used FeCrOx samples in the wavenumber range of 1000-2000 cm-1.

11 To further investigate the reducibility and metal-oxide interaction of the FeCrOx catalysts, H2-TPR 

12 characterization was conducted on the Fe, Cr, and Cr-Fe samples. As shown in Fig. 9a, the fresh Fe sample 

13 exhibits two peaks at 363 ℃ and after 400 ℃ (with a peak center at 615 ℃). The first peak was assigned to 

14 the reduction of Fe2O3 to Fe3O4, while the latter peak (after 400 ℃) can be attributed to the reduction of Fe3O4 
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1 to Fe2+ and Fe0 43-45. For the fresh Cr sample, only a reduction peak at 251 ℃ can be observed, originating 

2 from the reduction of surface Cr6+ species to Cr3+, which are reported to coexist on the catalyst surface under 

3 oxidizing conditions12, 14 and are reduced at relatively low temperatures (200-300 ℃)21, 35, 46. For the fresh Cr-

4 Fe samples, the reduction peaks at 229, 335 and 499 ℃ were attributed to the reduction of surface Cr6+ species, 

5 Fe3+ to Fe2+ and Fe0, which were much lower than those in monometallic Fe and Cr samples. It indicated that 

6 the formation of (Fe,Cr)2O3 solid solution can improve the reducibility of Fe and Cr species.

7
8 Table 2. CO2 desorption peak area for FeCrOx catalysts a

Sample Sweak/ Smedium / Sstrong (×10-7)

Fe 2.6/0/0.6

Cr-Fe 12.5/0.3/0

Cr 18.5/3.2/0
9 a Estimated by CO2-TPD.

10 We used CO2-TPD experiments to characterize the CO2 adsorption capacity of active site properties for 

11 different catalysts. The basicity of catalysts, which can be correlated to their CO2 desorption temperature, is 

12 typically categorized as follows: weak (< 300 ℃), medium (300-500 ℃) and strong (> 500 ℃). Prior to TPD, 

13 the catalyst sample was processed with 5% H2/Ar (50 mL·min−1) at 450 ℃ for 90 min. As shown in Fig. 9b 

14 and Table 2, the Fe sample exhibits tiny CO2 desorption peaks at 90 ℃ and 660 ℃, indicating the weak CO2 

15 adsorption capacity of Fe3O4. It also was agreement with the catlytic performance, in which the Fe catalyst 

16 exhibited low CO2 conversion. For the Cr catalyst, the CO2 desorption peaks occurred primarily at 100 °C and 

17 338 °C, which are assigned to weak and medium basic sites, respectively. This demonstrates that Cr2O3 is 

18 beneficial for adsorbing CO2 to participate in the CO2-ODHE reaction, thereby contributing to the higher CO2 

19 conversion over the Cr catalyst (Fig. 1b). However, for Cr-Fe sample, only a visual and strong CO2 adsorption 

20 peak at ~100 ℃ can be detected, suggesting weak basicity on FeCr2O4, in which the weak basicity may be a 

21 key point in higher C2H4 yield for Cr-Fe sample. The presence of weak basic sites improved selectivity to 

22 alkene and reduced coke formation47. In contrast,  the strong basic sites favor the side reactions, such as 

23 reforming and cracking reactions, leading to significant coke deposition and reduced reaction activity14. The 
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1 He-TPSR experiments confirmed that both the Cr2O3 and FeCr2O4 catalysts contain certain active oxygen 

2 species capable of reacting with deposited coke, exhibiting similar light-off temperatures (Fig. S8). However, 

3 CO2 molecules adsorbed on the weak and medium basic sites should be relatively active and can readily 

4 participate in reactions, especially the weak basic sites48. Therefore, the Cr-Fe sample exhibits superior CO2 

5 adsorption and activation capabilities, attributable to its weak basic sites. This property facilitates the 

6 gasification of carbon deposits, thereby effectively mitigating coke accumulation. Furthermore, the O2-TPO 

7 experiment also certified the lowest amount of coke deposition in Cr-Fe-used sample (Fig. 9c). Generally, the 

8 carbon species with a lower peak temperature shows a higher activity and can be easily removed18, 49. For Cr-

9 used sample, a strong CO2 peak at 330 ℃ can be observed, which was well consistent with the low carbon 

10 balance in Fig. 2b. Furthermore, two peaks at ~300 ℃ and 500 ℃ was acquired in Cr-Fe-used sample, which 

11 can be attributed to the oxidation of coke on Cr2O3 and FeCr2O4 respectively, with much less coke deposition 

12 on FeCr2O4. For Fe-used samples, the amount of coke deposited is small because of low activity in CO2-

13 ODHE reaction. By integrating the CO2 peaks from the mass spectrometry data and normalizing against the 

14 ethane conversion rate, we compared the relative coke amounts per unit mass of used catalysts (Fig. 9d). The 

15 monometallic Cr-used sample exhibited the highest quantity of coke deposition, under the lower activity than 

16 that of Cr-Fe-used catalysts, due to the medium basicity. The Raman spectra of used samples (Fig. 9e) also 

17 showed that the Fe-used and Cr-used samples exhibited prominent D bands (disorder-induced, ~1430 cm⁻¹) 

18 and G bands (in-plane vibrations, ~1610 cm-1) associated with coke deposition50. However, these tiny peaks 

19 at ~1430 cm-1 and ~1610 cm-1 in the Cr-Fe-used sample made it impossible to evaluate the degree of carbon 

20 graphitization using the ID/IG intensity ratio value. In addition, the conversion of CO2 plays a key role in the 

21 elimination of coke deposition in CO2-ODHE reaction through the oxidation of coke by CO2 molecule. In Fig. 

22 9f, it can be seen that CO2 can react with surface deposited coke to release CO at 550 ℃ in Cr-Fe-used sample, 

23 continuing until 800 °C. The results indicate that FeCr2O4 can effectively activate CO2 molecules, enabling 

24 the Boudouard reaction (C + CO2 → 2CO) with deposited coke even at relatively low temperatures. Moreover, 
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1 CO2 in the reaction stream continuously reacts with carbon deposits across the entire temperature range of the 

2 CO₂-ODHE reaction (500 -700 ℃), thereby contributing to the improvement of catalytic performance. In 

3 contrast, significant CO release for the monometallic catalyst samples was observed only at 700 ℃. Despite 

4 the continuous oxygen supply from CO2 before this temperature, it could not react with the surface coke on 

5 the catalysts, aligning with the observed reaction activity. Based on these results, it can be concluded that the 

6 FeCr2O4 phase effectively adsorbs and activates CO2, thereby facilitating coke removal and promoting the 

7 CO2-ODHE reaction.

8 Additionally, the Cr-Fe sample that lost activity after the stability test (650°C, >12h) was regenerated by 

9 calcining in air at 600°C to remove coke (Fig.S9a). Subsequent stability tests showed the initial conversion 

10 rates and yields were restored, but revealed recurring deactivation patterns with continued reaction, indicating 

11 that the gradual accumulation of coke is the primary cause of FeCrOx catalyst deactivation. Significantly, CO2-

12 TPSR results demonstrate FeCr2O4 able to activate CO2 for low-temperature carbon gasification. To validate 

13 this in-situ regeneration strategy, we performed cyclic CO2 treatments on deactivated catalysts (Fig. S9b). 

14 Each regeneration cycle substantially restored ethane conversion (>95% recovery) while maintaining ethylene 

15 yield above 15% throughout repeated testing. These findings collectively establish continuous CO2 purging 

16 as a promising operational strategy to mitigate coke-induced deactivation during reaction.

17 4.  Conclusions

18 In summary, nano iron oxide, chromium oxide, and FeCr bimetallic oxides were synthesized using a two-

19 step urea precipitation method and subjected to CO2 oxidative dehydrogenation of ethane catalytic tests. The 

20 Cr-Fe sample exhibited significantly higher activity compared to the monometallic samples with the 

21 conversion of ethane and CO2 approached 35% and 27% at 650 ℃, respectively. And the formation rate of 

22 C2H4 was about 13.4 μmol g-1 cat s-1 with the C2H4 yield remained at 18% for 300 min. Through XRD, Raman, 

23 SEM and XAFS characterization, it was found that the monometallic Fe sample transformed from Fe2O3 to 

24 Fe3O4 during the reaction and underwent sintering. Although the monometallic Cr sample did not show 
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1 significant phase changes, it tends to deactivate due to substantial coke formation. In contrast, the bimetallic 

2 Cr-Fe sample formed a solid solution oxide of (Fe,Cr)2O3, effectively reducing catalyst grain size and resisting 

3 sintering. The in-situ formation and stable spinel structure of FeCr2O4 during the reaction, which were 

4 characterized by synchrotron radiation-based in-situ XRD, confirm that FeCr2O4 is the active phase for the 

5 CO₂-ODHE reaction. Moreover, the Cr-Fe sample with weak basic sites exhibits superior CO2 adsorption and 

6 activation capabilities. According to O2-TPO and CO2-TPSR of the used samples, the FeCr2O4 enabling the 

7 combustion of coke deposited on the catalyst surface at lower temperatures, thus significantly enhancing the 

8 reaction activity and regeneration stability. Our work may provide theoretical guidance for the industrial 

9 application of non-noble metal catalysts in CO2 oxidative dehydrogenation of ethane. 
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