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a b s t r a c t

In response to the increasing demand of ethylene, electrochemical ethane nonoxidative dehydrogena-

tion (EENDH) to ethylene by protonic ceramic electrolysis cells (PCECs) is developed. However, ex-

isting anode materials exhibit poor proton conductivity and limited catalytic activity. Herein, a novel

Sr1.95Fe1.4Co0.1Mo0.4Zr0.1O6-δ (SFCMZ) anode is prepared as PCECs anode for EENDH. Zr doping increases

the oxygen vacancies and enhances the proton conductivity of SFCMZ. Moreover, an alloy-oxide het-

erostructure (CoFe@SFCMZ) is formed through in-situ exsolution of CoFe alloy nanoparticles under reduc-

tion conditions, generating abundant oxygen vacancies and improving its catalytic activity. CoFe@SFCMZ

cell achieves an electrolysis current density of 0.87 A/cm2 at 700 °C under 1.6V, with an ethane con-

version rate of 34.22% and corresponding ethylene selectivity of 93.4%. These results demonstrate that

CoFe@SFCMZ anode exhibits excellent electrocatalytic activity, suggesting promising applications for

EENDH.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ethylene is one of the most widely produced organic com-

pounds globally, extensively used in the production of various

chemical intermediates and polymers [1,2]. Currently, ethylene is

primarily produced by the steam cracking of ethane and naph-

tha, which is an energy-intensive and high-carbon-emitting pro-

cess, typically every ton of produced ethylene emits 1–2 tons of

CO2 and consumes 17–21 GJ of energy [3,4]. Additionally, there

are severe coking issues in this process, and adverse side reactions

may result in the emission of pollutants [5]. In order to save en-

ergy and alleviate carbon deposition during ethane cracking, the

ethane oxidative dehydrogenation (EODH) method is proposed [6].

However, due to the propensity for deep oxidation of ethylene,

this process must be conducted at low conversion rates to achieve

higher selectivity [7,8]. Furthermore, the safety hazards associated

with mixing ethane and oxygen need to be considered. The ethane

nonoxidative dehydrogenation (ENDH) can overcome these issues

of EODH. But ENDH faces the challenge of separating C2H4 and H2

in the product stream, leading to low ethane conversion rate and

ethylene selectivity, as well as rapid catalyst deactivation due to

coking [9,10].
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In recent years, protonic ceramic electrolysis cells (PCECs) have

attracted widespread attention in the field of energy conversion

and storage [11-13]. PCECs can synthesize diversified chemicals

through the combination of renewable electricity and waste heat,

reducing carbon footprint and improving energy efficiency [14].

When utilized as electrochemical ethane nonoxidative dehydro-

genation (EENDH) reactors, PCECs enable efficient reaction and

product separation. C2H6 is introduced on the anode and un-

dergoes electrochemical dehydrogenation reaction to convert into

C2H4 and H+ (Eq. 1), and the generated electrons pass through the

external circuit to the cathode. H+ is conducted from the anode

side to the cathode side through the proton conducting electrolyte

under the action of applied voltage, where it reacts with CO2 to

generate CO and H2O (Eq. 2). By manipulating the operating tem-

perature and voltage, PCECs can offer flexible adjustment of ethane

conversion rate and ethylene selectivity [15].

C2H6 →C2H4 +2H+ +2e (1)

CO2 +2H+ +2e- →CO+H2O (2)

Improving anode materials is one of the crucial challenges

for PCECs performance breakthroughs [16,17]. The most common

PCECs anode is Ni-cermet anode which has good catalytic per-

formance, but in the ethane dehydrogenation reaction, Ni metal
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will cause deep cracking of ethane, resulting in low ethylene

selectivity and carbon deposition [18]. Recently, the perovskite

oxides have become candidate anode materials due to their ex-

cellent anti coking stability and mixed ion-electron conductivity

[19-22]. However, the catalytic activity of perovskite oxides is

much lower than that of Ni-cermet anodes. To further enhance

the electrocatalytic performance of perovskite oxides, forming a

metal-oxide heterostructure is an effective way. In-situ exsolution

of active metal nanoparticles under reducing conditions can gen-

erate a large number of uniformly distributed nanoparticles on

the surface, providing more catalytic active sites [23,24]. Moreover,

nanoparticles are firmly anchored on the substrate surface to

form micro-nano heterostructures, which not only synergistically

enhance catalytic activity but also effectively inhibit particle aggre-

gation [25-27]. We prepared Sr1.95Fe1.4Co0.1Mo0.5O6-δ and induced

in-situ exsolution of CoFe alloy, forming an alloy-oxide heterostruc-

ture (CoFe@SFCoM) with abundant reactive sites. The single cell

with CoFe@SFCoM anode exhibited an ethane conversion of 36.4%

and an ethylene selectivity of 94.5% at 800 °C based on ethane

oxidative dehydrogenation by solid oxide electrolysis cells [28].

Besides, C2H6 is converted into C2H4 and H+ on the PCECs an-

ode, and the traditional perovskite oxides are typical mixed con-

ductors of oxygen ions and electrons, which exhibit limited pro-

ton conductivity and catalytic activity. Studies have shown that in-

troducing proton conduction to form oxygen ion-proton-electron

triple-conducting oxides extends the electrochemical active sites

from the three-phase interface to the entire anode surface, which

is an effective approach to addressing the above-mentioned is-

sues [29,30]. The proton transport in perovskite oxides primarily

involves proton absorption (hydration reaction) as well as inter-

and intra-lattice movement (including jumping and rotation) [31].

Proton absorption can lead to the formation of protonic carriers

OH·
O by incorporating H2O or H into oxygen vacancies, as shown

in Eq. 3 [32,33]. Therefore, increasing oxygen vacancy has been

proved to be an effective strategy to promote proton conduction

[34].

H2O + V
··
O + O×

O ↔ 2OH
·
O (3)

Herein, we design Sr1.95Fe1.4Co0.1Mo0.4Zr0.1O6-δ (SFCMZ)

perovskite oxide by doping Zr element at B-site of

Sr1.95Fe1.4Co0.1Mo0.5O6-δ (SFCM). Zr doping can significantly

increase sufficient oxygen vacancies and boost the spontaneous

formation of proton defects, enhancing the proton conductivity

of SFCMZ [35]. Furthermore, CoFe alloy nanoparticles are in-situ

exsolved on the surface of SFCMZ (CoFe@SFCMZ) to deliver strong

interface interactions by reducing treatment, thereby enhancing its

electrocatalytic activity, as shown in Fig. 1. CoFe@SFCMZ as PCECs

anode demonstrates excellent structural stability, enhanced proton

conductivity and outstanding electrocatalytic activity for EENDH.

This work provides a new design strategy for the development of

PCECs anodes, offering a feasible approach for their applications.

X-ray diffraction (XRD) is used to analyze the phase struc-

tures of SFCMZ and SFCM and their reduced samples (denoted as

SFCMZ-R and SFCM-R, respectively, both are reduced in 5% H2/Ar

atmosphere at 800 °C for 5h), as shown in Fig. 2a. SFCMZ and

Fig. 1. Schematic diagram of EENDH in PCECs and novel triple-conducting anodes.

SFCM samples present a cubic perovskite structure (PDF #97–009–

6233) with a space group of Fm-3m. After reduction, the main

phase structures of SFCMZ-R and SFCM-R are unchanged, indicat-

ing an excellent structural stability in reducing atmosphere. In ad-

dition, a clear characteristic peak of CoFe alloy (PDF #49–1568) is

observed near 44.8° in two reduced samples, showing that CoFe al-

loy is exsolved after reduction to form the alloy-oxide heterostruc-

tures (CoFe@SFCMZ and CoFe@SFCM), as shown in Fig. 2b. More-

over, the main peak of SFCMZ (∼32.2°) has a smaller angle than

that of SFCM, showing a lattice expansion due to the partial sub-

stitution of Mo6+ (0.42 Å) by Zr4+ (0.72 Å) with larger ionic radius

[36]. The XRD patterns are further analyzed by Rietveld refinement

method, as shown in Fig. S1 (Supporting information). The cell

volume of CoFe@SFCMZ is 494.363 Å3, while that of CoFe@SFCM

is 490.636 Å3. The increased cell volume after Zr4+ substitution

is consistent with the shift of the diffraction peak to a small an-

gle. The results also show that the cell volume of CoFe@SFCMZ is

larger than that of SFCMZ, which is due to the valence decrease

of metal cations after reduction, and the lower the valence of the

same cations, the larger the radius.

The surface morphology of CoFe@SFCMZ sample is shown

in Fig. 2c. A large number of uniformly distributed CoFe alloy

nanoparticles appear on the surface of SFCMZ matrix with the par-

ticle size of ∼60nm, and these exsolved nanoparticles are further

confirmed by high-resolution transmission electron microscopy

(HR-TEM) (Fig. 2d). The lattice spacing of the exsolved nanopar-

ticles is 0.203nm, which is consistent with the (110) lattice plane

of CoFe alloys. These CoFe nanoparticles are tightly embedded on

SFCMZ matrix to form an alloy-oxide heterostructure, while the

strong interaction between CoFe alloy nanoparticles and SFCMZ

matrix can effectively avoid particle aggregation and extend the

electrocatalytic active sites. Furthermore, it can be observed that

except for the significant enrichment of Co element (green) and

Fe element (purple), other elements are uniformly distributed as

shown in Fig. 2e.

Fig. 3a shows the O 1s orbital fitting spectra of CoFe@SFCMZ

and CoFe@SFCM samples. It can be observed that there are three

characteristic peaks, namely lattice oxygen (O2-, 529.2 eV), ad-

sorbed oxygen (O2
2-/O-, 531.4 eV) and surface adsorbed carbon-

ate or hydroxyl (CO3
2-/OH-, 533.3 eV) [37]. And the fitting results

are shown in Table S1 (Supporting information). After Zr doping,

the proportion of lattice oxygen decreases from 38.73% to 32.92%

and the proportion of adsorbed oxygen increases from 58.59% to

60.88%. Zr doping leads to a relatively greater concentration ra-

tio of adsorbed oxygen to lattice oxygen, which suggests that

CoFe@SFCMZ contained more oxygen vacancies than CoFe@SFCM

[38]. The increased oxygen vacancy concentration may be caused

by the charge imbalance when low valence Zr4+ replaces high va-

lence Mo6+, which can be represented by the Kroger-Vink symbol

equation as follows (Eq. 4) [39]:

ZrO2 + Mo×
Mo + O×

O → Zr··Mo + V
··
O + MoO3 (4)

The valence state changes of metal elements in CoFe@SFCMZ

and CoFe@SFCM samples are also determined by X-ray photo-

electron spectroscopy (XPS). Fig. S3a (Supporting information)

shows the fitting spectra of Fe 2p orbitals, where Fe ele-

ments exist in mixed valence states of Fe2+ (∼709.9 eV/723.1 eV),

Fe3+ (∼711.2 eV/724.4 eV) and Fe4+ (∼712.9 eV/726.1 eV) [40]. Be-

sides, a characteristic peak is also found at the position of

∼708.8 eV/722.0 eV in both samples, corresponding to the zero va-

lence state of Fe [41]. The average valence state of Fe element in

CoFe@SFCMZ sample decreases from 2.84 to 2.80 after Zr doping.

Fig. S3b (Supporting information) shows the fitting spectra of Co

2p orbitals, and Co element exists in a mixed valence state of Co2+

(780.2 eV) and Co3+ (782.8 eV) [42]. And the characteristic peak of

the zero valence state of Co is also found around 777.8 eV [43].
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Fig. 2. (a) XRD patterns of SFCM, SFCMZ, SFCM-R and SFCMZ-R powders. (b) Schematic diagram of exsolution process of SFCMZ sample. (c) SEM image of CoFe@SFCMZ. (d)

HR-TEM image and local magnification of CoFe@SFCMZ. (e) EDX distribution of CoFe@SFCMZ.

Fig. 3. (a) O 1s XPS spectra of CoFe@SFCMZ and CoFe@SFCM. (b) TGA test dia-

gram of CoFe@SFCMZ and CoFe@SFCM in Ar. (c) EPR test curves of CoFe@SFCMZ

and CoFe@SFCM in 5% H2/Ar. (d) ECR test curves of CoFe@SFCMZ and CoFe@SFCM.

Changes of conductivity when switching from dry state to the wet for (e)

CoFe@SFCMZ and (f) CoFe@SFCM. (g) Schematic diagram of hydration reaction.

After Zr doping, the average valence state of Co in CoFe@SFCMZ

sample decreases from 2.40 to 2.30. The above results indicate the

exsolution of Co and Fe elements after reduction, which is con-

sistent with the results of XRD and HR-TEM. Fig. S3c (Support-

ing information) shows the fitting spectra of Mo 3d orbitals, with

four characteristic peaks observed as Mo5+ (∼232.2 eV/235.4 eV)

and Mo6+ (∼232.7 eV/235.9 eV) [44]. After Zr doping, the average

valence state of Mo in SFCMZ sample decreases from 5.35 to 5.28.

The B-site cations of CoFe@SFCMZ change to lower valence states,

leading to an increase in oxygen vacancy concentration according

to the principle of electrical neutrality. Fig. S3d (Supporting infor-

mation) shows the fitting spectra of Zr 3d orbitals, and the spin

splitting peaks of Zr4+ 3d5/2 (180.6 eV) and Zr4+ 3d3/2 (182.9 eV)

orbitals can be observed, further confirming that Zr is successfully

doped into the SFCM lattice [45]. The distribution of various va-

lence states of Fe, Co and Mo elements are shown in Tables S2∼S4

(Supporting information).

From the thermogravimetric analysis (TGA) curves of

CoFe@SFCMZ and CoFe@SFCM samples under Ar atmosphere

shown in Fig. 3b, the weight loss of CoFe@SFCMZ is higher than

that of CoFe@SFCM mainly due to the oxygen ions overflowing

the lattice in the form of oxygen, and more weight loss means

a higher oxygen vacancy concentration [46]. Besides, electron

paramagnetic resonance (EPR) is used to further investigate the

oxygen vacancies in both samples (Fig. 3c) [47]. CoFe@SFCMZ has a

higher peak intensity, indicating a higher concentration of oxygen

vacancies. In addition, the oxygen ion diffusion capabilities of two

samples are studied by electrical conductivity relaxation (ECR).

Fig. 3d shows the normalized conductivity versus time curves

for two materials at 700 °C. Due to the increased concentration

of oxygen vacancies, CoFe@SFCMZ exhibits an obviously shorter

equilibrium time and a higher calculated oxygen ion diffusion

coefficient (DO,chem) of 3.97×10–5 cm2/s, while the DO,chem of

CoFe@SFCM is 1.74×10–5 cm2/s. Furthermore, CoFe@SFCMZ also

presents an increased proton diffusion coefficient (DH,chem) of
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Fig. 4. (a) LSV curves of C2H6 electrolysis by CoFe@SFCMZ and CoFe@SFCM cells at 700 °C. (b) EIS and (c) DRT curves of both cells at 700 °C. (d) Short-term stability of

both cells at different voltages at 700 °C. (e) Long-term stability of CoFe@SFCMZ cell. (f) Ethane conversion and proportion of products in the anode of CoFe@SFCMZ cell at

700 °C. (g) Ethane conversion and ethylene selectivity at 600, 650 and 700 °C and at different voltages for CoFe@SFCMZ cell. (h) C2H4 yield and Faraday efficiency of both

cells at 700 °C.

9.76× 10–7 cm2/s at 700 °C, which is approximately three times

than that of CoFe@SFCM (3.27× 10–7 cm2/s), as shown in Figs. 3e

and f. The significant improvement suggests that Zr doping is

an effective method to increase proton defects and promote fast

proton diffusion [35]. The schematic diagram of the hydration

reaction is shown in Fig. 3g. Because SFCMZ is a typical p-type

semiconductor, its conductivity is primarily achieved through the

movement of holes (h·) on B–O–B bonds [48]. During the hydra-

tion reaction (H2O+V··
O

+O×
O

↔ 2OH·
O), the O in water molecule

combines with an oxygen vacancy on the surface of SFCMZ,

forming lattice oxygen and holes (O+V··
O ↔ O×

O
+2h·). Meanwhile,

the H in water molecule bind with h· to form protons (2H+2h·

↔ 2H+), which are bound to the lattice oxygen to form OH·
O.

However, oxygen ions in the lattice oxygen migrate faster than

the protons, elucidating why conductivity initially rises followed

by a decrease when water partial pressure increases. Until the

concentrations of h·, V··
O and OH·

O are uniform throughout the

sample, the hydration reaction reaches equilibrium [35].

The EENDH performance of CoFe@SFCMZ and CoFe@SFCM an-

odes are evaluated by analyzing the electrolytic curves. Fig. 4a

shows the linear sweep voltammetry (LSV) curves of CoFe@SFCMZ

and CoFe@SFCM cells at 700 °C. The current density of

CoFe@SFCMZ cell reaches 0.87 A/cm2 at 1.6V, while the current

density of CoFe@SFCM cell is only 0.56 A/cm2 under the same con-

dition. Meanwhile, to evaluate the effect of operation temperature,

the electrolytic curves of CoFe@SFCMZ cells are also tested at dif-

ferent temperatures. As shown in Fig. S6 (Supporting information),

the current densities of both cells increase with the rise of tem-

peratures due to the enhanced reaction kinetics, and CoFe@SFCMZ

cell exhibits higher current densities at each test temperature. In

addition, the electrochemical performance of both anodes is exten-

sively studied using electrochemical impedance spectroscopy (EIS).

Fig. 4b shows the EIS spectra of CoFe@SFCMZ and CoFe@SFCM cells

at 700 °C. The polarization impedance (Rp) value of CoFe@SFCMZ

cell is only 0.98 � cm2, while Rp value of CoFe@SFCM cell is

1.84 � cm2, indicating that CoFe@SFCMZ anode has better electro-

catalytic activity. The ohmic resistance is subtracted to show the

change in polarization impedance more intuitively. Fig. 4c shows

the relaxation time distribution (DRT) curves of CoFe@SFCMZ and

CoFe@SFCM cells. The integrated peak areas of high-frequency

(HF), intermediate frequency (IF) and low-frequency (LF) are re-

lated to the charge transfer process, the ion surface exchange pro-

cess and the gas adsorption process, respectively [49]. The IF and

LF peak areas of CoFe@SFCMZ cell are significantly smaller than

those in CoFe@SFCM cell, indicating that Zr doping greatly pro-

motes the surface ion exchange process and gas diffusion adsorp-

tion activation process.

Fig. 4d illustrates the short-term stability of the two cells under

the electrolysis voltages of 1.0, 1.2, 1.4 and 1.6V at 700 °C, indi-
cating that both cells can stably work for 15min at each voltage.

And the current density of CoFe@SFCMZ cell at each voltage ex-

ceeds that of CoFe@SFCM cell, showing that CoFe@SFCMZ cell has

a better ethane electrolysis performance. Moreover, long-term sta-

bility testing of CoFe@SFCMZ cell is also conducted at 700 °C, as
shown in Fig. 4e. At a constant voltage of 1.4V, the current den-

sity of CoFe@SFCMZ cell remains relatively stable at around 0.4

A/cm2 over 48h Additionally, the anode gas composition tested

by gas chromatographic reveals no noticeable decline in the pro-

portion of ethylene, proving that the electrocatalytic performance

of the cell can also maintain stable over prolonged operation. In

Fig. S8 (Supporting information), the cell structure is clear and

the components are still well combined, which indicates that the

electrodes and electrolyte have compatibility after stability test.

CoFe@SFCMZ particles remain basically unchanged without signif-

icant carbon deposition. The ex-situ Raman measurement is also

performed (Fig. S9 in Supporting information). There are no peaks

at ∼1330 cm-1 (D band) and ∼1560 cm-1 (G band) assigned to car-

bon, indicating the resistance of heterogeneous structures to car-

bon deposition.

Furthermore, the ethane conversion and product composition in

the anode of CoFe@SFCMZ and CoFe@SFCM cells at 700 °C are pre-

sented in Fig. 4f and Fig. S10 (Supporting information). For clarity,

the proportion of components is the proportion other than the un-

reacted ethane. The ethane conversion rates of CoFe@SFCMZ cell

at electrolysis voltages of 1.0, 1.2, 1.4 and 1.6V are 2.46%, 6.07%,

14.98% and 34.22%, respectively, while for CoFe@SFCM cell at the

same voltages, the conversion rates are only 0.93%, 2.30%, 7.52%,

and 22.01%, respectively. The presence of H2 proves that the ther-

mal cracking of ethane occurs, but its content is very small, indi-

cating that the electrochemical conversion of ethane is the main

reason for the increase in the conversion rate. Additionally, the

product contains a small amount of methane, which may originate

from the C–C bond cleavage of ethane under high currents [20]. Zr

doping increases the current density and proton migration rate of

CoFe@SFCMZ cell, resulting in a significant increase in conversion

rate. Fig. 4g shows the ethane conversion and ethylene selectivity

of CoFe@SFCMZ cell under 600, 650 and 700 °C and at different

voltages, with selectivity above 93% in all cases.
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Fig. 4h shows the ethylene yield and Faraday efficiency of

CoFe@SFCMZ and CoFe@SFCM cells at 700 °C. CoFe@SFCMZ cell

achieves an ethylene yield of 5.74mL min-1 cm-2 and a Faradaic

efficiency of 94.6% at 1.6V, significantly higher than that of the

CoFe@SFCM cell (3.68mL min-1 cm-2 and 94.2%). Fig. S11 (Sup-

porting information) shows the CO yield and Faraday efficiency of

both cells at 700 °C. It can be observed that with increasing volt-

age, C2H4 and CO yields show significant increases, indicating that

the yield is mainly related to the electrolysis current magnitude.

Meanwhile, the Faradaic efficiencies remain high values and rel-

atively constant with voltage changes, suggesting that the energy

conversion efficiencies of both cells are excellent.

In summary, CoFe@SFCMZ is successfully synthesized and ap-

plied as PCECs anode for EENDH. Zr doping increases the oxy-

gen vacancy concentration of the material and enhances proton

conductivity. The formation of a metal-oxide heterostructure sig-

nificantly enhances the catalytic activity, ethylene selectivity, and

long-term stability of EENDH. Electrochemical performance testing

reveals that the CoFe@SFCMZ cell exhibits excellent electrocatalytic

capability for ethane, achieving a high electrolysis current den-

sity of 0.87 A/cm2 at 700 °C and 1.6V. The ethane conversion rate

reaches 34.22% with a corresponding ethylene selectivity of 93.4%,

significantly higher than that of the CoFe@SFCM cell. Additionally,

continuous operation for 48h at a constant voltage of 1.4V and

700 °C shows no significant performance degradation, demonstrat-

ing excellent long-term stability of the CoFe@SFCMZ cell. These

findings highlight the outstanding electrocatalytic performance and

stability of the CoFe@SFCMZ anode, suggesting promising prospects

for its application in PCECs for EENDH.
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