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The oxidative dehydrogenation (ODH) of alkanes using a solid oxide electrolysis cell (SOEC) has
attracted worldwide attention as an efficient method for producing ethylene. Nevertheless, it remains
challenging to achieve both a high alkane conversion rate and high ethylene selectivity. In this work, we
demonstrate that the combination of doping and electrochemical activation can break this activity—
selectivity seesaw and achieve a high ethylene yield. Using Sr,Tig g(Co1»_Fe,)Og_s with different dopants
as model electrodes, we show that increasing the Fe content efficiently lowers the oxygen activity
by weakening metal-oxygen covalency, downshifting O 2p-band relative to the Fermi level, and increas-
ing the oxygen vacancy formation energy. Such changes result in a lower ethane conversion rate but
higher ethylene selectivity for Sr,Tig gFe; 20¢ s (STF) compared to electrodes with higher Co content. By

Received 16th January 2025, increasing the applied potential, we can effectively increase the conversion rate of ethane without sacri-
Accepted 27th March 2025 ficing too much ethylene selectivity. Ultimately, the SOEC with STF anode achieves an ethylene yield of
DOI: 10.1039/d5ey00012b up to 71% at 800 °C at 1.2 V with CO, as the oxidant on the cathode side, which is among the highest

documented. The insights gained from this study knowledge can guide the rational design of high-
rsc.li/eescatalysis temperature electrochemical devices for other small molecule conversion reactions.

Broader context

Alkene is one of the most important raw materials for modern industry. Currently, the main sources of alkenes are the conversion of alkanes via direct cracking,
dehydrogenation, or oxidative dehydrogenation reactions (ODH). By introducing an oxidant into the dehydrogenation process, the alkane ODH reactions can
occur at lower temperatures, and coke formation can be avoided due to the presence of the oxidant. A solid oxide electrolysis cell (SOEC) has emerged as a
potential platform for the ODH reactions of alkanes. Driven by electrochemical potential, oxygen from CO, or O, at the cathode of the SOEC passes through the
solid electrolyte to the anode surface, which actively reacts with alkanes to produce olefins. Nevertheless, highly active catalysts tend to over-oxidize the
dehydrogenated species to CO or CO,, leading to low olefin selectivity. Here, we show that the synergistic effect of doping and electrochemical activation is an
effective way to break the selectivity-activity seesaw, achieving high conversion while maintaining high selectivity. This principle can be used to guide the
rational design of high-temperature electrochemical devices for other small molecule conversion reactions.
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Introduction

Ethylene is one of the most important industrial organic chemicals
and serves as the building block for the petrochemical industry.
The production of ethylene from steam-cracking crude oil is an
energy-intensive process due to its high operating temperatures.
With the large-scale exploitation of shale gas, the dehydrogenation
of light alkanes (C1-C4) has emerged as an alternative approach
to produce olefins.> However, the direct dehydrogenation of light
alkanes is thermodynamically unfavorable and must be carried
out at extremely high temperatures with limited product yields.
By introducing an oxidant into the dehydrogenation process,
alkane oxidative dehydrogenation (ODH) reactions can occur at
lower temperatures and coke formation can be avoided due to the
presence of the oxidant.® Significant efforts have been devoted
to developing high-performance catalysts for alkane ODH react-
ions”® with high activity to break the C-H bond, enabling
dehydrogenation.” Nevertheless, highly active catalysts tend to
over-oxidize the dehydrogenated species to CO or CO,, leading to
low olefin selectivity.”'® To achieve a high yield of ethylene
through alkane ODH reactions, it is essential to find a way to
break this selectivity-activity seesaw.

The alkane ODH process is reported to be strongly related
to the characteristics of surface oxygens."'"'? For instance,
electrophilic oxygen (O, 0*>7, and 0,>7) can lead to over-
? while nucleophilic oxygen (O*>7) tends
to promote selective conversion of ethane to ethylene.'* Tian
et al. attributed the high activity of Ce-doped SrFeO;_; catalysts
in the ethane ODH reaction to the high proportion of active
oxygen species in the near-surface region.” Zhu et al. doped Sn,
Ti, and W into nickel oxide to reduce highly reactive oxygen
species on the surface, thereby improving ethylene selectivity. "
These works demonstrate that modulating surface oxygen pre-
sents an efficient approach to enhancing the performance of
alkane ODH reactions.

Solid oxide electrolysis cells (SOEC) have emerged as a
promising means for the ODH reaction of alkanes. Driven by
electrochemical potential, oxygen from CO,, H,O or O, on the
cathode of the SOEC passes through the solid electrolyte to the
anode surface, where it actively reacts with alkane to produce
olefins. Perovskite-oxide-based anode materials, such as Lag ¢St 4-
Cop 2Fep.803_s—Smy 2Cep 30,5, SroFe; yM0,Og_s, Sryg5Fe;.4C0g.1-
Moy 506_s5, and Lag,SrygTiO34,Cl,, have shown promising
performance.®®*>1® Interestingly, Sun et al.'” recently reported
that the applied potential drives the formation of highly active
oxygen species, effectively promoting the dehydrogenation
process. All this pioneering work highlights the electrochemical
potential in SOEC as a promising tuning knob for modulating
ODH kinetics.

In this study, we achieved an outstanding ethane oxidative
dehydrogenation performance on a doped SrTiO; electrode
by combining cation doping and electrochemical activation.
Electrode materials with different dopants, including Sr,Tig g-
€04 ,06_5 (STC), Sr,Ti gC0p 6Fe0 6065 (STCF), and Sr,Tiy gFe; ,06_s
(STF), were prepared as SOEC anodes for the ethane ODH reaction.
The combination of advanced spectroscopic techniques and

oxidation of ethane,!
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density functional theory (DFT) calculations revealed that
increasing the Fe/Co ratio lowers the oxygen activity by pre-
senting weaker metal-oxygen covalency, a lower O 2p band
center position relative to the Fermi level, and higher energies
for oxygen vacancy formation. DFT results predicted that such a
change in oxygen activity with the Fe/Co ratio could result in
lower dehydrogenation energy (AG,) and a larger difference
between ethylene desorption free energy and ethylene dehydro-
genation free energy (AGgesorption — AG3 (eV)), which would
eventually lead to lower activity and higher selectivity for
electrodes with high Fe content. Consistent with theoretical
calculations, we found that as the Fe content in the electrode
increased, the ethane conversion rate decreased while the
ethylene selectivity increased. Further applying an electro-
chemical potential effectively increased the conversion rate
of ethane without sacrificing too much ethylene selectivity.
Consequently, the SOEC with the STF electrode achieved an
ethylene yield of up to 71% at 800 °C with CO, as the oxidant on
the cathode side, which is among the highest levels reported in
the literature. This study reveals the critical role of material
surface oxygen activity in the ethane ODH reaction. The meth-
odology of combining doping and electrochemical activation can
be applied to other high-temperature electrochemical small-
molecule conversions.

Results and discussion

Modulated oxygen characteristics probed by spectroscopic
techniques

We first demonstrated experimentally that the oxygen charac-
teristics of the electrode can be effectively modulated by cation
doping. Three electrode materials, Sr,TiysC0Os_s (STC), Sr,Tiy g-
Coy6Fep606_5 (STCF), and Sr,Ti;gFeOs s (STF), with different
dopants at the B site, were synthesized as model electrodes
(Fig. S1 and S2, ESIY).

To avoid the influence of the complex structure on the
characterization of oxygen activity, STC, STCF, and STF thin-
film model systems were prepared on yttria-stabilized zirconia
(YSZ) substrates using pulsed laser technology (PLD), with
gadolinia-doped ceria (GDC) as the intermediate layer and
embedded Au as an internal reference (Fig. 1a). The prepared
films were highly textured in the (001) crystal orientation. The
obtained thin film has a flat surface with a root mean square
(RMS) roughness value of 0.182 nm (Fig. 1c).

Having obtained a model thin film with a well-defined
structure, the oxygen characteristics of different samples were
studied using several advanced spectroscopic techniques.

The electronic structure of oxygen and the valence state of
transition metals were first probed by soft X-ray absorption
spectroscopy (XAS) technique in total electron yield (TEY)
mode. Fig. 2a shows the O K-edge XAS spectra of these samples.
The peak located near 530 eV corresponds to the hybridization
of the O 2p energy band with the transition metal 3d energy
band (O 2p-TM 3d), whereas the peaks located around 535 eV
and 540-545 €V are attributed to the hybridization of the O 2p

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00012b

Open Access Article. Published on 28 March 2025. Downloaded on 6/19/2025 2:33:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

EES Catalysis

View Article Online

Paper

STE film

RMS: 0.182nm

B2 5 =y 8
= 18> 4 i g
,‘ z i E ’l Au Au STF E 8
PLD Workis Sktl; é‘ i -
orking Sketc] I
c
9
STC/STCFI/STF £
GDC
YSZ r — . r
20 30 40 50 60 70 80
2 Theta (°)

Fig. 1

(a) Schematic of pulsed laser deposition and thin film model system; (b) HRXRD diagram of the thin film systems STC, STCF, and STF deposited by

PLD. The sapphire peak is from the sample holder used for XRD measurement. (c) AFM image of an STF thin film.
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Fig. 2
(sXAS); (e) XPS spectra of O 1s; and (f) O,-TPD of STC, STCF, and STF samp

energy band with the Sr 4d energy band (O 2p-Sr 4d) and the
TM 4sp energy band (O 2p-TM 4 sp), respectively.'®"?

As the Fe doping level increases, the pre-edge peak (marked
by yellow) shifts to higher photon energy, and its intensity
decreases, indicating a weakening of metal-oxygen covalency.>
Particularly, we observed strong absorption peaks starting at
~527 eV and 529.5 eV in the pre-edge region of the STC sample
(green arrow), which are associated with the e, and t,, state.”'
Interestingly, the features corresponding to the e, state
decreased while those associated with the t,, state increased
with Fe content (Fig. 2b). Such changes in the pre-edge region
imply a decrease in the number of O 2p ligand holes (0?~)7)
in these materials as Fe content increases.”>** Previous
studies®'***> have shown that a high metal-oxygen covalency
promotes the transfer of electrons between the cation sites and
the oxygen ligands and facilitates the formation of oxygen
ligand holes. Therefore, the weakened metal-oxygen covalency

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) O K-edge; (b) pre-edge region in the O-K edge (shadowed region); (c) Co L-edge; and (d) Fe L-edge soft X-ray absorption spectroscopies

les.

in STF is the reason for the inhibited formation of oxygenated
ligand holes. These O K-edge XAS spectroscopy results indicate
that as the Fe/Co ratio at the B site increases, the metal-oxygen
covalency is weakened, resulting in fewer O 2p ligand holes
observed in the materials. These changes may significantly
affect the oxygen activities of the electrode surface, as will be
discussed in detail in the following section.

The changes in the electronic structures of Fe and Co can
also provide critical information about the oxygen properties of
the different materials. For the XAS spectra of the Co L-edge
(Fig. 2c), the characteristic peak of Co®>" (A) was significantly
enhanced with the increase of the doped Fe/Co stoichiometric
ratio, while the position of the B peak was shifted to a lower
photon energy. This result indicates that replacing Co with Fe
at the B site leads to a decrease in Co’s valence state.”®
In contrast, the valence state of Fe in STF was slightly higher
than that of Fe in STCF, which can be seen from the shift of

EES Catal.
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peak A in Fe L-edge XAS spectra for STCF compared to STF
(Fig. 2d).>” These results suggest that the increased Fe/Co ratio
at the B site leads to electron redistribution in the lattice, with
electron transfer from Fe to Co through the Co-O-Fe motif.?®
Such electron redistribution is likely the reason for the wea-
kened metal-oxygen covalence with the Fe dopant.”®*°

The oxygen chemical environments in the three samples
were further analyzed by X-ray photoelectron spectroscopy
(XPS) (Fig. 2e). The O 1s spectra were deconvoluted into four
components: lattice oxygen at 528.4 eV (lattice O, 0°~, peak I),
highly oxidizable oxygen (0,> /O”7) associated with oxygen
vacancies at 529.8 eV (Ogefect, peak II), surface-adsorbed oxygen
containing hydroxyl or carbonate at 531.3 eV (surface O, peak
111), and adsorbed molecular water at 533.5 eV (peak 1V).*"
The number of surface oxygen species (surface O, peak III) on
STF was found to be lower than that of STCF and STC. The
contents of surface-adsorbed oxygen peaks were quantified as
58.4%, 51.2%, and 50.2% for STC, STCF, and STF, respectively
(Table S1, ESIt). Consistently, we observed lower contents of
non-lattice-bound Sr (Sr-OH or Sr-COj;) on the STF sample
compared to STC (Fig. S3a and b, ESIt).** This result suggested
that the increase in Fe content decreased the surface-adsorbed
oxygen species, which are believed to be highly active oxygen
species for oxidative dehydrogenation reactions.”*”**

The dynamics of oxygen loss from various samples were
further compared using oxygen-temperature-programmed desorp-
tion (O,-TPD) profiles (Fig. 2f). A clear peak near 100 °C was
observed in all three samples, which corresponds to the
desorption of oxygen-containing species on the surface. This
desorption peak of STC and STCF was more intense than that of
STF, implying more adsorbed surface oxygen species.>® This
result was consistent with the higher surface oxygen species
peak (surface O, peak III) observed in the XPS results (Fig. 2e).
The peak with high intensity located between 300-500 °C was
related to the formation of oxygen vacancies in the lattice.
As shown in Fig. 2f, the onset temperature of this peak shifted
to a higher value as the Fe/Co ratios increased, implying that
oxygen vacancies are harder to form in samples with higher Fe
doping levels.*® Electron paramagnetic resonance (EPR) mea-
surements were used to confirm the difference in oxygen
vacancy content between the materials with the highest levels
of cobalt and iron doping (Fig. S4, ESI{). The STC samples
exhibited higher intensity, indicating a higher oxygen vacancy
content. As shown in Fig. S5 and Table S1 (ESIf), we also
observed a higher intensity of the oxygen defects peak relative
to the lattice oxygen peak for the STC samples. All these results
consistently implied a decrease in oxygen vacancy concentra-
tions with increasing Fe content. N,-TG results are shown in
Fig. S6 (ESIY); the reduction in the mass of the material above
300 °C is attributed to the loss of lattice oxygen.*” From 300 °C
to 900 °C, the weight losses were 4.12%, 3.01%, and 2.02% for
STC, STCF, and STF, respectively (Fig. S6, ESIt). As the Fe/Co
ratio increased, the material lost less lattice oxygen. This
indicates a lower lattice oxygen activity and possibly a lower
susceptibility to oxygen vacancies for samples with higher Fe
contents. These results also suggest that the Fe/Co ratio can
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modulate the adsorption of oxygen on the surface as well as the
formation of oxygen vacancies in the lattice.

To summarize the spectroscopic results, as the Fe/Co ratio at
the B site of SrTiO; increased, the electrode materials exhibited
lower oxygen activity by presenting weaker metal-oxygen cova-
lency, fewer O 2p holes, smaller amounts of surface-active
species, and higher oxygen vacancy formation energies.

Modulated oxygen characteristics probed by DFT calculation

To reveal the influence of Fe/Co stoichiometric ratios on oxygen
activity and the ethane ODH reaction process, we further
carried out DFT calculations on the electronic structure. Three
model systems were constructed for the DFT calculations, with
detailed structures shown in Fig. S7 (ESIT).

According to the projected density of states (PDOS) analysis
(Fig. 3a and b), the O 2p-band center (g,) position relative to
the Fermi level follows the trend of STC (—1.46 eV) > STCF
(—1.55 eV) > STF (—1.65 eV). The smallest value for STF
indicates that the center of the O 2p-band is farthest from the
Fermi level. In previous studies, a closer position of the O 2p
band center relative to the Fermi level tends to predict an
increase in the oxidation capacity of the lattice oxygen.*® These
results imply that electron transfer from the O 2p-band to the
Fermi level is harder for the sample with higher Fe content,
which is consistent with the fewer O 2p ligand holes observed
in the spectroscopic results (Fig. 2a and b). The shift of the O
2p-band further away from the Fermi level, due to the increas-
ing Fe/Co ratio, also results in a less electrophilic lattice
oxgyen,*>*® which may inhibit the binding of H* and C,Hs*
to the lattice oxygen and hinder the transfer of electrons from
the bound reaction intermediates.*®

We further carried out a Bader charge analysis of the oxygen
site in the phase with different Fe/Co ratios (Fig. 3¢ and Fig. S8,
S9a, ESIT). The obtained charge densities follow the trend of
STC > STCF > STF for both surface oxygen and bulk oxygen.
The smaller value for the phase with high Fe content represents
a relatively less electron-deficient state. This is consistent with
the fewer O 2p-ligand holes (0*~%~) observed in these materials
with higher Fe content, as indicated by the adsorption spectro-
scopy results (Fig. 2a and b). The most negative charge on the
lattice oxygen of STF materials, which makes it the least electro-
philic, may lead to less radical adsorption (H* and C,Hs*) during
the surface ODH reaction.*!

Oxygen vacancy formation energy was calculated for the
surface (Fig. 3d) and bulk phases (Fig. S8 and S9b, ESIt). The
surface oxygen vacancy formation energies were —1.21 eV for
STC, —0.91 eV for STCF, and —0.21 eV for STF. The bulk phase
oxygen vacancy formation energies were also found to be lowest
for STC and highest for STF. This is consistent with our
experimental results shown in Fig. 2f and Fig. S4 (ESIT).

The downshift of the O 2p band away from the Fermi level,
lower charge density on the oxygen sites, and increased oxygen
vacancy formation energy all consistently suggest that the
lattice oxygen activity decreases with an increasing Fe dopant
at the B site, which aligns with the experimental results above.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00012b

Open Access Article. Published on 28 March 2025. Downloaded on 6/19/2025 2:33:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

EES Catalysis

11 0 14 0 1
PDOS (a.u.)

<)
)

Bader charge (e)
5

Surface

Fig. 3

View Article Online

Paper

a a
3} &

O 2p-band center (eV) &
>

1
—
~N

Q
~—

Surface

(a) Projected density of states (PDOS) diagram; (b) the O 2p-band centre diagram; (c) calculation of surface electronic structure of oxygen; and

(d) oxygen vacancy formation energy for the surface in three model systems (STC, STCF, and STF).

Prediction of ODH performance based on DFT calculations

Having confirmed that the oxygen activity can be effectively
changed by varying the dopant at the B site, we further
investigated the potential impact of such changes in oxygen
activity on the ODH reaction pathway.

First, the free energy diagrams of ODH reaction on different
samples were determined by DFT calculations. The ODH reac-
tions of ethane consist of several dehydrogenation steps
(Fig. S10, ESIT): the first and second dehydrogenation steps
(CyHg (g) + * —» C,Hs* + H*, C,Hs* + H* —» C,H,* + 2H*) and
the third dehydrogenation step (C,H,* + 2H* — C,H;* + 3H¥)
or the C,H, desorption step (C,H,* + 2H* — C,H, (g) + 2H*).
In the reaction pathway diagrams (Fig. 4a), solid lines represent
the energies for the dehydrogenation steps, and dashed lines
show the results for the ethylene desorption step. The first
dehydrogenation free energy (AG,) followed the order of STC
(—0.91 eV) < STCF (—0.62 eV) < STF (—0.49 eV) (Fig. 4b). This
result implies that hydrogen is more easily stripped from the
ethane molecule on STC samples than on those with higher Fe
content at the B site,*” indicating degradation in activity toward
ethane conversion with Fe doping at the B site.

The differences between the ethylene desorption free energy
and the third dehydrogenation free energy (AGgesorption — AG3)
were evaluated. This value is representative of ethylene selec-
tivity because timely desorption of ethylene is essential to
avoid the further generation of over-oxidized products like
COy. The AGgesorption — AG3 value decreased with Fe content,
i.e., STC (0.7 eV) > STCF (0.55 €V) > STF (—0.54 eV) (Fig. 4b).
This trend indicates that as the Fe dopant level increases,

© 2025 The Author(s). Published by the Royal Society of Chemistry

the intermediate C,H,* tends to desorb to form ethylene
rather than further dehydrogenate to form other by-products,
such as CO or CO,, which could result in enhanced selectivity
toward ethylene.

We further evaluated the adsorption capacity of different
material surfaces for ethane or reaction intermediates by
comparing the binding strength of the reaction intermediates
on the material surfaces. In the first dehydrogenation step,
C,H(g) is dissociatively adsorbed (C,Hg(g) + * — C,Hs* + H¥)
(Fig. 4a). The adsorption energies of H* and C,Hs* strongly
influence the dehydrogenation activity of the materials for
ethane. The adsorption energy of H* (AE.gsu-) of STC
(3.15 eV) was much more negative than that of STCF (—2.84 eV)
and STF (—2.25 eV) (Fig. 4d). The adsorption energy of C,Hs*
followed by the same trend: STC (—2.28 eV) < STCF (—1.2 eV)
< STF (—1.04 eV) (Fig. 4d). As the Fe/Co ratios increased, the
adsorption of the two intermediates in the dehydrogenation
step weakened, further implying lower activity toward the ethane
dehydrogenation process on the STF surface. During the ethane
dehydrogenation steps, the desorbed hydrogen can be adsorbed
onto the lattice oxygen to form hydroxyl groups, which then react
to form H,O. The bond strength of the formed H,O to the surface
can influence the further dehydrogenation process. In the STC,
STCF, and STF models, the free energy of H,O formation (2H* —
Olattice = H2Olattice + Olattice) and desorption steps (HyOlattice —
H,0(g) + O,) (Fig. S11, ESIT) were calculated. For STF and STCF,
the reaction free energy of H,O formation was higher than that of
H,O desorption, while STC showed the opposite trend (Fig. 4c).
STC has the lowest reaction free energy of H,O formation

EES Catal.
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AGs (eV)); (c) the adsorption energies of H (AEqgs, H*) and CoHs (AE,qs. CoHs*) (d) the free energy diagrams of H,O formation and desorption in the three

model systems (STC, STCF, and STF); and (e) the three model systems.

(0.00 eV), followed by STCF (0.58 eV) and STF (0.66 eV) (Fig. 4c).
The free energy of H,O desorption for STC is lower than that of
H,O formation for both STF and STCF. STC is superior in
thermodynamic H,O formation and desorption processes, which
is consistent with the oxygen vacancy formation energy results.
Based on the free energy diagram results (Fig. 4a and c), it was
predicted that the activity toward ethane dehydrogenation
decreased with Fe content, while the selectivity toward ethene
increased with Fe dopant levels.

The weakened metal-oxygen covalency and fewer O-ligand
holes inhibited the adsorption of ethane and reaction inter-
mediates to the lattice oxygen by hindering electron transfer
from reaction intermediates.>*** Additionally, the lower amount
of surface-adsorbed oxygen species and oxygen vacancy content
for the samples with high Fe content (Fig. 2e, f, and Fig. S4, ESIY)
may decrease ethane conversion but prevent the over-oxidation of
ethane. All these factors combined resulted in a decreased
conversation rate but enhanced selectivity for the ODH reaction,
as shown in Fig. 4e.

EES Catal.

Modulating ODH performance via doping and electrochemical
activation

To verify the prediction about the impact of Fe content on the
conversion rate and selectivity of ODH activity, we conducted
electrochemical tests to evaluate the conversion performance. An
electrolyte-supported cell was constructed using La, gSto,Gag g3
Mgy .170;5_, (LSGM) as the electrolyte, with three different materials
(STC, STCF, and STF) as anodes and STCF as the cathode. While
ethane gas was injected into the anode for the ODH reaction, CO,
gas was introduced to the cathode side as the oxygen ion source
(Fig. 5a and Fig. S12, ESIt). When an electrochemical potential was
applied, CO, was reduced to CO, and ethane underwent an ODH
reaction to produce ethylene. The fabricated cell showed a typical
three-layer structure with a well-bonded porous anode layer to the
electrolyte-supported structure (inset in Fig. 5b and Fig. S13, ESI7).
The electrochemical impedance spectra (EIS) results showed that
the ohmic impedance and the polarization impedance of the three
anode cells did not have noticeable differences (Fig. 5b and c),
indicating similar electrochemical properties.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5

(a) The coupling of electrochemical oxidative dehydrogenation and CO, electrolysis using SOEC; EIS curve (the inset figure shows the SEM

images of the STF anode and electrolyte (LSGM) interface) and (b) polarization resistance (R) (c) at 1.2 V, (d) C;Hg conversion rate, (e) C;H, selectivity,
(f) CoH4 yield, (g) comparison of the performance as an oxidant in this work with other reported results (Numbers in the figure refer to entries in Table S2,
ESIT) (i) CoHg conversion (Cc,n ). CoHa percentage, and selectivity (P n, and Sc,p,) versus electrolysis time of cell with STF as anode at 0.8 V with a

20%C,He/Ar flow rate of 20 mL min~%.

The ethane ODH performance of different anodes (STC,
STCF, and STF) was systematically evaluated by analyzing the
reaction products using online gas chromatography. The con-
version rate and ethylene selectivity for STC, STCF, and STF
under different potential conditions are shown in Fig. 5d, e.
Consistent with the theoretical predictions (Fig. 4e), while the
conversion rate decreased with Fe content, the selectivity
increased under all applied potentials (Fig. 5d and e). The
lowest oxygen activity of STF (Fig. 2 and 3) resulted in the
lowest activity toward the dehydrogenation process, but it
prevented the deep oxidation of ethane to generate carbon
oxides (Fig. S14, ESIT). Therefore, STF exhibited the lowest
conversion rate and the highest ethylene selectivity (Fig. 5d).

We further found that applying electrochemical potential
could effectively modulate the conversion performance. In our
previous work,'” we employed synchrotron-based spectroscopy
to investigate the evolution of oxygen species on the anode
surface under electrochemical conditions. Our findings reve-
aled the formation of highly reactive oxygen species upon
the application of electrochemical potential. DFT calculations
indicated that these oxygen species promote ethane conver-
sion while suppressing ethylene selectivity. As the potential
increased, the ethane conversion rate increased, while ethylene

© 2025 The Author(s). Published by the Royal Society of Chemistry

selectivity decreased (Fig. 5d, e and Fig. S14, ESI}) for all three
different cells. These results are attributed to the formation of
active oxygen species by pumping oxygen from the cathode
through electrochemical potential, leading to high C-H bond
activation, which also leads to deep oxidative dehydrogenation
and the formation of CO,.° Interestingly, we observed an
increase in the ethylene yield for STF sample under applied
potential, and an opposite trend was noted for STCF and STC
(Fig. 5f). The cell with STF as the anode had the highest
ethylene yield of 71%, which is among the highest values
reported in the literature under similar conditions (Fig. 5¢ and
Table S2, ESIT). Such high conversion performance was sus-
tained for long-term operation, with negligible changes in C,Hg
conversion rate (Cc,u ), C,H4 percentage, and selectivity (P p,
and S ) as shown in Fig. 5i.

Correspondingly, the XRD patterns of the anode side of the
STF after electrolysis (Fig. S15a, ESIT) showed that the anode
material retains the original phase structure without change.
Raman spectroscopy results (Fig. S15b, ESIt) imply no carbon
deposition on the surface. Therefore, we consider that all
converted ethane is in the form of gaseous products (CO,,
C,H,, etc.) and that all carbon is fully used. To further inves-
tigate the reaction properties of the materials in the electrolysis

EES Catal.
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tests, we performed XPS tests on the anode surface after
electrolysis. The percentage of lattice oxygen in the three anode
materials, STC, STCF, and STF, increased in order after a short-
term electrolysis reaction (Fig. S15c¢, ESIT). The STC surface
contains only non-lattice-bound Sr (Sryoniattice), While the
lattice-bound Sr (Sriawice) on the STCF and STF surfaces
increases sequentially (Fig. S15d, ESIt), which is consistent
with the increase in the lattice oxygen. This is also an indication
that the lattice oxygen of STC is more active. All these results
consistently indicate that the cell with STF anode under applied
potential exhibited superior activity and stability.

We have consistently demonstrated that by simply applying
doping or potential, the conversion rate and selectivity cannot
be improved simultaneously. This means a seesaw effect is
generally observed, i.e., an increase in ethane conversion is
often accompanied by a decrease in ethylene selectivity, and
61617 Interestingly, the ethylene yield, which is the
most important factor for the ODH reactions, is essentially
dependent on the balance between conversion and selectivity.

The oxidative dehydrogenation of ethane, which is strongly
influenced by the oxygen activity of the electrode, faces a
fundamental challenge: achieving high selectivity and high
conversion simultaneously is difficult. The variations in selec-
tivity and conversion observed for ethane oxidative dehydro-
genation on STC, STCF, and STF anodes can be attributed to
differences in their oxygen activities, as demonstrated by
spectroscopic techniques and DFT. STF samples with a high
Fe dopant level exhibit low oxygen activity, resulting in low
ethane conversion but high ethylene selectivity. By applying
an electric potential, we can enhance the conversion rate
without significantly compromising selectivity, thereby improv-
ing ethylene yield on STF samples (Fig. 6). This ability to
balance activity and selectivity through strategic dopant selec-
tion and applied potential represents the synergistic effect
of breaking the activity and selectivity seesaw we mentioned
previously.

Consequently, by utilizing the synergistic effect of doping
and electrochemical activation, we optimized the balance
between activity and selectivity for STF. The ethylene yields
increased with the applied electrochemical potential (Fig. 5f),
leading to excellent ODH performance.

vice versa.

EES Catal.
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Conclusion

The oxygen activity of three electrode materials with different
Co/Fe stoichiometric ratios (STC, STCF, STF) have been system-
atically investigated by using advanced spectroscopic tech-
niques combined with DFT calculations. The increase of Fe
content was found to decrease the oxygen activity of the
electrode by presenting weakened covalency of the metal with
oxygen, lower O 2p-band center relative to the Fermi energy,
and increased oxygen vacancy formation energy. DFT calcula-
tions further that these changes in oxygen activity associated
with the Fe/Co ratio resulted in a reduction of the ethane
dehydrogenation energy (AG;) and an enhancement of the
disparity between the free energy of ethylene desorption and
that of ethylene dehydrogenation (AGgesorption — AG3 (€V)). This
could ultimately lead to a decrease in ethane conversion and an
increase in ethylene selectivity with Fe dopant level. Results of
the DFT calculations were confirmed experimentally by con-
structing electrolyte-supported SOEC with the ethane dehydro-
genation reaction on three different electrodes and using CO,
as the oxygen source on the counter electrode. As the Fe doping
in the electrode increases, the ethane conversion decreases
while the ethylene selectivity increases. Interestingly, by increas-
ing the applied potential, we can effectively increase the ethane
conversion without overly sacrificing the ethylene selectivity.
Finally, with the synergistic effect of doping and electrochemical
activation, SOEC with the STF anode achieved 71% ethylene
yield at 800 °C at 1.2 V, which was among the highest in the
literature for ethane ODH reaction with CO, as the oxygen
source. The results of this work provide critical insight into the
role of oxygen activity on the ODH reactions. The methodology of
combining doping and electrochemical activation can be applied
to other high-temperature electrochemical devices for energy
and environmental applications.
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