Electrochemical Dehydrogenation of Ethane to Ethylene in a Solid Oxide Electrolyser
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ABSTRACT: The conversion of ethane, a main component of natural gas, to ethylene feed stock has attracted
widespread attentions since the worldwide shale gas revolution. Thermal catalysis of ethane to ethylene, mainly
oxidative dehydrogenation, faces the fundamental challenge of low conversion, low selectivity and catalyst
coking. This work demonstrates an efficient conversion of ethane to ethylene in a non-oxidative dehydrogenation
process in a proton-conducting solid oxide electrolyser at ambient pressure and 700°C. We show the highest
ethane conversion of 75.2% and ~100% ethylene selectivity even only at 0.8 V in this electrochemical catalysis
process. The electrochemical pumping of protons at anode with active exsolved metal-oxide interfaces enhances
anode activity while the metal-oxide interface interactions further engineer the ethane conversion in the
electrochemical dehydrogenation process. We exsolve metal-oxide interface architecture at nanoscale on
electrode scaffold to improve coking resistance and catalyst stability. We further present the reduction of carbon
dioxide to carbon monoxide in the cathode combined with ethane conversion in the anode and we show the
higher performance of ethane conversion in the anode with syngas production in the cathode. The
electrochemical dehydrogenation process would provide an alternative method for the petrochemical production
and a thermochemical practice in a clean energy mode.
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INTRODUCTION

Shale gas has demonstrated a huge potential to revolutionize the energy and chemical industry because of the
recent increase in proven reserves. Ethylene (CoHa) is one of the basic components for the synthesis of chemical
products in the chemical industry.'? Because of the high fraction of ethane (C,Hg) in shale gas (>20vol%), C2Hg
has become a rich and economically attractive raw material for C2H4 production. Currently, steam cracking of
tubular furnace is the main technology of C;H4 production, and ~99% of global C;H4 production uses the tubular
furnace pyrolysis.** Typically, the steam cracking of CoHg has a conversion rate of 70%, with CoHy yields of
about 50%. However, the steam cracking still face fundamental challenges including thermal constraints,
operation at high temperatures, and energy-intensive process.

An alternative to steam cracking method is oxidative dehydrogenation (ODH) of CoHg (C2Hg + O2 = 2C3Ha +
2H,0 and C;Hg¢ + CO, = C;Hs + CO + H20). The ODH process can reduce carbon deposition from ethane
splitting by lowering operation temperature,. There are reports of C;Hy4 yields of ~42% (750°C) and ~63%
(850°C) with C,H4 selectivity up to ~90%.>¢ However, the possible deep oxidation of hydrocarbons would
reduce the C2Hy selectivity, and the mixture of C2Hg and O is a potential safety hazard. In contrast, non-oxidative
ethane dehydrogenation (EDH) avoids most ODH-related problems. EDH process is more attractive to the
transformation of gas containing C>He, such as shale field gas, refinery off-gas, shale gas in unfavorable
geographical locations. The CoHg conversion is ~28% and the C,Hy selectivity is about 70% at 600°C with ZSM-
5 zeolite supported Fe catalysts. The shortcoming of EDH is that C,H4 and H» cannot be separated, which leads
to low C2Hs conversion and C,Ha selectivity. Hence, if H> can be selectively removed from the reaction system,
the conversion of CoHg is no longer restricted by thermodynamic equilibrium, allowing the conversion rate of
C:Hsto be increased at a lower temperature and developing active catalysts with high C2Ha selectivity and coking
resistance.



Non-oxidative conversion of CoHe to CoHy is essentially a dehydrogenation process,” which could be achieved
in an electrochemical process. Proton-conducting solid oxide electrolysers (SOEs) have been under the spotlight
for their efficiency in converting electricity from renewable energy into fuels and chemicals.®!° They usually
use ceramic components which therefore can deliver the advantages of durability and low production cost and
the stack scale can be up to 100 kilowatt. Available exhaust heat stream in industry could add additional energy
to the system with operation temperature at ~600-900°C. This temperature region well fit the operation
conditions of the non-oxidative dehydrogenation process of CoHg to CoHa. A recent study shows that the CoHe
conversion reaches a maximum of ~18% with traditional nickel-cermet anode and the coking formation is
observed in the electrochemical dehydrogenation process.!! As shown in Figure 1, C;Hs can be directly
electrolyzed into CoH4 and H* (C.Hs — CoHs + 2H™ + 2¢7) at anode, while the generated H™ are transported
through the electrolyte to cathode and form H, (2H* + 2e~ — H,), under an externally applied potential in proton-
conducting SOEs. When CO; is fed into the cathode reacting with H* to produce CO (CO,+ 2H* +2¢~— CO +
H>0), which would not only achieve the CO- reduction but also greatly improves the CoHg dehydrogenation
efficiency by decreasing the overpoentials between the two electrodes. This electrochemical non-oxidative
dehydrogenation process of C,Hs into C>Hs would show huge application potential and the utilization of
available waste industry heat flow would further improve electricity efficiency.

As the C-H bonds of C;Hs are more stable than the C-C bonds, electrochemical non-oxidative dehydrogenation
of C2Hs to CoHs in a proton-conducting SOE can selectively activate and break the C-H bonds of C,Hg in the
porous electrode.'?!3 The electrochemical pumping of protons from C,Hg in anode is indeed a process of non-
oxidative dehydrogenation under the electrochemical potentials. We use the proton-conducting barium zirconate
cerate (BaCeo.7Zr0.1Y0.1Yb0.103-5, BCZYYD) electrolyte which exhibits the proton conductivity as high as
6.2x103 S cm™' with very small activation energy.'%!'> The high proton conductivity at low operation
temperature and high flux would restrain the carbon coking from thermodynamic C>Hs splitting. Active metal-
oxide interfaces can selectively activate C-H bonds while the electrochemical pumping of protons would
constantly dehydrogenize CoHe to form C,H4.%'92! Active metal-oxide interfaces would therefore improve the
coking resistance while the synergistic control of external applied voltage would further tailor the CoHe cracking
process leading to excellent catalysis durability. Electronic conductor Nbj33Ti067045 is a typical redox-
reversible ceramic electrode material,?? and the doping of Mn in the lattice would create the oxygen vacancy to
facilitate ionic conduction, which therefore offers a suitable scaffold to accommodate the metal-oxide interface
for the electrochemical dehydrogenation of C2He in solid oxide electrolyser anode.

The typical metal catalysts including low-cost nickel and noble metal nanoparticles are generally used to
construct strongly-interacting metal-oxide interfaces to facilitate the catalysis conversion of C.He.>?3-2 By using
an impregnation method, traditional metal-oxide interfaces can be constructed on porous oxide scaffolds.
However, the long-term instability of metal nanoparticles degrades catalysis performance, which is atrributed to
the nanoparticle sintering and agglomerations at high temperatures.?®?’ In contrast, in situ growth of exsolved
metal-oxide interfaces through a reversible phase decomposition under reducing conditions would be an
alternative approach to enhance catalyst stability and activity.?8-*° The anchoring of metal nanoparticles on oxide
particularly enhances stability and coking resistance, that is due the strong interactions in the exsolved metal-
oxide interface structures at the nanoscale. Forming alloy particles at exsolved interface would be another way
to increase coking resistance. The close interaction between different elements at atomic scale gives rise to the
alloying effect which would be favourable to the catalysis activity and coking resistance for the C,Hg conversion
to C2Hs.3! The NixCu;— alloys would generate strong interfacial interactions in the interfacial architectures that
are highly favorable for the C2Hs conversion to C2Hs in the porous electrode.

Here we present the electrochemical conversion of CoHg to C2Hy in a non-oxidative dehydrogenation process in
a proton-conducting SOE with the anode of NixCuj-x-doped Nby 33(Ti0.8Mno 2)0.6704-5 (NTMO). NixCu;— alloys
nanoparticles are exsolved on NTMO backbone to grow embedded metal-oxide interface architecture. The strong
interfacial interaction at exsolved metal-oxide interface would improve the stability and coking resistance at high
temperature. We study the electrochemical pumping of protons from C,Hs for the directly non-oxidative
dehydrogenation in the anode. We also investigate the electrochemical dehydrogenation of C2Hs in conjunction
with CO; reduction in cathode and present the further enhanced C>Hg conversion.



EXPERIMENTAL SECTION

Experimet Prodecures. We synthesize five samples of the Cu-NTMO, Nig25Cug.75-NTMO, NigsCuo s-NTMO,
Nig75Cuo25-NTMO and Ni-NTMO using a microwave-assisted combustion method.”> We denote the
NbTio_4Mno,1(NiXCLI17X)0_504h§ as NixCujx-NTMO with x=0-1. We synthesize the BaCey.7Z10.1Y 0.1 Ybo.103-5
(BCZYYb) powders using a liquid-phase combustion method.'* We use X-ray diffraction (XRD; Miniflex 600,
Japan) and X-ray photoelectron spectroscopy (XPS; ESCALAB 250Xi, USA) to investigate the oxidized and
reduced samples. The cathode-supported half cells of NiO-BCZYYDb|BCZY YD are fabricated by the co-pressing
method, following by a sintering at 1450°C for 4 hours."* We prepare the electrode slurry composed of
NbTip.4Mng.1(NixCui—«)0.504-5 and BCZYYb powders at a weight ratio of 65:35 with Ethyl cellulose additive to
form porosity. Single cells (active area is 1 cm?) are assembled with different anodes. We conduct the
electrochemical tests of C2Hs dehydrogenation in the anode with 5% Ha/Ar (or CO») in the cathode at 700°C.
We use an electrochemical workstation (Zahner IM6, Germany) to conduct the electrochemical measurements.
We use a gas chromatograph (GC; Shimazu 2014, Japan) to analyse the product gas compositions. We observe
the cathode microstructures using a scanning electron microscopy (SEM; SU-8010, Japan) and a high-resolution
transmission electron microscopy (HRTEM; Tecnai F20, USA).

Theoretical Calculations. We conduct all the calculation of Density Functional Theory in the Vienna Ab Initio
Simulation Package.’?> We use the generalized gradient approximation and we choose the Perdew-Burke-Ernzerhof
(PBE) functional here to present the exchange correlation interactions.** We use the method of projector augmented
wave (PAW) to investigate the interaction between core and valence electrons. The DFT-D3 method is
implemented in VASP for the dispersion correction. The optimized rutile TiO; crystal with a 5x5x8 k-point grid
gives a lattice parameter of 4.646 A for a and b and 2.966 A for c. We set an energy of 450 eV to the plane wave
cut-off. We choose the periodic slab model by setting a p(4x2) superstructure with four Ti-O-Ti trilayers (48 Ti,
96 O) at (110) facet. We fix the bottom two Ti-O-Ti trilayers while we relax the top two trilayers. We set a
thickness of 20 A for the vacuum region. We sample the Brillouin zone by using a 3x3x1 k-point grid. We
calculate the energy of oxygen vacancy formation of TiO> (110) surface according to Efor = Edef — Eperfect — po.>
The Eder, Eperect and Lo are the energy for a defective with a vacancy, the total energy of perfect surface and the
energy of O atom taken from molecular O,, respectively. We calculate the adsorption energy of CoHe using Eads
= Eiotal — Eeth — Estab. Etotal, Estab and Eem are the energy of the adsorption system in total, the TiO; (110) system
without adsorption and ethane molecule, respectively. The structures of six clusters (Nil1, Cull, (Ni-Cu)-1, (Ni-
Cu)-2, (Ni-Cu)-3, (Ni-Cu)-4) on TiO; (110) surface are constructed. We simulate the metal-oxide interface by
setting a system composed of the Ni-Cu cluster on TiO, (110) with oxygen vacancy. We present the optimized
configurations of the six clusters in Figure S9. We use the equation of Ep = (Ewt — mEcy — nEni —Esiab)/(m + n)
to study the binding energy (Ey) of the Ni/Cu atoms at surfaces. Ei, Esiab, Ecu and Eni are the energy of Ni/Cu
atoms at surface in total, the surface, a Cu atom and a Ni atom, respectively. The m and n indicate the number
of Cu and Ni atoms, respectively. We chose the (Ni-Cu)-4 structures for the subsequent calculation. The
adsorption energy of C,Hs at interface is calculated according to the equation of Eags = Etotal — Ecth — Eslab*. Erotal,
Eslab+, and Ecm are the energy of the adsorption system in total, the TiO2 (110) system with cluster adsorption
and the ethane molecule, respectively. The structure after optimization and adsorption energy are shown in
Figure S10. We conduct the transition state (TS) searches by the climbing image nudged elastic band (CI-NEB)
method.®

RESULTS AND DISCUSSION

Figure 2a shows the XRD of the synthesized NixCujx-NTMO powder samples which indicates the
homogeneous solid solutions with Ni/Cu dopant in lattice. We grow the exsolved NiCu;.«-NTMO interface by
reducing the samples in 5%H,/Ar. Figure 2b confirms the existence of NixCu;—x phase after reduction. XRD
rietveld refinement patterns of the samples are presented in Figure S1-S2. XPS in Figure S3 validates that Ni/Cu
elements at at metallic state after reduction, confirming the exsolution of the NixCu;-x alloy from lattice. Thermo-
gravimetric analysis (TGA) tests in Figure S4 further confirm that the up to ~100% Ni/Cu metal are exsolved
in this phase decomposition process while partial Mn*" are reduced to Mn3* to create the associated oxygen
vacancies in lattice. Figure 2c¢ gives the microstructure of Nig sCug s-NTMO after reduction, showing the metal



particles uniformly embedding on oxide surface. The metal particles distribute in a very narrow range with a
mean size of ~33 nm. Figure 2d presents the in situ grown NigsCuos-NTMO interface with metal particles
deeply anchoring on NTMO backbone, which indicates a strong interaction at the exsolved interfaces. The
anchoring interface architecture would not only prohibit the sintering of metal particles but also delivers
enhanced resistance to carbon deposition from C>He conversion. Through a synergistic control of doping and
non-stoichiometry, the exsolution of metal-oxide interface would be a universal method, which is expected to
be extended to more metal-oxide interfaces on scaffolds.

The rutile NiyCu;_x«-NTMO oxides demonstrate a conductivity of ~30-150 S cm™" (5% Hy/Ar atmosphere) and
1.5x1075~0.5 S ¢cm™! (air atmosphere) at ~400-800°C in Figure S5. Figure S6 shows the observed oxygen
exchange coefficient diagram of the samples. For the rutile scaffolds, the equilibrium time shows that the growth
of exsolved metal-oxide interfaces effectively enhances the oxygen exchange process. With the intimate
interaction between Ni and Cu in NixCuix alloy nanoparticles, the equilibrium time is further reduced by ~10-
100 times, indicating the significant enhancement of oxygen exchange with the metal-oxide interfaces. These
exsolved NixCuix-NTMO interfaces would facilitate the electrochemical dehydrogenation of C2He to C2H4 at
external bias. A fully assembled cell consists of a dense 35 pm-thick BCZY'YD electrolyte on a porous NigsCug s-
NTMO anode, and a porous Ni-BCZY YD cathode in Figure S7. BCZYYb is an outstanding proton-conducting
electrolyte with high ionic conductivity and proton transfer numbers at medium to high temperatures and we
thus operate the electrochemical dehydrogenation of C;He at 700 °C. We conduct the non-oxidative
dehydrogenation of CoHs at anode while the simultaneous transportation of proton to the cathode and forming
H; gas. Here we use external bias to promote C,Hs dehydrogenation process to generate CoHy at anode. We pre-
reduce the anode to exsolve the interface architectures consisting of metal nanoparticles are grown in situ and
embedded in the NTMO backbones.

Figure 3a presents the dependence of current density on the applied voltages, confirming that the NigsCugs-
NTMO anode enhances current density by approximately 100% in contrast to the Cu-NTMO anode. The growth
of alloy nanoparticles greatly increases the current density to ~0.83 A cm™ at 0.8 V with the optimal interface
compositions in porous NTMO backbones. Figure 3b presents the dependence of current density on the exsolved
interfaces, implying greatly improved CoHg dehydrogenation with active interfaces. Figure S8 demonstrates the
lowest electrode polarization resistance of ~0.3 Q cm? at 0.8 V with the NigsCuos-NTMO anode, indicating the
significantly enhanced the electrode activity toward C;Hg conversion. The compositions of NixCuj—x-NTMO
interface can further continuously engineer the catalysis activity of anodes with exsolved interface architectures.
And the optimum composition of NipsCuo s-NTMO is observed to deliver the highest electrode acitvity. Figure
3¢ shows the summarized data of the electrode polarization resistances of the non-oxidative dehydrogenation of
C,H¢ with different interface compositions at 0.4-0.8 V at 700°C. The results show that the decrease of electrode
polarization resistance is closely related to the synergistic control of interface compositions and applied voltages.
We further conduct theoretical calculation of transition states to understand the dehydrogenation of CoHg to CoHy
at metal-oxide interface. Figure S9 shows the interface models with different configurations in which we
simulate the metal-oxide interface with different metal clusters stacked on defected TiO, surface. Figure S10
shows the adsorption configurations of C,Hs at the surface of defected TiO and the metal-oxide interface, which
clearly confirms the enhanced chemical adsorption with interface interactions in contrast to defected surfaces.
Figure 3d presents that the energy barrier is 0.91 eV and 0.40 eV for the dehydrogenation of C2Hs at NiCu/TiO2
interface, which is much lower than those at Ni/TiO, and Cu/TiO interface, indicating that the coupling between
defected surface and metal alloy clusters is beneficial to the dehydrogenation progress. We present the calculated
transition states of the dehydrogenation progress at Ni/TiO, and Cuw/TiO; in Figure S11. The metal-oxide
interfaces architecture is expected to highly facilitate the dehydrogenation process while the alloying effects
wold further enhance the catalysis activity, which well fits our observed experimental results.

Figure 4a presents the anode product analysis during the electrochemical non-oxidative dehydrogenation of
C,Hs with different NiyCuix compositions while the protons are ionically pumped to the cathodes. Here 100%
concentration of C;Hs is supplied to the anode for electrochemical measurements. We study the thermal cracking
of CoHg under open circuit conditions and we confirm 30.5% of CoHg conversion in Figure S12. When a voltage
is applied, CoHs concentrations positively depend on applied potential, which indicates that C,Hs can be



successfully converted to CoHa by this electrochemical method even though there still exists some H; and a small
amount of CH4 in anode. The C,Hg conversion reaches 66.3% with C,H4 selectivity of 99.7% in Figure 4b at
0.8 V, which is the best CoHs conversion and C,H4 selectivity in contrast to the reported C,Hs conversion both
in oxidative and non-oxidative processes. It is observed that the exsolved interfaces increase the CoHs production
by about 35~50%, which indicates the favourable cleavage of C-H bonds at interfaces. The dehydrogenation
process is thus controlled by the synergy of external voltage and interface compositions at anode. Figure 4¢
shows the electrochemical pumping of protons from the anode to the cathode and form H», while the amount of
H> depends on the current. The NigsCuos-NTMO anode gives 0.83 A cm™ at 0.8 V, that ~6.3% H, is generated
in the cathode. The electrochemical performance is significantly enhanced by using ceramic Nip.sCuos-NTMO
electrode with exsolved metal-oxide interfaces, while the C,Hg conversion together with CoHy yields and
selectivity are therefore remarkably improved in contrast to the nickel-cermet anode.!!

The electrochemical dehydrogenation of C,Hs leads to the generation of CoHs4 in anode while thermal splitting
of CoHg to C2Hy is also present in anode. We observe ~100% of Faraday efficiency for the generation of H in
cathode for electrochemical CoHg dehydrogenation as shown in Figure S13a. The Faraday efficiency is ~100%
for C2H,4 production in the process of electrochemical dehydrogenation of C2Hs in Figure S13c. The extra CoHy
in anode is from thermal splitting of Co,Hs which could be considered as background even though some
fluctuations may be present in different processes. In control experiments, we supply a mixture of Ho/CoHg with
the ratio in the range of 0-10 to anode for the thermal splitting tests under open circuit conditions. We observe
that the C,Hs conversion only reaches 30.5% with the H,/C;He ratio at 0, which is far below the theoretical
conversion of 70.0%. It is observed that higher H> content leads to lower C;Hs conversion for the Hy/CoHe ratio
ranging from 0 to 10. At the Ho/C;Hg ratio of 10, the CoHs conversion is significantly decreased to 10.2%, which
is remarkably lower than the theoretical C;Hs conversion of 51.5%. The presence of H, with concentration in a
wide range in anode significantly changes the C,Hs conversion in thermal splitting process. In contrast, we
supply a mixture of Ho/C>He with the ratio in the range of 0-10 to anode for the electrochemical dehydrogenation
tests. As shown in Figure S14, the C;Hs conversion is as high as 66.3% at H»/CoHg ratio of 0, which is
comparable to the theoretical C;Hs conversion of 70.0% and significantly higher than the observed C;Hs
conversion of 30.5% in thermal splitting tests under open circuit conditions. The enhancement of C,Hs
conversion confirms the dominance of electrochemical C,Hg conversion. At the Ha/C,Hg ratio of 10, the CoHs
conversion still maintains a value of as high as 61.6%, which further confirms the dominance of electrochemical
C,Hs conversion even in a gas mixture with initial CoHs content lower than 10%. The electrochemical pumping
of proton from C;Hs gives rise to the enhanced CoHg conversion even with a significantly high content of
hydrogen. It should be noted that the conversion of 100%C,Hg can reach 75.2% in anode in the electrochemical
dehydrogenation process if combined with CO, reduction in cathode as discussed later, which is much higher
than the 70.0% conversion as calculated from the thermodynamic equilibrium in thermal splitting.

Figure 4d presents the operation of the non-oxidative dehydrogenation of C;Hg with the Nip sCuo s-NTMO anode
in a proton-conducting SOE, which indicates remarkable stability after 10 hours at 700°C and 0.6 V. The current
density and C;Hs generation remain stable during the operation. Exsolved interface architectures lead to
enhanced stability by preventing nanoparticles from coalescing due to a decrease in surface energy. This strong
interfacial interaction would also give rise to improved charge transfer and coking resistance at high temperatures.
We isolate a single nanoparticle anchored on NTMO scaffold after tests. As shown in Figure S15, the
nanoparticle is deeply anchored on the NTMO substrate while Cu and Ni are homogeneously distributed in the
particle, revealing the homogeneous alloying features of the metal nanoparticles. The microstructure of the
Nio.sCuo.s-NTMO anode generally remains unchanged after stability test. In addition, no coking formation is
visually observed in Nio.sCuos-NTMO anode after stability test for electrochemical dehydrogenation of C;He.
As shown in Figure S16, the chemical state of Mn, Ni and Cu remain basically unchanged before and after
stability test. The microstructure of the porous NigsCuos-NTMO anode maintains well after stability test. The
embedding effect would provide improved high temperature stability against the severe long-term agglomeration
and carbon deposition from C,Hs conversion.

In our work, the deep cracking of ethane would lead to carbon formation on electrodes. We exsolve metal-oxide
interface architectures and add copper to nickel to form alloying effects to enhance coking resistance. One reason



would be the the strong interactions at the exsolved interfaces that enhances coking resistance. The other would
be the alloying effects with strong interactions between different elements that can further enhance the resistance
to carbon deposition. It is well known that the C formed during the dehydrogenation of ethane results from the
deep cracking of ethane. We simplify the oxide as defected TiO, and then construct a model of metal-oxide
interfaces. Figure S17 presents the Gibbs free energy of the ethane deep cracking process calculated from the
reaction equation as follows:

CoHe (g) +2* =2C* + 3Ha (g)
Where “C*” is C atom adsorbed on cluster/TiO; system. And “*” provides active position. CoHe (g) and Ha (g)
means that ethane and hydrogen are in gaseous state. The Gibbs free energy is calculated by:

AG =AE + AZPE - TAS

Where AE is the energy calculated by DFT; AZPE is the zero-point energy; T is the temperature; AS is the
Entropy. The Gibbs free energy of the progress is 0.306 eV on Ni/TiO; system which is much lower than the
3.24 eV on Cu/TiO; system. It should be noted that the Gibbs free energy of the progress is enhanced to 2.45 eV
on (Ni-Cu)/TiO; system. It suggests that it might be not a difficult process for the ethane deep cracking on
Ni/TiO2 system but the alloy effectively increases the energy barrier and therefore significantly enhances the
coking resistance for the ethane dehydrogenation process.

This electrochemical process includes the C,Hg conversion in anode and the ionically pumping protons from
anode to cathode. Figure 5a shows the electrochemical performance of CO, reduction in cathode in combination
with C,H¢ dehydrogenation in anode at the same time. The exsolved interface architectures in porous anode
backbones enhance the performances with the optimum interface composition of NigsCuos-NTMO observed.
Similar changing trend is also observed for short-term performance and in situ impedance in Figure S18-S19.
Figure 5b shows the H»/CO ratio versus interface compositions and external voltages, which displays that the
higher external bias promote CO, reacting with H* while best composition is the NigsCuos-NTMO composite
with appropriate interface composition in anode. We conduct a control experiment by directly pumping the gas
mixture of Ho/CO; to cathode under open circuit conditions, where the supplied H» is identical to the H»
generation amount in cathode during electrochemical C,Hs dehydrogenation as shown in Figure S20a. The ratio
of CO/H; is generally at ~99:1 calculated from the thermodynamic equilibrium of reverse waster gas shift
reaction as shown in Figure S20b. In addition, the observed ratio of CO/H; in control experiment is only ~20:1,
which indicates that the CO generation is far below the thermodynamic equilibrium of reverse gas shift reaction
under open circuit conditions. In the electrochemical process, the observed ratio of CO/H; is enhanced to as high
as ~80:1, which implies that the electrochemical reduction of CO; to CO may be a dominant reaction even though
the reverse water shift gas reaction is still present.

Figure 5c shows the conversion of C,Hs to chemicals at anode and CO; reduction is simultaneously performed
at cathode. The CyHs selectivity of 99.9% while the CoHg conversion reaches 75.2% in the Nig sCuos-NTMO
anode at ambient pressure and 0.8 V as shown in Figure 5c¢ and Figure S21a. This higher performance of
integrating CO» reduction in cathode with electrochemical dehydrogenation of CoHe in cathode would be
attributed to the reduced electrochemical potential between the two electrodes that greatly improves the
dehydrogenation process of C2Hs in anode. We also observe ~100% of Faraday efficiency for CO/H, in cathode for
electrochemical dehydrogenation of C;Hs in conjunction with CO; reduction in cathode as shown in Figure S13b.
The Faraday efficiency is ~100% for C,H4 production in the process of electrochemical dehydrogenation of CoHg with
CO; reduction in Figure S13d. The conversion of 100%C;Hs can reach ~75.2% in anode in the electrochemical
dehydrogenation process combined with CO; reduction in cathode by decreasing the overpoentials between the two
electrodes, which is much higher than the ~70.0% conversion calculated from the thermodynamic equilibrium in
thermal splitting under operation conditions. Figure S21b presents the operation of the non-oxidative
dehydrogenation of C2Hg for 10 hours, which further validates the stability even with CO; reduction in cathode.
In Figure 5d, we can find the clear structures of the porous Nig sCu s-NTMO electrode which well adheres to
the BCZY'Yb electrolyte, indicating a compatibility between electrode and electrolyte after electrochemical test.
The NigsCuos particles remain basically unchanged without obvious carbon deposition, which indicates
resistance to agglomeration, sintering and carbon deposition of the interface architectures.

CONCLUSION



In summary, we show an alternative approach to electrochemically convert C;Hs to CoHs with high CoHe
conversion, high C;Hs selectivity in a proton-conducting solid oxide electrolyser. We in situ exsolve metal-oxide
interface architectures at nanoscale delivers strong interface interactions, which enhances the C-H bonds
activation, sintering stability and coking resistance. Electrochemical non-oxidative dehydrogenation of C,Hs in
anode in combination with CO; reduction in cathode shows the enhanced C;Hs conversion of 75.2% with ~100%
CyH4 selectivity. The electrochemical pumping of hydrogen ions at metal-oxide interfaces facilitates the
exceptionally high anode activity while the interface compositions further engineer the ethane conversion. The
porous anode backbone with in sifu grown metal-oxide interfaces at nanoscale displays significantly improved
catalyst stability and coking resistance. This work would not only provide an efficient and reliable
electrochemical process for CoHg conversion but also offer an alternative in wealth of other alkane conversion
into worthy chemicals.
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Figure 1. Here the C,Hg is converted to C2Hs in anode and H' in anode while CO; is reacting with H to generate
CO and H>O in cathode in a simultaneous process in a proton-conducting solid oxide electrolyser.
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Figure 2. XRD of (a) oxidized samples, (b) reduced samples; (¢) SEM image of the reduced NigsCuos-NTMO;
(d) HRTEM microscopic result of the reduced Nip sCups-NTMO.
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Figure 3. (a) The current—voltage (I-F) curves of the solid oxide electrolysers with different anodes for C,He
dehydrogenation at 700°C; (b) The short-term operation of C,Hg dehydrogenation with the composite anodes at
different voltages; (¢) The electrode polarizations with different anodes at 0.4-0.8 V at 700°C; (d) Potential
energy profile for the ethane dehydrogenation on NiCu/TiO; interface. (carbon in gray, copper in orange, nickel in
bule, titanium in silver white, oxygen in red and hydrogen in white)
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Figure 4. (a) The product analysis of electrochemical dehydrogenation of C,Hs with different anodes; (b) CoHs
conversion and C,Hj selectivity; (¢) The amount of H, depends on the current in the cathode; (d) The short term
performance of the electrochemical dehydrogenation of CoHg with the NigsCuos-NTMO anode in a proton-

conducting SOE. ((12 Cu—NTMO, B: Nio,zsCllojs—NTMO, Y- Nio,sCUo_s—NTMO, o: Nio_75CUo_25—NTMO, g: Ni-
NTMO)
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Figure 5. (a) The current—voltage (/-V) relationship of CO; electrolysis with C2Hs conversion at 700°C; (b)
Cathode product analysis at various voltages; (c¢) The product analysis in the anode; (d) SEM images of the
Nip.sCups-NTMO porous electrodes after electrochemical test. (a: Cu-NTMO, B: Nig25Cug75-NTMO, v:
Nip.sCuo5-NTMO, &: Nig.75Cu025-NTMO, &: Ni-NTMO)



