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Electrocatalytic Oxidative Coupling of Methane on NiFe
Exsolved Perovskite Anode: Effect of Water

Jaesung Kim,® Matthew Ferree,” Seval Gunduz,”™ Jean-Marc M. Millet,™ Mimoun Aouine,™

Anne C. Co," and Umit S. Ozkan*™

Oxidative coupling of methane (OCM) can be performed
electrocatalytically by utilizing solid oxide cells, which provide a
readily controlled oxygen supply through dense electrolytes.
La,,Sro,Nig,Feys0; (LSNF) perovskite is an effective anode for
OCM. lts surface characteristics and electrocatalytic activity can
be improved by reduction and the resultant exsolution of
bimetallic NiFe nanoparticles from its bulk. X-ray diffraction
(XRD) and environmental transmission electron microscopy
proved that the evolution of hetero-phases under reducing

Introduction

Currently, methane is produced in large quantities due to
recent advances in the shale gas refining technologies." In
conventional processes, steam reforming is typically required to
convert methane into valuable chemicals such as alcohols and
olefins. The steam reforming process is highly endothermic and
inefficient and, as a result, makes it unprofitable, limiting
methane utilization. A more efficient approach may be to
eliminate the reforming step from the process and, instead,
convert methane directly into valuable compounds.?
Direct conversion of methane can be achieved
heterogeneous catalysis process either through non-oxidative
or oxidative coupling. The change in Gibbs free energy for non-
oxidative and oxidative couplings of methane calculated at
temperatures ranging from 25°C to 900°C is shown in Figure 1
(thermodynamic parameters are provided in the supporting
information) and it demonstrates the inherent challenges
associated with methane conversion. The production of C,Hg
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environment resulted in bimetallic NiFe nanoparticles being
formed on the surface. A 36 % improvement in C,, hydrocarbon
production rate was achieved due to the reduction of LSNF
with the exsolved NiFe nanoparticles. Co-feeding of H,O
enhanced selective conversion of CH, resulting in the produc-
tion rate of C,, hydrocarbons being increased by 56 %. Analysis
of impedance spectra and in-situ DRIFTS under a CH,+H,0
atmosphere provided an understanding for the enhancement
on the electrocatalytic OCM.
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Figure 1. The changes in the Gibbs free energy for potential individual
reactions involved in (a) non-oxidative coupling of methane and (b)
oxidative coupling of methane at temperatures ranging from 25 °C to 900 °C.

and C,H, through non-oxidative coupling of methane requires
positive Gibbs free energy changes at all temperature ranges,
indicating that these reactions are not thermodynamically
favorable, while carbon formation is thermodynamically favor-
able at high temperatures (Figure 1(a)). Coke deposition on the

© 2023 Wiley-VCH GmbH
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catalyst surface would lead to deactivation of the catalyst,
which is an inherently challenging issue in the non-oxidative
coupling of methane.”’ In contrast, the formation of C,Hs and
C,H, through oxidative coupling of methane (OCM) is thermo-
dynamically favorable at all temperatures (Figure 1(b)). The
difficult issue of the OCM, however, is that the oxidation of
methane to CO and CO, is a more thermodynamically favorable
reaction than the coupling of methane. A strategy for
improving the selectivity of C,, hydrocarbons, including ethane
and ethylene, is to use a membrane reactor capable of
operating OCM at low partial pressures of oxygen. Specially,
solid oxide cells (SOCs) which consist of solid oxide electrolyte
membranes and electrodes may effectively control the oxygen
ion flow with an appropriate current.”*” Oxygen supply control
is important for OCM because the yields to C,, hydrocarbons
depend on a half order of O, partial pressure while deep
oxidation of CH, to CO and CO, shows first-order dependence
on the partial pressure of oxygen When applied to an
electrocatalytic system, OCM has the advantage of being
spontaneous, thus generating electricity.

Even with these advantages, however, selective conversion
of methane from OCM is still challenging for SOCs because
most catalysts having mixed ionic and electronic conductivity
are chemically reactive for a deep oxidation of methane to CO
and CO,.4%

OCM has been shown in kinetic studies to yield up to a
maximum of 28-30% C,, hydrocarbons since the rate of
hydrogen abstraction from C,. products is greater than the
rate of hydrogen abstraction from methane on the majority of
catalysts.” In order to achieve higher yields for OCM, its kinetics
and mechanism should be better understood. Literature has
indicated that certain substances that result from the oxidation
of methane may act as feedback control intermediates. As an
example, water had a positive effect on OCM over Li/MgO
catalyst, explained by the generation of additional active sites
on the catalyst surface aided by adsorbed water™ A similar
marked effect of water on the OCM reaction rate and selectivity
over NaWMn/SiO, catalyst was reported as being caused by
catalytic generation of OH* radicals and their significant role in
homogeneous activation of methane without net H,O
consumption.” Another study suggests that re-oxidation of
oxygen vacancy sites is facilitated by water molecules, leading
to an efficient turnover of the active sites.'”

Perovskite materials based on Fe, such as La(Sr)FeO,, exhibit
a range of beneficial properties for use in electrocatalysis. They
are chemically compatible with electrolyte materials, have high
electrical conductivity, and are stable in both oxidizing and
reducing atmospheres."" The electrocatalytic activity of these
materials can be further enhanced by introducing A-site
deficiency and B-site doping. Additionally, the formation of
exsolved B-site metal nanoparticles on the surface of the
perovskite material when it is exposed to a hydrogen atmos-
phere has been shown to significantly improve its electro-
chemical activity.'?

In this study, we explored La,,Sry,Nij,Fe,50; (LSNF) as an
anode catalyst in a solid oxide cell working in ion pump mode
for OCM. Reduction of LSNF perovskite treated under reducing
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environment at elevated temperatures exsolved bimetallic NiFe
nanoparticles on the surface, which are active and selective
species for OCM. The exsolution of bimetallic NiFe nanoparticles
and the resultant improvement on the electrochemical perform-
ance of LSNF anode for OCM were verified by an analysis of
surface and bulk characteristics of LSNF catalysts.

Results and discussion
Structural analysis of LSNF

Transmission electron microscopy (TEM) and X-ray diffraction
(XRD) have been used to study the crystal structure of LSNF
powders under air. In Figure 2(a), the LSNF powder calcined at
1000°C shows a sharp peak and a clean base line in the XRD
spectrum, which indicates perfect crystallinity. Based on the
XRD pattern, the LSNF has a distorted orthorhombic crystal
structure with a Pbnm space group, which is identical to LaFeO,
perovskite oxide.'”¥ An additional confirmation of the perovskite
structure has been obtained using Rietveld refinement. The
lattice parameters calculated using the UnitCell program are
a=0.5523 nm, b=0.4594 nm, and c=0.7784 nm, resulting in
the lattice volume being 0.23622 nm>."¥ As a result of the Ni
atom doping at the B site, the lattice unit cell volume of LSNF
was smaller than the reference LaFe0s, 0.24224 nm®. This is due
to the smaller ionic radius of Ni ion than Fe ion. The TEM image
of the LSNF powder at room temperature are shown in
Figure 2(b). Inverse Fast Fourier Transform (IFFT) was attempted
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Figure 2. (a) Room temperature XRD pattern of LSNF and Rietveld refine-
ment, (b1) TEM image of LSNF at room temperature, (b2) enlarged TEM
image from (b1) with lattice fringes and inverse fast Fourier transform (IFFT).
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on the region in Figure 2(b2). The obtained lattice fringes for
LSNF are 0.2772 nm and 0.2762 nm, corresponding to a (020)
and (200) planes of LaFeO; at 90° respectively. Indexing
parameters are provided in Table S2.

Exsolution of NiFe nanoparticles

Exsolution of NiFe nanoparticles as well as structural character-
istics of LSNF perovskite in a reducing environment have been
investigated by temperature-programmed reduction (TPR), XRD,
Raman spectroscopy and environmental transmission electron
microscopy (ETEM). In the TPR experiment conducted under
30 ccm of 5% H,/N,, the H,0 signal (m/z=18) was monitored
as a function of temperature up to 1000°C as shown in
Figure 3(a). The LSNF showed an initial peak at about 440°C in
the TPR profile, which can be explained by the reduction of
nickel. Upon reaching temperatures greater than 650°C, both
iron and nickel are reduced, resulting in water."”

The XRD pattern of the LSNF reduced at 800°C under 5%
H,/N, for 5 h (Red-LSNF) reveals the hetero-phases emerging,
including NiFe alloy, Ruddlesden-Popper (RP) phase La,NiO,,
and La,0; (Figure 3(b)). The weight fraction of the transformed
NiFe alloy and La,NiO, phase was calculated being 6.5% and
32.8%, respectively, by Rietveld refinement. It is typical that
La,0; is formed in conjunction with exsolution."® The structural
transformation to RP phase, La,NiO,, was also confirmed by
Raman spectra shown in Figure 3(c). The internal vibration of
FeOg octahedra in perovskite could be responsible for the
bands at 296, 434, 480 and 562 cm~"'."” The band at 144 cm™'
may arise due to the motion of lanthanum or strontium ion
inside the crystal lattice. The two Raman modes on La,NiO,
observed at 434cm™ and 216 cm™' can be assigned to the
Ni—O(2) stretching (A,;) and apical oxygen vibration along the
a- and b-axes with E; symmetry, respectively."® The Red-LSNF
exhibited contributions from both of the phases. RP phase with
a general formula, A, :B,Osn.1 (M>1), has a higher oxygen
stoichiometry than a normal perovskite, providing a better
mixed electronic and ionic conductivity."

The exsolution of nanoparticles from LSNF induced by the
reduction were observed by ETEM at 700°C under 1 mbar of H,
environment in Figure 4(a). The results of Inverse fast Fourier
transform (IFFT) on the nanoparticle show that the lattice
fringes of 0.2111 nm and 0.2050 nm at 90° correspond to (111)
and (11-1) planes of Feys,oNig4; alloy (Table S3). It was
quantitatively determined that the NiFe alloy nanoparticle has
near 1 to 1 atomic composition of Ni and Fe using scanning
transmission electron microscope (STEM) with energy dispersive
spectroscopy (EDS) in Figure S1. The exsolution of the B-site
atoms from the perovskite oxide is dependent on the formation
of partial Schottky defects in the perovskite lattice as follows
(Eq. 1):[20]

m omo, m
B§+§Oé<—>vg +5V0 +Bsurface +ZOZ(9) (1)
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Figure 3. (a) Temperature-programmed reduction profile of LSNF, (b) XRD
pattern of Red-LSNF with Rietveld refinement analysis, (c) Raman spectra of
LSNF, Red-LSNF, and La,NiO,.

Here, BY and O are B-site atoms (Ni or Fe) and oxygen ions
in the perovskite lattice, respectively, and B, is a neutral B
atom segregated at the surface. V7" and Vi are the B-site and
oxygen vacancies, respectively. The main driving force for the
process is the Gibbs free energy change from B"' to B°1
Additionally, A-site deficiency in perovskite could be a general
driving force for B-site exsolution because exsolution results in
stable defect-free ABO, stoichiometry.*?

Figure 4(b) shows the Red-LSNF surface morphology, with
particle number density as a function of particle size. The parent
LSNF surface was uniformly coated with NiFe nanoparticles, an
important characteristic of exsolution over physical deposition.
NiFe nanoparticles in this study were observed within a similar

© 2023 Wiley-VCH GmbH
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Figure 4. (a) In-situ TEM image under 1 mbar of H, atmosphere at 700 °C
with lattice fringes and IFFT, (b) in-situ TEM image of Red-LSNF under
1 mbar of H, atmosphere at 800 °C with particle number density.

size range as those observed with strontium titanate doped
perovskites, and much smaller than those observed with Ni
doped Sr,Fe, sMo, O double perovskites.*

Another advantage of exsolution is stability of the exsolved
nanoparticles at high temperatures.?” In the real time captured
images in Figure 5 and video in Appendix Video 1, the NiFe
nanoparticles shows a dynamic lateral movement in a time
range from 1.35s to 1.93 s, but they are well anchored to the
perovskite. As a result of such a firm attachment to the parent
perovskite, exsolution effectively prevents nanoparticles from
sintering at high temperatures. Figure S2 shows the socket
anchoring the exsolved particle. It is also noted that the
perovskite changes its crystal structure from orthorhombic to
tetragonal where the exsolution takes place.

Investigation of elemental oxidation state

Electrocatalytic performance of LSNF electrodes is significantly
affected by the oxidation state and atomic concentration of its
elements on their surfaces. The LSNF and Red-LSNF were
investigated using X-ray photoelectron spectroscopy (XPS). The
XPS spectra in the Fe 2p, O 1s and Sr 3d regions for both LSNF
and Red-LSNF were plotted as a function of binding energy in

ChemCatChem 2023, 15, €202201336 (4 of 13)

Figure 6. Also presented is the atomic composition calculated
from the XPS spectra of the samples.

An analysis of the binding energies of the Fe 2p,,, peak and
the satellite peak was proposed to determine the presence of
Fe’" and Fe*" by Gautier-Soyer and co-workers.*”’ Compounds
of the Fe’" ion possess approximately 8eV of difference
between the Fe 2p,, peak and the satellite peak, while
compounds of the Fe’" ion possess 4.3-5.65 eV of difference.
As the difference was estimated to be around 8 eV for both
LSNF and Red-LSNF in Figure 6(a,d), the data suggest Fe**
species being prevalent on the surface even after the reduction.
In the deconvoluted XPS spectra in Figure 6(a), the peaks
located at the binding energy of 709.5 eV and 711.4 eV can be
assigned to Fe’* 2p,, and Fe'" 2p,,, respectively for LSNF.*
Those peaks were shifted to 710.0 eV and 712.12 eV, respec-
tively, after the reduction (Figure 6(d)). The decrease in Fe**
species concentration from 49.7% to 43.8% and the advent of
zerovalent Fe of 1.6 % following the reduction of LSNF indicate
a change in the oxidation state, although Fe** and Fe*" species
still remain dominant. The Fe**/Fe** redox pairs in lanthanum
ferrite perovskites are of great significance in the electronic
conductivity of the materials because these pairs act as p-type
charge carriers.”””

Figure 6(b,e) shows the O 1s XPS spectra of LSNF and Red-
LSNF. The peaks in O 1s XPS spectra were deconvoluted into
two peaks for lattice oxygen at 528.4 eV and for surface oxygen
at 531.3 eV, respectively.” The surface oxygen may include
hydroxyl group and carbonate species. During the reduction
under hydrogen atmosphere, a hydroxyl group is formed on
the surface of Red-LSNF, which could account for the higher
concentration of surface oxygen. In addition, the oxygen
vacancies on the surface caused by reduction can be occupied
by atmospheric CO, resulting in the formation of carbonate.

Sr 3d on LSNF and Red-LSNF appears to consist of two
distinct species both of which have an oxidation state of +2 in
Figure 6(c,f). The strontium oxide species detected on LSNF
corresponded to the Sr 3d 5/2 peak at 131.7 eV, whereas the
strontium carbonate species was detected at 133.2 eV.”” The
atomic concentration of carbonate on the surface of Red-LSNF
was 64.9%, which is significantly higher than 36.4% carbonate
on LSNF. The reason is that the reduction of LSNF significantly
increased the concentration of oxygen vacancies on the surface,
which have been proposed to be the adsorption site for CO,.2”
Also, strontium oxide species have been reported to cover the
surface of perovskites as a result of their migration abilities, and
tend to react with CO or CO, in the atmosphere, resulting in
stable strontium carbonate species.?"

Analysis of surface basicity

The formation of heterogeneous phases La,NiO, and zerovalent
NiFe on the surface of Red-LSNF might affect its surface
adsorption-desorption characteristics. In addition, the oxygen
vacancies created during the reduction could serve as an
effective adsorption site for CO,. Using CO, as the probe
molecule, TPD-DRIFTS were conducted on both samples to

© 2023 Wiley-VCH GmbH
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Figure 5. Lateral shape dynamics of exsolved nanoparticles under 1 mbar of H, atmosphere at 700 °C. In-situ TEM images captured from Appendix Video 1 at

different times from 1.35 s to 1.93 s.
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Figure 6. X-ray photoelectron spectra of LSNF and Red-LSNF: (a,d) Fe 2p, (b,e) O 1s, (c,f) Sr 3d.

examine the differences between LSNF and Red-LSNF with
respect to adsorption-desorption characteristics (Figure 7). The
adsorption peaks for CO, on both samples, 2360 cm™ and
2330 cm™, are evidence that the CO, molecules were molecu-
larly adsorbed. The carbonate chemisorbed species, however,
were only found on Red-LSNF.?’?? There were molecular CO,
peaks present on LSNF up to 200°C, which disappeared
completely at 250°C, but those peaks remained visible on Red-
LSNF until 250°C, indicating a stronger adsorption of CO,.

ChemCatChem 2023, 15, €202201336 (5 of 13)

Contrary to this, chemisorbed CO, peaks were only observed on
Red-LSNF at 1530 cm™' and 1380 cm™', corresponding to
bidentate and monodentate species, respectively. An explan-
ation for this observation can be found in the increased
concentration of oxygen vacancy sites on the Red-LSNF surface,
which act as adsorption sites.®” It has been reported that Ni
nanoparticles exhibit strong interactions with CO,, especially
when combined with oxygen vacancies.®? It is also likely that

© 2023 Wiley-VCH GmbH
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Figure 7. In-situ TPD-DRIFTS of CO, on LSNF and Red-LSNF.

SrCO, is responsible for the chemisorbed CO, peaks in the
DRIFTS spectra on Red-LSNF.?¥

Electrocatalytic OCM

An evaluation of the electrocatalytic activity of the LSNF cell for
oxidative methane coupling (OCM) performed using 10 ccm of
CH, at 800°C. The LSNF cell was reduced under 5% H,/N, at
800°C for 5 h to prepare the Red-LSNF prior to the operation of
electrocatalytic OCM. OCM results for LSNF and Red-LSNF
anodes at 800°C are presented in Table 1. The selectivity
towards C,. hydrocarbons including C,H, CHs and CiHg
increased from 37.1% to 41.5% due to the reduction of LSNF,
resulting in 35.5% improvement in the production rate. In
addition, the reduction of LSNF promoted the dehydrogenation
of CHy to CH, as indicated by the increase in the ratio of
alkene to alkane ratio. The improvement on the selective
conversion of CH, can be attributed to the NiFe nanoparticles

Red-LSNF

2360 cm’’
Molecular CO,
2330 cm’|

Carbonate

1380 om 1530 cm” M

1200 1800 2400 3000

Wavenumber (cm™)

exsolved on the surface of LSNF and the increased surface
basicity induced by the reduction.

The electrocatalytic OCM on the Red-LSNF anode produced
more C,. hydrocarbons as the current density increased
(Figure 8 and Table 2). The production rate of C,, hydrocarbons
was measured as 31 pmolcm™ h™' at open-circuit voltage
(OCV), which increased with the increase in the applied current.
This means that OCM is an electrocatalytically activated process,
with oxidative coupling of CH, being favored over non-
oxidative coupling. When 150 mAcm™ of current density was
applied, the production rate of C,. hydrocarbons was
345 umolcm?h™", which is 11 times higher than that under
OCV. The highest selectivity of C,, hydrocarbons were achieved
53.8% at 25 mAcm™ A similar button cell in a recent study
achieved a G, hydrocarbons selectivity of around 30% and a
production rate two orders of magnitude lower than this
study.”? While there have been other studies on electrocatalytic
OCM, their results are not directly comparable to the results of
this study due to differences in the reactor setup, applied

Table 1. OCM results on LSNF and Red-LSNF anode under 150 mAcm 2 at 800°C.
Anode Carbon selectivity [%] C,, hydrocarbons Conversion C,, hydrocarbons Alkene® Carbon balance
Selectivity [%] [%] Production rate® /Alkane [%]
[umolcm2h™"]
C,H, CHg CiHe co Co,
LSNF 19.1 16.2 1.9 1.5 61.3 371 7.6 255 1.3 92.1
Red-LSNF 214 15.5 4.6 33 55.2 41.5 9.7 345 1.7 94.5
[a] C,. hydrocarbons include C,H,, C;Hg, and C;Hg, [b] Alkene includes C,H, and C;H,.
Table 2. Electrocatalytic OCM results on the Red-LSNF anode.
Current density Carbon selectivity [%] C,, hydrocar-  Conversion Alkene C,, Production Faradaic efficiency ~ Carbon bal-
[mAcm?] bons [9%] /Alkane rate [%] ance
Selectivity [%] [umolcm™h™"] [%]
CH, CH¢ GHs CO CO,
ocv 21.1 388 35 16.1 205 634 0.6 0.6 31 - 99.7
25 214 269 39 0.0 474 526 6.0 0.9 136 99.5 98.6
50 243 247 49 1.2 450 538 6.8 1.2 204 923 98.6
75 238 212 49 1.8 484 499 7.5 1.4 247 88.3 97.2
100 229 188 49 23 512 46.6 8.3 1.5 282 94.9 98.9
125 219 168 4.6 28 539 433 9.3 1.6 312 92.6 97.6
150 214 155 46 33 552 415 9.7 1.7 345 94.5 98.4
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was measured for 3 h at each current density, and it displayed
great thermochemical stability during that period of time
(Figure 8(c)). The stability can be attributed to the anchoring
effect of the exsolved NiFe nanoparticles.

The electrochemical impedance spectra of the Red-LSNF cell
were obtained under OCV and at different current densities for

ChemCatChem 2023, 15, €202201336 (7 of 13)
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Figure 9. (a) Electrochemical impedance spectra, (b) distribution of relaxa-
tion time, and (c) polarization resistance for electrocatalytic OCM at 800 °C at
different current densities.
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Figure 10. Electrocatalytic OCM results on the Red-LSNF cell at 800 °C at

75 mAcm~ with co-feeding of H,0. (a) production rate of C,. hydrocarbon
and the ratio of alkene to alkane, (b) carbon selectivities and conversion, (c)
time-on stream of the cell voltage.

the impedance spectra. The distribution of relaxation time
(DRT) was investigated in order to identify key sub-steps
involved in the electrode reaction process. DRT is useful for
directly deriving characteristic distribution patterns from impe-
dance spectra without assuming a model of an equivalent
circuit. Calculation for DRT is based on solving a Fredholm
in;cegral equation, assuming* the impedance is
Z (w) =Z'(w) —jZ"(w), where Z (w) is the complex impe-
dance and Z' and Z are the real and imaginary parts of
complex impedance, respectively (Eq. 2).
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The integrated polarization resistance is shown in Figure 9(c)
and Figure S4 shows the deconvoluted peaks. In the short
response time range in 10™°s and 2.7x10™* s, the HF peak
attributed to charge transfer showed a slight decrease, reaching
approximately 0.20 Qcm?” The polarization resistance in HF
region is normally constant since it is dependent on electrolyte,
contact resistance at the interfaces, and current collectors.®
The observed decrease in the resistance on the Red-LSNF
electrode with the increase in applied current can be explained
by the number of redox pair of Fe**/Fe™ since lanthanum
ferrite type perovskites follows a small polaron conduction
mechanism.”” The redox concentration of Fe*'/Fe** pairs in
the Red-LSNF would stay low under the reducing environment
for OCM. When the current is applied, the oxygen supply could
increase the number of the redox pair resulting in the electronic
conductivity increasing. It has been reported that perovskite
materials such as (Lagy;5Sro25)005CrosMnysO; show higher con-
ductivity under oxidizing environment than under reducing
environment.®” R in the response time range of 2.7x107*s to

© 2023 Wiley-VCH GmbH
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Figure 11. (a) Electrochemical impedance spectra, (b) distribution of relaxation time, and (c) polarization resistance for electrocatalytic OCM at 800 °C at
75 mAcm 2 with co-feeding of H,0, (d) TPO profiles and SEM backscattered electron images on the post-OCM LSNF anodes without H,0 and with co-feeding

of 5.1 kPa H,0.

6.0x 1072 s associated with surface exchange and ion diffusion
significantly decreased from 0.27 Qcm? to 4.14x107° Qcm?
when the current density increased from 25 mAcm™ to
150 mAcm™2 The results indicate that the applied current
enhances the surface reaction on the surface of the Red-LSNF
anode, as oxygen ions present on the surface are able to react
with methane. The polarization resistance at low frequency (R;)
is attributed to mass transfer at the interface between the
electrode and gas phase. The R peak at 25mAcm™ was
estimated to be 6.75 Qcm?, but it decreased to 0.39 Qcm? at
150 mAcm™?, indicative of the facilitated mass transfer. This is
likely due to the enhanced surface reaction of CH, resulting in
the concentration of CH, being decreased at the interface of
the anode, leading to a greater concentration gradient.

The effect of H,O on the electrocatalytic OCM

The effect of water on the electrocatalytic OCM was also
examined at the applied current density of 75 mAcm™ Fig-
ure 10(a) and Table 3 show the production rate of C,, hydro-
carbons and the ratio of alkene to alkane at different partial
pressures of H,O in the range of 5.1 kPa to 15.2 kPa. A 56%
increase in the production rate of C,, hydrocarbons were
observed when 10.1 kPa of H,0 was co-fed at 75 mAcm™
compared to that without H,0. Due to similar increases in the
selectivity of C,H, and C,H,, the ratio of alkene to alkane
remained approximately the same. It is notable in Figure 10(b)
that adding H,O suppresses the deep oxidation of CH, to CO,
by ~99% at 15.2 kPa resulting in the more selective conversion

Table 3. Electrocatalytic OCM results on the Red-LSNF anode with co-feeding of H,O.

pH,O [kPa] Carbon selectivity [%] C,, hydrocarbons Conversion Alkene C,, Production rate Faradaic efficiency [%] Carbon balance
Selectivity [%] [%] /Alkane  [umolcm ?h™'] [%]
CH, GCH¢ GCHs CO CO,
0 238 212 49 1.8 484 499 6.8 1.4 247 80.9 94.6
5.1 269 197 6.0 24 451 525 83 1.7 354 99.9 93.7
7.6 279 207 6.1 26 427 548 8.2 1.7 367 99.5 93.8
10.1 297 210 6.5 26 404 57.1 7.8 1.7 401 99.1 94.3
12.7 300 233 6.2 25 380 595 8.4 1.6 389 90.5 93.6
15.2 299 230 6.2 2.7 382 59.1 73 1.6 395 88.6 94.8
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Figure 12. In-situ DRIFTS at 450 °C under CH, on (a) LSNF without H,0, (b)
Red-LSNF without H,0, and (c) Red-LSNF with H,0.

of CH, toward C,, hydrocarbons. The positive effect of H,0 on
OCM was prominent at less than 10.1 kPa of pH,O. A similar
result has also been reported in literature, that the addition of
more than 8 vol% of H,O doesn’t further enhance the rate of
methane oxidation over NaWMn/Si0,."® This result implies that
H,O does not directly participate in methane oxidation reaction
as a reactant. The fact that CO, selectivity was reduced, and CO
selectivity stayed unchanged with co-feeding of H,O also
indicates that H,O is not an active reactant for water-gas shift
reaction and steam reforming of CH,. It can be assumed that
H,O facilitates the re-oxidation of the surface oxygen vacancy
sites resulting in the rapid turnover of the active sites.'” In this
assumption, the surface coverage with hydroxyl groups in-
creases rapidly to a saturation level at low concentrations of
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H,0. Hence, the increase of H,O concentration above a certain
point has no effect on the electrocatalytic OCM.

The co-feeding of H,0 also affected the cell voltage as
shown in Figure 10(c). The cell voltage increased to 0.5 V when
15.2kPa of H,0 was co-fed from 0.27V without H,0O at
75 mAcm™ of current density. The cell showed the thermo-
chemical stability under the condition containing CH, and H,0
for 3 h. The impedance spectra for OCM under the condition is
shown in Figure 11 with the corresponding DRT. The increase in
the polarization resistance on the Red-LSNF cell was observed
with the increase of H,O concentration. The change in the
polarization resistance at different H,O concentration can be
seen in detail with the DRT spectra in Figure 11(b) and the
calculated magnitude, phase, Z, and Z” are provided with
experimental values in Figure S5. The DRT peaks in HF, IF, and
LF region shifted to longer response and the peak intensities in
HF and LF region noticeably increased with the increase of H,0
concentration, indicating the increase of polarization resistance
of the cell.

The deconvoluted DRT spectra is shown in Figure S6 and
the integrated peak area is plotted as polarization resistance in
Figure 11(c). The increase of Ry was observed with the increase
of H,0 concentration. Essentially, H,O affects the electrolyte/
electrode contact interface or current collector of the cell, which
may hinder the charge transfer. At intermediate frequency, the
R was almost constant at different current densities despite of
the slight increase of the response time. In this regard, it
appears that H,O plays no direct role in the OCM reaction.
When H,O concentrations were lower at 5.1 kPa and 7.6 kPa, R ¢
associated with mass transfer decreased, while when the
concentrations were further increased, R increased. The
decrease of the R at lower concentration of H,O can be
explained by the removal of coke deposited on the surface of
the Red-LSNF anode since coke deposited on the active sites on
the Red-LSNF must have a detrimental impact on the catalytic
performance of the cell. Figure 11(d) compares temperature-
programed oxidation (TPO) profiles and SEM backscattered
images of the LSNF cells that has undergone OCM, with and
without the co-feeding of 5.1 kPa H,0. The post-OCM LSNF cell
exhibits a significant CO, signal in the absence of H,O co-
feeding, but the signal is negligible when 5.1 kPa H,0 was co-
fed. The darker regions of the SEM backscattered electron
images correspond to lighter elements, such as carbon, while
La, Sr, Fe, and Ni in the perovskite structure of the LSNF anode
appear as lighter regions in the images. Several micrometer size
carbon particles were deposited on the post-OCM LSNF anode
surface that was not co-fed wit H,0. On the other hand, bulky
carbon is not visible on the post-OCM LSNF surface that was co-
fed with 5.1 kPa H,0. Accordingly, TPO results and SEM images
on the post-OCM LSNF cells indicate that the co-feeding of H,0O
during OCM effectively prevented carbon from being deposited
on the surface of the LSNF cell resulting in the polarization
resistance being reduced. It has been reported that a few
percent of H,O significantly improved the catalytic performance
on methane dehydrogenation reaction.®® Higher concentration
of H,O may hinder the diffusion of CH, near the surface leading
to the increase of the R;;.

© 2023 Wiley-VCH GmbH
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A further investigation was conducted using in-situ DRIFTS
under CH, at 450°C as shown in Figure 12. Two strong peaks
located at 3015cm™ and 1300cm™ are attributed to the
asymmetric C—H stretch (v3) and bending of CH,, respectively.”
The DRIFTS spectrum on LSNF catalysts shows two additional
small peaks at 2360cm™' and 2330cm™' associated with
molecularly adsorbed CO,.**¥ These peaks are due to deep
oxidation of CH, on the LSNF surface. In contrast, the IR bands
corresponding to C,H, were found at 1460 cm™' and 860 cm ™'
only on the Red-LSNF under CH,, without co-feeding of H,0.“”
This result indicates that the Red-LSNF catalyst is selective
toward C,Hs formation and effectively inhibits the deep
oxidation of CH, to CO,. Under CH, flow with 3% H,O in
Figure 12(c), the DRIFTS spectrum shows that small molecular
CO, peaks and the OH bending vibration of H,O in 1800-
1400 cm™"*" The broad band of H,O located between
3100cm™ and 3500 cm™' was not observed because the
operating temperature of 450°C is too high to form the
stretching modes of hydrogen-bonded OH.”” The IR band of
C,H¢ was also not detected suggesting that the H,O molecules
may prevent adsorption of C,Hs or promote the desorption of
C,Hq by saturating the surface of the Red-LSNF. Since C,H; is
more susceptible to the deep oxidation to CO, than CH,, the
enhanced desorption of C,H, is likely to decrease the deep
oxidation to CO,. As such, co-feeding with H,O could be an
effective method of increasing selectivity and production rate
of C, hydrocarbons for the electrocatalytic OCM.

Conclusion

The oxidative coupling of methane (OCM) selective towards C,_.
hydrocarbons was accomplished electrocatalytically by making
use of solid oxide cells that provide easy control of oxygen
supply through solid oxide electrolytes. LSNF perovskites
effectively performed for the electrocatalytic OCM as an anode
and the improvement of their surface characteristics induced by
the reduction and the resultant exsolution of NiFe nanoparticles
were evaluated by various techniques. XRD and ETEM analysis
proved that bimetallic NiFe nanoparticles were evenly exsolved
on the surface of LSNF under a reducing environment at
elevated temperatures. An observation of the firm attachment
of exsolved NiFe nanoparticles to the surface of the perovskite
parent with a dynamic lateral movement was made through a
real time video using ETEM. An analysis of XPS revealed the
reduction treatment of LSNF resulted in a decrease in the
surface elemental oxidation state of iron atoms, partially down
to zerovalent species, and an increase in the surface adsorbed
species on O 1s and Sr 3d spectra, indicative of oxygen vacancy
formation. The in-situ TPD-DRIFTS with CO, as a probe molecule
indicates an increase in LSNF basicity, which is one of the key
characteristics of activating weakly acidic CH,. Compared with
the LSNF, the production rate of C,, hydrocarbons on the Red-
LSNF improved 35.3% for the electrocatalytic OCM. The OCM
reaction on the Red-LSNF was electrocatalytically activated to
produce 11 times more C,, hydrocarbons. Additionally, co-
feeding of H,0 enhanced the selective conversion of CH,
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resulting in a 56% increase in the production rate of C,,
hydrocarbons. Analysis of impedance spectra and in-situ DRIFTS
under CH, with H,0 suggested that the improvement of the
electrocatalytic OCM results is likely due to the saturated
coverage of H,O molecules on the Red-LSNF surface.

Experimental

Preparation of catalysts

The citric acid-ethylenediaminetetraacetic acid (EDTA) complex-
ation method was employed to prepare La,,Sry,Nig,Feqs0; (LSNF),
as previously reported.*'? Stoichiometric amounts of metal-nitrate
salts were dissolved in 100 ml of deionized water. A 1:1 molar ratio
of EDTA to the total metal ions was added to the solution at room
temperature. At 60°C, ammonium hydroxide was added to the
solution to stabilize the pH at 6. After adding ethylene glycol and
citric acid, the solution was heated to 90°C, maintaining a pH of 6.
Afterward, the gel formed was dried at 150 °C. Crystalline LSNF was
obtained by calcining dried black powder for 2 h at 1000°C. The
calcined LSNF powders were reduced at 800°C under 5% H.,/N, to
produce Red-LSNF samples.

Evaluation of electrochemical performance

A button cell was fabricated using a screen-printing technique on a
commercial Yttria-stabilized zirconia (YSZ) electrolyte (25 mm in
diameter, 125 pm in thickness; Nextech Materials). An interlayer of
gadolinium-doped ceria (GDC; Nextech Materials) was screen-
printed on the anode side and sintered for 2 h at 1400°C in air. The
LSNF was mixed with GDC at 40 wt% and the mixture was screen-
printed on the top of the GDC buffer layer to cover an area of
0.72 cm?, then sintered under vacuum at 1200°C. A 50 wt%
(LaggoSro20)00sMNO5-50 Wt %  (Y,05)005(Zr0,)09, (LSM-YSZ; Nextech
Materials) mixture was screen-printed and sintered at 1200 °C under
air for 2 h. A gold paste was used to attach the gold wire and gold
grid to the electrodes as current collectors. The experimental setup
for OCM s illustrated in Figure S7. During electrocatalytic runs,
10 ccm of 99.99% CH, was flowed into the anode side and the
operating temperature was at 800 °C. The cathode side was open to
atmosphere. The electrochemical impedance spectrum (EIS) was
collected with frequencies ranging from 1 MHz to 10 mHz using a
potentiostat (BioLogic). Distribution of relaxation time was analyzed
using a DRTtools.”™ The gas products were quantified using a pulse
discharge helium ionization detector (PDHID) and a flame ionization
detector (FID) in an on-line gas chromatograph (Shimadzu 2014).
The methane conversion was calculated based on the methane
concentration difference between the feed and the effluent (Eq. 5),

in __\out
Xen, :MX 100% (5)
CHy
where yg, and yZ/ are the methane mole fractions in the feed and
the effluent stream, respectively. The selectivity for the hydrocarbon
species j was calculated as (Eq. 6):

ny;
S = Zlnj}’i x 100 % (6)

where n is the number of carbon atoms in the molecule of the
hydrocarbon product.

© 2023 Wiley-VCH GmbH
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Characterization

Bruker D8 Lead X-ray powder diffractometer equipped with Cu Ka
X-ray source was used to acquire the X-ray diffraction patterns. The
voltage and current in the generator were 40kV and 40 mA,
respectively. The 20 scan range was 20°-60° and the step size was
0.014° per 0.5 s. An open crystallographic database (COD) was used
to identify phases.* The Rietveld refinement method was used to
determine Miller indices and weight fractions for each phase using
General Structure Analysis System-2 (GSAS-2)."¥

A MKS Cirrus mass spectrometer was used to analyze the effluent
produced by the temperature-programmed reduction (TPR) of
30 sccm of 5% H,/N,. Catalyst powders were filled into the reactor
and the temperature was ramped up from room temperature to
1000°C with a ramp rate of 10°Cmin~". Temperature-programmed
oxidation (TPO) was conducted for the post-OCM LSNF cells under
30 sccm of 10% O,/He with a ramp rate of 10°Cmin~".

Environmental transmission electron microscopy (ETEM) character-
ization was conducted with a FElI Titan ETEM G2 80-300 kV
instrument equipped with an objective Cs aberration corrector.
Mass flow controllers and mass spectrometers monitored the
effluent under various temperatures and 1 mbar H, atmospheres
for the ETEM study. Using a mass spectrometer (Pfeiffer), the
concentration of hydrogen was continually measured. Inverse Fast
Fourier Transform (IFFT) was conducted using Image J program.**!
The scanning transmission electron microscope (STEM) was used
for an investigation of Red-LSNF using a TECNAI F20 TEM operating
at 200 kV equipped with an energy dispersive X-ray spectroscopy
(EDS).

SEM backscattered electron images were taken in an FEI Apreo
instrument at an accelerating voltage of 20 kV and 0.2 nA beam
current.

Raman spectra of the samples were collected in a Horiba HR800
Raman microscope equipped with 514.5 nm wavelength argon ion
laser as the radiation source.

X-ray photoelectron Spectroscopy (XPS) was employed to inves-
tigate the surface elemental oxidation state and composition using
a Kratos Axis Ultra XPS instrument. It is equipped with a
monochromated Al Ka X-ray source (1254 eV, 12 kV, 10 mA) and a
charge neutralizer at 2.05 A of element current, 1.3V of filament
bias, and 3.6 V of charge balance. Calibration for each scan was
based on the C 1s standard peak at 284.5 eV.

Thermoelectron Nicolet 6700 FTIR equipped with an MCT detector
was used to collect temperature-programmed desorption (TPD) -
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
data. A 1:20 ratio of catalyst-to-potassium bromide (KBr) was used
for dilution of powder samples. Helium pretreatment of the
samples at 450°C was performed to desorb any species adsorbed
prior to the experiment. DRIFTS spectra were collected at various
temperatures under helium after samples were exposed to CO, at
50°C for in-situ TPD-DRIFTS of CO,. For in-situ DRIFTS under CH,,
the DRIFTS spectra of the pretreated samples were acquired under
30 ccm of 10% CH,/He at 450 °C with or without 3% H,0.
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