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HIGHLIGHTS

e The novel hybrid structured nanofiber electrode, incorporating crushed nanofibers into the nanofiber network, is designed to effectively

resolve the issue of insufficient interfacial bonding of porous nanofiber electrodes on solid electrolyte interfaces.

e The hybrid nanofibers are covered with in situ exsolved metal nanocatalysts to enhance CO, reduction reaction rate.

e FElectrochemical and microstructure 3D reconstruction analyses confirmed the hybrid structure’s efficiency in improving the contact

area at the porous-solid interface, leading to an increase in reaction sites.

ABSTRACT The unique characteristics of
nanofibers in rational electrode design enable effec-
tive utilization and maximizing material properties
for achieving highly efficient and sustainable CO,
reduction reactions (CO,RRs) in solid oxide elec-
trolysis cells (SOECs). However, practical appli-
cation of nanofiber-based electrodes faces chal-
lenges in establishing sufficient interfacial contact
and adhesion with the dense electrolyte. To tackle
this challenge, a novel hybrid nanofiber electrode,
Lay ¢Sty 4Cog 15Feq sPdg 05055 (H-LSCFP), is
developed by strategically incorporating low aspect

ratio crushed LSCFP nanofibers into the excess
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porous interspace of a high aspect ratio LSCFP nanofiber framework synthesized via electrospinning technique. After consecutive treatment in

100% H, and CO, at 700 °C, LSCFP nanofibers form a perovskite phase with in situ exsolved Co metal nanocatalysts and a high concentration

of oxygen species on the surface, enhancing CO, adsorption. The SOEC with the H-LSCFP electrode yielded an outstanding current density of

22Acm™2in CO, at 800 °C and 1.5V, setting a new benchmark among reported nanofiber-based electrodes. Digital twinning of the H-LSCFP

reveals improved contact adhesion and increased reaction sites for CO,RR. The present work demonstrates a highly catalytically active and robust

nanofiber-based fuel electrode with a hybrid structure, paving the way for further advancements and nanofiber applications in CO,-SOECs.
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1 Introduction

The persistent global challenge of CO, emissions has
spurred intensified efforts to accelerate the wide implemen-
tation of CO, capture, utilization, and storage (CCUS) strate-
gies [1]. In this context, high-temperature solid oxide elec-
trolysis cells (HT-SOECs) have emerged as vital components
in the CCUS ecosystem, enabling the efficient conversion
of notoriously inert CO, molecules into valuable chemical
compounds using surplus renewable electricity. [2, 3]. HT-
SOEC:s consist of fuel and oxygen electrodes, separated by
an oxygen ion conductive electrolyte [4]. The fuel electrode
plays a central role in electrochemical reduction of CO, into
CO and O* [5]. The generated O*~ migrates through the
solid electrolyte and converts into O, in the oxygen elec-
trode [6], while the CO product can be further upgraded into
high-energy—density, long-chain hydrocarbons through the
Fischer—Tropsch process [7].

The utilization of conventional catalytically active Ni-
based cermets as fuel electrode materials for CO,-SOECs
has been limited due to stability issues encountered in car-
bon-rich environments during prolonged operation, such as
re-oxidation or carbon deposition [8§—10]. Consequently, the
research focus has shifted toward the development of fuel
electrode materials that possess not only high catalytic activ-
ity but also redox stability and carbon tolerance in a CO,
environment [11]. Several perovskite-based mixed ionic and
electronic conducting (MIEC) materials, such as lanthanum
strontium cobalt ferrite (La,_,Sr,Co,_ Fe ,O;_; LSCF) and
Sr,Fe, sMo, sO4_s. -based, have been reported to fulfill these
criteria [12, 13]. To enhance the catalytic activity of LSCF,
researchers have employed surface modification techniques,
such as in situ exsolution, wherein catalytically active metal
nanoparticles are decorated on the perovskite surface [14,
15]. Recently, Lee et al. developed a high-performance and
durable Pd-doped LSCF (LSCFP) fuel electrode material by
introducing 5 mol% Pd doping into the B-site of the LSCF
perovskite, which concurrently promoted phase transition
to the RP phase under the reducing condition at lower tem-
perature and facilitated the in situ exsolution of catalytically
active metal nanocatalysts on the surface [16].

In addition, the rational design of electrode microstruc-
ture plays a crucial role in effectively utilizing and enhanc-
ing a material’s properties, including catalytic activity [17,
18]. Extensive research has, therefore, focused on designing
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nanostructured electrodes [19], with particular interest in
one-dimensional nanomaterials such as nanofibers due to
their high porosity for facile gas diffusion, pathways for ionic
and electronic conductivity, and large surface area for an
increased number of reaction sites [20, 21]. For instance, Liu
et al. reported the fabrication of the nanofiber oxygen elec-
trode for solid oxide fuel cell (SOFC) composed of LSCF
nanofibers that exhibited a maximum power density (MPD)
of 0.62 W cm™ and demonstrated excellent durability for
450 h at 600 °C. Their high performance was attributed to
the unique architecture of the long and thin fibers, facilitat-
ing efficient mass and charge transport [22]. More recently,
Jung et al. demonstrated a remarkable reduction in polariza-
tion resistance and high stability of nanofibers incorporated
in a nanocomposite electrode during direct hydrocarbon-
fueled operation [23].

Despite the numerous structural advantages offered by
nanofiber-based electrodes, their practical application has
been limited owing to their insufficient interfacial contact
and adhesion on the dense electrolyte [24]. To overcome this
hurdle, some researchers have reported solutions involving
an interlayer deposition using conventional powder mate-
rials between the nanofiber electrode and electrolyte [24,
25]. Although the insertion of the powder layer increases
the adhesion of the nanofiber electrode, it introduces addi-
tional resistance to ionic conduction [10], and the actual
electrochemical reaction at the electrode occurs in the pow-
der interlayer rather than the nanofibers, largely nullifying
the effectiveness of using nanofibers. On the other hand,
Wei et al. demonstrated a robust Li; ;3Coy ;5Nij ;sMng 5,0,
electrode with long-range electron pathways for Li-ion bat-
teries by bridging isolated electrode particle regions with
incorporated vapor-grown carbon fibers. This study suggests
that combining high aspect ratio nanofibers with materials
with lower aspect ratio synergistically enhances connectivity
within the bulk electrode and facilitates charge transfer [26].

Inspired by these previous studies, we have designed a
novel structure for the nanofiber electrode by strategically
incorporating crushed nanofibers (thus, with lower aspect
ratio) into the excess porous interspace of the nanofiber
matrix. This hybrid structured nanofiber electrode effectively
creates additional surfaces at the two-phase interface and
within the bulk electrode without agglomeration, improving
the contact adhesion and increasing the number of reaction
sites available at the fuel electrode/electrolyte interface for
CO,-SOECs.

https://doi.org/10.1007/s40820-023-01298-w
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In this study, we prepared a hybrid nanofiber LSCFP
(referred to as H-LSCFP) fuel electrode by incorporat-
ing crushed LSCFP nanofibers into the original nanofiber
matrix synthesized using electrospinning technology.
The crystallographic structure, composition, and surface
chemistry of the H-LSCFP were systematically analyzed,
and the CO, electrolysis performance of SOECs with the
H-LSCFP electrode was evaluated. Additionally, the cor-
relation between microstructural characteristics of the fuel
electrode and its CO, electrolysis performance was eluci-
dated through the digital twinning using a state-of-the art
3D reconstruction technique.

2 Experimental Section
2.1 Electrode Preparation

Stoichiometric amounts of La(NO;);-6H,0 (99.9%, Alfa
Aesar), Sr(NO3), (99.99%, Sigma-Aldrich), Co(NO,),-6H,0
(99.99%, Alfa Aesar), and Fe(NO;); 9H,0 (99.99%, Alfa
Aesar) and PA(OCOCH3), (99.999%, Sigma-Aldrich) were
dissolved in a Dimethylformamide (Alfa Aesar) solvent.
Subsequently, Polyvinylpyrrolidone (Sigma-Aldrich) poly-
mer was added to the precursor solution and stirred until a
viscous LSCFP polymer precursor solution was obtained.
The solution was then pumped through a plastic syringe
using a 25-gauge plastic needle nozzle at a feed rate of
0.25 mL h™'. A high voltage of 17.5 kV was applied to
the needle, while the collector was grounded at 0 V, and
the distance between the needle and collector was fixed
at approximately 17-18 cm. The resulting as-electrospun
nanofibers were calcined in air at 1000 °C for 2 h, at a
heating rate of 2 °C min~! to obtain the fiber ash. For the
F-LSCEFP electrode ink, the LSCFP nanofiber ash was ultra-
sonically dispersed and mixed with a binder (441 ESL,
Electro Science) at a ratio of 0.15 to 0.2. The H-LSCFP
electrode ink followed the same procedure but also included
crushed LSCFP nanofibers. A comprehensive depiction of
the electrospinning process employed for the synthesis of
LSCFP nanofibers is shown in Fig. S1, while a step-by-step
description of the H-LSCFP electrode fabrication procedure
is illustrated in Fig. S2.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

2.2 Characterization

X-ray diffraction (XRD) patterns of the LSCFP nanofibers
were analyzed over a 26 range of 20°-80° using a high-res-
olution X-ray diffractometer (Smartlab, Rigaku) with CuKa
radiation (A1 =1.54 A). The crystal structures were refined
using SmartLab Studio II software package (Rigaku). The
microstructure of the nanofibers and cell components was
observed using field-emission scanning electron microscopy
(FE-SEM, S-8230, Hitachi). Morphology and compositional
properties of the LSCFP nanofibers were examined using
high-resolution transmission electron microscopy (HR-TEM,
Talos F200X, FEI) equipped with energy-dispersive X-ray
(EDX) spectroscopy (Bruker). Surface oxidation states of
the LSCFP nanofibers were analyzed by X-ray photoelec-
tron spectroscopy (XPS, Nexsa G2, Thermo Fisher) with the
CASA XPS software package. The CO,-temperature pro-
grammed desorption (CO,-TPD) was performed using an
Autochem II 2920 (Micromeritics) equipped with a thermal
conductivity detector. Measurements were conducted in a
U-type quartz reactor using 0.2 g of sample. The sample was
pre-treated in 50 sccm He at 400 °C for 1 h. Then, the CO,
adsorption experiment was carried out in CO, of 50 sccm at
900 °C for 1 h. After cooling the sample to room tempera-
ture, the TPD curves were measured in 50 sccm He from
room temperature to 900 °C.

2.3 Cell Fabrication for CO, Electrolysis of SOEC

Symmetric cells were prepared using Lay, sSr,, ,Ga, sMg;,05_5
(LSGM, Kceracell) pellets uniaxially pressed at 40 MPa
and sintered at 1450 °C for 5 h. The prepared electrode ink
was coated on both sides of the LSGM pellet, resulting in
a symmetric cell configuration of electrodellelectrolytellel
ectrode. For the fabrication of electrolyte-supported single
CO,_SOECs, the LSGM electrolyte was prepared by a tape-
casting method [27]. First, La, §Sr, ,Gay Mg, ,05_5 (LSGM,
Kceracell) powders were ram-mixed with a methyl ethyl
ketone (MEK, Samchun), ethanol (Supelco), triton (Alfa
Aesar), and a polyethylene glycol (PEG300, Samchun Chemi-
cals) mixture. Subsequently, polyvinyl butyral (BUTVAR
B-79) and dibutyl phthalate (DBP, Junsei) were sequentially

@ Springer
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introduced as binders and plasticizers and thoroughly mixed.
After degassing for 1 min under vacuum while mixing, the
LSGM slurry was cast onto a polyester Mylar film using a
doctor blade on a bench-top tape caster (Hantech, Co., LTD)
and dried for 24 h in ambient air at room temperature. The
obtained LSGM tape was then punched into 25-mm circu-
lar disks and then sintered at 1450 °C for 5 h. The resulting
sintered disk was polished to a thickness of approximately
200-220 pm. To prevent the formation of unwanted second-
ary phases, a LDC (Kceracell) buffer layer was introduced
between the fuel electrode and electrolyte. The oxygen elec-
trode consisted of a composite of LSCF (Fuelcellmaterials)
and GDC (Rhodia) in a ratio of 50:50 wt%. The oxygen and
fuel electrode slurries were applied to the LSGM electrolyte
by blade-coating and sintered at 1100 °C for 3 h, at a heat-
ing rate of 3 °C min~!. The active area of the electrodes was
approximately 0.5 cm?.

2.4 Electrochemical Measurements

The electrode resistance of the LSGM electrolyte-supported
symmetric cell was evaluated in the temperature range of
700-850 °C using a potentiostat (VMP-300, Bio-Logic). The
measurements were carried out with a 100 mV AC ampli-
tude signal at an applied potential of 1.5 V in 100% CO, of
50 sccm. The frequency range for the impedance analysis
was set from 0.1 Hz to 1 MHz. The distribution of relaxa-
tion time (DRT) analysis of the obtained impedance data
was performed using DRT Tools developed by Ciucci et al.
[28]. The current—voltage (I-V) characteristics of the SOECs
with H-LSCFP and F-LSCFP fuel electrodes were measured
in a custom-built airtight single-cell measurement system.
The edge between the cell and alumina reactor was made
gas-tight by sealing with Ceramabond 517 (Aremco). The
electrochemical performance of CO,-SOECs was evaluated
using a potentiostat (VMP-300, Bio-Logic). CO, was sup-
plied to the fuel electrode at a flow rate of 50 sccm, while the
oxygen electrode remained exposed to ambient air. In the FC
tests, the fuel electrode was supplied with humidified hydro-
gen (3% H,0) at a flow rate of 200 sccm, while the oxygen
electrode was exposed to dry air (200 sccm). The off-gas
product analysis was conducted using an on-line gas chro-
matograph (GC-7820, Shimadzu) equipped with a thermal

© The authors

conductivity cell detector (TCD). The rate of gas flow was
measured using a flowmeter, and Faradaic efficiency was
calculated using the following equation:

nCO,measured X ZCO XF

n, measurt
FECO _ CO,measured x 100% _ Foe

nCO,theoretical

X 100%
(D

where n¢o measurea (MOl s~ 1) represents the measured carbon
monoxide (CO) production rate obtained from the exhaust
gas of the electrochemical cell (GC data). I(A) denotes
the current, Z~, is the number of electrons involved in
CO molecule production, F stands for Faraday’s constant
(96,485 C mol_'), and ¢ represents time.

2.5 Digital Twin of Electrodes

For the digital twinning of the nanofiber-based electrodes,
a focused ion beam (FIB)-SEM dual beam system (ZEISS,
Crossbeam 550) was utilized. To enhance the contrast of
the SEM images and improve pore recognition within the
electrodes, an epoxy resin (EpoVac system, Struers) was
vacuum-infiltrated into both samples. The Smart FIB soft-
ware (Zeiss) was utilized to perform ion beam slicing and
SEM imaging, generating images at 32.5 nm intervals along
the z-axis. To prevent curtaining effects and charging during
image acquisition, we coated the region of interest with plat-
inum [27, 29-33]. For the 3D reconstruction of the obtained
image series, various processes, including cropping, align-
ment, and segmentation, were carried out using AVIZO
software (Visualization Science Group). The segmentation
process was particularly crucial for the quantitative analysis
of the nanofiber-based electrodes, enabling the identifica-
tion of distinct phases. Initially, we applied image de-noising
using a non-local means filter [34], a well-established tech-
nique renowned for noise reduction, including curtaining
effects, while preserving edge intensity. Phase designation
was achieved using the watershed segmentation algorithm
[35, 36], which calculates voxel gradients, treating them as
a 2D or 3D landscape. Based on the segmented data, quanti-
fied parameters such as volume fraction, phase connectivity,
surface area, and TPB density were calculated from Avizo
software. Additionally, we determined the tortuosity factor
of each electrode using a MATLAB plug-in called the Tau
Factor [37].

https://doi.org/10.1007/s40820-023-01298-w
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Fig. 1 a Schematic illustration depicting the synthesizing process of LSCFP nanofibers. b SEM image of the as-electrospun LSCFP nanofib-
ers before calcination. ¢ TEM-EDX elemental mappings of La (cyan), Sr (green), Co (purple), Fe (dark orange), Pd (red), and O (yellow) for
the calcined LSCFP nanofibers. Rietveld XRD refinement of the LSCFP nanofibers d calcined in air at 1000 °C for 2 h and e LSCFP nanofibers

treated in 100% H, of 100 sccm at 700 °C for 2 h. (Colour figure online)

3 Results and Discussion

3.1 Crystallographic Phase Analysis

Figure 1la illustrates the electrospinning technique used to
synthesize nanofiber mats from LSCFP precursor polymer
solution. In Fig. 1b, a magnified SEM image of the nanofiber
mats exhibits their porous and interconnected structure. The
as-synthesized nanofibers were subsequently calcined in air
at 1000 °C for 2 h. Figure 1c depicts a TEM image and
the corresponding EDX mapping images of the calcined
nanofibers, which confirmed the uniform distribution of

SHANGHAI JIAO TONG UNIVERSITY PRESS

all constituent elements (La, Sr, Co, Fe, Pd, and O) within
the nanofibers. HR-TEM in Fig. S3 revealed an interpla-
nar distance of 2.74 A, corresponding to the (110) planes
of the perovskite structure. Figure 1d shows the Rietveld
refinement analysis of the calcined LSCFP fibers, indicating
a successful formation of a perovskite phase (space group
R-3¢, 100 wt%) structure with a space group of R-3c, lat-
tice parameters of a=b=5.50 A and a lattice volume of
351.86 A, without any impurities or secondary peaks. The
goodness of fit (%) parameter value of 0.94 attested to the
validity of the refinement results, indicating a good agree-
ment between the observed and calculated data for the cal-
cined LSCFP nanofibers.

@ Springer
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Fig. 2 a Rietveld XRD refinement of the LSCFP nanofibers consecutively heat treated in 100% H, (100 sccm) and CO, (100 sccm) at 700 °C
for 2 h each. SEM comparison images of the b pristine and ¢ nanofibers consequently treated in 100% H, and CO, at 700 °C. d-h TEM-EDX
elemental mappings of La (cyan), Sr (green), Co (purple), Fe (dark orange), and Pd (red). i Magnified STEM image of exsolved Co nanoparticle
with HR-TEM image of j the particle and k LSCFP perovskite matrix. (Colour figure online)

The calcined nanofibers were reduced in 100% H, of
100 sccm at 700 °C for 2 h. Figure le presents the Riet-
veld refinement results, showing the decomposition of the
LSCFP nanofibers from the perovskite to the Ruddles-
den—Popper (RP) phase of the tetragonal crystal structure
(LaSrFeO,, space group I4/mmm, 62.7 wt%, a=b=3.88 A,
c=12.72 A), with the metallic phases of the Co—Fe alloy
(space group Pm-3 m, 36.4 wt%, a=b=c=2.86 A) and
Pd (space group, Fm-3 m, 0.97 wt%, a=b=c=3.95 A).
These results were consistent with a previous report [16].
The scanning TEM (STEM) image in Fig. S4a reveals the
formation of nanoparticles with an average size of ~ 15 nm,
exsolved on the parent nanofiber surface. Point analysis of
an exsolved nanoparticle revealed a significant presence of

© The authors

Co and Fe in the Co-Fe alloy, with atomic ratios of 28.56%
and 46.48%, respectively (Fig. S5). An HR-TEM analysis of
the nanoparticle core (Fig. S4h) and particle/support inter-
face (Fig. S4i) yielded interplanar distances of 0.203 and
0.257 nm, respectively, corresponding to the (110) crystal
planes of the Co-Fe alloy (Pm-3 m (221)) and (112) planes
of the RP structure (I4/mmm (139)).

The reduced LSCFP nanofibers were exposed to 100%
CO, of 100 sccm at 700 °C for 2 h. Figure 2a shows the
refinement results, which demonstrate that the reduced
LSCFP nanofibers reverted back to perovskite (space
group R-3c, 87.7 wt%, a=b=5.54, c=13.58 A) with
a metallic phase of Co (space group Fm-3 m, 8.3 wt%,
a=b=c=3.69 A) and Pd (space group Fm-3 m, 3.9 wt%,

https://doi.org/10.1007/s40820-023-01298-w
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a=b=c=3.9 A) after the 100% CO, treatment. The result-
ing perovskite structure differed from that of the nanofibers
calcined in air, as evidenced by a slight shift in the diffrac-
tion peaks to a lower 26 value. Furthermore, unlike the clear
surface of the LSCFP nanofibers calcined in air (Fig. 2b),
the LSCFP nanofibers consecutively treated in 100% H,
and CO, exhibited exsolved nanoparticles on their surfaces
(Fig. 2c). The EDX elemental mapping images in Fig. 2d-h
show that the exsolved nanoparticles were composed of
Co, further confirmed through point analysis (Fig. S6),
indicating that Fe phase reincorporated back into the par-
ent perovskite lattice upon CO, treatment. Fe was estimated
to redissolve back into the parent perovskite lattice within
30 min when the LSCFP nanofibers were exposed to 100%
CO, (Fig. S7). The interplanar spacing of the nanoparticle
shown in red rectangle in Fig. 2i was found to be 0.203 nm
(Fig. 2j), corresponding to the (111) plane of face-centered
cubic (FCC) structured Co, whereas the interplanar distance
of the nanofiber oxide shown in the blue rectangle (Fig. 2k)
was observed to be 0.18 nm, consistent with the (211) plane
of the perovskite structure. Additionally, we observed sev-
eral cases of localized exsolution of Pd nanoparticles on
the LSCFP surface, which also was confirmed through
point analysis (Fig. S8). Table 1 provides the correspond-
ing details of the lattice parameters and space groups for
each state.

3.2 Oxidation States of Elements

The electrocatalytic activity and selectivity of exsolved cata-
lysts for CO, reduction reaction (CO,RR) largely depend
on their surface electronic structure [6], which in turn is
influenced by many factors, including their oxidation state.
We conducted XPS analysis to investigate the oxidation state
of the components (La, Sr, Co, Fe, Pd, and O) in the LSCFP

nanofibers calcined in air and LSCFP nanofibers consecu-
tively treated in 100% H, and CO,. Minimal alterations were
observed in the valence state of La 3d, Sr 3d, and Fe 2p
spectra before and after the consecutive H,-CO, treatment
(Fig. S9). Figure 3a shows a high-resolution spectrum of
Co 2p for both samples. The Co 2p spectrum of as-calcined
LSCFP nanofibers exhibited two conspicuous bands at 780
and 794.7 eV, assigned to Co 2p5;, and Co 2p, ,, respectively
[38, 39]. For LSCFP nanofibers consecutively exposed in
100% H, and CO,, the binding energies of 779.4-780 and
795.1 eV corresponded to Co’* [40], while the binding ener-
gies of 781.5-782.0 and 796.8 eV were assigned to Co**
[16]. An additional peak was observed at 778.5 eV for the
LSCFP nanofibers treated in H, and CO,, corresponding to
Co, indicating the presence of metallic Co [41]. Similarly,
Fig. 3b compares the high-resolution spectrum of Pd 3d for
both samples. The total Pd content of the LSCFP nanofib-
ers calcined in air comprised Pd** and Pd**, accounting for
62% and 38%, respectively [42]. After consecutive H, and
CO, treatment, however, Pd*" and Pd** ions changed to
metallic Pd with characteristic binding energies located at
334.6,335.7, 340.0, and 340.8 eV [16, 43]. The O 1s spectra
of the samples (Fig. 3c) were deconvoluted into two fitting
peaks at 528.4 and 531 eV, attributed to two distinct oxygen
species: low-energy lattice oxygen (O;) and high-energy
adsorbed oxygen (0O,), respectively [44]. The concentra-
tion of adsorbed oxygen-containing species associated with
oxygen-containing species on the surface of the material for
the LSCFP nanofibers consecutively treated in H, and CO,
was 63.93%, around 13% higher than of the LSCFP fibers
calcined in air, which accounted for 50.55%. These weakly
bounded O, ions are known to serve as active sites for CO,
adsorption and facilitate electron transfer from the catalyst
surface to the CO, molecule, which is a critical step in CO,
activation [45, 46].

Table 1 Lattice parameters derived from Rietveld refinement of LSCFP nanofibers at different states

Material ~ State Phase Crystal system  Space group a[;\] b[&] c[/&] a[fA3] Ry R, X?
LSCFP  Pristine Lag ¢Sty 4Coy,Feys0;5_s  Trigonal R-3c (167) 550 550 1339 351.86 1295 879 0.94
Reduced LaSrFeO, Tetragonal I4/mmm (139) 3.88  3.88 12.72  192.44
Co-Fe Cubic Pm-3m (221) 2.86 2.86 286 2354 1235 8.96 0.95
Pd Cubic Fm-3m (225) 3.95 3.95 395 6194
Reduced (Lagy ¢St 4)FeO, 7, Trigonal R-3¢ (167) 554 554 1358 362.15
& CO, Co Cubic Fm-3m (225) 3.69 3.69 369 502 53 403 1.72
treated b Cubic Fm-3m (225) 39 3.9 39 5928

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS
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To investigate the impact of the presence of the catalysts
and adsorbed oxygen species on the CO, adsorption/desorp-
tion ability of nanofibers, CO,-TPD profiles of both sam-
ples were analyzed (Fig. 3d). CO, adsorption on the elec-
trode surface is generally classified into low-temperature
physical adsorption (below 400 °C) and high-temperature
chemical absorption (above 400 °C) [47]. Physical adsorp-
tion is associated with dipole—dipole coupling between CO,
molecule and sample surface via van der Waals force [48],
while chemical adsorption is related to the decomposition
of bidentate carbonates [49]. Both samples exhibited similar
physical desorption peaks at 100 °C. However, the LSCFP
nanofibers after consecutively treated in H, and CO, had sig-
nificantly higher chemical desorption peak intensity and area
between 600 and 800 °C than those of LSCFP nanofibers
calcined in air, indicating superior CO, adsorption ability.
This increase in chemical desorption can be attributed to the
larger number of available adsorption sites for CO, molecule
incorporation and strong adsorption of the molecule with
exsolved nanoparticles on the nanofiber surface, expecting
an increased CO,RR rate and efficiency [50].

© The authors

3.3 CO, Reduction Reaction Kinetics

To enhance both electrocatalytic activity and robustness of
the nanofiber-based LSCFP fuel electrode for CO,-SOEC,
we devised a hybrid electrode structure by incorporat-
ing crushed LSCFP nanofibers into the original nanofiber
matrix (H-LSCFP). Figure S10 schematically illustrates the
distinctions in the structure and electrochemical reactions
between F-LSCFP and H-LSCFP electrodes. Compared to
the excessively porous electrode composed solely of LSCFP
nanofibers (F-LSCFP), the addition of crushed nanofibers
was expected to improve contact adhesion at the electrode/
electrolyte interface and to create additional surface area,
which would increase the number of reaction sites avail-
able for CO,RR. To evaluate the electrochemical activity of
the H-LSCFP and F-LSCFP electrodes toward CO,RR, we
measured the interfacial polarization resistances (R,) of the
electrodes using symmetric cells in 100% CO, of 50 sccm
at 700-850 °C and 1.5 V. Prior to CO, measurements, both
electrodes were treated with 100% H, of 100 sccm at 700 °C
to promote the exsolution of the metallic nanoparticles. It is

https://doi.org/10.1007/s40820-023-01298-w
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noteworthy that F-LSCFP and H-LSCFP exhibited consist-
ent CO, desorption peaks, which can be attributed to the
shared base material, LSCFP, common to both electrodes
(Fig. S11).

In Fig. 4a, a magnified SEM image shows the struc-
ture of both H-LSCFP and F-LSCFP electrodes. Fig-
ure 4b exhibits the temperature-dependent variation in
Rp for each electrode during the CO,RR reaction within
the temperature range of 700-850 °C. The corresponding

| SHANGHAI JIAO TONG UNIVERSITY PRESS

electrochemical impedance spectroscopy (EIS) and a sum-
mary of the values are provided in Fig. S12 and Table S1,
respectively. Among all measured temperatures, the
H-LSCEFP electrode exhibited smaller R, with lower acti-
vation energy, E, (calculated from the slope of the Arrhe-
nius plot) compared to those of F-LSCFP. For instance,
at 700 °C (Fig. 4c), the R, of H-LSCFP (0.63 Q cm?) was
54% lower than that of F-LSCFP (1.38 Q cm?).
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To gain further insight into the kinetics of the complex
CO,RR, impedance data from both electrodes were decon-
voluted into three distinct peaks (Fig. 4d) labeled low fre-
quency (LF), middle frequency (MF), and high frequency
(HF) using the DRT method. Each frequency domain cor-
responds to different electrochemical processes involved in
the electrode reaction [51-53], while the integral area rep-
resents resistance associated with them [54]. The process
contributing to the LF peak (1-10 Hz) represents mass
transport process, such as gas diffusion within the elec-
trode [55]. Both electrodes showed minimal mass-transfer
resistances, most likely due to porous electrode structure
that facilitates mass transfer. The process in the MF range
(10 Hz-1 kHz) is likely associated with CO, adsorption/
desorption, dissociation, surface transport, as well as cou-
pling of these processes [55, 56]. These processes domi-
nated the total polarization resistance in both electrodes.
Nonetheless, the integral area of the H-LSCFP was sig-
nificantly smaller than that of the F-LSCFP, indicating
improved kinetics of the H-LSCFP toward the given pro-
cess. This improvement is probably attributed to the high
specific surface area achieved by combination of crushed
LSCFP nanofibers and original nanofibers. The process
contributing to the peak in the HF region (10—-100 kHz)
is associated with the oxygen ion transfer through the
electrode/electrolyte interface and incorporation into the
electrolyte [55]. Although these processes made minimal
contributions to the total resistance of both electrodes, the
H-LSCFP exhibited relatively smaller resistance to these
processes.

Figure 4e shows a short-term stability test of the sym-
metrical cell with the H-LSCFP electrode at 800 °C in CO,
of 50 sccm under a constant applied potential of 1.5 V, with
the inset displaying EIS plot at 10 h intervals. The resultant
ASR value remained close to the initial value of 0.24 Q cm?
over 50 h of operation, demonstrating the high durability of
the H-LSCFP against the CO, environment.

3.4 CO, Electrolysis Performance

The performance of H-LSCFP and F-LSCFP fuel elec-
trodes in CO, electrolysis was compared using LSGM
electrolyte-supported single cells with identical LSCF-
GDC oxygen electrodes. Prior to CO, measurements, both
fuel electrodes were treated with 100% H, of 100 sccm at
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700 °C for 2 h to promote the exsolution of metallic nano-
particles. Figure 5a shows the current density of the SOEC
with the H-LSCFP and F-LSCFP fuel electrodes meas-
ured in 100% CO, of 50 sccm at 800 °C with an applied
potential scanned from open-circuit voltage (V) to 1.6 V.
The H-LSCFP cell exhibited a maximum current density
of 2.2 A cm™2 at 1.5 V, approximately twice that of the
F-LSCFP cell (1.09 A cm™2). To demonstrate the broader
applicability of the H-LSCFP electrode, solid oxide cells
(SOCs) with H-LSCFP and F-LSCFP fuel electrodes were
tested in the fuel cell (FC) mode within the temperature
range of 650-800 °C, where the H-LSCFP outperformed
the F-LSCFP cell across all tested temperatures (Fig. S13).
The MPD values are summarized in Table S2. This differ-
ence in performance can be attributed to the microstructure
differences between H-LSCFP and F-LSCEFP fuel electrodes,
as the rest of the cell configuration was identical. Figure 5b
displays the corresponding Nyquist and Bode plots of EIS
data of both cells at 1.5 V. In the Nyquist plots, the area
specific ohmic (ASR ;) and electrode (ASR

ohm ) resistances
were evaluated from the high-frequency intercept and the

elec
difference between the high and low frequency intercepts
on the real axis, respectively [33, 57]. The H-LSCFP cell
showed roughly 52% lower ASR_.. (0.061 Q cm?) than that
of F-LSCFP (0.127 Q cm?). Moreover, the ASR_, . of the
H-LSCFP cell (0.149 Q cm?) was approximately 2.4 times
lower than that of the F-LSCFP (0.352 © cm?). Considering
the identical thickness of the LSGM electrolyte, the differ-
ence in the ASR ;. can be attributed to disparities in the
contact adhesion between the H-LSCFP and F-LSCFP fuel
electrodes at the LSGM electrolyte interface, as confirmed
by the cross-sectional image of both electrodes (Fig. S14).
The impedance responses of both cells were further com-
pared using Bode plots shown in the inset of Fig. 5b. Both
cells exhibited a dominant large semicircular arc in the
low-frequency region related to the CO, surface adsorp-
tion/desorption processes and smaller semicircular arc in
the high-frequency region associated with the oxygen ion
transfer process at the electrode/electrolyte interface [1]. The
integral area of the SOEC with the H-LSCFP fuel electrode
was significantly smaller than that of the SOEC with the
F-LSCFP, indicating improved CO,RR kinetics and better
contact adhesion of the H-LSCFP electrode on the elec-
trolyte surface. Figure 5c shows the current density values
obtained from a potentiostatic stability test of both SOECs
in 100% CO, of 50 sccm at 800 °C and a voltage range of

https://doi.org/10.1007/s40820-023-01298-w
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Fig. 5 a I-V curves of the LSGM-supported singles cells with H-LSCFP and F-LSCFP electrodes at 800 °C under 100% CO, of 50 sccm and b
the corresponding Nyquist plots (inset: Bode plots). ¢ Potentiostatic tests of the corresponding cells. d Electrochemical performance comparison
in current density obtained at 1.5 V with the reported high-performance fuel electrodes. e Faradaic efficiency and CO production rate during the
CO,RR of the SOEC with the H-LSCFP fuel electrode within an applied potential range of 1.2-1.5 V, in 100% CO, of 50 sccm. f Stability test
of the LSGM-supported single cell with the H-LSCFP electrode in 100% CO, at 800 °C and 1.3 V and g magnified microstructure SEM image
of the corresponding cell. h Raman spectra collected from H-LSCFP electrode after 100 h long-term analysis

1.0-1.5 V. The H-LSCFP cell yielded significantly higher
current density values than the F-LSCFP cell at all tested
potentials. Specifically, the current density of the H-LSCFP
cell (1.18 A cm™2) at 1.2 V was~87% higher than that of
the F-LSCFP cell (0.63 A cm_z), with the remaining results
summarized in Table S3. Additional short-term potentio-
static stability test was conducted at 750 °C in 100% CO,
(50 sccm), within a potential range of 1.0-1.4 V, to verify

the effect of the exsolution treatment on CO, electrolysis
performance of the H-LSCFP cell. Following exsolution, the
H-LSCEFP cell consistently demonstrated significantly higher
current density values across all tested potentials (Fig. S15)
when compared to the H-LSCFP cell without exsolution, as
summarized in Table S4.

Figure S16 exhibits the temperature-dependent perfor-
mance of the SOEC with the H-LSCFP and F-LSCFP fuel

@ Springer



93 Page 12 of 17 Nano-Micro Lett. (2024) 16:93

Table 2 A comparison of current density values obtained during CO, electrolysis at 800 °C and 1.5 V between various perovskite-based and
Ni-based fuel electrodes

Cell configuration Maximum current density at 1.5 V (A cm?) Refs.
Air electrode Electrolyte Buffer layer Fuel electrode 850 °C 800 °C 750 °C 700 °C
LSCE-GDC LSGMP LDC® H-LSCFP* 3.7 22 1.37 0.76 This work
SsC! LSGMP LDC® LSCM'-CMF" 2.56 1.6 1.0 - 1]
LSCF? LSGM¢ LDC Cu@LSTMCK 2.0 1.65 1.2 - [47]
LSCF*-SDC! LSGM! - SFMMO0.1"-SDC! 1.78 13 0.91 0.46 [48]
LSCF-GDC/ LSGMP LDC? Fe@PSFM™ 0.85 0.7 0.58 0.45 [4]
LSCF-SDC! LSGMP LDC® SF1.5M°-R - 1.5 0.9 0.5 [3]
LSCF-SDC LSGM LDC F-SFM" - 1.36 0.93 0.62 (6]
BLC® LSGM¢? - Ni-Fe-LSFMP - 1.5 - 0.6 [16]
LSCF-GDC YSZ - LSFNF0.19-GDC 1.25 0.9 0.6 - [34]

*LSCF: La ¢Sr; 4Cog,Feq505_5 "LSGM: Lay ¢Sty ,Gag gMgg ,0;_5 LSCFP: “Lag ¢St 4Coy 15Feg gPdg 050553 ‘LSGM: Lag Sty 1Gag Mg ,05_s;
°LDC: Ceyglay,0,_5 LSCM: Lag;5S1,5CrosMngsO; s SLDC:  CeysLagsOp 05 'CMF: Ce(Mn,Fe)O,; ISDC: CeygSmg,0 o;

IGDC:  Gdy,Cye0,05: LSTMC:

"F-SFM:  Sr,Fe, sMo,sO¢_sFy;;  °SFL.5  M:

(Lag 551),8)g.9Tig sMng 4Cug ;05_s;
SryFe; . Mo;_,Oq_s;

ISSC:  Smy 551y sC00;;  ™PSFM:
PNi-Fe-LSFM:  Ni-Fe-La, ¢Sr, sFe, gMn,05_s;

Pr4St ¢Feq g75M0g 12503 53
ILSFNFO.1:

Lay ¢St 4Feq §Nig 205 9_F 13 'SFMMXx: Sr,Fe, 5_ MnMo, s06_s; "BLC: Bay gla; 4C0, cO5_;

electrodes over a temperature range of 700-850 °C. The
H-LSCFP cell achieved maximum current density values
of 3.7, 2.2, 1.36, and 0.76 A cm~2 at 850, 800, 750, and
700 °C, respectively, under applied potential of 1.5 V. These
results exhibited significantly higher current densities com-
pared to those of the F-LSCFP cell (1.7, 1.09, 0.66, and
0.42 A cm™), respectively, following the same tempera-
ture order. It is worth noting that, at all temperatures, the
H-LSCEFP cell exhibited smaller ASR ;. and ASR,.. values
compared to the F-LSCFP cell (Fig. S17). Figure 5d and
Table 2 compare these values with various perovskite-based
fuel electrodes reported in the literature as a function of
temperature [1, 3,4, 6, 18, 46, 58, 59], where the H-LSCFP
cell significantly outperformed state-of-the-art ceramic
fuel electrodes for CO,-SOEC at all tested temperatures.
To validate the high performance of the H-LSCFP cell, we
conducted multiple runs of the identical experiment using
different H-LSCFP cells, thus confirming the robustness and
reproducibility of the reported results (Fig. S18).

The CO, conversion, including CO production rate and
Faradaic efficiency, is essential for assessing the perfor-
mance and practical viability of SOECs. Figure Se shows
the off-gas analysis results from the LSGM-supported SOEC
with the H-LSCFP electrode at 800 °C, within an applied
potential range of 1.2-1.5 V, in 100% CO, of 50 sccm. The
high average Faradaic efficiency, reaching approximately
94%, and the significant CO production rate strongly
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indicate that CO was the primary product generated during
the CO,RR, demonstrating the suitability of the H-LSCFP
cell for direct CO, electrolysis application.

Figure 5f shows the long-term operation of the H-LSCFP
cell in 100% CO, of 50 sccm at 800 °C and under a con-
stant applied potential of 1.3 V. After an initial stabiliza-
tion period, the H-LSCFP cell maintained stable perfor-
mance over 100 h, demonstrating the high durability in the
CO, environment. In addition, stability test of the SOEC
with H-LSCFP-based electrode in EC mode is presented
in Fig. S19, showing stable current density output over
240 h. Figure S20 shows cross-sectional SEM image of the
H-LSCFP cell after long-term stability test, demonstrating
good bonding between all components. Moreover, Fig. 5g
displays a magnified SEM image of the H-LSCFP elec-
trode’s surface after the 100-h long-term test, covered with
in situ exsolved nanoparticles and the notable absence of
carbon formation. TEM-EDX and point analyses revealed
that the exsolved nanoparticles predominantly consisted
of Co, with occasional instances of Pd nanoparticle, while
the stoichiometry of the nanofiber body remained close
to the initial state (Fig. S21). Moreover, the XRD analy-
sis of the H-LSCFP cell after the long-term stability test
further revealed the presence of a perovskite phase, along
with additional phases of Co and Pd (Fig. S22). Further-
more, Fig. 5Sh shows Raman spectra with Raman mappings
of the H-LSCFP and carbon formation following long-term
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operation. The reduced H-LSCFP perovskite electrode
exhibited spectra in the range of 100-750 cm™' without
any observed carbon coking at 1359 and 1581 em~'[1, 7],
demonstrating the H-LSCFP electrode’s high durability
against CO,. Furthermore, Fig. S23 shows the XPS analy-
sis conducted to investigate the chemical stability and any
changes in the components (La, Sr, Co, Fe, Pd and O) of
the H-LSCFP electrode before and after the 100-h stability.
Comparing the peak positions of the spin orbitals for La 3d,
Sr 3d, and Fe 2p, negligible differences were observed. In
contrast, the Co 2p and Pd 3d spectra after the test exhibited
peaks indicating the presence of metallic Co and Pd nano-
particles. Moreover, the concentration of the oxygen-con-
taining species adsorbed on the surface (O,) was relatively
higher than that of the lattice oxygen (O; ), consistent with
the observations from both XRD (Fig. 2) and XPS (Fig. 3)
conducted before the test.

3.5 Digital Twinning

The correlation between microstructural characteristics of
the fuel electrode and CO, electrolysis performance was
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elucidated through the digital twinning of both nanofiber-
based electrode using a state-of-the-art 3D reconstruction
technique with a FIB-SEM dual beam system (Fig. S24).
Figure 6a depicts a 3D reconstructed image of the H-LSCFP
electrode, showcasing the contact area between the elec-
trode and LDC buffer layer, triple phase boundary (TPB),
and pore skeleton. Within the uniformly connected porous
network of the electrode, the skeletonized pore demonstrates
a distributed pore thickness in the range from 0.1 to 2.7 yum.
Table S5 summarizes the quantified 3D microstructural
features, including volume fraction, tortuosity factor, phase
connectivity, surface area, and TPB values analyzed from
the total volumes of H-LSCFP (3398 um3) and F-LSCFP
(3,639 um?) electrode samples displayed in Fig. S25. A
magnified view in Fig. 6a reveals the hybrid structure of the
H-LSCFP electrode, wherein the incorporation of crushed
nanofibers into the original nanofiber matrix significantly
enhanced both the tortuosity factor (2.4) and volume frac-
tion (48.7%) compared to the excessively porous F-LSCFP
electrode, composed solely of nanofibers (tortuosity factor of
6.6 and volume fraction of 21.6%). This enhancement could
facilitate O~2 ion transport within the H-LSCFP electrode.
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Figure 6b visually compares the contact area and TPB
density of both fuel electrodes at the electrode/LDC buffer
layer interface. The contact area plays a vital role in the
incorporation of O*~ ions into the oxygen conducting phase,
while the TPB is crucial for electrochemical reduction of
CO, molecules. The normalized contact area (0.29) and
TPB per unit area (2.08 um pm~2) of the H-LSCFP were
190% and 147% higher than the contact area (0.1) and TPB
(0.84 um pm~2) of the F-LSCFP, respectively. Figure 6¢
presents a radar plot based on quantified microstructural
properties and electrochemical performances of SOECs
with both electrodes. Although the F-LSCFP electrode
exhibited higher porosity for facile gas diffusion, the well-
tailored microstructure of the H-LSCFP electrode, charac-
terized by lower tortuosity factor, better contract adhesion,
higher surface area, and higher TPB length, resulted in facile
O’ migration, higher catalytic activity, and robustness for
CO,RR. Additionally, to assess the microstructural stability
of the H-LSCFP electrodes, we also conducted analyses on
samples collected after 100 h long-term testing. Figure S26
illustrates the reconstructed volume, and the corresponding
quantitative data can be found in Table S6. Minor differ-
ences in quantified values, all within a margin of less than
10%, were observed between before and after the 100 h test.
These slight variations can be attributed to heterogeneity of
the electrode. Importantly, the overall microstructural char-
acteristics remained largely unchanged even after prolonged
exposure to high-temperature CO, electrolysis.

4 Conclusion

In this study, we developed a novel hybrid structured
nanofiber electrode for CO,-SOEC application by integrat-
ing crushed LSCFP nanofibers into the high aspect ratio
nanofiber framework synthesized using the electrospin-
ning technique. Comprehensive physicochemical analyses
revealed that after consecutive treatment in 100% H, and
CO, at 700 °C, the LSCFP nanofibers underwent in situ
exsolution, resulting in the formation of a perovskite struc-
ture and the decoration of metallic Co (majority) and Pd
(minority) nanoparticles on the surface, while exhibiting
a high concentration of surface oxygen species, enhancing
the CO, adsorption ability. Furthermore, the SOEC with
the H-LSCFP electrode demonstrated a remarkable two-
fold increase in current density (2.2 A cm™2) compared to

© The authors

the F-LSCFP cell (1.09 A cm™2) in 100% CO, at 800 °C
and 1.5V, indicating significantly improved CO, surface
adsorption/desorption kinetics of the H-LSCFP electrode.
To the best of our knowledge, this result ranks among the
top-tier performances reported to date for perovskite fuel
electrodes in a similar SOEC configuration. Moreover, the
quantitative 3D reconstruction analysis to create a digi-
tal twin of the nanofiber structured electrodes revealed
that the H-LSCFP electrode exhibited a 190% increase in
the normalized contact area and a 147% increase in the
TPB per unit area compared to the F-LSCFP electrode.
These enhancements were found to be highly correlated
with the improved electrochemical performances. Over-
all, our results demonstrate the viability of achieving a
highly catalytically active and durable nanofiber-based
fuel electrode with a hybrid structure, setting the stage for
further advancements and broader utilization of nanofibers
in CO,-SOEC applications.

Acknowledgement This work was supported by the National
Research Foundation of Korea (NRF) grant funded by
the Korean Government (MSIT) (2019M3E6A1103944,
2020R1A2C2010690).

Declarations

Conflict of interest The authors declare that they have no conflict of
interest and no competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-023-01298-w.

https://doi.org/10.1007/s40820-023-01298-w


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-023-01298-w
https://doi.org/10.1007/s40820-023-01298-w

Nano-Micro Lett.

(2024) 16:93

Page 150f 17 93

References

1.

10.

11.

12.

13.

S. Lee, M. Kim, K.T. Lee, J.T.S. Irvine, T.H. Shin, Enhanc-
ing electrochemical CO, reduction using Ce(Mn, Fe)O, with
La(Sr)Cr(Mn)Oj; cathode for high-temperature solid oxide
electrolysis cells. Adv. Energy Mater. 11, 2100339 (2021).
https://doi.org/10.1002/aenm.202100339

O.S. Bushuyev, P. De Luna, C.T. Dinh, L. Tao, G. Saur et al.,
What should we make with CO, and how can we make it?
Joule 2, 825-832 (2018). https://doi.org/10.1016/j.joule.2017.
09.003

. X. Xi, J. Liu, W. Luo, Y. Fan, J. Zhang et al., Unravelingthe

enhanced kinetics of Sr,Fe,, Mo,_ Og¢_; electrocatalysts for
high-performance solid oxide cells. Adv. Energy Mater. 11,
2170187 (2021). https://doi.org/10.1002/aenm.202170187

K. Zhang, Y. Zhao, W. He, P. Zhao, D. Zhang et al., Pr and
Mo Co-doped SrFeO;_; as an efficient cathode for pure CO,
reduction reaction in a solid oxide electrolysis cell. Energy
Technol. 8, 2070101 (2020). https://doi.org/10.1002/ente.
202070101

Y. Jiang, F. Chen, C. Xia, A review on cathode processes and
materials for electro-reduction of carbon dioxide in solid oxide
electrolysis cells. J. Power. Sour. 493, 229713 (2021). https://
doi.org/10.1016/j.jpowsour.2021.229713

Y. Li, Y. Li, Y. Wan, Y. Xie, J. Zhu et al., Perovskite oxy-
fluoride electrode enabling direct electrolyzing carbon diox-
ide with excellent electrochemical performances. Adv. Energy
Mater. 9, 1803156 (2019). https://doi.org/10.1002/aenm.20180
3156

F. He, M. Hou, F. Zhu, D. Liu, H. Zhang et al., Building effi-
cient and durable hetero-interfaces on a perovskite-based elec-
trode for electrochemical CO, reduction. Adv. Energy Mater.
12, 2202175 (2022). https://doi.org/10.1002/aenm.202202175
E.P. Murray, T. Tsai, S.A. Barnett, A direct-methane fuel cell
with a ceria-based anode. Nature 400, 649-651 (1999). https://
doi.org/10.1038/23220

W. Yue, Y. Li, Y. Zheng, T. Wu, C. Zhao et al., Enhancing cok-
ing resistance of Ni/YSZ electrodes: in situ characterization,
mechanism research, and surface engineering. Nano Energy
62, 64-78 (2019). https://doi.org/10.1016/j.nanoen.2019.05.
006

J. Lee, S. Hwang, M. Ahn, M. Choi, S. Han et al., Enhanced
interface reactivity by a nanowrinkled functional layer for
intermediate-temperature solid oxide fuel cells. J. Mater.
Chem. A. 7, 21120-21127 (2019). https://doi.org/10.1039/
c9ta04818a

S. Lee, S.H. Woo, T.H. Shin, J.T.S. Irvine, Pd and GDC Co-
infiltrated LSCM cathode for high-temperature CO, electroly-
sis using solid oxide electrolysis cells. Chem. Eng. J. 420,
127706 (2021). https://doi.org/10.1016/j.cej.2020.127706

Z. Yang, C. Ma, N. Wang, X. Jin, C. Jin et al., Electrochemical
reduction of CO, in a symmetrical solid oxide electrolysis cell
with La, ,Sr, (Co, ,Fe, ;Nb, ;0;_; electrode. J. CO2 Util. 33,
445-451 (2019). https://doi.org/10.1016/j.jcou.2019.07.021
Y. Li, Y. Li, S. Zhang, C. Ren, Y. Jing et al., Mutual conversion
of CO-CO, on a perovskite fuel electrode with endogenous

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

14.

15.

17.

18.

19.

20.

21.

22.

23.

24,

25.

alloy nanoparticles for reversible solid oxide cells. ACS Appl.
Mater. Interfaces 14, 9138-9150 (2022). https://doi.org/10.
1021/acsami.1c23548

H. Lv, T. Liu, X. Zhang, Y. Song, H. Matsumoto et al.,
Atomic-scale insight into exsolution of CoFe alloy nano-
particles in La, ,Sr, ¢Co, ,Fe, ;Mo ;05 5 with efficient CO,
electrolysis. Angew. Chem. Int. Ed. 59, 15968-15973 (2020).
https://doi.org/10.1002/anie.202006536

J.Li, Q. Liu, Y. Song, H. Lv, W. Feng et al., In-situ exsolution
of cobalt nanoparticles from La, sSr, sFe, 3Co, ,05_s cathode
for enhanced CO, electrolysis performance. Green Chem. Eng.
3, 250-258 (2022). https://doi.org/10.1016/j.gce.2021.12.011

. K.J. Kim, C. Lim, K.T. Bae, J.J. Lee, M.Y. Oh et al., Concur-

rent promotion of phase transition and bimetallic nanocatalyst
exsolution in perovskite oxides driven by Pd doping to achieve
highly active bifunctional fuel electrodes for reversible solid
oxide electrochemical cells. Appl. Catal. B Environ. 314,
121517 (2022). https://doi.org/10.1016/j.apcatb.2022.121517

S.D. Ebbesen, S.H. Jensen, A. Hauch, M.B. Mogensen, High
temperature electrolysis in alkaline cells, solid proton conduct-
ing cells, and solid oxide cells. Chem. Rev. 114, 10697-10734
(2014). https://doi.org/10.1021/cr5000865

S. Wang, H. Tsuruta, M. Asanuma, T. Ishihara, Ni-Fe—La(Sr)
Fe(Mn)Oj; as a new active cermet cathode for intermediate-
temperature CO, electrolysis using a LaGaO;-based electro-
lyte. Adv. Energy Mater. 5, 1401003 (2015). https://doi.org/
10.1002/aenm.201401003

L. Fan, B. Zhu, P.-C. Su, C. He, Nanomaterials and tech-
nologies for low temperature solid oxide fuel cells: recent
advances, challenges and opportunities. Nano Energy 45,
148-176 (2018). https://doi.org/10.1016/j.nanoen.2017.12.044

M. Zhi, S. Lee, N. Miller, N.H. Menzler, N. Wu, An inter-
mediate-temperature solid oxide fuel cell with electrospun
nanofiber cathode. Energy Environ. Sci. 5, 7066 (2012).
https://doi.org/10.1039/c2ee02619h

L. Fan, Y. Xiong, L. Liu, Y. Wang, H. Kishimoto et al., Per-
formance of Gd,),Ce, 3O, 4 infiltrated La, ,Sr,, sTiO5 nanofiber
scaffolds as anodes for solid oxide fuel cells. J. Power Sour.
265, 125-131 (2014). https://doi.org/10.1016/j.jpowsour.2014.
04.109

Y. Chen, Y. Bu, Y. Zhang, R. Yan, D. Ding et al., A highly
efficient and robust nanofiber cathode for solid oxide fuel
cells. Adv. Energy Mater. 7, 1601890 (2017). https://doi.org/
10.1002/aenm.201601890

Y. Choi, H.J. Cho, J. Kim, J.Y. Kang, J. Seo et al., Nanofiber
composites as highly active and robust anodes for direct-
hydrocarbon solid oxide fuel cells. ACS Nano 16, 14517—
14526 (2022). https://doi.org/10.1021/acsnano.2c04927

Y. Chen, Y. Bu, B. Zhao, Y. Zhang, D. Ding et al., A durable,
high-performance hollow-nanofiber cathode for intermediate-
temperature fuel cells. Nano Energy 26, 90-99 (2016). https://
doi.org/10.1016/j.nanoen.2016.05.001

M. Ahn, J. Lee, W. Lee, Nanofiber-based composite cathodes
for intermediate temperature solid oxide fuel cells. J. Power.
Sour. 353, 176-182 (2017). https://doi.org/10.1016/j.jpowsour.
2017.03.151

@ Springer


https://doi.org/10.1002/aenm.202100339
https://doi.org/10.1016/j.joule.2017.09.003
https://doi.org/10.1016/j.joule.2017.09.003
https://doi.org/10.1002/aenm.202170187
https://doi.org/10.1002/ente.202070101
https://doi.org/10.1002/ente.202070101
https://doi.org/10.1016/j.jpowsour.2021.229713
https://doi.org/10.1016/j.jpowsour.2021.229713
https://doi.org/10.1002/aenm.201803156
https://doi.org/10.1002/aenm.201803156
https://doi.org/10.1002/aenm.202202175
https://doi.org/10.1038/23220
https://doi.org/10.1038/23220
https://doi.org/10.1016/j.nanoen.2019.05.006
https://doi.org/10.1016/j.nanoen.2019.05.006
https://doi.org/10.1039/c9ta04818a
https://doi.org/10.1039/c9ta04818a
https://doi.org/10.1016/j.cej.2020.127706
https://doi.org/10.1016/j.jcou.2019.07.021
https://doi.org/10.1021/acsami.1c23548
https://doi.org/10.1021/acsami.1c23548
https://doi.org/10.1002/anie.202006536
https://doi.org/10.1016/j.gce.2021.12.011
https://doi.org/10.1016/j.apcatb.2022.121517
https://doi.org/10.1021/cr5000865
https://doi.org/10.1002/aenm.201401003
https://doi.org/10.1002/aenm.201401003
https://doi.org/10.1016/j.nanoen.2017.12.044
https://doi.org/10.1039/c2ee02619h
https://doi.org/10.1016/j.jpowsour.2014.04.109
https://doi.org/10.1016/j.jpowsour.2014.04.109
https://doi.org/10.1002/aenm.201601890
https://doi.org/10.1002/aenm.201601890
https://doi.org/10.1021/acsnano.2c04927
https://doi.org/10.1016/j.nanoen.2016.05.001
https://doi.org/10.1016/j.nanoen.2016.05.001
https://doi.org/10.1016/j.jpowsour.2017.03.151
https://doi.org/10.1016/j.jpowsour.2017.03.151

93 Page 16 of 17

Nano-Micro Lett. (2024) 16:93

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

X. Bian, Q. Fu, C. Qiu, X. Bie, F. Du et al., Carbon black
and vapor grown carbon fibers binary conductive additive
for the Li; ;3Co, ;sNij ;sMny 5,0, electrodes for Li-ion bat-
teries. Mater. Chem. Phys. 156, 69-75 (2015). https://doi.
org/10.1016/j.matchemphys.2015.02.024

J.H. Park, K.T. Bae, K.J. Kim, D.W. Joh, D. Kim et al.,
Ultra-fast fabrication of tape-cast anode supports for solid
oxide fuel cells via resonant acoustic mixing technology.
Ceram. Int. 45, 12154-12161 (2019). https://doi.org/10.
1016/j.ceramint.2019.03.119

T.H. Wan, M. Saccoccio, C. Chen, F. Ciucci, Influence of
the discretization methods on the distribution of relaxation
times deconvolution: implementing radial basis functions
with DRTtools. Electrochim. Acta 184, 483-499 (2015).
https://doi.org/10.1016/j.electacta.2015.09.097

D.W. Joh, A. Cha, J.H. Park, K.J. Kim, K.T. Bae et al.,
In situ synthesized La, ¢St 4Co, ,Fe( s05_s—Gd 1Ce( 9O o5
nanocomposite cathodes via a modified sol-gel process for
intermediate temperature solid oxide fuel cells. ACS Appl.
Nano Mater. 1, 2934-2942 (2018). https://doi.org/10.1021/
acsanm.8b00566

J.A. Taillon, C. Pellegrinelli, Y.-L. Huang, E.D. Wachsman,
L.G. Salamanca-Riba, Improving microstructural quantifi-
cation in FIB/SEM nanotomography. Ultramicroscopy 184,
24-38 (2018). https://doi.org/10.1016/j.ultramic.2017.07.
017

S.S. Shin, J.LH. Kim, K.T. Bae, K.-T. Lee, S.M. Kim et al., Mul-
tiscale structured low-temperature solid oxide fuel cells with
13 W power at 500 ‘C. Energy Environ. Sci. 13, 3459-3468
(2020). https://doi.org/10.1039/d0ee00870b

J. Park, K.T. Bae, D. Kim, W. Jeong, J. Nam et al., Unraveling
the limitations of solid oxide electrolytes for all-solid-state
electrodes through 3D digital twin structural analysis. Nano
Energy 79, 105456 (2021). https://doi.org/10.1016/j.nanoen.
2020.105456

D. Kim, K.T. Bae, K.J. Kim, H.-N. Im, S. Jang et al., High-
performance protonic ceramic electrochemical cells. ACS
Energy Lett. 7, 2393-2400 (2022). https://doi.org/10.1021/
acsenergylett.2c01370

A. Buades, B. Coll, J.M. Morel, A non-local algorithm for
image denoising. 2005 IEEE Computer Society Conference
on Computer Vision and Pattern Recognition (CVPR05). San
Diego, CA, USA. IEEE, (2005). p60-65.

W.M. Harris, J.J. Lombardo, G.J. Nelson, B. Lai, S. Wang
et al., Three-dimensional microstructural imaging of sulfur
poisoning-induced degradation in a Ni-YSZ anode of solid
oxide fuel cells. Sci. Rep. 4, 5246 (2014). https://doi.org/10.
1038/srep05246

S. Lee, H. Ha, K.T. Bae, S. Kim, H. Choi et al., A measure of
active interfaces in supported catalysts for high-temperature
reactions. Chem. 8, 815-835 (2022). https://doi.org/10.1016/;.
chempr.2021.11.024

S.J. Cooper, A. Bertei, P.R. Shearing, J.A. Kilner, N.P. Bran-
don, TauFactor: an open-source application for calculating tor-
tuosity factors from tomographic data. SoftwareX 5, 203-210
(2016). https://doi.org/10.1016/j.s0ftx.2016.09.002

© The authors

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

B.Y. Xia, Y. Yan, N. Li, H.B. Wu, X.W. Lou et al., A metal—
organic framework-derived bifunctional oxygenelectrocatalyst.
Nat. Energy 1, 15006 (2016). https://doi.org/10.1038/nenergy.
2015.6

C. Kuru, Co-Mo-Se ternary chalcogenide thin film coatedp-Si
photocathode for efficient solar hydrogen production. Funct.
Mater. Lett. 14, 2151002 (2021). https://doi.org/10.1142/
$1793604721510024

W. Lu, J. Shen, P. Zhang, Y. Zhong, Y. Hu et al., Construc-
tion of CoO/co-Cu-S hierarchical tubular heterostructures for
hybrid supercapacitors. Angew. Chem. Int. Ed. 131, 15587—
15593 (2019). https://doi.org/10.1002/ange.201907516

J.H. Park, J.H. Shin, J.M. Ju, J.H. Lee, C. Choi et al., Mod-
ulating the electrocatalytic activity of N-doped carbon
frameworks via coupling with dual metals for Zn-air bat-
teries. Nano Converg. 9, 17 (2022). https://doi.org/10.1186/
s40580-022-00308-8

P. Wang, T. Yuan, H. Yuan, X. Zheng, H. Jjaz et al., PdO/SnO,
heterostructure for low-temperature detection of CO with fast
response and recovery. RSC Adv. 9, 22875-22882 (2019).
https://doi.org/10.1039/c9ra03171e

J. Li, B. Wei, X. Yue, Z. Lii, A highly efficient and robust
perovskite anode with iron-palladium co-exsolutions for inter-
mediate-temperature solid-oxide fuel cells. Chemsuschem 11,
2593-2603 (2018). https://doi.org/10.1002/cssc.20180064 1

D.J. Deka, J. Kim, S. Gunduz, D. Jain, Y. Shi et al., Coke
formation during high-temperature CO, electrolysis over
AFeOj; (A = La/Sr) cathode: effect of A-site metal segrega-
tion. Appl. Catal. B Environ. 283, 119642 (2021). https://doi.
org/10.1016/j.apcatb.2020.119642

X. Xi, J. Liu, Y. Fan, L. Wang, J. Li et al., Reducing d-p band
coupling to enhance CO, electrocatalytic activity by Mg-dop-
ing in Sr,FeMoO,_; double perovskite for high performance
solid oxide electrolysis cells. Nano Energy 82, 105707 (2021).
https://doi.org/10.1016/j.nanoen.2020.105707

C. Yang, Y. Tian, J. Pu, B. Chi, Anion fluorine-doped
Lag ¢St 4Fe( gNij, ,05_5 perovskite cathodes with enhanced
electrocatalytic activity for solid oxide electrolysis cell direct
CO, electrolysis. ACS Sustain Chem. Eng. 10, 1047-1058
(2022). https://doi.org/10.1021/acssuschemeng.1c07576

L. Zhang, W. Sun, C. Xu, R. Ren, X. Yang et al., Two-fold
improvement in chemical adsorption ability to achieve effec-
tive carbon dioxide electrolysis. Appl. Catal. B Environ. 317,
121754 (2022). https://doi.org/10.1016/j.apcatb.2022.121754

S. Zhang, Y. Jiang, H. Han, Y. Li, C. Xia, Perovskite oxy-
fluoride ceramic with in situ exsolved Ni—Fe nanoparticles for
direct CO, electrolysis in solid oxide electrolysis cells. ACS
Appl. Mater. Interfaces 14, 2885428864 (2022). https://doi.
org/10.1021/acsami.2c05324

L. Zhang, S. Hu, W. Li, Z. Cao, H. Liu et al., Nano-
CeO,_modified cathodes for direct electrochemical CO,
reduction in solid oxide electrolysis cells. ACS. Sustain.
Chem. Eng. 7, 9629-9636 (2019). https://doi.org/10.1021/
acssuschemeng.9b01183

S. Park, Y. Kim, H. Han, Y.S. Chung, W. Yoon et al., In situ
exsolved co nanoparticles on ruddlesden-popper material As

https://doi.org/10.1007/s40820-023-01298-w


https://doi.org/10.1016/j.matchemphys.2015.02.024
https://doi.org/10.1016/j.matchemphys.2015.02.024
https://doi.org/10.1016/j.ceramint.2019.03.119
https://doi.org/10.1016/j.ceramint.2019.03.119
https://doi.org/10.1016/j.electacta.2015.09.097
https://doi.org/10.1021/acsanm.8b00566
https://doi.org/10.1021/acsanm.8b00566
https://doi.org/10.1016/j.ultramic.2017.07.017
https://doi.org/10.1016/j.ultramic.2017.07.017
https://doi.org/10.1039/d0ee00870b
https://doi.org/10.1016/j.nanoen.2020.105456
https://doi.org/10.1016/j.nanoen.2020.105456
https://doi.org/10.1021/acsenergylett.2c01370
https://doi.org/10.1021/acsenergylett.2c01370
https://doi.org/10.1038/srep05246
https://doi.org/10.1038/srep05246
https://doi.org/10.1016/j.chempr.2021.11.024
https://doi.org/10.1016/j.chempr.2021.11.024
https://doi.org/10.1016/j.softx.2016.09.002
https://doi.org/10.1038/nenergy.2015.6
https://doi.org/10.1038/nenergy.2015.6
https://doi.org/10.1142/s1793604721510024
https://doi.org/10.1142/s1793604721510024
https://doi.org/10.1002/ange.201907516
https://doi.org/10.1186/s40580-022-00308-8
https://doi.org/10.1186/s40580-022-00308-8
https://doi.org/10.1039/c9ra03171e
https://doi.org/10.1002/cssc.201800641
https://doi.org/10.1016/j.apcatb.2020.119642
https://doi.org/10.1016/j.apcatb.2020.119642
https://doi.org/10.1016/j.nanoen.2020.105707
https://doi.org/10.1021/acssuschemeng.1c07576
https://doi.org/10.1016/j.apcatb.2022.121754
https://doi.org/10.1021/acsami.2c05324
https://doi.org/10.1021/acsami.2c05324
https://doi.org/10.1021/acssuschemeng.9b01183
https://doi.org/10.1021/acssuschemeng.9b01183

Nano-Micro Lett.

(2024) 16:93

Page 170f 17 93

51.

52.

53.

54.

55.

highly active catalyst for CO, electrolysis to CO. Meet. Abstr.
(2019). https://doi.org/10.1149/ma2019-01/33/1751

K.T. Bae, I. Jeong, D. Kim, H. Yu, H.-N. Im et al., Highly
active cobalt-free perovskites with Bi doping as bifunctional
oxygen electrodes for solid oxide cells. Chem. Eng. J. 461,
142051 (2023). https://doi.org/10.1016/j.cej.2023.142051
B.-H. Yun, K.J. Kim, D.W. Joh, M.S. Chae, J.J. Lee et al.,
Highly active and durable double-doped bismuth oxide-based
oxygen electrodes for reversible solid oxide cells at reduced
temperatures. J. Mater. Chem. A 7, 20558-20566 (2019).
https://doi.org/10.1039/c9ta09203j

D. Kim, J.W. Park, M.S. Chae, I. Jeong, J.H. Park et al., An
efficient and robust lanthanum strontium cobalt ferrite catalyst
as a bifunctional oxygen electrode for reversible solid oxide
cells. J. Mater. Chem. A 9, 5507-5521 (2021). https://doi.org/
10.1039/d0ta11233;

T. Tan, Z. Wang, M. Qin, W. Zhong, J. Hu et al., In situ exso-
lution of core-shell structured NiFe/FeOx nanoparticles on
Pr, 4St, ¢(NiFe), sMo, sO,_s for CO, electrolysis. Adv. Funct.
Mater. 32, 2202878 (2022). https://doi.org/10.1002/adfm.
202202878

X. Yang, K. Sun, M. Ma, C. Xu, R. Ren et al., Achieving
strong chemical adsorption ability for efficient carbon diox-
ide electrolysis. Appl. Catal. B Environ. 272, 118968 (2020).
https://doi.org/10.1016/j.apcatb.2020.118968

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

56.

57.

58.

59.

Y. Zhou, Z. Zhou, Y. Song, X. Zhang, F. Guan et al., Enhanc-
ing CO, electrolysis performance with vanadium-doped per-
ovskite cathode in solid oxide electrolysis cell. Nano Energy
50, 43-51 (2018). https://doi.org/10.1016/j.nanoen.2018.04.
054

H. Yu, H.-N. Im, K.T. Lee, Exceptionally high-performance
reversible solid oxide electrochemical cells with ultrathin and
defect-free Smy) ;5Nd 475Ce( 35O,_s interlayers. Adv. Funct.
Mater. 32, 2207725 (2022). https://doi.org/10.1002/adfm.
202207725

X. Yang, W. Sun, M. Ma, C. Xu, R. Ren et al., Achieving
highly efficient carbon dioxide electrolysis by In situ construc-
tion of the heterostructure. ACS Appl. Mater. Interfaces 13,
20060-20069 (2021). https://doi.org/10.1021/acsami.1c02146
Y. Jiang, Y. Yang, C. Xia, H.J.M. Bouwmeester,
Sr,Fe, 4Mn,, ;Mo s04_s perovskite cathode for highly efficient
CO, electrolysis. J. Mater. Chem. A 7, 22939-22949 (2019).
https://doi.org/10.1039/c9ta07689a

@ Springer


https://doi.org/10.1149/ma2019-01/33/1751
https://doi.org/10.1016/j.cej.2023.142051
https://doi.org/10.1039/c9ta09203j
https://doi.org/10.1039/d0ta11233j
https://doi.org/10.1039/d0ta11233j
https://doi.org/10.1002/adfm.202202878
https://doi.org/10.1002/adfm.202202878
https://doi.org/10.1016/j.apcatb.2020.118968
https://doi.org/10.1016/j.nanoen.2018.04.054
https://doi.org/10.1016/j.nanoen.2018.04.054
https://doi.org/10.1002/adfm.202207725
https://doi.org/10.1002/adfm.202207725
https://doi.org/10.1021/acsami.1c02146
https://doi.org/10.1039/c9ta07689a

	Novel Perovskite Oxide Hybrid Nanofibers Embedded with Nanocatalysts for Highly Efficient and Durable Electrodes in Direct CO2 Electrolysis
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Electrode Preparation
	2.2 Characterization
	2.3 Cell Fabrication for CO2 Electrolysis of SOEC
	2.4 Electrochemical Measurements
	2.5 Digital Twin of Electrodes

	3 Results and Discussion
	3.1 Crystallographic Phase Analysis
	3.2 Oxidation States of Elements
	3.3 CO2 Reduction Reaction Kinetics
	3.4 CO2 Electrolysis Performance
	3.5 Digital Twinning

	4 Conclusion
	Acknowledgement 
	Anchor 19
	References


