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mance and longevity with butane-
operated low-temperature solid oxide fuel cells
using low-cost Cu and CeO2 catalysts†
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Kyung Joong Yoon, a Jong-Ho Lee ab and Ji-Won Son *abc

The use of thin-film solid oxide fuel cells (TF-SOFCs) can effectively lower the operating temperature of

a typical solid oxide fuel cell (SOFC) below 600 �C, while maintaining high efficiency and using low-cost

catalysts. However, the fuel flexibility in SOFCs becomes a significant challenge at lower operating

temperatures, resulting in the need for expensive noble-metal catalysts. The effective implementation of

low-cost catalysts, Cu and CeO2, in a TF-SOFC presents a solution to this problem. Cu is inserted

directly near the electrolyte–anode interface via a combination of pulsed laser deposition and sputtering

to assist the electrochemical reactions, and the anode support, which constitutes the main volume of

the cell, is infiltrated with CeO2 to effectively facilitate thermochemical reforming reactions. A

comprehensive study of catalyst-modified cells (Cu–Ce-cell, Ce-cell, and Cu-cell) and a Ni/YSZ

reference cell (ref-cell) is performed over n-butane fuel in an operating temperature range of 500 to

600 �C. The cell incorporating Cu and CeO2 (Cu–Ce-cell) shows a record high performance for

a hydrocarbon-fueled SOFC, with a peak power density of 1120 mW cm�2 at 600 �C. Cu and CeO2

improve the activity of the steam reforming reaction, and CeO2 expands the triple-phase boundary,

increasing the electrochemical activity. Cu–Ce-cell also degrades at a much slower rate than ref-cell.

Post-reaction analysis proves that the drastic improvement in longevity is achieved as a result of the

enhanced carbon deposition resistance of Cu–Ce-cell.
1. Introduction

High-temperature fuel cells based on ceramic materials (solid
oxide fuel cells, SOFCs) offer high electrical efficiency, low levels
of contaminant emission, and fuel exibility. This fuel exi-
bility is especially benecial compared to other types of fuel cell
technology, as hydrocarbon fuels can be used without complex
pretreatment. SOFCs could play a crucial role in accelerating the
transition from an economy based on fossil fuels to one based
on renewable fuels.1–6 Despite their potential, the high oper-
ating temperatures (>800 �C) required pose a serious challenge,
leading to issues such as fast cell degradation, the need for
expensive construction materials, and slow startup–shutdown
cycles. In particular, the latter impedes the application of SOFCs
for small-scale and portable applications.
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SOFCs that operate below 600 �C (denoted as LT-SOFCs) have
attracted increasing attention, as they can overcome the above-
mentioned challenges associated with conventional SOFCs.7–9

LT-SOFCs will enable the application of SOFCs for small-scale
and portable applications and support the adoption of low-
cost materials. Challenges related to the development of LT-
SOFCs include the limited mobilities of oxide ions, the slower
kinetics of electrode reactions, and reduced reforming reaction
rates caused by the lower operating temperature.10 Kilner has
been a pioneer in the development of novel materials suitable
for use in LT-SOFCs through pursuing a fundamental under-
standing of oxide materials that are involved in the diffusion
and exchange of oxygen.11–16 Greatly beneting from his work,
LT-SOFCs have evolved over the last decade, with remarkable
improvements achieved via applying suitable materials, imple-
menting thin-lm deposition techniques, and incorporating
nanometer-scale tailored materials.17–19

The incorporation of nanostructures into LT-SOFCs via thin-
lm deposition decreases the thickness of the electrolyte and
allows for the creation of newly developed functionalities that
can signicantly improve the performance of the LT-SOFC.20–25

Our group has been developing a thin-lm-based SOFC that is
built on a sintered, conventional anode–electrolyte composite
(cermet) support. This is classied as a “multiscale-architecture
This journal is © The Royal Society of Chemistry 2022
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thin-lm SOFC” (denoted as TF-SOFC) because materials on
a variety of different scales, from nanometer to centimeter, were
integrated to construct the anode-supported thin-lm-based
SOFC.8 The performances of TF-SOFCs, operated below
600 �C, were comparable to or even better than those of high-
temperature SOFCs operated above 800 �C.26

In addition to the operating temperature, the fuel selection
and the accommodation of internal reforming are critical issues
when aiming to minimize the system volume and weight for
small-scale and portable SOFC applications. n-Butane (n-C4H10)
has a high energy density (29.7 MJ L�1 and 49.5 MJ kg�1)27 and it
can be easily stored and used in liquid form, unlike H2 and CH4.
The vapor pressure of butane at ambient temperature, �2.43
bar at 25 �C, is low enough so as to not require a high-strength
container but high enough to eliminate the need for a fuel
pump.28 The reforming mode is also important for portable
applications. In a typical Ni–YSZ cermet fuel anode, hydro-
carbon fuel is reformed to H2 and CO before undergoing elec-
trochemical oxidation. In internal reforming mode, the
reforming reaction takes place inside the fuel cell anode where
Ni serves as the reforming catalyst. Alternatively, an external
catalytic reformer is added to the system in external reforming
mode. An external reformer is not suitable for portable appli-
cations as it adds weight and volume to the system, and it may
even lower the overall efficiency.29 Low-temperature operation,
fuel selection, and the accommodation of internal reforming
are key issues to be solved for small-scale and portable SOFCs.

Signicant challenges arise when hydrocarbons are used in
internal-reforming LT-SOFCs. The steam reforming reaction of
hydrocarbons is highly endothermic, leading to poor reforming
reaction rates at lower temperatures. Moreover, carbon depo-
sition is thermodynamically favored at operating temperatures
below 700 �C.30 Therefore, a high steam-to-carbon ratio (SCR),
from 2 to 3, and a suitable catalyst are required to avoid carbon
deposition and to increase the reforming reaction rate at lower
temperatures. Ni is the most commonly used anode catalyst in
SOFCs. Unfortunately, the high catalytic activity of Ni in
hydrocarbon cracking can lead to severe carbon deposition on
the Ni surface. Ni promotes the formation of carbon laments
from hydrocarbons under a range of operating conditions, and
a high SCR is not sufficient in butane-fueled SOFCs to prevent
carbon deposition.28,31,32 Therefore, it is vital to properly tailor
the catalyst material in the fuel electrode. One of the
approaches to overcome the limitations of Ni is to add
a reforming catalyst, usually a noble metal such as Ru, Pt, and
Rh,33–35 or a transition metal, such as Cu, to suppress carbon
deposition.36–38 Generally, noble metals display better resistance
to carbon deposition; however, their high cost and limited
availability restrict their application. The costs of different
catalyst materials are listed in Table S1.†

In our previous work, the effects of various catalyst materials
(Ru, Pd, and Cu) on the performances of internal-steam-
reforming butane-fueled TF-SOFCs (ISRB–TF-SOFCs) under
low-temperature conditions were systematically investigated.
The catalysts were incorporated near the electrolyte–anode
interface, anode functional layer (AFL), of TF-SOFCs via the
sandwich-like alternating deposition of sputtering and pulsed
This journal is © The Royal Society of Chemistry 2022
laser deposition (PLD). The metal catalyst was deposited via
sputtering, and the NiO–YSZ composite was deposited via
PLD.38,39 Among the catalysts tested, Ru showed the best
performance; however, Cu also displayed promising results,
especially at 500 �C. Therefore, in the current study, we tried to
further improve the performance and durability of ISRB–SOFCs
at lower operating temperatures using economical catalysts. To
achieve this, Cu and CeO2 were chosen as the catalysts for use in
ISRB–SOFCs. Cu, one of the most affordable transition metals,
is extensively used as a catalyst in hydrocarbon oxidation reac-
tions.36–38 Moreover, the use of Cu is an economical solution in
processes involving hydrocarbon reforming and CO oxidation,
including the water-gas-shi (WGS) reaction.40–42 CeO2 is a well-
known oxidation catalyst and it has been commonly used in
numerous catalytic reactions, including the WGS reaction,
hydrocarbon oxidation, partial oxidation, and steam reform-
ing.43–49 The superior catalytic capabilities of CeO2 are associ-
ated with the reversible redox pair Ce3+/Ce4+.49 The inltration
of the anode layer of a SOFC with CeO2 can assist the conversion
of hydrocarbon fuels, thereby improving the performance of the
fuel cell.4,50 In addition, CeO2 is also used in direct hydrocarbon
fuel cells owing to its resistance to carbon deposition.51,52 The
insertion of CeO2 into the anode layer has been effective in
improving the electrocatalytic activity over both hydrogen and
hydrocarbon fuels via expanding the triple phase boundary,
leading to enhanced electrochemical reaction performance.53

However, most of these studies were performed under high-
temperature conditions, from 750 to 900 �C, and with
methane as the fuel.54–57

In this work, Cu and CeO2 were incorporated into two
different regions of a TF-SOFC to achieve both high perfor-
mance and durability of the ISRB-SOFC. Cu was sputter-
deposited at the AFL via sandwich-like placement between
the NiO–YSZ composite layers. This strategy enabled the
homogeneous dispersion of the Ni–Cu alloy at the electrolyte–
anode interface where electrochemical reactions occur. CeO2

nanoparticles were used to cover the entire anode region using
urea-assisted inltration. Urea acted as a complexing agent
and in situ precipitation agent, ensuring the uniform distri-
bution of the nanometer-sized CeO2.58 The catalytic properties
of Cu- and CeO2-modied Ni–YSZ powder are rst investigated
at the powder level using a packed bed reactor. The reforming
reaction rate and long-term stability were improved upon
incorporating either Cu or CeO2 into Ni–YSZ powder. Then, TF-
SOFCs with four different catalyst insertion congurations
were tested as ISRB–SOFCs, and the electrochemical perfor-
mances of these TF-SOFCs under different operating condi-
tions were compared at temperatures below 600 �C.
Enhancements in both the performance and longevity of TF-
SOFCs upon the incorporation of Cu and CeO2 are clearly
demonstrated.

2. Materials and methods
2.1. Evaluation of the catalytic properties at the powder level

Preparation of catalyst powder via urea-assisted inltration.
Cerium(III) nitrate hexahydrate [Ce(NO3)3$6H2O] and Cu(II)
J. Mater. Chem. A, 2022, 10, 2460–2473 | 2461
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nitrate trihydrate [Cu(NO3)2$3H2O] (Sigma-Aldrich, USA) were
used as the CeO2 and Cu precursors, respectively. 0.5 mol L�1

promoter precursor solutions were mixed with urea (Sigma-
Aldrich, USA) and a mixture of water and ethanol. A [urea]/
[cation] molar ratio of 10 and an [ethanol]/[water] volume
ratio of 0.6 were used. Ce or Cu precursor solution (0.15 mL,
0.5 mol L�1) inltrated 0.3 g of nickel oxide–yttria-stabilized
zirconia (NiO–YSZ; 56 : 44 wt%; NiO from Sumitomo Metal
Mining, Japan; YSZ from Tosoh Corp., Japan) powder, which
was pre-treated at 1200 �C for 1 h in air to homogenize the
anode particle size; the samples were denoted as Ce–Ni–YSZ
powder and Cu–Ni–YSZ powder, respectively. The same
number of moles of Ce or Cu was deposited onto Ni–YSZ
powder, at a molar ratio of 1 : 30 (Ce or Cu : Ni), and the
weight fractions are 3.38 and 1.56 wt%, respectively. The
catalyst-inltrated powder was thermally treated in air for 2 h
at 80 �C to decompose the urea. Subsequently, secondary
thermal treatment was applied at 400 �C for 1 h to remove any
remaining organic compounds. Then, the in situ crystalliza-
tion of Ce–Ni–YSZ and Cu–Ni–YSZ powder was performed at
650 �C and 1200 �C, respectively, for 1 h. The thermal treat-
ment temperatures for the two precursors were selected based
on the fabrication processes for TF-SOFC cells containing
a Cu-incorporated anode functional layer (post-annealed at
1200 �C) and a CeO2-inltrated anode support (post-annealed
at 650 �C).

Characterization of catalyst powder. Brunauer–Emmett–
Teller (BET) measurements (Quadrasorb SI, Quantachrome)
were used to estimate the BET surface areas of the fabricated
catalysts. The catalyst powder samples were pretreated under
vacuum at 130 �C for 12 h before BET measurements. X-ray
diffraction (XRD) (D/Max-2500, Rigaku) analysis was used to
examine the crystalline phases of as-prepared and reduced
catalyst powder samples using Cu-Ka radiation. All XRD
patterns were acquired in the 2q range of 20� to 80� with a step
size of 0.2�. Scanning electron microscopy (FE-SEM, Inspect
F50, FEI) was used to study the morphologies of the fabricated
catalysts. Catalyst powder samples were also characterized via
Raman spectroscopy (Renishaw InVia Raman Microscope) aer
butane steam reforming testing to compare the extent of carbon
deposition.

Steam reforming of butane using catalyst-incorporated Ni–
YSZ powder. The catalysts were tested during the steam
reforming of butane in a continuous-ow tubular quartz reactor
at atmospheric pressure (1 atm). The synthesized catalyst
powder (0.3 g) was placed in the middle of the reactor. Prior to
the reaction, the catalysts were reduced at 600 �C for 4 h under
10 vol% H2 in Ar at a ow rate of 20 mL min�1. H2 was switched
to a mixture of butane and steam with an SCR of 3 balanced by
high-purity N2 to a total feed ow rate of 200 mL min�1. Activity
tests were performed at 500, 550, and 600 �C. For long-term
stability tests, the temperature was maintained at 600 �C for
20 h on stream. The composition of the outlet gas was analyzed
online using an Agilent 7890 gas chromatograph (GC) with
a thermal conductivity detector (TCD) and Agilent 19095P-QO4
HP-PLOT-Q and Molsieve 5 Å columns. The butane conversion
was calculated based on eqn (1):
2462 | J. Mater. Chem. A, 2022, 10, 2460–2473
XC4H10
¼ ½moles of C4H10 converted�

½moles of C4H10 fed�

� 100% z
½produced H2 concentration�

½equilibrated H2 concentration� � 100%

(1)
2.2. Catalytic properties investigated at the cell level

TF-SOFC preparation. Four different TF-SOFCs were
compared to study the inuence of the Cu and CeO2 catalysts on
the performances of the ISRB–SOFCs as follows: (i) a standard
TF-SOFC reference cell containing no secondary catalyst (ref-
cell); (ii) a previously reported cell with a Cu-inserted anode
functional layer, where sputter-deposited Cu layers and pulsed-
laser-deposited NiO–YSZ layers were alternatively deposited to
form multilayer thin lms, which later form a Cu–Ni alloy/YSZ
cermet layer (Cu-cell);38 (iii) a cell with a CeO2-inltrated
anode support layer (Ce-cell); and (iv) a cell containing both
a Cu-inserted anode functional layer and a CeO2-incorporating
anode support layer (Cu–Ce-cell).

The standard reference cell consists of a Ni–YSZ anode
support substrate (AS), a Ni–YSZ AFL, a YSZ and gadolinium-
doped ceria (GDC) bilayer electrolyte, and a lanthanum stron-
tium cobalt oxide (LSC) cathode. The anode substrate (1 mm
thick) was fabricated via laminating 7 NiO–YSZ tape-cast layers
(each 150 mm thick, containing poly(methyl methacrylate) as the
pore former) and 1 NiO–YSZ layer (30 mm thick, no pore former,
tape-AFL) at 75 �C under 15 MPa uniaxial pressure. The lami-
nated cell was sintered at 1300 �C for 4 h prior to thin-lm
deposition.

PLD was used to fabricate the standard Ni/YSZ reference cell
(ref-cell). The NiO–YSZ AFL (nanoAFL) with a thickness of 2 mm
was deposited on the 2 cm� 2 cm AS at a substrate temperature
(Ts) of 700 �C and a deposition oxygen ambient pressure (Pamb)
of 50 mTorr, followed by post-annealing for 1 h at 1200 �C under
air. Then, the YSZ/GDC bilayer electrolyte was deposited at a Ts
value of 700 �C and a Pamb value of 50 mTorr (the thicknesses of
the layers were 1 mm and 200 nm, respectively). A 1 cm � 1 cm 3
mm-thick LSC layer was deposited on the surface of GDC at 25 �C
and a Pamb value of 100 mTorr, followed by post-annealing at
650 �C for 1 h under air for cathode crystallization.26,59–66

To fabricate Ce-cell, CeO2 precursor solution was inltrated
into the AS following the method described above. The inl-
tration and thermal treatments were repeated ve times. For
Cu–Ce-cell, Cu was incorporated in the AFL, followed by CeO2

inltration into the AS. Energy-dispersive X-ray spectroscopy
(EDS) was used to determine the distributions of the catalysts at
the anode, and transmission electron microscopy (TEM, Titan)
and FE-SEM were used to observe the cross-sectional micro-
structures of the catalyst-incorporated cells. A detailed method
for preparing the Cu–Ni functional layer is described in our
previous work.38

TF-SOFC ISRB cell performance measurements. Cell testing
was performed using a steam-reforming testing system, as
described in detail in our previous studies.38,67 Air was used as
This journal is © The Royal Society of Chemistry 2022
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the oxidant at the cathode, while butane with steam was
supplied as a fuel at the anode. To avoid Ni oxidation, 5% H2

was introduced with the steam/butane mixture, with a total
ow rate of 200 mL min�1. The tested fuel compositions are
listed in Table S2.† Electrochemical impedance spectroscopy
and I–V–P measurements were used to evaluate the cell
performance. In addition, DRT analysis was performed using
FTIKREG, which employs Tikhonov regularization. Before
internal reforming testing, initial fuel cell testing with
humidied H2 fuel was carried out at temperatures between
500 and 650 �C aer 24 h of reduction at 600 �C. This was done
to conrm that the cells exhibited reasonable performances
compared with previously reported results.26,65,66 Aer con-
rming the performance, the steam, butane, H2, and N2

mixtures listed in Table S2† at different SCRs were used as
anode fuels for the SOFCs. The effects of the operating
temperature (500–600 �C) at an SCR of 3 were also investi-
gated. Long-term stability testing was performed using ref-cell
and Cu–Ce-cell at 600 �C and an SCR of 3 at a constant current
density of 0.15 A cm�2 to investigate the effects of the catalysts
on the longevities of the ISRB–TF-SOFCs.
3. Results and discussion
3.1. Steam reforming of n-butane

The steam reforming of hydrocarbons mainly consists of two
reactions: hydrocarbon splitting with steam (eqn (2)) and the
water-gas-shi (WGS) reaction (eqn (3)). The overall reforming
reaction is highly endothermic and requires high temperatures
to achieve a sufficient reaction rate and conversion.

CnHm + nH2O 4 nCO + (n + m/2)H2 (2)

CO + H2O 4 CO2 + H2 (3)

During SOFC operation, the electrochemical oxidation of H2

(eqn (4)) and CO (eqn (5)) also occurs. The removal of H2 and CO
via electrochemical reactions further promotes hydrocarbon
splitting with steam (eqn (2)).

H2 + O2� 4 H2O + 2e� (4)

CO + O2� 4 CO2 + 2e� (5)

Carbon deposition is a major obstacle in hydrocarbon
reforming. During the operation of an internal reforming SOFC,
carbon deposits can block electrochemical and catalytic active
sites, eventually causing cell failure. Carbon is deposited on the
catalyst surface via CO or CH4 dissociation (eqn (6) and (7)) and
via the cracking of alkanes to alkenes, followed by carbon
deposition (eqn (8)). Higher molecular weight hydrocarbons
have a greater tendency towards carbon deposition, and thus
greater care is required.

2CO 4 C + CO2 (6)

CH4 4 C + 2H2 (7)
This journal is © The Royal Society of Chemistry 2022
CnH2n+2 4 CnH2n + H2 4 Cn + (n + 1)H2 (8)

Carbon deposition can be conveniently predicted using
a C–H–O diagram obtained from thermochemical calculations
(Fig. S1†).68,69 The carbon deposition region expands signi-
cantly upon a decrease in the temperature from 800 to 500 �C.
Therefore, severe carbon deposition is expected when operating
an internal reforming SOFC at a lower temperature. The addi-
tion of an appropriate amount of steam can prevent carbon
deposition via increasing the O andH fractions. For butane fuel,
an SCR of 2 lies near the edge of the carbon deposition region,
and thus an SCR higher than 2 is generally required. However,
thermochemically calculated SCRs are oen imprecise, as will
be discussed below.70
3.2. Catalytic properties of Cu- and CeO2-modied Ni–YSZ
anode powder

The thermal catalytic effects of Cu and CeO2 addition to Ni–
YSZ powder for the steam reforming of butane were evaluated
before incorporating the catalysts into TF-SOFCs. Cu and
CeO2 were incorporated into Ni–YSZ powder via inltration,
and the samples were denoted as Cu–Ni–YSZ powder and Ce–
Ni–YSZ powder, respectively. The powder samples were tested
in a packed bed reactor and reduced before the reforming
reaction. The morphologies and BET surface areas were
almost identical for Ni–YSZ, Cu–Ni–YSZ, and Ce–Ni–YSZ
powder (Fig. S2, and Table S3†), demonstrating that the
catalytic properties are only governed by the insertion of the
secondary catalyst. The XRD patterns given in Fig. S3† show
phase information for Cu–Ni–YSZ and Ce–Ni–YSZ powder
before and aer reduction. Before reduction, the XRD
patterns of both powder samples primarily show peaks from
NiO and YSZ, while the XRD pattern of the Ce-inltrated
sample shows small peaks at �46.8� and 56.5�, which corre-
spond to CeO2. These CeO2 peaks are also present in the XRD
pattern aer reduction. From the binary alloy phase diagram
of Cu–Ni (Fig. S4†), Cu–Ni exists as a homogeneous solid
solution, which was also conrmed in our previously reported
results.38,71

The steam reforming of butane was tested in a packed bed
reactor in a temperature range of 500 to 600 �C with an SCR of 3.
The experimentally observed butane conversion levels are
shown in Fig. 1a, and the reaction products are shown in more
detail in Fig. S5.† The reaction produced 20–30%H2, 5–7% CO2,
and small amounts of CO and CH4. The butane conversion is
calculated via dividing the experimentally produced H2 by the
equilibrium concentration of H2 under the given conditions.
The butane conversion levels of all the catalysts increased with
temperature due to the endothermic nature of the reforming
reaction. The addition of CeO2 and Cu enhanced the steam
reforming of butane, with the CeO2-modied powder, Ce–Ni–
YSZ, providing the best results. This enhancement was more
prominent at lower temperatures.

The promotional effects of CeO2 on hydrocarbon reforming
are oen explained as being due to its excellent redox capabil-
ities for shuttling between Ce(III) and Ce(IV), which are related to
J. Mater. Chem. A, 2022, 10, 2460–2473 | 2463
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Fig. 1 The steam reforming of butane using powder catalysts. (a) Butane conversion levels from 500 to 600 �C using various Ni–YSZ powder
samples at an SCR of 3. (b) Long-term testing of the steam reforming of butane at 600 �Cwith an SCR of 3 for 20 h. (c) Raman spectra and (d) SEM
images of various Ni–YSZ powder samples after 20 h of the steam reforming of butane.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
6 

ok
to

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 2

3.
06

.2
02

4 
19

.5
7.

37
. 

View Article Online
its oxygen storage capacity. Surface oxygen vacancies created via
the reduction of Ce(IV) to Ce(III)72 and metal–support interac-
tions at the Ni–CeO2 interface73 provide additional pathways to
activate and dissociate steam, facilitating steam reforming
reactions. It has been also reported that the introduction of
CeO2 or modied CeO2 to Ni catalysts can reduce carbon
deposition to a great extent,74,75 and the amount of deposited
carbon is strongly correlated with the oxygen storage capacity.76

The addition of Cu to Ni reduces carbon deposition as well. The
Ni–Cu alloy shows increased resistance to carbon formation via
reducing the adsorption energy of C while retaining the activity
of Ni.77 Many reports state that hydrocarbons form carbon
deposits at the step sites of Ni. In Ni–Cu alloys, Cu prefers to
segregate at the surface of Ni, preferentially blocking step sites
to reduce the total surface energy.78,79 Therefore, it is expected
that the higher activity of Cu–Ni–YSZ powder compared with
Ni–YSZ powder could be related to carbon deposition
resistance.

The stability of the catalyst powder samples was studied at
600 �C with an SCR of 3 for 20 h. The unmodied Ni–YSZ
powder showed the fastest deactivation (Fig. 1b), with a drop
in the butane conversion from 68.6% to 30.5% aer 20 h.
During the same period, the Cu–Ni–YSZ and Ce–Ni–YSZ
powder samples demonstrated much better stability, with
butane conversion drops of only �13.7% and �5.6%, respec-
tively. The extent of carbon deposition over the catalyst powder
aer 20 h of steam reforming was investigated using Raman
spectroscopy (Fig. 1c) and SEM (Fig. 1d) studies. SEM analysis
was performed at several positions on the powder samples and
representative microstructures are illustrated in Fig. 1d.
Severe carbon nanober formation is observed in the SEM
2464 | J. Mater. Chem. A, 2022, 10, 2460–2473
image of the tested Ni–YSZ powder, while much fewer carbon
nanobers are observed in the SEM image of the tested Cu–Ni–
YSZ powder. Carbon nanobers were hard to detect in the
tested Ce–Ni–YSZ powder via SEM. However, since SEM anal-
ysis only covers a small area with limited resolution, we cannot
rule out the possibility of carbon deposition on Ce–Ni–YSZ. It
is presumed that Ni–YSZ powder rapidly loses its activity due
to carbon deposition on the Ni surface, which blocks the active
sites. The improved stability of the CeO2- and Cu-
incorporating powder samples indicates that CeO2 and Cu
play crucial roles in suppressing carbon deposition. Although
the C–H–O diagram (Fig. S1†) predicts no carbon deposition at
an SCR of 3, signicant carbon deposition was observed,
especially on the unmodied Ni–YSZ catalyst. The endo-
thermic nature of the reaction can induce local cold spots
where carbon deposition is favored. In addition, differences in
the diffusivities and adsorption energies of different species
may cause local areas of inhomogeneity in the C fraction,
resulting in carbon deposition.

To characterize the deposited carbon, Raman spectroscopy
was performed (Fig. 1c). Two intense bands, which correspond
to deposited carbon, appear in the spectra. The D band at
�1350 cm�1 is associated with in-plane imperfections or the
disordered structure of the carbon, and the G band at
�1530 cm�1 is associated with graphitic carbon layers and the
tangential lattice vibration mode. Amorphous carbon, which is
D-band related, can be easily removed when oxidants are
present (e.g., H2O and O2�), whereas graphitic carbon, which
is G-band related, is much more difficult to remove.80,81 Unlike
in SEM images, where carbon nanobers were hardly identi-
able in the Cu–Ni–YSZ and Ce–Ni–YSZ samples, carbon
This journal is © The Royal Society of Chemistry 2022
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related peaks were present for all three samples but with
different ratios of the two bands. The intensity ratio of the two
bands, R ¼ ID/IG, reects the degree of graphitization. These
values were 1.12, 1.33, and 1.38 for Ni–YSZ, Cu–Ni–YSZ, and
Ce–Ni–YSZ powder, respectively. Although all samples show
signs of carbon deposition, the higher R values of the modied
samples imply that these materials could be more resistant to
carbon deposition.80–82 The R values of the powder samples
containing secondary catalysts are higher than that of Ni–YSZ
powder, which is consistent with the catalytic activity and
durability trends. The catalytic properties and post-reaction
analysis of the three catalysts clearly demonstrated that the
addition of Cu and CeO2 suppressed carbon deposition and
enhanced the reforming activity and durability upon the steam
reforming of butane. These characteristics are highly desirable
for internal steam reforming anodes.
3.3. TF-SOFC performance using internally steam reformed
butane fuel

We incorporated Cu and CeO2 into two different regions of TF-
SOFCs to improve the performance and carbon deposition
resistance of ISRB–SOFCs. First, the electrochemically active
region, the AFL, requires signicant improvement in terms of
preventing carbon deposition from blocking electrochemically
active sites and fatally impacting the SOFC performance. To
achieve this, Cu was sputter-deposited at the AFL with a sand-
wich-like conguration between the NiO–YSZ PLD layers
(Fig. 2a). Upon reduction treatment, the sandwiched Cu layer
Fig. 2 Schematic diagrams of TF-SOFCs. (a) The configuration of the TF-
naming of the tested TF-SOFCs.

This journal is © The Royal Society of Chemistry 2022
diffused into the Ni–YSZ layer, forming a homogeneous Ni–Cu
alloy at the anode functional layer. The amount of Cu incor-
porated in the cell was 0.5 mg cm�2. This content corresponds
to a 30 nm-thick Cu layer at the AFL. This optimal conguration
was found to prevent signicant structural defects, such as
delamination at the AFL, in our recent publications.21,38 CeO2,
another low-cost catalyst, was used to cover the entire anode
layer and improve the reforming activity and resistance to
carbon deposition. Urea-assisted inltration was employed to
ensure the uniform distribution of small-sized CeO2 nano-
particles (Fig. 2a). The urea in the inltration solution acts as
a complexing agent for the metal cations and as a precipitating
agent upon mild thermal treatment at 80 �C. Mild thermal
treatment separates the precipitation and drying processes,
resulting in the formation of uniformly distributed CeO2

nanoparticles.58 Three different CeO2 loading levels were tested
to optimize the CeO2 loading. As shown in Fig. S6,† the
optimum deposition amount of 2 wt% CeO2 results in nely
distributed small nanoparticles. A loading amount of 1 wt%
CeO2 deposition resulted in uncovered regions in the anode
support, and 5 wt% CeO2 deposition resulted in agglomerated
CeO2 particles.

Four different TF-SOFCs were prepared and tested for ISRB–
SOFC operation using temperatures between 500 and 600 �C:
a conventional Ni–YSZ TF-SOFC (ref-cell); a sample in which Cu
was added at the AFL of the TF-SOFC (Cu-cell); a CeO2-inl-
trated TF-SOFC (Ce-cell); and a cell which both Cu and CeO2

were incorporated (Cu–Ce-cell). Cu-cell has been previously
SOFC and catalyst incorporation strategies. (b) Schematic diagrams and

J. Mater. Chem. A, 2022, 10, 2460–2473 | 2465
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Fig. 3 Characterization of Cu–Ce-cell. (a) Distributions of the catalytic promoters (Cu and Ce) as a function of distance from the anode
functional layer after reduction, obtained via SEM-EDS. The Cu distribution is adapted from our previous work.38 (b) A HAADF-STEM image and
energy dispersive X-ray spectroscopy analysis showing the Cu, Zr, and Ni distributions after reduction at the anode functional layer. The white
dashed lines indicate Ni grains. (c) An SEM image of the anode support region showing the uniform distribution of the CeO2 nanoparticles.
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reported and is replotted together with the other cells for
detailed analysis.38

The distributions of Cu and Ce in the cell anode layer were
analyzed via SEM-EDS as a function of depth from the anode–
electrolyte interface (Fig. 3a) aer reduction treatment. Cu was
initially sputter-deposited within a 2 mm-thick nano-AFL
region at the anode–electrolyte interface. Aer annealing and
reduction treatment, Cu was distributed to a depth of over 60
mm (Fig. 3a) from the anode–electrolyte interface. EDX
mapping analysis aer reduction treatment shows a homoge-
neous distribution of Cu at the Ni grains of the AFL region,
conrming the formation of a homogeneous Ni–Cu alloy at the
AFL (Fig. 3b). A small amount of Cu is also located at the YSZ
grains. CeO2 was introduced from the top surface of the anode
support (AS) substrate using a urea-assisted inltration tech-
nique. Therefore, the concentration of Ce is higher at the top
of the AS, and Ce is distributed throughout the entire anode
region down to the anode–electrolyte interface. CeO2 nano-
particles, with a size of �15 nm, were uniformly distributed at
the AS layer, as shown in Fig. 3c. The nanometer-sized struc-
ture of CeO2 will facilitate the effects of CeO2 via providing
a greater interfacial area between CeO2 and Ni. The particle
size of CeO2 is also related to its oxygen storage capacity, where
small nanoparticles have a larger oxygen storage capacity,
higher reforming activity, and better resistance to carbon
deposition.83,84

Before the TF-SOFCs were tested with butane fuel, the
integrity of the cells and the differences in cell performances
were investigated using wet H2 (97% H2/3% H2O) as a fuel.
The results are shown in Fig. S7–10, Tables S4 and 5.† The
open-circuit voltage (OCV) of the fabricated TF-SOFCs was
approximately 1.1 V, which is a suitable OCV value for TF-
SOFCs, revealing that the thin-lm electrolyte was deposited
with microstructural integrity. The current–voltage–power (I–
V–P) results indicate that the fuel cell performances of ref-cell
and Cu-cell38 using humidied H2 are similar, whereas Ce-cell
and Cu–Ce-cell appeared to exhibit slightly better perfor-
mances. The polarization area specic resistance (RP) of the
2466 | J. Mater. Chem. A, 2022, 10, 2460–2473
TF-SOFCs noticeably drops upon the inltration of CeO2. As
shown in Fig. 3a, inltrated CeO2 nanoparticles are also
present at the AFL, where electrochemical reactions occur.
These CeO2 nanoparticles are likely to promote electro-
chemical reactions via expanding the triple phase
boundary.85,86 Detailed analysis of the H2-fueled performance
is discussed in the ESI.†

The performances of the TF-SOFCs were tested with butane
fuel at various SCRs at 600 �C, as shown in Fig. 4a. The incor-
poration of Cu and CeO2 improved the performances of the
ISRB–TF-SOFCs at all SCRs. Compared with the power
improvement using wet H2 fuel, as presented in the ESI† (30%
for Cu–Ce-cell compared to ref-cell), the enhancement is much
more pronounced in ISRB mode. The peak power densities
(PPDs) of Cu–Ce-cell were improved by 43%, 51%, and 60%
compared with ref-cell at SCRs of 3, 2.5, and 2, respectively.
Therefore, the performance enhancement is not only electro-
chemical but is also due to the reforming capabilities of the
inserted catalysts.

The signicant improvements shown by Ce-cell and Cu–Ce-
cell, as shown in Fig. 4a, demonstrate that the uniformly
distributed CeO2 nanoparticles act as an excellent reforming
catalyst. These reforming capabilities are also observable from
themass transport limited currents. The mass transport limited
current reects the availability of the reactants, H2 and CO,
produced by the steam reforming reaction. While the mass
transport limited current density of ref-cell at an SCR of 3 was
approximately 1.5 A cm�2, the insertion of secondary catalysts
(Cu–Ce-cell) increased the mass transport limited current
density to 2.0 A cm�2. The PPDs of the catalyst-incorporating
cells, especially the Ce-incorporating cell, did not signicantly
change with the SCR; the PPD changed from 1120 to 1092 mW
cm�2 for Cu–Ce-cell, from 891 to 882 mW cm�2 for Ce-cell, and
from 794 to 770 for Cu-cell. However, ref-cell showed a signi-
cant performance drop from 783 to 689 mW cm�2. The mass
transport limited current also decreased signicantly only for
ref-cell with a decrease in the SCR. The impact of the inserted
catalysts in ISRB–SOFCs is more signicant upon decreasing
This journal is © The Royal Society of Chemistry 2022

https://doi.org/10.1039/d1ta06922e


Fig. 4 Cell performances of ISRB–TF-SOFCs. (a) I–V–P curves of TF-SOFCs operated via the internal steam reforming of butane at 600 �C at
different SCRs. The I–V–P data for Cu-cell were previously reported38 and are plotted together with the data obtained in this study. (b) A
comparison of the peak power densities of internal hydrocarbon reforming LT-SOFCs. The data were adapted from the following references:
Ru–Ni from ref. 38, Pd–Ni from ref. 39, Ru–Ni(2) from ref. 87, Ru–Ni–CeOX CL from ref. 48, Ru-CeOX CL from ref. 91, Sn–Ni from ref. 88, Sn–
Ni(2) from ref. 89, LaOX–Ni from ref. 94, CaOX–Ni from ref. 95, Cu–Ni from ref. 90, Ru-SDCCL from ref. 92, and CuMnOX–SDCCL from ref. 93. A
detailed description of the data included in the plot is presented in Table S6.†
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the SCR, when more demanding reforming conditions are
present.

From these analyses, including catalytic performance tests
using a packed bed reactor, we conclude that the introduction
of small amounts of secondary catalysts promotes the reform-
ing of butane to H2 and CO, improving the fuel cell perfor-
mance. The impact of CeO2 is more signicant than that of Cu.
As seen in Fig. 3a, the amount of incorporated Ce is much larger
than that of Cu. In addition, CeO2 exists as nanoparticles, which
provide a higher surface area than alloyed Ni–Cu.

To estimate the conversion during the butane reforming
reaction, PPD values from ISRB operations are compared
with respect to PPD values from H2-fueled operations. If 5%
butane, the inlet composition for ISRB operations, is
completely converted at an SCR of 3 and 600 �C, 51% H2

would be produced.38 First, the TF-SOFCs were operated at
50 vol% H2 fuel content (N2 balance) at 600 �C (Fig. S11†) to
acquire reference PPD values. When considering the ratio of
PPD(ISRB)/PPD(50% wet H2), the estimated butane conversions
of ref-, Cu-, Ce-, and Cu–Ce-cell were approximately 70%,
This journal is © The Royal Society of Chemistry 2022
70%, 80%, and 90%, respectively. The butane conversion
capabilities of the TF-SOFCs are in the order: Cu–Ce- > Ce-, >
Cu- z ref-cell.

The performance of the Cu–Ce-cell, with a PPD of 1120 mW
cm�2 at 600 �C, is a signicant improvement on previously
reported internal hydrocarbon reforming fuel cells operated
below 700 �C. The PPDs of state-of-the-art SOFCs are plotted
together with the Cu–Ce-cell in Fig. 4b, with data given in
Table S6.† Previously reported data can be categorized based
on three different strategies: Ni-alloy anodes,38,39,87–90 the
addition of a catalyst layer on top of the anode,48,91–93 and
basic oxide addition to the anode.94,95 Our strategy involves
coupling a Ni–Cu alloy at the electrochemical interface and
using an AS layer as the catalyst layer via incorporating CeO2

nanoparticles. This synergistic approach is responsible for
the high performance. We expect that our approach could
provide an economic framework for high-performance
hydrocarbon-fueled SOFCs, especially under low-
temperature operating conditions. Although our Cu–Ce cell
shows remarkable performance, a direct comparison of its
J. Mater. Chem. A, 2022, 10, 2460–2473 | 2467
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Fig. 5 Electrochemical impedance analysis of ISRB–TF-SOFCs. EIS data from the four TF-SOFCs in ISRB mode at 600 �C with an SCR of 3 at 0.2
A cm�2: (a) Nyquist plots; (b) Bode plots; (c) DRT results; and (d) DRT fitting plots demonstrating distinct peaks for each TF-SOFC (note that the P4
peak of Cu-cell overlaps with the P4 peak of Ce-cell in (d)).
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performance to those of reported systems can be misleading
because the reported systems operate under different
reforming conditions involving different fuels, SCRs, and C/O
ratios.

Electrochemical impedance spectroscopy (EIS) and distri-
bution relaxation time (DRT) analysis was used to investigate
the electrochemical characteristics of the four different TF-
SOFCs (Fig. 5) under ISRB–SOFC conditions at 600 �C and an
SCR of 3 at a current density of 0.2 A cm�2. From the Nyquist
plots, all TF-SOFCs demonstrated almost identical ohmic area
specic resistance (ASR) values, mainly originating from the
YSZ electrolyte and independent of the secondary catalysts.
The polarization ASR (RP) noticeably decreases upon catalyst
insertion, and the relative order of the TF-SOFC RP values is
Cu–Ce-cell < Ce-cell < Cu-cell < ref-cell. The Bode plots in
Fig. 5b indicate that the improved performance can be
primarily correlated with a reduction in the impedance in the
mid-frequency range, which is dependent on the inserted
catalysts. This order demonstrates the effectiveness of the
incorporated catalysts in enhancing the internal steam
reforming reaction.

DRT analysis is used to distinguish different electro-
chemical mechanisms that oen overlap in EIS spectra. The
tted EIS data in Fig. 5b were used for DRT calculations. The
DRT results, showing four distinctive peaks, are compared in
Fig. 5c, and DRT plots of the deconvoluted peaks for each TF-
SOFC are shown in Fig. 5d. DRT analysis indicates the
2468 | J. Mater. Chem. A, 2022, 10, 2460–2473
following 4 distinguishable mechanisms: (i) P1 (101–102 Hz)
is attributed to gas diffusion at the anode96,97 and is related to
the reactant (H2) concentration. The P1 peak reduces with an
increase in the hydrogen concentration at the anode98 and,
therefore, an increased supply of reformed fuel will reduce
the P1 peak; (ii) P2 (102–103 Hz) is attributed to the electrode/
gas interfacial reaction; (iii) P3 (103–104 Hz) is correlated to
the charge transfer reaction; and (iv) P4 (104–105 Hz) is
associated with the ohmic resistance of the fuel electrode99

and the charge transfer reaction at the triple phase
boundary.100 Based on our prior work, the incorporation of
Cu into Cu-cell and Cu–Ce-cell mainly affects P2 through
improving the surface-related electrode reaction compo-
nent.38 CeO2 inltration reduces the responses at all
frequency ranges in both Ce-cell and Cu–Ce-cell. P1, which is
related to the reactant concentration, is reduced owing to the
improved supply of reformed fuel due to the high reforming
capabilities of the CeO2 catalyst. The CeO2 catalyst slightly
reduces P3. This effect is understandable considering the
deposition behavior of CeO2; the inltrated CeO2 is deposited
on the surfaces of the Ni and YSZ grains, as shown in Fig. 3c.
The charge transfer reaction occurs on the electrode surface;
thus, inltrated CeO2 modies the electrode structure,
thereby improving the charge transfer kinetics at the
surface.97 The decrease in P2 in the cases of Ce-cell and Cu–
Ce-cell originates from the additional active sites on the
anode surface and at the anode interface provided by the
This journal is © The Royal Society of Chemistry 2022
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CeO2 nanoparticles. CeO2 is a mixed ionic–electronic
conductor and a decent redox catalyst; therefore, more active
sites are available for H2 and CO electro-oxidation to occur,
improving the electrode reaction process. The high-
frequency P4 peak reduces slightly upon the inltration of
CeO2. While this peak is related to the ohmic resistance of
the fuel electrode99 or the charge transfer reaction at the
triple phase boundary100 in the literature, the origin of this
phenomenon requires further investigation since it was
temperature independent under H2 fuel operation (see the
ESI†).

3.4. Durability of the TF-SOFCs and the post-test
microstructures

Catalyst inltration into the Ni–YSZ powder reduced carbon
deposition, thereby improving the operational stability
during butane reforming (see above) in the packed bed
reactor. Therefore, catalyst incorporation in TF-SOFCs is
expected to improve the longevity of the cell during ISRB
Fig. 6 Durability testing of ISRB–TF-SOFCs. (a) Durability testing of Cu–
of butane at an SCR of 3 at 600 �C. I–P curves of (b) ref-cell and (d) Cu–
intermittently during long-term operation.

This journal is © The Royal Society of Chemistry 2022
mode operation. Herein, the long-term performances of ref-
cell and Cu–Ce-cell are compared under a constant current
load of 0.15 A cm�2 using butane fuel with an SCR of 3 at
600 �C, as shown in Fig. 6. The voltage of ref-cell decreases
drastically, by �14%, aer 60 h of operation. Excessive
carbon deposition and the deactivation of Ni are thought to
be the main reasons for the voltage drop. The initial PPD of
785 mW cm�2 decreased signicantly to �510 mW cm�2

aer only 2 h of operation, and eventually it decreased to
�235 mW cm�2 aer 60 h of operation (Fig. 6b). EIS analysis
showed a huge increase in Rp, resulting from a decreased
electrochemical interface due to carbon deposition. An
increase in ROhm was also visible in the EIS analysis, showing
signicant degradation due to carbon deposition. In
contrast, Cu–Ce-cell yielded a stable voltage output for 250 h
with only slight voltage degradation of �2.76% over 250 h.
Fig. 6d shows I–P curves that were intermittently recorded
during long-term testing, and Fig. 6e displays Nyquist plots
from EIS measurements collected every 50 h. Even aer the
Ce-cell and ref-cell at 0.15 A cm�2 during the internal steam reforming
Ce-cell and Nyquist plots of (c) ref-cell and (e) Cu–Ce-cell measured

J. Mater. Chem. A, 2022, 10, 2460–2473 | 2469

https://doi.org/10.1039/d1ta06922e


Fig. 7 Durability comparison. A comparison of the long-term stabili-
ties of previously reported internal hydrocarbon reforming LT-SOFCs.
The reported operating hours are plotted along with the degradation
rate in %/h. The data were adapted from the following sources: ref. 38
for Ru–Ni, ref. 39 for Pd–Ni, ref. 88 for Sn–Ni, ref. 89 for Sn–Ni(2), ref.
90 for Cu–Ni, ref. 93 for CuMnOX–SDCCL, ref. 94 for LaOX, and ref. 95
for CaOX. A detailed description of the data included in the plot is
presented in Table S6.†
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250 h durability test, Cu–Ce-cell exhibited a PPD of 1020 mW
cm�2 at an operation temperature of 600 �C, which is an
8.9% drop from the initial value of 1120 mW cm�2. The EIS
changes shown in Fig. 6e indicate that the ASR of Cu–Ce-cell
did not change signicantly as long-term testing progressed.
This demonstrates that the electrode did not degrade during
Fig. 8 SEM images of as-prepared and tested cells. SEM images of as-pre
cell and (e and f) Cu–Ce-cell after the long-term testing procedure dem

2470 | J. Mater. Chem. A, 2022, 10, 2460–2473
250 h of operation. Considering the demanding operating
conditions of ISRB, this degradation rate is truly remarkable.
To the best of our knowledge, the durability of Cu–Ce-cell is
the best among low-temperature internal reforming SOFCs
reported in the literature, as it has the longest operating
time and the lowest degradation rate (Fig. 7).38,39,88–90,93–95

Carbon deposition is considered to be the main cause of
cell performance degradation. The primary reason for Cu–
Ce-cell outlasting ref-cell is its ability to suppress carbon
deposition, as suggested by the powder catalyst tests (see
above). Aer long-term SOFC operation tests, SEM images at
different positions of the anodes of both cells were exam-
ined, and the representative microstructures are shown in
Fig. 8. The microstructures of as-prepared cells are displayed
along with cells subjected to long-term testing. Fig. 8a and d,
illustrating as-prepared cells, show almost identical micro-
structures. Ref-cell suffered severe carbon nanober forma-
tion during long-term operation (Fig. 8b and c). Carbon
deposition on the surface of Ni led to the deactivation of the
Ni catalyst. This is considered to be the reason for the cell
voltage drop of ref-cell during the 60 h test. On the contrary,
no clear carbon deposition was detected on the anode of Cu–
Ce-cell aer 250 h of operation (Fig. 8e and f). Negligible
carbon formation on Cu–Ce-cell in ISRB operation mode is
considered to enhance the longevity of the cell. The CeO2

nanoparticles were still well dispersed and covered the
entire anode region, even aer long-term testing (Fig. 8f).
However, the size of the CeO2 nanoparticles increased to
�30 nm aer long-term operation compared to an initial size
of �15 nm.
pared cells: (a) ref-cell and (d) Cu–Ce-cell. SEM images of (b and c) ref-
onstrated in Fig. 6.

This journal is © The Royal Society of Chemistry 2022
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4. Conclusions

The output performance and durability of ISRB–LT-SOFCs
were improved upon incorporating economical and low-
cost Cu and CeO2 catalysts at the anode. The effectiveness
of catalyst incorporation into the Ni–YSZ anode for internal
butane reforming was evaluated both at the powder level and
at the cell level. The catalytic performances of the fabricated
catalyst powder samples and the SOFC performances of
fabricated TF-SOFCs operating in ISRB mode demonstrated
the benecial effects of the CeO2 and Cu catalysts at low
operating temperatures. CeO2 incorporation dramatically
improved the performance under all operating conditions.
The PPD of the Cu- and CeO2-incorporating cell, Cu–Ce-cell,
at an SCR of 3 and a temperature of 600 �C was 1120 mW
cm�2, which is the highest value ever reported for an internal
hydrocarbon reforming LT-SOFC. A comparison between the
stabilities of ref-cell and Cu–Ce-cell using butane fuel during
exposure to a constant current density of 0.15 A cm�2 at
600 �C revealed a signicant enhancement in the durability
upon the incorporation of the catalysts. This study demon-
strates that the efficient utilization of economical catalysts,
Cu and CeO2, can offer an affordable solution to issues
associated with ISRB–LT-SOFCs. Such a strategy increases
the fuel exibility of LT-SOFCs and widens their application
potential, including making small-scale and portable
applications possible. We believe that our strategy can be
expanded to similar internal reforming reactions of alter-
native energy carriers, utilizing renewable energy sources
like biofuels101 and ammonia.102
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M. Boaro and A. S. Aricò, Springer International
Publishing, 1st edn, 2017, pp. 155–222, DOI: 10.1007/978-
3-319-46146-5.

3 S. C. Singhal, Solid State Ionics, 2000, 135, 305–313.
4 Z. Lyu, Y. Wang, Y. Zhang and M. Han, Chem. Eng. J., 2020,
393, 124755.

5 H.-W. Lee, H.-I. Ji, J.-H. Lee, B.-K. Kim, K. J. Yoon and
J.-W. Son, J. Korean Ceram. Soc., 2019, 56, 130–145.

6 K. J. Lee, J. H. Chung, M. J. Lee and H. J. Hwang, J. Korean
Ceram. Soc., 2019, 56, 160–166.

7 Z. Gao, L. V. Mogni, E. C. Miller, J. G. Railsback and
S. A. Barnett, Energy Environ. Sci., 2016, 9, 1602–1644.

8 J. W. Son, in Metal Oxide-Based Thin Film Structures, ed. N.
Pryds and V. Esposito, Elsevier, Amsterdam, 2018, pp.
331–359.

9 J. T. S. Irvine, G. P. G. Corre and X. Xu, in Energy Storage, ed.
G. M. Crawley, World Scientic, Singapore, 2017.

10 H. Su and Y. H. Hu, Chem. Eng. J., 2020, 402, 126235.
11 M. Li, M. J. Pietrowski, R. A. De Souza, H. Zhang,

I. M. Reaney, S. N. Cook, J. A. Kilner and D. C. Sinclair,
Nat. Mater., 2014, 13, 31–35.

12 J. A. Kilner and M. Burriel, Annu. Rev. Mater. Res., 2014, 44,
365–393.

13 T. Akbay, A. Staykov, J. Druce, H. Téllez, T. Ishihara and
J. A. Kilner, J. Mater. Chem. A, 2016, 4, 13113–13124.

14 J. Druce, H. Téllez, M. Burriel, M. D. Sharp, L. J. Fawcett,
S. N. Cook, D. S. McPhail, T. Ishihara, H. H. Brongersma
and J. A. Kilner, Energy Environ. Sci., 2014, 7, 3593–3599.

15 A. Tarancón, M. Burriel, J. Santiso, S. J. Skinner and
J. A. Kilner, J. Mater. Chem., 2010, 20, 3799–3813.

16 A. Tarancón, S. J. Skinner, R. J. Chater, F. Hernández-
Ramı́rez and J. A. Kilner, J. Mater. Chem., 2007, 17, 3175–
3181.

17 Y. H. Lee, I. Chang, G. Y. Cho, J. Park, W. Yu, W. H. Tanveer
and S. W. Cha, Int. J. Precis. Eng. Manuf. - Green Technol.,
2018, 5, 441–453.

18 Y. Lyu, F. Wang, D. Wang and Z. Jin, Mater. Technol., 2020,
35, 212–227.

19 L. Pelegrini, J. B. Rodrigues Neto and D. Hotza, Rev. Adv.
Mater. Sci., 2016, 46, 6–21.
J. Mater. Chem. A, 2022, 10, 2460–2473 | 2471

https://doi.org/10.1039/d1ta06922e


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
6 

ok
to

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 2

3.
06

.2
02

4 
19

.5
7.

37
. 

View Article Online
20 K. Bae, D. Y. Jang, H. J. Choi, D. Kim, J. Hong, B.-K. Kim,
J.-H. Lee, J.-W. Son and J. H. Shim, Nat. Commun., 2017,
8, 14553.

21 C.-A. Thieu, J. Hong, H. Kim, K. J. Yoon, J.-H. Lee, B.-K. Kim
and J.-W. Son, J. Mater. Chem. A, 2017, 5, 7433–7444.

22 C.-C. Chao, C.-M. Hsu, Y. Cui and F. B. Prinz, ACS Nano,
2011, 5, 5692–5696.

23 Y. B. Kim, T. P. Holme, T. M. Gür and F. B. Prinz, Adv. Funct.
Mater., 2011, 21, 4684–4690.

24 A. Karimaghaloo, J. Koo, H.-S. Kang, S. A. Song, J. H. Shim
and M. H. Lee, Int. J. Precis. Eng. Manuf. - Green Technol.,
2019, 6, 611–628.

25 D. H. Myung, J. Hwang, J. Hong, H. W. Lee, B. K. Kim,
J. H. Lee and J. W. Son, J. Electrochem. Soc., 2011, 158,
B1000–B1006.

26 H.-S. Noh, K. J. Yoon, B.-K. Kim, H.-J. Je, H.-W. Lee, J.-H. Lee
and J.-W. Son, J. Power Sources, 2014, 247, 105–111.

27 Handbook of Hydrogen Energy, CRC Press, Boca Raton, 1st
edn, 2014.

28 A. Atkinson, S. Barnett, R. J. Gorte, J. T. S. Irvine,
A. J. McEvoy, M. Mogensen, S. C. Singhal and J. Vohs,
Nat. Mater., 2004, 3, 17.

29 E. A. Liese and R. S. Gemmen, J. Eng. Gas Turbines Power,
2005, 127, 86–90.

30 K. Sasaki and Y. Teraoka, J. Electrochem. Soc., 2003, 150,
A885.

31 H. Sumi, Y.-H. Lee, H. Muroyama, T. Matsui, M. Kamijo,
S. Mimuro, M. Yamanaka, Y. Nakajima and K. Eguchi, J.
Power Sources, 2011, 196, 4451–4457.

32 S. McIntosh and R. J. Gorte, Chem. Rev., 2004, 104, 4845–
4866.

33 G. Valderrama, M. R. Goldwasser, C. U. d. Navarro,
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P. Jasiński, Solid State Ionics, 2019, 330, 47–53.
38 C.-A. Thieu, S. Yang, H.-I. Ji, H. Kim, K. J. Yoon, J.-H. Lee

and J.-W. Son, Appl. Catal., B, 2020, 263, 118349.
39 C. A. Thieu, S. Park, H. Kim, H. I. Ji, J. H. Lee, K. J. Yoon,

S. Yang and J. W. Son, Int. J. Energy Res., 2020, 44, 9995–
10007.

40 D. Gamarra, C. Belver, M. Fernández-Garćıa and
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