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[34_TD$DIFF]A B S T R A C T

Solid oxide fuel cells (SOFCs) can directly convert renewable biogas into electricity with high efficiency at
high temperature, however the long-term stability of SOFCs is significantly affected by the carbon
deposition on the anode during cell operation. Herein, we report a novel carbon removal approach by
high temperature infrared light driven photocatalytic oxidation. Upon the comparison of electrochemical
performance of Ni-YSZ anode and TiO2 modified Ni-YSZ anode in the state-of-the-art single cell (Ni-YSZ/
YSZ/LSCM), themodified anodes exhibit markedly improved peak powder density with simulated biogas
fuel [35_TD$DIFF](70% CH4+ 30% CO2) at 850 �C with less coking after 40 h operation. The high activity and carbon
deposition resistance of themodified anode is possibly attributed to the in situ generated hydroxyl radical
from the reduced TiOx powder under high temperature infrared light excitation, which is supported by
detailed analysis of microstructural information of anodes and the powder-based thermo-photocatalytic
experiments.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.

Abundant biogas produced fromanaerobic treatment process of
municipal wastewater and digestion of solid organic wastes can be
employed as a renewable energy source. Conventional direct
combustion of biogas produces thermoelectricity, but suffers from
low efficiencies and emission of a variety of green-house gas
pollutants such as NOx, SOx, CH4 and COx into the air [1]. Solid
oxide fuel cells (SOFCs) provide an alternative solution of direct
employment with the biogas fuel and efficiently generate
electricity using low-cost electrocatalysts [2]. Recently, there is
increasing research on this type of directly biogas fueled SOFCs
from single cells to complete stacks [3]. However, one of the
significant issues limiting the further development of biogas fueled
SOFCs is the carbon deposition on the anode, which results in the
rapid performance degradation of the SOFCs cells [4]. Therefore,
extensive work has been focused on the development of SOFCs
cells with coking-resistant capability [5]. There are several

strategies addressing this problem, one of which is adding the
oxygen content in the fuel (H2O, CO2 or O2) from thermodynamic
point of view [6,7]. The O2 or O2� can easily oxidize the carbon
species into CO and CO2 under cell operating temperature.
Whereas, another strategy is design and modification of anode
materials to inhibit carbon formation or remove carbon by water-
gas reaction via enhanced H2O adsorption on the anode [8–10].
Furthermore, adding an inter-reforming layer on top of anode
which can convert CH4 into H2 has also been demonstrated
effective at reducing carbon deposition [11].

Semiconductor photocatalysis has been widely studied in
degradation of various types of pollutants in aqueous phase and
gas phase, since it can in situ generate oxidative species including
hydroxyl radicals, superoxide radicals etc. on surface of photo-
catalysts under excitation of proper energetic photons [12–17]. In
addition, solid phase mineralization of carbon soot by migrating
hydroxyl radicals on TiO2 powder under UV light irradiation was
also reported [18]. In order to utilize the full spectrumof solar light,
a series of photocatalysts (e.g., defective oxides) with broad light
absorption capacity up to 2500 nm have been developed [19],
demonstrating that the photocatalytic redox process can be
achieved under longer wavelength (IR range) of solar photons.
The heat driven near IR or IR light photoactivity referred as
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thermo-photocatalytic activity has been demonstrated at elevated
temperature together with a UV–vis lamp for a variety of
applications. For example, thermo-photocatalytic CO2 reduction
or hydrogenation on Ru/TiO2 [20], methane reforming on Pt/black
TiO2 [21], propane oxidation on Pt/TiO2/WO3 [22], near IR driven
water splitting on WO2-NaxWO3 [23] and organic pollutants
degradation on BiO2-xBi2O2.75 [24] etc. have been reported recently.
Many defective oxides present the thermo-photocatalytic behav-
ior, since the defects on the surface or in the bulk solid oxide
semiconductor can yield intermediate energy states between the
band�gap and significantly change its optical absorption property
and charge carrier mobility. However, highly concentrated defects
in an oxide [36_TD$DIFF]semiconductor can cause the intrinsic change of its
conductive property from a semiconductor to a metallic one, and
thus the photogenerated charge transition from occupied bands to
unoccupied bands cannot be explained by the conventional band-
gap theory. For example, a redmetallic Sr1-xNbO3 photocatalyst has
been demonstrated as an effective photocatalyst for the oxidation
of methylene blue and reduction of water, and the authors
proposed that the electron transition occurs from the conduction
band to a higher level unoccupied band [25]. Recently, we also
demonstrated that highly reduced transitional metal oxides (e.g.,
TiO2-x) can stabilize electrons in the bulk and release them into
water upon thermal or near infrared light excitation, correspond-
ing to defects formation upon reduction and removal upon
oxidation [26,27], can be repeatedly proceeded.

So far, most of the thermo-photocatalytic processes for liquid/
solid phase reaction were carried out under moderately elevated
temperature ([37_TD$DIFF]T� 100 �C) and gas/solid phase reaction were
performed at relatively higher temperature ([38_TD$DIFF]T� 500 �C), whereas
the thermo-photocatalytic process in a gas/solid/solid triple phase
under higher temperature (>500 �C) is still not explored yet. Under
condition of such high temperature, intense IR light would be
irradiated to a heated solid catalyst, which may induce the charge
carriers’ transition and then initiate the photocatalytic redox
process. Upon this hypothesis, oxidative hydroxyl radicals could be
produced on the surface of a semiconducting or metallic solid by
oxidizing water or adsorbed hydroxyl group under high tempera-
ture.

In this work, we aim to explore the IR-light driven thermo-
photocatalytic reactions occurring on a gas/solid/solid triple phase
boundary for mineralization of carbon species under high
temperature utilizing the in situ generated hydroxyl radical as
the oxidant, so as to solve the carbon deposition problem on the
anode of biogas fueled SOFCs. Firstly, commercial TiO2 [39_TD$DIFF]nano-
powder was physically mixed into NiO-YSZ based anode, then
metallic TiOx particles can be produced in the composite anode
during fabrication of single cell upon the high temperature H2

reduction process. The introduction of TiOx particles into anode
shows a positive effect on the electrocatalytic activity on the
methane oxidation and coking resistance of single cell in simulated
biogas fuel. The detailed information on cell fabrication and testing
approach were described in supporting information.

From the cross-sectional view of a single cell as shown in
Fig. 1a, the optimized single cell was composed by LSM + YSZ/LSM/
LSM + LSCF based cathode layer (�100mm), a dense YSZ electro-
lyte layer (�50mm), and TiOxmodified Ni/YSZ anode support layer
(ASL, �700mm) and TiOx/Ni/YSZ anode reforming layer (ARL,
�20mm). In the ARL and ASL, a certain amount of TiO2 particles
were physically mixed with anode powder and converted to TiOx

after H2 reduction at 850 �C for 5 h, which is expected to play dual
roles during cell operation. Firstly, it has been demonstrated that
Pt/TiO2-x catalyst can markedly improve the thermo-kinetics of
reforming CH4 to H2 with a quantum efficiency of [40_TD$DIFF]60% at 500 �C
under visible light irradiation [21]. More importantly, hydroxyl
radical could be generated by thermo-photocatalytic process on

TiOx particles, which can be utilized for deposited carbon oxidation
and removal. Through systematic optimization of ratio of doped
TiO2 and ARL components and thickness, we found that the cell
composed by 1wt% TiO2/Ni-YSZ composite and 3wt% TiO2/Ni-YSZ
as the ARL exhibited the best electrochemical performance,
compared to other cells with different components.

We evaluated the electrochemical performance of the unmodi-
fied cell and TiOx modified cells using H2 (as reference) and
simulated biogas [41_TD$DIFF](70% CH4 + 30% CO2) mixed with � 3% H2O vapor
as the fuel and ambient air was used at 850 �C. Representative I-V
and I-P curves of a single cell are shown in [42_TD$DIFF]Figs. 1b and c. Under H2

operating condition, the peak power densities of unmodified cell,
1 wt% TiOx ASL modified cell and 1wt% TiOx ASL and ARL modified
cell were 0.559, 0.442, 0.560W/cm2 at 850 �C (Tables S1–S4 in
Supporting information). The TiOx ASL modification slightly
deteriorated the electrochemical performance, probably because
the gas transfer and electrocatalytic activity was inhibited.
Whereas the TiOx ASL and ARL modified cell exhibited similar
electrochemical performancewith unmodified one. It is commonly
considered that the ARL is beneficial for improving electrochemical
activity by increasing triple phase boundary length, which can
compensate the negative effect introduced by TiOx introduction.
When these cells run in simulated biogas, the peak powder
densities of unmodified cell were significantly reduced to
�0.014W/cm2 at 850 �C, whereas average peak powder densities
of 0.06 and 0.10W/cm2 for those of TiOx ASLmodified and TiOx ASL
and ARL modified cells (Tables S1–S4). The distinct differences
imply the significant roles of TiOx and ARL modification. The sharp
spike peaks of the power density maybe attributed to the redox
reactions during running biogas fuel. The stable open circuit
potentials (1.0 V for H2 and 0.78 V for biogas) for 40 h (Fig. 1d)
suggests that the composite anode is robust in direct utilization of
methane. The impedance spectra imply that both electrolyte and

[(Fig._1)TD$FIG]

Fig. 1. Structure and performance of original and modified SOFCs. (a) A scanning
electron micrograph image of a single cell composed by different layers. [30_TD$DIFF]I-V and I-P
curves of a single cell operated at 850 �C using (b) H2 and (c) biogas. (d) Open circuit
potential of single cells [31_TD$DIFF]operated in H2 or biogas. Impedance analysis of single cells
under (e) H2 and (f) biogas.
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electrodes contribute small ohmic resistances to the total cell
resistance under H2 (Fig. 1e). The ohmic resistance at 850 �C was
only about 0.07�0.10V cm2 while the polarization resistance was
�0.20 V cm2, indicating that polarization resistances contribute
more to the total cell resistance. When fueled with biogas, the
pristine cell exhibited much higher ohmic and polarization
resistances which was about 2.0 and 1.2V cm2 (Fig. 1f), indicating
that Ni-YSZ anode has lower catalytic activity for CH4 oxidation
while it has higher activity towards H2 oxidation. For the TiOx ASL
and TiOx ASL and ARL modified cells, both of the ohmic and
polarization resistances were markedly reduced when fueled by
biogas. The results imply that the modified cells have better
electrochemical performances towards CH4 fuel.

In addition, the coking resistance of the composite anode can be
clearly presented as shown from the SEM and EDS images of these
cells after reaction. For the pristine cell, many carbon particles
appeared on the surface of anode after reaction (Fig. [43_TD$DIFF] 2a and Fig. S1
in Supporting information), whereas the composite cells with TiOx

ASL or TiOx ASL and ARL modification show less carbon particles
deposition on the surface of anode after reaction ([42_TD$DIFF]Figs. 2b and c).
The deposited carbon was further confirmed by EDS mapping
images ([42_TD$DIFF]Figs. 2d–f) showing that O and Ni elements are composed
as the backbone components, whereas carbon species homo-
geneously existed on the anode surface. Some carbon species may
come from the sample contamination in the air. Furthermore, the
porosity of anode for the unmodified cell after reaction was also
reduced due to the carbon deposition, resulting in the decay of its
performance.

To gain insights into the enhanced performance of themodified
anode, we analyzed the commercial NiO/YSZ powder and 1wt%
TiOx-Ni/YSZ composite powder, which were pressed and sintered
at 1100 �C in air for 2 h and reduced in pure H2 atmosphere at
850 �C for 5 h. The XRD patterns (Fig. S2 in Supporting information)
of the reduced Ni/YSZ and TiOx-Ni/YSZ composite samples indicate
that anatase/rutile phase of TiO2 at 2u of 25.7� and 27.6� was
disappeared after high temperature reduction, and there are new
phases formed at 2u of 37.2�, 39.6�, 43.3�, 46.7� in the modified
anode materials, which can be indexed to titanium oxides (TiOx)
such as TiO (PDF#89-3360), TiO0.975 (PDF#75-0312), TiO1.2

(PDF#85-1381) and TiO1.69 (PDF#89-3076). For further proving
the reduction behavior, we carried out the powder reduction
experiment under the same reduction condition. White TiO2

powder can be converted to the nonstoichiometric black TiOx,
which has been reported with reduced band-gap and metallic
property [26,27]. XPS analysis of Ni-YSZ anode and TiOx modified
anode clearly shows the difference between the two samples. As
shown in Fig. 3a, the weak Ti [44_TD$DIFF]2p peaks at binding energies of

�458 eV and �464 eV originate from the doped TiOx particles in
reference with the Ni-YSZ sample. The O 1s peaks are slightly
different for the two samples (Fig. 3b), the peak at binding energy
of 530 eV can be assigned for M��O��M bonds, whereas the new
peak at binding energy of 532 eV for the modified sample can be
assigned for M��OH bond. The H2 reduction creates the oxygen
defects and thus the Ti�OH bond may exist at the defect sites. On
the other hand, the carbon elements shown for both samples may
come from the carbon deposition during cell operation with CH4

fuel and sample contamination in the air (Fig. 3c). Thus, it is not [45_TD$DIFF]
convincible to quantify the amounts of carbon species on the
anode samples by XPS analysis. The FTIR spectra shows little
difference between the two samples (Fig. 3d), there was no water
absorption peaks appeared at 3450�3550 cm�1. In literature [10],
it was found that increasing the absorption of water and surface
hydroxyl group on the anode was the key for improving coking
resistance performance in direct CH4 fueled SOFCs with alkaline
metal or rare earth metal modified anodes. Therefore, the reduced
carbon deposition performance of the TiOx modified anode should
be explained by other reasons.

For demonstrating our hypothesized mechanism accounting
for reduced carbon deposition, we carried out the thermo-
photocatalytic powder experiments by direct mixing TiO2 powder
with graphite powder together, which was firstly reduced by H2

and then filled with N2 and water vapor maintained at 850 �C for
30 h. The mass change of powder and generated gas products
were monitored for multicycle tests. As shown in Fig. S3a
(Supporting information), the powder mass change was negligi-
ble without running the temperature ramping program for the
repeated batch 1–3 experiments. However, the total mass of
powder was significantly reduced after 30 h reaction at 850 �C for
the batch 4–6 experiments in Fig. S3b (Supporting information).
The reduced amount of powder with an average value of 27.2 mg
far exceed the amount of reduced mass assuming that TiO2 was
completely converted into TiO, indicating that the graphite
powder was oxidized to gaseous species (e.g., CO, CO2, CxHy)
and removed during the high temperature reaction. The genera-
tion of CO2 was demonstrated from the color change and
precipitation occurred in the two gas indexing bottles filled with
bromothymol blue and limewater (Fig. S4 in Supporting informa-
tion), implying that CO2 was continuously produced during the
reaction.

[(Fig._2)TD$FIG]

Fig. 2. SEM images of different anodes after reaction: (a) unmodified Ni-YSZ anode.
(b) TiOxmodified Ni-YSZ anode. (c) TiOx ASL and ARLmodified anode.EDS images of
anode for TiOx modified anode as shown in panel b: (d) C element; (e) Ni element;
(f) O element.

[(Fig._3)TD$FIG]

Fig. 3. XPS analysis (a) Ti 2p, (b) O 1s, (c) C 1s and (d) FTIR analysis of Ni-YSZ anode
and modified TiOx-Ni-YSZ anode.
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The utilization of CH4 and CO2 as the SOFCs fuels and the carbon
formation process during the high temperature reaction can be
expressed by reactions (1) to (5). Furthermore, the addition of
reforming layer can partially convert CH4 into H2 and improve the
cell performance according reaction (6), both the Ni particles and
TiOx particles play the reforming roles at high temperature. The
carbon deposition on the anode would cause the decay of
electrochemical performance of fuel cells as shown from the
unmodified cell. According to the experiments observation, we
propose the IR-light driven photocatalytic removal of carbon under
high temperature in the direct CH4 fueled SOFCs through the
reactions of (7)–(11). [46_TD$DIFF]

CH4 þ  CO2 !  2CO þ  2H2 ð1Þ

H2 + O2� → H2O + 2e- (2)

CO + O2�→ CO2 + 2e- (3)

CH4 → C + 2H2 (4)

2CO → C + CO2 (5)

2H2O + CH4 → 4H2 + CO2 (6)

[47_TD$DIFF][48_TD$DIFF]

TiO2 þ H2 ! TiOx þ  H2Oð850�CÞ ð7Þ

TiOx !Dhv
e� þ hþ 850 �Cð Þ ð8Þ

[50_TD$DIFF]

hþ
 þ  H2O  !  �OH þ  Hþð850�CÞ ð9Þ

[51_TD$DIFF]

hþ
 þ  -OH  !  �OHð850�CÞ ð10Þ

[52_TD$DIFF]

�OH þ  C  !  CO þ  CO2 þ  CxHyð850�CÞ  ð11Þ

As shown in Scheme 1, TiO2 was converted to defective metallic
TiOx, and could be excited by strong IR light irradiation to generate
electron-hole pairs by carrier transition from occupied valence
band (VB) to lower unoccupied conduction band (CBL) via the
mediation of intermediate defects states or from the lower
unoccupied conduction band CBL to a higher unoccupied band
(CBH). The remained holes could oxidation water vapor or surface
hydroxyl group to generated oxidative hydroxyl radical, which can
be diffused into the vicinity of deposited carbon species and
further oxidize them into CO, CO2 or CxHy. The oxidation process
took place on the water vapor/carbon/TiOx triple phase boundary.
The generated CO2 was indirectly demonstrated, however more in
situ characterization and analysis techniques are required to
directly demonstrate the proposed mechanism.

In summary, by integrating TiOx powder into the Ni-YSZ anode
and ARL layer, the SOFCs cell performance was significantly
improved when simulated biogas was used as the fuel and
ambient air was used as the oxidant. The peak power density was
enhanced about seven times for the optimized anodes. More
importantly, the coking resistance of the composite anode is
exceptional in contrast to the state-of-the-art Ni-YSZ anode. The
remarkable performance and stability of the developed fuel cell
may result from the IR light driven photocatalytic removal of
deposited carbon on the anode, in which in situ generated
hydroxyl radical is the key oxidant for carbon removal. This work
provides a novel strategy for solving the carbon deposition
problems in direct methane fueled SOFCs.
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