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ABSTRACT: A strong metal—support interaction (SMSI) type catalyst has been  -145
synthesized and applied to a molten hydroxide direct carbon fuel cell (MHDCFC) to 45
enhance the reaction activity of the anode carbon fuel through the interaction
between the metal Ni and the support CeO,. Two catalysts have been prepared by a
direct precipitation method (denoted NiO@CeO,) and a hydrothermal method -16.0
(denoted NiO-CeO,), which are reduced by H, to obtain Ni@CeO, and Ni-CeO,,
respectively. X-ray photoelectron spectroscopy (XPS), Raman, and temperature-
programmed hydrogen reduction (H,-TPR) analysis results show that there are  -17.-
obvious oxygen vacancies and a Ni-O-Ce interface structure in NiO-CeO, and Ni-
CeO,, which is induced by the interaction between Ni and CeO,. The calculation
results of current density and power density show that the performance of the gy oy ey sy sy e e s g
MHDCEC is significantly improved in the presence of Ni-CeO,. The function fitting R 1=l
curves of the logarithm of the reaction rate constant (In k) and the reciprocal of the

temperature (1/T) show that the slope of the curve is decreased significantly after the addition of Ni-CeO,. In combination with
density functional theory (DFT), the anode carbon reaction path is simulated in the MHDCFC, and the calculation results show
that the reaction energy for the anodic carbon to generate carbon dioxide is decreased by 1.03 eV in the presence of Ni-CeO,.
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1. INTRODUCTION

The operational principle of the molten hydroxide direct
carbon fuel cell (MHDCFC) is that carbon fuel releases
electrons, electrons enter the cathode through the external
circuit, H,O and O, gain electrons and react to form OH, and
OH™ enters the anode through electrolyte and reacts with
carbon to generate CO, and H,0O. The schematic diagram of
the MHDCEFC is shown in Scheme 1. The reaction process is

Scheme 1. Schematic Diagram of MHDCFC

Anode (Carbon fuel)
C +40H- = CO, + 2H,0 + 4e-

| on

deckh
2H,0 + O, + 4e- = 40H-

Cathode (Air)

[0
Hydroxides

not restricted by a Carnot cycle, and the theoretical conversion
rate can reach 100%.' > In comparison with other fuel cells,
MHDCEFCs have some advantages, such as high ionic
conductivity,” high carbon oxidation activity,”® and low
operating temperature.

© 2022 The Authors. Published by
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The current research on MHDCFCs mainly includes the
structure of MHDCEFCs, the operating conditions of
MHDCECs, the effects of different kinds of carbon fuels on
the cell performance, and the influence of catalysts on the
performance of MHDCECs. Zecevic et al.”® developed a
fourth-generation MHDCFC and studied the influence of
different cathode current collectors on the performance of
MHDCECs; the maximum power density of the cell was 57
mW cm™? when the cathode material was nickel foam lined
steel 1018 at 630 °C. Guo et al.” designed different electrode
structures and tested the effects of different anode and cathode
structures on the performance of the MHDCEFCs; the highest
power density was 34 mW cm ™ when the anode was a “tea-
bag” (TBA) made from nickel mesh and the cathode was an
annular tube at 550 °C. Hao et al.'’ researched the influence of
the biomass pyrolysis temperature on the performance of
biomass fuel cells; the cell fed with PP biochar pellets obtained
from fast pyrolysis at 800 °C (PP-800) achieved the highest
PPD of 76.6 mW cm™2 at 400 °C. Zecevic et al.” studied the
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effects of different air flow rates (0.7, 1.4, and 1.9 L min™") and
temperatures (600 and 630 °C) on the performance of the
MHDCEC; when the temperature was 630 °C and the
ventilation rate was 1.9 L min~’, the battery performance was
optimal. Kacprzak et al.'" researched the influences of different
operating temperatures and electrolyte compositions on the
performance of the MHDCFC; the maximum power density of
the cell was 41.7 mW cm™ when the electrolyte was KOH/
NaOH (1/1 mol %) at 400 °C. Guo et al.’ tested the
performance of the MHDCEFC at different temperatures and
electrolyte compositions. The Zhu team'*™"* used a variety of
carbon fuels and compared their effects. The devices were
prepared by different pretreatment methods to determine the
performance of the DCFC; the maximum power densities of
the cell were 18, 48, and 83 mW cm ™2 at different temperatures
(600, 700, and 800 °C), respectively. Halouani'>' tested the
performance of the DCFC by using burned almond shell
activated carbon as the anode carbon fuel. The Kacprzak'’
team compared the influence of nine different anode carbon
fuels on the MHDCFC performance. The values of P,
decreased depending on the fuel type in the following order:
raw hard coal > commercial biochar > carbon black >
laboratory charred biomass > graphite. The maximum power
density of MHDCFC was 40 mW cm ™2 at 450 °C. Guo et al.'®
studied the influences of a variety of carbon fuels as anodes on
the performance of cells; the maximum power density of the
cell was 50.6 mW cm ™2 at 500 °C. The resultant peak power
densities, P,,,,, for ARP8, AC (C-3014), PP8, PB, and ARB
were 273 mW (50.6 mW cm™2), 251 mW (46.5 mW cm™2),
198 mW (mW cm™2), 165 mW (30.6 mW cm™2), and 148 mW
(27.4 mW cm™2), respectively. Hao et al."” tested the feasibility
of pine bark pellets and their pyrolyzed biochar pellets as fuel
sources in the MHDCFC; the maximum power density of the
cell was 45 mW cm™ at 450 °C. However, we tried to add
catalysts to improve the electrochemical performance of the
MHDCEC. It was found that CeO, showed good stability and
catalytic activity in the MHDCFC by using CeO, to catalyze
carbon oxidation; the maximum power density of the
MHDCEFC was 47.1 mW cm™ at 450 °C.”

Metals and support interactions, especially a strong metal—
support interaction (SMSI), are widely considered to play a
important role in catalyzing some important chemical
reactions. In 1978, Tauster et al. described the SMSI for the
first time; the catalysts were prepared by impregnating TiO,
with metal salt solutions of the appropriate concentrations in a
ratio of 0.25 cm® per g of TiO,. The results showed that the
metal is well dispersed by the interaction between noble metals
and TiO,.”" The metal—support interaction in that work was
achieved by physical coating/encapsulation of Pt nanoparticles
covered by oxide overlayers, which is known as the classic
SMSL. These coverings play the role of a physical barrier to
stabilize metal nanoparticles by preventing migration. In
addition to TiO,-supported Pt catalysts, many other reducible
oxides and metals have also been found to have SMSIs,
including CeO,, Nb,Os, Ta,0;, and V,0; with Pt, Pd, Ir, Cu,
Ru, and Ni nanoparticles after a reduction treatment with
H,,”>*® where the H, can activate the oxide surface and
accelerate the migration of oxidized species to cover metal
nanopalrticles.29 After the SMSI formation, geometric and
electronic effects were observed on the metal nano-
particles,’*™** involving the encapsulated metal nanoparticles
with oxide overlayers, with electronic interactions between the
oxide overlayers and the metal nanoparticles. These geometric

and electronic effects are also considered to be characteristics
of SMSIs and strongly influence their catalytic activity. SMSI
catalysts have been widely used in important chemical
reactions, including combustion reactions,”**° water—gas
conversion reactions,’® CO oxidations,>> carbon dioxide
methanations,”” and methane dry reforming”® due to their
strong stability, sintering resistance, and high catalytic activity
in a high-temperature environment.

In this work, the prepared catalyst materials were applied to
the MHDCFC system to promote the carbon oxidation
reaction through the interaction between the metal Ni and the
support CeO,, to improve the electrochemical performance of
the cell. It is proved that NiO-CeO, (which was prepared by a
hydrothermal method) and Ni-CeO, (obtained from NiO-
CeO, that was reduced by H,) have obvious SMSI
characteristics by XRD, HRTEM, RAMAN, H,-TPR, and
XPS analysis methods. The electrochemical test results show
that NiO-CeO, and Ni-CeO, made a significant improvement
to the performance of the cell. The relationship between In k
(logarithm of the reaction rate constant) and 1/T (reciprocal
of the temperature) can be calculated by the electrode reaction
kinetics and the Arrhenius equation. The results show that
NiO-CeO, and Ni-CeO, can reduce the energy required for
the reaction in the cell; this was determined by a least-squares
method to fit the data of reaction rate constants and
temperatures. We calculated the energy of the reaction with
density functional theory (DFT), and the results showed that
the energy of the reaction decreased significantly in the
presence of NiO-CeO, and Ni-CeO,, which was consistent
with the experimental results.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Ce(NO;);-6H,0 (AR, Shanghai Aladdin
Biochemical Technology Co., Ltd.), Ni(NO;),-6H,0 (AR,
Shanghai Aladdin Biochemical Technology Co., Ltd.), NH;-
H,0 (AR, Sinopharm Chemical Corp.), NaOH (AR), and
KOH (AR) were used.

2.2. Catalyst Preparation. 2.2.1. Synthesis of Catalysts
NiO@CeO, and Ni@CeO, Ce(OH),; and Ni(OH), were
synthesized via precipitation. A 4.34 g portion of Ce(NO;);-
6H,0 was dissolved in 20 mL of distilled water, and then 1.12
mL of a NH;-H,O solution (0.49 mol L™') was added to the
Ce(NO;);-6H,0 aqueous solution to form the light yellow
gelatinous insoluble Ce(OH);. A 4.36 g portion of Ni(NOj;),:
6H,0 was dissolved in 30 mL of distilled water, and then 1.12
mL of a NH;-H,O solution (0.49 mol L™') was added to the
Ni(NO;),-6H,0 aqueous solution to form the light green
insoluble Ni(OH),. The light green insoluble and light yellow
gel-like insoluble materials were immediately mixed, and the
mixture was stirred evenly, centrifuged, and dried at 70 °C for
12 h. NiO@CeO, was obtained when the mixture was calcined
at 500 °C under anN, atmosphere for 5 h. Ni@CeO, was
obtained when NiO@CeO, was annealed in H,—Ar (10—
90%) at 500 °C for 2 h.

2.2.2. Synthesis of Catalysts NiO-CeO, and Ni-CeO,.
Ni(OH),-Ce(OH); was synthesized by a hydrothermal
method. A 4.34 g portion of Ce(NO;);:6H,0 was dissolved
in 20 mL of distilled water, and then 1.12 mL of a NH;-H,O
solution (0.49 mol L™') was added to the Ce(NO;);-6H,0
aqueous solution to form the light yellow gelatinous insoluble
Ce(OH);. A 4.36 g portion of Ni(NO;),-6H,0 was dissolved
in 30 mL of distilled water, and then 1.12 mL of a NH;-H,O
solution (0.49 mol-L™") was added to the Ni(NO,),-6H,0
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aqueous solution to form the light green insoluble Ni(OH),.
The light green insoluble and light yellow gel-like insoluble
materials were immediately mixed, and the mixture was stirred
evenly. The mixture was placed in a reaction kettle with a
PTFE tank for 1 h at 120 °C and then centrifuged and dried at
70 °C for 12 h. NiO-CeO, was obtained when the mixture was
calcined at 500 °C under a N, atmosphere for 5 h. Ni-CeO,
was obtained when NiO-CeO, was annealed in H,/Ar (10%/
90%) at 500 °C for 2 h.

2.3. Characterization. The XRD measurements of power
materials were performed by using a Rigaku XRD Smart-lab
instrument with Cu Ka radiation (A = 0.15418 nm). The XRD
values were obtained at 260 = 10—90° with a 0.02° step size.
The crystallite size was calculated using the Scherrer equation

D =KA1/p cos 0

where A is the X-ray wavelength, K is the particle shape factor,
and the f is the full width at half-maximum of the peak at the
angle 0. Scanning electron microscope (SEM) images of the
materials was obtained with a FEI F50 instrument with an
accelerating voltage of 10 kV. Transmission electron
microscopy (TEM), high-resolution transmission electron
microscopy (HRTEM), and element mapping were conducted
on a FEG-TEM instrument (JEM-2100F, JEOL, Japan)
operated at 200 kV. XPS (X-ray photoelectron spectroscopy)
tests were performed on a ESCALAB 250Xi3030708 probe
apparatus using a band-pass energy of 30 eV and a 500 um
diameter X-ray spot size. Thermo-Fisher Avantage software
was used to process the data. Raman spectra were collected on
a RENISHAW invia Raman microscope with 532 nm laser
excitation. Temperature-programmed hydrogen reduction (H,-
TPR) tests were performed on a Xianquan TP-5080
adsorption apparatus. In H,-TPR, samples (50 mg) were
heated from 30 to 800 °C with a heating rate of 10 °C/min
under 30 mL/min of flowing 10% H,/90% N,.

2.4. Catalytic Tests. The improvement effects of the
synthesized materials (NiO@CeO,, Ni@CeO,, NiO-CeO,,
and Ni-CeO,) on the electrochemical performance of the
MHDCEC were tested in a molten hydroxide direct carbon
fuel cell reactor. A 0.3 g portion of the synthesized material and
2 g of activated carbon were evenly mixed with a mortar and
put into a Cu-Ni alloy mesh (diameter 1 cm); the mixture was
used as the anode of the MHDCEFEC. Activated carbon was
prepared from lignite, and the specific processing process was
reported in our previous work.”’ Solid KOH/NaOH (1/1 mol
%) was placed in the reaction device and heated. The anode
and cathode were placed in the reaction device, and the change
in the battery open-circuit voltage versus time was tested, when
the temperature was increased to 450 °C. The polarization
curve (linear sweep voltammetry) of the MHDCEFC was tested
when the open-circuit voltage was stabilized with time (~2 h).
The power density of the MHDCFC was calculated from the
voltage and current density

i=1I/A

where i is the current density, I is the current, and A is the
anode surface area.

P="Ui

where P is the power density and U is the voltage.

2.5. First-Principles Calculations. All calculations were
based on density functional theory (DFT) in conjunction with
the projector-augmented-wave (PAW) potential as imple-

mented by the Vienna ab initio simulation package (VASP).
The cutoft energy for the plane-wave basis set was 500 eV, and
the first Brillouin zone was sampled with a S X 5§ X 1
Monkhorst—Pack grid. All atomic positions were fully relaxed
until the force was less than 0.02 eV/A, and the criterion for
the total energy was 107 eV. A vacuum space of 20 A along
the direction was used to decouple possible periodic
interactions. The C (2s, 2p), O (2s, 2p), Ni (3p, 3d, 4s),
and Ce (4f, Ss, Sp, 5d, 6s) electrons were treated as valence
states.

3. RESULTS AND DISCUSSION

3.1. Structural and Morphological Characterizations
of Catalysts. The mixed oxide NiO@CeO, was prepared by a
coprecipitation method, and NiO-CeO,, which is the CeO,
modified by nano NiO, was obtained bya hydrothermal
reaction. The XRD patterns of NiO@CeO, and NiO-CeO, are
shown in Figure lce, respectively. The diffraction peaks of

Intensity (a.u.)

(b)

A A
[ . Ni (JCPDS 04-0850)
| | NiO (JCPDS 44-1159)

T T T T T T

10 20 30 40 50 60 70 80 90
20/°

Figure 1. XRD patterns of the catalysts (a) NiO, (b) CeO,, (c)
NiO@CeO,, (d) Ni@CeO,, (¢) NiO-CeO,, and (f) Ni-CeO,.

NiO@CeO, at 28.6, 33.1, 47.7, 56.6, 59.3, 69.7, 77.4, 79.5, and
88.7° show cerianite-like phases (JCPDS 43-1002), and the
diffraction peaks at 37.3, 43.3, 62.9, and 75.5° correspond to
the crystal phase of NiO (JCPDS 44-1159). The particle size
of NiO@CeO, was calculated (~26.2 nm) by the Scherrer
formula. Similarly, the diffraction peaks of NiO-CeO, at 28.5,
33.1, 47.5, 56.5, 59.1, 69.6, 77.0, 79.3, and 88.6° are cerianite-
like phases (JCPDS 43-1002), while the diffraction peaks at
37.2, 43.2, and 63.0° correspond to the crystal phase of NiO
(JCPDS 44-1159). The particle size of NiO-CeO, by the
Scherrer formula is ~14.8 nm. Then the mixed oxide NiO@
CeO, was reduced at 500 °C to obtain a mixture of Ni
nanoparticles and CeO, under an H, atmosphere, and NiO-
CeO, was reduced to obtain the CeO, phase modified by Ni
nanoparticles under the same conditions. For the reduced
materials, XRD showed that the NiO phase disappeared, and
three new diffraction peaks were observed at 44.4, 51.7, and
76.3°, which are attributed to the Ni phase (JCPDS 04-0850).
In addition to the Ni phase, the cerianite-like phases are also
observed, as shown in Figure 1d,f.

The XRD patterns of Ni-CeO, with different Ni/Ce molar
ratios (Figure S1) show that there is no obvious characteristic
peak of Ni when the Ni content is low. However, the
characteristic peak of Ni is obvious when the Ni/Ce mole ratio

https://doi.org/10.1021/acsomega.2c02479
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Figure 2. TEM and HRTEM images of the catalysts (a) NiO-CeO, and (b) Ni-CeO,.
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Figure 3. Electrochemical performance of the cell in a NaOH/KOH (mole ratio 50%/50%) electrolyte: (a) voltage (V)—current density (I)—
power density (P) curves of various catalysts; (b) amperometric i—t curves at 400 °C.

reached 1.5. This can be attributed to the fact that Ni is coated
by CeO, and that there is almost no Ni deposition on CeO,
surface. The material photos (Figure S1) show that the color of
the material changes from earthy yellow to black with an
increase in Ni content. The content of Ni in the material was
determined by ICP (Table S1). Raman spectra show an
obvious D band (Figure S2a) when Ni is added, in comparison
with the Raman spectra of CeO,, and the relative intensity
ratio of D peak and F,, peak is increased (Figure S2b) with an
increase in Ni content. These results demonstrate the
introduction of Ni into the material Ni-CeO,. Ni@CeO, has
a more obvious diffraction peak of the Ni phase in comparison
with Ni-CeO,, as shown in Figure 1. It can be attributed to the
structure of Ni-CeO,, which is a Ni nanocluster structure
coated with CeQO,, while Ni@CeO, is a mixture of Ni clusters
and CeO,, with many Ni clusters being distributed on the
surface.

The morphology and structural characteristics of NiO-CeO,,
Ni-CeO,, and Ni@CeO, were further studied by TEM and
HRTEM (Figure 2). TEM and HRTEM images of NiO-CeO,
and Ni-CeO, are shown in Figure 2. NiO nanoparticles are
observed to be highly dispersed in the lamellar CeO, (Figure
2a;,2,). The HRTEM image of NiO-CeO, (Figure 2a;) shows
that the CeO, phase is anchored on the surface of NiO
nanoparticles, where the 0.217 nm lattice fringe corresponds to
the {012} crystal plane of the NiO phase and the 0.307 nm
lattice fringe corresponds to the {111} crystal plane of the
CeO, phase. The Ni-CeO, material that is obtained by H,
reduction shows better dispersion (Figure 2b;,b,). It can be

24649

seen that Ni nanoparticles are distributed in the lamellar CeO,
(Figure 2b;,b,). The HRTEM image of Ni-CeO, (Figure 2b,)
shows that the CeO, phase is anchored on the surface of Ni
nanoparticles, where the lattice fringe of 0.201 nm corresponds
to the {111} crystal plane of the Ni phase and the lattice fringe
of 0.307 nm corresponds to the {111} crystal plane of the
CeO, phase. The TEM-EDS image of Ni-CeO, also shows the
distribution of a large amount of Ni in the material (Figure
S3). TEM and HRTEM images of Ni@CeO, show that the
material is a mixture of CeO, and Ni (Figure S4). It is obvious
that CeO, flakes are scattered in the material (Figure S4a,b).
The HRTEM image of Ni@CeO, (Figure S4c) also shows a
mixture of CeO, and Ni, where the lattice fringe of 0.201 nm
corresponds to the {111} crystal plane of the Ni phase and the
lattice fringe of 0.307 nm corresponds to the {111} crystal
plane of the CeO, phase. The results show that the material
(Ni@CeO,) prepared by a precipitation method is a mixture
of CeO, and Ni. The surface Ni content of Ni@CeO, is higher
in comparison with Ni-CeO,, as determined from the SEM-
EDS results (Figure S5), where Ni-CeO, and Ni@CeO, were
prepared by using the same Ni/Ce mole ratio. These results
are consistent with the XRD results. In summary, the above
structural characteristics indicate that an SMSI of the Ni-CeO,
catalyst can be successfully synthesized by a hydrothermal
method.

3.2. Evaluation of the Catalytic Behavior. It has been
found in previous research that CeO, has excellent catalytic
activity in the MHDCFC.”" In this study, the effects of several
different additives (NiO@CeO,, Ni@CeO,, NiO-CeO,, Ni-
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Ce0O,) on the performance of the cell based on CeO, were
determined. It was found that NiO-CeO, and Ni-CeO, have
better promoting effects by comparing the effects of different
additives on the performance of MHDCFC (Figure 3). The
maximum power density of the MHDCFC could reach 56.3
mW cm > when Ni-CeO, was added (Figure 3a). The stability
and service life of the MHDCFC were tested with and without
Ni-CeO,, respectively (Figure 3b).

The results show that the MHDCFC has better stability
(~15 h), a higher current density (83.2 mA cm™2), and a
longer service life (~26 h) when Ni-CeO, is added. Moreover,
it takes less time for MHDCEFC to stabilize after adding Ni-
CeO, (Figure S6). The loss of MHDCFC performance due to
anodic damage can be seen from the embedded electrode
photograph (Figure 3b). The effects of different Ni/Ce mole
ratios for Ni-CeO, and different Ni-CeO, contents on
electrochemical performance of MHDCFC were studied
(Figure S6). The electrochemical performance of MHDCFC
is improved with an increase in Ni content (Figure S7a). The
values of maximum power density and limiting current density
of the MHDCEFC reached the maximum when the Ni/Ce mole
ratio was 1.5, and the electrochemical performance of
MHDCFC did not change significantly when the Ni/Ce
mole ratio reached 2. The cell's performance obviously
improved with an increase in the Ni-CeO, content, and the
optimal performance was obtained when the Ni-CeO, content
reached 15% from test results of different Ni-CeO, contents
(Figure S7b). However, the maximum power density of the
cell decreased when the Ni-CeO, content was 20%, which can
be attributed to the reduction of electrode conductivity caused
by too much Ni-CeO, content.”’

3.3. Strong Metal—Support Interaction (SMSI) be-
tween Ni and CeO,. Figure 4 shows the Raman spectra of

] F D Ni-OCe
(e) 0.7 0.8
NiO-CeO,
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Figure 4. Raman spectra of the catalysts. (a) CeO,, (b) NiO, (c)
NiO@CeO,, (d) Ni@CeO,, (¢) NiO-CeO,, and (f) Ni-CeO,.

different materials. It can be seen that the Raman spectra of
NiO-CeO, and Ni-CeO, mainly include a CeO, fluorite phase
with a strong F,, band (461 cm™) and weak bands at 226, 554,
and 635 cm™ (Figure 4e,(f), because of a second-order
transverse acoustics (2TA) mode and defect induction (D).
For the Raman signal of CeO,, the F,; model is inherent to
CeO, at 461 cm™’, and the D-defect model is caused by the
defect site in the lattice at 554 cm™', which is a Frenkel type
oxygen vacancy generated by the migration of oxygen anions
from tetrahedral sites to octahedral sites.””*” In addition, the

apparent band at 635 cm™ cannot be attributed to NiO (520
cm™") (Figure 4b) or other Ni oxides (400, 500, 560, and 730
em™')** but can be attributed to the asymmetric Ni-O-Ce
structure formed by an SMSI between Ni and CeO,.>”****
The broad NiO signal at approximately 520 cm™ cannot be
well detected, because of a shadowing effect by the long tail of
the first-order CeO, peak.*”*' Ni@CeO, and NiO@CeO, do
not show an obvious oxygen deficiency (D model), and a weak
band appears at 607 cm™' (Figure 4c,d), which can be
attributed to a weak interaction between Ni and CeO,. The
intensity ratio Ip/Ig, represents the corresponding concen-

tration of oxygen vacancies in the CeO, lattice. INi—O-Ce/IFzg

indicates the relative density of interface bonding. The
intensity ratio Ip/Iy, shows that Ni-CeO, (0.6) and NiO-

CeO, (0.7) had higher oxygen vacancy concentrations. In
combination with the electrochemical performance of the
MHDCEFC, the oxygen vacancy is involved in the carbon
oxidation process. However, the oxygen vacancy concentration
of NiO-CeO, is slightly higher than that of Ni-CeO,,
indicating that there is no practical relationship between the
carbon oxidation activity and the oxygen vacancy concen-
tration. Therefore, it is once again proved that the decisive step
occurs at the Ni site rather than the oxygen vacancy. On the
other hand, the bonding density of the Ni-O-Ce interface
directly reflects the chemical interaction of SMSI between Ni
and the CeO, support. Ni-CeO, and NiO-CeO, shows an
obvious Ni-O-Ce signal in comparison with Ni@CeO, and
NiO@CeO,; thus Ni and the CeO, support form an SMSI in
the prepared Ni-CeO, and NiO-CeO, materials.

The temperature-programmed hydrogen reduction (H,-
TPR) results for NiO-CeO,, Ni-CeO,, Ni@CeO,, and
NiO@CeO, are shown in Figure 5. There is an obvious

Ni-Ce0, |207°C
166 °C |! 801 °C
5 NiO-CeO, \332°C
= g5 Jil
2 166 °C 784 °C
=9 i ;
£ i
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Figure S. H,-TPR profiles of Ni-CeO,, NiO-CeO,, Ni@CeO,, and
NiO@CeO,.

characteristic peak at 322 °C and shoulder peaks and weak
peaks at 166, 225, 514, and 784 °C in the H,-TPR profile of
NiO-CeO,. The shoulder peak at 166 °C can be attributed to
the reduction of adsorbed oxygen”*** and Ni species (very
small NiO crystallites or Ni-O-Ce). The peak at 225 °C can be
attributed to the reduction of small NiO crystallites or Ni-O-
Ce, and the peak at 332 °C can be attributed to the reduction
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Figure 7. Function relationship between of current density and 1/T with and without catalysts at 0.4 V (a) and 0.6 V (b), respectively. Function

fitting images of In k and 1000/T at 0.4 V (c) and 0.6 V (d).

of NiO. The peak at 784 °C is attributed to the reduction of
CeO,, and the reduction peak obtained at temperatures higher
than 700 °C is ascribed to the reduction of bulk Ce* to
Ce**.*"* The shoulder peak of the Ni-CeO, H,-TPR profile at
166 °C is attributed to the reduction of adsorbed oxygen, and
the characteristic peak at 207 °C is attributed to the reduction
of Ni species, which can only be Ni-O-Ce. This further
demonstrates the chemical interaction between the metal Ni
and the support CeQO,. The shoulder peak of the Ni@CeO,
H,-TPR profile at 199 °C is attributed to the reduction of

24651

adsorbed oxygen, and the characteristic peak at 286 °C is
attributed to the reduction of Ni species. The reduction peaks
of NiO@CeO, at 282 and 387 °C can be attributed to the
reduction of Ni species. The peak at 282 °C can be attributed
to the reduction of small NiO crystallites or the reduction of
Ni-O-Ce formed by the weak interaction of NiO and CeO,,
and the peak at 387 °C can be attributed to the reduction of
NiO.

It can be seen from the H,-TPR profile that a shoulder peak
appears in NiO-CeO, and the reduction temperatures
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Figure 8. (a) Molecular structure of Ni-CeO,. (b) Molecular structure of NiO-CeO,. (c) Reaction energy profile for C - CO, with and without
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optimized initial (molecularly adsorbed) and final (dissociated) states used in the search of the transition state (Figure S4). Oy denotes bulk

oxygen atoms and O, surface oxygen atoms.

corresponding to the peaks are lower than those of NiO@
CeO,. The order of reduction temperature of Ni species from
low to high is Ni-CeO, < Ni@CeO, < NiO-CeO, < NiO@
CeO,. On the one hand, because the particle size of Ni@CeO,
is larger, it requires a higher reduction temperature.””'" The
particle size of Ni@CeO, is larger than that of Ni-CeO, by
examining the particle size distribution by TEM (Figure 2 and
Figure S4). In addition, the loosened Ce—O bond closely
binds to the Ni species to form Ni-O-Ce, which is more easily
reduced in H,. The same results have been observed in related
studies of Au/CeO, and Ru-CeO,.***

The XPS spectra of all samples include Ce 3d, Ni 2p, and O
Is peaks according to the XPS survey spectra of the different
materials (Figure S8). Figure 6 presents the XPS spectra of Ce
3d, Ni 2p, and O 1s of the samples NiO@CeO,, NiO-CeO,,
Ni@CeO,, and Ni-CeO,. Cerium compounds have XPS
spectra with rather complex features due to numerous initial
and 4f electronic configurations.””** The 3d spectrum that is
registered for pure CeO, can be resolved into three 3d;/,—
3ds;, spin—orbit doublets (denoted uv, u’v”, and u”v”,
respectively).42’44’45 Figure 6a presents Ce 3d spectra of
different samples. The Ce 3d spectra of all samples (NiO@
Ce0,, NiO-CeO,, Ni@CeO,, and Ni-CeO,) can be identified
by eight peaks from the pairs of spin—orbit doublets through a
deconvolution method, six peaks of which arise from Ce**
contributions (at ~882.3, ~888.5, ~898.2, ~900.8, ~907.2,
and and ~916.5 eV) and two peaks at ~885.3 and ~902.7 eV
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from Ce** contributions.'” Therefore, the relative abundance
of the Ce* species of each sample has been estimated (8.7%,
13.3%, 11.4% and 14.2%) by considering the deconvoluted
peaks of Ce 3d binding energies for NiO@CeO,, NiO-CeO,,
Ni@CeO,, and Ni-CeO,, respectively. As a result, the intensity
of the Ce* peak for Ni-CeO, is greater than those of the other
samples, which can be attributed to the chemical SMSI
between Ni and the CeO, support. From XPS spectra of all
samples, Ce species mainly exist in the Ce*" oxidation state in
all samples, and Ce** induces the formation of oxygen
vacancies in the material, which are essential for absorption/
dissociation of oxygen molecules during the oxidation reaction.

Figure 6b presents Ni 2p spectra of the different samples.
The Ni 2p spectra of Ni@CeO, and Ni-CeO, exhibit two Ni
2p1/, peaks (879.4 and 872.2 eV) and two 2ps,, peaks (861.4
and 855.1 eV), which can be assigned to Ni® (2p, 5, 2p5/,) and
Ni** (2p,,), respectively. The Ni 2p spectra of NiO@CeO,
and NiO-CeO, exhibit two Ni 2p;,, peaks (879.1 and 873.8
€V) and three 2p;,, peaks (860.9, 855.7, and 853.7 €V), which
can be assigned to Ni*" (2p,,, and 2p;),). The Ni** (2p, ;)
peak of Ni@CeO, and Ni-CeO, can be attributed to the SMSI
(Ce-O-Ni) of between Ni and the CeO, support. The O 1s
spectra for all samples present three states of surface oxygen
(Figure 6¢). The binding energy of ~529.3 eV is denoted as
O, which is characteristic of lattice oxygen. The peak at
~531.7 eV is assigned to oxide defects or surface oxygen ions
(Op) with low coordination.
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3.4. Role of NiO,-CeO, in the MHDCFC. The relation-
ships between the temperature and current density in the
presence of different catalysts are shown in Figure 7a,b at 0.4
and 0.6 V, respectively. The current density of the cell is
significantly improved at the same temperature in the presence
of NiO-CeO, and Ni-CeO,. The function relationship between
In k and 1/T can be confirmed, according to the electrode
reaction kinetics v = i/nFA (where v is the reaction rate, i is
the current, n is the number of transferred electrons, F is the
Faraday constant, and A is the electrode surface area) and the
Arrhenius equation. The images corresponding to the function
can be obtained by fitting the data, which are given in Figure
7¢,d, respectively. As can be seen from Figure 7c,d, the slope of
the function image (In k—1/T) obviously decreases after NiO-
CeO, and Ni-CeO, are added. The MHDCEC exhibits greater
current density when Ni-CeO, is added in comparison to NiO-
CeO, (Figure 7a,b). This fully demonstrates that the energy
required for the oxidation reaction of the anodic activated
carbon fuel is obviously decreased by adding NiO-CeO, and
Ni-CeO, and the Ni-CeO, showed a more obvious catalytic
activity in comparison to NiO-CeO,.

The conventional detection methods are not practical to
apply in the MHDCEFC, because they require high temperature
and are strongly corrosive. In order to fully prove the effect of
NiO,-CeO, in the MHDCFC, the mechanism of action of
NiO,-CeO, was researched in the MHDCEFC. Herein, we
apply the spin-polarized DFT+U approach to investigate the
dissociative adsorption of OH™ on Ni deposited on
stoichiometric and reduced CeQ, surfaces.

In combination with Raman, H,-TPR, and XPS analysis
results, it can be found that an oxygen vacancy and the
interface structure Ni-O-Ce are generated due to the
interaction between Ni and CeO,. Therefore, we built model
diagrams of Ni-CeO, and NiO-CeO,, as shown in Figure 8a,b,
respectively. The valence state of Ni is 0 in Ni-CeO, and +2 in
NiO-CeO,. In this work, we speculated the possible reaction
process of C in MHDCFC and conducted DFT calculations;
the calculation results are shown in Figure 8c. The binding
between C and OH™ is very weak and C — CO, is difficult
because of a large energy barrier.”*”*® The energy barrier of
the reaction with the addition of Ni-CeO, and NiO-CeO, is
significantly lower than that without the addition according to
Figure 8c. Therefore, the interaction between Ni and CeO, can
more effectively reduce the energy barrier of the C reaction in
the MHDCFC. The results are consistent with the
experimental results, which shown in Figure 7.

4. CONCLUSION

Two kinds of catalysts (denoted NiO@CeO, and NiO-CeO,)
have been prepared by a precipitation method and a
hydrothermal method, which are reduced by H, to give Ni@
CeO, and Ni-CeO,, respectively. The results of material
analyses and characterizations (XRD, XPS, TEM, HRTEM,
Raman and H,-TPR) show that NiO-CeO, and Ni-CeO,
exhibit classic SMSI catalyst characteristics. The electro-
chemical measurement results also demonstrate that the
limiting current density and maximum power density of the
MHDCEC obviously increase when NiO-CeO, and Ni-CeO,
are added. The electrochemical performance of the cell has the
most significant improvement in the presence of Ni-CeO,, and
the power density (56.3 mW cm™) of the MHDCEC is 1.6
times that of the MHDCFC without Ni-CeO, (34.8 mW
cm™?). The results of chronoamperometry show that the

MHDCEC can run for 26 h after adding Ni-CeO,, at which
point the anode collector is corroded. A combination including
XRD, HRTEM, Raman, H,-TPR, and XPS verifies that the
interaction between the metal Ni and the support CeO, in Ni-
CeO, is obviously strengthened. The strong Ni-CeO,
interaction results in more oxygen vacancies (O,) and more
0,-Ce* sites and Ni-O,-Ce interface sites, which provide the
necessary reactive sites for carbon oxidation. The In k—1/T
results show that the energy required for the oxidation reaction
of anodic carbon fuel decreased significantly with the addition
of Ni-CeO, in the MHDCFC. DFT calculation results also
demonstrate that the energy required for carbon oxidation to
produce carbon dioxide is significantly reduced with the
addition of Ni-CeO,, which is 1.03 eV lower than that without
the addition of Ni-CeO,
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