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ABSTRACT

Nickel is a promising catalyst in Solid Oxide fuel cell (SOFC) due to its electrocatalytic
performance, however, the practical utilization of Ni-based materials is hindered by the
undesirable carbon deposition during methane decomposition. Herein, molybdenum is
incorporated into the Ni- and Zn-based cermets (Ni1x-Mox/GDC and Zn1.x-Mox/GDC, x = 0.1 and
0.3) to enhance electrocatalytic properties and avoid the carbon deposition during cell operation.
The desired composites are synthesized by the impregnation method and adopted as anode in
SOFCs. The catalytic activity for methane oxidation has been significantly improved due to the
introduction on Mo, which hindered the carbon deposition due to higher graphitization and
abundant active sites accessible to fuel. The detailed Raman spectroscopy and conductivity
analysis revealed that addition of Mo reduced the amount of deposited carbon and enhanced the
electrical conductivity. By using natural gas, as a fuel, the as-prepared Mo-doped Ni-GDC
rendered a maximum power density of 690 mW cm at 600 °C. It is worth mentioning that the
achieved stable power density is one of the best in existing literature. The current study presents a
novel strategy to improve the catalytic behavior of electrode materials and demonstrate the optimal

performance at low operating temperature.
1. Introduction

Solid oxide fuel cell (SOFC) is considered as an efficient electrochemical energy conversion
device owing to its high efficiency, fuel flexibility, lower carbon dioxide (CO2) emission and wide
range of operating temperature (500-100 °C) [1-2]. In general, hydrogen (H>) is a preferred fuel
for stationary applications due to its high reactivity and stable performance [3-4]. However, current
hydrogen production technologies, relying on renewable energy sources, are not mature enough to
provide the required amount of hydrogen. Hence, the utilization of currently available
hydrocarbons fuels is of utmost significance to meet the current and forecast energy demands. In
particular, methane has garnered immense research attention due to its low-cost, abundance and
safer storage than the traditional hydrogen fuel [5-11]. Moreover, the direct utilization of
hydrocarbons, without external reforming, significantly reduces the operational cost and results
in a relatively simple design operation. Owing to the catalytic activity of the fuel exposed
electrode, the direct utilization of hydrocarbons in SOFCs is termed as internal reforming (IR),

which renders the added advantage of using the electrochemically generated heat [12].



Conventionally, nickel cermet (Ni-YSZ) is used as an anode in hydrogen-based fuel cells due to
its excellent catalytic properties for fuel oxidation and high electronic conductivity [13-15].
However, despite the initial improvement, the direct utilization of hydrocarbons renders inferior
long-term performance due to carbon deposition on Ni surface, originating from the catalytic
decomposition of C-H and C-C bonds and resulting in lesser catalytically active sites [16-17].
Moreover, carbon deposition blocks the porous structure and hinders the gaseous diffusion,
altering the anodic structure and resulting in inferior electrochemical performance [18]. Thus,
many strategies have been adopted to replace YSZ with novel anode materials, such as gadolinium
doped ceria (GDC) and samarium doped ceria (SDC), in SOFCs. Interestingly, doped ceria can be
operated at low temperatures due to its mixed ionic and electronic conductivity (MIEC) under
reducing atmosphere, resulting in continuous carbon cleaning due to oxygen storage/release and

excellent good electrocatalytic activity for methane oxidation [19-21].

Gorte et al. [22] investigated rare earth doped ceria, impregnated with CuO, as an anode material
for direct utilization of methane in SOFCs. However, the inferior catalytic activity of the studied
anode hinders the practical utilization. Kim et al. [23] investigated Cu—Ni alloy for direct
oxidation of CHs and attained a power density of 450 mwWcm? with moderate carbon
deposition. Nikolla et al. [24] utilized Sn/Ni alloy for direct reforming of different hydrocarbons,
such as methane and isooctane, and demonstrated that the carbon deposition could be significantly
reduced by incorporating a small amount of Sn and forming Sn/Ni surface alloy. Additionally, the
introduction of transition metals into ceria could provide additional pathways for redox reactions
at the anode surface, facilitating electrochemical reactions for oxidations of the fuel cell. For
instance, Ni-ceria/YSZ anodes exhibited excellent stability during methane reforming and
enhanced tolerance to H,S contaminations [17]. Furthermore, doping of additional metals, such as
Mo, Pt and La, to Ni-CeO2/YSZ anode can enhance the reforming reaction of hydrocarbons.

Huang et al. [25-26] studied molybdenum-based perovskite SrMMoOe¢-s (M = Mg, Co, Ni) as
SOFC anode material for H> and CH4 fuel. Sr.CoMoOs exhibited a high cell performance in wet
H> and CH4, while SroNiMoOg exhibited notable power density with methane. Li etal. [27,
28] have investigated the oxidation of methanol by using SroFei-xMo01+xOe and achieved stable
performance. Zuhra et al. [29] investigated Nios ZnosxCex hanocomposite anodes using methane
fuel exhibited maximum power density of 500 mWcm2 at 600 °C. The modified anode reduced

the carbon deposition hereby enhanced catalytic activity and fuel cell performance. Rizwan et al.

3


https://www.sciencedirect.com/topics/materials-science/nickel-copper-alloys
https://www.sciencedirect.com/topics/chemistry/isooctane
https://www.sciencedirect.com/topics/chemistry/methanol

[30] studied ZnosFeo.1Cuo3/GDC composite anode for H, fuel. Due to lower activation energy,
high durability, higher conductivity, composite anode showed maximum power density of 980
mWcm at 570 °C.

Zn is cheap, non-toxic, and very stable at ambient condition and potential catalysts as methane
reformer. The vital role for using GDC and Zn is to increase the catalytic activity as well as to
reduce the operating temperature to entirely oxides the dry hydrocarbons fuels directly which may
reduce the carbon deposition layer. Moreover, Zn oxide is likely to tune the electronic states of as
prepared material which can enhance the catalytic activity of the anode material to improve the
overall fuel cell performance. Herein, we aimed to exploit the catalytic effect of Mo and
synthesized Mo-doped Ni-GDC and Zn-GDC anodes for natural gas based SOFC to improve the
catalytically and redox stability of the methane based SOFC. Moreover, the influence of Mo
content on catalytic activity, conductivity and cell performance has been systematically
investigated.

2. Experimental
2.1. Material Synthesis

Gadolinium-doped ceria (GDC) powder was prepared using co-precipitation technique [30].
Molybdenum trioxide (MoOs) and nickel nitrate hexahydrate and zinc nitrate hexahydrate were
dissolved separately in 50 ml distilled water. These solutions were mixed vigorously by stirring at
100 °C for 1 hour. The molar ratio of Ni (or Zn) to Mo was fixed 0.9:0.1 and 0.7:0.3, which resulted
in Sample 1 (Nio9sMo0o1/GDC), Sample 2 (Nio.7M003/GDC), Sample 3 (Zno.sMoo.1/GDC) and
Sample 4 (Zno.7M00.3/GDC). Then, the obtained solution was impregnated with GDC powder with
the weight ratio 1:1 with continuous stirring for 4 hours. Then, water was removed, and as-obtained
powder agglomerate was dried in an oven at 120 °C for 6 hours. Then, two-step calcination was
carried out at 500 °C and 700 °C for 1 and 2 hours, respectively. Subsequently, the sintered powder
was ground in a mortar to form the composite anode. The detailed experimental procedure is
schematically illustrated in Figure 1. The well-established lithium transition metal oxide
(LiNiCuZn-oxide) LNCZ cathode was synthesized by solid-state reaction method.
Ni2(NO3)3.6H20 (Sigma Aldrich, 99%, USA), Zn(NO3)3.6H20 (Sigma Aldrich, 99%, USA),
Li»C0O3.3H20 (Sigma Aldrich, 99%, USA) and Cu(COz3)s (Sigma Aldrich, 99%, USA), were mixed
in a weight ratio of 10:7:2.5:2.5 by using mortar and pestle, followed by calcination at 800 °C for

4 hours. The preparation process of GDC electrolyte has been described elsewhere [30].



2.2. Physical Characterization

The XRD patterns of the anode powders were recorded using X-ray Diffractometer (PAN
analytical X'Pert Pro MPD, Phillips, Netherlands), equipped with Cu Ko radiations (A = 1.54 A),
at an applied voltage of 40 kV and current of 30 mA. XRD patterns were collected at a scanning
rate 0.01 degree per second in the 20 range of 10-90 degrees. The average crystallite size was

calculated using Debye Scherer’s formula, as given below:
D = kA/BCosO 1)

Where D refers to the crystalline size, k is a constant (0.94), 4 represents the wavelength of Cu Ka
radiations and S denotes the full width at half maximum (FWHM).

The UV-visible spectra were recorded using a double beam Perkin Elmer UV-Visible Diffuse
Reflectance Spectroscopic Lambda-35 (UV-35, Perkin Singapore) with the bandwidth of 1 nm at
a scan speed of 960 nm/min in the range of 300-1100 nm. The direct band gap was calculated
using the Tauc plot (Eq. 2):

(ahv)? = A(hv — Ep)? 2)
Where A represents the absorption coefficient and E refers to the energy of the incident photons.

The cross-section morphology of synthesized nanocomposites was studied by scanning electron
microscopy (SEM-Philips XL-30). The surface area (SA), average particle size and pore size
distribution were determined by N adsorption/desorption isotherms, recorded at -196 °C by using
ASAP 2010 porosity analyzer (Micrometrics). For the BET analysis, around 0.5 g of catalyst was
used.

In order to study the carbon formation/deposition, Raman spectra of the anode have been collected,
before and after exposure to methane (fuel) at 700 °C for 1 h, by using InVia Raman microscope
(RENISHAW UK), equipped with an excitation laser of 514 nm. Raman spectroscopy is a non-
destructive characterization technique, which is extensively used to study the bonding and
structural properties of different carbon species. Furthermore, to investigate the electrocatalytic
behavior, cyclic voltammetry (CV) was carried out by using the standard three-electrode
configuration, where silver chloride (AgCl), platinum (Pt) and modified anode served as reference,
counter and working electrodes, respectively, and methane was used as analyte. Nafion solution

was taken as electrolyte to enhance conductivity and isopropanol was used as solvent. For CV



measurements, 2 mg of catalysts, 400 ml of isopropanol and 20 ml of nafion solution (5 wt%) were
strongly sonicated to get a homogeneous ink. Then, 15 ml of the catalyst ink was deposited on to
working electrode. CV curves were recorded by using Gamry framework version 6 at a scan rate
of what and in the potential range of 0.50-1.75 mV (vs. Ag/AgCl). The potential was measured
between the reference electrode (RE) working electrode (WE), while the current was measured
between the counter and working electrodes. The 1M KCI was used as supporting electrolyte and
1M CHa was used as fuel and recorded at 500 °C. The binary phase diagram of Ni-Mo and Zn-Mo
was calculated by CALPHAD thermocalc software.

For conductivity measurements, 1 g of composite powder was pressed into pellets by carver
hydraulic presser using 3000 KGS force and sintered at 750 °C for 2 hours in a muffle furnace.
The silver paste was used on both sides of the pellet for current collection. Then, the pellet was
placed in a stainless dye for conductivity measurement. The effective area of the pellet was 0.64
cm?. The DC conductivity was measured using the four-probe method in the temperature range of
300-700 °C under H> atmosphere. The probe station (Keithley, China), with four tungsten (W)
probes, integrated with DC source 2450 (Keithley, Instrument USA), was used for current and
voltage measurements. The conductivity was calculated by using Eq. 3:

o=L/RA ©)

Where L refers to the thickness of the cell, A represents the effective area (0.64 cm?) and R
corresponds to the measured resistance. The conductivity is measured by taking Arrhenius plot of

log conductivity verses reciprocal of temperature by Arrhenius Eq.4:

6 = 6,exp(—72) (4)

Where g, is pre-exponential factor, E, is the activation energy, R is the real gas constant, T is the
absolute temperature. The activation energies were calculated from slope of Arrhenius plot by

linear fit.

For Fuel cell fabrication, Ni-Mo-GDC, Zn-Mo-GDC powders were uniaxially pressed in 1.5 mm
thickness under the pressure of 200 MPa in hydraulic press and used as anode in SOFC having
GDC as electrolyte and LNCZ as cathode. Both external sides of each pellet were painted by silver
paste to make good electrical contact followed by sintering at 700 °C for 1 h. For the performance

measurements, methane (70 ml/min) was used as fuel and air (100 ml/min) as oxidant at anode



and cathode sides respectively. 1-V/I-P curves were obtained at 600 °C with computerized
instrument (Fuel Cell Electronic load, Model: 1T8511, China).

3. Results and Discussion
3.1 Phase Diagram Analysis

The binary phase diagram indicates the composition and phases of Ni-Mo with respect to
temperature (T). Figure 2a (i) show the phase diagram of bimetallic Ni-Mo catalyst, as reported
elsewhere [31-33]. In general, three intermetallic phases, including B phase (NisMo), y phase
(NisMo) and & phase (NiMo), exist at 870 °C, 910 °C and 1400 °C. Pure body-centered cubic Mo
melts at 2623°C, whereas pure face-centered cubic Ni melts at 1455 °C. Figure 2a (i) exhibits that
B, 6 and y phases possess tetragonal, orthorhombic and orthorhombic structures, respectively.
Moreover, the eutectic phase is formed at 35 % of Mo at 1327 °C. The phase diagram shows that
solubility of Ni in Mo at low temperature is extremely low, however, it increased with increasing
temperature. Based on these results, we have used mass 3 % Mo, which exhibits the onset of
phase (NisMo) formation (Figure 2a (ii)). Similarly, Zn-Mo binary phase diagram indicates two
intermediate phases of MoZn,, (orthorhombic phase) and MoZn7 (Ca7Ge-type cubic) are stable
below 463 and 573 °C [34]. Herein only 3% Mo used does not form any undesirable Zn-Mo phase,
as shown in Figure 2(b). These phase diagrams indicate the complete solubility of 3% Mo in Ni
and Zn, which is in good agreement with XRD results. Although Fratello et al. [32] have reported
the formation of CeNiOz compound near the melting point of NiO (1984 °C), we have only
observed the diffraction peaks of NiO and CeO; (Figure 3).

3.2. Crystallite Structure and Microstructure Analysis

Figure 3 shows the XRD patterns of all prepared samples. These results showed that composite
oxide material has a multi-phase structure and well-developed crystallinity. The XRD pattern was
analyzed by Match software. Figure 3(a) shows that index pattern can be matched with the cubic
fluorite structure of ceria (JCPDS #075-0158) and cubic structure of NiO (JCPDS# 073-1523).
The characteristics peaks of molybdenum have not been observed in sample 1 due to the low
content of Mo. However, when the concentration of Mo was increased from 0.1 to 0.3, additional
peaks of (202) and (311), emerged at 26 = 46.3 and 56.1° corresponding to the orthorhombic
structure of MoO. Also, the usual diffraction peaks of NiO and ceria have been observed, as shown
in Figure 3(a). Similarly, Figure 3(b) exhibits the diffraction peaks of CeO> phase (JCPDS #075-
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0158) and hexagonal ZnO phase (JCPDS#36-1451). However, the peak intensity decreased with
increasing Mo concentration and slight shifting of ZnO peaks of (100), (013) resulting in decrease
in lattice parameter indicates that excessive Mo concentrate on deteriorated the crystallinity of as-
prepared powder. One should note that the large difference in ionic radii of Mo*® (0.41 A),
Zn*2(0.60 A) and Ce*3(1.143 A) results in lattice mismatch and induces structural stress, which
can explain the inferior crystallinity of as-prepared powder with increasing Mo content. Moreover,
the calculated crystallite size also decreased, which can be mathematically confirmed by Debye
Scherer’s equation. With the increase of 20 value, cosf increased and resulted in smaller crystallite
size. Scherer’s equation indicates that FWHM primarily depends on the crystallite size, which
implies that a larger FWHM corresponds to the smaller crystallite size. Herein, FWHM increased
with increasing Mo concentration from 0.1 to 0.3, resulting in decreased crystallite size.
Furthermore, the lattice strain of (111) peak of sample 3 and sample 4 were found to be 0.0021
and 0.0031, respectively, indicating that the lattice strain increased with increasing Mo
concentration. It is worth mentioning that the smaller crystallite size is beneficial for obtaining
optimal fuel cell performance. The lattice parameters of the as-prepared composite anodes are
summarized in Table 1. Figure 3(c) showed the cross-sectional microstructure of best sample
NiooM0o.1/GDC anode-supported cell. The average particle size was 11.3 nm. The composite
anode shows porous structure for providing high surface area for gas adsorption with more

catalytic active sites [35].

Table 1: XRD parameters of Nip.9gM0o1/GDC, Nig7M003/GDC, ZnosMoo1/GDC and Zno7

Moo.3/GDC composite anodes.

Sample name Diffraction FWHM  Average Average Average Miller

angle (20) ® Crystallite  atomic lattice indices
(degrees) (degree) size (D) distance constants (hkI)
om) @ (A)
A
NiosMo001/GDC 43.51 0.1560 60 2.0783 a=4.1800 (200)
Nio.7 M00.3/GDC  43.39 0.260 34 2.0839 a=4.1684  (200)
Zno.sMo0o1/GDC  36.36 0.1560 56 2.4633 a=2.8497  (101)



c=4.9358
ZNno7Moos/GDC  38.36 02340 37 2.4945 a=2.700  (101)

c=4.680

3.2. BET Surface Area and Porosity Measurements

The BET surface area and porosity results are summarized in Table 2. Combined with crystalline
size analysis, it can be concluded that the particle size is inversely related to the surface area.
Therefore, sample 2 and sample 4, with smaller crystallite size, resulted in higher specific surface
area (SSA) than sample 1 and sample 3 with larger crystallite size. Moreover, the estimated
porosity of all samples ranged from 7-12 nm. One should note that Nip.7M00.3/GDC exhibited a
high specific surface area of 5.5 m?g™* and SSA dropped from 5.5 to ~3 m?g* with the addition of
10 % Mo into NiO-GDC, which is consistent with the available literature [36]. On the other hand,
ZnosM0o1/GDC anode exhibited a specific surface area of 1.98 m?g™t. Similar to the smaller
crystallite size, the higher specific surface area translates into higher conductivity and optimal fuel
cell performance by increasing the number of active catalytic sites, as shown by our results in the

subsequent section.

Table 2: BET surface area and porosity of as-prepared composite anodes.

Samples Sample 1 Sample 2 Sample 3 Sample 4
(NioosM00./GDC) ' (Nig7M0o3/GDC)  (Zno.sM0o1/GDC)  (Zno.7Moo3/GDC)

Porosity 9 12 7 8.5

Surface 3.2952 5.5569 1.9883 2.1108

3.3. UV-visible Analysis

UV-visible analysis was used to study the optical properties of the as-prepared anode powder, in
general, and band gap of bimetallic catalyst, in particular. Figure 4 shows Tauc plots of (ahv)?as
a function of photon energy (hv) for Nio9M0o.1/GDC, Nio.7M00.3/GDC, Zno7M0o3/GDC and
Zno.7Mo00.3/GDC powder with different Mo concentrations. Figure 4(a) shows that the sample with
the lowest conductivity and surface area, i.e., Ni:Mo (0.9:0.1), exhibited the highest band gap of
3.7 eV whereas the sample with higher conductivity, i.e., Ni:Mo (0.7:0.3), rendered smaller band



gap of 3.1 eV (Figure 4b). Similarly, the band gap of Mo-doped Zn-GDC decreased from 3.7 to
2.9 eV with increasing Mo concentration from 0.1 to 0.3, as shown in Figure 4(c-d). Mo-doped
Zn-GDC sample show lower bandgap as compared to Ni-doped Zn-GDC exhibiting
semiconductor behavior. The results reveal that the composite materials with a lower bandgap
possess higher conductivity, which can lead to superior fuel cell performance. These results are

also consistent with XRD results.
3.4. Raman Analysis

One should note that the carbon deposition on the electrode surface renders the detrimental effect
on SOFC performance and stability by covering the porous surface, making it electrochemically
inactive during FC operation. Herein, Raman spectroscopy has been employed to investigate the
carbon deposition during SOFC operation. Figure 5(a-b) shows the Raman spectra of
Nio.aM00.1/GDC and Nio.7M0o.3/GDC electrode before and after methane (CHa4) exposure at 700 °C
for 1 h. Prior to fuel cell operation, the Raman spectrum consists of several bands of NiO (>400
cm). The first four bands, located at 437 cm™, (730-881 cm™) and (986-1200 cm™ ), correspond
to the IP,(2P) 2TO, (2P) TO+LO vibrational modes of nickel oxide.

Moreover, the absence of 1P mode in sample 2 confirmed the excellent crystallinity of
Nio.7M00.3/GDC electrode. The Raman peak at 1170 cm™ represents a combined influence of
different modes of ceria, such as Fzg, Aigand Eg. After methane exposure, Raman spectra of
composite anode exhibited two broad peaks (centered at 1300-1348 cm™ and 1580-1593 cmY),
corresponding to D and G bands of carbon, respectively. One should note that the D band indicates
the disorder in deposited carbon and G band corresponds to the stretching of carbon bonds.
Moreover, R represents the degree of graphitization of the deposited carbon, where higher R-value

refers to the lower degree of graphitization.

R value can be obtained from the intensity ratio of D and G bands as below in Eq.5.

R=12 (5)

=
The deposited carbon on the surface of Ni-Mo/GDC anode exhibited an R-value of 1.3 and 1.167

rendered carbon deposition by increasing molybdenum concentration.

Figure 5 (c-d) shows the Raman spectra of Zno9sMo0o.1/GDC and Zno.7M0o3/GDC anodes before
and after methane exposure. The Raman spectra of as-prepared Mo-doped Zn-GDC anodes exhibit
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a sharp and maximum intensity mode at 456 cm™, corresponding to F2g sSymmetric breathing mode
of the oxygen (O2) atoms around cerium cations. However, in the range of 500-600 cm%, relatively
lower intensity peaks represent the oxygen vacancies within the ceria lattice due to extrinsic cation
doping, i.e., samarium [37]. The Raman peaks at 330 cm™, 900 cm™and 1150 cm™ of ZnO lattice
correspond to multi-phonon process. Similar to the Mo-doped Ni-GDC, the Raman peak at 1170
cm™ emerged due to the mixing of different modes of ceria, such as Faq, A1gand Eq. When Mo
concentration was increased from 0.1 to 0.3 (Zno.7Moo.3s/GDC), F2g mode has been shifted to lower
wavenumber, exhibiting a red shift and coupling of electronic molecular vibrational modes due to
the presence of excessive Mo in ceria lattice. After natural gas exposure, the Raman spectra of
Mo-doped Zn-GDC exhibited two additional bands at 1350 cm™and 1490 cm™, corresponding to
D and G bands of deposited carbon. Moreover, the G band shifted to a higher wavenumber with
increasing Mo concentration, indicating the occurrence of double bonds between carbon atoms,
which resonate at higher energy. Furthermore, the R-value of fuel-exposed Zno.9sMoo.1/GDC and
Zno.7M00.3/GDC anodes was found to be 1.03 and 1.06, respectively. The higher R-value of

Zno.7M0o.3/GDC exhibited lower graphitization degree with increasing Mo concentration.
3.5. Electrochemical Analysis

Figure 6(a) shows CV curves of the as-prepared catalyst, measured at different scan rates, ranging
from 20 to 100 mVs?at 500 °C. CV curves were used to understand the oxidation behavior of
methane (CH4). Moreover, the Randles-Sevcik equation [38] was used to analyze the diffusion
coefficient for CHa, as given below:

I, = 2.69 x 10° ACD%V% (6)
Where |, refers to the peak current (A), n denotes the number of transferred electrons, C
corresponds to the concentration of analyte (mol cm), v represents the scan rate (V s2), A refers
to the electrode area (cm?) and D, represents the diffusion coefficient. Diffusion coefficient
represents the diffusion of analyte, such as methane, through the electrolyte, resulting in the
efficient transfer of electrons. Diffusion coefficient can be calculated by taking the slope of peak
current versus the square root of scan rate, as shown in Figure 6(b). The estimated diffusion
coefficient is 3.078 x 10° cm™ s, The higher diffusion coefficient of methane provides greater

availability of active areas at electrode for adsorbed species to oxidize into carbon dioxide.
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Moreover, the maximum current has been achieved at 100 mV s*. Herein, the best sample was
selected to assess the electrocatalytic activity based on the diffusion coefficient. Bimetallic
Nio.7M003/GDC catalyst exhibited maximum surface area and highest conductivity, enhancing the facile
electron transfer process and resulting in optimal electrocatalytic activity for methane oxidation. The

oxidation peak height has corresponding values as 1.7 and 0.67 mA cm.
3.6. Electrical Conductivity

The conductivity analysis was performed to evaluate the effect of temperature on the performance
of the as-prepared composite anodes, areas, by using four-probe methods. Figure 7 shows the
Arrhenius plot of conductivity versus temperature (K1), exhibiting that the conductivity increased
with increasing temperature which obeys Arrhenius equation. The activation energy calculated
from slope of Arhenius plot of composite anodes by linear fitting were 0.234 eV, 0.59 eV, 0.78 eV
and 0.0265 ¢V depicted in inset of Figure 7(a-d). The activation energy plays important role to
estimate perforamnce for oxygen ion conductivity in anode/cathode material. The results revealed
that Nio7M0o3/GDC electrode, with highest specific surface area, exhibited superior electrical
conductivity of 1.4 S cm™, which is ~111 times higher than the electrical conductivity of
Nio.sM001/GDC electrode (0.0126 S ecm™). The lower value of activation energy of 0.234 eV
emphasized high catalytic activity of Nio.7M003/GDC. Figure 7 (c-d) shows that the electrical
conductivity of Mo-doped Zn-GDC samples increased. Both sample 4 (Zno.7M0o.3/GDC) and
sample 3 (ZNno.9sM0o.1/GDC) rendered the maximum electrical conductivity of 0.27 S cm™ and
0.00153 Scm™.

These results confirm that the incorporation of Mo into Ni-GDC and Zn-GDC anodes significantly
enhanced the electrical conductivity, which is conducive to efficient electronic and ionic transfer

and superior fuel cell performance.
3.7. Fuel Cell Performance

The electrochemical performance of the as-prepared fuel cells (pellets) was evaluated under a
methane environment. Methane, as a fuel with 70ml/min and air with 100ml/min, as an oxidant,
were supplied to the anode and cathode side, respectively. Methane is internally reformed by Ni-
Mo catalyst into hydrogen (H) and carbon (C). Carbon and hydrogen are further oxidized to form
carbon dioxide and water along with the release of two electrons at 600 °C. The possible reactions

during internal reforming, at the anode electrode, are given below (Egs. 7-10):
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CH, - C+ 2H, (7

C+ 0% - COo (8)
CO + 0?% - CO, 9)
H, + 0% > H,0 + 2e” (10)

Figure 8 shows the I-V and I-P curves of Ni-Mo/GDC|GDC|LNCZ and Zn-Mo/GDC|GDC|LNCZ
cells. Sample 1, 2, 3 and 4 delivered an excellent power density of 500, 690, 300 and 600 mW cm-
2 at 600 °C, respectively. It is noteworthy that the obtained power densities are exceptionally higher
than the previously reported data with similar cell configurations. For instance, Escudero et al.
[39] have carried out methane oxidation at Mo-Ni ceria anode and reported a much lower power
density of ~350 mW cm at a significantly higher operating temperature of 850 °C. Moreover, Li
et al. [40] have utilized methanol, as a fuel, and achieved a maximum power density of 680 mW
cm2 with Ni-SDC anode at 700 °C, whereas we have attained a power density of 690 mW cm at
a much lower operating temperature (600 °C) by using natural gas as a fuel. Furthermore, the as-
fabricated cells have been tested for 50 hrs, rendering stable output power and OCVs. The stability
has been studied at 600 °C for conductivity, open circuit voltage and under current load. The
prepared material shows very stable conductivity, and overall fuel cell stable open circuit voltage.
Further the same fuel cell shows the stable performance under constant current load. The results

have been shown in supplementary figures S1, S2 and S3.

The increment in OCV (0.91-1.01 V) and power density of Mo-doped Ni- and Zn-GDC anodes
can be credited to the hindered carbon deposition during oxidation process as methane
decomposition process, as depicted in Figure 8. The utilization of Mo-doped Zn-GDC anode
delivered optimal electrochemical performance due to better catalytic properties of Mo doped
samples (Figure 8). One should note that the maximum power density of 690 mW cm has been
demonstrated by sample 2 (Nio.7M0o3/GDC) at a low operating temperature of 600 °C. These
results confirm that the incorporation of Mo into Ni- and Zn-GDC cermets is an efficient strategy

to improve the overall performance of SOFCs.
3.8. Reaction Mechanism Using FactSage-Equilibrium Module

FactSage 7.2 software was used for simulating the reaction mechanisms of the samples. The

calculations were performed for 600 °C under the presumption of an isothermal and standard state
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with the use of Pure Substance (FactPS)-Oxide (FToxid) databases. The equilibrium calculations
were based on the Gibbs energy minimization method. In this method, elements or compounds
react or partially react to reach a state of chemical equilibrium. To calculate the multicomponent
equilibrium compositions, amounts and properties of raw materials were given and the chemical
reaction characteristics included phases and species were specified. Calculated gaseous species
within the amount of less than 0.001 mol were neglected to simplify the results. Following to that,
FactSage-Reaction Module was used to calculate the enthalpy of the reactions. Calculations were

carried out based on the assumption of using 1 mole of fuel.

Table 3: Thermodynamic calculations to study the reaction mechansim when methane was used
as fuel

Sample AH, (kJ/mole) | AG,s (kJ/mole) | AHygg, AGgoo
(kJ/mole) (kJ/mole)
Moo.1NiooGDC* | 126 68 128.5 -46
Moo3Nio7GDC | 161.6 88 163.6 -57
M00.1ZnooGDC* | 90.83 58 100.27 -12.5
Mo00.3Zno7GDC* | 123 72 129 -31.4

#Carbon deposition
In these calculations, it has been observed that the theoretical carbon deposition was the least for

sample 4 and the highest for the sample 3 but not in sample 2 (In equilibrium calculations).

e Therefore the main mechanism for Mo/Ni systems:
MoO3+NiO+CeO2—»MoC*+Ni+C**+aCHs***+bH,+cH20+dCO (a,b,c,d depends on the system)

*If the amount of methane changes, MoO, and MoC can form as well. But a mole of CH4 ends
up with MoC for this temperature

**Depending on the carbon deposition. This does not occur for sample 2

***Depending on the carbon deposition or amount of methane

e The reaction mechanism for Mo/Zn systems:
Mo0O3+NiO+CeO,—»MoC+C+aCHs+bH2+cH>0+dCO (a,b,c,d depends on the system)
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4. Conclusions

In summary, molybdenum-based composites, Ni1x-Mox/GDC and Zni1.x-Mox/GDC (x = 0.1 and
0.3), have been successfully synthesized by using impregnation method and adopted as anode
materials for solid oxide fuel cells (SOFCs), using methane (natural gas) as a fuel. XRD analysis
revealed that composite oxide anode has a multi-phase structure and well-developed crystallinity.
Moreover, the addition of 0.01% Mo resulted in an increase in specific surface area (SSA) and Ni-
«Mox/GDC (x = 0.1 and 0.3) resulted in SSA values of 5.5 and 3 m? g, respectively, which is
consistent with the available literature. The improved fuel cell performance can be ascribed to the

increased SSA, which rendered abundant active sites.

The Mo-doped composite rendered improved catalytic activity for methane oxidation. The cell,
with sample 2 (Nio.7M00.3/GDC) as an anode, attained a maximum OCV of 1.01 V and a power
density of 690 mWcm™ by using domestic natural gas at 600 °C. One should note that the obtained
power density is highest among the published literature with similar cell configuration and
operating temperatures. Even with Mo-doped Zn-GDC anode, the cell performance has been
significantly improved. Meanwhile, the incorporation of Mo suppressed the carbon deposition at
the electrode surface and resulted in enhanced stability and fuel cell performance.

It is expected from the present work that Ni-Mo based potential anode materials shall be explored
for a wide array of applications, such as energy conversion, storage and catalysis. After
compositional and microstructural optimization, the anode-supported SOFC configuration is

recommended to obtain optimal performance.
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Nitrate Hexahydrate (MoO3)
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Figure 1: Flow chart of the synthesis procedure of composite anodes
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Figure 3 (a,b): XRD patterns of as-prepared composite anodes: (a) Nip.9M0o.1/GDC, Nio7M0g3s/GDC

(b) ZNo.9M0o.1/GDC and Zng7Mo0g3/GDC



Mag = 150.00 K X EHT = 20.00 kv Date :16 Aug 2019 Mag = 89.38 K X EHT =20.00 kV Date :16 Aug 2019
WD = 54 mm Signal A = InLens Time :15:30:42 WD=54mm Signal A = InLens Time :15:13:17

Figure 3 (c): Microstructure analysis of best sample 1 Nigg M0g1/GDC.
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Figure 8: Electrochemical performance of as-prepared cells:
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(b) 1-V and I-P curves of Znp9Mo0o.1/GDC and Zno7Moo3/GDC anode materials



