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Abstract
This work demonstrates the effect of tin (Sn) doping on the manufacturing, electrochemical
performance, and carbon deposition in dry biogas-fuelled solid oxide fuel cells (SOFCs). Sn
doping via blending in technique alters the rheology of tape casting slurry and increases the
Ni/ScSZ anode porosity. In contrast to the undoped Ni/ScSZ cells, where open-circuit voltage
(OCV) drops in biogas, Sn—Ni/ScSZ SOFC OCV increases by 3%. The maximum power
densities in biogas are 0.116, 0.211, 0.263, and 0.314 W/cm? for undoped Ni/ScSZ, undoped
Ni/ScSZ with 3wt% pore former, Sn—Ni/ScSZ and Sn—NiScSZ with 1wt% pore former,
respectively. Sn—Ni/ScSZ reduces the effect of the drop in the maximum power densities by
26% to 36% with the fuel switch. A 1.28 to 2.24-fold higher amount of carbon is detected on
the Sn—Ni/ScSZ samples despite the better electrochemical performance, which may reflect an

enhanced methane decomposition reaction.
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1 Introduction

Solid oxide fuel cells (SOFC) are efficient high-temperature fuel cells with ceramic electrolyte
that operate between 600°C and 1000°C[1]. Coupled with combined heat and power system
(CHP), the SOFC efficiency can reach up to 90%][2,3]. The key distinction between SOFCs
and low-temperature fuel cells is that aside from pure hydrogen the former can operate with
alternative fuels, including bio-hythane[4,5], ethanol[6-8], kerosene[9], propane [10-12],
ammonia[ 13,14], syngas[15], methane[16-20], and biogas[14,21-26], where CO also serves
as a reactant in the electrochemical reactions[14,19,27-29]. This ability is a remarkable
advantage given the high cost of pure hydrogen required in low-temperature fuel cells although
when hydrogen produced from renewable energy [30,31]. Furthermore, methane (natural gas)
distribution infrastructure already exists whereas the hydrogen distribution network will need

to be built from scratch.

Biogas from wastewater treatment plant contains 60 to 80% CHa, 30 to 50% COz, and traces
of impurities [32,33]. Biogas utilisation as an alternative fuel is significant, as based on 2012
data, the global biogas production exceeded 56 billion m*/year with the energy potential of
1212 PJ [34] led by European countries. Pairing this abundant and under-utilized fuel with
SOFC with higher efficiency would increase the generated electricity while considerably
reducing the carbon footprint of energy services. In addition, studies by Johnson et al.[35] and
Hagen et al.[36] show that the presence of COz2 (instead of pure methane) in biogas can suppress

the effect of sulphur poisoning.

The conventional strategy for using hydrocarbon fuels is by implementing a separate (external)
reforming chamber [37], which induces additional capital and operating costs, and additional

effort for supplying the heat to the reforming reactor. The SOFC module is then fed with
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hydrogen or syn-gas from the reforming chamber to avoid the deteriorating effect of carbon
deposition on the SOFC anode[37,38]. On the hand, integrating the reforming reaction into the
fuel cell itself (internal reforming) allows for internal heat recycling and thus higher efficiency,
but also increases the danger of carbon deposition due to the varying conditions and chemical

composition of the fuel gas along the flow path through the fuel cell.

For a SOFC fuelled by hydrogen, only the electrochemical conversion to electricity and heat,
with the reaction product water occurs (Eq.1)[14]. For carbon fuelled-SOFC with internal
reforming, more chemical and electrochemical reactions may occur due to the existence of six
species (CHa, H2, CO2, CO, Hz, and C) in the anode side from the feed and the product of
different reactions[19,22]. The steam and dry reforming reactions occur internally (Eq. 2a and
b, respectively) with hydrogen (H2) and carbon monoxide (CO) as the products [14,19,22].
Steam reforming reaction (Eq. 2a) may take place even without steam addition on the anode
surface from the product of H: electrochemical reaction (Eq.1) [14,19]. The dry reforming
reaction (Eq. 2b) is an overall reaction of two other major reactions: high temperature methane
decomposition (Eq. 3) and carbon oxidation by CO2 (Eq. 4) [19,22]. Methane decomposition
(Eq.3) can occur on both anode substrate (AS) and at the anode functional layer (AFL) [19].
From inspection of Eq.3 and Eq.4, it is clear that both part-reactions need to be in balance since
a lack of carbon oxidation according to Eq.4 would otherwise lead to excess carbon remaining
on the catalyst surface, essentially forming a soot cover that will deactivate the catalyst on
anode[39]. At SOFC operating temperature, water—gas shift reaction (Eq. 6) (or the reverse
reaction) may also accompany the reforming reaction [14,22]. The electrochemical reaction
(Egs. 1 and 7) tend to occur at the anode functional layer (AFL) region, where more triple-

phase boundary (TPB) areas are found.
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Hy +1/,0, > H,0 (1)

CH, + H,0 = 3H, + CO (2a)
CH, + CO, 5 2H, + 2CO (2b)
CH, 5 C(s) + 2H, 3)
C+C0, = 2CO 4)
C+H,0 5CO+H, (5)
CO + H,0 < CO, + H, (6)
co +1/,0, > co, (7)

Deposited carbon can be removed with carbon oxidation with CO2 (Eq. 4) or steam (Eq.5),
which will occur via a sufficient supply of the oxygen sources from steam reforming (Eq. 2a),
dry reforming (Eq. 2b). Sumi et al.[40,41] and Farrell et al.[8] shows that significantly less
carbon in the area within closer proximity to the electrolyte layer, i.e higher carbon oxidation
reaction occurred in the TPB area than that on the further position. Hence, it shows that the
oxygen ions that diffuse through the electrolyte in fuel cell operation can also be utilised.

SOFC are therefore more prone to carbon formation when idling at open circuit voltage (OCV).

With conventional SOFC cells, the Ni/YSZ anode performance drastically drops when the
system is switched from hydrogen to pure methane or biogas fuels expected due to carbon
deposition[24,27,42,43]. Carbon deposition may block the TPB and pores on the anode, leads
to total anode deactivation, and further halt the SOFC operation[18]. As carbon oxidation also
depends on the catalytic activity of the anode material, extensive work focuses on improving

the anode catalytic activity for carbon oxidation.
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Although Ni is an excellent catalyst for both electrochemical oxidation reaction and reforming
reaction in producing hydrogen and syngas (H2 and CO)[44—48], Ni also prone to carbon
deposition. Hence, Ni-free anode with alternative metal[6,17,49] and perovskites material
[50,51] that show better tolerance towards carbon are widely investigated. Still, Ni is widely
preferred as the metal catalyst in SOFC anode due to poor catalytic activity in the
electrochemical reaction, incompatibility with thermal expansion of other SOFC layers, and

low mechanical strength of the alternative materials when compared to Ni[22].

Another strategy, avoiding the replacement of Ni, is by reducing the affinity of Ni to carbon
by replacing the support oxides (YSZ) or by alloying with other metals[39]. Replacing yttria-
stabilized zirconia (YSZ) with scandia-stabilized zirconia (ScSZ) or gadolinia-doped ceria
(GDC) can successfully improve the tolerance of the anode when tested in methane and biogas
[40,52,53] due to higher availability of oxygen ions for carbon oxidation. ScSZ with higher
conductivity than YSZ displays different types of carbon[40,43] and carbon deposition
behaviour[40,54,55] compared with Ni/YSZ cells, which is due to the difference in crystalline

structure [40,43].

Surface alloying with precious metal such as Pt, Pd, Au, Ru, and Rh[56,57], or base metals,
such as Sn, Sm, Co, Fe, Cu, and Ag[24,58,59] can modify Ni in such a way that it preferentially
oxidizes C atoms to CO and COz rather than forming C—C bonds[58]. Jiang et al.[24] showed
that alloying Ni with Sn achieves the best performance compared with Ag and Cu. Across
several works, the electrochemical performance of Sn—Ni/YSZ cells is unchanged or within
5% of drop when the fuel is switched from hydrogen to methane or dry biogas, whereas that of

Ni/YSZ cells substantially drops[18,27,60].
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Using density functional theory and temperature-programmed reduction with humidified
hydrocarbon fuels on Sn—Ni/YSZ, Nikolla et al. [58] suggested that (i) Sn/Ni catalyst has
higher efficiency in forming C-O bonds than C-C bonds compared to Ni, which resulted in less
solid carbon deposited on the anode, (i) Higher active sites of Sn/Ni compared to under-
coordinated Ni active sites, and (iii) Sn/Ni lessen the binding strength of carbon atoms on the
anode. In agreement with studies by Nikolla et al.[58], Kan et al.[18] and Farrel et al.[8] shows
less amount of carbon detected on most of the Sn doped cells with humidified fuel or high
oxygen to carbon ratio fuel. Kan et al.[18] shows improved stability with operation up to 137
hours with Sn-Ni/YSZ cell compared to 27 hours with undoped cells in humidified methane.
On the other hand, Singh et al. [42] and Lay et al. [61] reported no significant performance
difference and higher amounts of carbon observed on the Sn doped cells compared to the
undoped cells with either low steam to carbon ratio. Troskialina et al.[27] and Jiang et al.[60]
tested Sn-Ni/YSZ with dry biogas fuel instead of humidified hydrocarbon fuel. All studies
[8,27,42] agreed on small amount of Sn (1wt%) as the optimum quantity, in which a higher

concentration of Sn decreases the performance due to an increase in polarisation resistance.

To date, the effect of Sn/Ni alloying has only been tested on Ni/YSZ cells mostly via the surface
impregnation method. The metal surface impregnation method introduces several additional
steps where the catalyst needs to be repeatedly dispersed on the targeted surface followed by
drying and calcination to remove the precursor [27,42]. The work reported here attempted to 1)
investigate the impact of Sn doping on the electrochemical performance of biogas internal
reforming on Ni/ScSZ and the amount of carbon deposited, and ii) test alternative and simpler

dopant introduction methods by blending in with the tape casting slurry.
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2 Experimental

2.1 Materials

The as-received commercial powders used for electrolytes were 10ScCeSZ ((Sc203)0.1—
(Ce02)0.01~(Zr0z2)0.89); from DKKK with an average particle size of 0.514 = 0.053 pum (dso).
For the anode substrate (AS), coarse nickel oxide (NiO) with a particle size of 8.101 £ 0.185
um (dso) from Novamet and pre-calcined 10ScCeSZ (DKKK) with a particle size of 0.372 +
0.001 (dso) were used with a weight ratio of 65:35. Fine as-received NiO (Pi-Kem Ltd.) with
an average particle size of 0.637 + 0.145 pm and as-received 10ScCeSZ (DKKK) were mixed
in the same ratio for the anode functional layer (AFL). SnCl.2H20 (Sigma Aldrich, UK) was
used as the precursor of Sn to produce Sn-doped Ni/ScSZ cells. As-received lanthanum
strontium manganese, Lao.soSr0.20MnO3 (LSM, Praxair) with an average particle size of 0.90

um was used for cathode.

2.2 Methodology

2.2.1 Sn—Ni/Scsz Cell Fabrication Via Aqueous Tape Casting

Figure 1 shows the two ball-milling mixing steps performed for the full-cell fabrication of the
standard Ni/ScSZ cells, as reported in previous work [53]. For Sn-doped cells, SnCl2.H20
(1wt% of Sn/Ni) was pre-dispersed with NiO powder by ball milling for 1 h at 120 rpm with
water and dispersant. Then, Owt% and 1wt% pore former were used in this Sn—NiScSZ
formulation in accordance with the practicality of the manufacturing method and the targeted
porosity of the cells. A high amount of plasticizer and binder was used in leverage to the pore
former amount for cells with less pore former, and the 1:1 ratio of binder to plasticizer and
solid loading of 55 wt% was maintained. The same formulation with Owt% and 3wt% pore
former was used for undoped Ni/ScSZ cells. The porosity of the reduced anode shown in Table

2 was measured via the Archimedes method.
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A reverse or co-casting tape-casting method [53,62,63], with inverted layer application to the
conventional method was used with an aqueous-based formulation. A thin layer of electrolyte
was cast first, followed by AFL and AS with drying periods in between. Tape casting was
carried out with a laboratory scale tape-casting machine (L800 by MTI) on a silicone-coated
PET film. Drying was performed in a low-temperature oven with no air blown to avoid cracks.
Table 1 shows the settings applied for tape casting. The button cells with 3 cm diameter
produced were co-sintered at 1280°C for 4 h with 1°C/min heating rate and an organic burnout
stage at 550°C. 10 g of dead-weight was used to ensure the cell flatness. During high
temperature sintering, CI in the SnCl,.H,O is removed, leaving the oxides form. This has been
shown in XRD and XPS analysis in previous work in the same research group[22,60]. The
LSM cathode ink was produced using a three-roll mill machine (BUHLER) for mixing the
cathode powders with a Haraeus V-737 ink vehicle (22.6 vol% solids). The sintered half-cells
were hand-painted with a 15 pm thick LSM layer with an effective area of 2 cm? and sintered

again at 1100°C.
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Additional ball milling for AS NiO + SnCl,.2H,0 (1wt% of
Sn:Ni) + water + dispersant (for Sn- doped cells only)

Ball milling 1% stagg (24 h @ 120 rpm):
Cermet powders, pore former, water, dispersant, anti-foam

+

Ball milling 224 stz;ge (4 h @70 rpm):
Plasticisers, binder

De-gassing (5-12 h) + slow rolling

L

AJ
Tape casting in sequence:
Electrolyte, AFL, AS

%

Multilayer‘green tape

L
Co-sintering half cells at 1280 °C

+

LSM cathotfle painting

3+

Cathode co-sintering (LSM'and LSM/ScSZ) at 1100°C

Figure 1. SOFC full-cell manufacturing.

Table 1: Tape-casting setting for different layers.

Electrolyte AFL AS 140
Speed (mm/s) 3.33 6.33 6.33
Gap (um) 10-12 15 200 241
Drying : 70 °C/10 to 15 min | 70 °C/10 to 15 min | 33 °C/Overnight
temperature/time 242

Table 2. Description of fabricated in-house cells.

Description Porosity
(Y0)
USC NiSc 28.5
USC3P | NiSc with 3wt% pore former 39.8
TSC Sn—NiSc 31.0
TSC1P | Sn—NiSc with 1wt% pore former 38.5
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2.2.2 Electrochemical Performance

The testing setup was similar to the one previously described in [53]. Leakage test carried out
with He at 750°C prior to feeding with hydrogen. The cells were characterized for 24 h at 750°C
in hydrogen by using 21 ml/min H2 and 7 ml/min He, followed by 24 h in dry biogas at a
flowrate of 14 ml/min CHa4, 7 ml/min CO2 and 7 ml/minute He. The comparison was made
using the open-circuit voltage (OCV), maximum power densities, and electrochemical
impedance spectroscopy (EIS), measured in turns. EIS analysis was performed at 0.7 V within

a frequency range of 0.1 Hz to 1M Hz with a signal amplitude of 10 mV.

2.2.3 Post-test Analysis

Microstructural analysis was conducted with a scanning electron microscopy (Hitachi
TM3030) with a magnification of 5k and acceleration of 15kV with unpolished and uncoated
fragments from tested SOFC cells. Temperature-programmed oxidation (TPO) tests were
conducted to quantify the amount of carbon in the SOFC-tested cells. 200gram of SOFC-tested
fragments were placed in the middle of a quartz chamber with compressed air flow rate of 50
ml/min for carbon oxidation. The furnace was ramped to 600°C at 5°C/min and annealed for 1
h to allow complete carbon oxidation. The outlet gas tube was connected to a mass
spectroscopy machine (MKS-Cirrus, USA) for evaluation. TPO was calibrated using three
known amounts of carbon graphite powder (10.1, 1.2 and 0.7 g) prior to the actual sampling.
The resulting CO2 peak areas were used to construct a calibration curve (supplied in
supplementary material section). The calibrated value obtained used as a factor to quantity the

amount of carbon on the tested cells.
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3 Results and discussion

3.1 Effect of Sn Doping on Full-Cell Manufacturing

The addition of SnCl2.H20 to the anode substrate slurry in either the first or second stage
resulted in a thick slurry, which cracked when completely dried (Figure 2). The mud-cracked
tape in Figure 2 originated from the uneven drying or drying gradient between the bulk of the
slurry and the skin of the tape. Blend-in doping with the tape-casting slurry was achieved by
introducing an additional premixing described in the methodology section. Mixing via ball
milling with only NiO powder increased the probability of Sn adherence to the Ni surface rather
than the ScSZ. The microstructural analysis of the sintered full cell (Figure 3a) revealed the
microstructure of TSC (Sn—Ni/ScSZ cells) with dense electrolyte and porous anode substrate.
Figure 3¢ shows the anode substrate of TSC after NiO reduction, which created a more porous
structure compared with the anode substrate before reduction (Figure 3b). The average anode
porosity of TSC was 31.0%, which was higher than that of undoped cells (USC) (28.5%),
although the same setting was used. TSC1P (Sn—Ni/ScSZ with 1wt% pore former) and USC3P
(undoped Ni/ScSZ with 3wt% pore former) were fabricated with a final porosity volume of
38.5% and 39.8%, respectively. With the 55wt% solid loading used, the addition of more than
I1wt% pore former in the Sn—Ni/ScSZ formulation resulted in a thick slurry, which limited
further addition of pore former. Increased porosity in the anode substrate leads to a decrease in
mass diffusion resistance, i.e higher performance, as long as the porosity level still within
optimum porosity level (<40%) [64,65]. Hence, due to the influence of Sn addition to porosity,

cells with similar porosity levels were targeted and tested.
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Figure 2. Ni/ScSZ green tape with blend-in SnCl2.2H>0 with different addition stages; a) after
the first ball milling, b) after the second ball milling, and c) additional premixing step with
NiO, dispersant and water.

a)

Cathliode

Electrolyte

AFL

Anode substrate 10 p_[n

Figure 3. TSC before SOFC cell test, a) cross-section image, b) anode substrate before
reduction, and c) anode substrate after reduction.

3.2 Electrochemical performance

3.2.1  Open circuit voltage

Initially in the hydrogen test, the test was run under OCV mode for six hours for complete
reduction of the cells while the first run of SOFC in biogas was 90 minutes in OCV mode to
minimise carbon deposition. The OCV measured alternately with iV curve, impedance, and
potentiostatic. Figure 4a shows that in TSC (Sn—Ni/ScSZ with 0 wt% pore former), the open-
circuit voltage (OCV) in hydrogen was stabilized at 1.03 V 80 minutes after hydrogen was
introduced and gradually dropped to 1.02 V. With the fuel swap from hydrogen to biogas (BG),
the OCV value was higher than that generated in hydrogen (1.05 V). Figure 4b shows the same

trend observed in TSC1P (Sn—Ni/ScSZ with 1 wt% pore former), whilst the opposite trend was
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observed with the undoped Ni/ScSZ cells (USC and USC3P). OCV also increased in Sn—
Ni/YSZ cells reported previously by Troskialina et al. [27].

The Nernst equation for the electrochemical reaction for H2 (Eq.1) is presented by Eq.8, which
in analogy also applies to Eq.7, the CO oxidation. E® is the open-circuit voltage (OCV), also
called the reversible potential or electromotive force (EMF), can be calculated from the Gibbs
free energy for the respective reaction and the Faraday constant as shown in Eq.9. Gibbs free
energy of CO oxidation at 750°C is higher than that of H2 oxidation, which are —191.5 kJ/mol
and -193.6 kJ/mol [66], respectively. Substituting these values in Eq.9, the theoretical OCVs
at 750°C are 1.03V and 0.99V for H2 and CO respectively. Higher OCV value from the CO
electrochemical oxidation expected to increase the OCV when biogas is used, but the OCV
dropped instead in the undoped cells. The difference in OCV value in biogas setup between the
Sn doped and undoped cells may reflect the difference in dry methane reforming (Eq.2b)

ability, which has higher OCV value as reported by You et al. [19].

1/2
RT PH,PO
E=E+In (—) (8)
2F PH,0
0 _ 0
E° = —AGY.,,/2F )
1.10 b)
a) L 56 SOCVH: ®BOCV BG
1,05 fr— — '
=5z 1.05
£ 1.00 £ 1.00
o
%‘10 95 E:,-O 95
£ 0.90 —Sn-NiSc H: 2 0.90
0.85 : * Sn-NiSc BG 0.85
0.80 . . _
0.80 - ' ' ' USC USC3P TSC TSCIP
0:00 2:24 4:48 7:12

Time (hours)

Figure 4. OCV when tested in hydrogen (H2) and biogas (BG) of a) Sn—Ni/ScSZ SOFC cell
(TSC) and b) across different cells, Sn-doped and undoped cells.
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3.2.2 Maximum power densities and impedance analysis

Figure 5 shows that the first maximum power densities obtained in hydrogen were 0.252, 0.450,
0.339, and 0.404 W/cm? for USC, USC3P, TSC, and TSCIP, respectively. In all cells, the
constant degradation observed in the iV-PV curve may be due to Ni coarsening in the cermet,
which reduces the catalytic surface area in the fuel cell. This well-known initial process in
SOFC has also been reported by Farrell et al.[8]. With an average 16% of cell degradation, the
maximum power densities in hydrogen before the fuel swap were 0.220, 0.331, 0.297, and
0.349 W/cm? for USC, USC3P, TSC, and TSC1P, respectively. US3P observed to have higher
degradation in hydrogen (Figure 5) compared to other cells. It is suspected to be due to the
high porosity level, which near the maximum recommended limit (40%). Continuous Ni
coarsening and agglomeration may push the porosity limit, reduce the TPB volume, hence the
catalytic area and affected the effective conductivity[64,65]. The effect of porosity (Table 2)
on cell performance (Figure 5) was considerable, and less porous cells experienced high
resistance for the fuel to diffuse through the anode substrate (Figure 6). Hence, the slightly
lower performance of TSCI1P in hydrogen compared with that of USC3P may be due to the
porosity level. The maximum power density of the latter was higher than that of the former.
Given the influence of Sn dopant to the cell’s porosity, surface impregnation on sintered half
cells may be a more suitable method due to this limitation.

When the SOFCs were operated with biogas after the 24 hours test in hydrogen, the
performance of the cells dropped. Sn-doped cells were less affected and showed an average of
11% drop in performance with the fuel swap, whilst undoped Ni/ScSZ cells exhibited 36% and
47% drop in performance for USC and USC3P, respectively. The maximum power densities
in biogas were 0.116, 0.221, 0.263, and 0.314 W/cm? for USC, USC3P, TSC, and TSCI1P,
respectively. In the undoped cells, polarization increased with time in both hydrogen (0.032

Qcm?) and biogas (0.14 Qcm?). Surprisingly, the increase in biogas polarization in both TSC
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and TSCI1P between 26 h and 46 h was not substantial (0.030-0.035 Qcm?), as shown by the

Nyquist plot in Figure 6. No impedance data were obtained for USC due to a spectrometer

failure. Kan et al. [18] observed long-term stability with methane with Sn-doped Ni/YSZ cells,

but the power density values obtained in methane operation between the undoped Ni/YSZ cells

and doped Sn-Ni/YSZ cell were similar. Troskialina et al. [27] observed similar maximum

power density under hydrogen and biogas via surface impregnation with pipette doping; the

performance did not drop, which was also observed by Farrell et al. [8].
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Figure 5. iV-PV curve of the cells: a) USC, b) USC3P, ¢) TSC and d) TSCIP in hydrogen

(H2) and biogas (BG).
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Figure 6. Nyquist plot of a) USC3P, b) TSC, and c¢) TSCI1P and in H2 and biogas (BG).

3.3 Carbon deposition post-test analysis

3.3.1  SEM microstrucuture analysis

The microstructures of the anode of the undoped sample and Sn-doped cells are shown in
Figure 7. In both cases, the filamentous growth structures (circled in red) were visually
observed by SEM. Baker et al. [67] explained that filamentous carbon may have a graphitic
skin and an amorphous head end. A small amount of graphitic carbon enhances the
performance by increasing the Ni anode conductivity via the additional graphitic carbon
network [68,69]. Carbon quantification with SEM—energy dispersive X-ray analysis (EDX) is
unreliable in this case because the electron signal is affected by the anode’s uneven porous
structure. Hence, carbon quantification via temperature-programmed oxidation (TPO) was
used for evaluating the amount of carbon deposited, corresponding to the amount of CO2

released.
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Figure 7. Microstructure of a) USC3P and b) TSC after SOFC cell testing with carbon

growth circled in red

3.3.2  Carbon quantification via temperature-programmed oxidation

The graphitic carbon burn-off in this work started at 520°C and completed the combustion at
600°C during the 1-hour dwelling stage (shown in the supplementary material). The CO2 peaks
from the samples observed at 600°C (Figure 8) confirmed that the type of carbon build-up in
the samples were graphitic. In USC3P, smaller peaks at 400°C that might originate from
amorphous carbon was detected. The amounts of carbon deposited on TSC and TSC1P of Sn—
NiScSZ samples were 4.83x1073 and 5.94x107* mg-C/mgcas, respectively, which were higher
than those of undoped Ni/ScSZ cells, USC and USC3P (1.49x1073 and 2.60x107 mg-C/mgcat).
The amount of carbon deposited and the rate of carbon deposition in the samples are presented
in Table 3. The carbon deposited and the rate of carbon deposition calculated in this work was
the net balance of carbon deposited, subtracting the amount of carbon oxidized to CO2and CO
during the SOFC electrochemical reaction. The carbon deposition in Ni/ScSZ (40% Ni) anode
investigated by Somalu et al. [70] with a quartz tube and with an S/C ratio of 0.8 without

electrochemical reaction was 28 mg-C/mgcat.
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Figure 8. CO2 peaks from carbon burn off on Sn—Ni/ScSZ and undoped Ni/ScSZ cells.

Table 3. Amount and rate of carbon deposition in undoped and Sn-doped NiScSZ cells.

Amount of carbon 430
deposited Rate of carbon
Per deposition 41
Per unit catalyst
sample (mg-C/gcat h)
(mg) (mg-C/mgcar) 432
USC 0.300 1.49 x 1073 0.062 o
USC3P 0.525 2.60 x 103 0108
TSC 0.975 483 %107 0.201 434
TSC1P 1.275 5.94 x 1073 0.248

In the present work, although only one burn off temperature that deduced to be graphitic carbon
from the burn off temperature (Figure 8), amorphous carbon may also have formed. As
amorphous carbon is easier to oxidise, it may have oxidised either from COz (Eq.4), or H20
(Eq.5), or by oxidation from the electrochemical reaction (Eqs 1 and 6), hence only small

amount of amorphous carbon detected in the USC3P in the TPO analysis.
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Initially, the improved performance of Sn—NiScSZ suggested that the amount of carbon
deposited may be lower than that on the undoped cells due to the assumption that carbon
deposition may have hindered the electrochemical reaction. However, the result from TPO
showed otherwise. Thus, the decreased performance of undoped Ni/ScSZ cells in the present
study was not mainly due to the amount of carbon deposited but inclined to lack of methane
decomposition reaction (Eq. 3), hence lowered the amount of H2. On the other hand, Sn
accelerated the activity of the methane decomposition reaction (Eq. 3), thereby releasing an
increased amount of Hz as reactant for the electrochemical reaction and inevitably accompanied
by increased amounts of carbon. The result of this present study supported by Troskialina [71].
Troskialina [71] detected a higher amount of carbon in Sn-doped Ni/YSZ cells than in undoped
cells, with the carbon peak coinciding with the graphitic carbon burn-off temperature, as

observed in the present work.

In the present study, the author speculates that in the region with closer proximity to the
electrolyte (i.e the TPB/AFL area), rapid oxidation occurred due to increased electrochemical
reactions (Eq. 1) in response to increase amount of H2. However, in case of carbon deposited
in further position (mainly in the anode substrate region), carbon might be oxidised only by
COz2 (Eq. 4) or by H20 (Eq. 5). In this case, the carbon oxidation by CO2 (Eq. 4) and by H20
(Eq. 5) reaction rates might be slower than that of methane decomposition (Eq.3), leading to
increased carbon amount in Sn doped cells. Therefore, although small amount of graphitic
carbon may still deposit near the TPB electrochemical reaction region, it did not hinder the
reaction. On the other hand, it may enhance the electrochemical reaction and electrical
conductivity by the extra graphitic network[68,69]. Nonetheless, even with assumption that the
TPB area is unaffected, excessive carbon build up in the substrate region must be avoided as it

will lead to stress, fracture the support, or push the metal particles off the support[39].
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The improve electrochemical performance of Sn doped cells in biogas compared with undoped
cells agreed with previous findings[18,27,42]. However, the high amount of carbon formed on
the Sn-doped cells in the present study was in contrast to the findings of Farrell et al.[8] and
the suggestion of Nikolla et al.[58] on the carbon oxidation ability. The significant difference
with this study compared to Nikolla et al.[58] and Farrell et al.[8] is the carbon ratios in the
hydrocarbon fuel. In present study, dry biogas is used, while Nikolla et al.[58] conducted the
studies with moderate steam to carbon ratio with different fuels and Farrell et al.[8] used
ethanol, which has higher oxygen to carbon ratio. On other studies, Singh et al.[42] and Lay et
al.[61] reported no significant performance difference and higher amounts of carbon observed
on the Sn doped cells compared to the undoped cells with either low steam to carbon ratio or

dry methane.

The surface impregnation method showed similar performance in hydrogen and biogas by the
Sn-NiYSZ anode when the fuel was switched from hydrogen to humidified methane and biogas
[42,71]. Through surface impregnation, almost all dopants adhere to the Ni on the anode
substrate surface, which may have better exposure in catalysing the dry reforming reaction as
well as increased the electrochemical reaction. On the other hand, doping by the slurry blend-
in method practiced in present work may cause the Sn dopant to sit in the cermet bulk and thus
not be accessible. Hence, although dopant introduction can be performed easily with slurry
blend in method, surface impregnation is more effective. Alternately, relative more dopant
would be required, and optimisation need to be carried out to statistically secure sufficient
presence on the nickel particle surfaces. Nonetheless, if the main aim of the research is on the

influence of Sn as dopant, surface impregnation method is recommended to eliminate the
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influence of porosity to mass diffusion resistance and conductivity on the electrochemical

performance.

4  Conclusion

The electrochemical performance result suggested that Sn doping enhanced the performance
of Ni/ScSZ cells in biogas operation, due to improved catalytic activity of the methane
decomposition reaction, which is the first step in dry methane reforming reaction. The higher
amount of carbon deposited originated from slower carbon oxidation compared to the methane
decomposition reaction on Sn-Ni/ScSZ. From the higher amount of carbon affected by the
methane decomposition reaction, we found no conclusive evidence on the positive influence
of Sn on carbon oxidation on Ni/ScSZ. In further work, a more in-depth understanding on the
effect of Sn addition in the dry reforming and carbon oxidation reactions may be possible
through prolonged SOFC electrochemical tests and separate reforming catalytic activity tests
with Sn—Ni/ScSZ cell with the exhaust gas connected to a gas chromatograph—mass
spectrometer. Separate conductivity tests in further work will also assist the understanding of

the effect of Sn to anode’s porosity and conductivity.
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