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ARTICLE INFO ABSTRACT

The objective of this paper is to find the relationship of electrochemical performance between biomass and its
thermal decomposition products, their degradation mechanisms during durability tests in solid oxide fuel cells.

The | properties of biomass and biochar, the electrochemical behaviours of biomass, biochar and biogas were
characterized comprehensively, and subsequently the degradation process of biomass, biochar and biogas fuelled
cells were analysed. It showed that raw biomass fuelled cells produced considerable peak power density

(PPD, 0.144 W cm-2 at 1123 K) but experienced rapid discharge degradation. Torre faction pre-treatment (573K)

of raw samples compromised PPDs while pyrolysis pre-treatment (973K) enhanced PPDs. With biochar as fuel,

the power was generated from CO electro-oxidation and biochar-CO2 gasification. Feeding of CO2 into the anode
chamber continuously did not improve the output performance. The degradation was mainly caused by the gradually
decreasing gasification reactivity of biochar with CO2 and slight anode carbon deposition. With the help of biogas as
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fuel, the anode reactions were electro-oxidation of active species like H2, CO, CH4, and finally the cell degraded

takes place.

1. Introduction

Direct carbon fuel cell (DCFC) is an electrochemical device, which
can convert the chemical energy of carbon fuels to electricity through
electrochemical reactions. For the advantages of high theoretical effi-
ciency, fuel flexibility and easy CO:z capture, DCFC possesses a pro-
mising future to generate electricity with carbon fuels consumption
[1-4]. Theoretically, fuels, including graphite, carbon black, oil coke,
coal and biomass can be converted electrochemically in DCFC [5].
Among them, biomass has the characteristics of renewability, net zero
carbon dioxide emission, generally low sulfur and ash content, which
makes biomass a more suitable fuel in DCFC.

Unlike pure carbon fuels such as carbon black and graphite, biomass
is composed of fixed carbon, moisture, volatile matter and ash based on
the proXimate analysis. What matters most are the effects of volatile
matter and ash on the conversion of biomass in DCFCs. The content of

volatile matter in traditional agroforestry biomass can be as high as 60-
80%. At the temperature higher than 673 K, the volatile matter is

released, forming fixed carbon (biochar) and pyrolysis gases (biogas)
[6,7]. From this point of view, the conversion process of raw biomass in
DCFC is complicated as it contains the thermal decomposition of raw
biomass and the electrochemical conversion of the decomposition
products (biochar and biogas). The effective and stable conversion is
difficult to realize as both biochar and biogas has the capability of
participating in the anode reactions and at the same time causing cell
degradation [8-10]. Removing volatiles through pyrolyis and using
biochar as the fuel of DCFC is a potential solution, however biomass
pyrolysis is energy-consuming process and the char yield is as low as 10—
30%.

Both biomass with little pretreatment and biochar prepared by
pyrolyzing raw biomass at 673-1173 K have been intensively in-
vestigated as fuel of solid oxide electrolyte DCFCs (SO-DCFCs). In Zhu's
study [11], willow leaves (only baked at 353 K for 1 h and ground into
fine powders) was used as fuels of Lao75Sro25CrosMnos03-5 (LSCM)
anode SO-DCFC. As the anode chamber was continuously supplied with
new willow leaves, peak power density of 330 mW/cm? and duration
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over 1000 min without significant performance degradation were ob- Ar—l [—> Gas out
tained at 1073 K. But in more cases, the power densities were lower
than 100 mW/cm? and the durability tests were not satisfactory or Gravityﬂ
stable enough to be detected [12-14]. The conversion process and the
way to improve the performance have seldom been reported. In addi-
tion, the unstable durability has not been studied in detail and the
reason of cell degradation is unclear exactly.
For biochar fueled SO-DCFCs, the dominant anode reactions were Fuel -

Tube furnace
CO electro-oxidation and C-CO: gasification, as suggested by some .
research groups [15-18]. Anode shielding gas was found to have great Anode._|) -
impact on the performance of biochar fueled cells, as reported by Dudek Electrolyte | Cell test
et al. [19]. Walnut shells biochar (carbonised at 723 K) produced power A ¥ T
density of approximately 119 mW/cm? and 90 mW/cm? at 850 °C when Cathode -
COz and Nz were used as anode shielding gas respectively. The effect of
ash in biochar on the electrochemical performance of SO-DCFC is

conflicting. On the one hand, ash species in biochar has been revealed
to compromise the stability of SO-DCFC through reducing surface re-

Static air

Fig. 1. Electrochemical performance testing system.

active area and blocking charge transfer [13,20,21]. On the other hand, Table 1

great performance improvement was achieved by introducing common Proximate and elemental analyses of biomass samples.

ash species (Cav Fe, and K et a]-) to Catalyze the Boudouard reaction Sample  ProXimate analysis (wt%, d.b.) Elemental analysis (wt%, d.a.f)

[22-25]. It may not be a big issue in DCFCs fueled by low-ash biomass

or ash-free carbon materials derived from acid washing and solvent Volatile Fixed Ash € H N o

extraction method [26-28]. Although it has been reviewed that ele- matter carbon

mental composition, particle size, crystallographic disorder, pore size RS 75.2 152 9.6 489 5.2 0.9 45.0

and surface area, surface oXygen functional groups of biochar were RS-573 43.0 35.5 215 653 5.0 1.3 28.4

critical parameters in determining the polarization performance [9], RS-973  16.7 48.5 348 86.1 2.3 4.8 6.8

the optimize of both high and stable power output is still a difficult SD 85.5 14.1 04 503 59 004 438

SD-573  67.2 32.0 08 627 5.5 0.06 31.8

problem. SD-973 17.1 77.2 57 904 2.4 2.4 4.8
Raw biomass, biochar and biogas have been evaluated as fuels in

solid oxide fuel cells (SOFCs), but their electrochemical performances ashes of RS and SD were prepared in a muffle furnace at 673 K.

have seldom been compared and linked. More importantly, the effect of

biomass or biochar fuel property (chemical composition, pyrolysis 2.2. Characterization of samples

products, char reactivity, etc.) on the cell performance was not clear

exactly. Hence, it is difficult to determine a proper way to convert The proximate analyses and elemental compositions of biomass samples

biomass effectively in solid oxide fuel cells. This study aims to find the were determined following the Chinese National Standard GB/

relationship of the electrochemical performance between biomass,
biochar and biogas in SOFCs, and to reveal the degradation reasons of
biomass and biochar fueled cells. The characterization of the thermo-
chemical properties of biomass and biochar, the electrochemical be-
haviors of biomass, biochar and biogas were studied comprehensively
and compared. Then the degradation process of biomass, biochar and
biogas fueled SOFCs were analyzed.

2. Material and methods
2.1. Preparation of samples

Two representative biomass wastes, fir sawdust (SD, forest waste)
and rice straw (RS, agricultural waste), were used for the experimental
materials. As the raw biomass samples both contain considerable
oxygen and volatile matter, which was an indicator of low grade energy
resource, low temperature thermal pretreatment (torrefaction) and high
temperature thermal pretreatment (pyrolysis) were carried out to im-
prove the carbon content. The torrefaction pretreatment was performed
under high purity N2 (99.9%) in a horizontal fixed bed, which was
heated from room temperature to 573K and held at 573 K for 30 min.
The pyrolysis pretreatment was conducted with the same setup, which
was heated from room temperature to 973 K and held at 973 K for
30 min. The pretreated solid products were identified as semi-chars (RS-
573 and SD-573) and biochars (RS-973 and SD-973), respectively. The
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T 28731-2012 and GB/T 31391-2015. The ash samples derived
from RS and SD were analyzed via X-ray fluorescence to determine
the ele- mental compositions. The thermal decomposition of raw
samples (RS and SD) and semi-chars (RS-573 and SD-573) was
performed in a thermogravimetric analyzer (TGA, NETZSCH, STA
449 F3). 5 mg sample was heated from room temperature to
1073 K at a heating rate of 5 Kmin™* under Nz (120 cm3
min~1). The pyrolysis gases were collected in gas bags, and tars
were condensed in condenser pipes using liquid nitrogen. The
pyrolysis gases were identified by gas chromato- graph (Agilent
MicroGC 3000). Reactivity of biochar gasification with high purity
COz (99.9%) was analyzed in TGA. 5 mg biochar sample was
heated from room temperature to 1073 K wunder N:(120
cm3 min~ 1) at a heating rate of 5 Kmin~ 1. Then the temperature
was maintained at 1073 K and the purging gas was switched from
Nz to CO2 (120 cm3 min™1).

2.3. Electrochemical performance evaluation

A schematic diagram of SO-DCFC system employed in this study
is shown in Fig. 1. The detailed description of the SO-DCFC system
has been introduced elsewhere in the literature [17,29]. The
single cell is
composed of NiO/Yttria-stabilized zirconia (NiO/YSZ) anode (400
pm), YSZ electrolyte (15 pum), Gdz203-doped CeO2 (GDC) diffusion
barrier layer (2-3 ym) and LaosSrosCoo2FeosOss (LSCF)/GDC

cathode (25 ym). The anode porosity was 28-32%, estimated by
the Archimedes
method. The diameter of the anode and cathode is 20 mm and 10

mm, respectively. The active reaction area of the cell is 0.785 cm?
(corre- sponding to the cathode area). Anode shielding gas can be
introduced to the anode chamber through a quartz pipe. The
cathode was exposed to ambient air. Electrochemical performances,
including polarization curves, durability performance and cell
resistance were measured by the electrochemical workstation.
For each solid fuel (raw biomass, semi-char and biochar), 0.3 g
sample was loaded into anode chamber and in contact with anode
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Fig. 2. Pyrolysis and gasification characteristics of samples: (a) weight loss of raw samples during pyrolysis; (b) product yields of raw samples and semi-chars during
pyrolysis; (c) gas compositions released by raw samples and semi-chars during pyrolysis; (d) weight loss of biochars during CO2 gasification process.

surface. The bed height of the samples was around 10 mm in the anode
chamber. Prior to heating, 200 cm® min™* Ar (high purity, 99.9%) was
used to purge the anode chamber for 10 min. Then the furnace was
heated from room temperature at a heating rate of 10 Kmin™! to
1023 K, 1073 K and 1123 K. Open circuit voltage was monitored during
heating process. Each target temperature was maintained for around
5 min to obtain a stable open circuit voltage (OCV) and then the po-
larization performance was measured. After that, the short-term dur-
ability was tested under constant voltage load (0.7 V) at 1123 K
Finally, the cell was cooled down to room temperature with Ar
(200 cm3 min~ 1) purging the anode chamber. The cell anode mor-
phology and elemental information was analyzed using a field emission
scanning electron microscopy (SEM) and an X-ray photoelectron spec-
troscopy (XPS) respectively. XPS measurements were carried out on a
ThermoFisher Escalab 250Xi using a monochromatic Al Ka source
(Ephoton = 1486.6 eV). Measurements were carried out in field of
0.5mm and a pass energy of 30eV. In order to compensate for the
charging of the sample, a charge neutralizer was used.

The electrochemical characteristics of biochar under different at-
mosphere were also investigated in SO-DCFCs at 1023-1123 K. The
polarization performance of biochar fueled cells under None/Ar/CO:
atmosphere and varying CO2 flow rate (0-200 cm3 min™1) was tested
by switching anode purging gas and adjusting CO2 flow rate. In the
same fuel cell system, the electrochemical behavior of pyrolysis gas
products was investigated by continuously feeding simulated biogas
into the anode chamber instead of solid carbon. The biogas was pre-
pared based on the pyrolysis gas compositions of RS and SD. The cell
was heated to 973 K under 200 cm3 min™* Hz (20 vol%, Ar as the bal-
ance gas) to reduce the anode. The polarization curve of Hz was tested

for the benchmark purpose. Then the anode gas was switched to Ar for 10
min to drive away the residual Hz in the anode. After that, the anode

gas was switched to biogas (5-80 cm3 min™1). The electrochemical
performance measurement process was the same as that of solid carbon
fuels.
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3. Results and discussion
3.1. Thermochemical properties of biomass samples

The proximate and elemental analyses of samples are shown in
Table 1. It can be found that both rice straw (RS) and fir sawdust
(SD) contain high content of volatile matter, 75.2% and 85.5%
respectively. Thermal pretreatment at 573 and 973 K resulted in the
dramatically decrease of volatile and oxygen content, and the
increase of fixed carbon and ash content. For the chars, the content
of volatile matter declined to around 17%, and the fixed carbon
content of RS-973 and SD-973 increased to 48.5% and 75.2%. RS-
973 has high ash content of 34.8%, as the pyrolysis resulted in the
enrichment of mineral species in the biochar.

The thermal decomposition behaviors of RS and SD are shown
in Fig. 2a, which reveals that most of the volatiles were released
before 673 K. It was in good consistance with the proximate analysis
that semi- chars (RS-573 and SD-573) still contained considerable
volatile matter. The yield distribution of raw samples and semi-
chars during pyrolysis process at 973 K is shown in Fig. 2b. For
the raw samples, the yields of

solid, gas and liquid products were around 22-26%, 21-26% and
48-57% respectively. For semi-chars, the solid char yield increased
to 61.4% (RS-573) and 62.9% (SD-573). Accordingly, the liquid
tar yield

decreased to 32.7% (RS) and 29.8% (SD). More significant
decrease of the gas product yield can be observed for both RS-
573 (59%) and SD- 573 (7.3%). It was suggested that
torrefaction pretreatment was an effective method to suppress
tar/gas formation during biomass pyr- olysis. As shown in Fig. 2c,
the concentrations of pyrolysis gases for rawsamples (RS and SD)
were similar, around 25% Hz, 30% CO, 32% COz and 13% CHa.
For semi-chars (RS-573 and SD-573), the concentrations of Hz and
CH4 in pyrolysis gases increased, while the concentration of CO:
decreased because of the reduced oXygen-containing functional
groups. Fig. 2d compares the weight loss curves of SD-973 and
RS-973 during gasification process. Clearly, the gasification
reactivity of RS-
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Fig. 3. Current density-Potential and Current density-Power density curves of (a) RS, (b) RS-573, (c) RS-973, (d) SD, (e) SD -573, (f) SD-973.

Table 2
PPDs and OCVs of raw, torrefacted and pyrolyzed samples. 973 was much higher than that of SD-973, which may be attributed to its
_ higher mineral content (Table 1). Mineral components such as K, Ca and Fe
Fuel PPD (W cm™2) ocVv (V) o . S
species in RS ash (Supplementary material, Table S1) is widely accepted as
1023K 1073K 1123K 1023K 1073K 1123K good catalyst for char-CO: gasification.
RS 0.080 0.118 0.144 0.84 0.86 0.91
RS-573 0.067 0.086 0.105 0.88 0.88 0.92
RS-973 0.074 0.137 0.157 0.83 0.81 0.98
SD 0.088 0.111 0.140 0.88 0.91 0.95
SD-573 0.068 0.096 0.127 0.87 0.88 0.88
SD-973 0.079 0.136 0.145 0.83 0.82 0.94
Biogas 0.120 0.132 0.139 1.05 1.04 1.04
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3.2. Electrochemical performance of raw, torrefacted and
pyrolyzedsamples

The polarization curves of raw samples, semi-chars and biochars

are shown in Fig. 3. The peak power densities (PPDs), OCVs
extracted from the polarization curves are shown in Table 2. It's
quite clear that the PPDs, OCVs and maximum current densities
(MCDs) of all the samples increased remarkably with cell
temperature rising from 1023 to 1123 K. Taking SD for example,
the OCVs, MCDs and PPDs increased from 0.88 V, 0.28 Acm™ 2
and 0.088Wcm 2 at 1023K to 095V,
048 Acm 2 and 0.140 W cm™2 at 1123 K respectively. The
polariza- tion characteristics of RS were similar with that of SD,
which were greatly dependent on the cell temperature. In the
same SOFC system, 20 vol% H: was used as anode fuel for
benchmark purpose. The elec- trochemical performance of raw
biomass was considerable compared with the PPD of 20 vol% H:
(0.092 W cm™2, 1023 K). The semi-chars, RS-573 and SD-573,
both delivered lower PPDs than the raw samples. For RS-973 and
SD-973, the PPDs were more sensitive to the
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Fig. 4. Short-term durability of raw samples, semi-chars and biochars.
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Fig. 5. Anode morphologies after durability tests: (a) SD, magnified 5000 times; (b) SD, magnified 50000 times; (c) SD-573, magnified 5000 times; (d) SD-573,
magnified 20000 times; (e) SD, magnified 5000 times; (f) SD-973, magnified 50000 times.

temperature variation. At 1023 K, the PPDs and OCVs were slightly The short-term durability tests of the sample are shown in Fig. 4. It
lower than that of the raw samples. As the cell temperature rose to 1073 can be seen that all the fuels generated unstable current density under
and 1123 K, the PPDs and OCVs became even higher than that of the constant voltage load of 0.7 V. For the raw samples, the initial current
raw samples. density was much higher than that of semi-chars and biochars. But also,
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Table 3
XPS elemental analysis results for different anode surfaces.

Elements Atomic percentage (at %)

SD SD-573 SD-973 biogas blank
C 26.15 18.29 22.26 36.85 6.12
(0] 52.45 48.18 55.24 45.96 56.08
Ni 6.72 28.23 6.06 1.94 15.24
Y 2.01 0.76 2.22 2.03 1.96
Zr 12.66 4.54 14.21 13.22 20.61

it was shown that the current density of the raw samples generally
dropped faster than that of semi-chars and biochars. The current den-
sity of SD was even lower than that of SD-973 after 14400 s. Compared
with biochars, semi-chars displayed lower current output and more
rapid current decline for both RS and SD. The current density of RS-973
fluctuated widely after 7200 s discharge, which was more unstable than
that of SD-973. The anode morphologies after durability tests of SD, SD-
573 and SD-973 are shown in Fig. 5. As a reference, the anode porous
morphology of the blank cell was provided in our previous study [17],
which possessed porous and homogeneous structure. With SD as fuel, it
can be observed that the anode surface was covered by some bulk in the
view of 5000 times, resulting in that the anode pores presented in-
homogeneous distribution on the surface. SEM image of 50000 times
confirmed the existence of clusters of carbon deposits. With SD-573 as
fuel, the anode surface was also uniform with considerable carbon de-
posits on the anode surface. The anode surface of SD-973 fueled cell
was much cleaner than that of SD and SD-573 in images of both 5000
and 50000 times. However, its surface morphology is not uniform en-
ough compared with that of the blank cell. According to the anode
morphologies, it can be deduced that the carbon deposits of SD were
worse than that of SD-573 and SD-973. The carbon deposits blocked the
anode pores and increased the transfer resistance of active species to

the anode reactive sites, leading to current degradation.

XPS was used to further characterize the anodic carbon deposition
on the anode surfaces after the tests. Table 3 shows the atomic per-
centages of Ni, Y, Zr, C and O in the anode surfaces for different fuels.
The blank cell, which was reduced by Hz at 973 K for 3 h, was measured
for bench mark purpose. The XPS analysis results for the blank cell
indicate a little carbon (6.12%) in the anode after the Hz reduction even
without biomass fuels, which was probably introduced by the carbon-
containing pore former in the cell fabrication process [30]. For SD, SD-
573 and SD-973 fueled cells, considerable carbon deposition was de-
tected on each anode surface. Especially, the carbon percentage of SD
fueled cell was as high as 26.15%, which was consistent with the anode
morphologies. Although no obvious carbon deposit was observed on the
anode morphology of SD-973 fueled cell, there was still 22.26% carbon
detected by XPS analysis.

Deposited carbon on the anode via thermal pyrolysis of hydro-
carbon gases has been demonstrated to be used as anode fuel and
participate in anode electrochemical reactions in Ni/YSZ and Ni/GDC
anode [31,32]. However, the location and size of the carbon deposit on
the anode are important considerations. It was revealed that carbon
deposit could be formed on the Ni surface, the YSZ particle surface and
at the three-phase boundary (TPB), however electrochemical reactions
of the deposited carbon are most difficult on the Ni particle surfaces,
easier on the YSZ particle surfaces and easiest at the TPB. Not all of the
deposited carbon participated in the direct electrochemical reactions
[33]. In the present study, the C1s XPS peak was deconvoluted into four
peaks (Fig. 6) corresponding to graphitic carbon (GC) (284.6 eV),
carbon in single C-0 bonds as ethers, alcohols, and phenols (286.3 V),
carbon in carbonyl groups (CJO) (287.4 eV), carbon in carboxyl or
ester groups (0-CJ0) (288.8eV) [34-36]. Accordingly, the relative
atomic percentages of carbon-based functional groups are shown in
Table 4. The results showed that carbon deposits mainly existed in the

form of GC, C-O and O-C7] O groups on the anodes with SD, SD-573
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Table 4
Deconvolution results of the C 1s XPS spectra.
Cases C 1s deconvolution results
Formation Binding energy (eV) Half peak width (eV) Area Percentage (%)
SD GC (284.6eV) 284.87 1.236 20950.8 84.64
C-0 (286.3eV) 286.20 1.236 1699.8 6.87
C=0 (287.4eV) 287.50 1.236 448.4 1.81
0-CJ O (288.8eV) 288.90 1.236 1654.8 6.68
SD-573 GC (284.6eV) 284.75 1.296 14153.6 74.82
C-0 (286.3eV) 286.20 1.296 1734.0 9.17
C=0 (287.4eV) 287.50 1.296 674.3 3.56
0-CJ O (288.8eV) 288.92 1.296 2355.4 12.45
SD-973 GC (284.6eV) 284.71 1.592 17458.1 83.23
C-0 (286.3eV) 286.10 1.592 1416.8 6.75
C=0 (287.4eV) 287.50 1.592 226.0 1.08
0-C] O (288.8eV) 288.70 1.592 1874.8 8.94
biogas GC (284.6eV) 284.74 1.099 34912.8 94.62
C-0 (286.3eV) 286.15 1.099 1886.2 5.11
C=0 (287.4eV) 287.40 1.099 97.7 0.26
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Fig. 7. Electrochemical performance of RS-973 fueled cell: (a) under None/Ar/COz atmosphere; (b) under varying flow rate of COx.

durability of SD was more unsteady than that of RS due to its higher
concentration of CO and CH4 and higher yield of liquid hydrocarbons in the
pyrolysis products. For the bio-char pairs, they displayed similar initial
discharge current density, which was in consistent with their

and SD-973 as fuels. C_] O groups could be ignored because of its much
lower percentage (<4%) in all cases. Compared with C-O, CJ] O and
0-CJ O, the content of GC was much higher, ranging from 74.82%
~94.62%. These graphitic carbon deposits were more difficult to be
consumed by direct electrochemical reaction or in-situ gasification than
to carbon atoms bound to oxygen (C-O, CJ O and O-C] 0).

It is worth noting that the two raw biomass materials have similar
polarization performance; the semi-chars, and bio-chars from the two
biomasses also have the similar polarization output, respectively
(Fig. 3, Table 2). However, the durability tests (Fig. 4) show some
different behaviors between the pairs. Generally, the polarization per-
formance is an initial and transient electrochemical parameter to
evaluate the electrochemical reactivity of anode fuels. On the contrary,
the durability performance is a long-term stability behavior, and is
related to not only the initial fuel reactivity but also the fuel evolution
and their impact on the anode activity during discharge process. For
raw biomass pairs or semi-char pairs, their polarization performance
was largely controlled by their pyrolysis gas compositions. As shown in
Fig. 2c, the concentrations of the active gases, especially Hz, between
the pairs were similar, predicting the similarity of the polarization
performance between the raw biomass pairs or semi-char pairs. During
the durability test of raw biomass pairs and semi-char pairs, carbon
deposit was formed by the cracking of CO and CH4 or some other heavy
hydrocarbon (liquid products), causing rapid cell degradation. The
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polarization performance at 1123 K. After that, RS-973 showed
more unstable discharge process than SD-973. It may be
attributed to the much higher ash content in RS-973 than SD-
973. The negative effects of traditional ash species on the Ni/YSZ
anode SOFC have been revealed in our previous study [20].

3.3. Electrochemical performance of biochar and biogas

To figure out the degradation of biomass fueled cells, the
electro- chemical performances of biochar under different
anode atmosphere and biogas were evaluated. First, the
polarization performance of RS- 973 wunder different
atmosphere was tested and the PPDs are extracted as shown in
Fig. 7a. Clearly, both the temperature and anode atmo- sphere
had significant influence on the cell performance. Raising the
temperature from 1023 to 1123K helped to drastically improve
the PPDs due to reduced anode ohmic resistance and enhanced
fuel mass transfer. Comparing the PPDs under these 3 atm, it
was obvious that the
PPDs were the highest with none gas purging and the lowest
with inertgas (Ar, 200 cm3 min™ 1) purging at 1023-1123 K.
It has been demon- strated by our previous study and others'
that the dominant anode re- actions of Ni/YSZ anode
supported SO-DCFC were CO electro-oxidation
(Reaction 1) and C-CO: gasification (Reaction 2) [15-18]. It's
easy to
understand that continuous Ar feeding diluted the anode active
reactant and caused the decrease of available CO around the
anode active sites. It was worth noting that continuous CO2
feeding (200 cm3 min~ 1) did not contribute to higher
performance than none gas feeding. CO: can on one hand
improve gasification rate of char, and on the other hand act as
diluent. The improved gasification may contribute higher
CO supply,
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Fig. 8. Electrochemical performance of biogas fueled cell: (a) polarization performance; (b) durability performance; (c) thermodynamic equilibrium compositions of

biogas; (d) anode surface morphology.

while the dilution effect may lower CO concentration near the anode
surface. The joint effect may be closely related to the CO: feeding rate,
as the amount of CO consumed during polarization test was much less
than that produced by char-CO; gasification. The polarization perfor-
mance of under varying CO; flow rate was tested, as shown in Fig. 7b. It
showed that gradual increase of COz flow rate from 0 to 200 cm3 min™1!
resulted in lower cell polarization performance. Based the measured
performance, it can be concluded that CO: feeding resulted in the de-
crease of available CO concentration near the anode active sites. Ac-
celerating Char-CO2 gasification rate by introducing CO: did not con-
tribute to higher polarization performance but dilute active gas.
Anode reactions of biochar fueled cell:

CO + 0% — COz2 + 2e™ (@8]

C+CO2 — 2CO 2)
Anode reactions of biogas fueled cell:

Hz + 02 —» H20 + 2e™ 3)

CHs4 + 402 — COz + 2Hz20 + 8e™ 4

As indicated by the pyrolysis characteristics of raw samples (Fig. 2),
the gas products accounted for 20-25% yield and mainly consisted of
Hz, CO, COz and CH4, suggesting that their electrochemical contribu-
tion in SO-DCFC should not be ignored. According to the pyrolysis gas
compositions derived from RS and SD, gas mixture (named as biogas,
composed of 24.46% Hz, 30.98% CO, 32.53% CO: and 12.03% CH4)
was prepared and used to simulate the actual pyrolysis gas products.
The electrochemical performance of biogas fueled SOFC is shown in

electrochemical oxidation of the active species in biogas (Reaction 1, 3,

4) contributed greatly to the cell polarization performance. At 1123 K,

the PPD increased to 0.139 W cm™ 2, which was lower than that of raw
samples at 1123 K. The discharge current density of biogas was higher

and more stable than that of solid fuels in the first 20000 s, but dropped
sharply at around 20000s (Fig. 8b). Although negligible amounts of
carbon deposits were predicted at 1023-1123 K by thermodynamic
equilibrium analysis (Fig. 8c) using HSC chemistry (Version 6.0, Out-
okumpu Research Oy, Finland), severe carbon deposits were still
formed in biogas fueled cell anode (as shown in Figs. 8d and 6d and
Table 4) and caused cell degradation. Furthermore, it's also indicated by

the XPS analysis (Table 4) that the anode carbon deposits of both bio-

char and biogas fueled fuels were largely in the form of graphitic

carbon. Besides, it can be also found in Table 4 that graphitic carbon

Fig. 8. The corresponding PPDs and OCVs were listed in Table 2. It can be
found in Fig. 8a that excellent polarization performance was ac- quired by
feeding biogas into the anode. At 1023 K, the PPD and OCV were 0.120 W
cm™ 2 and 1.05 V, much higher than that of the solid fuels and 20 vol%
Hz (0.092Wcm™2), demonstrating that the
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dominated deposits on the anode surface for all the fuels. The me-
chanism of carbon deposit formation on porous metal materials
has been described in detail in Ref. [37]. It was revealed that
temperature was a key factor to determine the form of the carbon
deposit. With the temperature increasing, the more reactive and
amorphous forms of carbon deposits forming at low temperatures
tended to convert to the less reactive and graphitic forms. In the
present study, although the anode gas composition showed some
difference with these fuels (raw biomass, semi-chars, biochars, and
biogas) feeding the anode, the cell temperature all ranged from
750 to 850 °C, which was more beneficial for the formation of
graphitic carbon.

Based on the discussion above, it can be concluded that raw
bio- mass, biochar and biogas all had the capability of generating
electricity in SOFCs. For raw biomass, its electrochemical
performance was the combined electrochemical result of biochar
and biogas. Both biogas (containing Hz, CO, CHs4, etc.) and
biochar generated considerable
power density at 1023-1123 K, and their anode reactions and de-
gradation mechanisms were different. The electrochemical
reactions of biogas fueled cell included the electro-oxidation of
CO, Hz, CH4 and
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maybe some other light hydrocarbons. The cell degradation was mainly
caused by severe anode graphitic carbon deposition, which blocked the
anode pores and increased the mass transfer resistance of active species
into the anode TPB sites, and even worse, migrated onto the nickel bulk
and caused irreversible anode deterioration. For biochar fueled cell, the
anode reactions were mainly CO electro-oxidation and char-CO: gasi-
fication. Anode shielding gas showed significant impact in the cell
performance and continuously feeding of CO: to the anode chamber did
not improve the power output. The cell degradation was due to slight
carbon deposition and the decreasing reactivity of char gasification
with COz.

4. Conclusions

In this study, the electrochemical performance and degradation
behaviors of two traditional biomass wastes and their decomposition
products were evaluated in SOFCs. The relationship of electrochemical
performance between biomass and its decomposition products was
clarified. The direct utilization of biomass in SOFC produced con-
siderable power output (~0.140 Wcm™2 at 1123 K) but cannot main-
tain stable discharge. Torrefaction (573 K) pretreatment of raw samples
compromised peak power densities (PPDs), while pyrolysis (973 K)
pretreatment enhanced PPDs at 1073 and 1123 K. Cells fueled by bio-
mass, biochar and biogas all suffered from anode carbon deposits, most
of which were in the form of graphitic carbon. When raw biomass was
used as fuel directly, its thermal decomposition products, both biochar
and biogas, were involved in anode electrochemical reactions, gen-
erating comparable power densities and also contributing greatly to the
cell degradation. With biochar as fuel, the dominant anode reactions
were CO electro-oxidation and biochar-CO; gasification. Continuously
feeding of COz to the anode chamber did not improve the output per-
formance. The discharge degradation was mainly caused by the gra-
dually decreasing gasification reactivity of biochar with CO; and slight
anode carbon deposition. With biogas as fuel, the anode reactions were
the electro-oxidation of CO, Hz, CHs and maybe some other light hy-
drocarbons. The cell degraded due to severe anode carbon deposition.
The electrochemical output and degradation behavior of raw biomass
were determined by the electrochemical contribution of its thermal
decomposition products.
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