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Abstract

The direct carbon fuel cell (DCFC) is an efficient device that converts the carbon fuel
directly into electricity with 100% theoretical efficiency contrary to practical efficiency around

60 %. In this paper four perovskite anode materials Lao3S10.7Mo.07T10.9303.5 (M = Ni, Fe, Co, Zn)

have been prepared using sol-gel technique to measure the performance of the device using solid

fuel. These materials have shown reasonable stability and conductivity at 700 °C. Further

structural analysis of as-prepared anode material using XRD technique reveals a single cubic
perovskite structure with average crystallite size roughly 47 nm. Walnut and almond shells
biochar have also been examined as a fuel in DCFC at the temperature range 400-700 °C. In

addition, Elemental analysis of walnut and almond shells has shown high carbon content and low

nitrogen and sulfur contents in the obtained biochar. Subsequently, the superior stability of as-

prepared anode materials is evident by thermogravimetric analysis in pure N> gas atmosphere.
Conversely, the LSFT anode has shown the highest conductivity of 7.53Scm™ at 700 °C. The

obtained power density for LSFT Os.s composite anode mixed in sub-bituminous coal, walnut
and almond shells biochar is of 68, 55, 48 mWcm™ respectively. A significant improvement in
performance of DCFC (78mWcm™) was achieved.
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Introduction

Fuel cell technology is famous for rendering clean, environmental friendliness and higher
efficiency. By comparison DCFC has many advantages, particularly solid carbon is easy to

transport, store and readily available from coal, coke, biomass and waste materials. DCFC has

100% theoretical efficiency, with more than 60% practical efficiency with low CO; production
[1-4]. In general, DCFCs directly transform chemical energy of carbon into electricity without
any intermediate reformer, at higher efficiency than coal combustion power plants [5]. Further,

DCFC have been famously categorized into molten hydroxide, molten carbonate and solid oxide,

but due to minimal risk of corrosion solid oxide electrolyte is regarded the best candidate to

separate anode and cathode from each other [6-8]. In contrast, fuel cell design based on molten

media in anode is likely to have rapid corrosion rate that can cause corrosion in the different
parts of the cell, thus a solid carbon anode is more viable. Conventionally in fuel cells, the
electrochemical reaction occurs at a triple phase boundary, with the gas or liquid diffused into

the porous anode surface, but in DCFCs, the fuel is solid, which lowers this, as gasification of
carbon is not easily accomplished. In DCFCs the continuous supply of solid fuel at

anode/electrolyte interface is a key issue [9]. The conversion of carbon directly to electrical
energy in fuel cells was established by William W. Jacques in 1896 [10]. The working principal

of DCFC 1is shown in Fig. 1. The electrochemical reaction takes place at anode in the DCFCs is

[11]:
2- _
C+2077 5CO, + 4e (1)

Cathode reaction is:

0y +4e” >20% 7 (2)

The overall cell reaction mechanism in the cell is:

C+0y7—>COy (3)

However, the extensively used solid electrolytes for DCFCs are yttrium stabilized

zirconia and doped ceria [12,13]. These electrolytes showed good performance at temperatures

exceeding 700 °C but at such high temperature, this decreased the energy conversion efficiency

due to fast degradation, sealing issues and slow start-up time [13]. Moreover, lowering the
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temperature is a key task to commercialize the DCFCs, which can be achieved by preparing
highly conducting electrolytes and cathodes having high oxidation reduction reaction at lower

temperature [14,15].

. e

co, o o 0z

Fig. 1: Working principle of direct carbon fuel cell
However, the extensively used solid electrolytes for DCFCs are yttrium stabilized

zirconia and doped ceria [12,13]. These electrolytes showed good performance at temperatures
exceeding 700 °C but at such high temperature, this decreased the energy conversion efficiency

due to fast degradation, sealing issues and slow start-up time [13]. Moreover, lowering the

temperature is a key task to commercialize the DCFCs, which can be achieved by preparing
highly conducting electrolytes and cathodes having high oxidation reduction reaction at lower

temperature [14,15].

Conversely many researchers have explored the large number of ceramic anodes (ceria

and titania) for hydrocarbon fuels. [16-19]. The ceria based anodes have oxygen storage capacity

and good catalytic activity, but the electronic conductivity is very low. Titanate based anodes



=
O WO JoUl pWDN K

e e e
oy U1 W

e
© o

W DN DD DD DD DN DN DN
O W WWJ oy Uk WN O

N

DWW W ww WwWw
P O W J oo W

O S STt
O J oy Uk WO

(G2 NG TN
= O

(6@
w N

(G2 NC NG NG BN G RO
O 0 J oy U

60
61
62
63
64
65

possess good tolerance for sulfur and H»S impurities, better stability and reasonable conductivity
but low catalytic activity towards fuel oxidation. To enhance the electronic conductivity, noble
metals such as Ni, Fe, Co are doped on the B site, resulting in high electronic conductivity

[20,21]. Among the many approaches that have been employed to increase the stability and
generate more promising catalytic performance [22-25] is doping of transition metal in B-site to

improve the electrochemical performance [26].

Several types of DCFCs were prepared by Cooper ef al. using carbon anode fuel mixed in

molten carbonate electrolytes and found a maximum power density of 100mW cm? at 800 °C

[27, 28]. Zecevic et al. prepared a DCFC using molten hydroxide electrolyte along with Fe-Ti

alloy container cathode and carbon rod anode observed the power density 40mW cm™ at 630 °C

[29]. Molten hydroxide electrolyte has high ionic conductivity as well as reactivity in carbon
oxidation and helps to lower the operating temperature of DCFC [29]. Cathode stability is
another issue which was solved using solid oxide electrolytes [30]. The power densities of the

cells comprised of YSZ-Carbonate electrolyte using carbon fuel and YSZ electrolyte, and Ni-
YSZ anode and LSM cathode layer, was 13mW cm™ and 105mWcm™, respectively, at 900 °C

[31-32]. Tao et al. also prepared the DCFC with ZrO> (HfO2)o.02 (Y203)0.0s and obtained power
density of 50 mW cm at 1000 °C [33]. Gur et al. obtained power density of 175 mWem™2 -300

mWem™? using activated carbon in fluidized bed (FB) and fluidized coal bed- tabular (24cm)

respectively in solid oxide fuel cell at 850 °C DCFC device at 850 °C [34,35]. The fuel activated

carbon, carbon black and pre-soaked needle coke produced a maximum power density of
100mWem?, 104mWem™? and 187mWem™ at 700, 850 and 650 °C, respectively [36-38]. Li et

al. explored the catalytic effect on gasification for DCFC using carbon black and obtained the
power densities of 147.7,113.4,112.3 m Wem™ at 750 °C with Ni, K and Ca catalyst,
respectively[39].

In this study LSNT Os.5, LSFT O3.5, LSCT O3.5 and LSZT Os.5 anodes were prepared to

examine the effect of Ni, Fe, Co and Zn substitution at B-site. The structural, thermal and

electrical properties of the anodes were analyzed using different characterization techniques.
Moreover, walnut and almond shells biochar was examined as fuel and carbon content in these

biochar was analyzed using elemental analysis. On the basis of good conductivity and catalytic
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effect of Ni, Fe, Co and Zn these anodes have been used in DCFCs. The performance of the

button cells has been measured and compared with different carbon fuels.

2. Experimental Procedures for Materials synthesis
2.1 Synthesis of Anode Materials

Anode materials Lag4SrgMo09Ti0 91035 (M=Ni, Fe, Co, Zn) were synthesized using sol-

gel technique. The chemicals Sr (NO3)>,, Fe (NO3)3.9H>0, La (NO3)3.6H>O, Ni (NO3),6H>0O, Co
(NO3)2, Zn (NO3)2.6H>0, nitric acid, citric acid, and TiO> were purchased (Sigma Aldrich) to

prepare the precursor. Appropriate amount of Sr (NO3)2, Ni (NO3)2 and La (NO3)3.6H,0 were
mixed in deionized water and stirred at 100 °C. The TiO, was dissolved in nitric acid and stirred

at 100 °C for 1 h, and then acidic solution was mixed in nitrate solutions. The 20 mole percent
citric acid was dissolved into the mixed solution. The mixture was evaporated by stirring and

heating at 120 °C. The mixed solution thickened and turned into gel. Finally, the gel was burnt

and turned into ash. The ash was then dried in oven for overnight at 120 °C. The final product
was fired at 1200 °C for 5 h and after grinding final anode powder, (LSNTOs3.5) was obtained.
The other three anodes materials (LSNTO3.5, LSFTO3.5, LSCTO3.5, and LSZTO3.5) were

prepared using a similar method. The preparation step of the anode is shown in Fig. 2.
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Stirring & Heating Stirring & Heating
I Solid seln.+ 20 wt 26 Citric acid I
L
I Stirring and heating until jell formation I
i
Dry at 120°C for 3 h
L
I Sintered 900 °C for 5 h I
L
I Grinding the powder I
1
I Final anode powder I

Fig. 2: The flow chart for preparation of DCFC anodes L.a0.4Sr0.6Mo0.09Ti0.9103-5 (M=Ni, Fe, Co, Zn)
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2.2 Synthesis of Electrolyte Material
Binary Carbonate ((Li,Na),CO3) and doped ceria (SDC) electrolyte named as LN-SDC
was prepared using co-precipitation method with molar ratio 2:1. The detailed synthesis steps

were described in our previous work [40].
23 Characterization

Structural analysis of Lao4SrosMo.09T10.9103-5 anodes was examined with Bruker X-ray
diffractometer using Cu Kq radiation. The microstructure of the sintered powders was studied

using SEM (TESCAN Vega LMU). The presence of elements was examined using energy

dispersive X-ray analysis. Thermal behaviors of anodes were examined by thermogravimetry

analysis (model Q600, USA), and heated the sample from 50 °C to 900 °C.
2.4  Conductivity

For conductivity measurements, pellets of thickness 0.2 cm, diameter of 13 mm and

active area of 0.64 cm? were made for each sample material by hydraulic press at 300 MPa
pressure and sintered in air at 600 °C for one hour. Silver paste was glued on each side of pellet
and dried at 700 °C for one hour. Conductivity of the pellet was achieved with DC four-probe
(model 2450 SMU, Keithley) methods in the temperature range of 400-700 °C in air atmosphere.

2.5 Fuel cell Design

Walnut shell biochar fuel and LN-SDC were mixed using solid state reaction method in

weight ratio 4:1. The powder containing walnut shell biochar fuel and LN-SDC was mixed in
LSNTOs.5 powder in weight ratio 45%:55% to prepare composite anode. Cathode was prepared

by mixing LSCFO3.s and LN-SDC in weight ratio 70%:30%. Similarly other composite anodes
were prepared using fuel (Lignite, Bituminous, Sub-bituminous, Almond shells) and LNFTO3.s,

LSCTO3.5, LSZTOs.5 powder, respectively. The Cell performance was evaluated using air as a

cathode gas.

The three layer fuel cell of each material was fabricated using composite anode, LN-SDC
composite electrolyte and composite cathode using dry pressing under pressure of 400MPa.

Each pellet has a diameter of 13mm and 2mm thickness. The contribution of anode, electrolyte

and cathode in each DCFC was 0.80mm, 0.60mm, 0.60mm respectively. The active area of the
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cell was 0.64cm™. The performance was measured with a computerized instrument (S12, China)

at temperature range 400-700 °C.
3. Results and Discussion

3.1  Structural analysis of titanate based anodes

XRD patterns of Lao.4Sr0.6Mo.09T10.91035 (M=Ni, Fe, Co, Zn) anodes fired at 1200 °C in
air atmosphere for 5 h are shown in Fig. 3. XRD results revealed a single cubic perovskite
structure (ICSD 079-0188) with space group of pm3m (221). The perovskite phase is formed

during the sintering process at a temperature of 1200 °C [41].

LSNT  |an

(i (200
(100) (211) (220)
A N A A A (frli].}_

Intensity(a.u)

LSCT

_L§ET A IL A. A Y A

]

20 30 40 50 60 70 80
20(Degree)

Fig. 3: XRD pattern of perovskite Lao.«Sro.sMo.09Ti0.9103-5 (M=Ni, Fe, Co, Zn) anodes

All the peaks are of LST with no additional peaks of transition metal is observed. This
reveals that the 9mol% doping of transition metals lies within the solubility limit and has

successfully doped on B-site in Ti. Therefore, no peaks of transition metals were found in XRD
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results. Li ef al. found that 7mol % Co doping in LST showed no peaks of cobalt [42]. Moreover
from XRD data the average crystallite size was calculated by Scherer formula [43] and found to

be 47 nm.
3.2 Microstructure and EDX analysis of the titanate based anodes

The microstructures of the anode materials sintered at 1200 °C are shown in Fig. 4. The
particles in all the microstructures show homogeneity and good porosity. The LSFTO3.5 anode

shows excellent microstructure and good porosity compared to other samples, which may

facilitate the electron transport and gas diffusion [44]. Therefore, LSFTO3.5 exhibited higher
conductivity as well as fuel cell performance.

SEMHV. 7.0 kV WO 4.03 mm | VEGAJ TESCAN
SEM MAG: 10.0 kx Det SE

v
SEM HV: 7.0 KV WD: 4.04 1111l I VEGA3 TESCAN
SEM MAG: 25.0 kx Det: SE

Bl 4.00 Date{m/dly): 04/14/17 IRCBM CIIT LAHORE BE 4.00 Date{midly): 041417 IRCBM CHT LAHORE

SEM HV: 7.0 kV WD: 4.03 mm VEGA3 TESCAN SEM 7.0 kV WD: 4.07 mm 1 I VEGAJ TESCAN

SEM MAG: 10.0 kx Det: SE 2 ym SEM MAG: 25.0 kx Det: SE 1 um
Bi: 4.00 Date{midly): 04/14/17 IRCBM CHlT LAHORE Bi: 4.00 Date{midly): 0411417 IRCBM CHT LAHORE

Fig. 4: SEM of the prepared anode samples (a) LSNT O3- (b) LSFT O35 (¢) LSCT O35 (d) LSZT O3-5
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The presence of transition metals in the prepared samples was examined using energy
dispersive x-ray analysis (EDX) and spectrum is shown in Fig. 5. EDX confirms the distribution
of La, Sr, Ni, Fe, Co, Zn and Ti in the prepared anodes. The observed EDX spectrum shows that

Sr, Ti, La and O are the main elements with traces amount of transition metal (Ni, Fe, Co ,Zn)
which agree with our selected anodes concentrations Lao4Sro.6Mo.09Ti0.9103.5 (M=Ni, Fe, Co,

Zn). The distribution of elements in the each spectrum is found to be uniform with no
agglomeration. The peaks in spectrum corresponds to Sr, Ti, La, O and transition metal (Ni, Fe,

Co, Zn), which reflect the chemical composition of the prepared anode materials.

O_IIIIIl|lll||1lII|lIIIIlIII|IIII[Illl||i|lIIIII|ilIl|aIII|IIllll_i-ri-llIIIIIIII|IlII|IlII|IIIO|tlll|lIII|I
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Fig. 5: EDX spectrum of titanate based anodes (a) LSNT O3.5 (b) LSFT O3.5 (¢) LSCT O3.5 (d) LSZT O35

3.3  Fuel analysis

The walnut and almond shells biochar fuel was used in DCFCs and carbon content which

determines the efficiency of fuel was examined with proximate and elemental analysis. The

proximate and elemental analysis of walnut and almond shells biochar fuels are shown in Table

1.1.
Table 1.1: The proximate and elemental analysis of Walnut and Almond shells
Proximate analysis wt. % Elemental/Ultimate analysis wt. %
Sample  TEETTUM [ Ash [ M | C | N | H | S o | MVke
\Zﬁelﬁ:t 61.47 | 14.25 185 | 578 | 69.6 | 1.60 | 3.98 | 2.76 | 22.06 | 24.33
Almond
shells 59.15 15.7 19.20 | 595 | 66.5 1.75 | 4.12 | 3.47 | 24.16 | 23.06
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The carbon content, which estimates the heating values, was found to be 70% and 67 %
in walnut and almond shells. The carbon contents are higher than lignite 51%, bituminous coal
62% but lower than sub-bituminous coal 72% [45]. The calorific value of the walnut and

almond shells were calculated using formula [46] given below:

AH =1.3675+0.3137xC+0.7009x H +0.0318x O 4)

and AH values for both fuels are shown in Table 1.

Fig. 6 (a-b): shows the microstructure of the biochar fuel obtained from walnut and

almond shells, respectively. The particles of prism-like and cylindrical shapes were found from
SEM analysis.

e

VEGA3 TESCAN 120KV | wo:649mm | |
SEM MAG: 10.0 kx Det: SE 2um SEM MAG: 10.0 kx Det: SE 2pm
BE 5.00 Date{m/diy): 1112117 IRCEM CIIT LAHORE BI: 5.00 Date{midiyk 1112117 IRCEM CHIT LAHORE

SEMHV:12.0 kV WD: 6.40 mm

Fig. 6: Microstructure of the biochar fuel obtained from (a) walnut shells (b) almond shells

3.4  Thermal analysis of titanate based anodes
Thermal analysis, which describes the thermal stability of the materials, was carried from

50-900 °C and is shown in Figure 7. Thermal analysis is spanned over three regions in the
temperature ranges 50-350 °C, 350-680 °C and 680-900 °C, respectively. The region I describe
the weight loss due to the water adsorbed in the materials [47]. The composition LSFTOs3.5 has
the lowest weight loss of 0.35% while LSCTOs3.5 has higher weight loss compared to other

compositions. The melting of carbonates and decomposition is the result of the weight loss in
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region II. The composition LSFTOs.5 has very small weight loss in this region which may be the
reason of higher conductivity and fuel cell performance. The loss in the lattice oxygen is the
reason of weight loss in the region III [48]. In this region LSFTOss has 0.56 wt % while
LSZTOs.5 has 1.31 wt % weight losses.

. %
"‘-M..._._W
m
gt S e
i o -‘\'\h_.__
Regionl RegionII -——— ——
- = Regionlll
= ost
Eﬂ —LSFT
S o7t ——LSNT
—LSCT
——LSZT
96t

95 3 'l 'l 'l 'l 3 L )
50100 200 300 400 500 600 FOO 8O0 900
Temperature ("C)

Fig. 7: Thermal analysis of titanate based anodes

3.5 Conductivity of titanate based anodes

To obtain good conductivity and performance of the materials, the materials must possess
sufficient thermal stability and compatibility at a desired temperature. The electrical conductivity

was examined in air atmosphere using four probe DC techniques in the temperature range 400-
700 °C and shown in Table 2. The results shows that LSFTOs.s has the highest conductivity of
7.53 Sem™! compared to LSNTOs.5, LSCTO3.5 and LSZTO3.5. The highest conductivity of
LSFTOs;.5 may be due to better porosity as seen by Fig. 4 (b) compared to others. From the
conductivity data Arrhenius graph was plotted shown in Fig. 8 for activation energy calculation.
The activation energies of the prepared anodes are shown in Table 2. The conductivity of
LSNTOs.s increases with temperature increase compared to LSFTO3.5, LSCTO3.5, LSZTO3.5,

but at a temperature of 700 °C it decreases compared to LSFTOs.5 which has highest
conductivity of 7.53 Scm’!. The increase in conductivity at temperature may be due to the
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sintering at1200 °C, which increase the contact between particles. The increase in conductivity

with temperature reveals the semiconductor behavior. The reported conductivity of LSCTOs.5

anode is 16-18 Scm™! at 800 °C [49]. Li et al. measured the electrical conductivity (63 Scm™! at

700 °C) of the composition La

0.3510.7C00.07T10.9303.5 [32]. The mixed ionic and electronic

conductors MIECs have much higher electronic conductivity compared to ionic conductivity

[50]. Therefore, electronic conductivity has a major role in the performance of the cell.

10
—a— | SNT
gl —a— LSFT
—a— | SCT
—— LS/T
—8r
x
£
o Tt
ke
-
=
a1
4 1 1 1 1
1.0 1.1 1.2 1.3 1.4 1.5
’1DD.-’T(K"]

Fig. 8: Arrhenius plot of titanate based anodes

Table 2: Conductivity, activation energy and power density of the titanate based anodes

Samples 6(Scm™) E.eV Power density (mWem™ ) with
@ 700 °C (400-700 °C) multi-fuels @700 °C
Sub- Walnut shell | Almond shell

LSNT Os.s 7.02 0.53 bituminous biochar biochar

54 51 41
LSFT O35 7.53 0.50 68 55 44
LSCT O3 6.01 0.55 51 48 39
LSZT Os-s 4.28 0.62 28 30 25
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3.6  Electrochemical performance of the titanate based anodes

Generally, a DCFC operates at higher temperature and thus the thermal stability of the
materials at higher temperature is a key issue. Therefore, such materials are needed which are
thermally stable. The electrochemical performance of the button cells using LN-SDC electrolyte

and already published cathode LSCFO3.5 along with prepared anodes are shown in Fig. 9(a-c)

using sub-bituminous, walnut shell and almond shell biochar carbon at 700 °C. In this study,

composite electrolyte (LN-SDC) is used but at cathode only air is provided so conduction is due

to onlyO* ions. But if air and CO is provided at cathode then both O and CO32 ~ ions will

produce at cathode and both ions conduct through the electrolyte and performance will be

increased [32].
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Fig. 9: Performance of the cells at 700 °C with titanate based anodes using (a) sub-bituminous coal fuel (b)

walnut shells biochar fuel (c) almond shells biochar fuel
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The LSFTO3.5 shows the maximum peak power density of 68 mWecm™ and OCV of 0.93
V at 700 °C compared to LSNTO3.5, LSCTO3.5 and LSZTO3.5 respectively. Power density of the
cell with LSFTO3.5 anode mixed in walnut shells is 55mWem™ higher than almond shells biochar
fuel (44mWcem™2) but lower than Sub-bituminous coal (68 mWcm™) at 700 °C. Elleuch et al.

measured a power density of 150 mWcem™ using NiO-SDC anode mixed in almond shells at 700

°C [51]. An et al. measured a peak power density approximately 191 mWem™ at 850 °C using

catalyzed bamboo biochar fuel [52].

3.7 Best electrolyte and electrodes performance

The results revealed that electrolyte LN-SDC, LSFTOs3.5 anode and LSCFO3.s5 cathode is the best

for DCFCs. Therefore, a single cell composed of composite anode (LSFTOs.5), LN-SDC

electrolyte and composite cathode (LSCFOs;.5) was tested and its performance is shown in Fig.

10.
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Fig. 10: Electrochemical performance of the best electrolyte, anode and cathode using different fuels
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The electrochemical performance of cells have been achieved 78, 73, 57, 29 and
26mWcem™ at 700 °C using sub-bituminous, walnut shells, almond shells, bituminous and lignite
fuels, respectively. This increased cell performance is due to the catalystiron which is

economical and effective catalyst for carbon gasification [53]. This performance shows that the
prepared materials can be used in DCFCs for electricity generation.

Fig. 11 shows the durability/stability test of the cells which was conducted to analyze the
feasibility of the device. During the operation cell 1 shows higher voltage than cell 2. This test

was performed after evaluation the fuel cell performance. Both devices show adequate stability

during the 36 h operation at 700 °C. . The current densities of both cells during the measurements

have been found to be 90mAcm™ and 84mAcm™2 at 700 °C.
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Fig. 11: Stability test of the cells at 700 °C
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Fig. 12 shows the microstructure of the anode after the performance test. The microstructure
shows that anodes have been reduced in the carbon environment. The LSFTO3.5 anode exhibited

better microstructure so gave maximum power density.

4 Conclusions

In this work, titanate based anodes Lao4Sro.sMo.09Ti0.9103-5 (M=Ni, Fe, Co, Zn) have been
synthesized by sol-gel technique to study the crystal structure, conductivity, stability and
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performance of the device. The titanate based anode shows cubic perovskite structure with space
group of pmST m (221). The LSFTOs.5 anode has greater electronic conductivity of 7.53 Sem™! at

700 °C than LSNTOs.5, LSCTOs.5 and LSZTOs.5. The peak power density of 78mWecem has
been obtained using LSFTO3.5 anode composite, LSCFO3.5 cathode and LN-SDC electrolyte at

700 °C for sub-bituminous coal fuel. Furthermore LSFTOs.s anode has shown a good and
remarkable stability during 36 h of operation. The O* ions conduction mechanism has been
discussed during the cell operation due to air at cathode. Therefore, all of the prepared materials

in this study have significant potential to be used as a prime choice for electrodes in DCFCs for

power generation.
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