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Abstract: The direct carbon fuel cell (DCFC) is an emerging technology for energy production.
The application of biomass in DCFCs will be a major transition from the use of coal to generate
energy. However, the relationship between biomass or biochar composition and the electrochemical
performance of a DCFC is yet to be studied. The performance of a DCFC using fuel sources
derived from woody and non-woody biomass were compared in this study. The effect of pyrolysis
temperature ranges from 550 ◦C to 850 ◦C on the preparation of biochar from rubber wood (RW)
and rice husk (RH) were evaluated for power generation from DCFCs. In addition, the effect of
applying chemical pre-treatment and post-treatment on biochar were further investigated for DCFC
performance. In general, the power density derived from rubber wood biochar is significantly
higher (2.21 mW cm−2) compared to rice husk biochar (0.07 mW cm−2). This might be due to the
presence of an oxygen functional group, higher fixed carbon content, and lower ash content in rubber
wood biochar. The acid and alkaline pre-treatment and post-treatment have altered the composition
with a lower ash content in rubber wood biochar. The structural and compositional alterations in
alkaline pre-treatment bring a positive effect in enhancing the power density from DCFCs. This study
concludes that woody biochar is more suitable for DCFC application, and alkaline pre-treatment in
the preparation of biochar enhances the electrochemical activity of DCFC. Further investigation on
the optimization of DCFC operating conditions could be performed.
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1. Introduction

Fuel cell technologies have recently attracted great attention owing to their advantages in producing
clean energy using renewable energy sources [1,2]. These technologies use simple electrochemical
processes to convert chemical energy into electrical energy. They differ from the fossil fuel energy
generation, which requires a complex conversion from heat energy to mechanical energy and to
electrical energy with lower efficiency that is limited by the Carnot efficiency [3]. Several types of
fuel cells have been investigated and targeted for different applications. In view of the utilisation
of biomass energy, direct carbon fuel cells (DCFC) have shown their potential as energy generation
devices using carbon fuel in high temperature operations. The success of this system can benefit the
chemical industry, in which waste heat energy can be integrated into the DCFC system to generate
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extra energy on-site. With a proper design of the DCFC system, it possesses the highest electrical
efficiency of almost 100% among all types of fuel cells [4,5].

In the current situation, commercial carbon black and coals have been studied as DCFC carbon
fuel for energy generation, with high energy efficiency obtained [4,5]. Nonetheless, these carbon
sources are non-renewable and, hence, they do not contribute to the carbon-neutral cycle. Recent
efforts have been focusing on searching for renewable carbon sources derived from biomass as a more
sustainable option. Several works have investigated different types of biomass to produce biochar as a
fuel source for DCFCs. The literature shows that the maximum power density achieved by different
types of biochars ranged from 12 to 185 mW cm−2, with the system operating at temperatures ranging
between 700 and 800 ◦C [6]. It can be observed that biomass categorised as woody-type, such as
almond shell [7], olive wood [8], and Acacia wood chips [9], obtain a relatively high power density of
nearly 100 mW cm−2 and above, as compared to non-woody biomass, which only produce a power
density of approximately 30 mW cm−2 and below. Among the many factors which would affect energy
production in the DCFC system, the type of fuel source plays a vital role. The conversion of biomass
into biochar using pyrolysis would alter the chemical composition of the fuel source and retain the
highest energy value in the form of carbon content [10]. For example, the carbon content of rubber
wood biochar after pyrolysis is approximately 97.3% [11], as compared to the raw rubber wood with a
carbon content of only 43.98% [12].

Besides this, the presence of impurities and different functional groups in the biochar was believed
to affect the DCFC performance as well [13,14]. It has been suggested that the differences in the
chemical composition between woody and non-woody biomass has led to a major difference in the
DCFC power density obtained. This is in line with the good cell performance of coal, with high power
density of 165.4 mW cm−2 due to the presence of high fixed carbon, 81.5%, which contributed to
the high chemical energy [15]. Besides the application of heat treatment, chemical treatment on the
biomass or biochar can alter the chemical composition of the biochar fuel source. Acid pre-treatment of
coal enhances the electrochemical activity in DCFCs, with an increment on oxygen-containing surface
functional groups increasing the current density [13]. In another study using oak sawdust treated with
nitric acid, the surface oxygen functional group increases and ash content reduces [16]. Thus, chemical
treatment could be required for the enhancement of the carbonaceous fuel for DCFCs. However, a lack
of study was observed on the comparison of pre-treatment and post-treatment in the preparation of
biochar for the application of DCFCs.

Therefore, this study aims to explore the potential of woody (rubber wood) and non-woody
(rice husk) biomass for DCFC application. In this research, the effect pyrolysis temperature on the
preparation of biochar from rubber wood and rice husk on DCFC performance was investigated. Initial
screening was conducted to choose the pyrolysis temperature that produces the biochar with the best
DCFC performance. Besides this, the effect of different pre-treatment and post-treatment methods in
biochar preparation on DCFC performance was investigated. Through this, the relationship between
the structural composition of biochar and the performance of the DCFC can be further discovered.

2. Materials and Methods

2.1. Pyrolysis of Biomass

The rice husk was collected from PLS Marketing (M) Sdn Bhd, Sekinchan, Selangor, and the
rubber wood biomass was collected from SYF Resources Bhd, Semenyih, Selangor. The biomass was
washed using distilled water at room temperature. Then, it was dried in an oven at 110 ◦C for 24 h.
The dried biomass was ground and sieved into particle size smaller than 500 µm. The pyrolysis process
was conducted using a horizontal split tube furnace (Carbolite, HST 1200) under a nitrogen feed flow
of 150 mL min−1. The untreated biochar was produced at different pyrolysis temperatures at 550 ◦C,
650 ◦C, 750 ◦C, and 850 ◦C with a heating rate of 10 ◦C min−1 for 60 min. All the samples were labelled
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as RW for rubber wood (RW550, RW650, RW750 and RW850) and RH for rice husk (RH550, RH650,
RH750 and RH850).

2.2. Direct Carbon Fuel Cell Performance

The DCFC setup used in this study was the same as that employed in previous studies [14]. Button
cell was placed on the sample holder and solid biochar was loaded on the anode. The biochar loading
in this study was 100 mg per run. Silver wire was used as the current collector at both the anode and the
cathode. Both the anode and the cathode chambers were compressed mechanically. Nitrogen flowed
through the anode at 200 mL min−1, whereas air flowed through cathode at 200 mL min−1. The DCFC
system was heated to 850 ◦C at a heating rate of 10 ◦C min−1. The electrochemical performance was
studied using potentiostat (Interface 1000E, Gamry Instrument). Upon reaching the target temperature,
open circuit potential (OCP) tests was performed at a scan rate of 1 mV s−1 using a potentiostat (Gamry,
Interface 1000E). The internal resistance was tested at a high frequency of 1 kHz [15].

2.3. Chemical Treatment in Biochar Preparation

The results of DCFC performance in Section 2.2 show that rice husk generally produced a much
lower power density compared to rubber wood. Hence, the effect of chemical treatment was further
investigated for rubber wood raw biomass and biochar only. The structure and chemical composition
of rubber wood biomass and biochar were further modified by applying acid and alkali treatments
under different conditions. Pre-treatments of the biomass and post-treatment of rubber wood biochar,
pyrolysed at 850 ◦C, were conducted using 2 mol dm−3 50 cm3 of HNO3 and 2 mol dm−3 50 cm3 NaOH
for 24 h. The experiment was conducted at room temperature with periodic stirring. A total of 2 g of
rubber wood were added into 25 mL of the acid and alkaline solution. The samples were thoroughly
washed with distilled water at room temperature until neutral pH was obtained [17]. The chemically
treated samples were subjected for DCFC performance testing.

2.4. Biochar Fuel Characterization

Biochar derived from rice husk and rubber wood were further subjected for characterization.
Proximate analysis of the raw rubber wood, raw rice husk raw, and biochar from these two biomasses
was carried out using the Thermogravimetric Analyzer (TGA800, Perkin Elmer). A total of 10 mg
of the sample was subjected to heating from room temperature to 110 ◦C under nitrogen gas flow
and was held for 20 min. Then, the temperature was ramped from 110 ◦C to 950 ◦C and was held for
20 min. Gas was switched to air flow at 950 ◦C and was held for another 20 min [18].

The presence of a surface functional group of biochar was analysed using Fourier transform
infrared (FTIR) (Spectrum100, Perkin Elmer) transmission analysis. The samples were analysed using
the attenuated total reflection (ATR) from 4000 cm−1 to 650 cm−1 at a resolution of 4 cm−1 [19].

The surface morphology of untreated and chemically treated biochar samples was further studied
via a variable pressure scanning electron microscope (VP-SEM) system (Hitachi S3400N-II). Samples
were applied with platinum coating prior to the imaging.

3. Results and Discussion

3.1. Effect of Pyrolysis Temperature on the Biochar Characteristics

3.1.1. Biochar Yield at Different Pyrolysis Temperatures

Biochar yield for both woody and non-woody biomass shows a similar decreasing trend as the
pyrolysis temperature was increased. The biochar yield decreased from 28% to 21.3% for rubber wood
and 33.9% to 31.4% for rice husk. A similar trend was reported for the biochar production using corn
straw pellets [1]. The results in Table 1 also show that different types of biomass generate a different
biochar yield.
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Table 1. Biochar yield from woody and non-woody biomass pyrolysed under different temperature.

Pyrolysis Condition Rice Husk (%) Rubber Wood (%)

550 ◦C 33.9 ± 0.26 28.0 ± 0.35
650 ◦C 33.6 ± 0.05 25.4 ± 0.10
750 ◦C 33.1 ± 0.05 24.6 ± 0.34
850 ◦C 31.4 ± 0.01 21.3 ± 1.40

3.1.2. Proximate Analysis for Biochar Characterization

The proximate analysis and weight loss of the biochar generated from different biomass sources
are represented in Table 2 and Figure 1, respectively. The first mass loss observed at temperatures
below 110 ◦C for all samples in Figure 1 was due to the removal of moisture. An increasing trend in the
percentage of moisture was observed with the increase in pyrolysis temperature. The higher moisture
content might be due to the hygroscopic characteristic of biochar pyrolysed at higher temperature,
reabsorbing moisture from the surroundings [20]. The pyrolysed biochar for both rice husk and rubber
wood show a significant decrease in volatile matter and increase in fixed carbon content as pyrolysis
temperature increased. The production of volatile matter is due to the breakdown of carbohydrate
fraction at higher temperatures [21]. Rubber wood biochar contains a higher fixed carbon content
compared to rice husk in general. This might be attributed to the higher lignin and cellulose contents
in raw rubber wood compared to rice husk. A maximum fixed carbon content of 67.0% was obtained
from rubber wood, as compared to only 43.4% from rice husk.

Rubber wood-derived biochar has a significantly reduced ash content compared to rice husk.
Fuel sources with lower ash content are reported to produce a better performance in DCFCs [16].
Generally, the ash content in rubber wood biochar reduces as the pyrolysis temperature increases. This
might be attributed to the volatilization of inorganic compounds into gas or liquids at higher pyrolysis
temperatures [22]. Conversely, pyrolysis temperature did not have a significant impact on the ash
content in rice husk derived biochar. The high ash content may be attributed to the presence of a
high silica content in the raw biomass. From Figure 1, it can be observed that the thermal stability
of pyrolysed biochar increases compared to the raw biomass. The weight losses start at 550 ◦C for
rice husk biochar, whilst significant weight losses of rubber wood start at 650 ◦C, showing that rubber
wood possesses a higher thermal stability compared to rice husk.

Table 2. Proximate analysis of raw biomass and biochar.

Type of Biochar Moisture (%) Volatile Matter (%) Fixed Carbon (%) Ash (%)

Raw RH 11.5 58.5 10.3 19.7
RH550 3.5 40.9 19.5 36.1
RH650 5.2 18.2 41.6 35.1
RH750 6.7 12.9 42.7 37.7
RH850 7.3 11.9 43.4 37.4

Raw RW 10.4 59.9 11.1 18.6
RW550 7.5 23.8 62.0 6.7
RW650 8.1 22.4 67.0 2.5
RW750 10.8 24.0 62.7 2.4
RW850 14.2 21.8 62.0 2.0
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Figure 1. Thermogravimetric analysis curves for (a) rice husk derived biochar, (b) rubber wood
derived biochar.

3.1.3. Surface Functional Analysis of Untreated Biochar

FTIR analysis allows the detection of the functional groups in biochar prepared at different
pyrolysis temperatures. Figure 2 shows the FTIR spectra for rubber wood biochar and rice husk
biochar. Prominent changes in the rubber wood biochar compared to the raw rubber wood were
observed. A peak was observed at 1567 cm−1 for RW550, and this was broadened with the increase in
pyrolysis temperature. This represents the aromatic C=C and C=O stretching of conjugated ketones
and quinones, which suggests the presence of phenolic and carboxylic compounds in lignin increases
in rubber wood biochar as pyrolysis temperature increases [22]. The peaks in the range of 1230 cm−1

to 1032 cm−1 (symmetric C=O stretching that presents in cellulose, hemicellulose, and lignin) [23]
of raw rubber wood, decomposed further after an increase in pyrolysis temperature. This shows
that the volatile matter starts to decompose after a pyrolysis temperature of 550 ◦C, and a broadened
peak at approximately 1030 cm−1, which possibly shows the trait of a C–C–O asymmetric stretch, was
formed [19]. The formation of peaks in the range of 3000–2900 cm−1 when rubber wood biochar was
pyrolysed at a temperature higher than 650 ◦C shows the presence of aliphatic C–H groups.

In addition, new peaks formed at approximately 1800 cm−1 (ester group) after the biomass was
pyrolysed. This can be attributed to the interaction between cellulose and lignin during the heating
of the rubber wood samples [24]. The changes of the bands at the region of 1000–1400 cm−1 show
the band for C–O, the oxygen-containing functional groups, whereas O–H stretching vibrations are
represented at the range of 3000–3445 cm−1 [25]. These peaks increased in intensity with the increase
in pyrolysis temperature. This phenomenon might be caused by the increased moisture content in
biochar produced at higher pyrolysis temperatures [26]. This activity may have resulted from the
cracking and reforming reactions of aromatic hydrocarbons in the biochar [27].

Rice husk biochar has significant peaks in the range of 1090 cm−1 (Si–O–Si) and 788 cm−1 (Si–H),
which represent the silica functional group [28]. This has a close similarity with the proximate analysis
in Section 3.1.2 of rice husk biochar, which shows a higher ash content, which might be attributed to
the high silica content in all the range of pyrolysed biochar.

As shown by the FTIR results, rubber wood biochar has a higher amount of surface oxygen
functional groups compared to the rice husk. In a separate study with treated coal as the fuel source,
more oxygen functional groups were produced, which contributed to higher electrochemical activity
of 26 mW cm−2 compared to pyrolysed untreated coal at 750 ◦C, which produces only 8 mW cm−2.
This shows that the oxygen functional group facilitates the electrochemical kinetics [13] and provides a
large number of reactive sites for the anode reaction [4].
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3.2. DCFC Performance Test with Biochar

DCFC performance tests were carried out by applying the solid carbonaceous fuel directly onto
the button cell of the DCFC. Figure 3a,b shows the polarization curve of both rice husk and rubber
wood biochar samples from various pyrolysis temperatures. From the figures, a rapid fall in the
OCP for all rice husk derived biochar might be attributed to the activation resistance, as observed
in other studies using activated carbon as the solid fuel [5]. However, a fast decrease with unstable
potential change at a higher current density might show that the fuel consumption is faster than it
is supplied to the electrode, which refers to the mass transport limitation [5]. By referring to the
maximum power density, as shown Table 3, rubber wood biochar was shown to possess higher
electrochemical activity (1.49–2.21 mW cm−2) than rice husk biochar (0.05–0.07 mW cm−2), disregard
to the pyrolysis temperature in the biochar preparation. This indicates that woody biomass possesses a
better electrochemical oxidation ability than non-woody biochar.
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Figure 3. Polarization curves of (a) rice husk derived biochar, (b) rubber wood derived biochar from
DCFC at 850 ◦C.

Table 3. Electrochemical data for untreated rubber wood and rice husk derived biochar from DCFC at
850 ◦C.

Parameter RW550 RW650 RW750 RW850 RH550 RH650 RH750 RH850

OCP (V) 0.77 ± 0.03 0.78 ± 0.02 0.75 ± 0.01 0.76 ± 0.01 0.86 ± 0.01 0.86 ± 0.01 0.80 ± 0.02 0.82 ± 0.01
i at 0.7 V

(mA cm −2) 0.69 ± 0.19 0.79 ± 0.17 0.54 ± 0.16 0.75 ± 0.13 0.04 ± 0.01 0.09 ± 0.01 0.07 ± 0.01 0.07 ± 0.01

i at 0.4 V
(mA cm −2) 3.64 ± 0.01 3.95 ± 0.13 4.19 ± 1.16 5.44 ± 0.86 0.09 ± 0.02 0.19 ± 0.04 0.17 ± 0.04 0.13 ± 0.03

i at 0.1 V
(mA cm −2) 7.60 ± 0.41 7.31 ± 0.75 8.57 ± 1.09 10.65 ± 1.03 0.11 ± 0.04 0.26 ± 0.01 0.21 ± 0.04 0.18 ± 0.05

Pmax
(mW cm −2) 1.49 ± 0.03 1.59 ± 0.05 1.74 ± 0.42 2.21 ± 0.33 0.05 ± 0.01 0.08 ± 0.01 0.07 ± 0.01 0.06 ± 0.01

The relatively low power density and quick potential drop observed in rice husk biochar could
be attributed to the high ash content (ca. 36–37%). It was believed that the ash, which is mainly
from silica content, acted as a barrier for the carbon to be in contact with the anode surface, and thus
severely blocked the active sites of the anode for oxidation [29]. This is consistent with the presence of
a silica functional group in the FTIR analysis, as depicted in Figure 2. In contrast, a lower ash content
in woody biochar contributes to a better electrochemical activity, with a maximum reported power
density value of 2.21 mW cm−2 at RW850. In addition, the higher composition of fixed carbon in rubber
wood biochar samples could also possibly contribute to their better performance, due to a better fuel
utilisation per active surface area. Rubber wood pyrolysed at 850 ◦C shows a slightly higher reactivity
with the highest power density. In general, the electrochemical reactivity for rubber wood-derived
biochar increases to the order of the rising pyrolysis temperature, from 550 ◦C to 850 ◦C.

The resistance of the cell was characterized by impedance spectra, as depicted in Figure 4. A small
polarization arc was observed for all the rubber wood derived biochar. This suggests that the lower the
resistance is, the more it contributes to better electrochemical activity, having a higher power density
(1.49–2.21 mW cm−2). Similarities were observed in another study with carbon black as the solid fuel,
producing a power density output of 13.0 mW cm−2 with a lower resistance value (fuel cell operated
at 900 ◦C) compared to the output of 3.6 mW cm−2 (fuel cell operated at 700 ◦C), which possessed
a higher resistance value [30]. In contrast, a different trend was observed for the rice husk derived
biochar, with all the samples showing a high polarization arc. Rice husk had a lower power density
(0.05–0.07 mW cm−2) with impedance spectra of a larger polarization, showing the presence of a charge
transfer limit which is unfavorable for DCFC operation. A high polarization arc might have resulted
from the difficulties in the transportation of the oxidants at the current collector and the electrode
boundary, thus limiting the electrochemical activity [15].
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3.3. Effect of Pre-Treatment and Post-Ttreatment on Rubber Wood Biochar Production

From Section 3.1, rubber wood biochar pyrolysed at 850 ◦C recorded the best DCFC performance
with the highest power density. The results show that the structural and chemical compositions of the
biochar might have a significant impact on the DCFC performance. Hence, the structural and chemical
composition of biochar was further altered with different chemical pre-treatment and post-treatment
methods to study its effect on DCFC performance. Chemical treatments were conducted for the rubber
wood biomass only as it possessed a higher electrochemical activity compared to the rice husk.

3.3.1. Biochar Yield of Pre-Treated and Post-Treated Woody Biochar

Table 4 shows the biochar yield when rubber wood was subjected to acid and alkaline pre-
and post-treatment. In general, a slightly higher biochar yield was obtained from pre-treated
alkali RW. In general, pre-treated samples gave a higher biochar yield compared to post-treated
samples. The excessive washing imposed on biochar from the post-treatment might have caused the
reduced yield.
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Table 4. Biochar yield for chemically treated rubber wood biochar, pyrolysed at 850 ◦C.

Pyrolysis Condition Biochar Yield, %

Post acid RW 22.0 ± 0.85
Post alkali RW 24.9 ± 0.49

Pre-treated acid RW 25.5 ± 4.44
Pre-treated alkali RW 31.8 ± 0.32

3.3.2. Proximate Analysis of Chemically Modified Rubber Wood Biochar

Table 5 presents the proximate analysis of post-treated and pre-treated rubber wood. The post-treated
acid biochar possessed a lower moisture content among the treated samples. Besides this, chemical
treatment aids in ash content reduction, as reported in all the treated samples. Pre-treated acidic RW shows
a better demineralization effect compared to the alkali application in the pre-treatment technique. This is
supported by a study using oak sawdust, which produced a lowered ash content after acid pre-treatment.
The substantial reduction of ash removal via nitric acid removed the alkaline earth metals, such as ferric
oxide and calcium oxide [16].

However, not much difference was observed for the content of fixed carbon. The major differences
were observed in acid pre-treated rubber wood, which provides higher fixed carbon, 76.5%, and lower
volatile matter, 11.3% compared to the untreated and other treated samples. Higher fixed carbon
may contribute by the further disintegration of volatile fractions into a smaller molecular weight [15].
Post-treated acid biochar leads to higher volatile matter content, and this may contribute to nitration
and oxidation effects during the process nitric acid treatment [13].

Table 5. Proximate analysis of chemical treated carbon fuel.

Type of Biochar Moisture (%) Volatile Matter (%) Fixed Carbon (%) Ash (%)

Post acid RW 9.4 32.9 56.2 1.5
Post alkali RW 16.4 31.3 63.4 -

Pre-treated acid RW 10.4 11.3 76.5 0.8
Pre-treated alkali RW 11.9 25.3 55.1 2.3

3.3.3. Surface Functional Study of Chemically Modified Rubber Wood Biochar

Figure 5 shows the spectra for chemically treated rubber wood for both pre-treatment and
post-treatment techniques. It is evident that chemical treatment on biochar and biomass aids in the
surface chemistry modification and disruption of structural components. The reduction of peaks
at the range of 1500 cm−1, which represents aromatic C=C and C=O stretching, shows that there
is lignin decomposition after the chemical treatment. The peak reduction was greatly noticed in
alkali pre-treatment and post-treatment. As discussed earlier in Section 3.1.3, the peak at the range of
1230 cm−1 to 1032 cm−1, which contributes to symmetric C=O, was greatly reduced for pre-treated
biochar compared to post-treated biochar. This suggests that the pre-treatment by acid and alkaline
contributed to a major disruption of cellulose, hemicellulose, and lignin. Peak intensity at the range
of 2300 cm−1 to 1900 cm−1 increased compared to untreated RW850. This peak may be attributed to
the carboxyl and carbonyl functional group, observed for all the chemical-treated biochar samples.
In addition, a new peak formation was observed at the range of 1800 cm−1, which represents C=C
for alkanes and aromatics [31]. A broad peak at 700 cm−1 was observed in pre-treated alkali RW,
suggesting the presence of -OH out of plane bending modes [19]. It was observed that pre-treated
alkali RW possessed higher oxygen surface functional groups compared to other chemically treated
rubber wood derived biochar.
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3.3.4. Surface Morphology of Untreated Biochar and Modified Woody Biochar

Figure 6 shows the SEM morphology comparison between the untreated biochar derived from
rubber wood, post-treated rubber wood biochar, and pre-treated rubber wood biochar at two different
magnifications. The SEM images in Figure 6 show that there are no significant structural changes
observed between the chemically treated biochar samples. Despite high temperature pyrolysis and
chemical treatments, biomass structures and tissue morphology still remain intact.

Energies 2019, 12, x FOR PEER REVIEW  10 of 14 

 

 

Figure 5. FTIR spectra for chemically treated rubber wood derived biochar: (a) post alkali RW, (b) 

post acid RW, (c) pre-treated alkali RW, (d) pre-treated acid RW. 

3.2.4. Surface Morphology of Untreated Biochar and Modified Woody Biochar 

Figure 6 shows the SEM morphology comparison between the untreated biochar derived from 

rubber wood, post-treated rubber wood biochar, and pre-treated rubber wood biochar at two 

different magnifications. The SEM images in Figure 6 show that there are no significant structural 

changes observed between the chemically treated biochar samples. Despite high temperature 

pyrolysis and chemical treatments, biomass structures and tissue morphology still remain intact.  

 

Magnification at 700×. 

Figure 6. Cont.



Energies 2019, 12, 2477 11 of 15
Energies 2019, 12, x FOR PEER REVIEW  11 of 14 

 

 

Magnification at 6500×.  

Figure 6. Scanning Electron Microscope (SEM) images  of untreated and chemical treated RW 

biochar pyrolysed at 850 °C. (a) untreated RW850; (b) post acid RW; (c) post alkali RW; (d) pre-treated 

acid RW; (e) pre-treated alkali RW; (f) untreated RW850; (g) post acid RW; (h) post alkali RW; (i) pre-

treated acid RW; (j) pre-treated alkali RW. 

3.2.5. DCFC Performance Test with Direct Solid Fuel of Modified Woody Biochar 

From the results shown in Table 6, rubber wood biochar produced from the alkali pre-treatment 

and alkali post-treatment have given higher OCP values of 0.77 V and 0.76 V, respectively, compared 

to acidic post-treatment and acidic pre-treatment. A rapid potential reduction at lower current 

densities was observed for all the other chemically treated biochar samples compared to the pre-

treated alkali RW, as shown in Figure 7. This further explains that the biochar samples were affected 

by activation polarization at lower current densities [7]. This might be attribute to the application of 

the solid fuel biochar directly to the button cell, causing the lack of activation energy needed for the 

electron movement at both the cathode and anode [15]. 

Based on Table 6, the power density of alkali pre-treated biochar (power density of 2.94 mW 

cm−2) shows a better result compared to the post-treatment method. Based on the DCFC performance, 

alkali treatment in both conditions showed its suitability as an agent to modify the structure of rubber 

wood chemically, as it produced a higher power density compared to acid-treated biochar. This 

might be attributed to the function of alkaline in lignin removal and decomposition during treatment, 

which exposes more surface oxygen functional groups, that aid in better electrochemical activity. On 

the other hand, the power density was still higher in untreated rubber wood biochar compared to the 

acid-treated biochar in both post and pre-treated techniques. This suggests that the acid treatment on 

rubber wood did not enhance the electrochemical activity, further demonstrating that excessive 

degradation to the structure of biochar caused by acid treatment might not be favorable for rubber 

wood biochar for DCFC application. Besides, acid pre-treatment causes demineralization, which 

reduces the ash content [32]. However, the reduction of minerals from the acid treatment may leach 

out some minerals, that may act as a catalyst in enhancing DCFC performance.  

Figure 6. Scanning Electron Microscope (SEM) images of untreated and chemical treated RW biochar
pyrolysed at 850 ◦C. (a) untreated RW850; (b) post acid RW; (c) post alkali RW; (d) pre-treated acid RW;
(e) pre-treated alkali RW; (f) untreated RW850; (g) post acid RW; (h) post alkali RW; (i) pre-treated acid
RW; (j) pre-treated alkali RW.

3.3.5. DCFC Performance Test with Direct Solid Fuel of Modified Woody Biochar

From the results shown in Table 6, rubber wood biochar produced from the alkali pre-treatment
and alkali post-treatment have given higher OCP values of 0.77 V and 0.76 V, respectively, compared to
acidic post-treatment and acidic pre-treatment. A rapid potential reduction at lower current densities
was observed for all the other chemically treated biochar samples compared to the pre-treated alkali
RW, as shown in Figure 7. This further explains that the biochar samples were affected by activation
polarization at lower current densities [7]. This might be attribute to the application of the solid
fuel biochar directly to the button cell, causing the lack of activation energy needed for the electron
movement at both the cathode and anode [15].

Based on Table 6, the power density of alkali pre-treated biochar (power density of 2.94 mW cm−2)
shows a better result compared to the post-treatment method. Based on the DCFC performance, alkali
treatment in both conditions showed its suitability as an agent to modify the structure of rubber wood
chemically, as it produced a higher power density compared to acid-treated biochar. This might be
attributed to the function of alkaline in lignin removal and decomposition during treatment, which
exposes more surface oxygen functional groups, that aid in better electrochemical activity. On the
other hand, the power density was still higher in untreated rubber wood biochar compared to the
acid-treated biochar in both post and pre-treated techniques. This suggests that the acid treatment
on rubber wood did not enhance the electrochemical activity, further demonstrating that excessive
degradation to the structure of biochar caused by acid treatment might not be favorable for rubber
wood biochar for DCFC application. Besides, acid pre-treatment causes demineralization, which
reduces the ash content [32]. However, the reduction of minerals from the acid treatment may leach
out some minerals, that may act as a catalyst in enhancing DCFC performance.
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of 850 ◦C.

Table 6. Electrochemical data for chemical treatment of rubber wood derived biochar at pyrolysis
temperature of 850 ◦C.

Parameter Post Acid RW Post Alkali RW Pre-Treated Acid RW Pre-Treated Alkali RW

OCP (V) 0.74 ± 0.00 0.76 ± 0.00 0.74 ± 0.03 0.77 ± 0.02
i at 0.7 V (mA cm−2) 0.51 ± 0.04 0.79 ± 0.06 0.41 ± 0.20 1.15 ± 0.01
i at 0.4 V (mA cm−2) 3.54 ± 0.43 5.27 ± 0.50 3.36 ± 0.36 7.23 ± 1.18
i at 0.1 V mA cm−2) 6.81 ± 0.65 9.75 ± 0.73 6.66 ± 0.48 14.36 ± 1.75

Pmax (mW cm−2) 1.44 ± 0.18 2.13 ± 0.19 1.36 ± 0.15 2.94 ± 0.47

Figure 8 presents the electrochemical impedance spectra for chemically-treated rubber wood
biochar samples. Alkali treatment (both pre and post) shows a greatly lowered polarization compared to
other chemically-treated biochar samples. Higher polarization may be attributed to the presence of the
activation resistance and concentration resistance that occurs during the cell reaction mechanism [20].
This might be the reason for a higher DCFC performance by alkali pre-treated biochar.
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4. Conclusions

This study explored the potential of biochar derived from woody and non-woody biomass as
a fuel source for direct carbon fuel cells. The effect of pre-treatment and post-treatment on biochar
was further evaluated through DCFC performance. A higher power density was generated by rubber
wood biochar as compared to rice husk-derived biochar. The higher fixed carbon, lower ash content,
and the presence of a surface oxygen functional group in rubber wood biochar might contribute to
the better performance. The pre-treated alkali rubber wood biochar pyrolysed at 850 ◦C produced
the highest power density, 2.94 mW cm−2. Rubber wood biochar obtained from acidic pre-treatment
and post-treatment generally produced a lower power density from DCFCs. Acid solution might
leach out the minerals from biochar that are potential catalysts for the oxidation reaction. Conversely,
alkali pre-treatment and post-treatment would retain the minerals and increase the surface functional
groups in biochar that contribute to the improved DCFC performance. Further study on optimizing the
operating conditions of DCFCs can be conducted to fully understand the significant factors affecting
DCFC performance.
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