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ABSTRACT

This paper presents the performance of Pt deposited by different deposition methods, including elec-
trodeposition, e-gun, and sputtering on a carbon cloth as a cathode in a microbial fuel cell (MFC) system.
The results indicate that Pt deposited by electrodeposition exhibits the highest active efficiency on hydro-
gen electroabsorption. According to XPS fitting results, the amount of Pt (0), zero-valent Pt, existing in
Pt deposited on carbon cloth by electrodeposition was larger than that in Pt deposited by e-gun and
sputtering. The cyclic voltammogram analyses also show more real active surface area of Pt deposited
by electrodeposition, mostly contributed by its smaller particle size/shape and higher catalytic effect.
Besides, the total impedance of Pt deposited by electrodeposition was lower than that of Pt deposited by
e-gun and sputtering from EIS measurement at 0.1 Hz. Applied to MFC system, the highest power density
was manifested and the least Pt loading were observed for the Pt deposited on carbon cloth by electrode-
position. It is therefore can be concluded that the electrodeposited-Pt exhibit superior performance as a

cathode for future MFC applications.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Microbial fuel cells (MFCs) are gaining acceptance as an alterna-
tive energy technology in addition to the traditional environmental
energy sources such as solar, wind and geothermal power [1]. MFCs
also emerged as potential sustainable biotechnological solutions
to future energy needs [2,3]| and provided an innovative technol-
ogy to recover electric energy from organic matters [4]. Bacteria
were used in MFCs to catalyze the conversion of organic matter
to electricity directly without the need of metal catalysts at the
anode. Besides, the bacteria biologically oxidize organic matter and
transfer electrons to the anode [5,6].

Many studies have mentioned that the cathode also plays a crit-
ical role on the performance of MFCs [7-9]. The cathode materials
which exhibit a high redox potential are easy to capture protons.
Currently, the common cathode materials are graphite, carbon
cloth, and carbon paper [9]. In many MFCs, precious metals such
as Pt, Pd [8,10] and other materials such as FePc, MnO, [11,12]
were used as a catalyst. For example, Birry et al. [10] reported the
use of FePc-based catalysts as a cathode in a pyrolyzed process at
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a high temperature and demonstrated its stable performance after
a long-term MFC operation. Zhang et al. [13] and Zhang et al. [14]
used iron-tetrasulfophthalocyanine (FeTsPc) as a cathodic catalyst
to achieve a maximum power density of 817 mW/m?, which was
close to the value of 856 mW/m? using Pt as a catalyst on carbon
cloth.

Zhang et al. [15] reported three kinds of manganese dioxides,
including a-MnO;, 3-MnO,, and y-MnO», as a cathodic catalyst for
MFCs with high activity. This study also suggested that -MnO,
exhibited a high potential to improve the feasibility of scaling up
MFCs for real applications. Mahmoud et al. [16] reported the use of
spinel manganese—cobalt (Mn-Co) oxide as a catalyst for MFCs. In
this study, Mn-Co catalyst was oxidized with 2 at% of Mn and Co to
generate high power, though still with a value lower than that of Pt
catalyst. Hrapovicetal.[17] and Selembo et al. [ 18] reported the use
of Ni particles or Ni powders as a cathodic catalyst in MFCs, show-
ing similar performance compared to Pt powders in MFC system. Ni
powders were demonstrated to be stable during 12 days MFC oper-
ation. The use of wet-proof nickel foam as a cathodic electrode in
MFCs has been reported by Liu et al. [19] The results indicated that
the wet-proofing was a promising method to enhance the stability
and performance of metal cathodic electrode in MFCs.

Wang et al. [8] developed an iron-chelated catalyst for MFCs,
which was prepared by pyrolyzed carbon (C) mixed with iron-
chelated ethylenediaminetetraacetic acid (PFeEDTA/C) in an argon
atmosphere. The results showed that the PFeEDTA/C was stable
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during an operation period of 31 days. Kim et al. [20] used Co-
napththalocyanine (Co-NPc) as a cathodic catalyst for MFCs and
showed that it could improve catalytic activity over carbon. Yu
et al. [21] reported the use of metal tetramethoxyphenylpor-
phyrin (TMPP) and cobalt tetramethoxyphenylporphyrin (CoTMPP)
as MFC cathodic catalysts. These catalysts were demonstrated to
exhibit high activity and high power density in MFC system, show-
ing their potential to replace Pt catalyst. However, many studies
have mentioned that Pt as a cathodic catalyst revealed high elec-
trochemical activity and stability. Pt as a cathodic catalyst still
showed better performance than that of other types of catalysts
so far [22-24]

The study is to improve the catalytic efficiency of Pt deposited
on carbon cloth as a cathode in a MFC system. The different depo-
sition methods such as electrodeposition, e-gun, and sputtering
were adapted for this purpose. It is the first time to compare dif-
ferent deposition methods of Pt catalyst for the application in the
MEFC system. The effect of different Pt loading versus power density
was also studied. Various electrochemical and physical charac-
terizations on Pt catalysts were carried out, including scanning
electron microscopy (SEM), grazing incident X-ray diffractometer
(GIXRD), cyclic voltammogram (CV), X-ray photoelectron spec-
troscopy (XPS), and inductive coupled plasma-mass spectroscopy
(ICP-MS) to examine the performance of Pt as a cathodic catalyst.

2. Materials and methods
2.1. Electrode preparation

A carbon cloth (CC) (1 cm x 1 cm) purchased from ElectroChem
Inc. was used as an anode for the MFC system. Multi-walled carbon
nanotubes (MWCNTSs) were synthesized by chemical vapor deposi-
tion (CVD) on carbon cloth (MWCNTSs/CC) at 800 °C according to the
process that Tsai et al. [26] reported. The MWCNTSs/CC was treated
by nitric acid (Scharlau, 65%) at 80°C for 12 h, washed by deion-
ized (DI) water, and then dried at 120°C in oven so as to provide
hydrophilic surface to be used in the anode. A Cu/Ni wire (1 mm in
diameter) applied with Ag gel was inserted in the MWCNTSs/carbon
cloth for external circuit connection.

The cathode of the MFC was composed of a piece of carbon cloth
deposited with Pt. There were three different methods to deposit
Pt on carbon cloth, including electrodeposition, e-gun, and sputter-
ing. The carbon cloth was treated with nitric acid (named as a-CC)
at 80 °C for 24 h before Pt deposition. For the e-gun deposition, the
deposition rate was controlled at 0.1-0.2 A/s at a deposition tem-
perature less than 100 °C. For the sputtering of Pt, the deposition
rate was 0.75 A/s at a deposition temperature of about 30 °C. After a
series of investigation, the optimized thickness of Pt was achieved
at 420 nm for e-gun deposition and 700 nm for sputter system (see
supplementary information Table S1). For electrodeposition, the
deposition process is illustrated in the next paragraph with the
optimized condition shown in supplementary information Table
S2.

A three-electrode electrochemical cell was used for Pt elec-
trodeposition. Pt nanoparticles were deposited on carbon cloth
via a pulse-mode potentiostatic approach at a high potential of
0Vscg and a low voltage of —1.2 Vscg. A saturated calomel electrode
(SCE) was used as a reference electrode with a Pt mesh serving
as a counter electrode. To achieve a larger driving force for the
reduction of Pt metal ions onto the surface of carbon cloth by elec-
trodeposition, 0.5mM H,PtClg-6H,0 (Alfa Aesar®, item #11051)
was formulated in aqueous citric acid (CA) solution (0.15M) as a
precursor. The electrolytes were saturated with Ar atmosphere dur-
ing deposition processes conducted at 760 Torr with a controlled
temperature of ~30°C and magnetic stirring. After a series of

process optimization, the Pt catalyst was electrodeposited at a fixed
holding time of 0.2 s at —1.2 Vscg and 2.5s at 0 Vg for 111 cycles
(see the supplementary information Table S2). Afterwards, the Pt
deposited by electrodeposition (ed-Pt), e-gun (eg-Pt) and sputter-
ing (sp-Pt) was annealed at 500 °C under Ar ambient at 1.5 Torr in
a furnace. An Autolab PGSTAT302N potentiostat was employed for
all electrochemical operations (Tsai et al. [25]).

2.2. Bacteria growth

The Escherichia coli (E. coli) (strain DH5a) (FRIDI, Taiwan) were
used in this work. The strain DH5a was grown aerobically ina 50 ml
bottle in Luria-Bertani (LB) broth. This culture was incubated on to
anode at 37°C, shaking at 200rpm for 18 h. The cathode with Pt
deposited on acid-treated carbon cloth (Pt/a-CC) was then put into
the DH5a/LB solution. Finally, the MFC was fabricated to measure
the polarization curves. Except E. coli, all equipments used in the
experiment were sterilized for 30 min before put to use in order to
prevent the contamination of MFC system from other bacteria.

2.3. Characterization

A single-chamber MFC system (Fig. 1a) was setup to measure
the anode and cathode polarization curves. Polarization curves
were measured using a potentiostat (Autolab, PGSTAT302N) at a
scan rate of 10 mV/s. X-ray photoelectron spectroscopy (XPS) was
used to characterize the chemical oxidation state of Pt surface.
The morphology and structure of Pt/a-CC cathodes were analyzed
by a scanning electron microscopy (SEM, JEOL 6500) and graz-
ing incident X-ray diffractometer (GIXRD) (Rigaku, Cu Ka source,
A=1.54056 A).

A conventional three-electrode test cell was used for electro-
chemical measurements. The changes of the impedance of ed-Pt,
eg-Pt, and sp-Pt on carbon cloth were measured by electrochem-
ical impedance spectroscopy (EIS) (Autolab, PGSTAT302N). The
10 mV sinusoidal signals at various frequencies (0.1-100 kHz) were
applied to the cathode of carbon cloth deposited with Ptin LB/DH5a
solution. The cyclic voltammogram (CV) was also employed to eval-
uate the electrochemical property of cathodes using a potentiostat
(Autolab, PGSTAT302N) in 0.5 M H;SO4 solution. In CV-test, the Pt
cathode was used as a working electrode, Pt mesh as a counter
electrode, and Ag/AgCl as a reference electrode. The potential was
varied from —0.25V to 1.0V (vs. standard hydrogen electrode, SHE)
with a scan rate of 50 mV/s. The amount of deposited-Pt (i.e. Pt-
loading) was measured by an inductively coupled plasma-mass
spectrometer (ICP-MS, SCIEX ELAN 5000).

3. Results and discussion

3.1. Surface characterization of carbon cloth, a-CC, and various
Pt/a-CC

The Pt deposited on carbon cloth was analyzed by X-ray photo-
electron spectroscopy (XPS). The XPS spectra in Fig. 1b and c
provide the evidence of carboxylic-group bonding on the sur-
faces of pristine carbon cloth (CC) and acid-treated carbon cloth
(a-CC), respectively. The C 1s XPS spectrum can be fitted to
four Gaussian-Lorentzian peaks, which are contributed by sp2
hybridized carbons sp2-C (~284.5 eV), hydroxyls or phenol C—OH
or C—0 (~286eV), carbonyl C=0 (~287 eV), and carboxyl HO—C=0
(~288.5eV) [26-28]. These figures show that the total percentage
of C—0 or C—0H, (=0 and HO—C=0 bondings in carbon cloth after
acid-treatment is higher than that of pristine carbon cloth. It indi-
cates that the formation of hydrophilic chemical bonds such as C—0
or C—OH, C=0 and OH—C=0 on the outermost surface of the carbon
cloth [29] has been enhanced by acid treatment.
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Fig. 1. Scheme of MFC set-up was showed in (a). XPS analyses showing (b) C 1s spectrum of pristine carbon cloth, (c) C 1s spectrum of a-CC, and the Pt 4f spectra of the Pt
deposited on acid-treated carbon cloth by (d) electrodeposition, (e) e-gun, and (f) sputtering. The three pairs, labeled as I, II, Il of doublets, are contributed by metallic Pt (0),

Pt (1), and Pt (IV), respectively.

Fig. 1d-f shows the Pt 4f XPS spectra of Pt deposited on car-
bon cloth by electrodeposition (ed-Pt/a-CC), e-gun (eg-Pt/a-CC) and
sputtering (sp-Pt/a-CC), respectively. The Pt4f signal consisted of
three pairs, labeled as I, II, III, after deconvolution of doublets. The
most intense doublet (71.2 and 74.6eV) is contributed by metal-
lic Pt (0) (zero-valent Pt). The second doublet (72.4 and 75.7 eV),
with a binding energy (BE) of about 1.2 eV higher than Pt (0), could
be assigned to Pt (II) (two-valent Pt) chemical state in PtO and
Pt(OH),. The third doublet (74.1 and 77.1eV) is mostly attributed
to Pt (IV) (four-valent Pt) sate in PtO, [30-32]. Table 1 summarizes
the binding energies of 71.2, 72.4, and 74.1eV and their respec-
tive relative intensities. The intensities of components I, II, and III
are 67.98%, 17.70%, 14.32% for ed-Pt/a-CC, 63.02%, 18.27%, 16.67%
for eg-Pt/a-CC and 60.49%, 20.99%, 18.52% for sp-Pt/a-CC sam-
ples, respectively. The results indicate that the amount of Pt (0)
of ed-Pt (67.98%) is higher than that of eg-Pt (63.02%) and sp-Pt
(60.49%).

The higher amount of Pt (0) in ed-Pt may play an important
role in this case. From the XPS fitting results, the components I, II,
and III represent Pt (0), Pt (II), and Pt (IV) amounts on Pt surface,
respectively [33,34]. The amount of Pt (0) for ed-Pt (67.98%) on

Table 1

The relative intensities of components I (Pt (0)), Il (Pt (II)), and III (Pt (IV)) for the Pt
deposited on acid-treated carbon cloth by electrodeposition, e-gun and sputtering,
which were calculated from XPS spectra.

Methods of Pt deposition Relative intensity of species (%)

I 1l 11

Electrodeposition 67.98 17.70 14.32
E-gun 63.02 18.27 16.67
Sputtering 60.49 20.99 18.52

carbon cloth is larger than that of eg-Pt (63.02%) and sp-Pt (60.49%).
According to the catalytical effect of Pt, Pt (0) exhibits the best
catalytic effect and provides highest active efficiency for hydro-
gen electroabsorption [35-37]. Pt (II) is a semi-stable state which
reveals low catalytic effect, and Pt (IV) is almost an oxidative state
without catalytic effect [34-36]. The sample with ed-Pt increased
the Pt (0) amount by 5% and 7% more than that of eg-Pt and sp-
Pt, respectively, which may explain why the ed-Pt as a cathodic
catalyst exhibits higher activity for MFC applications.
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Fig. 2. XRD patterns of a-CC, and the Pt deposited by electrodeposition (ed-Pt), e-
gun (eg-Pt), and sputtering (sp-Pt), on acid-treated carbon cloth (a-CC) were showed
in (a). SEM images of Pt deposited on acid-treated carbon cloth (a-CC) by electrode-
position (ed-Pt/a-CC) at (b) low and (c) high magnifications, by e-gun (eg-Pt/a-CC)
at (d) low and (e) high magnifications, and by sputtering (sp-Pt/a-CC) at (f) low and
(g) high magnifications, respectively.

3.2. Structure and morphology of Pt/a-CC

Crystallinities of the ed-Pt, eg-Pt, and sp-Pt on acid-treated car-
bon cloth (i.e., ed-Pt/a-CC, eg-Pt/a-CC, and sp-Pt/a-CC, respectively)
were investigated by GIXRD, with the results shown in Fig. 2a. The
20 peaks of Pt(111),Pt(200),and Pt(2 2 0) were observed at 39.8°,
46.3°, and 69.7°, respectively.

Fig. 2b—g shows the 45°-tilted top-view SEM images of ed-Pt, eg-
Pt, and sp-Pt films on acid-treated carbon cloth. The morphology of
ed-Pt film is particle-like, as shown in Fig. 2b and c. The eg-Pt film
exhibits the smoother surface (Fig. 2d and e), similar to sp-Pt film
as shown in Fig. 2f and g.

3.3. EIS of Pt/a-CC cathode for MFC

A good cathode for MFC must provide good electrical conduc-
tion, i.e. low impedance at 0.1 Hz, which s close to zero frequency in
DC measurement for MFC. Fig. 3 shows the impedance of a-CC, ed-
Pt/a-CC, eg-Pt/a-CC, and sp-Pt/a-CC measured in LB/DH5« solution
by electrochemical impedance spectroscopy (EIS). The interfa-
cial properties between cathode and electrolyte, which play an
importantrole in MFC system, could be determined by EIS measure-
ment over a range of 0.1-100 kHz. Results show that the resistive
impedance Zg (Fig. 3a) was comparable to capacitive impedance
Zc (Zc=1[2xfC, Fig. 3b), where f and C are frequency and capaci-
tance, respectively. It implies that the Pt deposited on carbon cloth
as a cathode, no matter by which deposition method, transfers car-
riers through both resistive conduction and capacitive coupling.
The total impedance (Z=Z¢ +Zg) per unit area for a-CC and the eg-
Pt, sp-Pt, and ed-Pt on carbon cloth are 2604, 2011.5, 1624.6 and
1288.5 /cm? at 0.1 Hz, respectively. Fig. 3c shows the results of the
frequency versus phase, which all show the phases of about 45° at
0.1 Hz for a-CC, ed-Pt/a-CC, eg-Pt/a-CC, and sp-Pt/a-CC. This con-
firms again the carriers transfer through both capacitive coupling
and resistive conduction [38].

3.4. Performance of MFC with different cathodes and Pt loading

Fig. 4a shows the amount of Pt (Pt loading) deposited on car-
bon cloth versus power density. From the results, the Pt loading
of ed-Pt was 242.04 + 16.30 p.g/cm?, corresponding to the power
density of 594+ 18 mW/m2, and those of eg-Pt and sp-Pt were
679.00+42.37 pg/cm? and 1589.00 +453.91 pg/cm? correspond-
ing to their power densities of 8 + 4 and 3 + 1 mW/m?, respectively.
The power density manifested by ed-Pt on carbon cloth increases
about 7 times and 24 times compared to that by eg-Pt and sp-Pt,
respectively. The Pt loading of ed-Pt decreases about 2.8 times and
6.6 times compared to that of eg-Pt and sp-Pt, respectively. Accord-
ing to above results, the ed-Pt reveals the highest power density
even with the lowest Pt loading.

Fig. 4b and c shows the power density and polarization curves,
respectively, obtained from the MFC system with different Pt/a-CC
cathodes. The MFC cathode with ed-Pt shows the highest power
density compared to that of eg-Pt and sp-Pt (Fig. 4b). Fig. 4c shows
polarization curves with the cell voltage versus current density.
Both open circuit voltage (OCV) and current density obtained from
the MFC with ed-Pt in cathode are higher than those with eg-Pt
and sp-Pt. According to above results, the ed-Pt on carbon cloth as
a cathode exhibit the best performance for MFC application.

3.5. Electrochemical characterization of various Pt/a-CC

The Pt on acid-treated carbon cloth was characterized by cyclic
voltammogram (CV) with the data taken in the fifth cycles, where a
steady state was obtained in the electrolyte of 0.5 M H,SO, solution
under Ar atmosphere. The potential was scanned between —0.25V
and 1.0V (vs. Ag/AgCl) with a scan rate of 50 mV/s at room tem-
perature (RT). Fig. 5a-c shows that the voltammograms of Pt are
similar to that of polycrystalline Pt reported [39]. The peaks for
hydrogen and oxygen adsorption/desorption on the Pt surface in
0.5M H,S04 solution can be clearly observed. It is also easy to
observe the peaks for hydrogen redox reaction in the region of
negative potential (—0.205 to 0.104V, vs. Ag/AgCl). Besides, the
redox reactions of oxygen-like series such as Pt—0 and Pt—OH on
Pt surface in the positive region (0.645 to —0.014V, vs. Ag/AgCl)
are easily observed [26,39]. For electrochemical performance, the
real active surface of Pt on acid-treated carbon cloth (Pt/a-CC) could
be estimated from the integrated charge in the hydrogen adsorp-
tion region of CV plots (i.e., the hatched areas). The hatched areas
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Fig. 3. EIS measurement of the samples with a-CC, and the ed-Pt/a-CC, eg-Pt/a-CC, and sp-Pt/a-CC cathodes were measured to obtain their (a) interfacial resistive impedance,
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of real active surface of Pt are shown in Fig. 5a-c, and a corre-
sponding value of 0.21 x 103 C/cm? was calculated with a surface
density of 1.3 x 1015 atoms/cm? (the typical value of polycrystalline
Pt) [39,40] and the areas of active surface were calculated from the
following formula:

QH(C)
(0.21 x 1073 C/cm2) x Pt loading (g)

AEL(cm?/g) =

where AEL is the real active surface for per gram of the Pt obtained
by electrochemical method of catalyst (in the unit of cm?2/g), and
QH is the charge exchanged during the electroadsorption of hydro-
gen on Pt. All measurements were conducted with nearly the same
area of electrode (~1 cm?). Fig. 5d shows the real active surface area
of the Pt deposited by different methods versus their respective Pt
loading. The average real active surface areas of ed-Pt, eg-Pt, and
sp-Pt are 17 x 104, 3.82 x 10%, and 2.47 x 10% cm?/g, respectively,
i.e., the area for ed-Pt is about 4.5 times larger than that of eg-Pt,
and 6.9 times larger than that of sp-Pt. The deviation of surface
area analyses depends on deposition methods and the roughness
of micro-scale carbon cloth. The ed-Pt is deposited by the solu-
tion process with a high coverage of nanoparticles deposited on
carbon cloth. The Pt nanoparticles can be deposited mostly on the
whole carbon cloth. Compared to ed-Pt, the eg-Pt and sp-Pt were
deposited by the diffusion of Pt ions onto carbon cloth, with a
smoother and denser film properties (See Fig. 2g-d). Besides, their
film coverage was lower than that of ed-Pt. Therefore, the deviation
of surface area measurement in eg-Pt and sp-Pt are smaller than ed-
Pt. However, the ed-Pt could be well dispersed and exhibited the
highest amount of Pt (0) (see Table 1) to achieve the highest perfor-
mance of MFC. Furthermore, the power density in ed-Pt increased
at least 4 times compared to that of eg-Pt and sp-Pt at least. The

results show that the performance in ed-Pt is always higher than
that of eg-Pt and sp-Pt.

4. Conclusions

In summary, the improvement of catalytic efficiency was
obtained by electrodepsited-Pt on carbon cloth as a cathode in
MFC system. The highest quantity of Pt (0) has been obtained from
the Pt deposited on acid-treated carbon cloth by electrodeposition
from XPS analysis compared to that deposited by e-gun and sput-
tering. According to the catalytical effect of Pt, Pt (0) exhibits the
highest active efficiency for hydrogen electroabsorption. From the
EIS measurement, the impedance of Pt deposited by electrodepo-
sition is lower than that of Pt deposited by e-gun and sputtering.
From CV measurements, the results show that the real active sur-
face area of Pt deposited by electrodeposition is higher than that of
Pt deposited by e-gun and sputtering. Besides, the highest power
density was achieved for the MFC with electrodeposited Pt, even
it contained the smallest Pt loading compared to eg-Pt and sp-Pt.
Because the Pt deposited on carbon cloth by electrodeposition as a
cathode exhibits the highest power density (even with the lowest
Ptloading), highest active surface area, and highest active efficiency
compared to those by e-gun and sputtering, it shows the highest
potential for MFC applications.
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