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a b s t r a c t

In situ deposition of platinum (Pt) nanoparticles on bacterial cellulose membranes (BC) for a fuel cell
application was studied. The platinum/bacterial cellulose (Pt/BC) membranes under different experi-
mental conditions were characterized by using SEM (scanning electron microscopy), TEM (transmission
electron microscopy), EDS (energy dispersive spectroscopy), XRD (X-ray diffractometry) and TG (thermo-
gravimetric analysis) techniques. TEM images and XRD patterns both lead to the observation of spherical
eywords:
acterial cellulose
latinum nanoparticles
embrane electrode assembly

yclic voltammetry

metallic platinum nanoparticles with mean diameter of 3–4 nm well impregnated into the BC fibrils. TG
curves revealed these Pt/BC composite materials had the high thermal stability. The electrosorption of
hydrogen was investigated by CV (cyclic voltammetry). It was found that Pt/BC catalysts have high elec-
trocatalytic activity in the hydrogen oxidation reaction. The single cell performance of Pt/BC was tested
at 20 ◦C, 30 ◦C, and 40 ◦C under non-humidified conditions. Preliminary tests on a single cell indicate that

rospe
oodw
roton exchange membrane renewable BC is a good p
V.P. Malyvanh, I. Lee, J. W

. Introduction

There is a growing interest over the past several decades in the
evelopment of proton exchange membrane fuel cells (PEMFC) due
o their advantages of high power density, simplicity of operation,
igh energy conversion efficiency and low harmful emissions [2,3].
roton exchange membrane (PEM), a key component of PEMFC,
ssentially serves for transportation of protons and prevention
f fuel crossover. Up to now, perfluorinated ionomer membranes
PFIM) such as Nafion have been considered to be the predominant
hoice for polymer electrolyte membranes due to high proton con-
uctivity and chemical and physical stability. However, the PFIM
till have some shortcomings such as high cost, limited opera-
ion temperature and high fuel permeability strongly hindering the
ommercialization of fuel cells [4]. To improve the performance
f PEM, considerable efforts have been devoted to modify Nafion
embrane or to develop alternative new hydrocarbon-based poly-

er membranes [5].

Bacterial cellulose (BC), which is synthesized by Acetobac-
er xylinum, is a natural and low-cost biopolymer [6]. It has

any excellent properties such as high water holding capac-

∗ Corresponding authors. Tel.: +86 25 84315256; fax: +86 25 83621219.
E-mail addresses: dongpingsun@163.com (D. Sun), jianguoliu@nju.edu.cn (J. Liu).

013-4686/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2009.05.073
ct to be explored as membrane in fuel cell field [B.R. Evans, H.M. O’Neill,
ard, Biosens. Bioelectron. 18 (2003) 917].

© 2009 Elsevier Ltd. All rights reserved.

ity, biodegradability, and high tensile strength [7]. Meanwhile,
BC membranes can retain its chemical and thermal stability up
to 275 ◦C with high mechanical strength [8]. Furthermore, the
hydroxyl groups on its backbone can provide BC with a high
hydrophilicity, which is crucial for the operation of polymer elec-
trolyte membrane fuel cells [9].

A recent study showed that BC possessed reducing groups capa-
ble of initiating the precipitation of palladium, gold, and silver from
aqueous solution [1,10]. In contrast, sodium hexachloroplatinate
was not reduced to platinum by the action of BC. Platinum is con-
sidered the best electrocatalyst for the fourelectron reduction of
oxygen to water in acidic environments as it provides the lowest
overpotentials and the highest stability [11–12]. In this work plat-
inum nanoparticles were deposited on the BC membrane surface
through the in situ chemical-reduction method. This development
of new methods of membrane electrode assemblies (MEAs) fabri-
cation is expected to boost the commercialization of fuel cells.

2. Experimental
2.1. Preparation of BC pellicles

A. xylinum NUST4.2 was grown in a static culture containing
20 g/l d-glucose, 21 g/l sucrose, 10 g/l yeast extract, 4 g/l (NH4)2SO4,
2 g/l KH2PO4, and 0.4 g/l MgSO4 dissolved in deionized water (DI)

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:dongpingsun@163.com
mailto:jianguoliu@nju.edu.cn
dx.doi.org/10.1016/j.electacta.2009.05.073
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t 29 ◦C for 7 days. The pH of the medium was adjusted to 6.0–6.2
y 2.5 M NaOH. BC pellicles were purified by soaking in DI at 70 ◦C
or 3 h and then 1 M NaOH in DI at 70 ◦C for 90 min. Samples were
insed with DI to pH 7 and stored in refrigerator at 4 ◦C prior to use.

.2. In situ preparation of Pt/BC nanocomposite membranes

For in situ preparation of platinum nanoparticles in 3D net-
ork structure of BC membrane was conducted through liquid
hase chemical deoxidization method. Firstly, the BC pellicles were
ut into small pieces, and comminuted by high speed homog-
nizer. Secondly, the BC homogenates were soaked in a 5 mM
olution of hexachloroplatinic acid (H2PtC16·6H2O) dissolved in
0 mM sodium citrate, pH 5.0 and incubated at 40 ◦C for 12 h, the
exachloroplatinate is not spontaneously reduced inside the cellu-

ose. Thirdly to induce platinum nanoparticles precipitation, the
oaked BC homogenates were then rinsed with DI and reduced
y 1.5 M solution of NaBH4 or HCHO into the cellulose matrix at
5 ◦C for 24 h, under vigorous stirring, when the pellicles were
ompletely black in appearance. This material was termed Pt/BC
anocomposite. The corresponding samples are denoted as BH-
t/BC or HC-Pt/BC. Finally, the obtained platinum/BC composites
ere rinsed with DI and freeze dried.

.3. Chemical modification of BC membranes

In the present study, doping with proton acid or inorganic acid
n the BC pellicles was performed in an attempt to enhance the
apability of proton exchange [13–14]. Modification of matrix was
repared by equilibrating dehydrated BC composites in 5% solu-
ion of H3PW12O40·29H2O (PWA), for 12 h. The modification of BC

embranes was frozen at −40 ◦C and dried in a vacuum at −52 ◦C.

.4. Characterization

The morphology and composition of the obtained compos-
te were analyzed by using scanning electron microscopy (SEM,
EOLJSM-6380LV) transmission electron microscopy (JEM-2100),
nd energy dispersive spectroscopy (EDS, ISIS30). Thermo-
ravimetric analysis (TG) and differential thermal analysis (DTA)
ere carried out by using a TGA/SDTA85 instrument. The samples
ere kept in a platinum crucible and heated in a furnace, flushed
ith air at the rate of 200 ml min−1, from 30 ◦C to 700 ◦C, at a

eating rate of 10 ◦C min−1. Platinum/BC nanocomposite were crys-
allographically characterized by X-ray diffractometry (Bruker D8
DVANCE) with an area detector using a Cu K� source (� = 1.54056
) operating at 40 kV and 40 mA.

.5. Electrochemical measurements

The electrochemical characterization was carried out by the
yclic voltammetry (CV) using a potentiostat (CHI630B) connected
o a three-electrode test cell. The working electrode was a thin layer
f BH-Pt/BC or CH-Pt/BC cast on a piece of PTFE hydrophobized
arbon paper (0.5 cm × 1.0 cm). The loading of Pt on the carbon
aper was 0.5 mg cm−2. Platinum plate and a saturated calomel
lectrode (SCE) were used as the counter and the reference elec-
rode. The Pt surface areas of the catalysts were estimated from
ydrogen adsorption charges in cathodic voltammograms, which
ere obtained between −0.2 V and +1.2 V versus SCE at a scan rate of

0 mV/s in N-purged electrolytes. For cyclic voltammetry of hydro-

en adsorption, the electrolyte solution which is 0.5 M H2SO4 was
e-aerated with high-purity nitrogen for 2 h prior to measurement.

A single fuel cell was assembled from a MEA, two copper net
lates on the supply sides for gas, and two Teflon gaskets. The con-
truction of single fuel cell is shown in Fig. 1a. The PEM is hydrated
Fig. 1. The construction and testing of the fuel cell (a) the construction of single
fuel cell and (b) fuel cell testing system; 1-load resistance, 2-voltage and current
measurement, 3-single fuel cell, 4-air fan.

native or chemical modification of BC. The BH-Pt/BC (20 wt%) or Pt/C
(E-TEK 20 wt% Pt/C) and the acetylene black (3 wt%) were ultrason-
icated and stirred in the distilled water–isopropanol (1:3 volume
ratio) solution for 12 h to obtain a homogeneous black suspen-
sion solution. The catalyst ink was brushed onto both sides of the
membrane with the Pt loading of 0.5 mg cm−2, and then this assem-
bly was rapidly dried applying a vacuum dryer. The drying step
caused the assembly to become dehydrated to MEA. The MEA may
be assembled together by H-bonding between the fibrils without
adhesives or glues, so the catalyst layers can prevent the bonding
or the catalysts can be destroyed due to the bonding process [15].
Current generated by application of H2 to the anode of the MEA,
was measured by an ammeter connected to the current collectors.
The total thickness of the MEA was approximately 100 �m and the
active area of MEA was 6.25 cm2. The flow rate of H2 and O2 was
regulated by a flow meter at 10 and 20 cm3/min. The single fuel cell
testing system is shown in Fig. 1b.

3. Results and discussion

3.1. SEM observation and EDS analysis

The SEM images of bare BC nanofibers and the TEM images of
Pt/BC hybrid nanofibers are presented in Fig. 2. The SEM image of
Fig. 2a shows a side view of the BC nanofibers, with an average diam-
eter of about 30 nm and a length ranging from micrometers up to
dozens of micrometers. The well-organized three-dimensional net-
work structure is synthesized by A. xylinum during culture. As can be

seen from Fig. 2a, the BC is porous with interconnecting pores. The
pore size varies in a 5–10 �m range. With this structure, BC own the
ability to incorporate fine divided metals [16]. The TEM images of
Pt/BC nanocomposite membranes show that nanoparticles are dis-
crete in BC (Fig. 2b and c). The migration of platinum nanoparticles
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reducing environments, the faster reaction leads to increase in the
total deposited platinum on membrane surface and to lower the
platinum penetration in the membrane.

Table 1
The composition of element in the platinum/BC.
Fig. 2. SEM and TEM micrograph of: (a) BC; (b) BH-Pt/BC; (c) HC-Pt/BC.

o the inner structure of BC can be explained by a mass diffusion
riven process. In fact, bacterial cellulose contains 95% of water,
hich in this experiment corresponds to have a porous membrane

eparating an aqueous colloid from bulk water. For comparison,
hen NaBH4 and HCHO were used to reduce Pt4+ to Pt metal (Reac-

ions (1) and (2)), we found that there are some differences in

latinum nanoparticles scale. The effects of the liquid phase chemi-
al deoxidization method on the morphology of resulting platinum
anoparticles were strongly dependent on the reducibility of reduc-
ants. Typical TEM images of the BH-Pt/BC presented in Fig. 2b show
emarkably more uniform and higher dispersion of the metal par-
Fig. 3. Schematic illustration of the process of preparation of Pt/BC.

ticles than TEM images of the CH-Pt/BC presented in Fig. 2c. The
average diameters of 3.3 nm for BH-Pt/BC and 3.9 nm for CH-Pt/BC
were observed though these images.

H2PrCl6 + 2HCHO + 2H2O → Pt + 2HCOOH + 6HCl (1)

2H2PtCl6 + NaBH4 + 3H2O → 2Pt + NaH2BO3 + 12HCl (2)

The platinum/BC nanocomposite membranes were determined
by SEM-EDS. Platinum atoms were detected on both BH-Pt/BC and
CH-Pt/BC samples, confirming that through liquid phase chemical
deoxidization method is an effective method of in situ prepara-
tion of platinum nanoparticles on the surface of BC membrane. The
synthesis of the Pt catalyst imbedded in BC can be explained by
the following in situ deposition mechanism (shown in Fig. 3). At
first diffusion of Pt ions into BC matrix leads to coordination with
the cellulose nonionic hydroxyl groups. NaBH4 or HCHO is then
added to the solution to reduce the platinum. The average Pt con-
tents of BH-Pt/BC samples surface is 19.2 wt% (Table 1), which is
higher than the CH-Pt/BC (14.4%). The high platinum contents of
BH-Pt/BC surface are possible due to reaction of in situ preparation
of platinum in strong reducing environments faster than in weak
Sample % Element

C O Na Cl Pt Total

BH-Pt/BC 47.95 29.8 1.37 1.68 19.2 100.00
HC-Pt/BC 49.84 33.2 1.05 1.51 14.4 100.00
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Fig. 4. X-ray diffraction patterns of samples: (a) BH-Pt/BC; (b) HC-Pt/BC.

.2. XRD analysis

The XRD patterns of Pt/BC under different reductant agent con-
itions are given in Fig. 4. In the case of two broad peaks located at
4.6, and 23.2 are attributed to the BC. The two catalysts exhibited
haracteristic diffraction peaks of Pt (1 1 1) at 2� of 39.8◦, Pt (2 0 0)
t 2� of 46.9◦, and Pt (2 2 0) at 2� of 67.5◦. The peaks can be indexed
o the [1 1 1], [2 0 0], [2 2 0] reflections of a Pt face-centered cubic
fcc) crystal structure. The broader diffraction peaks for the two cat-
lysts also lead to smaller average particle size as calculated by the
cherrer equation [17]. The calculation results, which estimated the
verage size of 3.1 nm for BH-Pt/BC and 3.5 nm for HC-Pt/BC, are in
ood agreement with the TEM measurements.

The relative contents of the Pt (1 1 1), Pt (2 0 0), and Pt (2 2 0)
rystal faces can be calculated by the equation [18]:

h k l (%) = {Ih k l[I(l l l) + I(2 0 0) + I(2 2 0)]} × 100 (1)

here Ih k l is relative values of diffraction.
The relative content of crystal faces of the samples was shown

n Table 2. XRD analysis showed that the relative content of the Pt
1 1 1) crystal face in the BH-Pt/BC is 63.1%, which is higher than
he normal value of 54.35%. This benefited the acceleration of the
ydrogen reaction in PEMFC [19]. The relative content of the Pt (111)
rystal face in the HC-Pt/BC is 49.5%.

.3. Electrochemical performances

The morphology, contents, and the relative content of the Pt
1 1 1) crystal face of the obtained platinum/BC evaluated shown
hat BH-Pt/BC may be more suitable for catalysts lay of fuel cell than
H-Pt/BC. So we characterized BH-Pt/BC and CH-Pt/BC catalysts
lectrochemically active by cyclic voltammetry in an electrolyte of

.5 M H2SO4 and the resulting voltammograms are shown in Fig. 5.

t can be seen from Fig. 5 that the hydrogen adsorption and des-
rption peaks are located at about −0.15 V and the Pt redox peaks
re at about +0.5 V. An additional anodic peak is observed at about
.55 V, due to the oxidation of the surface oxide groups on the BC,

able 2
RD results of platinum/BC catalysts.

ample I(1 1 1)/I0 I(1 0 0)/I0 I(1 1 0)/I0

H-Pt/BC 63.20 23.30 13.50
C-Pt/BC 49.5 34.4 16.1
tandard value 54.35 28.80 16.85
Fig. 5. Cyclic voltammograms of catalysts BH-Pt/BC and HC-Pt/BC in 0.5 M H2SO4 at
a scan rate of 50 mV S−1.

in agreement with Thompson et al. [20]. It was found that the area
of the hydrogen adsorption and desorption peaks for the BH-Pt/BC
catalyst (Fig. 5 curve a) are much larger than that for the CH-Pt/BC
catalyst (Fig. 5 curve b), indicating that the electrochemically active
surface area of the BH-Pt/BC catalyst is much larger than that of the
CH-Pt/BC catalyst. We measured the electrochemical specific sur-
face area (ESA) for BH-Pt/BC and CH-Pt/BC catalysts. The surface
area of ESA was calculated by using the following equation [21]:

EAS = QH

[Pt] × 0.21
(2)

where [Pt] represents the platinum loading (mg cm−2) in the elec-
trode, QH is the charge for hydrogen desorption (mC cm−2) and 0.21
represents the charge required to oxidize a monolayer of H2 on
bright Pt [22].

The ESA of Pt are 34.8 m2 g−1 for the BH-Pt/BC catalyst and
21.4 m2 g−1 for the CH-Pt/BC catalyst. This result confirmed sup-
poses that BH-Pt/BC may be more suitable for catalysts lay of fuel
cell than CH-Pt/BC.

3.4. Fuel cell performance

In its normal state, a BC membrane is almost non-conductive.
Although the structure of a BC monomer has several hydrogen
atoms, they are strongly bonded to the structure and cannot be
mobilized under the action of an electric field to make it a proton
conductor. But its chemical structure can be altered to suitability
for conducting proton. Doping with proton acid or inorganic acid on
polybenzimidazole (PBI) has been most widely studied, and these
study results show that it is a good method to increase polymer
conductivity [23]. For sake of unique properties of BC, this method
was used to improve BC matrix ionic conductivity and valued it by
fuel cell testing system.

The polarization (I–V) characteristics of the modification BC
membranes with PWA as an electrolytes, Pt/BC or Pt/C as cata-
lysts were measured through testing fuel cell system. Figs. 6 and 7
show the several I–V curves based on various MEAs in single cells
at different operating temperatures. Dry hydrogen and dry oxygen
gases were used as the fuel and the oxidant, respectively. These
potential–current curves exhibit that, with respect to the same
voltage, the current density of the cell markedly increases as the

operation temperature rises from 20 to 40 ◦C. Possible reasons may
lie in the following facts. In principle, a higher operation tempera-
ture not only promotes the catalytic reactions of electrodes but also
facilitates the ions to migrate through the membrane, hence, a bet-
ter performance could be achieved when a relatively high operation
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ig. 6. Performance comparison of single cell employing the catalysts: Pt/BC with
ry H2/O2 at 20 ◦C; 30 ◦C and 40 ◦C.

emperature is applied [24]. Figs. 6 and 7 compare polarization char-
cteristics of the cells with different catalysts. The maximum output
f the fuel cell fabricated with the MEA on the basis of Pt/BC or Pt/C
as 12.1 mW/cm2, and 19.9 mW/cm2, respectively. The obtained

esults show that the performance of the Pt/BC catalysts is lower in
omparison with the commercialized catalyst (Pt/C). Nevertheless,
he obtained results indicate that in situ deposition of Pt nanopar-
icles on bacterial cellulose is a promising way for the preparation
f MEA for fuel cell applications.

.5. Thermo-gravimetric analysis

Thermo-gravimetric analysis is a continuous process, involving
he measurement of sample weight in accordance with increas-
ng temperature in the form of programmed heating. We used this

ethod to characterize membranes of BC that exhibits a weight
hange on heating and to detect the phase changes due to decompo-
ition and oxidation in order to investigate thermal stability of this
aterial. Fig. 8 shows TG–DTA curves of BC membranes measured
n dry N2 from room temperature to 700 ◦C. Two weight-loss stages
an be observed in the TG curve. At the first stage, a small weight
oss of about 7% from 30 to 250 ◦C in TG is observed. The loss is
ttributed to the evaporation of loosely bound water. At the second

ig. 7. Performance comparison of single cell employing the catalysts: Pt/C with dry
2/O2 at 20 ◦C; 30 ◦C and 40 ◦C.
Fig. 8. Thermo-gravimetric analysis.

stage, a sharp weight loss of the membrane is observed. The sig-
nificant weight loss is over 60% with an exothermic peak at around
310 ◦C, due to the decomposition of BC [25]. Accordingly, it may
be clearly inferred that up to around 275 ◦C the membranes tested
were found to be thermally stable, which satisfied the condition of
the operating temperature 140 ◦C to the highest PEM hydrogen fuel
cell [26]. Therefore, BC membrane is good for making PEM hydrogen
fuel cells.

4. Conclusion

This work presents the first usage of different reduction agent to
prepare Pt/BC catalyst layer through liquid phase chemical deoxi-
dization method. The performance of this catalyst layer was tested,
and the result shows it has high electrocatalytic activity. In addition,
matrix proton conductivity can be improved by doping with pro-
ton acid or inorganic acid on the BC pellicles. As a result, the current
density is dramatically increased. The power outputs of the cell at
room temperature under non-humidified condition are obtained.
Our results suggest that membranes which are renewable, ther-
mally stable and proton-conducting, may be explored as membrane
in fuel cell fields and biosensors, although there is still a lot of work
to be done.
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