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a b s t r a c t

A simple synthetic chemical process to produce metal oxide loaded carbon papers was developed using
bacterial cellulose gel, which consisted of nanometer-sized fibrous cellulose and water. Metal ions were
successfully impregnated into the gel via aqueous solution media before drying and carbonization
methods resulting in metal oxide contents that were easy to control through variations in the con-
centration of aqueous solutions. The papers loaded by molybdenum oxides were characterized as
pseudocapacitor electrodes preliminary, and the large redox capacitance of the oxides was followed by a
conductive fibrous carbon substrate, suggesting that a binder and carbon black additive-free electrode
consisting of metal oxides and carbon paper was formed.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Fibrous carbon is often possible to be shaped into carbon paper
without binder, which has been expected for many applications.
Such carbon paper not only has the characteristics of typical paper
morphologies, such as gas/liquid permeability and excellent
formability, but also characteristics of carbon materials such as
good conductivity and high surface area. One of the most pro-
mising applications of carbon paper is in the gas diffusion layer of
the polymer electrolyte fuel cell, which can utilize both the ex-
cellent conductivity of carbon and the gas permeability of paper
[1–4]. Carbon nanotubes, as well as other fibrous carbons, have
been also manufactured into paper without using a binder. These
simple papers may be used as electrodes for the electric double
layer capacitor in which the relatively large surface area and high
conductivity are suitable for electrodes with a large electric double
layer and low internal resistivity [5,6].

Various types of fibrous carbons have been used for manu-
facturing carbon paper, including industrial polymer-based

carbons [7,8] and natural-resource-based carbons [9,10]. In the
present study, we focused a bacterial cellulose-based fiber as a
material for producing carbon paper. Bacterial cellulose is a natural
cellulose fiber with very small diameters in the order of several
micrometers and is produced by Acetobacter xylinum through
fermentation of sugars such as glucose [11]. It is commonly
available as an aqueous gel where water molecules are present
between fine cellulose fibers and is often known as the main
component of the food material “Nata de Coco”. Attempts to utilize
the paper obtained by drying the gel have been carried out for use
in industrial applications, such as production of fine paper sheets
for electronic device substrates [12,13] or biomedical materials
[13,14].

The cellulose fiber gel is expected also for a precursor of fine
carbon paper. Actually the carbon paper produced through car-
bonization of the bacterial cellulose paper has been also reported
[15–18], in which the usually disordered and porous carbon paper
is formed based on the typical nature of cellulose as a carbon
precursor. For some industrial applications such as catalysis and
production of electrochemical capacitors, it is certainly valuable to
disperse particles of inorganic active materials on high surface
area carbons. In this study, a simple synthesis route for metal
oxide loaded carbon paper is examined using bacterial cellulose
gel, because the gel of cellulose fiber has some merits that carbon
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paper without any binder is easily possible and content of metal
compounds excluded is expected to be controlled by simple ex-
perimental condition of concentration of aqueous solution. In the
present experiments, some metal ions were first simply im-
pregnated into the gel through aqueous media. Then, the gel was
dried and carbonized to obtain carbon paper containing metal
oxides. The metal oxides were synthesized and remained even in
an inert atmosphere during the carbonization without excess re-
duction by carbon, which could occur owing to the oxidative gas
released from thermal decomposition of cellulose. The content of
metal oxides supported on the carbon paper was easily controlled
by varying the concentration of the aqueous solution of metal ions
impregnating the gel. The final product of the metal oxide infused
carbon paper was electrochemically characterized by cyclic vol-
tammetry in an aqueous electrolyte solution to estimate the po-
tential for its use as a binder-less porous carbon electrode for
electrochemical applications.

2. Experimental

2.1. Preparation of carbon papers

Bacterial cellulose gel was purchased from FUJICCO Co., Ltd., as

an intermediate product of food grade for making sweets. The gel
was shipped as cubes that were 10 mm3 in size and preserved in
acetic acid. The impregnating solutions used for the gels were
consisted of 0.01, 0.025 and 0.05 mol/L aqueous solutions of am-
monium metavanadate (NH4VO3) or hexaammonium heptamo-
lybdate tetrahydrate ((NH4)6Mo7O24 �4H2O). The gel was first
washed in distilled water for several times until the pH of the
rinsed solution reached 7. Next, 20 pieces of the gel cube was
immersed in the above-listed aqueous solutions for 24 h to suffi-
ciently impregnate the ions into the gel. The gel impregnated by
metal ions was crushed with ethanol using a mixer, filtered by a
Buchner funnel under vacuum to produce a filter shaped cellulose
fiber paper containing metal ions. The paper was natural dried at
room temperature to remove any residual water and ethanol re-
maining in the paper, and finally, the paper was sandwiched be-
tween graphite plates and carbonized at 700–1000 °C under ni-
trogen flow with 10 °C/min of heating rate using a tubular electric
furnace.

2.2. Characterization of carbon papers

The papers were characterized before and after carbonization
by X-ray powder diffraction (XRD; Rigaku, RINT2100 Ultimaþ)
measurement to determine the structures of carbon or cellulose
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Fig. 1. Photographs of the cellulose papers before carbonization, their XRD patterns and SEM images of the paper of (A). (A) Without immersion, (B) with immersion in
0.05 mol/L of ammonium heptamolybdate tetrahydrate aqueous solution, (C) with immersion in 0.05 mol/L of ammonium metavanadate aqueous solution. ●: (NH4)6Mo7O24,
▲: NH4VO3.
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