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Abstract Electroreduction of a-glucose to form sorbitol
on Zn/CNTs and Zn alloy/CNTs electrodes has been
investigated in this paper. Carbon nanotubes (CNTs)
used in this paper are grown directly on graphite disks
by chemical vapor deposition. Zn and Zn alloy are
electrodeposited on the activated CNTs/graphite elec-
trode by pulse galvanostatic method. The micrographs
of Zn/CNTs and Zn alloy/CNTs electrodes are charac-
terized by scanning electron microscopy. The results
show that the current efficiency of a-glucose reduction
on CNTs electrodes is much better than that on flat Zn
electrodes. The order of the current efficiency on differ-
ent electrodes is as follows: Zn/CNT (0.58) � Zn–Fe/
CNT (0.57)>Zn–Ni/CNT (0.43) � Zn/graphite
(0.42)>Zn (0.40). It indicates that CNTs have good
potential application in electrosynthesis. Additionally,
effects of some operating parameters, such as pH, tem-
perature and a-glucose concentration, on the current
efficiency of a-glucose reduction are also discussed.
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Introduction

Compared with conventional organic synthesis, there
are many advantages in organic electrosynthesis, such as
high purity and selectivity of product, simple process
combined with low energy consumption and low pollu-
tion. Additionally, the most important is that electro-
synthesis can be performed in a very wide potential

range, which make most oxidation and reduction reac-
tions possible [1]. In general, the electrodes used in
electrosynthesis should have good chemical and elec-
trochemical stability, high conductivity, good electro-
catalytic activity and selectivity, high surface area, etc.
However, flat electrodes that result in low surface area
are usually used in electrosynthesis [1, 2]. This is an
obstacle to get a high current efficiency at a high applied
current density. Several works have investigated the ef-
fect of the electrode structure on electrosynthesis and
suggested that high available surface area of the elec-
trodes could enhance the current efficiency and yield [3].

On the other hand, since 1991 [4], carbon nanotubes
(CNTs) have attracted much attention because of their
attractive electronic, chemical and mechanical properties
[5–8], and were studied intensively in many fields such as
field-emission devices [9, 10], atomic force microscope
probes [11], gas and chemical sensors [12], composite
materials [13], electrochemical supercapacitors [14], etc.
Furthermore, high surface area, low resistance and good
chemical and electrochemical stabilities in aqueous and
non-aqueous solutions [15] suggest that CNTs are suit-
able materials as electrodes or supports for electrodic
active materials in electrosynthesis.

For the application in electrode, two kinds of CNTs
electrodes have been developed: with [16] and without
[17] binders. In the electrode without binders, CNTs are
mechanically and electrically loose. When a binder is
used, it brings impurities into the electrode and degrades
the electrochemical performance. Furthermore, both
methods result in a high contact resistance between the
active materials (CNTs) and current collectors (gra-
phitic). In this paper, CNTs are grown directly on
graphite disks and are used for the first time as electrode
in electrochemical synthesis. This not only simplifies the
preparation of CNTs electrodes but also reduces greatly
the contact resistance between CNTs and graphite.

In this paper, the electroreduction of glucose to sor-
bitol was chosen as an example to explore the potential
application of CNTs/graphite electrode in electrosyn-
thesis. The reduction of glucose to sorbitol, a compound
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with many uses in the foodstuff and related industries,
has been investigated extensively [18–21]. In order to get
high current efficiency, Zn, Pd, Cd, Th and their amal-
gams, which have high hydrogen overvoltage, are usu-
ally used as cathodic materials. Here, Zn and its alloys
(Zn–Ni and Zn–Fe) are selected as the cathodic mate-
rials and electrodeposited on CNTs. The morphology of
the electrode has been characterized by scanning elec-
tron microscopy (SEM). The electrochemical perfor-
mance of the corresponding electrode has been
investigated in detail. Additionally, effects of some
operating parameters on the current efficiency have also
been discussed.

Experimental

Chemicals and instruments

CNTs, grown directly on graphite disk (16 mm in
length, 10 mm in width and 4 mm in height) by chemical
vapor deposition, were used as working electrodes. The
detailed description of the CNTs‘ synthesis has been

reported in the literature [22, 23]. The SEM image of the
CNTs used in this paper is shown in Fig. 1a. The
diameter of the CNTs is about 50–100 nm. A platinum
foil served as the counter electrode and a saturated
calomel electrode (SCE) was used as the reference elec-
trode. CHI660A electrochemical workstation (CH
Instruments, Inc.) was employed for electrodeposition of
Zn and its alloy on the CNTs’ surface and electro-
chemical studies of the electrodes using a standard three-
electrode cell. On the other hand, galvanostatic
electrolysis of a-glucose was carried out in a standard
glass H-cell divided with an ion-exchange membrane
(model, 3361; Shanghai Chemical Factory, China) and a
platinum foil served as the counter electrode. A DF1738
DC regulated power supply (Ningbo Zhongce Elec-
tronics Co. Ltd, China) was used as the DC power
source. All chemicals are of analytical grade. Freshly
double-distilled water was used throughout. All experi-
ments were carried out at ambient temperature.

Electrodeposition of Zn and its alloy on the CNTs’
surface and electroreduction of a-glucose

Zn and its alloys (Zn–Ni and Zn–Fe) were electrode-
posited on the CNTs’ surface by pulse galvanostatic
method. Ton : Toff was 1 ms : 9 ms. The average current
density is 10 mA cm�2. The electrodeposition bath is
0.13 M ZnO + 3.0 M NaOH solution for Zn film,
0.13 M ZnO + 0.06 M NiSO4 + 3.0 M NaOH +

Fig. 1 SEM images of (a) CNTs grown directly on the graphite
disk; (b) Zn/CNTs deposited from 0.13 M ZnO + 3.0 M NaOH;
(c) Zn–Fe/CNTs deposited from 0.13 M ZnO + 0.01 M FeSO4 +
3.0 M NaOH + 0.17 M C4H4KNaO6 and (d) Zn–Ni/CNTs
deposited from 0.13 M ZnO + 0.06 M NiSO4 + 3.0 M NaOH +
0.23 M TEA aqueous solutions
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0.23 M TEA (Triethanolamine) solution for Zn–Ni film
and 0.13 M ZnO + 0.01 M FeSO4 + 3.0 M NaOH +
0.17 M C4H4KNaO6 (potassium sodium tartrate) solu-
tion for Zn–Fe film. The electrodeposition experiment
was carried out for 10 s. Before deposition of Zn and its
alloy, the CNTs/graphite electrode was pretreated in
30 wt% HNO3 aqueous solution for 30 min to remove
the metallic iron particles that served as catalyst for the
growth of CNTs. To further increase the electrochemical
activity of CNTs in water solution [24], the CNTs/
graphite electrode was then cycled in 0.5 M H2SO4 for
100 cycles under the potential range of �0.15 to 0.95 V
at a sweep rate of 50 mV/s. After the deposition of Zn or
its alloys, the samples were cleaned by double-distilled
water. Then the electrochemical properties of the elec-
trode and electroreduction of a-glucose to sorbitol were
investigated by cyclic voltammetry, linear sweep vol-
tammetry and galvanostatic method. The current effi-
ciency was obtained according to iodimetric analysis
method and calculated by the following equation [25]:

g ¼ ðV1 � V2Þ � C �M
W

ð1Þ

where g is the current efficiency; V1 and V2 are the vol-
umes of standard iodine solution consumed during io-
dine titration after and before glucose electro-reduction,
respectively; C is the concentration of standard iodine
solution (C is 0.05 M in this paper); M is the molecular
weight of sorbitol and W is the theoretical yield of sor-
bitol.

For comparison, Zn was also electrodeposited on the
graphite electrode and the electrochemical properties of
the Zn/graphite and flat Zn electrodes have also been
investigated. All the potentials were referred to SCE.

The morphologies of Zn and its alloy/CNTs elec-
trodes were investigated by SEM (JSM 5600LV, oper-
ating at 20 kV).

Results and discussion

The micrographs of the Zn/CNTs and its alloys/CNTs
electrodes

Figure 1 shows the micrographs of Zn/CNTs, Zn–Fe/
CNTs and Zn–Ni/CNTs electrodes. From Fig. 1b–d, it
can be observed obviously that Zn, Zn–Ni and Zn–Fe
are dispersed uniformly on the surface of CNTs. Zn/
CNTs, Zn–Ni/CNTs and Zn–Fe/CNTs composite have
three-dimensional and porous structure. The interesting
three-dimensional structure of the electrodes may result
in large available reaction surface area for a-glucose
reduction.

Electrochemical properties of the Zn/CNTs electrode

Electrochemical properties of the Zn/CNTs electrode
have been investigated by linear sweep voltammetry.

Figure 2 shows that the cathodic polarization curves of
flat Zn (Fig. 2a), Zn/graphite (Fig. 2b) and Zn/CNTs
electrodes (Fig. 2c) in 0.1 M Na2SO4 (pH 11) aqueous
solution with and without 0.1 M a-glucose. Compared
with curve II in Fig. 2a, it can be found that the process
(Fig. 2a, curve I) for glucose reduction (glucose + 2H+

fi sorbitol � 2e�) on flat Zn electrode starts at
approximately �1.6 V. The cathodic polarization curve
of Zn/graphite electrode (Fig. 2b) is very similar to that
of flat Zn electrode (Fig. 2a). However, the current of
hydrogen evolution on Zn/CNTs electrodes (Fig. 2c,
curve II) is larger than that on flat Zn (Fig. 2a, curve II)
and Zn/graphite electrodes (Fig.2b, curve II) due to the
high surface area of CNTs. On the other hand, the ratio
of the currents at �1.8 V shown in curve I (with glucose)
and II (without glucose) is 1.47 for Zn/graphite and 1.69
for Zn/CNTs electrodes. This implies that the reduction
current of a-glucose is enhanced by CNTs.

Galvanostatic electrolysis of a-glucose was also car-
ried out on these three electrodes and the corresponding
current efficiencies are listed in Table 1. The current
efficiency obtained on Zn/CNTs electrodes is higher
than that on Zn/graphite and flat Zn electrodes. This is

Fig. 2 Linear sweep voltammograms of a-glucose reduction at a
flat Zn (a), Zn/graphite (b) and Zn/CNTs (c) electrodes in 0.1 M
Na2SO4 aqueous solutions with 0.1 M glucose (curve I) and
without glucose (curve II) (pH 11, temperature=30�C, scan
rate=0.05 V/s)
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contributed to the good properties and high surface area
of CNTs, besides high hydrogen evolution potential of
Zn. As reported in literature [19], the current efficiency
of glucose reduction decreases obviously with the in-
crease of the current density ascribed to hydrogen evo-
lution. In this paper, due to high specific surface area of
Zn/CNTs electrodes, the real current density on Zn/
CNTs electrodes is much lower than that on flat Zn and
Zn/graphite electrodes at the same applied current. This
results in lower over-potential and higher current effi-
ciency of a-glucose electroreduction. On the other hand,
for glucose reduction on solid electrode, the mutarota-
tion of glucose from the irreducible cyclic hemiacetal
form to the open chain aldehyde form is carried, and
then the open chain aldehyde is electrochemically re-
duced to sorbitol [20]. The corresponding scheme is
shown in Fig. 3. For Zn/CNTs electrodes, with the
evolution of hydrogen, an alkaline zone is formed in the
whole three-dimensional structure of the electrode and
should be larger than that at the flat Zn and Zn/graphite
electrodes. This large alkaline zone is beneficial to the
conversion of cyclic hemiacetal of glucose to the electro-
reducible form (the open chain aldehyde) during glucose
electroreduction. This implies that the current efficiency
of glucose reduction may be improved by three-dimen-
sional Zn/CNTs electrodes. Additionally, small Zn
particles with high dispersion on CNTs may be more
active for a-glucose reduction than bulk Zn.

In the practical opinion, the long-term stability of
electrode materials for electrosynthesis is very impor-
tant. The stability of Zn/CNTs electrodes has been
investigated by cyclic voltammetry in 0.1 M Na2SO4

(pH 11) aqueous solution and the corresponding results
are shown in Fig. 4. The oxidation and reduction of Zn
can be observed at �1.1 and �1.5 V (SCE), respectively.
Compared with curves I and II in Fig. 4, it can be seen
that the peak currents of oxidation and reduction of Zn
decrease significantly (about 50%) after the electrode
was used in galvanostatic electrolysis of glucose for 4 h.
The main reasons may be that the dissolution of Zn on
CNTs happens during glucose electrolysis. Additionally,
from Fig. 4, the starting current for curve I is much
more negative than that for curve II. This implies
that the dissolution of Zn in curve I is easier than that
in curve II, which may result from the change of
surface state of Zn during glucose electroreduction.
Therefore, the stability of Zn/CNTs electrodes should
be improved.

Electrochemical properties of Zn alloys/CNTs electrodes

In order to improve the stability of Zn/CNTs electrodes,
Zn alloys (Zn–Fe and Zn–Ni) deposited from alkaline
bath solutions, were used as the electro-active materials.
The electrochemical properties of Zn–Ni/CNTs and Zn–
Fe/CNTs electrodes have also been investigated. From
Fig. 5, it can be seen that the curves of Zn–Ni/CNTs
(Fig. 5a) and Zn–Fe/CNTs (Fig. 5b) electrodes are
similar to that of Zn/CNTs electrodes (Fig. 2c). The
hydrogen evolution current on Zn–Ni/CNTs electrodes
(Fig. 5a, curve II) is larger than on Zn/CNTs electrodes
(Fig. 2c), which may be attributed to Ni in alloy [26],
while the increase of hydrogen evolution current on Zn–
Fe/CNTs electrodes (Fig. 5b, curve II) is not much in
contrast with that on Zn/CNTs electrodes (about 7%).
Figure 6 shows a CV of Zn–Fe/CNTs electrodes in
0.1 M Na2SO4 (pH 11) aqueous solution. After 8 h
electrolysis, a decrease of the peak currents of the oxi-
dation and reduction of the active material (Zn–Fe) can
also be observed. However, compared with Zn/CNTs
electrodes (Fig. 4), it can be concluded that Zn–Fe/
CNTs electrodes has good electrochemical stability for
a-glucose reduction. A similar result can also be ob-
served for Zn–Ni/CNTs electrodes (the CV is not shown
here). The current efficiencies for electroreduction of a-
glucose on Zn–Fe/CNTs and Zn–Ni/CNTs electrodes
are obtained and also shown in Table 1. It can be ob-
served that the current efficiency on Zn–Fe/CNTs elec-
trodes is much higher than that on Zn–Ni/CNTs

Fig. 3 The scheme of a-glucose mutarotation and electroreduction

Table 1 Influence of cathode materials on the current efficiency of
a-glucose electroreduction by galvanostatic method (a-glu-
cose=0.1 M, Na2SO4=0.1 M, pH 11, current density=1 A/dm2,
temperature=30�C)

Electrode Flat
Zn

Zn/
graphite

Zn/
CNTs

Zn–Ni/
CNTs

Zn–Fe/
CNTs

Current
efficiency

0.40 0.42 0.58 0.43 0.57 Fig. 4 Cyclic voltammograms at Zn/CNTs electrode before elec-
trolysis (curve I) and after electrolysis for 4 h (curve II) in 0.1 M
Na2SO4 solution (pH 11, scan rate=0.1 V/s)
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electrodes. Therefore, Zn–Fe/CNTs electrode is selected
to investigate the effects of some parameters (such as
temperature, pH, etc.) on the electroreduction of a-glu-
cose to sorbitol.

Effects of some operating parameters on the
electroreduction of a-glucose to sorbitol at Zn–Fe/CNTs
electrodes

It was reported that current efficiency of electrosynthesis
was affected by pH, temperature, electrolyte composi-
tions, etc. [20]. The effect of pH on the current efficiency

of glucose electroreduction has been investigated on
Zn–Fe/CNTs electrodes and the corresponding result is
shown in Fig. 7. The current efficiency increases with the
increase of pH and a plateau can be observed at high pH
value (pH‡11). This may be ascribed to the character of
glucose electroreduction: high pH is helpful to the
mutarotation of glucose, which results in the increase of
current efficiency. On the other hand, at high pH, glu-
cose isomerization occurs and fructose and mannose
will be formed, which results in the decrease of current
efficiency [20].

On the other hand, the effect of temperature on
current efficiency is shown in Fig. 8. It can be found that
the current efficiency increases with the increase of
temperature and the maximum of the current efficiency
was obtained at about 40�C. The reason may be as
follows: both the rate of the mutarotation of a-glucose
and the evolution of hydrogen increases with the in-
crease of temperature. At low temperature (<40�C), the
current efficiency is affected mainly by the rate of the
mutarotation of a-glucose and increases with the in-
creases of temperature. However, hydrogen evolution is
dominant at high temperature (>40�C) and results in
the decrease of the current efficiency [20].

Besides, the effect of the a-glucose concentration on
the current efficiency is shown in Fig. 9. The current
efficiency increases with the increase of a-glucose con-
centration and a maximum appears at around 0.1 M.
This result is similar with that obtained in other works
[20, 27]. At low concentration, the reduction of a-glu-
cose is diffusion controlled and the dominant reaction
on electrode is hydrogen evolution. This results in a
relative low current efficiency. With the increase of the a-
glucose concentration, the diffusion rate of a-glucose to
electrode surface increases, which results in the increase
of the electroreduction rate of a-glucose and the current
efficiency increases.

Fig. 6 Cyclic voltammograms at a Zn–Fe/CNTs electrode before
electrolysis (curve I) and after 8 h electrolysis (curve II) in 0.1 M
Na2SO4 solution (pH 11, scan rate=0.1 V/s)

Fig. 7 Effect of pH on the current efficiency of a-glucose reduction
on Zn–Fe/CNTs electrode by galvanostatic method (a-glu-
cose=0.1 M, Na2SO4=0.1 M, current density=1 A/dm2, temper-
ature=30�C)

Fig. 5 Linear sweep voltammograms of a-glucose reduction at Zn–
Ni/CNTs (a), Zn–Fe/CNTs (b) electrodes in 0.1 M Na2SO4

aqueous solutions with 0.1 M glucose (curve I) and without
glucose (curve II) (pH 11, temperature=30�C, scan rate=0.05 V/s)
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Conclusion

Electroreduction of a-glucose on Zn/CNTs and Zn al-
loy/CNTs electrodes has been investigated in this work.
CNTs used in this paper are grown directly on graphite.
Zn and Zn alloy are electrodeposited on the activated
CNTs/graphite electrodes by pulse galvanostatic meth-
od. The micrographs of Zn/CNTs and Zn alloy/CNTs
electrodes are characterized by SEM. The results show
that current efficiency for a-glucose reduction on mod-
ified CNTs/graphite electrodes is much better than on
flat electrodes and Zn–Fe/CNTs electrodes has good

electrochemical stability for a-glucose reduction. These
results suggest that CNTs possess potential applications
as electrode or catalyst supports in electrosynthesis.
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