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a b s t r a c t
This work describes ethylene glycol (EG) electro-oxidation over nanoporous structure catalyst prepared
by dealloying Ti–Cu amorphous alloy. Scanning electron microscopy (SEM) was used to characterize
nanoporous catalysts. Electrocatalytic performances in acid and alkaline mediums were measured by
cyclic voltammetry (CV), chronoamperometry (CA) and electrochemical impedance spectroscopy (EIS).
The results showed that nanoporous Ti–Cu amorphous alloy exhibited apparent electrocatalytic ability in
terms of higher oxidation current in CV and CA curves comparing to raw Ti–Cu amorphous alloy. Electrooxidation of EG took place more easily in alkaline medium than that in acid medium. In acid medium,
heat treatment improved the electrocatalytic activity of nanoporous catalyst. In alkaline medium, heat
treatment played an enhancing role below 0.1 V and a depressing role above 0.1 V. Possible electrooxidation mechanism of EG was also discussed.
© 2011 Elsevier Ltd. All rights reserved.

1. Introduction
Electrocatalytic oxidation of small organic molecules gains
much attention all over the world, owning to the development of
direct fuel cells which are new promising power sources in the
future [1,2]. Ethylene glycol (EG) is hopeful to substitute methanol
as direct alcohols fuel cell, due to its higher energy density, higher
reaction activity, lower toxicity, and lower membrane permeation
comparing to methanol [3,4].
Recently, carbon-supported noble electrodes were generally
used as electrocatalysts [5–8]. Meanwhile, carbon nanotubes, carbon nanoﬁbers and TiO2 nanotubes were utilized as attractive
supports for metal catalysts, due to their large surface areas, high
electrical conductivities, and high thermal, mechanical, chemical,
and electrochemical stabilities [9–16]. The above materials enable
high dispersion of catalyst nanoparticles, facilitate electrons transfer, and allow fast mass transport of reactants and products at the
fuel cell electrodes, resulting in better device performance [17].
Additionally, noble metal (Pt, Pd and Au) and its alloy nanostructures were extensively investigated in electrocatalytic oxidation of
small organic molecules [1,2,18–27]. Particularly, much attention
was paid to nanoporous metallic materials, especially nanoporous
Au, Pt, and Ni, in view of their potential applications in catalysis
[28–30].
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Nanoporous metals were obtained from selective dissolution of
the relatively active phase out of Ag–Au [31–33], Pt–Cu [34,35],
Al–Ag [36,37], and Mg–Cu [38] alloys. This process is called dealloying. In addition, amorphous alloys, such as Pt–Si, Pd–Ni–P, were
chosen as starting alloys due to their monolithic phase with homogeneous composition [39–42]. Nanoporous metallic catalysts with
large speciﬁc surface areas can greatly improve the utilization of
surface active sites and promote chemical reactions [28].
A facile method was developed to synthesize nanoporous metals through dealloying Ti–Cu amorphous alloy in HNO3 aqueous
solution [43]. This work aims to systematically investigate the
electrocatalytic activities of nanoporous Ti–Cu amorphous alloy
towards EG electro-oxidation in acid and alkaline mediums. Possible electro-oxidation mechanism of EG is discussed.
2. Experiments
Original nanoporous Ti–Cu amorphous alloy was prepared as
described in reference [43]. Brieﬂy, the raw Ti30 Cu70 (nominal
atomic ratio) amorphous ribbon was prepared using a meltspinning method. And the dealloying process took place in a
conventional three-electrode cell in 5.36 M HNO3 electrolyte solution at 343 K. Raw Ti30 Cu70 amorphous ribbon was utilized as
working electrode. Platinum net and a saturated calomel electrode
(SCE) were served as counter and reference electrodes, respectively.
Applied potential was 1.0 V vs. SCE and reaction time was 10,800 s
[43]. Heat treated sample was prepared by annealing the original
sample at 573 K for 30 min, and then being ultrasonic cleaned with
distilled water and dried at room temperature. Raw Ti–Cu amorphous alloy, as-prepared original and heat treated nanoporous
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Fig. 2. CV plots of EG oxidation in 1.0 M EG + 1.0 M H2 SO4 .

Fig. 1. SEM images of (a) OS and (b) HS.

Ti–Cu amorphous alloy are abbreviated as BS, OS and HS respectively.
Surface morphology was observed using Hitachi S-4800 scanning electron microscopy (SEM). Electrochemical measurements
were carried out using an electrochemical station (Gamry Reference 600, USA). The conventional three-electrode system was used.
BS, OS, or HS was utilized as working electrode. All potentials were
given with respect to SCE. All electrochemical tests were conducted
at constant temperature (T = 298 K).
Electrocatalytic activities of all samples towards ethylene glycol (EG) oxidation were studied in an acid medium containing
1.0 M EG + 1.0 M H2 SO4 , and an alkaline medium containing 1.0 M
EG + 2.0 M NaOH, respectively. Cyclic voltammetry (CV) were performed ranging from −1 V to 1 V at a scanning rate of 50 mV/s.
Chronoamperometry (CA) were carried out for 600 s. Electrochemical impedance spectroscopy (EIS) was measured with the
amplitude of 10 mV in the frequency range from 10,000 Hz to 0.1 Hz.

3. Results and discussion
Fig. 1 shows SEM images of OS and HS. Nanopores of OS are
uniformly distributed as shown in Fig. 1a. The mean diameter of
nanopores is about 50 nm. The thickness of pore walls is about
70 nm. After heated at 573 K for 30 min, the amount of nanopores
decreases as shown in Fig. 1b. The nanopores’ size becomes nonuniform, ranging from 30 nm to 150 nm. The thickness of pore walls
increases to about 100 nm. In short, heat treatment destroys the
appropriate nanoporous structure of OS.

Fig. 2 shows CV curves of three different samples in acid
medium. Electrocatalytic activities of different samples can be evaluated through their peak current density in CV curves. In the
forward CV scan, EG oxidation peak current density of three samples follows this order: HS > OS > BS. BS exhibits insigniﬁcant peaks.
It implies that BS does not have electrocatalytic activity generally.
Two main peaks are observed for OS and HS. The ﬁrst current peak
locates at 0.40 V for OS, whereas 0.36 V for HS. The second current
peak locates at 0.65 V for OS, whereas 0.59 V for HS. Higher peak current density of HS at lower potentials indicates that EG oxidation
activity of HS is higher than that of OS.
It is well established that the electrocatalytic oxidation of
small organic molecules follow at nanostructured Pt/Pd electrodes
[1,5,19,20,22,23,44]. In CV curves of methanol electro-oxidation on
these catalysts in acid media, an anodic current peak appears in
the forward scan and another anodic peak appears in the reverse
scan [1,22]. The oxidation peak in forward scan is contributed
to methanol dissociative adsorption and formation of strongly
adsorbed intermediates [1]. The oxidation peak in negative scan
is caused by reoxidation of these adsorbates via interaction with
chemisorbed oxygen containing species (OHads ) [44]. In case of
ethanol and other alcohols electro-oxidation, C–C bond breaking
interaction is an extra inﬂuent factor [23]. The same situation
supposed to be considered for EG electro-oxidation. EG electrooxidation in acid media is depicted as follows. At lower potentials,
EG oxidizes incompletely to C2 byproducts which dominate the
reaction on blocked catalyst. In addition, CO2 formation is limited
by the formation of adsorbed oxy-species, which are required for
oxidation of COads produced by dissociative EG adsorption [6].
Below 0.25 V, the oxidation current is negligible in both CV
curves of OS and HS. It is mainly because active sites are poisoned by adsorption of EG onto catalysts surface. As potentials
increase, the oxidation current increases rapidly. It suggests that
signiﬁcant EG oxidation occurs. The ﬁrst current density peaks at
0.40 V for OS and 0.36 V for HS are corresponding to the oxidation of
freshly chemisorbed species from EG adsorption. Several electrons
are transferred from each EG molecule. Some reaction intermediates such as glycolate, glyoxal, glycolic acid are generated [23,45].
These byproducts are strongly adsorbed onto the catalysts surface,
and then poison nanoporous catalysts on further oxidation of EG. As
electro-potential increases from 0.45 V, the oxidation current densities of OS and HS increase rapidly again, and reach a maximum at
0.65 V for OS and 0.59 V for HS, respectively. Further oxidation of
as-formed intermediates and direct oxidation of residual EG occur
on the catalysts surface. Final products such as carbonate and carbon dioxide are obtained [46,47]. More electrons are transferred
from each EG molecule in the latter process than that in the former
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Fig. 3. CA plots of EG oxidation at (a) 0.3 V, (b) 0.5 V, (c) 0.7 V and (d) 0.9 V in 1.0 M EG + 1.0 M H2 SO4 .

one. Thus current densities of the second peak are higher than that
of the ﬁrst one.
Nanoporous structure provides large surface areas and a great
deal of active sites in a catalytic reaction [28]. Thus EG and its reaction products can be adsorbed and distributed onto nanoporous
catalysts conveniently. Finally nanoporous structure results in better catalytic performance of OS and HS than BS. In addition, EG
oxidation activity of HS is higher than that of OS. It is probably
caused by HS’ better stability after heat treatment and partly bigger pore size comparing to OS. Poisoning species generated during
EG oxidation can be desorbed from surface of HS effectively. Thus
the electrocatalytic process on HS is more efﬁcacious than that on
OS.
To understand more about the better performance of OS and HS,
CA measurements in acid medium are performed under potentials
of 0.3, 0.5, 0.7, and 0.9 V, with a initial potential of 0.05 V. Current
density–time responses at four different potentials are presented
in Fig. 3. All the samples exhibit negative current densities at 0.3 V
(Fig. 3a), which is quite the opposite of them at the other three
potentials (Fig. 3b–d). Absolute values of current densities at all the
potentials follow: HS > OS > BS. The negative current under 0.3 V is
mainly caused by adsorption of EG molecules to samples surface.
0.3 V is too low to enable oxidation of EG. At the other three potentials, all the samples display a gradual current decay before stable
current densities are attained. It is attributed to the adsorption of
EG and poisoning intermediates onto the catalysts surface towards
EG electro-oxidation reaction. Main tendency of three samples all
over the experiment period is in well agreement with the above CV
results.
Fig. 4 depicts CV curves of EG electro-oxidation of three samples in alkaline medium. Between −0.3 and 0.1 V, there are two
peaks in the forward scan for OS and HS, which is not similar with

that in previous studies [2,11,21,28]. The ﬁrst current peak locates
at −0.17 V for OS, while −0.14 V for HS. The second current peak
locates at 0.04 V for OS, while 0.02 V for HS. The order of peak current density follows: HS > OS > BS. Below 0.1 V, BS does not seem
to have EG catalytic activity, EG electro-oxidation efﬁciency of HS
is higher than that of OS. As electro-potential increases to higher
than 0.1 V, BS and OS display broad current densities peaks, while
HS exhibits negative current density. It suggests that no EG oxidation happens on HS above 0.1 V basically. Heat treatment prohibits
EG oxidation at potentials higher than 0.1 V.
In alkaline media, it is well known from previous studies
that EG oxidation peaks on nanostructured Pt/Pd catalyst appear
at more negative potentials than those in acid media [2]. A
similar phenomenon is observed for methanol electrocatalytic

Fig. 4. CV plots of EG oxidation in 1.0 M EG + 2.0 M NaOH.
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Fig. 5. CA plots of EG oxidation at (a) −0.3 V, (b) −0.1 V, (c) 0.1 V (d) 0.3 V and (e) 0.5 V in 1.0 M EG + 2.0 M NaOH.

oxidation. The peak located in forward scan is produced due
to oxidation of freshly chemisorbed species [48,49]. The reverse
oxidation peak is primarily correlated with removal of carbonaceous species which are not completely oxidized in the
forward scan [11,21,49–51], or still related to oxidation of
methanol molecules in the electrolyte [52,53]. Considered the
deﬁciency of Pt catalysts, Hosseini investigated electrocatalytic
behavior of Ni/TiO2 /Ti electrode towards methanol oxidation in
alkaline media [12]. There appeared to be an oxidation peak
at about 0.35 V and a reduction peak at about 0.24 V in CV
scan.
Two main peaks appear at lower potentials in alkaline medium
(Fig. 4) than in acid medium (Fig. 2). It suggests that EG oxidation
reaction takes place more easily in alkaline medium than that in
acid medium. Possible reason is that electrons can be transferred
from EG molecule more conveniently in presence of OH− [54,55].
Indeed, oxidation of EG in alkaline media consumes OH− groups,

results in formation of various oxidation products such as glycolate,
oxalate or carbonate, Eqs. (1)–(3) [24].
(CH2 OH)2 + 5OH− → CH2 (OH)COO− + 4H2 O + 4e−
−

(CH2 OH)2 + 10OH → (CO2 )2
−

(CH2 OH)2 + 16OH → 2CO3

2−

2−

+ 8H2 O + 8e

−

+ 10H2 O + 12e

−

(1)
(2)
(3)

The ﬁrst peak is possibly corresponding to formation of preliminary oxidation products from EG, following Eq. (1). As potentials
increase, these intermediates get further oxidation, and residual
EG is oxidized to more ultimate products, following Eqs. (2) and
(3). Thus current density of the second peak is higher than that of
the ﬁrst one. Electrocatalytic activity order of three samples below
0.1 V in alkaline medium is the same as that in acid medium, as
investigated above.
Above 0.1 V, the displayed broad peaks of BS and OS are possibly corresponding to a complicate oxidation reaction of EG and EG
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products residues. Various reactions are probably involved in this
process, such as oxidation of glyoxal, oxalic acid and direct oxidation of EG to carbonate and/or carbon dioxide [56]. Insigniﬁcant
electro-oxidation activity of HS is probably correlated to apparent
blocking of nanopores by adsorbed OH− and EG reaction products
due to its small amount of nanopores comparing to OS.
In addition, oxidation current above 0.1 V in alkaline medium is
much higher than that in acid medium. It implies that OS owns
superior catalytic activity in alkaline medium. OH− is adsorbed
onto nanoporous structure to form a kind of precursor oxide which
can effectively promote EG oxidation. Loading high potential will
strengthen the oxidation process. The intermediate products will
be oxidized to carbonate or other ﬁnal products continuously with
increasing potential. This thorough oxidation will avoid a possible catalyst poisoning and improve the efﬁciency of nanoporous
structure as a kind of electrocatalyst.
Fig. 5 shows CA plots performed at −0.3, −0.1, 0.1, 0.3, and 0.5 V
with an initial potential of −0.5 V in alkaline medium. At −0.3 V
(Fig. 5a), it is the same as the phenomenon at 0.3 V in acid medium
(Fig. 3a). −0.3 V is too negative to enable EG oxidation of all the
samples. More negative current on OS and HS than it on BS is corresponding to stronger adsorption of EG onto nanoporous samples
surface. At −0.1 V, an interesting ﬁnding is observed, current densities on BS and OS are negative, whereas positive on HS (Fig. 5b).
The explanation supposed to be, EG oxidation current is bigger than
EG adsorption current for HS, whereas smaller for BS and OS. As
electro-potential increases to 0.1 V, the current density on HS is
higher than that on BS and OS at the beginning 25 s. Then the current density on HS decreases to a stable value in a short time, but it
increases continually on BS and OS all over the experiment period
(Fig. 5c). This current density–time response indicates that 0.1 V
is not stable for EG electro-oxidation on BS and OS. Oxidation and
adsorption of EG are continuously, accompanied by desorption of
EG electro-oxidation products on catalysts surface. At 0.3 V, current densities do not reach to a stable value until 250 s on BS and
OS (Fig. 5d). It indicates that the desorption of EG oxidation products is less powerful than that at 0.1 V. Stable current density is
attributed to a balance of oxidation and adsorption–desorption of
EG and its reaction products. At 0.5 V, stable current densities on BS
and OS (Fig. 5e) are obtained in a shorter time than that requires at
0.1 and 0.3 V. It implies that the desorption ability of EG oxidation
products from catalyst surface becomes much poorer. Overall current density–time responses of three samples measured in alkaline
medium are in well accordance with the CV results. BS does not
show signiﬁcant catalytic activity below 0.1 V, while HS does not
display obvious catalytic performance above 0.1 V.
EIS technique is a powerful and non-destructive method to
study and analyze the surface processes on an electrode. As
discussed above, OS and HS exhibit apparent catalytic activity
towards EG electro-oxidation in acid medium, OS shows high electrocatalytic activity in alkaline medium as well. EIS is used to
investigate the kinetic of EG oxidation on nanoporous catalyst in
depth.
Fig. 6 displays Nyquist complex-plane impedance spectra of EG
electro-oxidation on OS and HS in acid medium at ﬁve different
potentials (0.3, 0.4, 0.5, 0.6, and 0.7 V). A single capacitive arc is
observed on OS at each potential as shown in Fig. 6a. In principle, a
large arc diameter in Nyquist impedance spectra is corresponding to a small capacitance constant and a big Faraday current
impedance [2,19]. Thus it is difﬁcult to overcome the large energy
barrier in an electrode reaction. And ﬁnally a large arc diameter
results in a slow electrode reaction rate. At 0.3, 0.4, 0.5, and 0.6 V,
the arc diameter maintains at a low value. It suggests oxidation of
EG on OS takes place easily and effectively. As potential increases
to 0.7 V, an increase of arc diameter indicates a smaller rate of OS
surface reaction than that at the above potentials.
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Fig. 6. EIS plots of (a) OS and (b) HS measured at different potentials in 1.0 M
EG + 1.0 M H2 SO4 .

A different phenomenon is observed For HS as shown in Fig. 6b.
A single capacitive arc appears in Nyqiust graphs at 0.3 and 0.4 V.
Increase in electrode potential leads to small arc diameter, illustrating reaction rate of EG oxidation increases. At 0.5, 0.6, and 0.7 V, a
capacitive arc in high frequency region and a straight line in low
frequency region are observed. Diameter of the capacitive arc in
high frequencies at 0.5 and 0.6 V is further decreased than that at
0.4 V. It suggests that EG electro-oxidation is more effective at such
potentials. The straight line in low frequencies is correlated with
the diffusion of EG and its reaction products between electrode surface and electrolyte. When the potential increases up to 0.7 V, the
arc diameter becomes larger. It implies that EG oxidation becomes
slower again.
Compared the Nyquist plots of OS with HS, the arc diameter of
HS at each potential is much smaller than that of OS. It indicates
that the rate of EG oxidation on HS is higher than that on OS. At
higher potentials, the smaller pore size of OS prohibits diffusion
of EG and its reaction products. Thus there appears to be a less
signiﬁcant straight line in low frequencies of OS than that of HS. In
total, these measured EIS results of OS and HS in acid medium are
in well accordance with the above CV results.
Fig. 7 shows the Nyquist complex-plane impedance spectra
of EG electro-oxidation on OS in alkaline medium at eight different potentials (−0.3, −0.2, −0.1, 0, 0.1, 0.2, 0.3 and 0.4 V). At
−0.3 V, a single capacitive arc with a large diameter is observed. It
implies insigniﬁcant reaction happens at this potential. As potential increases to −0.2 V, Nyquist plot appears to be a deformed
capacitive arc, its arc diameter decreases in a vast scale. It suggests
the ongoing of adsorption and electro-oxidation reaction of EG on
OS. At −0.1 and 0 V, diameter of capacitive arc in high frequency
region get further decreased with electrode potential increased. It
indicates that EG oxidation accelerates. In lower frequencies, an
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Fig. 7. EIS plots of OS measured at different potentials in 1.0 M EG + 2.0 M NaOH.

inductive arc is observed at each potential, which is caused by
adsorption effect. Larger diameter of the inductive arc at 0 V indicates larger adsorption resistance than that at −0.1 V. At 0.1 V, the
diameter of the capacitive and inductive arc becomes larger. It is
possibly attributed to strongly adsorbed initial EG reaction products which cannot be oxidized and desorbed on catalyst surface
at this potential. Starting from 0.2 V, the capacitive arc diameter in high frequencies continues to decrease. It suggests that the
oxidation of adsorbed EG and their primarily oxidation products
speeds up continuously. The second capacitive arc at low frequencies, which is caused by adsorption effect as well, supposed to be
further oxidation of the ﬁrst stage oxidation products. Decrease in
diameter of the second arc indicates that rate of the second stage
oxidation becomes lower. EIS analytical results of OS towards EG
electro-oxidation in alkaline medium are in well agreement with
the above CV results on all accounts.
4. Conclusion
Nanoporous Ti–Cu amorphous alloy exhibits excellent electrocatalytic activities towards EG electro-oxidation both in acid and
alkaline mediums. In acid medium, original nanoporous Ti–Cu
amorphous alloy performs two main oxidation peaks at 0.40 and
0.65 V in forward CV scan. According to CV, CA and EIS results, heat
treatment improves catalytic activity of nanoporous Ti–Cu amorphous alloy in acid medium. In alkaline medium, EG oxidation
on original nanoporous Ti–Cu amorphous alloy occurs more easily for apparently more negative oxidation peak potentials (−0.17
and 0.04 V). Heat treated nanoporous Ti–Cu amorphous alloy
exhibits higher catalytic activity than the original one below 0.1 V,
and depressed catalytic activity above 0.1 V. The second capacitive arc appears in Nyquist complex-plane impedance spectra
of OS proves its better electrocatalytic activity. Probable electrooxidation mechanism of EG on nanoporous Ti–Cu amorphous
alloy is demonstrated as a sequent process of oxidation and
adsorption–desorption of EG and its reaction products.
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