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The electrochemical behaviour of direct ethylene glycol and glycerol oxidation on a novel

nickel ion implanted-modified indium tin oxide electrode (NiNPs/ITO) was investigated.

The investigation is used to verify the feasibility of using the NiNPs/ITO electrode in the

ethylene glycol and glycerol fuel cells. The size and morphology of nickel nanoparticles

(NiNPs) on the substrate surface was determined by scanning electron microscopy (SEM).

The cyclic voltammetry (CV) technique was utilized to characterize the typical electro-

chemical behaviours of the NiNPs/ITO electrode. In alkaline medium (0.2 M NaOH), a good

redox behaviour of Ni(III)/Ni(II) coupled at the surface of modified electrodes can be

observed. Electrochemical performances were measured by currentetime curve technol-

ogy. We find that the NiNPs/ITO electrode exhibits a satisfactory electrocatalytic activity

toward ethylene glycol and glycerol with good stability, making it a prime candidate for use

in ethylene glycol and glycerol fuel cells.

© 2016 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

It is well-known that fossil fuel reserves are rapidly depleted,

with the world facing energy shock as a result. At the same

time, the use of fossil fuels is well recognized for its detri-

mental effects that may drive an environmental and social

crisis [1]. Under these circumstances, it is necessary to search

for a viable alternative fuel and develop new energy conver-

sion devices to solve the energy generation problems. In the

past few decades, direct fuel cells based on small organic

molecules have attracted dramatic attention as possible
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power devices, particularly for hand-held electronic devices

and electric vehicles because of their high energy density,

efficiency, low environmental pollution and low operating

temperature [2,3]. In previous reports [4e10], the electro-

catalytic oxidations of various small organic molecules such

asmethanol, ethanol and formaldehyde on different modified

electrodes have been investigated for application in fuel cells.

As appealing candidates, ethylene glycol and glycerol are good

potential source in fuel cells owing to its high reactivity in

electro-oxidation, inflammability, lower toxicity and high

boiling point that enables easy handling and storage [11]. The

theoretical energy density of ethylene glycol and glycerol are
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close to that of alcohols (5.2, 5.0, 6.1 and 8.6 kWh/kg for

ethylene glycol, glycerol, methanol and ethanol, respectively)

making them attractive oxidation fuels for direct fuel cells

[12]. Furthermore, many studies have shown that ethylene

glycol can be directly produced from the catalytic conversion

of biomass-related cellulose and glycerol is also easily avail-

able from the biodiesel manufacture [13,14]. Thus ethylene

glycol and glycerol are recognized as renewable fuels [15e18].

Considering all these advantages, ethylene glycol and glycerol

are promising alternative fuels for direct fuel cells.

Noble metals such as Ag, Pd and Pt, well known for their

excellent electrocatalytic ability, are easily poisoned by strong

absorbed COads species formed during the oxidation of or-

ganics which can slow down the kinetics of the oxidation re-

action [4]. Furthermore, a number of challenges such as the

high cost and limited world supply hinder their practical ap-

plications in commercialization of direct fuel cell. Nickel

nanoparticles used as modification material are of great in-

terest in fuel cell research thanks to the low cost, relatively

high natural abundance and good corrosion resistance ability

[19,20]. Additionally, Ni exhibits superior electrocatalytic ac-

tivity towards oxidation of small organic compounds in

alkaline media [21,22]. Therefore, nanosized nickel based

materials are widely used as electro-catalyst for both anodic

and cathodic reactions in organic synthesis and aqueous

electrolysis [23e26]. One instance, Ferdowsi et al. prepared a

modified electrode with Ni nanoparticles deposited on the

graphite electrode. Compared to the graphite electrode, the

modified electrode exhibits a lower onset potential with a

higher anodic current density for methanol oxidation [27]. In

another example, Ojani et al. [15] demonstrated a Ni/SDS-

POAP/CPE electrode fabricated by open circuit accumulation

of Ni(II) on the surface of SDS-POAP/CPE that was prepared by

the electro-polymerization of o-aminophenol on a carbon

paste electrode in the presence of sodium dodecyl sulphate

(SDS). The modified electrode showed a high catalytic per-

formance for the electrocatalytic oxidation of methanol and

ethylene glycol. Despite the obvious advantages of the use of

nickel nanoparticles in electrochemical applications, explo-

ration of advanced methods is still necessary to increase the

electrocatalytic ability of Ni particle-based electrodes

dramatically.

Ion implantation is a versatile and powerful material sur-

face modification technique that can be used to embed

nanometre-scale clusters and crystals in the near surface re-

gion providing practical and excellent electrode materials

with long-term stability, catalytic activity and reproducibility

[28,29]. Specifically, in this facile, low cost and eco-friendly

technique, a selected host material is directly injected with

the desired ions the size of which can be easily controlled by

changing the implantation conditions [30]. Indium tin oxide

(ITO) was chosen as the electrode substrate because it has the

advantages of excellent optical transparency, high electrical

conductivity, wide electrochemical working window, low

capacitive current, stable electrochemical and physical prop-

erties [31e33]. In the present paper, our group selected ITO as

the substrate and we have successfully fabricated the NiNPs/

ITO electrode by ion implantation. The NiNPs/ITO electrode

exhibited an enhanced electrocatalytic activity and good long-
Please cite this article in press as: Lin Q, et al., Electrocatalytic oxi
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term stability for the electrocatalytic oxidation of ethylene

glycol and glycerol. The results shows that it is an ideal anode

for ethylene glycol and glycerol fuel cells.
Experimental

Reagents and materials

ITO glass was obtained from Beijing Tsinghua Engineering

Research Centre of Liquid Crystal Technology. All chemicals

were of analytical grade and were used as purchased without

any further purification. Triply distilled water was used in this

study as the solvent. All measurements were carried out at

room temperature.

Fabrication of the NiNPs/ITO electrode

A sheet of ITO glass was cleaned ultrasonically in triply

distilled water, ethanol and then again with triply distilled

water for 5min, respectively. Ion implantation was performed

using a Beijing Normal University (BNU)metal vapour vacuum

arc (MEVVA) implanter. Nickel ionswith 10 keV at the fluences

of 1.0 � 1017 ions/cm2 were implanted onto the pretreated ITO

surface to form the NiNPs/ITO electrode. The electrode was

washed with distilled water and ethanol for several times

prior to use.

Instrumentation

All electrochemical experiments were carried out using a

CHI660D electrochemical workstation (CH instrument Inc,

USA). A standard three-electrode system was employed con-

sisting of a platinum wire as the auxiliary electrode, an Ag/

AgCl electrode as the reference electrode and a bare or

modified ITO electrode (A¼ 50 mm2) as the working electrode.

Scanning electronmicroscope (SEM) (Hitachi X650, Japan) was

performed to characterize the structure and morphology of

the NINPs/ITO electrode. A SEM was also equipped with an

energy-dispersive X-ray spectrometer (EDS) detector for

elemental analysis. X-ray photoelectron spectroscopy (XPS)

measurement was performed on an AXIS Ultra spectrometer

(Shimadzu, Japan).
Results and conclusions

Characterization of NiNPs/ITO electrode

SEM images of NiNPs/ITO electrode
SEM was employed to show the surface morphologies of the

bare ITO and NiNPs/ITO electrodes. Fig. 1-A shows the struc-

ture of the bare ITO electrode surface, with some rugged

grains apparent on the surface. Following implantation, a

remarkable change of the surface morphology was observed.

As shown in Fig. 1-B, we can clearly see that most of the

spherical-shaped grains disappeared and a large number of

NiNPs were distributed on the surface of this electrode. The

particle size histograms present a wide distribution of
dation of ethylene glycol and glycerol on nickel ion implanted-
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Fig. 1 e SEM images of bare ITO (A) and NiNPs/ITO (B). Inset of plot (B): the particle size statistics. EDS image of NiNPs/ITO (C).

Fig. 3 e CV of bare ITO (a) and NiNPs/ITO (b) in 0.2 M NaOH

at a scan rate of 100 mV s¡1.
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18e110 nm of NiNPs (Fig. 1-B insert), averaging 46 nm.

Furthermore, three peaks corresponding to Ni are clearly

detected by EDS (Fig. 1-C), indicating the successful implan-

tation of NiNPs onto the ITO film. The above results are in good

agreement with the SEM finding.

XPS images of NiNPs/ITO electrode
The Ni 2p XPS spectrum of NiNPs/ITO precursor is presented

in Fig. 2. None of any nickel peaks is observed on ITO electrode

(curve a). Fig. 2 curve b shows the XPS survey spectrum of the

NiNPs/ITO electrode. One strong satellite peaks at 852.2 eV

correspond to Ni (2p3/2) were observed. It can be concluded

that the implanted Ni is int the zero valent metallic state by

comparing the binding [34e36]. This result indicates that we

have successfully implanted NiNPs onto the ITO electrode

surface.

Electrochemical behaviours of NiNPs/ITO electrode with CV
After scanning the modified electrode for 30 cycles in 0.2 M

NaOH solution from �1.0 V to 1.5 V, the electrochemical

behaviour of the bare ITO (a) and the NiNPs/ITO (b) were

examined using cyclic voltammetry (Fig. 3). As shown by curve
Fig. 2 e XPS spectra of bare ITO (a) and NiNPs/ITO (b).
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a, no reaction current was observed on the bare ITO, indicating

that ITO is non-electroactive in the selected potential range.

However, twowell-defined redox peaks corresponding to Ni(II)/

Ni(III) redox couple appeared in curve b in 0.2 M NaOH from 0.0

to 1.0 V. As can be clearly observed, the peak in the anodic di-

rection at 0.562 V arises from the oxidation of Ni(OH)2 to NiOOH

at the electrode surface and the peak in the cathodic direction

at 0.293 V is attributed to the reduction of NiOOH to Ni(OH)2
[37,38]. This can be described by the following mechanisms:

Niþ 2OH�/NiðOHÞ2 þ 2e�

NiðOHÞ2 þOH�#NiOOHþH2Oþ e�

Using the Randlese�Sev�cik equation, the electrochemically

active areawas found using the relationship between the peak

currents and the scan rates:

ip ¼ 2:69� 105n3=2AD1=2
0 v1=2C0
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where n is the number of electrons transferred, A is the

effective area of the NiNPs/ITO electrode, D0 is the diffusion

coefficient of the rate-limiting proton, v is the scan rate and C0

is the concentration of [Fe(CN)6]
3�/4�. The average slope of ip

against v1/2 is not shown. The area A is thus calculated to be

1:25� 105 cm2.

Fig. 4-A shows CV data for the NiNPs/ITO electrode in the

presence of various concentrations of NaOH solution with

concentration in the 0.1 Me0.5 M range. As shown in Fig. 4-B,

thepeakcurrents increasedwithNaOHsolutionconcentrations

increasing from0.1M to 0.3M, however, we can clearly see that

the currents declinedwhen theNaOH solution concentration is

increased from 0.3 M to 0.5 M. By contrast, when the NaOH so-

lution concentration is increased, the peak potentials first

declined with NaOH concentrations increasing from 0.1 M to

0.2 M then increased, as shown in Fig. 4-C. Thus, we can

conclude that OH� participates in the electrode reaction and its

concentration affects the peak current and potential. And

NaOH concentration of 0.2 M was chosen as the optimal con-

dition for carrying out the electrochemical experiments.
NiðOHÞ2 þOH�/NiOOHþH2Oþ e� (1)

Ni2þ þHOCH2CH2OH/Ni2þ � ðHOCH2CH2OHÞads (2)

Ni2þ � ðHOCH2CH2OHÞads þ 2NiOOH/Ni2þ � ðHOCH2CHOÞads þ 2NiðOHÞ2 (3)

Ni2þ � ðHOCH2CHOÞads þ 2NiOOHþOH�/Ni2þ � �
HOCH2COO��

ads
þ 2NiðOHÞ2 (4)

Ni2þ � �
HOCH2COO��

ads
þ 2NiOOH/Ni2þ � �

CHOCOO��
ads

þ 2NiðOHÞ2 (5)

Ni2þ � �
CHOCOO��

ads
þ 2NiOOHþ 3OH�/�OOCCOO� þ 3NiðOHÞ2 (6)
We examined the effect of the scan rate in the range of

50e800mV s�1 (Fig. 5). It is observed that as potential scan rate

is increased, the anodic peak potentials shift to more positive

implying that this electrode reaction is quasi-reversible.

Furthermore, the inset of Fig. 5 suggests that both the

anodic and cathodic peak currents are linearly proportional to

the square root of the potential scan rate with the correlation

coefficients of 0.9968 and 0.9957, indicating that the electro-

oxidation on the NiNPs/ITO is a diffusionecontrolled process.
The electrocatalytic oxidation of ethylene glycol by NiNPs/ITO

The electrocatalytic properties of NiNPs/ITO in alkaline

media were characterized with CV. Fig. 6 displays CV re-

sponses of the bare ITO and the NiNPs/ITO in the absence

(curve a and curve c) and presence (curve b and curve d) of
Please cite this article in press as: Lin Q, et al., Electrocatalytic oxi
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0.03 M ethylene glycol. It is obvious that no peaks are pre-

sent in curve a and curve b. However, as can be observed

from curve d, the oxidation current of ethylene glycol cor-

responds to the oxidation of Ni(II) to Ni(III) (according to Eq.

(1)) and the reduction current in the negative sweep of

potential corresponds to the reduction of Ni(III) to Ni(II).

Upon the addition of 0.03 M ethylene glycol, curve d shows

a rapidly increased current in the anodic direction due to

the adsorption of ethylene glycol by the NiNPs/ITO elec-

trode and the oxidation of ethylene glycol to glycollate

which is the intermediate product (according to Eqs.

(1)e(4)). Besides, the oxidation peak in the reversed direc-

tion at 0.640 V for the further oxidation of glycollate to

oxalate (according to Eqs. (5) and (6)). Based on the CV re-

sults obtained above and the hypotheses proposed in pre-

vious reports [39e44], a possible mechanism for the

ethylene glycol oxidation on the surface of the NiNPs/ITO

electrode can be written as follows, which can demonstrate

the favourable electrocatalytic activity for ethylene glycol

oxidation on the NiNPs/ITO:
To evaluate the electrocatalytic activity of NiNPs/ITO

electrode toward ethylene glycol oxidation, the results ob-

tained by this study were compared with those of other

research works in the literature. As revealed in Table 1, this

modified electrode in our study has exhibited higher electro-

catalytic activity for oxidation of ethylene glycol.

Furthermore, we investigated the effect of ethylene glycol

concentration. Fig. 7 depicts CV of the NiNPs/ITO electrode in

the presence of various concentrations of ethylene glycol in

the range of 0.01e0.06 M. We can clearly observe that the in-

crease in the concentrationwas followed by an increase in the

oxidation peak currents and potentials. As presented in the

insert of Fig. 7, the oxidation peak currents are linearly

depended on the concentrations and the correlation coeffi-

cient is 0.9881. It is supposed that this phenomenon is due to

the presence of a diffusion-controlled process that appears to
dation of ethylene glycol and glycerol on nickel ion implanted-
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Fig. 4 e (A) CV for 0.1, 0.2, 0.3, 0.4, 0.5 M of NaOH solution concentrations (volume: 10 mL) on NiNPs/ITO electrode. (B) Peak

currents versus concentration. (C) Peak potentials versus concentration. Scan rate: 100 mV s¡1.

Fig. 6 e CV of bare ITO and NiNPs/ITO in the absence (curve

a and curve c) and presence (curve b & curve d) of 0.03 M
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play an important role at ethylene glycol concentrations from

0.01M to 0.06 M [28,37] Undoubtedly, the data presented in the

figure show that ethylene glycol can be efficiently catalysed at

the surface of the NiNPs/ITO electrode.

From the standpoint of practical use, high catalytic stabil-

ity is another attractive characteristic of the fabricated metal

nanoparticles modified electrode. The stability of the NiNPs/

ITO electrode was investigated by currentetime curve tech-

nique with a long time window at a constant potential of

0.74 V versus Ag/AgCl in 0.2 M NaOH containing 0.03M

ethylene glycol (Fig. 8 A). It is important to note that firstly the

current decreased slowly and then reached a relatively stable

value after 500 s. This observation implies that NiNPs/ITO

electrode exhibits an excellent stability for the oxidation of

ethylene glycol. Fig. 8-B shows that the anodic peak currents
Fig. 5 e CVoftheNiNPs/ITOin0.2MNaOHsolution,scanratesfrominner toouterare50,100,150,200,250,300,350,400,450,500,

600,700and800mVs¡1, respectively. InsetofFig.4:plotofanodicandcathodicpeakcurrentsversusthesquarerootofscanrates.

ethylene glycol in 0.2 M NaOH. Scan rate: 100 mV s¡1.
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Fig. 7 e CV of NiNPs/ITO electrode with different

concentrations of ethylene glycol: 0.01, 0.02, 0.03, 0.04, 0.05

and 0.06 M in 0.2 M NaOH. Inset of plot: peak currents

versus concentrations of ethylene glycol. Scan rate:

100 mV s¡1.

Table 1 e Comparison for electrocatalytic activity of NiNPs/ITO electrode with other modified electrodes for ethylene glycol
oxidation reaction.

Modified electrode Alcohol solution Ep/V Ip/mA Ref. No.

Ni/SDS-PPAA/CPE 0.1 M NaOH/0.02 M EG 0.60 (vs. Ag/AgCl) 0.45 [28]

Ni/SDS-POAP/CPE 0.1 M NaOH/0.28 M EG 0.80 (vs. Ag/AgCl) 1.00 [45]

PolyNiTSPc/Au/Q pH 11 buffer electrolyte/1 M EG 0.52 (vs. Ag/AgCl) 0.60 [46]

Ni/PMT(TX-100)/MCPE 0.1 M NaOH/0.06 M EG 0.67 (vs. Ag/AgCl) 1.70 [15]

NiNPs/ITO 0.2 M NaOH/0.03 M EG 0.64 (vs. Ag/AgCl) 0.80 This work

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e96
of ethylene glycol oxidation increased slightly with increasing

cycle number. After scanning for 300 cycles using CV, the peak

current was 1.520 mA, equal to 105% of that (1.450 mA) at the

first cycle. Based on the above, we can draw a conclusion that
Fig. 8 e (A) Iet relations for ethylene glycol oxidation on NiNPs

glycol. (B) Relationship between the peak current obtained by C

NaOH. Insert of plot (B): Peak currents of the NiNPs/ITO electrode

rate: 100 mV s¡1.

Please cite this article in press as: Lin Q, et al., Electrocatalytic oxi
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ion implantedNiNPs display favourable stabilitymaking them

a viable and promising alternative catalyst for oxidation of

small organic molecules in fuel cells.
The electrocatalytic oxidation of glycerol by NiNPs/ITO

As shown in Figs. 9 (A) and Fig.10, it is obvious that there are

many similarities between the graphs for ethylene glycol and

glycerol. We could found that the anodic peak current of

ethylene glycol oxidation was slightly higher than that of

glycerol, indicating that nickel nanoparticles show higher

catalytic activity toward ethylene glycol oxidation on the

NiNPs/ITO electrode. According to the reported previously

results [47e50], glycerol oxidation shared the similar mecha-

nism with ethylene glycol. Fig. 9-B shows the currentetime

curve of the NiNPs/ITO electrode in the 0.2 M NaOH toward

0.02M glycerol at a constant potential of 0.70 V versus Ag/AgCl

for 3000 s. Inspection of the figure shows the current

decreased slowly during the first 500 s, however, the current

still decreased slightly after 500 s, which is different from the

currentetime curve of 0.03 M ethylene glycol. This implies

that the NiNPs/ITO electrode also has a high stability toward

glycerol oxidation. Furthermore, we also studied the rela-

tionship between the anodic peak current and the number of

cycles in 0.02 M glycerol. After scanning through 300 cycles by

CV, the peak current was 0.459 mA, equals 97% of that

(0.473 mA) at the first cycle.
/ITO electrode in 0.2 M NaOH containing 0.03 M ethylene

V and the cycle number in 0.03M ethylene glycol in 0.2 M

of the first cycle and 301st cycle in prepared solution. Scan

dation of ethylene glycol and glycerol on nickel ion implanted-
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Fig. 9 e (A) CV of bare ITO and NiNPs/ITO in the absence (curve a and curve c) and presence (curve b and curve d) of 0.02M

glycerol in 0.2 M NaOH. (B) Iet relations for glycerol oxidation of the NiNPs/ITO electrode in 0.2 M NaOH containing 0.02 M

glycerol. Insert of plot (B): Peak currents of NiNPs/ITO electrode of the first cycle and 301st cycle in prepared solution. Scan

rate: 100 mV s¡1.

Fig. 10 e CV of NiNPs/ITO in 0.03M ethylene glycol (curve a)

and 0.02 M glycerol (curve b) in 0.02 M NaOH. Scan rate:

100 mV s¡1.
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Conclusions

In this work, NiNPs have beenmodified onto ITO electrode by

ion implantation to prepare a novel functional electrode and

the electro-oxidation of organics was catalysed by Ni(III) on

the surface of this modified electrode. With nickel ions

at the fluences of 1.0 � 1017 ions/cm2, the NiNPs/ITO elec-

trode exhibited good catalytic performance for the electro-

catalytic oxidation of ethylene glycol and glycerol in alkaline

solution. Moreover, the proposed electrode shows satisfac-

tory stability when continued cycling by CV. All these results

suggested that the NiNPs/ITO can act promising catalysts for

fuel cells.
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