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Abstract

Gold-copper alloy nanoparticles (AuCu NPs) were electrodeposited on a graphene - ionic liquid composite film
(EGN-IL). The AuCu NPs showed high electrocatalysis to the oxidation of hydrazine with a catalytic reaction rate
constant of about 5.0x10* mol/Ls. In phosphate buffer solutions (pH 6.8) the oxidation current of hydrazine at
0.15V (vs. SCE) at the resulting electrode (AuCu—EGN-IL/GCE) was linear to its concentration in the range of
0.2-110 uM with a sensitivity of 56.7 pA/mM, and the detection limit was 0.1 pM (S/N=3). The electrode was suc-

cessfully applied to the determination of waste water.
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1 Introduction

Hydrazine is an important compound and can be used as
corrosion inhibitor, insecticide, plant-growth regulator
and fuel for direct fuel cell systems [1-3]. However, hy-
drazine is also a carcinogenic, hepatotoxic and mutagenic
substance, and can cause blood abnormality and irreversi-
ble damage of the nervous system [4-6]. Therefore, the
sensitive detection of hydrazine is significant in environ-
ment.

So far, several methods have been developed for the
determination of hydrazine, including spectrophotometry
[7], titrimetry [8], chemiluminescence [9] and ion chro-
matography [10]. The electrochemical method is rapid
and cost-effective, and is also exploited for the detection
of hydrazine. For the determination of hydrazine different
modified electrodes were prepared in order to lower its
overpotential and to enhance the detection sensitivity
[11-21]. Among them nano-gold modified electrodes pre-
sented good performance and attracted more attention of
researchers [16-21]. For example, Yan et al. [16] reported
a nanoporous gold (NPG) modified electrode for hydra-
zine detection, which was prepared by dealloying of
AgAu in concentrated nitric acid. Compared with the
bulk gold electrode the NPG modified electrode showed
enhanced current response and the oxidation potential of
hydrazine decreased. Based on the electrodeposition of
gold nanoparticles on a choline film coated glassy carbon
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electrode (GNPs/Ch/GCE), Li et al. [18] developed a sen-
sitive hydrazine sensor. Its response current was 3.4-fold
as much as that of a GNPs/GCE.

It is well known, that alloys generally possess many
properties superior to their single-metal components [22,
23]. In addition, by incorporating common metals into
noble metals the consumption of noble metals can be re-
duced and more functions may be achieved. Some alloys
present good electrocatalysis and have been widely used
in the preparation of fuel cells and sensors [24-27]. Such
as AuCu alloy, it was used to construct different electro-
chemical sensors and showed interesting performance
[28-30]. Recently, alloys based electrochemical sensors
received increasing attention.

Graphene is a novel nanomaterial with many unique
characteristics [31, 32], and it has great application poten-
tial in electroanalysis field. Generally, the graphene pre-
pared by chemical reduction contains many oxygen-con-
taining groups, which affect its electrocatalytic perfor-
mance. Recently, the electrochemical preparation of gra-
phene was attempted [33-36], and the resulted graphene
showed superior electronic property to that prepared by
chemical reduction. In addition, to prevent the aggrega-
tion of graphene nanosheets dispersants, such as poly-(di-
allyldimethyl-ammonium chloride) (PDDA) [37], Nafion
[38] and chitosan [39], were often added. Ionic liquids
(ILs) could also be used for such purpose [40,1]. Recent-
ly, graphene was used to fabricate hydrazine sensor and it
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improved the current response [42-44]. However, to the
best of our knowledge there are no reports on the vol-
tammetric determination of hydrazine by using alloy
nanoparticle or alloy nanoparticle — graphene hybrid film
modified electrodes. Nevertheless, when alloy nanoparti-
cles and graphene are used to fabricate electrochemical
sensors they may produce synergic interaction and the
performance of sensors may be further improved.

In this paper, an IL (i.e. 1-(2-hydroxyethyl)-3-methyli-
midazolium bis(trifluoromethanesulfonyl)imide) - gra-
phene composite film is prepared by electrochemical re-
duction, and then AuCu nanoparticles are electrodeposit-
ed on it. The structure and electrochemical property of
the resulting alloy nanoparticle — graphene — IL hybrid
film are studied by scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDX), X-ray pho-
toelectron spectroscopy (XPS), X-ray diffraction (XRD)
and voltammetry. The hybrid film exhibits high catalytic
activity for the electrochemical oxidation of hydrazine,
and thus it is used for hydrazine sensing.

2 Experimental

2.1 Reagents

HAuCl, and CuSO, were purchased from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China). The ionic
liquid 1-(2-hydroxyethyl)-3-methylimidazolium  bis(tri-
fluoromethanesulfonyl)imide (purity: 99 %) was provided
by Lanzhou Institute of Chemical Physics (Lanzhou,
China) and was used as received. Graphene oxide (GO)
came from Xianfeng Reagent Co. Ltd. (Nanjing, China).
Hydrazine was the product of Sinopharm Chemical Re-
agent Co. Ltd. (Shanghai, China), and 20 mM hydrazine
stock solutions were prepared with water and stored in
a refrigerator. The working solutions were prepared by
diluting the stock solution with phosphate buffer solution
(PBS: pH 6.8). All other chemicals used were of analyti-
cal reagent grade. The water used was redistilled.

2.2 Apparatus

Electrodeposition, cyclic voltammetric (CV) and chro-
noamperometric experiments were performed on a CHI
440 electrochemical workstation (CH Instrument Compa-
ny, Shanghai, China). The electrochemical impedance
spectroscopy was recorded with a CHI 660D electro-
chemical workstation (CH Instrument Company, Shang-
hai, China). A conventional three-electrode system was
adopted. The working electrode was a modified glassy
carbon electrode (diameter: 2 mm) or a glass substrate
(10 mmx 10 mm x2.2 mm) coated with an indium tin
oxide (ITO), and the auxiliary electrode and reference
electrode were a platinum wire and a saturated calomel
electrode (SCE), respectively. The SEM images and
energy dispersive X-ray spectroscopy were obtained by
using a Hitachi X-650 SEM (Hitachi Co., Japan). X-ray
diffraction data were recorded with a Bruke D8 diffrac-
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tometer (Germany) using Cu Ka radiation (40kV,
40 mA) with a Ni filter. X-ray photoelectron spectroscopy
was performed on an Escalab MKII spectrometer (VG
Co., UK), using Mg KR radiation (1253.6 ¢V) at a pres-
sure of 2.0 x 107" mbar. The peak positions were internal-
ly referenced to the C 1s peak at 284.6 eV. All measure-
ments were conducted at room temperature.

2.3 Preparation of Modified Electrodes

GO was dispersed in redistilled water to prepare a 1 mg/
mL GO suspension. Then 0.5 mL GO suspension was
mixed with 0.5 mL IL solution (2.5 pL/mL, in N,N-dime-
thylformamide), with the aid of ultrasonication. Then,
4uL of the resulted suspension was transferred on
a cleaned GCE and the solvent was evaporated in air,
thus a GO-IL film coated electrode (GO-IL/GCE) was
obtained. The GO-IL/GCE was immersed in a 0.2M
Na,SO, aqueous solution and the potential was hold at
—1.3V (vs. SCE) for 600 s [45]. Thus GO was reduced to
graphene and the obtained electrode was denoted as
EGN-IL/GCE. Then AuCu nanoparticles were electrode-
posited on the surface of EGN-IL/GCE. The deposition
potential was —0.4 V, the deposition time was 400 s and
the electrolyte solution was a 0.2 M Na,SO, aqueous solu-
tion containing 0.5 mM HAuCl, and 0.5 mM CuSO,. The
obtained AuCu [1:1, i.e., the ratio of c(HAuCly)/
¢(CuS0O,)] ~EGN-IL/GCE (or ITO) was washed carefully
with redistilled water and then dried at room tempera-
ture. For comparison AuCu/GCE, Au—EGN-IL/GCE and
Cu—EGN-IL/GCE were fabricated through the similar
method. Before measurement, the working electrode was
conditioned by repeating potential scan between —0.2 V
and 0.6 V in a PBS until a stable CV curve was obtained.

3 Results and Discussion

3.1 Morphological Analysis

As shown in Figure 1, the EGN-IL composite film is
quite uniform, probably due to the binding and blanket-
ing effect of viscous IL. After AuCu is electrodeposited
on it, many small particles (diameter: about 50 nm)
occur. They are smaller than those electrodeposited on
ITO, and the particle density is much higher than that on
ITO. This is because the EGN can provide many sites for
the formation of AuCu nucleus and IL can enhance the
nucleation rate due to its low interface tension [25]. As
more AuCu nucleuses form on the EGN-IL composite
film the resulting AuCu particles become smaller. In ad-
dition, the IL can also form a hydrophobic area outside
the AuCu particles and acts as a stabilizer, which can
avoid the aggregation of AuCu particles to some extent.
Therefore, the EGN-IL is a better support for the electro-
deposition of AuCu nanoparticles. It should be pointed
out, when the IL is replaced by 1-butyl-3-methylimidazo-
lium hexafluorophosphate and 1-octyl-3-methylimidazoli-
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Fig. 1. SEM images of AuCu-EGN-IL/ITO (a), AuCuw/ITO (b)
and EGN-IL/ITO (c). The solution for electrodeposition: 0.2 M
Na,SO, containing 0.5 mM HAuCl, and 0.5 mM CuSO,; electro-
deposition potential: —0.4 V; electrodeposition time: 400 s.

um hexafluorophosphate GO cannot be well dispersed
and the resulting GO-IL film is not so uniform.

3.2 Structure and Composition Analysis

The composition of AuCu particles is determined by
EDX (see Supporting Information, Figure S1), and the
atom ratio of Au/Cu is about 61:39, which is higher than
the ratio of c¢(HAuCl,)/c(CuSO,) in the electrolyte solu-
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tion. This means that the electrodeposition of Au is easier
than that of Cu under this condition. We think it is relat-
ed to the different diffusion rate of AuCl,” and Cu**, the
different stability of Au and Cu, their competition for
deposition sites and the alloy structure.

Figure 2A shows the XRD patterns of Au (c) and
AuCu (d) particles electrodeposited on EGN-IL/ITO.
The diffraction patterns display a series of broad Bragg
peaks, which are typical for material of limited structural
coherence. The peaks around 38.18°, 44.38°, 64.67°, 77.71°
and 81.86° can be assigned to Au (111), (200), (220),
(311) and (222), respectively. They are in line with the
standard XRD pattern of Au (b) (JCPDS 04-0784). The
peaks around 50° and 60° are produced by ITO. Com-
pared with the corresponding peaks of Au the peaks of
AuCu (d) shift to higher 20 values and fall well between
the peaks of pure Au (b) and pure Cu (a, JCPDS 04-
0836), indicating that the AuCu nanoparticles are alloy
rather than a mixture of monometallic nanoparticles.
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Fig.2. (A) Standard XRD patterns of Cu (a) and Au (b); XRD
patterns of Au (c) and AuCu particles (d) electrodeposited on
EGN-IL film. (B) XPS spectra of Au 4f for Au—-EGN-IL/GCE
(a) and AuCu—EGN-IL/GCE (b).
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XPS spectra of Au and AuCu nanoparticles are shown
in Figure 2B. The peaks at 84.71 eV and 88.44 eV can be
assigned to the Au 4f;, binding energy and Au 4f;, bind-
ing energy, respectively. For AuCu (b) the Au 4f binding
energy decreases, indicating that the electronic structure
of Au is altered in the AuCu (so-called electronic effect)
and Au and Cu form alloy. This is in agreement with the
result of XRD experiment.

3.3 Electrocatalytic Oxidation of Hydrazine

The CVs of the bare GCE (curves a and b), EGN-IL/
GCE (curves ¢ and d), Au-EGN-IL/GCE (curves e and f)
and AuCu—EGN-IL/GCE (curves g and h) in different
solutions are presented in Figure 3A. Hydrazine does not
produce any peaks at the bare GCE. When the GCE is
replaced by the EGN-IL/GCE, hydrazine exhibits an oxi-
dation peak at about 0.3 V, which can be attributed to the
promotion of EGN-IL to the electron transfer of hydra-
zine. However, the peak is broad and the peak current is
small. When Au nanoparticles were electrodeposited on
the EGN-IL film the oxidation potential of hydrazine de-
creases and the peak current increases. This should be at-
tributed to the enhanced surface area and electron-trans-
fer rate by Au nanoparticles. For AuCu—EGN-IL/GCE,
the peak current of hydrazine is greater, meaning that the
AuCu—EGN-IL/GCE has higher catalytic activity to the
oxidation of hydrazine. As the peak potential is almost
the same as that of Cu peak, we think that the catalysis
of AuCu nanoparticles to hydrazine oxidation is associat-
ed with the oxidation of Cu in the alloy (e.g. AuCu’—
AuCu** 42e). The oxidized Cu then interacts with hydra-
zine.

Figure 3B shows the CVs of hydrazine at AuCu/GCE
and AuCu—EGN-IL/GCE. It is clear that hydrazine pro-
duces a much higher peak at the AuCu—EGN-IL/GCE
than at the AuCu/GCE. The reason is that more AuCu
nanoparticles are electrodeposited on the EGN-IL/GCE.
For comparison, Pt, Pd, Ru, Ni and Co are also tested,
but they show poor catalysis in this case.

Figure 3C displays the impedance spectroscopy of bare
GCE, EGN-IL/GCE and AuCu—EGN-IL/GCE. As hy-
drazine shows large overpotential at GCE, the electron
transfer resistance (R,,) of bare GCE (Figure 3C, Inset) is
quite great, which is much greater than that of EGN-IL/
GCE and AuCu-EGN-IL/GCE. In comparison with the
EGN-IL/GCE (curve b), the AuCu—EGN-IL/GCE exhib-
its smaller electron transfer resistance (curve a), indicat-
ing that the AuCu—EGN-IL/GCE has higher conductivity
and the electron transfer of hydrazine occurs more easily
at it.

As the ratio of c(HAuCl,)/c(CuSO,) affects the compo-
sition and the amount of alloy particle electrodeposited,
the current response of hydrazine at the resulting AuCu—
EGN-IL/GCE is also dependent on it (see Supporting In-
formation, Figure S2). Experimental result shows that the
peak current of hydrazine gradually increases with the
ratio of c(HAuCl,)/c(CuSO,) changing from 10:0 to 1:1.
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Fig.3. (A) CVs of bare GCE (a, b), EGN-IL/GCE (c, d), Au—
EGN-IL/GCE (e, f) and AuCu—EGN-IL/GCE (g, h) in 0.1 M
PBS (pH 6.8) containing 0 (a, c, ¢, g) and 3.0x10™* M (b, d, f, h)
hydrazine. In order to distinguish them several curves (e, f, g, h
are moved along the ordinate axis to some extent. (B) CVs of
AuCu/GCE (a, b) and AuCu—EGN-IL/GCE (c, d) in 0.1 M PBS
(pH 6.8) containing 0 (a, c) or 3.0x107* M (b, d) hydrazine. Scan
rate: 100 mV/s. (C) Nyquist plots of AuCu—EGN-IL/GCE (a),
EGN-IL/GCE (b) and bare GCE (c) in 0.1 M PBS (pH 6.8) con-
taining 3.0x 10~* M hydrazine.
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However, when the ratio is further decreased, the peak
current declines. Therefore, the concentrations of HAuCl,
and CuSO, are kept the same in the following experi-
ments. The Cu—EGN-IL/GCE hardly shows stable elec-
trocatalysis to the oxidation of hydrazine under this con-
dition. But when Cu and Au form alloy the obtained
AuCu—EGN-IL/GCE is stable enough. This means that
Au and Cu can coordinate in catalyzing the oxidation of
hydrazine.

Solution pH is another important factor influencing the
electrochemical response of hydrazine. Although the
peak current of hydrazine is larger at pH 6.4 (see Sup-
porting Information, Figure S3), pH 6.8 is selected in this
experiment as the AuCu—EGN-IL/GCE electrode is
more stable at this pH. With pH changing the peak po-
tential (E,) shifts and the slope of E, vs. pH plot is about
—78 mV/pH. This suggests that the electrochemical pro-
cess should involve proton-transfer. It is similar to that re-
ported in literature [46].

In addition, the influence of the scan rate (v) is investi-
gated (see Supporting Information, Figure S4). As
a result, in the range studied (30-300 mV/s) the peak cur-
rent and v'” show the linear relationship i, (nA)=
—9.45+2.38 v'* (v: mV/s, R=0.991). This indicates that
the electrochemical process is diffusion-controlled.

3.4 Estimation of Diffusion Coefficient and Catalytic
Reaction Rate Constant

Figure 4 presents the chronoamperometric curves of
AuCu—EGN-IL/GCE in hydrazine solutions. As can be
seen, the oxidation current of hydrazine quickly decreases
in initial several seconds and then gradually reaches
a stable value. The current () vs. t ' plots are worked
out and they present linear relationship in certain range.
The relationship between the slope (S) of the linear seg-
ment and the hydrazine concentration can be expressed
as S (mA s ?)=1.404+0.023¢ (uM). According to the
slope and Cottrell’s law (i.e. I=nFA C D' ni="* r''? the
symbols have normal meaning) [47], the diffusion coeffi-
cient of hydrazine can be estimated and it is about 1.2 x
107° em* s~

When the time is more than 5.0 ms, the catalytic reac-
tion rate constant (k) can be estimated on the basis of the
equation [48]: I/l =n"*(kcyt)"?, where I, is the catalytic
current in the presence of hydrazine, [; is the limiting dif-
fusion current in the absence of hydrazine, ¢, is the bulk
concentration and ¢ is the time. The chronoamperometric
response curves of AuCu—EGN-IL/GCE are shown in
Figure 4B for solutions containing 0 and 40 uM hydrazine.
According to the slope of I/I; —(c,t)"* plot, k is estimated
to be 5.0 x 10* mol/L s.

3.5 Amperometric Measurement of Hydrazine

Under the optimized conditions, the chronoamperometric
curve of hydrazine is recorded (Figure 5). The response
current is linear to hydrazine concentration in the range
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Fig.4. (A) Chronoamperometric response curves of AuCu—

EGN-IL/GCE in PBS (0.1 M, pH6.8) containing 40 uM (a),
80 uM (b), 100 uM (c), 140 uM (d) and 180 uM (e) hydrazine.
Applied potential: 0.15 V; Inset: Corresponding current 7 vs. ¢
plots. (B) Chronoamperometric response curves of AuCu—EGN-
IL/GCE in PBS containing 0 uM (a) or 40 uM (b) hydrazine.
Inset: Relationship between I/l and (cyt)".

of 0.2 uM-0.11 mM, with a sensitivity of 56.7 pA/mM.
The detection limit is estimated to be 0.1 uM (S/N=3).
The AuCu—EGN-IL/GCE exhibits low detection limit
and high sensitivity for hydrazine in comparison with
other modified electrodes (Table 1).

3.6 Stability, Reproducibility and Interference of Foreign
Species

To test the reproducibility and stability of the modified
electrode, 40 uM hydrazine was detected with seven elec-
trodes prepared in the same way, and the relative stan-
dard deviation (RSD) of the peak current was 9.5 %, indi-
cating that the modified electrode had acceptable repro-
ducibility. Twelve successive measurements yielded an
RSD of 5.6% by using one electrode, indicating that the
electrode could be used for the repeated detection of hy-
drazine. The storage stability of the modified electrode
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Fig. 5. The amperometric response of AuCu—IL-GN/GCE to
hydrazine in 0.1 M PBS. Solution pH: 6.8; applied potential:
0.15 V. Inset: Calibration curve of response current versus hydra-
zine concentration.

Table 1. Comparison of different modified electrodes for hydra-
zine determination.

Electrode Detection limit  Linear range  Reference
(LM) (LM)

ZnO nanonails 0.2 0.1-1.2 [14]

MnO,-graphene  0.16 3-1120 [15]

oxide

Nano Au-thiol-  0.56 100-10° [17]

ssDNA

Au-choline 0.1 0.5-5000 [18]

Au-ZnO-MWNT 0.15 0.5-1800 [20]

PSS-graphene 1 3-300 [43]

PB-graphene 7 10-3000 [44]

AuCu-EGN-IL 0.1 0.2-110 This work

was also examined. After one-week store at 4°C in a re-
frigerator, the response current retained 87 % of its initial
value. After one month it became 71 %.

The interference of some foreign species for the deter-
mination of hydrazine was tested. The tolerance limit was
defined as the maximum concentration of the foreign spe-
cies that causes a relative error of 5% for the determina-
tion of 20 uM hydrazine. The results showed that 250-fold
of glucose, sucrose, ethanol, Cl-, Br-, NH,", and Mg’
and 500-fold of NO;~ did not interfere with the determi-
nation of hydrazine. The better selectivity of the AuCu—
EGN-IL/GCE is related to the low applied potential and
the interaction between hydrazine and AuCu nanoparti-
cles, in addition to the block effect of IL to some species.

3.7 Application

In order to evaluate the practical feasibility of the pro-
posed method for the determination of hydrazine, waste
water samples were determined. For the determination
1 mL waste water was diluted to 10 mL with 0.1 M PBS

Electroanalysis 2012, 24, No. 12, 2380-2386
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Table 2. Recovery of standard solutions added in water samples.

Sample Added Found Recovery
(uM) (1M) (%)
Petrochemical waste water 0 - -
4 3.9 97.5
8 7.9 98.8
28 28.5 101.2
48 48.4 100.8
Dye waste water 0 - -
4 4.1 102.5
8 7.8 97.5
48 46.6 97.1
88 87.3 99.2

(pH 6.8). But no hydrazine was detected in the samples.
Standard hydrazine solutions were added to the samples
to estimate the recovery. The data are shown in Table 2
and the recovery is acceptable.

4 Conclusions

An EGN-IL film can be fabricated on a GCE by electro-
chemical reduction and AuCu nanoparticles can be elec-
trodeposited on it. The resulted modified electrode
(AuCu—EGN-IL/GCE) exhibits strong electrocatalytic ac-
tivity to the oxidation of hydrazine. The oxidation poten-
tial of hydrazine decreases to 0.15 V, the peak current in-
creases and the detection limit decreases. The AuCu—
EGN-IL/GCE is suitable for the amperometric determi-
nation of hydrazine. This work paves a new way for con-
structing sensitive sensors.
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