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Abstract The electrochemistry of water dissolved in 1-
butyl-3-methylimidazolium tetrafluoroborate ([Cymim]
[BF,4]) was studied by cyclic voltammetry and electrochem-
ical impedance spectroscopy using a nickel electrode.
Hydrogen peroxide is being produced by direct electrolysis
of water in a cooperative process between the nickel
electrode and [Cymim][BF4]. There is linear response
between the concentration of water and the oxidation peak
current at 1.60 V. Impedance decreases significantly with
increasing concentration of water. The findings resulted in
two promising applications: The first is the production of
hydrogen peroxide, and the second is in water sensing.
Both methods are environmentally friendly and convenient.
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Introduction

Hydrogen peroxide, an important chemical material, can be
produced from peroxygenated compounds and electrolysis
of water [1]. Actually the electrolysis of water has affected
an increase attention due to high purity, economy and
simple procedure. Various electrolysis systems have been
reported to produce hydrogen peroxide, such as anodic
oxidation of water in sulphuric acid or sulphates [2],
cathodic reduction of oxygen in potassium hydroxide [3]
and peroxide electrolysis in Fenton reagent [1]. However, in
our opinion, the studies have not been achieved so far. The
challenge still consists in producing hydrogen peroxide in
terms of convenient and economical way.
Room-temperature ionic liquids (RTILs) are composed
of ions and exist in the liquid state at 298 K. They have
many interesting properties including negligible vapor
pressures, low combustibility, high thermal and chemical
stability [4], specially wide electrochemical windows [5, 6].
There is no supporting electrolyte required because of
abundant charge carriers when RTILs are used as solvents
for electrochemical experiments [7]. Since the diffusion
coefficients of electroactive species in RTILs are generally
orders of magnitude lower than in common organic
solvents, and the intermediate products are easier to be
observed during the electrochemical process, the mecha-
nism of electrochemical reaction in RTILs can be better
understood compared with in conventional solvents [3].
Meanwhile it has been proved that a raise in water content
in an RTILs can lead to an increase in the mass transport of
analyte to the electrode surface with the decrease of
viscosity and electrochemical window [3, 8, 9]. Among
various RTILs, 1-n-butyl-3-methylimidazolium ([Csmim]
[BF4]) has been found to be liquid with unique properties
in terms of electrical conductance, soluble in water at
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Fig. 1 a CVs of water (0.0 (a), 0.01 (b) and 0.5 mM (c)) at Ni
electrode. b CVs of water (0.0 (a), 0.35 (b) and 3.88 (c)M) at WGE. ¢
CVs of hydrogen peroxide (0.000 (a), 0.001 (b), 0.006 (c) and 0.01 (d)
M) at Ni electrode. Quiet time: 200 s; Scan rate: 50 mV s”'; Solution:
[C4mim][BF4]

temperatures higher than 6 °C, chemical and electrochemical
stability [8, 10—15]. Souza RFD successfully used [C4mim]
[BF4] as an electrolyte for hydrogen production by water
electrolysis at room temperature and atmospheric pressure
[15]. The scheme is relative to a cathodic reaction of 2H,O +
2e — H, + 20H . The catalytic activity of the electrode
surface was not affected during the electrolysis mainly due to
the chemical stability of the RTILs. But the hydrogen

Scheme 1 The scheme of

. Anode reaction:
electrolysis of water at

peroxide production has not been reported for water
electrolysis in [C4mim][BF,] up to now.

The previous studies have illustrated that [Cymim][BF,4]
is advantageous for water electrolysis. As we know that
water is hardly to sensing through electrochemical methods
because most of the solvents often contain water. In the
present work, we proposed a novel method to produce
hydrogen peroxide and to detect water using [Cymim][BF,4]
as an electrolyte. As a comparison, the electrochemistry of
hydrogen peroxide was also investigated.

Experimental section
Chemical reagents

All chemicals of the highest qualities are commercially
available: 1-Butyl-3-methylimidazolium tetrafluoroborate
(Chenjie Chemical Reagents Company of Shanghai, China);
hydrogen peroxide (H,0O,), NaCl, HCI, KI, starch and
alumina powder (Yuanda Company of Shanghai, China).
The [Cymim][BF,] was dried thoroughly before being used
at room temperature in a vacuum drying oven. After drying,
the [Cymim][BF4] was stored in a nitrogen atmosphere.
Doubly distilled water (prepared in a quartz apparatus) was
used in the experiments. High purity nitrogen gas was used
for deaeration.

Experiment instruments and electrode preparation

All electrochemical experiments were performed using a
model CHI 660B electrochemical analyzer (Cheng-Hua,

_e’ _a” o .
Ni + Hy0 —— Ni(H;0),¢ — Ni(OH) + H' 5 (NiOH")y ——» Ni(OH), +H" "

Ni electrode in [Cymim][BF,] H,0
H+
: NiZ* + H,0

2H,0 i» 0, + 4H* (2)
-2e” oHt

H,0, — > O, +2H (3)

Cathode reaction:

0, + 2H* <+TZe> H,0,

4

o H,0 . 0, .
0y + Hy,0 —=—» [0y 4] —> H20" 40 + OH ——— H07yq + 0,

+2e”
H202 +2HY ———> 2H20
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Shanghai, China). The electrochemical experiments were
performed in a homemade cell, using a platinum wire as the
auxiliary electrode and an Ag wire as the reference electrode.
A nickel electrode (2 mm diameter) and a paraffin-
impregnated graphite electrode (WGE, 2 mm diameter) were
used as working electrodes, respectively. The nickel working
electrode was polished on solf lapping pads using alumina
powder of size 5.0, 1.0, and 0.3 um, and followed by
ultrasonic in ethanol and purified water for 15 min, respec-
tively. UV-spectrophotometry experiment was performed at
401PC spectrophotometer (Shimadzu, Japan).

Results and discussion
The electrochemical behaviors of water in [Cymim][BF4]

[C4mim][BF4] was chosen as the solvent due to its
hydrophilic property and wide electrochemical window [3,
15]. The dissociation of [Cymim][BF4] yields an organic
cation with strong electrochemistry stability in a large
potential range [8]. To remove residual atmospheric water
vapor initially present in the ionic liquid, the cell was
purged with pure nitrogen prior to the experiments. The
level of the impurities was monitored by running back-
ground cyclic voltammograms (CV), and 30 mim of
purging was found to be sufficient to obtain a constant
response. These procedures were adopted for the collection
of all the data reported below.

Figure 1 displays the electrolysis of the water in
[C4mim][BF,4]. The Scheme 1 was suggested to describing
the characteristics. A pair of peaks (0.65/—0.08 V) can be
observed matching to redox of the nickel (Ni < Ni*")
(Fig. la, curve a). The anode current (no peak) are
obviously increase with the addition of 0.01 mM water
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Fig. 2 The UV-spectra of 6.67 M water depending on the delay of
electrolysis time in 0 (a), 400 (b), 800 (c), 1,200 (d), 2,000 (e) and
2,400 (f). Indicator: starch. Color solution: mixing four stock solutions
of NaCl (200 g'L™"), HCI (182-L "), KI (5 gL ") and starch
(10 gL ™") with a volume rate of 10: 1: 1: 1 diluting to 25 mL
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Fig. 3 CVs of water (2.0-9.0, 10.0 to 90.0 and 100.0 to 900.0 uM;
every 2, 20, 200 uM) at Ni electrode; Inset: Oxidation peak currents of
water depend on the concentration at Ni electrode. Quiet time: 200 s;
Solution: [Cymim][BF4]; Scan rate: 50 mV s

(Fig. la, curve b) due to the oxidation of water (reaction
(2)). The acidity of the solution is greadully increasing with
the delay of reaction and the increase of water content,
which induced nickel dissolution to form two oxidative
peaks at —0.33 and 0.28 V matching to the display of
NiOH/Ni(OH), (reaction (1)) (Fig. 1a, curve c) [16]. It is
noticeable that the oxidative peak currents (1.43 V) become
significant in higher water content at Ni electrode (Fig. la,
curve c), it is attributed to the oxidation of hydrogen peroxide,
the time taken of water diffusion and the generation of O, at Ni
electrode [1]. The peak current is linearly increasing not only
depending on the square root of scan rate from 5 to 400 mVs ',
implying a diffusion controlled process; but also with the
increase of water concentration (reaction (3)). The result was
proved by following experiments in Fig. lc. A similar
oxidation peak at 1.43 V can be readily seen after hydrogen

Z_/KQ

Fig. 4 Electrochemical impedance spectroscopy of water (0, 0.01,
0.1, 0.3, 0.5, 0.7, 0.9, 1 mM and 9 mM at Ni electrode. Init 1.6 V;
Frequency: 962 (Hz); Amplitude: 10 V; Quiet time: 200 s. Solution:
[C4mim] [BF4]
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peroxide followed the same processes with different concen-
tration. For the cathode reaction, two successive waves of
dissolved oxygen reduction are observed at 0.52 and 0.00 V
with a two-step process matching to reaction (4) and (5).
Moreover, the CVs of water also were investigated at WGE to
prove the effect of Ni electrode, it is observed that the
response is irregular and small while the WGE followed the
same processes (Fig. 1b). It illustrates that Ni electrode plays
an important role towards the electrolysis of the water and in
line with the literatures [16—19].

Hydrogen peroxide production

Hydrogen peroxide production can be further proved by
UV- spectrophotometic method based on a color reaction of
21 + H,O, — I, + H,O using starch as indicator [20, 21],
and the max adsorption peak displays at about 550 nm [21].
Figure 2 shows the spectra of 6.67 M water depending on
electrolysis time in 0 (a), 400 (b), 800 (c), 1200 (d), 2000
(e) and 2400 (f). An obvious adsorption peak at about 550
can be seen matching to the formation of hydrogen
peroxide and in line with the literature [20]. The peak is
significantly increased with the delay of electrolysis time
from 0 to 2,000 s; it reaches a flat at 2,400 s, suggesting the
end of reaction. Moreover, under the same conditions, the
adsorption peak is raising with the increasing of water
concentrations (no show).

Analysis characteristics

The accumulation time towards oxidation of the water was
investigated (no show). The response is increasing with the
delay of quiet time. It reaches a peak value at 200 s, then,
evenness. Figure 3 shows the CVs of water depending on
the concentration at Ni electrode in [Cymim][BF,]. The
response at 1.43 V are linearly increasing in a concentration
range of 2.0 pM to 9.0 mM (i (ud) = 2.94x10 °+0.11 C,
(mM), R=0.994, determination limit: 1 pM (30)).
Electrochemical impedance spectroscopy (EIS) was
investigated for water electrolysis at 1.43 V in a frequency
range from 50 mHz to 10 kHz. The EIS curves depending
on the water content are shown in Fig. 4. The larger
semicircle corresponds to the charge-transfer resistance.
Since [BF4] anions can form much more viscous ionic
liquids with strong H...F interactions, and make the mass
transport and charge-transfer of analyte to the electrode
surface difficulty. The origin impedances in pure [Cymim]
[BF,] is large. However, the impedances are observed to be
decrease with the increase of water content compared with
that in pure [Cgmim][BF4], it illustrates that the mass
transport and charge-transfer of analyte to the electrode
surface become easy. It is attributed to that water added
causes a decrease in the density and viscosity of the
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solution. Thus the present result is advantageous of
developing a water sensor and in line with the Fig. 3b.

Conclusion

A novel way of hydrogen peroxide production was
established using [C4miml[BF4] as a solvent (electrolyte) in
the electrolysis of water at Ni electrode. Both [Cypmim][BF4]
and Ni electrode play cooperative role in this process. The
present result suggests that the method is an environmen-
tally friendly and convenient. A water sensor also was
developed according to a liner increase in oxidation peak
response or the liner decrease in impedances. The data
obtained also aid the use of [Cymim][BF4] as a solvent in
other electrochemical application.
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