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Abstract A new carbon ionic liquid electrode (CILE) has
been constructed using a low melting point (39 °C) hydro-
phobic ionic liquid (IL) 1-propyl-3-methylimidazolium hex-
afluorophosphate ([Pmim][PFg]) as the binder. Both cyclic
voltammetry and electrochemical impedance spectroscopy
demonstrate that, in addition to the composition optimiza-
tion of the IL/graphite composite, heating the composite at a
temperature a little higher than the melting point of [Pmim]
[PFg] can also lower the background current and enhance
the mechanical strength of the CILE. The heated CILE is
more sensitive than the traditional carbon paste electrode for
the detection of H,O,. Glucose oxidase (GOx) can be easily
entrapped in the bulk IL/graphite composite. Heating the
GOx-modified CILE (GOx-CILE) at the melting point of
[Pmim][PF¢] does not lower the catalytic activity of GOx.
As compared with n-octylpyridinium hexafluorophosphate
(melting point 65 °C) as the binder, [Pmim][PF¢]-based
CILE is much better in signal-to-noise ratio. Under the
optimum conditions, the [Pmim][PF¢]-based GOx-CILE
has a linear amperometric response to glucose over a con-
centration range of 2.0-26 mM with the detection limit as
low as 0.39 mM. It follows that choosing an IL with a
melting point of ca. 40 °C as a binder to fabricate enzyme-
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entrapped CILEs is a good strategy for the enhancement of
the performance of the electrode.
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Introduction

Carbon paste electrodes (CPEs), which were first introduced
by Adams [1], are a mixture of a graphite powder and a
nonconductive, chemically inert liquid binder such as min-
eral oil, paraffin oil, or Nujol. Due to their low cost, ease of
fabrication, low background current, relatively wide electro-
chemical windows, renewable surface and tunable compo-
sition, CPEs have been widely used in electrochemistry
and electroanalytical chemistry fields [2—4]. The main dis-
advantages of CPE are that the liquid binders are not con-
ductive, which to some extent weaken the electrochemical
signal [5], and that the components from different sources
are not constant and some unaccounted ingredients may
engender unpredictable influences on the performance of
the electrode.

Ionic liquids (ILs) are molten salts, which have some
unique physicochemical properties, such as high ionic con-
ductivity, wide electrochemical windows, nonflammability,
good chemical and thermal stability, negligible vapor pres-
sure, etc. [6, 7]. As supporting electrolytes [8—10] or mod-
ifying materials of electrodes [11-14], ILs have been widely
used in the field of bioelectrochemistry and bioelectrocatal-
ysis. The high viscosity of ILs limits their application in
many fields [15], but it favors for the fabrication of IL-based
CPEs. Recently, there are many reports on the fabrication of
CPEs using ILs as binders [called carbon ionic liquid elec-
trodes (CILEs)], which have been used in electrochemical
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fields [16-20]. With reference to CPEs, CILEs have more
unique properties such as low resistance, large potential
windows, low overpotential, antifouling, etc. One drawback
is their high background current, which limits their further
application.

n-Octylpyridinium hexafluorophosphate (OPFP) is an IL
that is solid at room temperature (melting point 65 °C).
Using OPFP as a binder, Maleki et al. [21] fabricated a
CILE and found that heating the composite material at a
temperature higher than the melting point of OPFP could
not only obtain a uniform and robust carbon paste but also
lower the background current and improve the electrochem-
ical behaviors of many electroactive compounds on the
CILEs [22]. However, heating the CILE fabricated using a
liquid IL at room temperature could not decrease the back-
ground current [21]. Recently, Musameh et al. [23] prepared
an enzyme-containing CILE by entrapping glucose oxidase
(GOx) in the CILE mixture of OPFP and graphite powder.
They adjusted the ratio of OPFP to graphite powder to lower
the background current of the CILE, but no heating was
made to avoid the decrease or even loss of the catalytic
activity of GOx. It follows that an IL with the melting point
slightly higher than room temperature as a binder will be a
good candidate for the fabrication of high-performance
enzyme-containing CILEs.

In the present paper, a hydrophobic IL 1-propyl-3-meth-
ylimidazolium hexafluorophosphate ([Pmim][PF¢]) with a
melting point of 39 °C is chosen as a binder to fabricate
CILE. By entrapping an appropriate amount of GOx in the
CILE, an amperometric glucose electrode was prepared.
Both the adjustment of the ratio of [Pmim][PFg] to graphite
powder and heating measures are taken to decrease the
background current, to increase the signal-to-noise ratio,
and to enhance mechanical strength of the CILE. The results
demonstrate that the present strategy does improve the per-
formance of the enzyme-containing electrode.

Experimental
Chemicals

ILs [Pmim][PFg] (melting point 39 °C, purity 99 %) and
OPFP (melting point 65 °C, purity 99 %) were provided by
Shanghai Chengjie Chemical and used without further pu-
rification; paraffin oil (A. R.), KCI (A. R.), and D-(+)-glu-
cose (A. R.) were all purchased from Sinopharm Chemical
Reagent; graphite powder (average particle size 4 wm) was
purchased from Shanghai Huayi Group Huayuan Chemical
Industry; K5[Fe(CN)q] was obtained from Reagent No. 1
Factory of Shanghai Chemical Reagent; H,O, (A. R.,
30 wt.%) was purchased from Tianjin Bodi Chemical
Industry Stock; GOx (EC 1.1.3.4, from Aspergillus niger,
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22.5 U mg™") was purchased from Fluka and used as re-
ceived; 0.1 M phosphate buffers with various pH values
were prepared by mixing stock solutions of Na,HPO, and
NaH,PO, and then adjusting the pH with 0.1 M H5PO,4 or
NaOH. All other reagents were of analytical grade and used
as received. Triply distilled water was used throughout the
experiments.

Preparation of electrodes

CILE was prepared by hand-mixing [Pmim][PF¢] and
graphite powder in a weight ratio using pestle and mortar
for 20 min. An appropriate amount of the resulting paste (ca.
15.7 mm®) was packed firmly into a clean glass tube. The
electrode (its geometric area is 3.14x107 cm?) was then
heated in an oven at 40 °C for 10 min. Prior to cooling, a
copper wire was inserted into the paste to establish an
electrical contact. For comparison, another CILE was pre-
pared in the same way without heating.

GOx-CILE was prepared by hand-mixing a required
amount of GOx and the mixture of [Pmim][PFg] and graph-
ite powder (50 mg, in an optimum ratio) for another 10 min.
An appropriate amount of the resulting paste was packed
firmly into a clean glass tube. The electrode was then heated
in an oven at 40 °C for 10 min. Prior to cooling, a copper
wire was inserted in the paste to establish an electrical
contact. For comparison, another GOx-CILE was prepared
in the same way without heating.

The procedure for CPE fabrication was reported else-
where [21].

GOx-CPE was prepared by hand-mixing an optimum
amount of GOx (5 mg) and the mixture of paraffin oil and
graphite powder [50 mg, 3/7 (w/w)] for 10 min. An appro-
priate amount of the resulting paste was then packed into a
clean glass tube. Finally, a copper wire was inserted in the
paste to establish an electrical contact.

The procedure for fabricating OPFP-based GOx-CILE
was reported elsewhere [23].

Prior to use, the surface of the as-prepared electrodes
were smoothed on a weighing paper and rinsed carefully
with triply distilled water. When not in use, the aforemen-
tioned electrodes were stored at 4 °C.

Apparatus

Cyclic voltammetric and amperometric measurements were
performed on a CHI 630 C electrochemical workstation
(Shanghai Chenhua, China). Electrochemical impedance
spectroscopy (EIS) was recorded on a Zahner IM6 electro-
chemical workstation. The three-electrode system was com-
posed of a working electrode (CILE, GOx-CILE, CPE, or
GOx-CPE), a platinum wire counter-electrode and a saturat-
ed calomel electrode (SCE) reference electrode. Cyclic
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voltammetry and EIS experiments were carried out under
quiescent conditions. The amperometric measurement was
made under a hydrodynamic condition. All the potentials
given in this paper were versus SCE. All the measurements
were carried out at ca. 25 °C.

The surface morphologies of different electrodes were
characterized with a JEOL JSM-6700F field emission scan-
ning electron microscope (SEM). The Fourier transform in-
frared (FT-IR) spectra of GOx in unheated and heated
materials were collected on FT-IR spectrometer (VERTEX-
70, Bruker).

Results and discussion
Optimization of the IL/graphite ratio in CILE

Figure 1 shows the effect of the ratio of IL to graphite
powder on the background current of the heated CILE in
phosphate buffer (0.1 M, pH 7.5). It is seen that the CILE
with 20 % loading of the IL shows very large background
current. Moreover, it was found that the carbon paste fell off
gradually from the surface of the CILE, indicating low
stability of this composition. With the increase of IL load-
ing, a dramatic decrease in background current as well as an
improved stability of the CILE was observed. This is be-
cause IL is needed to bind graphite particles together. In
addition to the 7t—7t interaction between the IL and graphite,
which favors for the mechanical stability, the filling of the
interstice between particles with the IL also enhances the
electrical contact and prevents water penetration into the
bulk composite material, leading to lower background cur-
rents [23].

To further evaluate the performance of the CILE, we
investigated the electrochemical behaviors of K;[Fe(CN)g]
at the CILE. Online Resource 1 (Table 1) shows the
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Fig. 1 Cyclic voltammograms of heated CILE prepared in different
ratios of IL to graphite powder: 2/8 (a), 3/7 (b), 4/6 (c), 5/5 (d), 6/4 (e),
7/3 (f), and 8/2 (g), respectively. Supporting electrolyte: phosphate
buffer (0.1 M, pH 7.5). Scan rate: 100 mV s!

electrochemical parameters of 5.0 mM Kj[Fe(CN)g] in
0.5 M KCI solution at heated CILEs. It can be seen that at
the CILE with the IL/graphite ratio of 6/4, the peak current,
both the anodic and the cathodic one, is the largest, the ratio
of the anodic to cathodic peak current is the closest to 1,
and the peak potential separation is the closest to 56.5 mV
(25 °C). These results indicate that, in addition to the largest
electrochemical response, the reversibility of the electron
transfer of K5[Fe(CN)¢] is the best at this CILE. Taking into
account the good conductivity and relatively low back-
ground current, the 60 % loading of IL was used to prepare
CILE for the subsequent experiments.

Characterization of CILE
Morphological characterization

Scanning electron microscopy (SEM) was used to charac-
terize the morphologies of different electrodes. As shown in
Fig. 2, on the surfaces of CPE and unheated CILE, there
exist some irregularly shaped graphite flakes, which are
stacked together with the help of binders. The surface of
the heated CILE is, however, uniform, and no separated
graphite layer could be observed. This is because the melted
IL is easy to fill into the interstice between graphite layers
and therefore bridge the carbon flakes [5]. It follows that, in
addition to mechanical mixing of ILs with graphite powder
to enhance the 7—7 interaction [24], heating the ILs with
their melting point higher than room temperature is a pivotal
step to obtain a smooth electrode surface.

Electrochemical characterization

Figure 3a shows the cyclic voltammograms of 5.0 mM Kj[Fe
(CN)s] in 0.5 M KCI solution at traditional CPE (a), heated
CILE (b), and unheated CILE (c), respectively. As compared
with the CPE, the heated and unheated CILEs produce much
larger peak currents. These changes can be explained as
follows: (1) due to the good adherence of the conductive IL
to the graphite particles and the favorable 7—7t interaction
between the imidazole ring on IL and graphite [24], the carbon
paste with conductive IL as the binder has a lower resistance
and larger electrochemical response than that with noncon-
ductive paraffin oil as the binder; (2) as reported elsewhere
[24], the IL has electrocatalytic activity toward the oxidore-
duction of the probe; (3) some K5[Fe(CN)g] can pass through
the hydrophobic but polar IL/electrolyte interface and dis-
charge at the graphite/IL interface and that results in an in-
crease in the electroactive area of CILE. For CILE, the
reversibility of the heated one is much better than that of the
unheated one. This is because heating the IL can decrease the
background current and increase the voltammetric response
[21, 22]. Online Resource 2 (Table 2) shows that the signal-to-
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Fig. 2 SEM images of different electrodes: a CPE, b unheated CILE
and ¢ heated CILE

noise ratio at the heated CILE is much bigger than that at the
unheated one.

EIS is a powerful technique for the characterization of the
electrode performance. The semicircular part at higher fre-
quencies corresponds to the electron transfer limited process
and the linear part at lower frequencies corresponds to the
diffusion-limited process. The electron transfer resistance,
which reflects the interfacial electron transfer ability, can be
obtained from the diameter of the semicircle in Nyquist plot.
Figure 3b shows the Nyquist plots of the three electrodes
using [Fe(CN)]*”* as the probe with the frequencies swept
from 10° to 0.1 Hz. Similar to the voltammetric signals, the
impedance responses also show a significant difference
between the CPE and the CILE. As shown in Fig. 3b, a
semicircle with a large diameter in higher frequency range is
observed at the CPE, indicating a low electron transfer rate
at the electrode surface due to a high electron transfer
resistance. However, no semicircle is observed in the
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Fig. 3 a Cyclic voltammograms of 5.0 mM Kj3[Fe(CN)¢] in 0.5 M
KCl at CPE (a), heated CILE (b), and unheated CILE (c), respectively.
Scan rate: 100 mV s™'. b EIS of CPE (e), heated CILE (m), and
unheated CILE (A) in the aqueous solution of 10 mM [Fe(CN)6]3'/4'
and 0.1 M KCl with the frequencies swept from 10° to 0.01 Hz. Inset
Amplified EIS of heated CILE (m) and unheated CILE (A)

Nyquist plot of the CILE, indicating a high electron transfer
rate at the CILE. This is because the IL has a mass of caves
in its molecule structure which favors for holding more
charges [25, 26]. The good conductivity of the IL also
facilitates fast electron transfer. It follows that ILs play a
great role in improving the electrochemical performance of
these electrodes.

Electrochemical response of H,O, at the heated CILE

Figure 4 shows a typical amperometric response of the
heated CILE (a) and CPE (b) at a potential of +0.9 V on
the successive addition of 0.2 mM H,0,. With the addition
of H,0, into the stirred phosphate buffer, the heated CILE
responded rapidly to the analyte and a maximum steady-
state current was achieved within 5 s. By contrast, the
electrochemical response of H,O, was hardly observed at
the CPE. The corresponding calibration curves are also
shown in Fig. 4 (see inset). It is seen that over a range of
0.2-2.4 mM H,O0,, the calibration curve at the heated CILE
is linear, indicating that HO, can be detected effectively at
the heated CILE.
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Fig. 4 Current response of the heated CILE (a) and CPE (b) at+0.9 Von
the successive addition of 0.2 mM H,0, into the stirred phosphate buffer
(0.1 M, pH 7.5). Inset Calibration curves of the CILE (m) and CPE (e) in
the phosphate buffer containing various H,O, concentrations

Characterization of enzyme-entrapped CILE

GOx, which is a frequently used model, is used to charac-
terize the enzyme-entrapped CILE. GOx is a dimer with a
molecular weight of ca. 150-180 kDa and contains two
tightly bound flavine adenine dinucleotide (FAD) cofactors
[27]. The quantitative detection of glucose here is based on
the GOx-catalyzed conversion of glucose to H,O, and the
amperometric response of the heated GOx-CILE toward
Hzoz.

Optimization of the experimental conditions

To obtain large electrochemical signal, the amperometric
conditions were optimized. Online Resource 3 (Fig. S1)
shows the effect of the pH on the steady-state response
current at the heated GOx-CILE. Over the pH range of
5.0-8.0, a positive amperometric response of the electrode
toward 2.0 mM glucose in 0.1 M phosphate buffer was
observed with the maximum response at pH 7.5, which
was chosen for the subsequent experiments.

The effect of the applied potential on the response current
was also investigated. As shown in Online Resource 4 (Fig.
S2), with the increase of the applied potential (from +0.5 to
+1.0 V), the response current of the heated GOx-CILE
toward 2.0 mM glucose first increases then levels off at
the applied potential higher than +0.9 V. For sensitive de-
tection, +0.9 V was chosen as the optimum potential.

The GOx-CILE containing different GOx loadings was
prepared by mixing a required amount of GOx in 50 mg IL/
graphite [6/4 (w/w)] composite. Figure 5 shows the calibra-
tion plots of glucose at the heated GOx-CILE containing
different GOx loadings. It is seen that the response current
increases with the increase of the concentration of glucose,
indicating that glucose can be detected at the enzyme elec-
trode. At the GOx loading of 5.0 mg, the linear range of the
calibration curve is as wide as 26 mM. To obtain an
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Fig. 5 Calibration curves of glucose using the heated GOx-CILE
which contains 0.5 mg (m), 1.0 mg (e), 1.5 mg (A), 2.5 mg (%),
5.0 mg (*), or 10 mg (%) GOx, respectively. Inset Current responses
of the heated GOx-CILE toward 2.0 mM glucose at different GOx
loadings. Applied potential: +0.9 V. Supporting electrolyte: phosphate
buffer (0.1 M, pH 7.5)

optimum GOx loading, the response current of the heated
CILE toward 2.0 mM glucose is plotted against the GOx
loading (see inset in Fig. 5). It is seen that the signal
increases with the increase of the GOx loading, but it levels
off at the GOx loading higher than 7.5 mg. Taking account
into the linear range, a loading of 5.0 mg GOx was chosen to
fabricate the enzyme electrode.

Amperometric response of the heated GOx-CILE toward
glucose

Figure 6 shows a typical amperometric response of the
GOx-CILE (a) and GOx-CPE (b) toward glucose under the
optimum conditions. For clear observation on the response
of the heated GOx-CILE toward glucose and easy compar-
ison with that of GOx-CPE, 2.0 mM glucose was added
each time. As shown in Fig. 6, with the addition of glucose
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Fig. 6 Current response of the heated GOx-CILE (a) and the GOx-
CPE (b) at +0.9 V on the successive addition of 2.0 mM glucose into
the stirred phosphate buffer (0.1 M, pH 7.5). Inset: Calibration curves
of the heated GOx-CILE (m) and the GOx-CPE (®) at +0.9 V in the
phosphate buffer containing various glucose concentrations
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into the stirred phosphate buffer, the heated GOx-CILE
responded rapidly and a maximum steady-state current
was achieved within 10 s. Under the same conditions,
however, the response was hardly observed at the GOx-
CPE. The calibration curve of glucose at the heated GOx-
CILE (see inset in Fig. 6) shows a good linear line over a
glucose concentration range of 2.0-26 mM with the detec-
tion limit as low as 0.39 mM (calculated based on three
times the noise), indicating that the heated GOx-CILE has
good biosensing ability toward glucose. It is worth to
mention that the linear range for glucose at the heated
GOx-CILE is not in accordance with that for H,O, at the
heated CILE. This is because the response current at the
heated GOx-CILE comes from the enzymatically liberated
H,0, [28]:

GOx — FAD + glucose — GOx — FADH,

+ gluconolactone

GOx — FADH2 + 02 — GOx — FAD + HzOz

In fact, not all the added glucose is converted to H,O, via
the enzymatic reaction.

For the determination of glucose in a complex sample,
the applied potential of +0.9 V was too high and the
selectivity deteriorated. This paper focused on the im-
provement of the enzyme-containing CILE by decreasing
the background current and maintaining the catalytic
activity of the enzyme. For the sensitive detection de-
scribed above and for the reasonable comparison of the
present improved electrode with others, we herein chose
+0.9 V as the detecting potential. Improvement of the
selectivity of the enzyme electrode for real applications
is in progress.

Stability and reproducibility of the heated GOx-CILE

The electrochemical response toward glucose at the heated
GOx-CILE was relatively stable. For 2.0 mM glucose at the
heated GOx-CILE, ten successive measurements give an
average response current of 2.48 pA with the relative stan-
dard deviation (RSD) being 3.1 %. During 1-month storage,
the response of the heated GOx-CILE was checked against
2.0 mM glucose every three other days. In the first week, no
noticeable change was observed in the response current; a
month later, the electrode retained about 86.9 % of the initial
response current. The reproducibility of the heated GOx-
CILE was also good. For five heated GOx-CILE prepared in
the same way, an RSD value of 6.8 % in the response
current was obtained.
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Fig. 7 Response currents of the unheated GOx-CILE (a, ¢) and heated
GOx-CILE (b, d) toward 2.0 mM glucose at +0.9 Vin 0.1 M phosphate
buffer (pH 7.5). The binder was [Pmim][PF] (a, b) or OPFP (¢, d), and
the resulting GOx-CILE was heated at a temperature a little higher than
respective melting point for 10 min and then cooled at ca. 25 °C

Advantage of [Pmim][PFs] over OPFP

Figure 7 shows the response current of 2.0 mM glucose at
GOx-CILE prepared using [Pmim][PF¢] (melting point
39 °C) or OPFP (melting point 65 °C) as the binder with
or without heating. For [Pmim][PF¢] as the binder, the
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Fig. 8 FT-IR spectra of the unheated (a and c¢) and heated (b and d)
mixtures of a [Pmim][PFg], graphite, and GOx, or b OPFP, graphite,
and GOx. For clarity, the spectra were offset
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currents of the unheated and heated GOx-CILE were 1.96+
0.07 pA and 2.43+0.05 pA, respectively, indicating that heat-
ing favors for the glucose detection. As GOx could maintain its
catalytic activity at 40 °C, the increase in the response current
caused by heating should be attributed to the decrease of the
background current. For OPFP as the binder, the response
current of the unheated GOx-CILE was 1.98+0.05 nA, which
was almost the same as that using [Pmim][PFg] as the binder,
but it decreased to 0.59+0.02 A when the heating measure
was taken. This is because the activity of GOx decreased
greatly at a relatively high temperature of 65 °C. For confirma-
tion, the conformation of GOx in the two CILEs was monitored
at different temperatures using FT-IR spectroscopy. It is known
that the shape and the position of amide I (17001600 cm™)
and amide IT (1600—1500 cm™) IR bands can provide detailed
information on the secondary structure of the polypeptide chain
of proteins. The two bands are attributed to the C = O stretching
and the combination of N-H bending with C-N stretching,
respectively [29]. It is seen from Fig. 8a that the amide I and
amide II bands of GOx in the unheated and heated mixture of
[Pmim][PFs] and graphite were at 1677.13, 1530.39 cm™ and
1676.99, 1520.06 cm™, respectively. With the exception of the
position of amide II band, which shifted toward lower wave-
number after heating, the spectra were almost the same at the
two conditions, indicating that heating did not affect the con-
formation of GOx. In the mixture of OPFP and graphite,
however, the IR bands of the amide I and amide II of GOx in
the unheated and heated mixture were quite different (Fig. 8b).
After heating, the two absorption peaks decreased greatly in
addition to large bathochromic shift of amide II band, indicat-
ing that heating at a higher temperature of 65 °C greatly
affected the secondary structure of GOx. It follows that the
melting point of an IL is the dominant factor for the fabrication
of high-performance GOx-CILE for the detection of glucose.

Conclusions

Hydrophobic IL [Pmim][PFg], which melts at 39 °C, was
selected in the present study to fabricate enzyme-containing
CILE. Through the optimization of the ratio of the IL to
graphite powder and the heating of the IL/graphite compos-
ite, the background current of the CILE decreased and the
mechanical strength increased. The heated CILE is more
sensitive than the traditional CPE for the detection of
H,0,. For the effective enhancement of GOx in the bulk
IL/graphite composite, low melting point [Pmim][PF¢] as a
binder is much better than OPFP (melting point 65 °C).
Heating the [Pmim][PFg]-based GOx-CILE at a temperature
a little higher than the melting point of [Pmim][PF¢] does
not lower the catalytic activity of GOx. Under the optimum
conditions, the [Pmim][PFg4]-based GOx-CILE has a linear
current response toward glucose over a concentration range

of 2.0-26 mM. It follows that choosing a hydrophobic IL
with a melting point of ca. 40 °C as the binder to fabricate
enzyme-entrapped CILEs is a good strategy for the enhance-
ment of the performance of the electrode.
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