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Porous Copper-Modified Graphite Pencil Electrode for the
Amperometric Detection of 4-Nitrophenol

Abdel-Nasser Kawde**® and Md. Abdul Aziz!**

Abstract: To overcome the well-known carbon electrodes
surface fouling of phenols, we report on a simple and
rapid method for the preparation of a disposable porous
Cu-modified graphite pencil electrode (Cu-GPE) for
sensing 4-nitrophenol (4-NP). The bare- and Cu-modified
graphite pencil electrodes were characterized by cyclic
voltammetry and SEM. The two electrodes displayed dis-
tinct electrocatalytic activities in response to the electro-

chemical redox reaction of 4-NP. A difference of three
orders of magnitude is obtained on the amperometric de-
tection limits of 1.9 uM on porous Cu-modified vs.
1.0 mM on bare-graphite pencil electrode at 30. The Cu-
GPEs are fabricated utilizing a simple single method, and
at an extremely low cost with high stability, selectivity
and sensitivity, offering a promising tool for sensing 4-NP.
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1 Introduction

Phenolic compounds are produced in natural ways, used
for various purposes, and existed randomly in our envi-
ronment. For instance, nitrophenols (NPs) are frequently
used to synthesis paracetamol, the most popular and safe
analgesic and antipyretic drug [1]. Moreover, they are
widely used to synthesize other drugs, explosives, insecti-
cides, dyes and for making corrosion inhibitors of woods
and rubber chemicals [2-4]. As a result, NPs distribute
haphazardly in the environment especially in water and
consider toxic to living organisms [2-5]. Besides, they are
listed among hazardous wastes and priority toxic pollu-
tants by United State Environmental Protection Agency
[6,7]. Among the mononitrophenols, 4-nitrophenol (4-
NP) is the most toxic compound [3,8,9]. Hence, measure-
ment of 4-NP is very important.

Several analytical methods have been developed for
the measurement of 4-NP such as UV-visible spectropho-
tometry [10], spectrofluorimetry [11], high performance
liquid chromatography [12,13], and flow injection analy-
sis [14]. However, most of these methods require pre-
treatment; involve separation, extraction and adsorption
[15], which is time consuming, and increase the overall
analysis cost. As a result, those methods are not suitable
to monitor the 4-NP routinely in the field. Compared to
other methods, electrochemical determination of the pres-
ent analyte is favorable due to its simplicity, portability,
fast responses, good sensitivity and high selectivity. How-
ever, the electrode should be modified with electrocata-
lyst or electron mediator to detect the 4-NP as most of
the conventional electrode shows sluggish electrocatlytic
properties for electrochemical redox reaction of the 4-NP.
Several modified electrodes showed improved electroca-
talytic properties toward 4-NP such as salicylaldehyde-
functionalized chitosan-modified carbon black paste elec-
trode [15], crown ether/silver nanoparticle (NP)-modified
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carbon paste electrode [16], apatite-modified carbon
paste electrode [17], P-cyclodextrin functionalized meso-
porous silica-modified carbon paste electrode [18], gra-
phene-Au composite-modified glassy carbon electrode
(GCE) [19], graphene oxide modified-GCE [20], poly(sa-
franine) modified-GCE [21], ZnO NP- and carbon nano-
tubes doped chitosan film-modified indium tin oxide elec-
trode [22], hybrid inorganic-organic coatings-modified
platinum electrodes [23], screen printed electrodes bulk-
modified with bismuth precursors [24], and B-cyclodextrin
functionalized graphene/Ag nanocomposite-modified
GCE [25]. However, all of these modified electrodes are
cost ineffective as their preparations require expensive
chemicals including substrate electrodes, and multi steps.
Besides, the bare graphite pencil electrode (GPE) is inex-
pensive, available with a stable renewable surface. It
shows poorly electrocatalytic properties toward many
electroactive molecules [26-30]. Thus, to fabricate sensi-
tively electrochemical sensors, the modification of the
GPE with an inexpensive electrocatalyst in a fast single
step method is required to obtain a high electrocatalytic
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property. Nanostructure forms of gold, silver and copper
(Cu) have been applied as electrocatalysts for their good
electrocatalytic properties [31-33]. Among those, Cu is
the most inexpensive electrocatalyst. On the other hand,
an electrochemical method is a single step, fast, and
simple method to deposit Cu with various size, shape and
porosity on electrode surfaces [33,34]. Therefore, electro-
chemical preparation of porous Cu on the pencil elec-
trode is quite meaningful in electroanalysis.

As a continuation of our effort [35] to overcome the
phenol fouling of the carbon electrode surfaces, here, we
explore the application of the Cu-modified GPE (Cu-
GPE) as an efficient transducer for the detection of 4-NP.
For obtaining the optimum conditions of the electroanaly-
sis of 4-NP, the effect of Cu(II) ions concentration, depo-
sition potential and time on the preparation of Cu-GPE
were investigated. Moreover, the morphology and elec-
trochemical properties of Cu-GPE toward 4-NP were
characterized in details.

2 Experimental
2.1 Reagents

Copper sulfate (CuSO,) anhydrous was purchased from
BDH Chemicals Ltd (Poole, England). 4-Nitophenol (4-
NP), 4-aminophenol, 3,4-dichlorophenol, phenol and
sodium acetate buffer (3.0 M, pH 5.2) were supplied by
Sigma-Aldrich (St. Louis, MO, USA). The 0.1 M sodium
acetate buffer (pH 4.8) was prepared by diluting the
3.0 M acetate buffer. Hi-polymer graphite pencil HB
black leads were obtained from Pentel Co. LTD. (Japan).
All leads had a total length of 60 mm and a diameter of
0.5 mm, and were used as received. All solutions were
prepared with deionized water of resistivity of
18.6 MQcm™', which was obtained directly from PURE-
LAB Ultra Laboratory Water Purification System, Veolia
Water Technologies (UK).

2.2 Apparatus and Procedures

A Jedo mechanical pencil (Korea) was used as a holder
for both bare and Cu-modified graphite pencil leads.
Electrical contact with the lead was achieved by soldering
copper wire to the metallic part that holds the lead in
place inside the pencil. The pencil was fixed vertically
with 15mm of the pencil lead extruded outside, and
10 mm of the lead immersed in the solution. Such length
corresponds to a geometric electrode area of 15.90 mm?.
Details of the pencil electrode were described earlier
[36]. CHI 660C (CH Instruments, Inc., 3700 Tennison
Hill Drive, Austin, TX 78738-5012, USA) was used for
the entire electrochemical work. The electrochemical cell
contained a bare- or Cu-modified GPE as a working elec-
trode, a Pt wire counter electrode and an Ag/AgCl (Sat.
KCl) reference electrode. All electrodeposition works
from electroplating solution, and electrooxidation of 4-
NP in acetate buffer were carried out without argon purg-
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ing. Besides, all the experiments related to electrochemi-
cal reduction of 4-NP in acetate buffer were performed
after purging argon for 30 min. The FE-SEM images were
recorded using TESCAN LYRA3 (Libusinatf. 1, 62300
Brno-Kohoutovice, Czech Republic) at Center of Re-
search Excellence in Nanotechnology, King Fahd Univer-
sity of Petroleum and Minerals, Kingdom of Saudi
Arabia.

2.3 Preparation of Cu-Modified GPE

10 mm of the extruded bare GPE from pencil, an Ag/
AgCl reference and a Pt counter electrodes were im-
mersed into a cell contains different concentrations of
CuSO, in acetate buffer solution (0.1 M, pH 4.8) without
Argon purging. Different potentials for different times
were applied to deposit copper on the GPE surface. Next,
gentle dipping twice into deionized water washed the pre-
pared Cu-modified electrodes. The entire electrochemical
measurements were performed right after the preparation
of the modified electrodes.

3 Results and Discussion

3.1 Electrochemical Characterization of Bare- and Cu-
Modified GPEs

4-NP (Inset of Figure 1B) has a nitro (—-NO,) group at
the opposite position of a hydroxyl (—~OH) group on the
benzene ring. As a result, there are two electrochemical
possibilities to detect 4-NP by measuring either the oxida-
tion of the —OH group or the reduction of the —NO,
group at the GPE surfaces. Initially, we tried to detect the
4-NP by oxidizing the —OH group using bare- (Fig-
ure 1 A) and Cu-modified GPEs (data not shown). Fig-
ure 1 A shows the cyclic voltammograms (CVs) in the ab-
sence (a) and presence (b) of 1mM 4-NP in acetate
buffer solution (0.1 M, pH 4.8) at bare-GPE. As shown in
Figure 1 A, it is clear that 4-NP can be oxidized at the
bare-GPE, yet at a potential of +1.07 V, which is high
enough to oxidize potential interferents as well. Besides,
the oxidation signal of the phenolic group decreases sig-
nificantly from first to second cycle and then slowly with
consecutive cycles until no oxidation signals appear in the
12" cycle of the conducted CV experiment (Figure 1A
and its inset). The decrease in the obtained signal is at-
tributed to the deposition of oxidative products (dimer or
polymer) at the carbon electrode surfaces which hinders
any further oxidation of 4-NP [37]. Such behavior is quite
similar to the oxidation of phenols at various electrode
surfaces [35,38,39]. Also, due to a huge oxidation current
of Cu, no good oxidation signals of 4-NP was obtained at
the Cu-GPEs surfaces (data not shown).

Next, we examined the reduction of 4-NP at bare- (Fig-
ure 1B) and Cu-modified GPE (Figure 1C). Figure 1B
shows the cyclic voltammograms (CVs) of the bare GPE
in absence (a) and presence (b) of 1.0 mM 4-NP in an
acetate buffer solution (0.1 M, pH 4.8). The CV data are
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Fig. 1. CVs in an acetate buffer solution (0.1 M, pH 4.8) in ab-
sence (a) and presence (b) of 1 mM 4-NP obtained at the bare-
(A and B) and Cu-modified GPEs prepared by 60 s electrodepo-
sition of 0.1 M CuSO, at —1.0 V (C). Insets of A and C are the
corresponding plots of normalized peak current % of 4-NP relat-
ed to 1% cycle vs. number of cycles at bare- (A) and Cu-modified
GPE (C). Scan rate: 100 mV/s.
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shown in Figure 1B, curves a and b confirmed that 4-NP
is reduced at the bare GPE, yet at a relatively high nega-
tive potential and with no well-defined peaks obtained
within the entire potential window. For an ideal 4-NP
sensor, the obtained reduction potential should be shifted
towards more anodic potential values. With a contrast to
the oxidation current, the reduction current of 4-NP did
not change significantly with increasing the number of
cycles (from 2™ to 12" cycles) during the entire CV ex-
periment. To reduce the 4-NP at a lower potential with
a stable electrochemical signal, the GPE was modified
with Cu from a solution of 0.1 M CuSO, in 0.1 M acetate
buffer solution (0.1 M; pH 4.8) by electrodeposition at
—1.0V for 60 s. The CVs were recorded in acetate buffer
solution (0.1 M, pH4.8) in the absence (Figure1C,
curve a) and presence (Figure 1C, curve b) of 1 mM 4-NP
at Cu-GPE. The CVs shown in Figure 1C (curves a and
b) confirmed that 4-NP is reduced at the Cu-GPE surface
with a peak potential of —0.52 V, which is more anodic
than that obtained on bare GPE surfaces. Besides the ob-
tained electroreduction current of 4-NP at Cu-GPE (Fig-
ure 1C, curve b) is significantly higher than that of bare
GPE (Figure 1B, curve b). The reduction of 4-NP at the
Cu-GPE could be attributed to the excellent electrocata-
lytic properties of Cu. According to literature [40,41], the
reduction mechanism of 4-NP occurring at the Cu-modi-
fied electrodes is most probably as follow.

HO-C,H,—NO, ¥~ HO-C,H,NHOH =~ HO - C,H,NH,

The Cu-GPE showed a significant overvoltage decrease
on the reduction of 4-NP compared to that of bare GPE.
Therefore, electrodeposited Cu is suitable as a mediator
to shuttle electrons between 4-NP and GPE, and facili-
tates the electrochemical generation following the elec-
tron exchange with 4-NP. The inset of Figure 1C is the
plot of normalized reduction peak height of 1 mM 4-NP
at the Cu-modified GPE vs. number of cycles in the con-
ducted CV experiment. This plot gives a hint on the sta-
bility of the fabricated sensor, and confirms that the re-
duction current is decreased a little from the 1% to the 2™
cycles and remains constant from the 2™ to the 12" cycles
i.e. the Cu-modified GPE is quite stable to reduce 4-NP.

3.2 Parameters Optimization for Preparation of Cu-
Modified GPE

To obtain best conditions for 4-NP reduction, we opti-
mized the fabrication conditions of the CuGPE. Firstly,
we varied the concentration of CuSO, from 0.1 M to
0.5M at constant applied potential (—1.0 V) and time
(60s). The CVs of the modified electrode in acetate
buffer (0.1 M, pH 4.8) containing 1 mM 4-NP shows the
reduction peak height increases with increasing the con-
centration of CuSO, up to 0.3 M (Figure 2 A). Further in-
creases in the concentration of CuSO, (Figure 2A) de-
creases the reduction peak height of 4-NP i.e. 0.3 M is the
optimum concentration for CuSO, to prepare CuGPE.
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Fig. 2. Corresponding plots of 1 mM 4-NP in acetate buffer so-
lution (0.1 M, pH 4.8) using CV cathodic peak current for vari-
ous Cu-modified-GPE fabricated of different concentrations of
CuSO, at —1.0 V for 60's (A), and of different copper electrode-
position times at —1.2 V for 0.3 M CuSO, solution (B).

Such decrease could be attributed to the expected in-
crease on the size of the deposited Cu particles on the
GPE surface. Secondly, we varied the electrodeposition
potential from —0.8 V to —2.0 V at a constant concentra-
tion CuSO, (0.3 M) and electrodeposition time (60 s).
The reason of using —0.8 V for the electrodeposition of 4-
NP is to assure a complete reduction of Cu®" to Cu’ as
the CV data of Cu®" in acetate buffer (0.1 M, pH 4.8)
shows the reduction of Cu?* to Cu!* at —0.28 V, and the
reduction of generated Cu'" to Cu” at —0.55 V (data not
shown). The plot of reduction peak height vs. electrode-
position potential of Cu (data not shown) indicates the
peak height of the 4-NP reduction increases with increas-
ing of the electrodeposition potential during the prepara-
tion of the Cu-GPE. However, the Cu-GPEs prepared at
more cathodic potentials than —1.2 V were relatively un-
stable. As a result, —1.2 V was chosen for further experi-
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ment to prepare the Cu-GPE. Lastly, we varied the Cu
deposition time from 30 to 120 s at a constant electrode-
position potential (—1.2 V) and concentration of 0.3 M
CuSO, solution. The plot (Figure 2B) of the reduction
peak height of 4NP vs. electrodeposition time shows that
the reduction peak height increases with the increase of
the electrodeposition time until 90 s and decreases with
all further increases in the deposition time. However, 60 s
deposition time was selected as an optimum electrodepo-
sition time due to the instability of the fabricated Cu-
GPEs at 90s. Hence, it is concluded that the optimum
concentration of CuSO,, electrodeposition potential and
time are 0.3 M, —1.2 'V and 60 s, respectively to prepare
the Cu-GPE.

3.3 Morphology of the Cu-Modified GPE

The Cu-modified GPE, prepared at optimum conditions,
was subjected to record FE-SEM images. The lower and
upper parts of the image (Figure 3A) present the bare-
and Cu-modified GPE, respectively for the same graphite
lead. This image indicates that Cu was deposited on GPE
at optimum conditions. Figure 3B and C are the magni-
fied view of the upper part and lower part of Figure 3 A

SEMHV10KV | WD:991mm
View field: 2.89 ym Det: SE
‘SEM MAG: 50.0 fox_ Date(midy): 0503/12

Det: SE
Date{midly): 06/03/12*

SEMHVE 20KV WD: 7.97 mm
View field: 2.89 ym Det: SE
SEM MAG:50.0 kx _ Date(midy}: 06/03/1;

Fig.3. (A) FE-SEM images of copper-modified- (upper part)
and bare-GPE (lower part). Cu-modified GPE was prepared by
electrodeposition for 60 s from 0.3 M CuSO, at —1.2 V. (B) and
(C) are the magnified view of the copper-modified- and bare-
GPE, respectively.
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Fig. 4. Corresponding plots of 1mM 4-NP in 0.1 M acetate
buffer solution of different pH using CV cathodic peak potential
or peak current (Inset) for Cu-modified-GPE fabricated of 0.3 M
CuSO, at —1.2 'V for 60s.

i.e. Cu-modified GPE, and bare GPE, respectively. By
comparing Figure 3B and C, it is clear that Cu was depos-
ited on pencil at optimum deposition conditions as
random submicroparticles (white) with high porosity. This
Cu-modified GPE, which was prepared at optimum con-
dition, is denoted as pCu-GPE in rest parts of the manu-
script.

3.4 Effect of pH Toward Reduction of 4-NP at Bare-, and
pCu-GPE

The reduction process of the selected nitrophenol was
evaluated at different pH values of the acetate buffer so-

ELECTROANALYSIS

lution at both bare and modified graphite surfaces by re-
cording the CV of 1 mM 4-NP (data are not shown). Only
at the modified graphite electrode surface, a relatively
well-defined peak for the reduction of 4-NP is obtained.
Figure 4 shows the reduction behavior of 4-NP at pCu-
GPE in acetate buffer solution with pH values 3.2, 4.0,
4.8 and 5.6 in term of both potential and current. Thus
pH of 4.8 was selected to carry on the present study.
Meanwhile no defined peaks were obtained for the reduc-
tion of 4-NP at the bare graphite electrode surface at any
of the various studied pHs.

3.5 Amperometric Determination of 4-NP

The 4-NP concentration-dependent signal and detection
limits at the bare- and the pCu-GPE were measured
using the amperometric method. Figure 5 shows typically
amperometric responses of (a) bare GPE and (b) pCu-
GPE and at —0.5 V upon successive additions of 50 pM 4-
NP. The pCu-GPE (Figure 5b) yielded a well-defined and
sensitive signal for each addition of 4-NP, whereas the
bare GPE gave a relatively poor signal (Figure 5a). The
concentration-dependent signal was linear over the entire
4-NP concentration range tested at the pCu-GPE (R’=
0.9997) or the bare GPE (R?=0.9985), after subtracting
the mean of the corresponding zero 4-NP response. The
corresponding linear regression equations of bare and
pCu-GPE are i (uA)=0.3312—-0.0011 C (umol/L) and
i (LA)=-1.9651-0.1969 C (umol/L), respectively. The
detection limits of 4-NP at the applied potential of
—0.5V for the pCu-GPE and bare GPE were 1.9 uM and
1.0 mM, respectively. The sensor described here is com-
pared with a variety of other 4-NP sensors in Table 1, for
a variety of electrochemical detection methods, sensing
materials (transducers), sensing media, analytical ranges,
square of the correlation coefficients, and detection
limits. Table 1 shows that the performance of the sensor

-200 :

0 200

Fig. 5.
sive additions of 50 uM of 4-NP.
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Table 1. A comparison of the fabricated sensor with other reported modified electrode-based sensors for 4-NP detection.

Sensing method Transducer Sensing media Analytical range R* Detection limit Ref.
(uM) (uM)
Amperometry pCu-GPE 0.1 M Acetate buffer  50-850 0.9997 1.91 This
(pH 4.8) work
Amperometry Graphene-Au composite on 0.1 M H,SO, 0.47-10750 0.9943 0.47 [19]
GPE
Square wave voltam-  Inorganic-organic coatings on Pt 0.1 M PB (pH 6.0) 30-90 0.9954 8.23 [23]
metry electrode
Differential pulse vol- Graphene-SPE 0.02 M H,SO, 10-620 0.9837 0.60 [37]
tammetry
Semiderivative voltam- AuNP-GCE 0.1 M PB (pH 6.0) 10-1000 - 8.00 [42]
metry
I I [ I
0 4-NP -
AP
-20 CP -
— ¢
T aoff R -
= P
60 | ]
4-NP
-80 | | | ]
0 1000 2000 3000 4000
Time (s)

Fig. 6. Amperometric responses of Cu-modified-GPE to successive additions of 4-NP, 4-aminophenol, phenol, 3,4-dichlorophenol
and 4-NP. Other preparation and working conditions were as described in Figures 3 and 5.

developed here was comparable to the performances of
other existing 4-NP sensors.

3.6 Stability and Selectivity

Figure 6 presents the amperometric response to succes-
sive additions of 4-NP, 4-aminophenol (AP), phenol (P),
3,4-dichlorophenol (CP) and again 4-NP at —0.5V for
a given pCu-GPE surface. A well-defined 4-NP response
was observed upon addition of 100 uM 4-NP. The re-
sponse remained stable during a prolonged 30.0 min ex-
periment. Afterward, subsequent injections of 50 uM of
4-AP, 50 uM of P and 50 uM of CP did not produce any
additional signals or even alter the obtained current re-
sponse. A further addition of 100 uM 4-NP produces
a well-defined and reproducible response, that is still
stable during a prolonged 30.0 min experiment. Such ex-
periment reflects the good sensing sensitivity, selectivity
and stability of 4-NP at the fabricated pCu-GPE.
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4 Conclusions

We successfully fabricated a novel, extremely low-cost,
disposable, and easily fabricated 4-NP sensor based on
the electrodeposited porous Cu on GPE. The highly re-
producible fabrication sensor exhibits a remarkable elec-
trocatalytic activity towards 4-NP reduction at low detec-
tion limit, greater analytical selectivity, sensitivity, and
stability. The performance of the novel pCu-GPE proved
to be excellent, and found to be suitable for the analytical
determination of various 4-NP concentrations.
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