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Electrode fouling and passivation are the main reasons for attenuated the electrochemistry signals. In
this work, a renewable electrode for determination of 4-nitrophenol (4-NP) which not only has excellent
detection signals but also can be photo-catalytically refreshed to remain the selectivity and sensitivity
was been created. The GO/TiO.-CuTCPP composite material was characterized by Transmission
electron microscopy (TEM), X-ray diffraction (XRD), electrochemical impedance spectroscopy (EIS),
X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectra (FT-IR). The
electrochemical behavior of 4-NP on GO/TiO.-CuTCPP/GCE was investigated by cyclic voltammetry
(CV) and square wave voltammetry (SWV) in 0.2 mol/L acetic acid buffer at pH 5.5. The result showed
that the GO/TiO,-CuTCPP/GCE exhibits the higher peak current and photo-catalytic activity to prone
the self-cleaning ability. Under the optimal conditions, the oxidation current peak values linearly with
the concentration of 4-NP ranging from 0.5 to 100 umol/L, and the detection limit was 0.16 umol/L (S/N
= 3). Moreover, the sensors showed excellent renewable ability under visible light without damaging the
electrode microstructure and attenuating electrochemical signals.
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1. INTRODUCTION

4-NP is a common chemical raw material which is widely used in agricultural and industrial
processes and usually causes pollution[1]. It is significant to develop a simple and fast method for
determination of 4-NP in environment water samples owing to its highly toxic, difficulties in degradation
and persists in the environment[2]. Up to now, a lot of techniques was investigated to determine 4-NP,
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for example spectrophotometry[3], fluorescence[4], gas chromatography[5], high performance liquid
chromatography (HPLC)[6], capillary electrophoresis[7], electrochemical detection[8]. However, these
methods often require expensive instruments, time-consuming operations, and complex sample
preparation. Electrochemical method has attracted attention because of its low price, simple operation
and time saving, high sensitivity and good selectivity. Therefore, electrochemistry becomes a reliable
method for detecting 4-NP in the environment.

To improve sensitivity, chemically modified electrodes often require some common surface
modification. Due to the unique nature of nanomaterials, it is often used to modify the electrode to
increase the sensitivity of the electrode, such as MWNTI[9], ionic liquid[10], gold nanoparticles!*!,
Zn0[12], quantum dot[13] and graphene[14]. Because of the large surface area, good electrical
conductivity and high mechanical strength, the carbon materials are commonly used in the detection of
phenolic substances in the electrochemistry sensors. However, the surface of electrode tend to be
fouledand passivated by the intermediates products during the electrochemical reactions. The surface
fouling and passivation of electrode tend to reduce the sensitivity and lifetime of the electrodes[15].
Some works have been reported about physical and chemical methods for cleaning electrode surfaces,
such as physical polishing, acid washing, chemical and electrochemical methods to regenerate the
electrode surface [16].

Inspired by photocatalysis in the environmental field, photodegradation is the easiest and lowest
cost method for self-cleaning electrode surface fouling and passivation, some photocatalytic
regeneration of electrodes have been reported [17,18]. However, most of photocatalytic self-cleaning
electrochemical sensors photo-refreshing process occurred under the UV irradiation by the excellent
photo catalysis of TiO2[19]. Porphyrin is an effective sensitizer, which can expand the absorption range
of TiO light, enhance the separation efficiency of electron-hole pairs, and enhance the stability and
photocatalytic activity of porphyrin-TiO.. This allows the porphyrin-TiO2 system to be used for
photodegradation of 4-NP under visible light[20]. Meanwhile, the combination of graphene oxide and
TiO can promote electron transfer and enhance photocatalytic activity, which makes it feasible for the
regeneration of electrode under visible light.

This paper reports an regeneration electrode based on ternary composite, which could self-
cleaning in visible light. The composite materials GO/TiO.-CuTCPP has been synthesized and dropped
onto the electrode (GCE) to constituting 4-NP detection sensor. The electrochemical signal of 4-NP on
this GO/Ti0,-CuTCPP/GCE was significantly higher than that of GCE, which was mainly due to the
superior conductivity of the ternary material. As a result, the GO/TiO,-CuTCPP/GCE showed wider
detection range, higher sensitivity, and lower detection limit for detection 4-NP than some reported. The
methoid could be applied to the determination of 4-NP in real sample with high recover. In addition, the
electrode could be regenerated by the way of self-cleaning in visible light.

2. EXPERIMENT SECTION

2.1 Instruments

All the electrochemical signals including cyclic voltammetry (CV) and Square wave
voltammetry (SWV) signals were emploied on a CHI660E Electrochemical Workstation with a three-
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electrode system (Shanghai CH Instruments, China). Transmission Electron Microscopic (TEM)
measurements were carried out with a JEM-2100 microscope. X-ray photoelectron spectroscopy (XPS)
was recorded on ESCALAB 250 Xi instrument (ThermoFisher Scientific America). X-ray powder
diffraction (XRD) was detected on a Shimadzu XRD-7000 (Shimadzu Japan) with Cu Ko radiation.
Infrared spectral information was recorded on Avatar 370 FT-IR (Nicolet America) in the range of 400-
4000cm™. KQ-2200 DE ultrasonicator (Kunshan Ultrasonic Instrument Co., Ltd, China)

2.2 Chemicals Reagents

All chemicals were analytical grade and used directly. Graphene oxide (GO) was obtained from
JCNANO (China). Cu (1) meso-tetra (4-carbosyphenyl) porphine was purchased from Frontier
Scientific, Inc. (the united states). TiO, was purchased from Degussa P25 (Evonik German). 4-
Nitrophenol was purchased from LinEn Technology Development Co., Ltd (Shanghai China). Acetic
acid buffer solutions were prepared from CH3COONa and CH3COOH, all solutions were configured
using ultrapure water.

2.3 Preparation of GO/TiO-CuTCPP Composite material

The CuTCPP-TiO2 composites were prepared in the following steps: Firstly, a certain amount (5
umol/L) of CuTCPP was dispersed in 30 mL CHCIs solution, then 1 g Titanium dioxide (TiO2) which
had been heated to 120°C and dried 2 h was transferred to the solution contained CuTCPP. After stirred
for 4 h at room temperature, the solvent was removed under vacuum and dried to obtain the
composites[21]. Then 10 mg of GO and 10 mg CuTCPP-TiO2 composites were transferred into 10 mL
of DMF for dispersed at the same time, and then sonicated for 3 h in KQ-2200 DE ultrasonicator to make
the ternary composite material dispersed evenly. Thus, the GO/TiO-CuTCPP composites suspension
was received.

2.4 Electrode treatment

GCE was with polished on the polishing cloth with 0.3 um and 0.05 um polishing powder until
clean, and then the electrode surface was cleaned with nitric acid, ethanol, and ultrapure water for 3
minutes, respectively. 5 uL of GO/TiO,-CuTCPP composites suspension was transferred and dropped
onto the GCE surface, dried at 45°C in the oven to remove solvent and formed a sensor.

2.5 Analytical Procedure

0.2 mol/L acetate buffer (pH = 5.5) was selected as electrolyte for 4-NP detection. After 70 s
accumulation at 0 V, the square wave voltammetries were measured for 4-NP. CV and DPV scan range
was -1.0V - 0.8V.
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3. RESULTS AND DISCUSSION

3.1 Characterizations

The Surface topography and internal structure of GO and TiO2-CuTCPP were investigated by
TEM. As shown in Fig. 1A, 10 mg graphene oxide was exfoliated by ultra-sonically for 3 h in 10 ml
DMF, the layered Graphene oxide nanosheets were observed, the fringe of GO and characteristic
crumpled morphology can be explicitly identified. Fig. 1B showed that the graphene sheets were covered
heavily with TiO; layer, which means that physical adsorption of TiO2-CuTCPP on graphene oxide sheet
was achieved with proper mechanical stirring and ultrasonic [22]. The evenly distribution of TiO,-
CuTCPP particles on the GO can improve the absorbance of visible light and the graphene single-layer
structure will conducive to the transportation of electronics for photo-catalysis.

Figure 1. TEM images of Graphene-Oxide (A) and the GO/TiO2-CuTCPP nanocomposite (B).

XPS was applied to investigate the chemical composition of GO/TiO2-CuTCPP composites. As
for O1s spectra in Fig. 2A, two obviously peaks can be observed at 529.6 eV and 531.7 eV, they were
attributed to Ti-O and C-O bonds, which were derived from the reaction between the hydroxide of GO
and the carboxyl group of CUTCPP [25]. Fig. 2B showed two peaks of Ti2p®? and Ti2p*? at 458.3 eV
and 463.8 eV which proved the existence of TiO». Fig. 2C showed the high resolution XPS spectra of
the C1s, the peaks of 284.0 eV and 285.9 eV were belonged to C-C bonds and C-O bonds. The reason
why copper not detected in the figure may be caused by a low copper content. Moreover, from Fig. 2D,
a peak of N1s appeared at 399 eV, and N1s originated from CuTCPP. The results indicated that copper
porphyrin-sensitized TiO has been successfully combined with GO. A lot of new peaks were observed
in the spectra of GO/TiO.-CuTCPP material, for example at 285.0 eV, it was also indicated perfect
combination of composite materials of GO/TiO.-CuTCPP [25].
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Figure 2. XPS (2D) and high-resolution XPS spectra of O1s (2A), Ti2p (C) and Clsfor the GO/TiO»-

CuTCPP nanocomposite.

The XRD patterns of TiOz, TiO2-CuTCPP and GO/TiO2-CuTCPP nanocomposites were shown
in Fig. 3. As shown in Fig. 3, there was almost no difference between TiO.-CuTCPP and TiO». To be
precise, the typical diffraction peaks (20= 25.3°, 37.9 °, 48.1°, 53.9°, 55.1°, 62.7° and 75.1°) of anatase
titanium dioxide are showed in Fig.3 and which could be indexed to the (10 1), (004), (200), (105),
(211),(204), (215) lattice planes reflection of anatase TiO> (JCPDS card 21-1272)[23,26]. The
crystallinity of the TiO2 was not changed after loaded by CuTCPP. After compounding with graphene
oxide, an XRD peak appeared at 10.0°, corresponding to a (0 0 1) layer spacing of 0.78 nm, which owing
to a lot of oxygen atoms inserted between the layers of graphene oxide [24].
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Figure 3. XRD patterns of TiO2, TiO>-CuTCPP and GO/TiO2-CuTCPP nanocomposites.

The GO/TiO2-CuTCPP was investigated by fourier transform infrared (FT-IR) technique in the
Fig.4. The peaks at 3428 cm™* and 1627 cm™* can be attributed to the stretching vibrations and bending
vibration of -OH on the surface of TiO; [25]. In addition, the bands around 521 and 650 cm™ can be
attributed to the characteristic absorption of Ti - O bonds in TiO.. For both TiO2-CuTCPP and GO/TiO;-
CuTCPP, bands were observed at 2903, 1500, and 1400 cm™, which can be attributed to the C-H, C=C
characteristic vibrations of the carbon on the porphyrin ring on CuTCPP in the composite, and porphyrin
Symmetrical stretching vibration on the carboxyl group. All these results proved that TiO2 was sensitized
by CUTCPP [27]. For GO and GO/TiO,-CuTCPP, the absorption peaks at 3427 cm™, 1721 cm, 1401
cm, and 1052 cm™ can be attributed to the OH tensile vibration on the GO, the C = O stretching, tertiary
C - OH group stretching and CO stretching vibration. However, compared with GO, the peak
corresponding to tensile vibration at C - OH 1401 cm™ becomed narrower and weaker than GO/TiO,-
CuTCPP, which was mainly attributed to the weak interaction between -OH of GO and -OH on
CuTCPP leads to the reduction of the hydroxyl groups on the surface of TiO». The results indicated that
the ternary complexes have been combined with each other.
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Figure 4. FT-IR patterns of TiO, TiO2-CuTCPP, GO and GO/TiO>-CuTCPP.
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3.2. Electrochemical characterizations of GO/TiO>-CuTCPP/GCE

The electrochemical characterizations of GO/TiO.-CuTCPP/GCE was investigated by yclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS). cyclic voltammetry (CV) was
applied to inspect the electrochemical behavior of GO/TiO,-CuTCPP/GCE towards in 0.1 mol/L KCI
contained 5 mmol/L [Fe(CN)s]*’*. The cyclic voltammograms obtained for bare GCE (a), GO/GCE (b),
GOI/TiO2-CuTCPP/GCE (c) were compared in Fig. 5A. The redox peak current value of the redox probe
on GO/TiO,-CuTCPP/GCE was much higher than that of GO/GCE and GCE. It was mainly owing to
the higher electroactive surface area and good electronic conductivity of GO [30].

Fig. 5B showed the Nyquist plots for bare GCE (a), GO/GCE (b) and GO/TiO,-CuTCPP/GCE
(c). As shown in Fig 5B, GCE (c), GO/GCE (b) and GO/TiO,-CuTCPP/GCE (a) all possessed a semi-
circular arc in the high frequency region. The diameter of the semi-circular werc often represents the
size of the resistance. The arc size of GO / TiO.-CuTCPP / GCE (a) was significantly lower than GCE
(c), and GO/GCE (b) was mainly due to the good electrical conductivity of GO and the electronic
conductivity of Cu?*in CuTCPP [31]. These results confirmed that the GO/TiO,-CuTCPP/GCE have
strong adsorptive capability for 4-NP owing to some of interaction between them such as hydrogen
bonds and some hydrophobic force between GO and 4-NP, and 4-NP possessed the aromatic structure
so that there are n-m stacking between them [32, 33]. Meanwhile, the specific surface area, the excellent
electrical conductivity and the adsorption capacity of 4-NP were increasing because of TiO2-CuTCPP
attached to the surface of graphene, indicated that this electrode was promising for determination of 4-
NP[34].
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Figure 5. Cyclic voltammograms (A) and Nyquist plots (B) for different electrode.

3.3 Electrochemical Behaviors of 4-NP on electrode

Fig. 6 showed the electrochemical behavior of 4-NP on different electrodes with CV and SWV.
As shown in Fig. 6A, the redox peaks of 4-NP in GO/TiO,-CuTCPP/GCE was obviously higher than
GCE and GO/GCE, this indicated that the composite is an effective mediator for the electrochemical
oxidation of 4-NP [35]. The electrochemical signal of 4-NP on GO and GO-TiO; electrodes was mainly
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attributed to the ability of GO to adsorb 4-NP [36]. Meanwhile, there were hydrogen bonds between GO
and 4-NP and n-n stacking between them. These interaction forces enable GO and 4-NP to generate
more electrochemical signals to improve the electrochemical detection effect [37,38]. As shown in Fig.
6A, the SWV curve of 4-NP on the composite electrode was also significantly higher than that of
GO/GCE and GCE. Therefore, the oxidation peak of 4-NP can be selected to detect the 4-NP
concentration.
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Figure 6. CV curves of 50 pumol/L 4-NP (A) and SWV curves of 10 umol/L in pH 5.5 Acetic acid buffer
solution on GCE, GO/GCE, GO/TiO2-CuTCPP/GCE.

3.4. Optimization of experimental parameters for determination of 4-NP

3.4.1 Influence of pH

The experiment examined the influence of the electrode in different 0.2 mol/L buffer solutions
(phosphate buffer solution, acetate buffer solution, borate buffer solution) on the detection of 4NP. The
results showed that 4-NP had the best peak shape and highest peak values in the acetate buffer solution,
so 0.2mol / L acetate buffer solution was selected as the supporting electrolyte. Fig. 7A showed the CV
curves of 100 umol/L of 4-NP in GO/TiO>-CuTCPP/GCE versus buffer solutions of different pH values.
As shown in the Fig. 7B, when the pH value increased from 3.5 to 5.5, the peak current value increased
continuously with the increasd of pH. When the pH value increased from 5.5 to 6.5, the peak current
value gradually decreased. Therefore, pH = 5.5 acetate buffer solution was chosen as optimal pH for the
subsequent analytical experiments.
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Figure 7. The effect of pH in the presences of 100 umol/L 4-NP (A) and the effect of pH on peak current
(B).

3.4.2 Influence of scan rate

The electrochemical behaviors of 4-NP on GO/TiO,-CuTCPP/GCE with different scan rates
were investigated. As shown in Fig. 8A, the oxidation peak and reduction peak current values of 4-NP
in GO/TiO2-CuTCPP/GCE gradually increased with the increase of the scan rates range from 10 - 200
mV/s (a—g: 10, 40, 70, 100, 130, 160, 200 mV/s), as shown in Fig. 8B. a linear relationship between the
peak current and the scan rates of 4-NP on GO/TiO.-CuTCPP/GCE. the results show that the redox
processes of 4-NP at GO/TiO,-CuTCPP/GCE were controlled by adsorption [39,40].
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Figure 8. CV curves at different scan rates in the presence of 100 pumol/L 4-NP (A) and t Linear fit of
oxidation peak current values and scan rates (B). Curves are obtained at 10, 40, 70, 100, 130, 160
and 200 mV/s, respectively.

3.4.3 Influence of accumulation potential and time

Influence of the accumulation potential and time on the square wave voltammetric (SWV)
response for 4-NP on GO/TiO,-CuTCPP/GCE were investigated. A solution of 0.02 mmol/L of 4-NP



Int. J. Electrochem. Sci., Vol. 15, 2020 5188

was investigated in a phosphate buffer solution at pH 5.5, when the fixed accumulation time was 70 s,
the effect of the peak current value of 4-NP on GO/TiO,-CuTCPP/GCE under different accumulation
potentials was investigated. The results were shown in Fig. 9A. when the accumulation time range from
-0.6 — 0V, the peak current values gradually increased, and when the accumulation potential was from
range from O - 0.6, the peak current value gradually decreases, so the potential of OV is selected as the
best enrichment potential. As shown in Fig. 9B, when the fixed accumulation potential was 0 V, the
accumulation time was increased to 70s, the peak current value gradually increased and reached to
maximum value, so the optimal enrichment time was selected as 70s. Therefore, 0 V and 70 s were setted
to the optimum parameters for the following experiments.
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Figure 9. The effect of accumulation potential (A) and accumulation time (B) on the oxidation peak
currents of 10 umol/L 4-NP on SWV current response at GO/TiO2-CuTCPP/GCE.

3.5 Sensitivity

Sensitivity was a significant part of the constructed electrochemical sensor. SWV was applied to
investigate the relationship of oxidation currents values (lp) and concentrations (c). As shown in Fig.
10A. For detection of 4-NP, the oxidation peak current increased linearly with its concentration (c) in
the range from 0.5 to 100 umol/L (a—k: 0, 0.5, 1, 2, 4, 8, 10, 20, 60, 80, 100 umol/L), and the linear
regression equation was: lp=1.10992 c+12.45 (I, in pA, ¢ in umol/L, R=0.9925) (Fig. 10B). The limit
of detection (LOD) value was 0.16 umol/L (S/N = 3), compared to the reported electrochemical sensors,
GO/TiO2-CuTCPP/GCE possessed wider detection range and lower detection limit (Table. 1). The main
intent was to manufacture a visible light photocatalytic self-cleaning electrochemical sensor under
visible light. Owing to TiO2’s conductivity was not as good as other nanomaterials, the LOD of this
electrochemical sensor is higher than some developed sensors. With the U.S. Environmental Protection
Agency regulates the maximum limit of 4-NP in drinking water to 0.43 umol/L [2], it indicated that the
sensitivity of GO/Ti0.-CuTCPP/GCE was high enough for sample analysis with reliable results.
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Figure 10. SWV curves of GO/TiO>-CuTCPP/GCE in pH 5.5 a series of concentrations of 4-NP (a—k:
0,05,1,2,4,8, 10, 20, 60, 80, 100 umol/L) and the calibration curve for 4-NP determination.

3.6 self-cleaning capability of GO/TiO.-CuTCPP/GCE

The photo-catalytic self-cleaning process of GO/TiO2-CuTCPP/GCE based on GO-TiO, was
described as follow and showed in Fig. 11: 10 umol/L 4-NP were detected by GO/TiO.-CuTCPP/GCE,
the contaminants were left on the surface of the electrode after determination, test the contaminants
currents, then a drop of ultrapure water was dropped onto the surface of GO/TiO,-CuTCPP/GCE. Later,
the GO/Ti0,-CuTCPP/GCE was transferred under visible light with the illmination for 60 min and 120
min. Some active intermediate would generate by the reaction between TiO> with H>O and O owing to
porphyrin could be the efficient sensitizers to harvest light on the surface, the resulting substances such
as *OH, Oz~ and H20- could oxygenolysis the organic pollutants and intermediates on the electrode
surface. (e.g. 4-NP adsorbed on the electrode’s surface) [41-44]. The CUTCPP-TiO. composite photo-
catalyst displayed a high removal rate in 4-NP photo-catalytic degradation. After 120 min photocatalytic
reaction, the oxidation peak current values in blank acetate buffer were nearly closed to 0 pA, which
indicated that the 4-NP adsorped on the surface of electrode were completely photodegraded, and the
peak current declines a little when 4-NP was added again.
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Figure 11. Photocatalytic self-cleaning reusability curves for GO/TiO.-CuTCPP/GCE in the presence
of 10 umol/L 4-NP.
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3.7 Interference effects

The experiment further investigated the effects of coexisting substances on GO/TiOz-
CUTCPP/GCE for 4-NP detection. In the presence of 10 pmol/L 4-NP, 500 umol/L of Na*, Mg®*, AI**
, Ca%*, Zn?* | Ni?* , Fe**, Cu®*, ClI-, CO3*, SO4>~ and NO3™ did not interfered the results (peak current
change <5%); 100 umol/L of 2,4-dinitrophenol, pyrocatechol, hydroquinone, o-nitrobenzoicid, m-
nitrobenzoic acid and p-nitrobenzoic acid also did not interfered the signal (peak current change <5%);
However, 50 umol/L of phenol, 2-nitrophenol and hydroxyphenol were interfered the results. Thus, these
results indicated that GO/Ti0,-CuTCPP/GCE possessed a good selectivity for 4-NP.

Table. 1 Comparison of linear ranges and detection limits of 4-NP between different electrodes

Linear range Detection limit

Electrode material (umol/L) (umol/L) References
hydroxyapatite nanopowder 1.0 - 300 0.6 [45]
multiwalled carbon nano-tube (MWNT) /1-
butyl-3-methylimidazolium 0.1-20 0.1 [46]
tetrafluoroborate/chitosan
tmaePcCo/CNT 1.0-1000 0.2 [47]
MWCNT 1.0-30 0.12 [48]
GO/TiO,-CuTCPP 0.5-100 0.16 This work

3.8 real sample detection

In order to investigate the application ability of the GO/TiO2-CuTCPP/GCE in real sample,
standard adding method was employed by adding 4-NP in tap water. The result was shown in table. 2,
the recoveries of all samples were between 96.2% and 102.3% and the RSD values were between 2.3
and 4.2. It indicated that the modified electrode GO/TiO,-CuTCPP/GCE can be used for the 4-NP
detection in real water samples.

Table. 2 Determination results for 4-NP in tap water

Added (uM) Found (uM) Recovery (%) RSD (%)
Sample
4-NP 4-NP 4-NP 4-NP
1 1 0.962 96.2 2.3
2 10 10.23 102.3 3.1
3 50 48.63 97.3 4.2

4. CONCLUSIONS

A ternary composite material based on graphene oxide, TiO2 and copper porphyrin with low cost
and simple preparation method was prepared and a photo-regeneration electrochemical sensor for 4-
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nitrophenol was prepared by one-step drop coating method. Under the optimal conditions, the sensor has
good electrochemical response to 4-NP, and it can achieve photoregeneration of electrochemical sensor
platform under illumination. This work provides a new idea for the design of regenerative
electrochemical sensors.
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