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Direct electrodeposition of cationic pillar[6]arene-
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In the present work, electrochemically reduced graphene oxide-cationic pillar[6larene (ErGO-CP6)
composite films on glassy carbon electrodes (GCEs) were prepared directly from graphene oxide-
cationic pillar[6]larene (GO-CP6) dispersions by a facile one-step pulsed electrodeposition technique.
The preparation of GO-CP6 and its subsequent electrochemical reduction were confirmed by Fourier
transform infrared (FTIR) spectroscopy, UV-vis spectroscopy (UV-vis), thermogravimetric analysis (TGA),
X-ray photoelectron spectroscopy (XPS), zeta potential, Raman spectroscopy, and scanning electron
microscopy (SEM). SEM result reveals that ErGO-CP6 could form a homogeneous film when GO-CP6
was electrodeposited on the surface of a GCE. Furthermore, Raman and XPS results confirm the removal
of oxygen-containing functional groups present on the GO-CP6 surface after electrochemical reduction.
Electrochemical results reveal that ErGO-CP6 films could show much higher electrochemical response
to theophylline (TP), ascorbic acid (AA), acetaminophen (APAP), and folic acid (FA) than unmodified ErGO
films and bare GCE, which is considered to be the synergistic effect of the graphene (excellent electrical
properties and large surface area) and CP6 molecules (high inclusion complexation and enrichment
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Introduction

Graphene, a two-dimensional sp*-hybridized carbon nano-
material, has attracted intense scientific interest since its
discovery in 2004. It is described as the World's thinnest
material, and it presents fascinating mechanical, electronic,
thermal, optical, and chemical properties that have made it
a promising material for potential use in various fields, such as
nanoelectronics,’ supercapacitors,” batteries,’> sensors,* and
nanocomposites.® Reduced graphene oxide (rGO) is the product
of reducing graphene oxide (GO) with reducing agents.
Although rGO has a relatively lower conductivity than that of the
graphene made by the mechanical cleaving method, it is
nevertheless a versatile material. In particular, it can be used as
a perfect candidate for carbon-based electrode materials to
produce electrochemical sensors or biosensors owing to its
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large active surface area, good electrical conductivity and elec-
trocatalytic activity.*” However, practical applications of rGO
still present a great challenge due to its irreversible agglomer-
ation in aqueous solution, which significantly reduces its
effectiveness. Interestingly enough, the introduction of water-
soluble macrocyclic hosts as functional molecules can effec-
tively disperse graphene, and further introduce new or
enhanced functions through combining their individual char-
acteristics. Therefore, macrocyclic-host-functionalized rGO
nanocomposites that simultaneously provide the unique prop-
erties of rGO (a large surface area and good conductivity) and
the macrocyclic-host (high supramolecular recognition and
good enrichment capability) have been extensively exploited as
electrocatalysts for improving analyte detection sensitivity.*™*
The most commonly used method for the preparation of the
macrocyclic-host-functionalized rGO nanocomposite modified
electrode is the drop-casting of chemically reduced graphene
oxide-macrocyclic host suspension onto the electrode surface.
Obviously, such a preparation methodology involves highly
toxic chemicals, such as hydrazine hydrate and, moreover,
chemical reduction of the graphene oxide-macrocyclic host
suspension cannot completely reduce oxygen-containing func-
tional groups, which may result in a decrease in the electro-
chemical performance.

This journal is © The Royal Society of Chemistry 2020
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In more recent times, electrochemical reduction of GO to
rGO has attracted considerable attention because it is regarded
as a simple, fast and green method in addition graphene film
can be obtained by this method on conductive substrates.'®>"
More importantly, the high negative potential employed in the
electrochemically reduced graphene oxide (ErGO) can efficiently
reduce the oxygen-rich functional groups present on the GO
surface.” Typically, the ErGO has usually been obtained
through a two-step procedure comprising the immobilization of
GO on the electrode surface by the chemical solution deposition
methods, followed by the electrochemical reduction. Up to now,
various electrochemical methods including cyclic voltammetry
(CV),” potentiostatic method,”® and electrophoretic deposi-
tion** have been employed. However, the pulsed electrodepo-
sition method,”® having some advantages of simplicity, cost
efficiency, time saving, and producing high-purity deposits, has
rarely been applied in the ErGO field till now.

Pillararenes,*** as a relatively new class of supramolecular
macrocyclic hosts, have attracted continuous attention because
of their symmetrical rigid pillar-shaped structures, tunable
cavity size, easy functionalization, and unique host-guest
recognition abilities. Practically, a series of pillararenes with
good water solubility and recognition capability have been
applied to fabricate graphene hybrids to improve their water
stability and dispersity, as well as to enhance their supramo-
lecular recognition capability in many applications, including
sensors, luminescence, electrocatalysis and electronics, and
therefore attracted wide research interest.’®*” Recently,
a water-soluble cationic pillar[6]arene (CP6) with twelve -NH;"
groups on both rims was designed and synthesized by our
group.*® The CP6 contains twelve hydrophilic ammonium
groups on both rims, which can produce electrostatic interac-
tion with the negatively charged groups exist in GO to form GO-
CP6 nanocomposites with potential use in materials science.

In this work, we report for the first time preparation of CP6
functionalized graphene films on glassy carbon electrode (GCE)
directly from GO-CP6 dispersions by facile one-step pulsed
electrodeposition technique (Scheme 1). The electrodeposited
nanocomposite films were characterized by scanning electron
microscopy (SEM), Raman spectra, and cyclic voltammetry (CV).
The electrochemical performance of the present ErGO-CP6-
modified GCE (ErGO-CP6/GCE) was examined by taking
theophylline (TP), ascorbic acid (AA), acetaminophen (APAP),
and folic acid (FA) as the analytes. The electrochemical behav-
iors of the four molecules at the ErGO-CP6/GCE displayed much
higher electrochemical performance than at those of ErGO/GCE
and bare GCE, indicating that the CP6-modified graphene films
not only show the outstanding electrical properties of graphene
but also exhibit high inclusion complexation and enrichment
capability of CP6 through the formation of host-guest inclusion
complexes between CP6 and the four molecules.

Results and discussion
Characterization of GO-CP6 composites

The FTIR spectra provide clear evidence for the successful
functionalization of GO with CP6 (Fig. 1A). As shown in Fig. 1A,
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Scheme 1 Schematic illustration for the pulsed electrodeposition
preparation of ErGO and ErGO-CP6 films on the surface of GCE and
sensing the guest molecules by an electrochemical strategy.

the stretching vibrations of -OH (3436 cm™'), C=C
(1631 cm™'), C-OH (1400 cm™ '), and C-O (1117 ecm™ ') are
observed in FTIR spectrum of GO. In the spectrum of GO-CP6,
the new bands observed at 2925 and 2854 cm ™ correspond to
asymmetric and symmetric CH, stretching vibrations, respec-
tively, and the bands centered at 1500 cm ™" are observed which
are assigned to the typical CP6 absorption features of the phenyl
stretching vibrations, indicating that the CP6 molecules have
successfully self-assembled on GO and non-covalently formed
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Fig. 1 Characterization of materials. FTIR spectra (A), UV-vis absorp-
tion spectra (B), TGA curves of CP6, GO-CP6, and GO (C), and XPS
survey spectra of GO and GO-CP6 (D).
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GO-CP6 composites.” We speculated that the self-assembly
mechanism of CP6 on the surface of GO might be ascribed to
the cooperative interactions of multiple electrostatic interac-
tions and m-7 stacking interactions.®'® The data of UV-vis
absorption further confirm the successful preparation of GO-
CP6 composites. As shown in Fig. 1B, there is a characteristic
absorption peak locating at 290 nm for CP6. The absorption
peak of GO is about 238 nm. When CP6 was loaded onto GO,
GO-CP6 composites present two main absorption peaks, which
are assigned to the absorption peaks of CP6 (~290 nm) and GO
(235 nm). Therefore, the successful chemical modification of
CP6 on GO is further confirmed by UV-vis absorption spectra.

TGA measurement was further used to determine the mass
fraction of CP6 in GO-CP6 composites. As shown in Fig. 1C,
pure CP6 slowly decomposed at approximately 300 °C. The GO
has a mass loss (51%) because of the pyrolysis of the labile
oxygen-containing functional groups. The loss in mass of the
GO-CP6 was about 62 wt% at approximately 600 °C. The mass
loss caused by CP6 decomposition was evaluated to be 11 wt%
by deducting the mass loss of the GO, suggesting that the mass
fraction of CP6 molecules loaded on the surface of GO is
11 wt%. This result is exciting because GO loading plentiful CP6
molecules will provide a good opportunity to expand the
inclusion complexation and enrichment ability of CP6.

To further illustrate the formation of GO-CP6, XPS analysis
was performed to determine the compositions of GO and GO-
CP6. As can be seen from Fig. 1D, a significant N1s peak was
observed for the GO-CP6 sample, which comes from the -NH;"
groups of CP6, but there was no N signal on the GO, further
revealing the successful loading of CP6 onto GO.

The average zeta potentials of GO and GO-CP6 are —30.9 and
32.8 mV, respectively, as shown in Fig. S1.7 Compared to the
zeta potential of GO, the zeta potential of GO-CP6 increases by
approximately 63.7 mV, and this is induced by the introduced
positive charges of -NH;" in the CP6 molecule. The introduced
positive charges in GO-CP6 facilitate the stability of the nano-
composite owing to the increased repulsion of positive charges.
Furthermore, the zeta potential of GO-CP6 is higher than
30 mV, indicating that the stability and dispersion of GO-CP6
are very high.*® Therefore, these results of FTIR, UV-vis, TGA,
XPS and zeta potential suggest that CP6 has been successfully
grafted on the surface of GO.

Pulsed electrodeposition of ErGO and ErGO-CP6 films on GCE

GO colloids are negatively charged in the solution, while the
surface charge of GO-CP6 is positively charged in the solution
(Fig. s1, ESIt). When positive and negative potentials were
applied on the GCE, respectively, GO and GO-CP6 could be
spontaneously deposited onto the surface of GCE due to the
strong electrostatic attraction. In accordance with the litera-
ture,* the as-deposited GO can be electrochemically reduced at
E = —1.1 V vs. SCE. Herein, pulse potentiostatic method was
used to achieve the electrodeposition of ErGO and ErGO-CP6
films, in which 0.1 V and —0.1 V vs. SCE were used to deposit
GO and GO-CP6 on GCE, respectively, followed by employing
—1.3 Vvs. SCE to electrochemically reduce the as-deposited GO
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and GO-CP6 to ErGO and ErGO-CP6. Fig. 2 illustrates the pulse
process employed for the preparation of ErGO-CP6 films, and
two alternative potentials E, and E. were used to prepare the
ErGO-CP6 films on the surface of GCE. After the potential E, is
applied, GO-CP6 sheets were deposited onto the GCE surface
during the period. When the potential E. is employed, the GO-
CP6 sheets close to the GCE surface start to react. Additionally,
at the beginning of each new pulse, GO-CP6 sheets could be
diffused to areas where they have been quickly consumed when
applying E.. The electrodeposition process is controlled by
a computer during the whole deposition so that such a proce-
dure can give uniform thin films.

Characterization of the ErGO/GCE and ErGO-CP6/GCE

The surface morphologies of ErGO and ErGO-CP6 films elec-
trodeposited on GCE were examined by SEM. Fig. 3A shows the
SEM image of the ErGO films electrodeposited on the surface of
GCE. As can be seen, the prepared ErGO films exhibit a curled
morphology, a thin wrinkled paper-like structure, and
distribute homogeneously on the GCE surface. In contrast, the
prepared ErGO-CP6 films (Fig. 3B) possess more crumpled
sheets closely associated with each other. Furthermore, aggre-
gation barely occurs on the thin films, suggesting that the
electrodeposition of ErGO-CP6 films on GCE by pulse poten-
tiostatic method can obtain well-dispersed ErGO-CP6 films and
prevent the aggregation.

Raman spectroscopy is a widely used analytical method that
is used to characterize the structural and electronic properties
of graphene-based materials, involving disorder and defect
structures.** The D band at ~1350 cm ™" corresponds to the
breathing mode of k-point phonons of A;, symmetry, while the
G band at ~1575 cm™ ' is usually assigned to the E,, phonon of
the sp> carbon atoms.*? Fig. 4 shows the Raman spectra of GO,
ErGO, GO-CP6, and ErGO-CP6. The Raman spectrum of GO-CP6
(Fig. 4B) displays D and G bands at 1344 and 1587 cm ’,
respectively, which is similar to those of GO prepared through
the chemical oxidation of graphite (Fig. 4A). After GO and GO-
CP6 were electrochemically reduced, the Raman spectra both
display an increase in the intensities of D band compared to
those of G band (Fig. 4A and B). The intensity ratio of the D band
to the G band (Ip/I;) of carbon products is generally used to
evaluate the extent of disorder or defects which result from
vacancies, distortion, and edges.*>** The larger value of I/l is
an indication of smaller sp> domains.* As can be seen from

0.0 | peposition
0.3
-0.6

-0.9

E}VvsSCE

-—FE
Reductlon °

o0 T 05 10 15 20 25 30
tis

Fig.2 E-tdiagram imposed during the electrodeposition preparation
of ErGO-CP6 films.
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Fig. 3 SEM images of ErGO films (A) and ErGO-CP6 films (B) modified
GCE.

Fig. 4A and B, after the electrodeposition, the Ip/Ig ratios
increase from 0.85 (for GO) to 1.81 (for ErGO) and 1.60 (for GO-
CP6) to 1.84 (for ErGO-CP6), respectively, suggesting that
smaller sp®> carbon domains are formed upon the electro-
chemical reduction of the GO and GO-CP6.** The two weak and
broad 2D bands at ~2690 cm ™" also indicate disorder due to an
out-of-plane vibrational mode, and the cooperation between D
and G bands also gives rise to an S3 band near 2932 cm ™. The
appearance of 2D and S3 bands at ErGO and ErGO-CP6 indi-
cates that electrochemical reduction of GO and GO-CP6 can
generate better graphitization compared to chemical reduc-
tion.* The above results revealed that the electrochemical
reduction of GO and GO-CP6 has indeed taken place, and their
electrochemical reduction retained the sp” hybridization of
graphene's lattice.

Further, XPS was used to confirm the electrochemical
reduction of GO-CP6 to ErGO-CP6. Fig. 5A shows the XPS survey
spectrum of GO-CP6 and ErGO-CP6. The GO-CP6 shows an
asymmetric peak at 284 eV corresponding to the C 1s peak of sp*
carbon (curve a). The peak at 532 eV corresponds to the O 1s
spectrum of various oxygen-containing groups. The intensity
ratio of C/O peaks was calculated as 2.75. After the electro-
chemical reduction of GO-CP6 to ErGO-CP6, the XPS spectrum
shows C 1s and O 1s peaks at 284 and 532 eV, respectively, with
avariation in the C/O intensity ratio (curve b). The C/O intensity
ratio was increased from 2.75 to 4.41 for CP6-modified GO after
electrochemical reduction. This is due to the removal of oxygen-
containing groups from the surface of GO. The electrochemical
reduction of GO-CP6 to ErGO-CP6 was also confirmed by fitting
C 1s spectra of GO-CP6 to ErGO-CP6 using Gaussian functions
after background correction. Fig. 5B and C shows the Cis
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Fig. 4 (A) Raman spectra of GO and ErGO. (B) Raman spectra of GO-
CP6 and ErGO-CPé.
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CP6. High resolution XPS Cls spectra obtained for (B) GO-CP6 and (C)
ErGO-CP6. High resolution XPS N1s spectra obtained for (D) GO-CP6.

spectrum of GO-CP6 and ErGO-CP6 substrate. The Cl1s spec-
trum of GO-CP6 substrate shows four characteristic signal
peaks at 284.8, 286.9, 288.2, and 288.9 eV, corresponding to C—-
C/C=C bond, C-O band, C=0O band, and HO-C=O bond,
respectively. On the other hand, the C1s spectrum of ErGO-CP6
substrate displays three peaks at 284.1, 286.2, and 288.4 eV,
corresponding to C-C/C=C bond, C-O band, and C=O0 band,
respectively. The intensities of the C-C/C=C peaks were
remarkably increased, while the intensities of all C1s peaks of
the carbons binding to oxygen, especially the peak of C-O, were
dramatically decreased at the ErGO-CP6 substrate compared to
the GO-CP6 substrate, indicating that electrochemical reduc-
tion of GO-CP6 to ErGO-CP6 removes the oxygen-containing
groups on the electrode surface. Besides, there is no N-H
group in amide in the N 1s XPS of GO-CP6 (Fig. 5D), indicating
that CP6 molecules have been non-covalently attached to the
surface of GO.

Electrochemical characterization of the ErGO/GCE and ErGO-
CP6/GCE

The redox probe [Fe(CN),]>*~, which is sensitive to surface
chemistry of carbon-based electrodes,"® was commonly used to
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Fig. 6 (A) CV curves of a bare GCE, ErGO/GCE and ErGO-CP6/GCE in
solution containing 1.0 mM [Fe(CN)gl*> /4~ and 0.1 M KCL. Scan rate:
50 mV s~ (B) Nyquist plots of a bare GCE, ErGO/GCE and ErGO-CP6/
GCE in solution containing 1.0 mM [Fe(CN)gl* /4~ and 0.1 M KCL.
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directly evaluate the charge transfer property of the modified elec-
trodes. Fig. 6A displays the cyclic voltammograms (CVs) of 1.0 mM
[Fe(CN)o]>~*~ redox couple (1 : 1) on the surface of bare GCE, ErGO/
GCE and ErGO-CP6/GCE in 0.1 M KCl solution at 50 mV s~ . It can
be seen at the bare GCE, a pair of well-defined reversible redox
peaks with the oxidation-to-reduction peak potential separation
(AEp) of 81 mV present. While at the ErGO/GCE, both anodic and
cathodic peak currents increase noticeably with the AE, value
decrease to 50 mV. The smaller AE, observed at the ErGO/GCE
exhibited a faster electron transfer process and coefficient**
compared to the bare GCE. Meanwhile, the enhanced current
response of the ErGO/GCE toward [Fe(CN),J’™*~ indicates
increased electrochemical active sites at the ErGO modified GCE
surface, which is attributed to superior conductivity and large
surface area of ErGO. After electrodeposition of ErGO-CP6 on GCE,
the largest peak currents and the smallest AE, (46 mV) of redox
probe [Fe(CN)o]*"*~ were observed. This is mainly attribute to the
presence of positive charges on ErGO-CP6 which attract the nega-
tively charged [Fe(CN)s>~"*~ ions. At the same time, the effective
surface areas of different electrodes were calculated by CV in the
presence of 1.0 mM [Fe(CN)oJ>~ solution containing 0.1 M KCI. The
Randles-Sevcik formula of i, = 2.69 x 10°n°?AD,"c,v"'?, where iy,
is the anodic peak current (A), c, is the concentration of [Fe(CN)e]*~
(mol L"), v is the scan rate (V s*) and 4 is the surface area of the
electrode (cm?), was used to calculate the surface area of the elec-
trode (n = 1, D, = 7.6 x 10°® em® s~ ").* According to the calcu-
lation, the effective surface areas of bare GCE, ErGO/GCE and ErGO-
CP6/GCE are 0.058, 0.541 and 0.633 cm?, respectively. Therefore, it
is clear that the highest electroactive surface was obtained on ErGO-
CP6/GCE. Such results suggest that the properties of the ErGO-CP6
films prepared by pulsed electrodeposition method are superior to
those of ErGO films in increasing the active surface area of the
modified electrode and accelerating the electron transfer rate.

The Nyquist plots of bare GCE, ErGO/GCE and ErGO-CP6/
GCE electrode surfaces in 1.0 mM [Fe(CN)y]>~"*~ containing
0.1 M KCl (Fig. 6B) exhibited a significant difference. The values
of charge transfer resistance (R.) of the bare GCE, ErGO/GCE
and ErGO-CP6/GCE were estimated to be 0.96, 0.57 and 0.39
kQ, respectively. Therefore, ErGO-CP6/GCE has more efficient
conductivity compared with bare GCE and ErGO/GCE. This is
consistent with the results obtained with the electroactive
surface area.

Electrochemical performance of ErGO-CP6 modified electrode

Given the above discussion, it can be demonstrated that CP6-
modified graphene nanocomposite films had been prepared
on GCE by pulsed electrodeposition, which could not only
improve the stability and dispersion of graphene but also
enhance sensitivity for detecting some important biological
molecules through supramolecular host-guest complex forma-
tion between CP6 and the guest molecules that fit spatially
within CP6 cavities. To confirm this conception (Scheme 1), the
electrochemical behaviors of four electroactive biomolecules
[theophylline (TP), ascorbic acid (AA), acetaminophen (APAP),
and folic acid (FA)] were investigated. CVs and peak currents of
the above four guests on (a) GCE, (b) ErGO/GCE and (c) ErGO-
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CP6/GCE are shown in Fig. 7A-D and E-H, respectively. As
shown in Fig. 7A-D (curve a), very weak redox peaks currents on
bare GCE were observed for four guests. While, there were
increases in the oxidation peak currents of four guests at ErGO/
GCE compared to the currents at the bare GCE (Fig. 7A-D, curve
b), which may be ascribed to excellent conductivity and large
surface area of ErGO arising from its specific structure. Much to
our excitement, on the ErGO-CP6/GCE (Fig. 7A-D, curve c), all
the peak currents were remarkably increased and were
approximately 1.5-3.0 times as much as those on ErGO/GCE.
Meanwhile, ErGO-CP6/GCE for four guests also showed high-
est current densities in two kinds of modified electrodes (Table
1). The high sensitivity for ErGO-CP6/GCE can be explained: (a)
CP6 immobilized on ErGO with supramolecular enrichment
ability has a high affinity to all the examined analytes to form
supramolecular host-guest complexes (the association
constant; see Table S1 in the ESIt). The host-guest interactions
between the CP6 and the analytes can further improve the
accumulation effect of ErGO-CP6/GCE and therefore increase
the analytes concentration on the surface of the modified
electrode, which resulted in the remarkable enhancement in
the peak current as compared with ErGO/GCE. (b) CP6
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Table1l Currentdensities of CVsof 5 uM TP, AA, APAP, and FAin 0.2 M
PBS (pH 6.8) on ErGO/GCE and ErGO-CP6/GCE

Current densities (mA mM " L cm ™ ?)

Guest molecules ErGO/GCE ErGO-CP6/GCE
TP 44.90 £+ 0.12 79.57 £ 0.45
AA 14.10 £+ 0.14 41.40 £+ 0.15
APAP 19.10 £ 0.15 27.60 £ 0.20
FA 6.30 £ 0.24 11.10 + 0.15

functionalized electrochemically reduced graphene oxide shows
important properties such as high electrode area and higher
conductivity. Therefore, the synergetic effect between CP6 and
ErGO are probably responsible for the enhanced electro-
chemical performance in the detection of TP, AA, APAP and FA
on ErGO-CP6/GCE.

According to the above discussion, ErGO-CP6 is an excel-
lent electrode material for improving the electrochemical
response for different analytes. To evaluate the sensing
performance of ErGO-CP6 toward certain substances, FA (FA,
being the coenzyme that controls the generation of ferroheme)
was chosen as a representative analyte. Fig. 8A displays the
differential pulse voltammetric (DPV) response of ErGO-CP6/
GCE for different concentration additions of FA. Under the
optimized conditions, the DPV response of FA is linearly
proportional to the concentration within 0.2-130.4 uM, and
the corresponding linear regression equation can be expressed
as Ip, (MA) = 25.94 + 0.65Cks (UM) with the correlation coeffi-
cient (R%) of 0.9994. The detection limit of FA was estimated to
be 40 nM based on S/N = 3 (Fig. 8B), which is better than or
comparable with that of previously reported FA sensors, as
shown in Table 2. In addition, the linear response range ob-
tained by ErGO-CP6/GCE is comparable with previously re-
ported FA sensors. The comparative results clearly reveal that
the ErGO-CP6/GCE exhibits an excellent electrochemical
performance toward the target molecule. Furthermore, the
present method of fabrication of ErGO-CP6/GCE is easy,
simple and time-saving when compared to other carbon-based
nanomaterials modified electrode. Therefore, based on
a pulsed electrodeposition technique, ErGO-CP6/GCE can be
used as a promising electrode material for sensitive detection
of a wide variety of electroactive compounds.

120
(A) o (B)

20 100
< 40 < w0
< <
£ o t 60
£ 0 £ ,
S 100 705uM 5 40 ip(uA) = 25.94 + 0.65 CuM)
o aeM | O R =0.9994

120 e 20

02 00 02 04 06 08 10 20 0 20 40 60 80 100 120 140
Potential / V Concentration / uM
Fig. 8 (A) DPV response for the different concentrations of FA on

ErGO-CP6/GCE in 0.2 M PBS (pH 6.8): pulse period, 0.2 s; amplitude,
50 mV. (B) The calibration curve of FA.
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On the other hand, as can be seen from Fig. S3 in the ESI,}
CP6 could be oxidized and the anodic peak potential was
about 0.2 V. Therefore, the electrochemical reactions of
ErGO-CP6/GCE in blank PBS buffer within the corresponding
experimental potential window for TP (Fig. S4A, ESIt), AA
(Fig. S4B, ESIT), APAP (Fig. S4C, ESI{), and FA (Fig. $4D, ESIt)
were investigated in order to see if there was the interference
anodic peak of CP6. As for APAP, Fig. S4Ct displays CVs of
0.2 M blank PBS (curve a) and 5 uM APAP in 0.2 M PBS (curve
b) at ErGO-CP6/GCE. As it can be seen, there was no elec-
trochemical response of CP6 in the —0.1 to 0.6 V in 0.2 M
blank PBS, suggesting that the ErGO-CP6 coated electrode is
inert in this electrochemical window. However, high oxida-
tion peak current of APAP was observed when 5 uM APAP was
present in the PBS. The result suggested that the peak current
value of APAP cannot be affected by CP6. Similar results as
shown in Fig. S4A, B and D7 have also been achieved for TP,
AA, and FA.

Interference study

To ascertain the selectivity of ErGO-CP6/GCE to the substrates,
FA was chose as a representative analyte and DPV was per-
formed for the electro-oxidation of FA (concentration: 2 puM)
along with 100-fold concentration of other possible co-existing
inorganic metal ions (K, Na', Zn>") and interfering biomole-
cules (DA, AA, and glucose). The observed results (Fig. 9) clearly
indicated that the oxidation peak current of FA was not affected
even in the presence of excess concentration of the interfering
ions and biomolecules, which clearly confirmed that the ErGO-
CP6/GCE possesses satisfactory selectivity to FA. These results
can be expounded from the interactions between CP6 and FA,
i.e., electrostatic interaction. As for electrostatic interaction,
because CP6 has a positive charge and FA has a negative charge,
there is an intense electrostatic interaction between CP6 and
FA, which results in the strong interactions between CP6 and
FA. However, DA carry with positive charge, so the similar result
cannot be obtained. In the case of AA, as can be seen from Table
S1 in the ESI,} the binding constant of FA with CP6 is 10-fold
higher than that of AA with CP6. Therefore, negligible inter-
ference has been found.

Stability and reproducibility of ErGO-CP6/GCE

In order to estimate the stability of the ErGO-CP6/GCE, the
oxidation of FA was recorded for two weeks. Fig. 10 displays the
DPVs obtained for 40 uM FA at ErGO-CP6/GCE in 0.2 M PBS
solution (pH 6.8) from the first day to fourteenth day (curves a-
¢). As can be seen from Fig. 10, the FA oxidation peak current
remains 94.5% of its initial current after 14 days' storage,
indicating the ErGO-CP6/GCE has good stability. Further, to
check the reproducibility of the results, five different GC elec-
trodes were prepared with ErGO-CP6 under similar conditions.
Their peak potential and current response toward the oxidation
of FA were the same at all five electrodes. All these results
showed that ErGO-CP6/GCE was very stable and reproducible.
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Table 2 Comparison with other modified electrodes in the literatures for the detection of FA using DPV
Detection limit

Modified electrode Linear range (uM) (nM) Ref.
Mo0S,TGO/GCE 0.01-100 10 51
Methylene blue/rGO/GCE 4-167 500 52
C030,/rGO/cetyltrimethyl ammonium bromide/CPE 300-3200 19 53
Graphene/Pt/CPE 1-1000 1.0 54
Poly(5-amino-2-mercapto-1,3,4-thiadiazole)/GCE 0.1-800 0.23 55
1-Octyl-3-methylimidazolium hexafluorophosphate-single-walled carbon nanotube/GCE 0.002-4.0 1.0 56
Poly(3-amino-5-mercapto-1,2,4-triazole)/GCE 20-180 250 57
ErGO-CP6/GCE 0.2-130.4 40 This work
Analysis of real samples i —
To evaluate the practical applicability of the proposed ErGO- ” ::
CP6/GCE, the developed method was utilized to determina- 2. 20
tion of FA in actual samples. FA tablets (0.40 mg per pill) were R
purchased from a local pharmacy (Zhengzhou, China). FA g
tablets were grounded up and dissolved in 10 mL of 0.2 M PBS 3 601
(pH 6.8), and the standard addition method was used for the P
accurate determination. An average recovery of 98.5% for FA 0.5 0.6 0.7 0.8

Potential / V

was detected in FA tablets. This result suggests that the
proposed ErGO-CP6/GCE is highly suitable for the determina-
tion of FA in real samples.

Experimental section
Preparation of GO-CP6 composites

GO was prepared from natural graphite powder by a modified
Hummer's method,* and CP6 was prepared according to our
previously published procedure.®® A GO-CP6 composite was
prepared as follows: CP6 (6 mg) and GO (6 mg) were dissolved in
10 mL of doubly distilled water (DDW) by sonication for 10 min,
and then the mixture reacted for 12 h at room temperature
under continuous stirring. The black dispersion was separated
by centrifuging at 18 000 rpm for 20 min, then rinsed with DDW
three times thoroughly, and dried under vacuum to obtain GO-
CP6 composite. The GO-CP6 powder which can be easily
dispersed in a 0.2 M pH 6.8 PBS by ultrasonication again was
obtained by freeze drying for further characterization.

a2 2 N
a o a

Current / pA
o

5

o Y o o
(1R \’c’;\)‘.’o‘i’e + W 18

Fig.9 The current response of ErGO-CP6/GCE in solution containing

2 uM FA in the absence and presence of 100-fold of DA, AA, glucose,

K*, Na*, and Zn?*, respectively, using DPV and keeping all the
parameters constant.
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Fig.10 DPV response for the oxidation of 40 pM FA at the ErGO-CP6/
GCE in 0.2 M pH 6.8 PBS solution at different days: (a) 1, (b) 7, and (c)
14.

Pulsed electrodeposition preparation of ErGO and ErGO-CP6
films onto GCE

Prior to use, the GCE surface was successively polished with 0.3
and 0.05 um Al,O; powder and washed thoroughly with DDW
between each polishing step, and then the polished GCE was
sonicated in ethanol and DDW for 2 min prior to each experi-
ment, then dried under N, blowing. After drying, the cleaned
GCE was immersed in the aforementioned PBS (pH 6.8) con-
taining 0.8 mg mL™" GO-CP6, and the GO-CP6 was electro-
deposited onto the GCE by pulse potentiostatic method under
constant stirring at room temperature. The optimum pulse
electrodeposition parameters were set as follows: anodic
potential (E,), —0.1 V; cathodic potential (E.), —1.3 V; anodic
pulse duration time (¢,), 0.6 s; cathodic pulse duration time (z.),
0.3 s; the total experimental time (texp), 150 s. The reduction
time (t.) can be calculated from the following equation: ¢, =
texp X tel(tc + ts). The optimal electrodeposition parameters (t,, t.
and t,.) were described in the ESL.} After electrodeposition, the
ErGO-CP6/GCE was thoroughly washed with DDW and then
kept under ambient conditions prior to use. For comparison
purposes, we also prepared ErGO/GCE through the similar
pulse potentiostatic method except that the E, = 0.1 V was used
to deposit GO on GCE.

Conclusions

In summary, we have developed a simple, rapid and green
pulsed electrodeposition method for the preparation of ErGO-

This journal is © The Royal Society of Chemistry 2020
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CP6 films on GCE surface. The prepared ErGO-CP6 films were
characterized by SEM, Raman spectroscopy and XPS. SEM
image confirms that ErGO-CP6 could form a homogeneous film
when electrodeposited on the surface of GCE. Raman spectrum
displays the increase in the intensity ratio of D band compared
to that of G band after GO-CP6 was electrochemically reduced to
ErGO-CPé6, suggesting that the graphene backbone was retained
during the reduction process. XPS results confirm the removal
of oxygen-containing functional groups present on the GO-CP6
surface after electrochemical reduction. More significantly, due
to the good electrical properties of graphene and the supra-
molecular enrichment capabilities of CP6, the ErGO-CP6 films
at the modified electrode could exhibit much higher electro-
chemical response toward TP, AA, APAP, and FA than those of
ErGO/GCE and bare GCE. Under optimal conditions, the
detection limit of FA was 40 nM. It is predicted that the directly
electrodeposited reduced graphene oxide-cationic pillar[6]arene
composite films could be widely used as a promising platform
for analytical sensing owing to their good supramolecular
enrichment capabilities and excellent electrochemical
responses.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (no. 21402040), Henan Province Science
and Technology Research Program (192102210197) and
Program for Innovative Research Team (in Science and Tech-
nology) in University of Henan Province (no. 20IRTSTHNO008).
Financial support from the Program of “543 team” of Henan
University of Engineering is gratefully acknowledged.

References

1 Y. Son, M. L. Cohen and S. G. Louie, Nature, 2006, 444, 347-
349.

2 U. N. Maiti, J. Lim, K. E. Lee, W. J. Lee and S. O. Kim, Adv.
Mater., 2014, 26, 615-619.

3 T. Takamura, K. Endo, L. Fu, Y. Wu, K. J. Lee and
T. Matsumoto, Electrochim. Acta, 2007, 53, 1055-1061.

4'Y. Shao, J. Wang, H. Wu, J. Liu, I. A. Aksay and Y. Lin,
Electroanalysis, 2010, 22, 1027-1036.

5 S. Watcharotone, D. A. Dikin, S. Stankovich, R. Piner, I. Jung,
G. H. B. Dommett, G. Evmenenko, S.-E. Wu, S.-F. Chen,
C.-P. Liu, S. T. Nguyen and R. S. Ruoff, Nano Lett., 2007, 7,
1888-1892.

6 M. Zhou, Y. Zhai and S. Dong, Anal. Chem., 2009, 81, 5603-
5613.

7 B. G. Choi, H. Park, T. J. Park, M. H. Yang, J. S. Kim,
S.-Y. Jang, N. S. Heo, S. Y. Lee, ]J. Kong and W. H. Hong,
ACS Nano, 2010, 4, 2910-2918.

8 J. Zhou, M. Chen, J. Xie and G. Diao, ACS Appl. Mater.
Interfaces, 2013, 5, 11218-11224.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

9 J. Zhou, M. Chen and G. Diao, ACS Appl. Mater. Interfaces,

2013, 5, 828-836.

10 J. Zhou, M. Chen and G. Diao, J. Mater. Chem. A, 2013, 1,
2278-2285.

11 J. Sun, F. Guo, Q. Shi, H. Wu, Y. Sun, M. Chen and G. Diao, J.
Electroanal. Chem., 2019, 847, 113221.

12 Y. Guo, S. Guo, ]J. Ren, Y. Zhai, S. Dong and E. Wang, ACS
Nano, 2010, 4, 4001-4010

13 Y. Guo, S. Guo, J. Li, E. Wang and S. Dong, Talanta, 2011, 84,
60-64.

14 C. Xu, J. Wang, L. Wan, J. Lin and X. Wang, J. Mater. Chem.,
2011, 2, 10463-10471.

15 X. Tan, Y. Liu, T. Zhang, S. Luo, X. Liu, H. Tian, Y. Yang and
C. Chen, RSC Adv., 2019, 9, 345-353

16 M. Singh, N. Jaiswal, I. Tiwari, C. W. Foster and C. E. Banks,
J. Electroanal. Chem., 2018, 829, 230-240.

17 C.Li,Z. Wu, H. Yang, L. Deng and X. Chen, Sens. Actuators, B,
2017, 251, 446-454.

18 H. Guo, X. Wang, Q. Qian, F. Wang and X. Xia, ACS Nano,
2009, 3, 2653-2659.

19 Y. Shao, J. Wang, M. Engelhard, C. Wang and Y. Lin, J. Mater.
Chem., 2010, 20, 743-748.

20 F. Wang, Y. Wu, K. Lu, L. Gao and B. Ye, Electrochim. Acta,
2014, 141, 82-88

21 Z. Wang, S. Wu, J. Zhang, P. Chen, G. Yang, X. Zhou,
Q. Zhang, Q. Yan and H. Zhang, Nanoscale Res. Lett., 2012,
7, 1-7.

22 L. Chen, Y. Tang, K. Wang, C. Liu and S. Luo, Electrochem.
Commun., 2011, 13, 133-137.

23 Y. Kong, X. Ren, Z. Huo, G. Wang, Y. Tao and C. Yao, Eur.
Food Res. Technol., 2013, 236, 955-961.

24 H. Zhang, X. Zhang, D. Zhang, X. Sun, H. Lin, C. Wang and
Y. Ma, J. Phys. Chem. B, 2013, 117, 1616-1627

25 A. Davies, P. Audette, B. Farrow, F. Hassan, Z. Chen,
J.-Y. Choi and A. Yu, J. Phys. Chem. C, 2011, 115, 17612~
17620.

26 T. Ogoshi, S. Kanai, S. Fujinami, T.-a. Yamagishi and
Y. Nakamoto, J. Am. Chem. Soc., 2008, 130, 5022-5023.

27 K. Jie, Y. Zhou, E. Li, Z. Li, R. Zhao and F. Huang, J. Am.
Chem. Soc., 2017, 139, 15320-15323.

28 Y. Cao, X.-Y. Hu, Y. Li, X. Zou, X. Xiong, C. Lin, Y.-Z. Shen
and L. Wang, J. Am. Chem. Soc., 2014, 136, 10762-10769.

29 Y. Chang, K. Yang, P. Wei, S. Huang, Y. Pei, W. Zhao and
Z. Pei, Angew. Chem., Int. Ed., 2014, 53, 13126-13130.

30 W. Si, Z.-T. Li and J.-L. Hou, Angew. Chem., Int. Ed., 2014, 53,
4578-4581.

31 M. Xue, Y. Yang, X. Chi, Z. Zhang and F. Huang, Acc. Chem.
Res., 2012, 45, 1294-1308.

32 N. L. Strutt, H. Zhang, S. T. Schneebeli and J. F. Stoddart, Acc.
Chem. Res., 2014, 47, 2631-2642.

33 X. Wang, Z.7J. Liu, E. H. Hill, Y. Zheng, G. Guo, Y. Wang,
P. S. Weiss, J. Yu and Y.-W. Yang, Matter, 2019, 1, 848-861.

34 T. Ogoshi, T.-a. Yamagishi and Y. Nakamoto, Chem. Rev.,
2016, 116, 7937-8002.

35 S. Tan, R. Han, S. Wu, H. Liang, Y. Zhao, H. Zhao and
C.-P. Li, Talanta, 2019, 197, 130-137

RSC Adv, 2020, 10, 21954-21962 | 21961


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra03138k

Open Access Article. Published on 09 June 2020. Downloaded on 11/28/2025 4:47:44 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

36 G. Zhao, L. Yang, S. Wu, H. Zhao, E. Tang and C.-P. Li,
Biosens. Bioelectron., 2017, 91, 863-869.

37 H. Zhang, X. Ma, K. T. Nguyen, Y. Zeng, S. Tai and Y. Zhao,
ChemPlusChem, 2014, 79, 462-469.

38 Q. Duan, H. Zhang, W. Mai, F. Wang and K. Lu, Org. Biomol.
Chem., 2019, 17, 4430-4434.

39 M.]J. Allen, V. C. Tung and R. B. Kaner, Chem. Rev., 2010, 110,
132-145.

40 G. Fu, L. Tao, M. Zhang, Y. Chen, Y. Tang, J. Lin and T. Lu,
Nanoscale, 2013, 5, 8007-8014.

41 G. Goncalves, P. A. A. P. Marques, C. M. Granadeiro,
H. 1. S. Nogueira, M. K. Singh and J. Gracio, Chem. Mater.,
2009, 21, 4796-4802.

42 C. Zhu, S. Guo, Y. Fang and S. Dong, ACS Nano, 2010, 4,
2429-2437.

43 S. Stankovich, D. A. Dikin, R. D. Piner, K. A. Kleinhammes,
Y. Jia, Y. Wu, S. B. T. Nguyen and R. S. Ruoff, Carbon,
2007, 45, 1558-1565.

44 F. Tuinstra and J. L. Koenig, J. Chem. Phys., 1970, 53, 1126-
1130.

45 V. C. Tung, M. ]J. Allen, Y. Yang and R. B. Kaner, Nat.
Nanotechnol., 2009, 4, 25-29.

46 P. H. Chen, M. A. Fryling and R. L. McCreery, Anal. Chem.,
1995, 67, 3115-3122.

21962 | RSC Adv, 2020, 10, 21954-21962

View Article Online

Paper

47 R. S. Nicholson, Anal. Chem., 1965, 37, 1351-1355.

48 N. G. Shang, P. Papakonstantinou, M. McMullan, M. Chu,
A. Stamboulis, A. Potenza, S. S. Dhesi and H. Marchetto,
Adv. Funct. Mater., 2008, 18, 3506-3514.

49 A. J. Bard and L. R. Faulkner, Electrochemical Methods,
Fundamentals and Applications, Wiley, New York, 2nd edn,
2001.

50 W. S. Hummers Jr and R. E. Offeman, J. Am. Chem. Soc., 1958,
80, 1339.

51 F. Chekin, F. Teodorescu, Y. Coffinier, G.-H. Pan, A. Barras,
R. Boukherroub and S. Szunerits, Biosens. Bioelectron.,
2016, 85, 807-813.

52 D. Zhang, X. Ouyang, W. Ma, L. Li and Y. Zhang,
Electroanalysis, 2016, 28, 312-319.

53 M. Venu, V. K. G. S. Agarwa, S. Venkateswarlu and
G. Madhavi, Int. J. Electrochem. Sci., 2018, 13, 11702-11719.

54 Y. T. Biiyiiksiinetci, O. Hakh and U. Anik, Electroanalysis,
2020, 32, 470-478.

55 P. Kalimuthu and S. A. John, Biosens. Bioelectron., 2009, 24,
3575-3580.

56 F. Xiao, C. Ruan, L. Liu, R. Yan, F. Zhao and B. Zeng, Sens.
Actuators, B, 2008, 134, 895-901.

57 S. B. Revin and S. A. John, Electrochim. Acta, 2012, 75, 35-41.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra03138k

	Direct electrodeposition of cationic pillar[6]arene-modified graphene oxide composite films and their hosttnqh_x2013guest inclusions for enhanced...
	Direct electrodeposition of cationic pillar[6]arene-modified graphene oxide composite films and their hosttnqh_x2013guest inclusions for enhanced...
	Direct electrodeposition of cationic pillar[6]arene-modified graphene oxide composite films and their hosttnqh_x2013guest inclusions for enhanced...
	Direct electrodeposition of cationic pillar[6]arene-modified graphene oxide composite films and their hosttnqh_x2013guest inclusions for enhanced...
	Direct electrodeposition of cationic pillar[6]arene-modified graphene oxide composite films and their hosttnqh_x2013guest inclusions for enhanced...
	Direct electrodeposition of cationic pillar[6]arene-modified graphene oxide composite films and their hosttnqh_x2013guest inclusions for enhanced...
	Direct electrodeposition of cationic pillar[6]arene-modified graphene oxide composite films and their hosttnqh_x2013guest inclusions for enhanced...
	Direct electrodeposition of cationic pillar[6]arene-modified graphene oxide composite films and their hosttnqh_x2013guest inclusions for enhanced...
	Direct electrodeposition of cationic pillar[6]arene-modified graphene oxide composite films and their hosttnqh_x2013guest inclusions for enhanced...
	Direct electrodeposition of cationic pillar[6]arene-modified graphene oxide composite films and their hosttnqh_x2013guest inclusions for enhanced...
	Direct electrodeposition of cationic pillar[6]arene-modified graphene oxide composite films and their hosttnqh_x2013guest inclusions for enhanced...

	Direct electrodeposition of cationic pillar[6]arene-modified graphene oxide composite films and their hosttnqh_x2013guest inclusions for enhanced...
	Direct electrodeposition of cationic pillar[6]arene-modified graphene oxide composite films and their hosttnqh_x2013guest inclusions for enhanced...
	Direct electrodeposition of cationic pillar[6]arene-modified graphene oxide composite films and their hosttnqh_x2013guest inclusions for enhanced...

	Direct electrodeposition of cationic pillar[6]arene-modified graphene oxide composite films and their hosttnqh_x2013guest inclusions for enhanced...
	Direct electrodeposition of cationic pillar[6]arene-modified graphene oxide composite films and their hosttnqh_x2013guest inclusions for enhanced...
	Direct electrodeposition of cationic pillar[6]arene-modified graphene oxide composite films and their hosttnqh_x2013guest inclusions for enhanced...


