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Graphene oxide (GO) has been recognized as an amphiphilic molecule or a soft colloidal particle with the
ability to adsorb and assemble at the liquid/liquid (L/L) interface. However, most extant works concerning
the adsorption behaviors of GO at the L/L interface have been limited to the non-polarized L/L interface.
Here, we studied what would happen if GO nanosheets met with a polarizable L/L interface, namely an
interface between two immiscible electrolyte solutions (ITIES). On one hand, the adsorption behavior of
GO nanosheets at the L/L interface was electrochemically investigated firstly by using cyclic voltammetry
(CV) and alternating current voltammetry (ACV). On the other hand, the influence of the adsorbed GO
layers at the L/L interface on the ion transfer reactions was studied by employing ion-transfer
voltammetry of TEA* and ClO4~
interfacial capacitance increases greatly in the presence of GO nanosheets inside the aqueous phase,

selected as probe ions. Capacitance measurements show that the

which can be attributed to the increases of interfacial corrugation and charge density induced by the
parallel adsorption and assembly of GO at the L/L interface. In addition, it is found that the application of
an interfacial potential difference by external polarization can promote the adsorption of GO at the L/L

interface. Moreover, the ion-transfer voltammetric results further demonstrate that the GO layers formed
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Accepted 25th June 2020 at the interface can suppress the ion transfer reactions due to interfacial blocking and charge screening,

as well as the hindrance effect induced by the GO layers. All the results with insights into the interfacial
behavior of GO under polarization with an external electric field enable understanding the adsorption
behavior of GO at the L/L interface more comprehensively.
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a defect free support or platform for the study of adsorption

1. Introduction

(cc)

As a kind of fascinating derivative of graphene, graphene oxide
(GO) has attracted much attention because of its wide poten-
tial applications in the fields of electrochemistry, energy,
biomedicine etc.'”® Due to its distinctive chemical structure
composed of hydrophilic edges and a more hydrophobic basal
plane, GO can be viewed as an amphiphilic molecule or a soft
colloidal particle acting as a molecular or colloidal surfactant
with the ability to adsorb and assemble at various inter-
faces.”** Since Huang et al. have systematically reported the
interfacial adsorption of GO at various interfaces including
liquid/liquid interfaces,® the adsorption of GO at liquid/liquid
(abbreviated herein as L/L) interfaces, or so-called oil/water
interfaces, has received a great deal of interest over the last
decade®?* because L/L interfaces have been proven to be
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and assembly of various nanomaterials including two-
dimensional (2D) nanosheets.®?® In the case of GO, it can
self-assemble generate paper-like films**™** and Pickering
emulsions>*** by spontaneous or induced adsorption and
enrichment at the L/L interface.

In general, it has been found that the adsorption behavior of
GO at L/L interface is closely related to its amphilicity, which
can be greatly affected by the conditions of aqueous phase.**"”**
For instance, the degree of ionization of the edge -COOH group
of GO can be tuned by pH because the GO nanosheets with
abundant -COOH groups on their edges can make GO nano-
sheets more hydrophilic.'” However, most extant works con-
cerning the adsorption behavior of GO at the L/L interface have
been limited to the non-polarized L/L interface.®** Although all
previous reports on the adsorption of GO at the non-polarized L/
L interface have illuminated the key role of amphilicity of GO
for its adsorption at the interface,”'”** there has been rare
report on the adsorption behavior of GO at the polarized L/L
interfaces. In view of the chargeability and the charge
screening of GO,>'7** it is urgent to further reveal its
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interfacial adsorption behavior at the polarized L/L interfaces
under the external electric field.

When appropriate electrolytes dissolved in both contacting
phases of water and oil, a special class of polarizable L/L
interface can be formed, namely the interface formed
between two immiscible electrolyte solutions (ITIES).>***
Recently, increasing interests have arisen on the question
what would happen if nanomaterials meet with the polarizable
L/L interface under the external electric field.*”**' Several
groups have demonstrated that such a polarizable L/L inter-
face can act as a highly reproducible and defect-free scaffold
and allow the application of external electric field to drive the
adsorption and self-assembly of various nanomaterials to the
interface including 0D nanoparticles, such as Au,** SiO, *°
and TiO, *' nanoparticles, as well as 1D carbon nanotube,?***
Mo,C nanowire,** 2D graphene,*** WS, and MoS,,*” etc. Those
studies have demonstrated that electrochemical methods
conducted at the polarizable L/L interface can not only in situ
monitor the adsorption and self-assembly processes of nano-
materials, such as cyclic voltammetry (CV) and alternating
current voltammetry (ACV),”**° but also investigate the influ-
ence of adsorbed nanomaterials on the electron transfer (ET)
and ion transfer (IT) behaviors,>***> as well as the catalytic
reactions occurring at the L/L interface.>***” In spite of the
abundant literatures on the adsorption of GO nanosheets at L/
L interface studied by employing various methods including
the in situ measurement of interface tension etc.,*>* the elec-
trochemical investigation on the adsorption behavior of GO at
the polarizable L/L interface under the external electric field
has not been reported until now.

Herein, we investigated the interfacial adsorption behavior
of GO nanosheets at the polarizable L/L interface by using
electrochemical methods including CV and ACV for the first
time. A polarizable L/L interface widely studied in the field of L/
L interface electrochemistry,”®*3>3** namely water/1,2-
dichloroethane (W/DCE) interface, was used in this work. In
addition, the influence of the adsorbed GO layer on the ion-
transfer behaviors was also preliminarily studied by employ-
ing ion-transfer voltammetry of TEA" and ClO,~ selected as
probe ions at the W/DCE interface on the basis of our previous
work on the ion transfer reactions occurring at the membrane-
modified L/L interface.*®*! The main object of current work is to
develop more in situ method to investigate the interfacial
adsorption behavior of GO and to reveal the adsorption mech-
anism of GO at the polarizable L/L interface under the external
electric field, as well as its impact on the ion transfer reactions
at the GO-modified W/DCE interface as shown as Scheme 1.
Considering that GO is viewed as a promising drug nanocarrier
for the drug delivery system (DDS) in biomedicine®® and the L/L
interface can act as a simple model to mimic semi-bio-
membrane,****** this work should help to understand more
comprehensively not only the adsorption behavior of GO at the
L/L interface, but also the ion transfer reactions occurring at the
GO-based nano-bio interface when GO is applied as drug
nanocarrier in the biomedicine.
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Scheme 1 Schematic of the adsorption and assembly of GO at the W/
DCE interface under external polarization and the ion transfer across
the GO-layers-modified W/DCE interface.

2. Experimental
2.1 Chemicals & materials

Graphene oxide was obtained from Nanjing XFNANO materials
Tech Co., Ltd in a concentrated aqueous solution (2 g L") with
an average size of 50 to 200 nm of a single layer of GO nano-
sheets, which was characterized by AFM and shown as Fig. S1.f
GO dispersion solution used in the experiments was prepared by
dilution using distilled water or pH buffer solution and then
ultrasonic shaking for 15 minutes. GO membrane was also ob-
tained from Nanjing XFNANO materials Tech Co., Ltd with
a thickness of ~20 pm. The chemicals listed were all used as
received. Bis(triphenylphosphoranylidene)ammonium chloride
(BTPPACI) and sodium tetraphenylboron (NaTPB) were obtained
from Sigma-Aldrich; 1,2-dichloroethane (DCE), lithium chloride,
tetraethylammonium chloride (TEACI), sodium perchlorate
monohydrate, sodium phosphate dibasic dodecahydrate from
Sinopharm  Chemical Reagent Co; sodium  dihy-
drogenorthophosphate, acetic acid, sodium acetate, hydrochloric
acid and lithium hydroxide from Adamas. The aqueous sup-
porting electrolyte solutions with different pH values and fixed
ionic strength was prepared on the basis of previous reports.*>*
An aqueous buffer solution with an ionic strength of 0.1 M
(adjusted with LiCl) with different pH values was used as follows:
0.1 or 0.01 M HCI for a chosen pH of 1.0 or 2.0, 20 mM acetate
buffer for a chosen pH between 3.0 and 6.0, 20 mM phosphate
buffer for pH of 7.4 and 1.0 x 10> or 1.0 x 10~ * M LiOH for a pH
0f 9.0 or 10.0. The ionic strengths of the different buffer solutions
used in this work are almost around 0.10 except the aqueous
solution with pH of 1.0 (ionic strength ~ 0.20). In addition, the
cations of supporting electrolyte and buffer solution are used as
one valence cations including H', Li" and Na" in order to avoid
the effect of cation valence on the stability of the GO dispersion.
An organic supporting electrolyte, BTPPATPB, was prepared
using a previously reported method.**

2.2 Experimental methods

The L/L interface electrochemical cell was prepared by adding
an equal volume of GO dispersion solution on top of the organic

This journal is © The Royal Society of Chemistry 2020
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electrolyte solution (DCE). The electrochemical experiments
were carried out in a custom-made electrochemical cell with
a geometric cross-section of 2.27 cm” including two sets of Ag/
AgCl and Pt wires as reference and counter electrodes for both
of aqueous and organic phases. The composition of different
electrochemical cells is outlined as follows, where the X are 0 or
0.1 in cells 1 and 4, as well as 0-0.1 in cell 2, respectively
(Scheme 2).

CV and ACV were performed on a CHI 660D electrochemical
workstation (CHI, USA) by using all above cells in a CHI202
shielded box (CHI, USA) at room temperatures (25 £ 2 °C). The
influence of the presence or absence of GO nanosheets in the
aqueous phase on the ion transfer reactions was studied by CV.
The monitoring of interfacial capacitance was employed by ACV
on the basis of the methods reported previously’®** and the
parameters for the ACV experiments were as follows: modula-
tion time: 0.33 s, interval time: 0.7 s, frequency: 6 Hz, step
potential: 5 mV, amplitude: 5 mV. The GO membrane-modified
W/DCE interface was also polarized using four-electrode
potentiostat (CHI660D) with homemade four-electrode electro-
chemical cell (cell 5), which was constructed by using the
similar method as our previous reports.**** Optical images of
GO interfacial layers were recorded with a transparent reflection
metallographic microscope (VM4000M/dyj-950) connected to an
industrial digital camera (UCMOS10M-U2). SEM images were
obtained by using a FEI Quanta200 FEG operated under high-
vacuum state with an accelerating voltage of 15 keV. XPS was
performed by using an ESCALAB 250Xi X-ray photoelectron

Cell 1
100 mM LiCl 20 mM <
Ag | Agal +XgL' GO preeareB| 2 PMLICL 0| ag
nanosheets (DCE) |1 mMBTPPACI
Cell 2
100 mM LiCl + X g L' || 20 mM y :
Ag | AgCl| GO nanosheets in BTPPATPB| 2 M LICT AgCl| Ag
buffer solution pH 7.4 || (DCE) 1 mM BTPPACI
Cell 3
100 mM LiCl + 0.1 g L} 20 mM .
Ag | AgCl[GO nanosheets in prepares| 2 MLICL | oqr| ag
buffer solution pH 1.0 (DCE) 1 mM BTPPACI
to pH 10.0
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100 mM LiCl+ X g !
GO nanosheets + 1 mM|| 20 mM
Ag | AgCl|TEA* or ClOy in Breparpp| 12 MM LICI AgCl| Ag
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or pH 7.4
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100 mM LiCl + 20 mM "
Ag|AgCl | e A BrPPaTPB | 2PMLICL | 1] Ag
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v
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Scheme 2 The electrochemical cells and their compositions used in
the studies on the adsorption of GO (cells 1-3), as well as the ion
transfer reactions occurring at the GO-layers-modified W/DCE
interface (cell 4) and the GO-membrane-modified W/DCE interface
(cell 5).
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spectrometer (Termo Fisher Scientific). AFM was conducted by
Shimadzu SPM-9700 Atomic Force Microscope. The zeta
potentials of the GO dispersions at different pH values were
measured using a Malvern Zetasizer Nano ZS at 25 °C.

3. Results and discussion

The interfacial adsorption of GO at the W/DCE interface under
still-standing without an external electric field was firstly char-
acterized by using optical microscopy when both of aqueous
phase (W) and organic phase (DCE) contain electrolytes, namely
LiCl and BTPPATPB. As shown as (Fig. 1a and b), it is obvious
that the adsorption and assembly phenomenon of GO can occur
at the W/DCE interface (Fig. 1a), and some stacked GO layers
can be observed at the W/DCE interface after 48 hours (Fig. 1b).
However, some suspended GO solids were found at the inner
surface of glass bottle and a little GO layers with smaller size
could be observed at the W/DCE interface when only aqueous
phase contains electrolyte LiCl (Fig. S2a and bt). If only organic
phase contains electrolyte BTPPATPB, a few stacked GO layers
could be observed at the W/DCE interface and most of GO
nanosheets float in the aqueous phase after 48 hours (Fig. S2c
and dt), indicating that the adsorption of GO indeed occurs at
the W/DCE interface. In addition, it is worth to be noted that the
DCE phase is slightly brown when it contains electrolyte
BTPPATPB as shown as Fig. 1a and S2c,{ which is not obvious in
Fig. S2bf when the DCE phase contains no electrolyte
BTPPATPB.

All above results of still-standing experiments implies that
GO could transfer across the W/DCE interface and the electro-
lytes in both of phases, LiCl and BTPPATPB, could affect the
adsorption behavior of GO at the W/DCE interface. So far, only
the impact of aqueous salts on the adsorption of GO at the L/L
interface has been investigated.'®'® As demonstrated by Gao
et al,'® the salt in water can influence the state of the GO
dispersion because both the carboxylic acid and hydroxyl
groups in GO are candidates for charge screening when the salt
is added. The adsorption phenomena as observed above indi-
cate that the electrolyte BTPPATPB in organic phase can also
affect the adsorption behavior of GO at the L/L interface, which
may be attributed to the possible -7 interaction between the
residual conjugate domains in GO and the aromatic ions of
organic electrolyte, BTPPA" and TPB ™. On the basis of previous
report,®* XPS spectra of pure GO and the GO layers obtained
from the W/DCE interface of Fig. 1a were characterized and
shown as Fig. S3a-d.t In addition, the element contents of pure
GO and as-obtained GO layers are listed in Table S1.1 According
to Fig. S3a-d and Table S1,f it can be found that the XPS
spectrum of pure GO only presents both signals of C and O
elements and their contents are 70.3% (C 1s) and 29.7% (O 1s).
As a comparison, the XPS spectrum of GO layers extracted from
the W/DCE interface presents more signals of elements,
including C, O, B, N and P. The contents of those elements are
69.42% (C 1s), 26.08% (O 1s), 1.74% (B 1s), 1.76% (N 1s) and
1.00% (P 2p). Moreover, the B/N ratio is evaluated about 1: 1,
which is consistent with the stoichiometric composition of
BTPPATPB, indicating that aromatic cation and anion in DCE

RSC Adv, 2020, 10, 25817-25827 | 25819
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Fig. 1 The side-viewed photograph (a) and the top-viewed optical microscopy (b) for the adsorption of GO at the W/DCE interface without an
external electric field; (c) the side-viewed and the top-viewed (the inset) photographs of electrochemical cell for the GO-layers-modified W/DCE
interface; (d) cyclic voltammograms at a scan rate of 5 mV s~* obtained with (red line) or without (black line) GO in the aqueous phase; (e) the
potential dependence of the interfacial capacitance for the blank cell (black line) and the presence of GO (0.1 g L™ (red line) at 48 h; (f) the

changes of ACV with time.

phase, namely BTPPA" and TPB ™, can indeed adsorb on the GO
layers. However, the P/N ratio is lower than the stoichiometric
composition of BTPPA*, which could be due to the possible
overlap of the peaks of B and P, resulting in that it is difficult to
accurately subtract the contribution of the P signal as reported
previously.*> Based on all above XPS results and analyses, it can
be inferred that the charge screening property of GO should be
indeed available for the aromatic ions in organic phase, namely
BTPPA' and TPB™, due to the -7 stacking interaction between
organic electrolyte and GO as shown as Fig. S3e,T which is
similar to the previous report on the interaction between
aromatic molecules and GO'** or organic electrolyte and
SWCNTs.*

As for the adsorption of GO at the W/DCE interface under the
external electric field, Fig. 1c and d respectively show a typical
four-electrode electrochemical cell used in this work and the
cyclic voltammograms (CVs) obtained by using cell 1. As shown
as Fig. 1c, it was observed that the DCE phase was also slightly
brown after CV although most of GO nanosheets assembled and
remained on the aqueous side of the interface, which further
indicates that it is possible for the transfer of GO across the W/
DCE interface. Since L/L interface can be considered as a simple
model for mimicking semi-biomembrane, it has been demon-
strated from the studies on the transfer of GO at bio-nano
interface that GO nanosheets can transfer into the cell
membranes.* Fig. 1d and the changes of CVs with time
(Fig. S4t) shows that the presence of GO nanosheets has little

25820 | RSC Adv, 2020, 10, 25817-25827

effect on the CVs without additional faradaic current resulting
from the stacked GO layers formed at the interface, suggesting
that no ion-transfer happened within the potential window
(PW), which is limited by the ion-transfer of background elec-
trolyte ions on the positive and negative ends of PW, respec-
tively. Since ACV is more sensitive to interfacial phenomena
than CV,*®*° the interface adsorption with GO was further
characterized by the capacitance measurement using ACV.
Fig. 1e showed the ACV curves for the potential dependence of
the interfacial capacitance (Cjner) recorded within the potential
region where no ion-transfer was observed in the CVs of Fig. 1d.
The significant increase of capacitance can be seen in Fig. le
within the whole potential range of 0.2-0.4 V and in the Fig. 1f
corresponding to the changes of ACV curves with time. It is
found from Fig. 1f that the minimum capacitance values (Cpin)
of those ACV curves increased with time from 10.40 uF cm ™2
(background) to 16.28 uF cm > (48 h) and almost kept constant
after 48 h, indicating that the adsorption and assembly of GO
nanosheets at W/DCE interface could reach stable around 48 h.
In addition, the potential for the minimum capacitance (Ec,_, )
corresponding to the potential of zero charge (PZC) shifted from
0.294 V (background) to 0.302 V (48 h). The increase of Cj,¢r and
the positive shift of E;__as observed above almost agree with
the previous reports on the adsorption of negatively-charged
nanoparticles at the polarizable L/L interface,”®* indicating
that the adsorption of GO indeed occurs at the W/DCE interface.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2a and b further show the CV and ACV curves obtained at
the W/DCE interface when the aqueous phase contains GO with
different concentrations (0-0.1 g L") under pH ~ 7.4 (cell 2). As
shown as Fig. 2a, the increase of GO concentration in the
aqueous phase has also little effect on the CVs and the increases
in the GO concentration only resulted in very little increase in
the capacitive current without additional faradaic current, while
the significant increase of Cy,;, with the GO concentration can
be seen in the ACV curves (Fig. 2b), which increased from 11.97
(0 g L™") to 26.43 uF ecm > (0.1 g L™"). In addition, the values of
Ec, . also shifted to higher potential values with the increase of
GO concentration from 0.294 V (0 g L™") to 0.306 V (0.1 g L™ ).
The increase of Cineer and the positive shift of Ec_ with the
increase of GO concentration observed above also agree with
those previous electrochemical studies on the interfacial
adsorption behavior of nanoparticles upon polarization at the
W/DCE interface.”®*® For example, Girault et al.*®* and Herzog
et al® have respectively reported that the adsorption of
negatively-charged Au and SiO, nanoparticles at the W/DCE
interface can lead to an increase of Cjnr and the positive
shift of E;__, which can be ascribed to the increases of the
charge density and the interfacial corrugation induced by the
adsorption of negatively-charged nanoparticles at the interface

View Article Online
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as compared with the Gouy-Chapman capacitance for a flat
interface.*

As introduced before, the adsorption of GO at the non-
polarized L/L interface are closely related to its amphilicity,
which can be tuned by the pH.>'*"® Fig. 2¢ shows the depen-
dence between Cp,i, and the pH of aqueous phase measured by
using cell 3. It is found that C,;, increased with pH from 11.33
(pH ~ 1.0) to 27.24 uF cm 2 (pH ~ 7.4), but became smaller
after pH is further increased into 10.0, which could be attrib-
uted to the pH-relative amphilicity of GO*'**® resulting in the
changes of the charge property and the adsorption behavior of
GO with pH. As shown as Fig. 2d, the zeta potentials of GO
aqueous phase increase with pH from —3.37 mV at pH ~ 1.0 to
—27.8 mV at pH ~ 10.0.

Generally, as for the nanomaterial-modified L/L interface,
the increase of its capacitance can result from the higher
counter ion surface charge density imposed by the charge
density at the surface of charged nanomaterials, and the
increase of the interfacial corrugation induced by the modifi-
cation of nanomaterials.”””** Therefore, the change of interface
capacitance of GO-modified L/L interface should mainly
depend on the adsorption process and charge status of GO at
the L/L interface. According to the dependence between the
zeta potential of GO aqueous solution and pH (Fig. 2d), GO

—
(&)

pH

(a) 80' b v T § )32_
§ 281
< 40- | w
- 824-
g c
5 01 I £ 20
@ 2
Q 4
i I| &
* 124
0.0 0.2 , .04 0.6 020 025 030 035 040
A9/ V Agd/V
(C) 28 g _' 71| (d) 0 . . .
o 241 \ 1| & -6 J
5 ~ =
©
L 204 J 32-12- J
b @
£ B -18+ ]
UE 164 / ~ o
©
/  -24- i .
12+ . 1 " pHLO ;:u.s ;;15:; ;m: :H;(;
T T _30 b2 | T
0 4 8 12 -2 8 10

0 2 4 6
pH

Fig.2 (a) Cyclic voltammograms ata 5 mV st scan rate and (b) potential dependence of the interfacial capacitance obtained under different GO
concentrations of 0, 0.02 g L™% 0.05g L *and 0.1 g L™ (cell 2); (c) the changes of minimum capacitance (Cmin) and (d) zeta potentials of GO of
0.1 g L~ dispersed in water under different pHs (1.0, 3.8, 5.4, 7.4, 9.0, 10.0) (cell 3). The inset in (d) is the photograph for the adsorption of GO at

the W/DCE interface under different pH conditions.
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nanosheets are negatively charged within the pH range of 1.0-
10.0. Thus, the adsorption of negatively charged GO nano-
sheets at the W/DCE interface can result in the increase of the
excess charge in the electric double layer, which is similar to
the increase of the capacitance observed at the capacitance
measurements for the adsorption of negatively charged
nanoparticles at the L/L interface. Meanwhile, the increase of
capacitance of L/L interface can result from the stronger
interface corrugation induced by the adsorption of nano-
particles at the L/L interface, because the increase of corru-
gation can lead to an increase in capacitance with comparison
to the Gouy-Chapman capacitance for a flat interface and the
charging the interface gives rise to larger “dynamic corruga-
tion” that immediately leads to increased values of
capacitance.*®?°

As for the positive shift of E;_ as observed in this work, it
should be closely related to the polarization-induced assembly
of the negatively nanomaterials at the L/L interface boundary as
reported previously.””** It has been demonstrated that anion or
negatively charged nanoparticles can adsorb when the inner
potential of the aqueous phase is biased negatively with respect
to the organic phase, which can induce the accumulation of
anions or negatively-charged nanoparticles in the diffuse layer
of the aqueous side of the interface and the increase of interface
capacitance as discussed above.””*' If the Galvani potential
difference is polarized to more positive potential, which can
lead to the desorption of GO and the corresponding decrease of
interface capacitance. In other words, the minimum of capaci-
tance depends on the adsorption capacity of GO nanosheets at
the interface, which leads to the shift of the minimum of
capacitance to more positive potentials with increasing GO
concentrations.

Interestingly, Cp;, increased with pH from 11.33 (pH ~ 1.0)
to 27.24 pF cm™> (pH ~ 7.4), but became smaller after pH is
further increased into 10.0, which should be closely related to
the GO chemistry in aqueous solution on the basis of a relatively
unconventional structure of GO, that is dynamic structural
model (DSM) developed by Dimiev et al*** To our best
knowledge, two conventional structural models of GO have
been proposed until now. One is the Lerf-Klinowski (LK)
model,* namely GO consists of two different randomly
distributed domains, namely the areas of pure graphene with
sp*-hybridized carbon atoms and the areas of oxidized and thus
sp>-hybridized carbon atoms. The oxidized GO domains contain
epoxy and hydroxyl functional groups, while carboxyl and
hydroxyl groups terminate the flake edges. The other is the
Szabo-Dekany (SD) model,* which represents GO as a periodic
ribbon-like structure of aromatic and nonaromatic domains, as
well as suggests that ketones and quinones are formed where
C-C bonds have been cleaved. Until now, most of the recently
published GO-related studies employ exclusively the LK model
to interpret experimental data, but it is difficult to understand
the high acidity of GO aqueous solutions on the basis of the LK
models.** As demonstrated by Dimiev et al,’®* the DSM
considers GO as a system, constantly changing its chemical
structure due to the interaction of GO with water, which can
result in C-C bond cleavage, formation of vinylogous carboxylic
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acids, and the generation of protons. In addition, an electrical
double layer formed at the GO interface in aqueous solutions
plays an important role in the observed GO chemistry, which is
also related to the salt in water.

In the case of the capacitance of GO-modified W/DCE
interface (abbreviated as Cgow/mpce), more comprehensive
analyses of all above phenomena of the change of Cgow/pce
should be done on the basis of DSM. For example, three key
points derived from the DSM and chemistry of GO should be
considered. One is that dynamic structure means GO can react
with water, resulting in the cleavage of its C-C bond and the
constant change of its structure, which can be intensified by the
addition of strong bases. The second is that deoxygenation of
GO can occur in alkaline conditions, in other words, GO
reduction can occur in alkaline conditions because OH™ can
play the role to facilitate the ionization of existing acidic groups
and nucleophilic attack at active sites on GO. The third is the
negative electrical charge built up on a GO platform can not
only be affected by pH but also by the salt in water. According to
the DSM of GO and those key points as mentioned above, it can
be inferred that the Cgo.w/pce should be closely related with the
constant change of chemical structure of GO due to its inter-
action with water. If the aqueous phase only contains electrolyte
LiCl and GO nanosheets, the Cgo-w/pce changes with time and
remains constant after around 48 hours, which should be
closely to not only the interfacial adsorption process of GO but
also the constant interaction of GO with water, resulting in the
dynamic structure of W/DCE interface, including the constant
increase of interface charge and corrugation induced by the
negatively-charged products of GO before both processes of
adsorption and reaction reach their equilibriums.

Additionally, on the basis of the DSM of GO and the pH-
relative adsorption and assembly of GO, the stronger increase
of Cyin Observed within in the pH region of 3.8-7.4 should be
mainly due to that the reaction extent of GO with water
increases with pH and the excess Na' from buffer solution,
because Na' in aqueous phase can play as a feedstock for
building an electrical double layer, which can facilitate higher
negative charge on GO flakes and accelerate the reaction
between GO and water.*>*” All above additional reactions can
result in the constant increase of interface charge although the
images of the optical microscopy and the SEM (Fig. 3) show that
the GO layers formed at pH ~ 7.4 are looser and smaller than
those obtained under pH ~ 5.4. In spite of the modest increase
in negative charge when pH is increased from 5.4 to 7.4, it is
worth to noticed that more winkles can be observed at the
surface of GO layers obtained under pH = 7.4 than that ob-
tained under pH = 5.4, which is expected to result in much
larger interfacial corrugation induced by the modification of
GO. When pH is increased from 7.4 to 10.0, OH™ in aqueous
phase can facilitate the ionization of existing acidic groups and
nucleophilic attack at active sites on GO,*® which can affect the
adsorption and assembly of GO at the W/DCE interface. Indeed,
Fig. 2d shows that higher pH results in larger zeta potentials of
GO aqueous phase. Meanwhile, the photograph for the
adsorption of GO at the W/DCE interface under different pH
conditions (the inset of Fig. 2d) clearly demonstrate that higher

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The optical microscopy (a and d) and SEM images (b, c and e, f) of the GO layers formed at the W/DCE interface under pH of 5.4 (a—c) and

7.4 (d-f).

PH (9.0) is unfavorable for the adsorption of GO nanosheets at
the W/DCE interface. Therefore, it can be inferred that the
changes of adsorption behavior and the charge status of GO
with pH at the L/L interface could be main reason that the
values of Cy,;, decreased with the increase of pH after pH is
larger than 7.4. However, some questions about the GO chem-
istry and structure in water have still been unsolved so far, such
as numerous possible scenarios for the reactions involving in
water because of the complexity of the GO structure,***” as well
as the unclear mechanism and rate of those reactions, which
reflects that the GO-modified L/L interface is much more
complex than those L/L interfaces modified by 0D
nanoparticles.

Noticeable, it is found that the increase magnitudes of
capacitance induced by the adsorption of GO nanosheets as
observed in Fig. 1e and 2b are higher than those obtained by
using Au and SiO, nanoparticles,**** which implies that the
interfacial adsorption behavior of GO nanosheets could be
different from those nanoparticles at the polarizable L/L inter-
face because the adsorption behaviors of nanomaterials at the
L/L interface are also closely related to their dimension.">** It is
well-known that 0D rigid and hydrophilic Au and TiO, nano-
particles entrap at the L/L interface with contact angle close to
90°.1>?%3° Whereas, as a kind of 2D soft and amphiphilic
nanomaterial, GO nanosheets turn to adsorb with an orienta-
tion parallel to the interface.”* Considering the distinct prop-
erties of amphiphilicity, chargeability, high specific surface and

This journal is © The Royal Society of Chemistry 2020

charge-screening of GO from those 0D nanoparticles,'°"* it is
possible that the parallel adsorption of negatively-charged soft
2D GO nanosheets at L/L interface could result in higher charge
density and stronger dynamic interface-corrugation as shown as
Scheme 1, which leads to the greater increase of interfacial
capacitance than that induced by nanoparticles.”®*** On one
hand, the charge screening property of GO is available for both
of electrolytes in two phase as discussed above, which could
lead to higher charge density of GO-layers-modified L/L inter-
face than of nanoparticle-modified L/L interface. On the other
hand, as shown as Fig. 3, the optical microscopy images (Fig. 3a
and d) and the SEM images (Fig. 3b, ¢ and e, f) clearly show that
the GO nanosheets indeed adsorb and assembly in parallel at
the W/DCE interface to form some overpacked layers with
different size and some wrinkles are visible on those layers,
which is similar to the phenomena observed previously at the
non-polarized L/L interface."*'® In addition, the DSM and
chemistry of GO as discussed above should be another reason
for the greater increase of interfacial capacitance than that
induced by those nanoparticles in addition to the distinct
properties of amphiphilicity, chargeability, high specific surface
and charge-screening of GO from nanoparticles, because those
0D nanoparticles studied at the L/L interface by the measure-
ment of interfacial capacitance almost can not react with water
as GO.>

Furthermore, previous work on kinetic analysis of the
adsorption and assembly processes of GO nanosheets at the

RSC Adv, 2020, 10, 25817-25827 | 25823
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non-polarized L/L interface has demonstrated that GO transfer
in aqueous phase is slow.**'**® In order to improve the inter-
facial adsorption of GO, the solvent-assisted™ or surfactant-
induced®® methods have been explored to enhance the adsorp-
tion and self-assembly of GO at the non-polarized L/L interface.
In view of the polarizability of W/DCE interface and the
negatively-charged property of GO, it is necessary to further
explore the possibility of electrochemical-assisted adsorption of
GO at the W/DCE interface. Fig. 4a and b respectively show the
dependence between minimum capacitance (Cpi,) and time
without the external pre-polarization and with the external pre-
polarization at 0.2 V where no ion transfer reaction takes place.
It was found that the minimum capacitance values increased
with time from 12.05 to 16.28 pF cm ™~ without the external pre-
polarization and from 14.07 to 16.22 uF cm™~ > with the external
pre-polarization. Although the final interfacial capacitance
values obtained with or without pre-polarization are almost
equal, the stabilization time of GO adsorption and assembly at
W/DCE interface is dramatically decreased from 48 h (without
pre-polarization) to 24 h (with pre-polarization). The decrease of
stabilization time of GO adsorption as observed in Fig. 4b
indicates that the application of an interfacial potential differ-
ence induced by the external polarization of W/DCE interface
can promote the adsorption and assembly of GO at the inter-
face, which should be ascribed to the improvement of diffusion
rate of negatively charged GO in aqueous phase under external
electric field since the diffusion of GO to the interface is usually
the rate-determining step.* Thus, the electrochemistry-assisted
method developed herein can play similar role as those solvent-
assisted or surfactant-induced methods to enhance the diffu-
sion and adsorption of GO to the L/L interface.

Recent reports have demonstrated that the presence of
nanomaterials can affect the ion transfer behaviors at the L/L
interface.**** For example, single-wall carbon nanotubes
adsorbed at the W/DCE interface can make the ion-transfer
more difficult.** Considering the different adsorption and
assembly behaviors of GO under different pH, the influence of
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the adsorbed GO layer on ion transfer across the W/DCE
interface was preliminarily investigated by employing the
voltammetric transfer of TEA" and ClO,~ under pH ~ 5.4 and
~7.4 (cell 4), which are respectively close to the representative
pH conditions of cancer and normal cells.*® Fig. 5 shows the
CVs for the ion transfer of TEA" (Fig. 5a) and ClO,~ (Fig. 5b)
performed in the absence of GO and then repeated in the
presence of GO under different pHs. It can be seen that the
responses of both ions were similar to those obtained in the
absence of the interfacial GO layers, but there was only a small
increase in peak separation and a slight reduction in the peak
current magnitudes, especially under pH ~ 5.4, indicating that
the GO layers formed at the interface can suppress the ion
transfer of both of ions, which is also related to the aqueous
pH value as illustrated as Fig. 5c and d due to the pH-relative
adsorption of GO and the different morphology of GO layers
obtained under pH ~ 5.4 and ~7.4 as discussed above.
According to the linear relationships between the peak
currents for the ion transfer of TEA* and ClO,~ from W to DCE
and the square root of scan rate (Fig. S5), as well as the
Randles-Sevéik equation,®** the diffusion coefficients (D,,) of
each ion in the aqueous phase under pH ~ 5.4 and ~7.4 at the
GO-layers-modified W/DCE interface were calculated and lis-
ted in Table S2.1 It is found that the DI**" and DC'*t evalu-
ated under pH ~ 5.4 are smaller than those values obtained
under pH ~ 7.4. As demonstrated in our previous studies on
the ion transfer reactions occurring at the L/L interface
modified by porous membranes,**** the diffusion coefficients
of ions can be affected by the presence of membranes, which is
attributed to the hindrance effect of nanochannels on the
transport of molecules or ions. Additionally, DIFA" and is
higher than that D' and the peak current corresponding to
the ion transfer of TEA" from aqueous phase to organic phase
is also larger than the value obtained from the ion transfer of
ClO,". Higher diffusion coefficient and larger peak current of
cation with comparison to the values of anion demonstrated
that the negatively charged GO layers adsorbed at the W/DCE
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interface presents charge-selectivity. In other words, it could
be easier for cations than anions to transfer across the W/DCE
interface modified by the negatively-charged GO layers.

In order to further clarify the impact of GO on the ion
transfer reactions at the L/L interface, the ion transfer of TEA*
occurring at the GO-membrane-modified W/DCE interface is
further investigated. As shown as Fig. 6, the potential window
(PW) obtained at the GO-membrane-modified W/DCE interface
(0.0-0.65 V) became a little more broader than that obtained at
the GO-layer-modified W/DCE interface (0.05-0.55 V), which
indicates that the ion transfer of background electrolyte ions on
the positive and negative ends of PW become more difficult. The
possible reason for the broader PW obtained at the GO-
membrane-modified W/DCE interface should be ascribed to
that the commercial GO membrane is more compact than the
GO layers obtained herein, which could result in stronger
hindrance effect of GO membrane on ion transfer reactions
occurring at the L/L interface as reported in the previous studies
on the ion transfer across the membrane-modified W/DCE
interfaces.*®*! In addition, the I of TEA" obtained at the GO-
membrane-modified W/DCE (12.69 + 0.02 pA) is much
smaller than the values obtained above at the GO-layers-
modified W/DCE interface (Table S2t). Moreover, the DIFA" is
evaluated about (7.83 + 0.03) x 10°° cm® s~ *, which is also
smaller than those values obtained at the GO-layers-modified
W/DCE interface (Table S2}) and the value reported previ-

ously,* indicating that the commercial GO membrane with

This journal is © The Royal Society of Chemistry 2020

more compact structure can results in stronger hindrance effect
on the ion transfer reactions than that observed at the GO-
layers-modified W/DCE interface. Based on all above ion-
transfer voltammetric results, it can be demonstrate that the
interfacial adsorption and assembly of GO can indeed make ion
transfer reactions more difficult at the W/DCE interface, which
should be due to the interfacial blocking and the charge
screening, as well as the hindrance effect induced by the GO
layers at the W/DCE interface.

This work with insights into the adsorption of GO at
a polarizable L/L interface can not only provide a novel method
to study the GO adsorption at the L/L interface, but also help to
understand the adsorption behavior of GO at the L/L interface
more comprehensively, especially the adsorption mechanism of
GO at the L/L interface under external electric field and its
impacts on the ion transfer reactions occurring at the L/L
interface, which is significant for the further studies on the
GO-based nano-bio interface when GO is applied as drug
nanocarrier in the biomedicine in view of that GO can be
applied as a promising drug nanocarrier for the drug delivery
system in biomedicine*® and the L/L interface can act as
a simple model to mimic semi-biomembrane.**** For example,
the pH-relative adsorption behavior of GO at the L/L interface
implies that the adsorption behaviors of GO-based drug nano-
carriers at the membrane surface of normal cells could be
different from that of cancer cells because the pH environment
of tumor tissues (pH ~ 4.0-5.5) are drastically different from

RSC Adv, 2020, 10, 25817-25827 | 25825
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(a) Cyclic voltammograms for the background (black line) and the ion transfer of 1 MM TEA™ (red line) across the GO-membrane-modified

W/DCE interface at the scan rate of 5 mV s~* and (b) different scan rates (1, 2, 5, 8, 10 mV s7%) and the inset in (b) is the corresponding linear
relationship between the peak current for ion transfer of TEA* from W to DCE and the square roots of the different scan rates; (c) is the scheme
for the ion transfer across the GO-membrane-modified W/DCE interface in a four-electrode electrochemical cell.

those of normal tissues (pH ~ 7.0).>® In addition, the pH- and
charge-relative ion transfer behaviors observed at the GO-
modified L/L interface implies that the ionizable drug transfer
of GO-based drug delivery system across the nano-bio interface
might be affected by the pH of cell environment and the valence
state of GO. In order to understand the desorption and trans-
port GO at the nano-bio interface more comprehensively, the
GO-based drug delivery system should be further investigated at
the polarizable L/L interface in the future.

4. Conclusions

In the present study, we demonstrated the use of CV and ACV to
monitor the interfacial adsorption and assembly of GO at W/
DCE interface. It was found that the interfacial capacitance
value greatly increased upon addition of GO nanosheets to the
aqueous phase. This behavior can be ascribed to the increases
of interfacial charge density and corrugation induced by the
interfacial adsorption and assembly of GO. In addition, it is
found that the adsorption behavior of GO at W/DCE interface is

25826 | RSC Adv, 2020, 10, 25817-25827

closely related to the aqueous pH value. Moreover, ion-transfer
voltammetric results further demonstrate that the GO layer
formed at the interface can suppress the transfer of both of
model ions, TEA" and ClO, ", which could be ascribed to the
interfacial blocking and the charge screening, as well as the
hindrance effect induced by the GO layers at the W/DCE inter-
face. This work helps to further understand not only the
adsorption behavior of GO at the L/L interface, but also the GO-
based nano-bio interface when GO is applied as drug nano-
carrier in the biomedicine more comprehensively. In view of the
special DSM and chemistry of GO in water, GO-modified L/L
interface seems to be more complex dynamic interface than
those L/L interfaces modified by nanoparticles, which should be
further investigated more in detail by using versatile polarizable
L/L systems.
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