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Surface chemistry of electrodes plays a critical role in the fields of electrochemistry and electric-field-
assisted separation. In this study, making ingenious use of the ordered mesoporous structure of silica
materials and the electrochemical stability of ionic liquids (ILs) when integrated with polyvinylpyrrolidone
(PVP), the PVP-modified IL-mesoporous silica/platinum wire (Pt/PVP@meso-SiO,@lL) was fabricated to
increase hydroelectric stability and avoid the problem of electrode polarization. The effect of different
amounts of mesoporous silica material used to modify the surface of the Pt electrode was systematically
investigated. As a result, we successfully obtained a highly ordered mesoporous Pt/PVP@meso-SiO,
material with smooth surface. Because pentyl triethylamine bis(trifluoromethylsulfonyl) imide exhibits
a wide electrochemical window between —3 to 3V, this IL was chosen to modify mesopores under
vacuum. Even after repeatedly applying electric field on Pt/PVP@meso-SiO,@lL 100 times, this working
electrode remained stable and showed high hydroelectric stability. After verifying the feasibility of this
method, it was successfully applied in the electric-field-assisted separation of 2.0 and 3.0 um
polystyrene particles without any impediment from electrode polarization problems. This work provides
a brand-new insight for resolving the problem of electrode polarization by developing a versatile tool for

rsc.li/methods

1. Introduction

Electrophoresis has proven to be a valuable technique for the
preparation and separation of micro-objects. However, the
instability of electrodes is still a great challenge that needs to be
tackled urgently because it leads to the frequent formation of
gas bubbles throughout the electrophoresis process, especially
when the electrode directly comes into contact with the mobile
phase, which results in poor target resolution and affects the
performance of follow-up detection.™” Several conventional
methods that involve isolating the electrode from the solution
have been proposed to reduce this limitation.*” In order to drive
the vigorous development of electrophoresis technology, it is
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the electroseparation of micro-objects.

necessary to make use of the electrode surface interface for
separation and improve the stability of the electrode in the
solution.

Surface science of electrodes plays a pivotal role in the fields
of electrocatalysis, electrochemical sensing, metal corrosion
protection, micro-object separation, etc.** The phenomenon of
electrode polarization commonly occurs on the electrode
surface and may induce electrochemical reactions,'*** hence
affecting the performance of subsequent separation and anal-
ysis. The occurrence of electrode polarization around the elec-
trode can be eliminated by the vigorous stirring of the solution
or conducting the process under high flow rates.’ Yet,
chemical polarization generated at the electrode surface can be
persistent. To overcome this phenomenon, choosing a specific
material containing functional groups with high electrode
potential for electrode surface modification might be an effec-
tive way that can prevent the occurrence of electrochemical
reactions. Nonetheless, there are limited reports on the stability
of electrodes modified with functional materials.">'® Electrode
stability mainly depends on the interface of the electrode
substrate. In order to broaden the application prospects of
modified electrodes in different fields without the occurrence of
polarization, the synthesis, characterization and evaluation of
the material used to modify the electrode surface are urgently
needed.
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Among the variety of metal-derived electrode materials, bare
platinum itself is a suitable electrode due to its high
conductivity,"””™ however, platinum wire easily produces gas
bubbles if the potential is highly positive or negative. To solve
this problem, several methods that enable the immobilization of
functional materials on metallic surfaces have been developed
thus far. In particular, polyvinylpyrrolidone (PVP)**2> has shown
distinguished film-forming properties and dispersibility, and
the high electron cloud density on its ring can be complexed
with many metal atoms, due to which it can be regarded as
a protecting agent under solvothermal conditions. Multiple
studies have proven that mesoporous silica material can be
successfully modified on the platinum surface via PVP,* indi-
cating that employing PVP is an ideal strategy for modifying the
platinum substrate with functional materials. Ordered meso-
porous materials have aroused substantial interest among
researchers for application in various fields due to their advan-
tages, such as highly ordered pores, high specific surface area
and large pore volume.**?* Among these, mesoporous silica
materials have been extensively studied in light of their unique
biocompatibility and nanostructures, which are suitable for
electrocatalysis.?’*° Tonic liquids (IL) are a kind of electrolytes
composed entirely of ions, which render a number of prominent
physicochemical properties, including good conductivity, non-
volatility and a wide electrochemical window, for various elec-
trochemical applications.>** Therefore, it is hypothesized that
filling the three-dimensional mesopores of silica material with
high-electrode-potential IL might be beneficial to decrease or
even avoid the occurrence of electrode polarization.

Based on the hypothesis mentioned above, in this study,
a PVP-stabilized Pt wire modified with ionic liquid-mesoporous
silica was fabricated for the first time to avoid electrode reac-
tions that impede the application of conventional electrode
materials. In order to increase the electrochemical window of
this electrode in water, the electrochemical properties of the IL-
modified electrode were evaluated. The stability of the material
modified with ionic liquid-mesoporous silica and its applica-
tion in the electroseparation of micro-particles were also
systematically examined.

2. Materials and methods

2.1 Materials and reagents

The silica precursor [tetraethoxyorthosilicate (TEOS); 99.999%],
non-ionic surfactant F-127, polyvinylpyrrolidone (PVP, M,, = 24
000) and pentyl triethylamine bis(trifluoromethylsulfonyl)
imide were purchased from Sigma-Aldrich (Bellefonte, PA,
USA). The platinum wire was purchased from the Tianjin Lu
Cheng metal processing factory (Tianjin, China). NaOH, HCI,
H,S0,, ethanol, and H,0, were purchased from Sanfu Chemical
Reagent Agency (Yanji, China). Polystyrene particles of different
sizes (2.0 and 3.0 um) were purchased from Aladdin.

2.2 Instruments

The dipping-and-pulling machine was purchased from
Shanghai Huotong Experimental Instrument Co., Ltd. The
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syringe pump was obtained from Baoding Rongbai Constant
Flow Pump Manufacturing Co., Ltd. A magnetic stirrer was
purchased from LNB Instruments. The scanning electron
microscopy (SEM) images were obtained by using a Hitachi
UHR S 5500 FE-SEM operating at an accelerating voltage of 30
kv. The X-ray diffraction (XRD) patterns were obtained in the
reflection mode using a Rigaku D/MAX-2200 Ultima equipped
with Cu K, radiation at 30 kV and 40 mA. The transmission
electron microscopy (TEM) images were obtained using a JEOL
JEM 3010 at an accelerating voltage of 300 kV. Cyclic voltam-
metry (CV) was performed on an instrument obtained from
Tianjin Lanli Chemical Electronic High Technology Co., Ltd.
The process of particle separation was observed under a micro-
scope (Olympus IX 83), and the particles were detected by a UV
detector (Agilent 1260 Infinity) based on UV absorbance at
254 nm.

2.3 Electrode fabrication

2.3.1 The pretreatment of the platinum wire. The prepa-
ration of the Pt/PVP@meso-SiO,@IL electrode is shown in
Fig. 1. The platinum wire was calcined at 600 °C for 6 hours to
oxidize the surface before modification with mesoporous
materials. The platinum wire was successively sonicated with
1 M NaOH, deionized water, 1 M HCI and deionized water for
30, 20, 30 and 20 min, respectively, to wash the impurities on
the surface. Then, the platinum wire was blow-dried, followed
by immersion in the piranha solution (H,SO, : H,0, = 7 : 3) for
20 min for hydroxylation. Then, the platinum wire was rinsed
with deionized water three times and blow-dried. These
pretreatment procedures were carried out to ensure the uniform
modification of the platinum surface with the mesoporous
material. After that, the platinum wire was rinsed with neutral
deionized water and dried in a baking oven at 80 °C.

2.3.2 Preparation and modification of polypyrrolidone.
Different amounts (0.0122, 0.0366 and 0.0610 g) of PVP were
respectively dissolved in 2 g ethanol and sonicated for 30 min.
After that, a treated platinum wire was immersed into each PVP
solution for 10 min for modification. The modified Pt/PVP
samples were dried at 80 °C for 12 h.

2.3.3 Synthesis and modification of mesoporous silica
material. The synthesis of the mesoporous silica material was
carried out by using the sol-gel method. In brief, F-127 was
dissolved in absolute ethanol and stirred at 300 rpm for half an
hour. After that, TEOS and 0.8 M HCI were added drop by drop
into the solution and stirred (400 rpm) at 25 °C for 20 h under
a controlled relative humidity of below 20%. To modify the PVP-
coated Pt wires, they were immersed into the mesoporous silica
solution by using a dipping-and-pulling machine for 5 min. The
dipping speed and pulling speeds were set at 2000 uL s~ ' and
300 um s~ ", respectively. The obtained modified Pt wires were
then calcinated at 400 °C for 3 h to remove the surfactant F-127.

2.3.4 Modification of ionic liquid. In order to avoid polar-
ization of the electrode and production of gas bubbles, the
selected ionic liquid, namely pentyl triethylamine bis(tri-
fluoromethylsulfonyl) imide, was immobilized into the meso-
pores under vacuum for 20 min to fabricate the Pt/PVP@meso-
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Fig. 1 The flow chart of the fabrication procedure of the Pt/PVP@meso-SiO,@lL electrode.

SiO,@IL electrode. Then, the modified electrode was placed in
an 80 °C oven for the immobilization of IL.

2.4 Microchip fabrication

The electric-field separation microchip was fabricated by wire
imprinting. Three platinum wires (200 pm in diameter) were
placed on a cyclic olefin copolymer (COC) plate and sandwiched
between two glass microslides using four small binder clips.
Then, the COC chip was heated at 127 °C for 20 minutes and
then cooled down to room temperature. The wires were then
carefully pulled away. Then, two platinum wires modified with
the ionic liquid and mesoporous silica material were embedded
at both sides of the channel; the resulting channel plate and
another COC plate previously drilled with two holes were dried
and assembled together with the holes aligned along the
channel, sandwiched between two glass microslides, and
clamped using binder clips.

3. Results and discussion
3.1 Characterization of the modified materials

3.1.1 Effects of different silica content. The surface-
modifying mesoporous material plays significant roles not
only in generating an electrode surface with evenly distributed
functional groups, but also acts as the main carrier for IL
immobilization to prevent direct contact between the ions in
water and the electrode surface, which causes the electrode
reaction. In this regard, the pore size and pore structure of
mesoporous materials can affect the conductivity rate and
extravasation rate of ILs. Different contents of TEOS (Table 1)
were optimized herein, and the results are shown in Fig. 2. In
the presence of 1.0 g TEOS, 0.4 g F-127,0.4g 0.8 M HCland 5.0 g
EtOH, the low-angle XRD pattern showed a narrow and well-
defined peak, representing a uniform pore structure (Fig. 2a).
Despite the fact that the silica content gradually increased with
the increase in TEOS amount, the electrode surface began to
deteriorate and became unstable, which eventually led to the

This journal is © The Royal Society of Chemistry 2023

detachment of silica material from the substrate surface,
resulting in a decrease in silica content when TEOS was 2.0 g.
Therefore, 1.0 g of silica-modified mesoporous material was
selected as the carrier for the subsequent modification of IL.

3.1.2 Effect of modification time. The duration of the
modification reaction directly affects the amount of meso-
porous silica material deposited on the Pt wire surface. Fig. 3a
shows the homogeneous formation of mesoporous silica
material via PVP on the Pt wire electrode without peeling off at
the modification time of 5 min. With an increase in modifica-
tion time, the detachment frequency of mesoporous silica
material from the Pt wire surface concurrently increased, as
shown in Fig. 3b-d, and cracks were observed when the surface
was modified for 30 min. The detachment of the mesoporous
silica materials is attributed to the increased thickness due to
prolonged modification time, which decreases the stability of
the interactions between the mesoporous silica material and
the Pt wire surface at the interface. Therefore, the modification
time of 5 min was chosen in subsequent experiments. Fig. 3e
shows the SEM-EDS mapping of Pt/PVP@meso-SiO, when
modified for 5 min, and the insets denote the even distribution
of platinum, oxygen and silica elements on the Pt/PVP@meso-
SiO, surface, which lays the foundation for further modification
with IL to increase the working voltage and decrease or avoid
electrode polarization.

3.1.3 The direct electrochemistry of Pt/PVP@meso-
SiO,@IL. In order to increase the working voltage and surface
stability =~ of the  electrode, pentyl triethylamine

Table1l The different silica contents employed in the sol-gel method

Sample number TEOS (g) F127(g) HCl(g) EtOH (g) Si* (wt%)

pt-1 1.0 0.4 0.4 5.0 8.34
Pt-2 1.5 0.4 0.4 5.0 13.64
pt-3 2.0 0.4 0.4 5.0 0.2

% Surface Si refers to the ratio of Si content to the total element ratio
calculated from the SEM-EDX results.

Anal. Methods, 2023, 15, 171-178 | 173


https://doi.org/10.1039/d2ay01546c

Published on 12 December 2022. Downloaded by Sungkyunkwan University on 1/12/2023 7:34:17 AM.

Analytical Methods

intensity

=
k7]
- |
&
&
=l

View Article Online

Paper

intensity

A
50 pm

Fig.2 The SEM images of the effects of modifying the platinum wire with (a) 1.0 g, (b) 1.5 g and (c) 2.0 g of TEOS. The insets show the XRD results

under different conditions.

bis(trifluoromethylsulfonyl) imide was chosen to fill the meso-
pores under vacuum conditions. The results from the XRD
analysis, as indicated in Fig. 4a, showed a high small-angle
diffraction peak before IL modification, signifying that highly
ordered mesopores were synthesized via PVP. The peak inten-
sity significantly decreased after modifying with pentyl trie-
thylamine bis(trifluoromethylsulfonyl) imide, suggesting that
IL was successfully integrated into the mesopores. Besides, we
used electrochemical impedance spectroscopy (EIS) to verify the
electrochemical properties of the electrode. As shown in Fig. 4b,
the kinetics of electron transfer, which is represented by the
impedance values, in the platinum wire before and after
modification with mesoporous silica and ionic liquid were in
the following order: Pt < Pt/PVP@meso-SiO, < Pt/PVP@meso-
SiO,@IL. The results also recorded an increase in impedance
value and a decrease in conductivity after coating the Pt wire
with the ionic liquid. The electrochemical properties of the bare
platinum wire and the successful fabrication of the Pt/
PVP@meso-SiO,@IL electrode were further verified by cyclic
voltammetry. As shown in Fig. 4c and d, the oxidation peak of
water was visible in the pattern of the platinum wire without
functional material modifications. In contrast, there were no

oxidation and reduction peaks after the modification of meso-
pores with the selected IL. Considering that pentyl triethyl-
amine Dbis(trifluoromethylsulfonyl) imide exhibits a wide
electrochemical window, the fact that oxidation and reduction
reactions did not occur within the range of —3 to 3 V demon-
strates that IL could successfully prevent the occurrence of
electrode reactions at the electrode surface in solution. Based
on these findings, we can reasonably conclude that the effec-
tiveness of IL in increasing the surface stability of the electrode
and avoiding chemical reactions at the electrode is justified.
3.1.4 Hydroelectric stability of the modified electrode.
Most electrodes are unstable under hydroelectric conditions
because of the easy formation of numerous ions that facilitate
various reactions at the substrate surface, thus causing the
materials deposited on the modified electrode surface to peel
off. In this study, the stability of the fabricated Pt/PVP@meso-
SiO,@IL electrode was verified by repeatedly applying an elec-
tric field on this electrode over 100 cycles and characterizing it
by SEM. As displayed in Fig. 4e, the electrode surface remained
fully intact without cracks or detachment, which validated the
robustness of the modified electrode. This observation can be
attributed to the high oxidation and reduction potentials of 1L,

Pt M series O K series Si K series

Si

] Ty

Fig. 3 The SEM images of Pt wire surfaces after modification with mesoporous silica material for (a) 5 min, (b) 10 min, (c) 20 min and (d) 30 min,
respectively, while (e) demonstrates the uniform distribution of different elements in the SEM-EDS mapping of the Pt wire modified for 5 min.
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Fig. 4 (a) The XRD analysis of Pt/PVP@meso-SiO, before and after modification with IL. (b) Electrochemical impedance spectra (EIS) of Pt, Pt/

PVP@meso-SiO2, and Pt/PVP@meso-SiO,@lL obtained in 0.1 M KCl containing 5 mM Fe(CN)63*/4* (1:1). (c) shows the redox peak of the
platinum wire detected by CV. The reference electrode was Ag/AgCl, the counter electrode was Pt, the working electrode was Pt, the scan range

was between —3 to 3V, the scan rate was 0.5V s~ !

, and the electrolyte was deionized water. (d) The CV graph of the functionally modified Pt/

PVP@meso-SiO,@lL electrode; the reference electrode was Ag/AgCl, the counter electrode was platinum, the working electrode was Pt/

PVP@meso-SiO,@lL, the scan range was between —3 to 3V, the scan rate was 0.5V s

~1 and the electrolyte was deionized water. (e) The SEM

images of the working electrode after applying an electric field 100 times.

which hinder chemical reactions from occurring at the elec-
trode surface.

3.2 Application

In this paper, the fabrication of Pt/PVP@meso-SiO,@IL
provides an innovative approach in the field of electrode prep-
aration to avoid the occurrence of chemical reactions in the
electrophoresis system and achieve high stability. A microchip
was fabricated to observe the state of the electrode via a micro-
scope. A separation channel was constructed by using two Pt/
PVP@meso-SiO,@IL electrodes, and deionized water was used
as the mobile phase. Under an alternating current of —3 to 3 V
in deionized water, gas bubbles were generated in the separa-
tion channel when the bare platinum electrode without modi-
fication was used (Fig. 5a and b), while none was observed in the
separation channel with the Pt/PVP@meso-SiO,@IL electrodes
under the same experimental conditions (Fig. 5c¢ and d). The
electroseparation chip consisted of two Pt/PVP@meso-SiO,@IL
electrodes (Fig. 6a). As shown in Fig. 6b, particles at a high
concentration were evenly dispersed in the separation channel.
In order to ensure that all particles start at the same electrode
surface position, the parameters U= 3.0 V, f= 0.1 Hz, and duty
cycle value = 99% were applied. All the particles tended to align
in one line after electro-focusing (Fig. 6¢). The same phenom-
enon was observed under a low particle concentration as well
(Fig. 6d and e). From the above findings, we can conclude that
the Pt/PVP@meso-SiO,@IL electrode has high stability, which
was favorable for the study of the electrical field and the elec-
trical separation behavior of the target.

Subsequently, we applied this functional material in micro-
object separation to verify its practicality. The separation

This journal is © The Royal Society of Chemistry 2023

behavior was similar to the separation mode employed in
traditional electric field-flow fractionation (EIFFF),* as shown
in Fig. 7a. EIFFF is a sub-technique of field-flow fractionation,
which realizes the separation of target particles (such as cells,
particles, and proteins) based on the electrophoretic mobility
and size of the analytes by using a constant direct current (DC)
field or alternating current (AC) field. The movement behavior
of the micro-objects (polystyrene particles) was observed by
using a microscope, and the separation system is illustrated in
Fig. 7b. Before initiating the separation process, the 2.0 and 3.0
um particles were injected into the microchip and the mobile
phase was halted. These two types of particles remained
focussed on one side of the electrodes under the following
electrical parameters: pulse voltage of 3.0 V, pulse frequency of
0.1 Hz and duty cycle (dc) values of 99%. The separation began
with the application of an alternating current with the electrical
parameters 3.0 V, 2.0 Hz and dc = 50%. The two particles
migrated in a zig-zag motion within the separation channel and
were ultimately separated (Fig. 7c). The microchip was directly
connected to a UV detector, which verified that the mixed
particles with different sizes could not be separated when there
was no electric field. With the Pt/PVP@meso-SiO,@IL electrode,
the applied voltage could achieve complete separation, and the
results obtained from SEM characterization also indicated good
separation performance for 2.0 and 3.0 pm particles (Fig. 7d).
From these results, it can be deduced that the Pt/PVP@meso-
SiO,@IL electrode exhibits high hydro-electric stability in water,
thus proving its broad applicational prospect in the area of
micro-object separation science, and this functionality will play
a significant role in electrochemistry, anti-corrosion industry,
etc.
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Fig.5 (a) The SEM image of the bare platinum wire. (b) The microscopic image shows the formation of gas bubbles within the separation channel
while using bare platinum wires as electrodes. (c) The SEM image of Pt/PVP@meso-SiO,@lL. (d) The separation channel without gas bubbles
while using Pt/PVP@meso-SiO,@lL electrodes under the same alternating current of —3 to 3 V in deionized water.
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Fig. 6 (a) The electrophoresis chip used for particle focusing under the electric field. (b) and (c) show high-concentration 2.0 um PS before and
after electro-focusing. (d) and (e) show low-concentration 2.0 um PS before and after electro-focusing. The electrical parameters were U =
3.0V, f=0.1Hz, and duty cycle value = 99%.
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Fig. 7 (a) The traditional EIFFF separation mechanism while employing Pt/PVP@meso-SiO,@lL as the electrodes. (b) Photograph showing the
installation of the separation system connected to a microscope to observe the movement behavior of micro-objects (polystyrene particles) in
realtime. (c) The 2.0 um and 3.0 um polystyrene particles were successfully separated under an alternating current with the electrical parameters
of 3V, 2.0 Hz and dc = 50%; the mobile phase was deionized water, and two Pt/PVP@meso-SiO,@lL wires were used as the electrodes. (d) The
mixed particles were separated in the fabricated microchip and directly detected by a UV detector, and the insets show the SEM images of the

separated fractions.

4. Conclusions

In summary, a unique hydroelectric electrode termed Pt/
PVP@meso-SiO,@IL with excellent electrical properties that
prevent the occurrence of electrochemical reactions was
successfully fabricated in this study. This functional Pt/
PVP@meso-SiO,@IL electrode could achieve simultaneous
microparticle separation with high electrode stability, thereby
solving the gas bubble formation problem in traditional
electric-field flow fractionation and the impediment caused by
electrode polarization. Furthermore, this modification method
is simple, and the fabricated material showed high surface and
electrochemical stabilities, thus laying the foundation for
further research in the realms of micro-object electro-
separation, material preparation, corrosion prevention in elec-
trode materials and interfacial reactions.
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