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Abstract: A series of room-tempera-
ture ionic liquids (RTILs) containing
different functional groups such as hy-
droxyl, nitrile, carboxyl, and thiol at-
tached to imidazolium cations, com-
bined with various anions such as chlo-
ride [Cl], tetrafluoroborate [BF,], hexa-
fluorophosphate  [PF¢], and bis-
[(trifluoromethyl)sulfonyl]imide [Tf,N],
have been successfully synthesized.
Dissolved in chitosan (Chi), the Chi/
RTIL composites can be employed as
flexible templates for the preparation
of Au/Pt nanostructures. These Au/Pt
nanostructures can be facilely deposit-
ed in situ on the surface of Chi/RTILs
through electrodeposition. Scanning
electron microscopy (SEM) and atomic
force microscopy (AFM) results dem-
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cantly dependent on the structure of
the Chi/RTILs, with sizes ranging from
2.8 to 84.7nm. Based upon the func-
tionalized RTILs, nine Chi/RTIL-Au/
Pt biosensors have been fabricated.
First, the size-dependent electrochem-
istry of Chi/RTIL-Au/Pt was investi-
gated using potassium ferricyanide as
the probe. The reversible -electron
transfer of the Fe(CN)s ™ redox
couple was realized for the nine bio-
sensors, and the peak currents, as well
as the peak-to-peak separations (AE,)
and electron-transfer rates, differ great-
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ly from each other because of the di-
versity of the RTILs. Further electro-
chemical research reveals that the func-
tional groups of these RTILs exert an
evident influence on the reduction be-
havior of H,0,, which in turn illus-
trates that the electrocatalytic activity
of Chi/RTIL-Au/Pt nanocomposites
can be tuned by means of employing
RTILs with different functional groups,
and an appropriate combination of cat-
ions and anions may produce a higher
activity. The facilitated electron trans-
fer and the intrinsic catalytic activity of
Au/Pt NPs provide a facile way to con-
struct a third-generation H,O, biosen-
sor with a high sensitivity, low detec-
tion limit, quick response time, and ex-
cellent selectivity.

onstrate that the alloy size is signifi-

Introduction

Considerable research interest has been focused on the
study of bimetallic nanoalloys because of the additional new
properties that may arise from the combination of different
compositions of metals on the nanoscale.'™ The more fa-
vorable properties of bimetallic nanocomposites, which orig-
inate from their unique electronic structures, consequently
show different catalytic behaviors from their monometallic
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counterparts, including higher catalytic activity, better resist-
ance to deactivation, and greater catalytic selectivity, for
which they have attracted significant attention as electroca-
talysts, and as selective oxidation and dehydrogenation cata-
lysts.**1 The optical, magnetic, catalytic, and electronic
properties of nanoparticles (NPs) are affected not only by
their size but also their shape.”'? Several methods based on
physical (e.g., vapor deposition, laser ablation) and chemical
(e.g., metal salt reduction, sol-gel process, micelles) ap-
proaches have been developed for the synthesis of nano-
structures with controlled size and shape, including nano-
alloys." 13!

In general, NPs are usually stabilized by electrostatic and/
or steric effects. The substrates onto which metal nanostruc-
tures are deposited have a significant influence on the mor-
phology and size of the resulting structure, with the sub-
strate in some cases acting as a capping ligand or a stabiliz-
er, and thus playing a key role in NP assemblies.'¥ Poly-
mers, micelles, and coordinative ligands have been widely
used as stabilizers.'”! These capping ligands or stabilizers
can bind strongly to the NP cores, providing great steric hin-
drance and slowing down the rate of NP growth, and thus
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causing the growth of smaller NPs.'¥! The most common
binding group is thiol, used with Au or Ag NPs. Other NP
binding groups, such as carboxylic acids, amines, phosphines,
micelles, and dendrimers, have also been explored for the
stabilization of NPs.["”

Recent results suggest that room-temperature ionic lig-
uids (RTILs) could be preferable solvents in the synthesis
and modification of nanostructured materials, because of
their unique properties such as the existence of extended hy-
drogen bonding, good thermal stability, and high ionic con-
ductivity."® Transition-metal NPs with small sizes, narrow
size distributions, and different shapes have been prepared
in RTILs by decomposition of transition-metal complexes in
the zero-valent state, metal bombardment, or simple trans-
fer of previously prepared water- or classical organic-sol-
vent-soluble colloids onto the RTILs."! A few papers have
reported the synthesis and catalytic application of compo-
sites of metal NPs and RTILs. Dupont et al. reported an ac-
tivated iridium NP catalyst in [C;mim][PF4] with an average
diameter of 2-2.5 nm, which showed clearly improved activi-
ty for the biphasic hydrogenation of various olefins and
arenes.””) Other noble metal NP catalysts, such as gold and
platinum NPs with tunable sizes synthesized in various imi-
dazolium derivatives, also exhibited remarkably high stabili-
ties in aqueous solutions.">*!! The non-nucleophilic nature
of many RTILs is very advantageous in providing a protec-
tive environment for the NPs that can extend the catalyst
lifetime.”! It is believed that RTILs can limit the diffusion
of the NPs and thus promote the formation of small parti-
cles and limit their growth.® Processes involving NP cata-
lysts and RTILs have been particularly effective in screening
the charged layer on the surface of the colloids, preventing
aggregation and stabilizing the system.” By tuning the
RTIL compositions, the stability, size, and solubility of the
NPs may all be tuned.”™ It is becoming increasingly appar-
ent that the incorporation of functional groups into RTILs is
indispensable, as the functional groups can increase catalyst
stability and/or improve catalyst retention.”® Different
groups, such as thiols, amines, carboxylic acids, and ethers,
could be attached on the cation and/or anion of an RTIL,
thereby providing additional stabilization of the NPs due to
their coordination on the metal surface.””! Ionic liquids with
cationic or anionic special functional groups act not only as
reducing agents, but also as reaction media for the synthesis
of AuNPs and polymer-AuNP composites.”®! Moreover, a
number of critical aspects of RTILs make them an interest-
ing medium in which enzymes and even living cells can
retain their bioactivities, which therefore provides a facile
route for the preparation of new biosensors.”””!

In this work, we introduce hydroxyl, nitrile, carboxyl, and
thiol functionalities into the imidazolium cation, and com-
bine the resulting cations with various anions, including
chloride [Cl], tetrafluoroborate [BF,], hexafluorophosphate
[PFs], and bis[(trifluoromethyl)sulfonyl]limide  [Tf,N]
(Scheme 1). For ease of comparison, we divide the nine
RTILs into two groups according to the combinations of
cation and anion. [C;(OH),mim|[BF,], [C;(OH),mim|[PF],
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Scheme 1. Structures of the nine RTILs utilized in the present study. The
[N(CF;S0,),]” anion is abbreviated as Tf,N". I: 1-(2',3’-dihydroxypropyl)-
3-methylimidazolium chloride, [C3(OH),mim][Cl]. II: 1-(2’,3'-dihydroxy-
propyl)-3-methylimidazolium tetrafluoroborate, [C;(OH),mim] [BF,].
II: 1-(2',3'-dihydroxypropyl)-3-methylimidazolium hexafluorophosphate,
[C3(OH),mim][PF¢]. IV: 1-(2,3'-dihydroxypropyl)-3-methylimidazolium
bis[(trifluoromethyl)sulfonyl]imide, [C;(OH),mim][Tf,N]. V: 1-(3'-cyano-
propyl)-3-methylimidazolium chloride, [C;CNmim][Cl]. VI: 1-(3'-cyano-
propyl)-3-methylimidazolium tetrafluoroborate, [C;CNmim][BF,]. VII:
1-(3'-carboxylpropyl)-3-methylimidazolium chloride, [C;COOHmim][Cl].
VII: 1-(3'-hydroxypropyl)-3-methylimidazolium chloride, [C;OHmim]
[C]]. IX: 1-(2',3-dimercaptoacetoxypropyl)-3-methylimidazolium chlo-
ride, [C;0CO(CH,)SHmim]|[Cl].

[C;(OH),mim][Tf,N], and [C;(OH),mim][Cl] are in
Group I, having the same cation but different anions.
[C3(OH),mim][Cl], [C;CNmim][Cl], [C;,COOHmim][Cl],
[C;OHmim][Cl], and [C;(OCOCH,SH),mim][Cl] belong to
Group II, possessing the same anion, but with different func-
tional groups attached to the imidazolium core. Further-
more, [C;CNmim][BF,] was also synthesized, as it was re-
quired as a comparison of the optimal anion in Group I and
cation in Group II for the reduction of H,O,. The physical
properties of the corresponding RTILs (thermogravimetry,
conductivity, etc.) were explored. In this paper, we use these
functionalized RTILs as both stabilizers and templates for
the size-controlled preparation of Au/Pt alloy NPs. By dis-
solving these RTILs in chitosan (Chi), nine Chi/RTIL film-
based Chi/RTIL-Au/Pt biosensors were fabricated directly
on glassy carbon (GC) electrodes through the electrodeposi-
tion method. Electrochemical experiments demonstrated
that reversible electron transfer of the Fe(CN)s ™ redox
couple was realized for all of the nine biosensors, and the
peak currents, as well as peak-to-peak separations (AE,)
and electron-transfer rates, differed greatly from each other
for different Chi/RTIL structures. In addition, the electro-
catalytic activity of Chi/RTIL-Au/Pt films toward H,O, also
showed a Chi/RTIL-dependent process, as confirmed by
linear sweep voltammetry (LSV). Consequently, these
RTIL-Au/Pt nanocomposites were successfully constructed
for use in a third-generation H,O, biosensor.
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Results and Discussion

Physical characterization of electrical conductivity, electro-
chemical window, and thermal stability of the prepared
RTILs: The majority of RTILs have a ¢ value of 10* Scm™!
at room temperature (25+1°C), which is much lower than
conventional aqueous electrolytes applied in electrochemis-
try. In general, ionic liquids based on imidazolium cations
usually have a higher conductivity in comparison with those
based on tetraalkylammonium, pyrrolidinium, piperidinium,
and pyridinium cations.”” Factors influencing the conductiv-
ity include the viscosity, density, temperature, and so on.”’]
The conductivities and viscosities of the nine RTILs were all
measured at room temperature, and the data are collected
in Table 1. Generally, the room-temperature conductivities
are situated in the range 0.11-0.68 Sm™!, with the maximum
value of 0.68 for [C3(OH),mim]|[BF,], and the minimum of
0.11 for [C3(OCOCH,SH),mim][Cl]. In GroupI, for the
same cation, the conductivities according to the anions have
the following order: [BF,]”>[Cl]” >[PFs] >[Tf,N] . This
order is inversely related to the viscosities. The specific con-
ductivity order for the five cations in Group Il is:
[C;CNmim]* > [CG;COOHmim]* > [C3(OH),mim]* >
[C;OHmim]* > [C;(OCOCH,SH),]*. It is worth noting that
some RTILs do not obey the inverse relationship between
viscosity and conductivity well. For example, [C;(OH),mim]
[C1] possesses a ¢ value of 0.49 Sm™, and is accompanied by
a comparatively high viscosity. One possible reason may be
the presence of ion pairs or ion aggregates in some RTILs,
which would reduce the Coulombic attractive force between
ions and decrease the viscosity accordingly.®!! Actually, Ga-
linski et al. stated in their review that the inverse relation-
ship between conductivity and viscosity may be more appli-
cable to electrolytes than RTILs, because the model of an
ionic liquid is based on the assumption that the RTIL con-
sists entirely of ions, and neglects the possibility of ion pairs
or ion aggregates.”!! However, it should be pointed out that
ion pairs and neutral ion aggregates cannot contribute to
the ionic conductivity, as clarified in previous reports.F>]
Thus, the detected conductivities in our experiments should
all be ascribed to the isolated cations and anions. This point
is of vital importance for an explanatory parameter. From
the o results, we find that although [C;CNmim][Cl] and
[C;COOHmim][Cl] have higher conductivities than the
other three RTILs, the ionic conductivities are still lower

Table 1. Physical properties of the nine functionalized RTILs.

than that of [C;(OH),mim][BF,]. An evident decrease in
conductivity could be seen for [C;(OCOCH,SH),mim][Cl]
(0.11 Sm™). This can be explained by its higher viscosity,
which probably hinders the ion mobility. It is notable that
although the RTILs containing [C;CNmim]* and [BF,]”
show the highest ionic conductivities in Groups I and II, re-
spectively, their assembly as [C;CNmim][BF,] show a o
value of 0.45 Sm™', lower than those of both [C5(OH),mim]-
[BF,] and [C;CNmim][Cl]. These results also suggest that
the conductivity depends upon the combination of cations
and anions rather than the individual ions. Generally speak-
ing, the excellent conductivities may make RTILs promising
solvents that can be exploited to realize galvanization or
electrolysis that cannot be carried out in conventional sol-
vents.

The oxidation and reduction potentials and the electro-
chemical window were also determined in this work. It is
known that electrolytes for application in electrochemical
devices should be resistant to the electrochemical reduction
and oxidation that is the essence of most electrochemical re-
actions. The electrochemical stability for most RTILs deter-
mined at glassy carbon or platinum electrode is within the
range 4.0-6.0 V.?¥ The RTILs investigated herein display an
electrochemical window from 4.3 to 5.4V, as shown in
Table 1. The results show that in Group I, [C;(OH),mim]
[C]] possesses a remarkably wider electrochemical window
than the other three RTILs. It is worth noting that the in-
crease in the electrochemical stability for [C;(OH),mim][Cl]
benefits from the co-enhancement of the anodic potential of
Cl™ and the cationic potential of [C;(OH),mim]*, whereas
the amide anion, [N(CF;SO,),]” (abbreviated to Tf,N), is
oxidized at relatively low anodic potentials compared with
BF,” and PF¢. Almost all RTILs in Group II undergo
anodic oxidation at relatively high potentials, except for
[C;OHmim][Cl], the oxidation process of which occurs at
just 2.3 V. The results also illustrate that either the oxidation
or reduction potential is determined by the counterion
effect, rather than the single cations or anions in the RTILs.

The thermal stability of the RTILs after the incorporation
of functional groups was also investigated. The upper tem-
perature limit for most RTILs depends mainly upon the de-
composition temperature (7,: the temperature at which the
weight loss of the RTIL in an aluminum pan under a N, at-
mosphere reaches 5%). The T, values of the nine RTILs
employed in this work range from 260 to 345°C. The TG

Conductivity Viscosity Ty Anodic Cathodic Electrochemical Trace amounts

[Sm™] [Pas] [°C] voltage [V] voltage [V] window [V] of CI” [molkg ']
[C5(OH),mim][BF,] 0.68 5.05 260 2.3 —22 4.5 0.010
[C5(OH),mim][PF] 0.44 8.05 275 2.5 —22 4.7 0.015
[C5(OH),mim][Tf,N] 0.20 11.43 290 22 -22 4.4 0.010
[C5(OH),mim][Cl] 0.49 6.13 345 2.9 -2.5 5.4 -
[C;CNmim][Cl] 0.59 0.37 307 2.7 —2.6 53 -
[C;COOH][CI] 0.56 0.02 310 2.8 -1.9 4.7 -
[C;OHmim][Cl] 0.38 0.54 315 2.3 -2.0 43 -
[C5(OCOCH,SH),mim][Cl] 0.11 3.30 305 2.5 -2.0 4.5 -
[C;CNmim|[BF,] 0.45 0.39 300 25 -2.5 5.0 0.015
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curves show that all nine RTILs display a one-step weight-
loss process with a noticeable change detected, indicating
high thermal stability over a wide range of temperatures
(figures not shown). General tendencies can be summarized
from the results in Table 1. For Group I, the relative thermal
stabilities according to anions are in the order [Cl]” >
[TE,N]™ > [PF]” > [BF,]". For Group 11, the relative thermal
stabilities according to cations are [C;(OH),mim]* >
[C;OHmim]* > [C,COOHmim]* > [C,CNmim]* >
[C3(OCOCH,SH),mim]* > [C;CNmim][BF,]. Among these
nine RTILs, [C;(OH),mim][Cl] shows the highest thermal
stability (74=345°C), and [C;(OH),mim]|[BF,] has the
lowest thermal stability (7,=260°C).

Characterization of Auw/Pt nanostructures electrodeposited
on nine Chi/RTILs: Figure 1 shows SEM micrographs of the
assembled Au/Pt nanostructures deposited on the nine Chi/
RTIL films. It is evident that, except for the [C;(OH),mim]-
[Tf,N]-based Au/Pt nanocomposite (Figure 1Ic), all the
other Au/Pt nanocomposites exist in the form of NPs, with
their sizes varying following the variation in the RTILs. The
respective diameters, ranging from 2.8 to 84.7 nm, are listed
in Table 3 (see later). Among these, a diameter of 2.8 nm is
estimated for the [C3(OH),mim][BF,]-based Au/Pt NPs, and
the largest particle of 84.7nm is produced on the
[C;OHmim][Cl] film. In Groupl, for [C;(OH),mim]|[BF,]
[I(a)], the Au/Pt NPs are uniformly distributed on the
[C3(OH),mim][BF,] film with no agglomeration, and are
well isolated from each other. Larger particle sizes and
more densely assembled Au/Pt NPs are obtained on the

Figure 1. SEM images of nine Chi/RTIL-Au/Pt nanocomposites obtained
on ITO. I and II represent Groups 1 and IL Ia)[C;(OH),mim][BF,];
Ib) [C;(OH),mim][PF]; Ic) [C;(OH),mim][TE,N]; 1d) [C;(OH),mim][Cl];

IIa) [C;CNmim][Cl];  IIb) [C;CNmim][BF,]; IIc) [C;COOHmim][Cl];
11d) [C;OHmim][Cl]; IIe) [C3(OCOCH,SH),mim][Cl]. All the scale bars
represent 100 nm.
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[C3(OH),mim][Cl]] film (Figure 1Id). A large portion of the
scattered NPs start to coalesce in the case of [C;(OH),mim]-
[PF4], leading to an evident increase in the particle size. For
[C3(OH),mim][Tf,N], however, the NPs seem to form a
kind of compact cluster with a highly irregular geometry, so
it becomes difficult for us to measure a single particle. For
Group II, as demonstrated in Figure 11Ia—e, well-dispersed
NPs are formed on the [C;(OH),mim][Cl] (Figure 11d),
[C;CNmim][Cl]  (Figure 1IIa), [C;CNmim][BF,] (Fig-
ure 11Ib), and [C;(OCOCH,SH),mim][Cl] (Figure 11le)
films. On the other hand, for both the [C;COOHmim][Cl]
(Figure 11Ic) and [C;OHmim][Cl] (Figure 111d) films, differ-
ent increases in the Au/Pt particle size are observed, be-
tween which the [C;OHmim][Cl]-based nanostructure dis-
play relatively more evident coagulations, the average size
of which reaches nearly 84.7 nm. These results unambigu-
ously indicate that the functional groups linked to the imida-
zolium core were highly accessible with distinct stabilization
abilities for bimetallic nanostructures.

Four representative two-dimensional AFM images, ob-
tained in tapping mode, are shown in Figure2 for
[C5(OH),mim][Cl]]- (A), [C;CNmim][BF,]- (B), [C;CNmim]
[C1]- (C), and [C5(OCOCH,SH),mim][Cl]-stabilized (D) Au/
Pt NPs. These images display the explicit topography and
distribution of Au/Pt nanostructures deposited on the Chi/
RTIL films. The reason for selecting these four typical Chi/
RTILs as the model is related mainly to their similar diame-
ters, as found from SEM results. For the [C;(OH),mim][CI]-
based Chi/RTIL-Au/Pt system (Figure 2A), the NPs are
uniformly distributed on the Chi/RTIL film with no agglom-
eration, and are generally isolated with little interconnec-
tion. The average vertical height is around 15 nm. On the
other hand, for the other three Chi/RTIL-Au/Pt nanocom-
posites, different degrees of agglomeration of the NPs are

Figure 2. Typical AFM images of four Chi/RTIL-Au/Pt nanocomposites
obtained on HOPG. A)[C;(OH),mim][Cl]; B)[C;CNmim][BF,];
C) [C;CNmim][Cl]; D) [C;(OCOCH,SH),mim][Cl].
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observed, among which the [C;CNmim][Cl] film (Figure 2 C)
and [C;(OCOCH,SH),mim][Cl] (Figure2D) are more
severe than [C;CNmim][BF,] (Figure 2B), on which the Au/
Pt NPs interconnect compactly with each other. However,
generally speaking, the particle height measured by AFM is
basically consistent with the particle diameter estimated by
SEM. The above results indicate that the structural tuning
of Chi/RTILs may also provide a powerful strategy for pre-
paring various morphologies of metal nanostructures.

It is known that capping agents or cross-linkers play a sig-
nificant role in stabilizing NPs, either by binding strongly to
the NPs through electrostatic attraction or providing great
steric bulk, which can slow down the growth rate of NPs
and thus lead to the formation of smaller particles."! For
some kinds of stabilizers, the lone pair of electrons at the ni-
trogen and oxygen atoms in the groups of the structure can
be donated into two sp hybrid orbitals of the metal ions,
thus forming complex ions.” The competition between the
two mechanisms determines the ultimate size and morpholo-
gy of the particles. In our experiment, Au/Pt NPs were first-
ly attracted from bulk solution onto the Chi/RTIL film,
which were initially sufficiently small and well separated
from each other with little interconnection. Then, the nano-
particles began to grow in size and increase in number.
Whether the particles were stabilized through electrostatic
attraction or coordination with functional groups still needs
to be discussed. For Group I, we take [C;(OH),mim|[BF,]
as an example. A conductivity of 0.68 Sm™' was achieved,
and its stabilized Au/Pt NPs, with a particle size of 2.8 nm,
were well dispersed on the film. We assume that the up-
standing conductivity provides a favorable conducting mem-
brane matrix for stabilizing Au/Pt particles. The increase in
the number of mobile positively and negatively charged ions
is beneficial for strengthening the interaction with AuCl,~
and PtClg~ through electrostatic forces. The conductivity se-
quence in Groupl was [BF,]”>[Cl]” >[PFs] >[Tf,N],
which coincided well with the diameter sequence from the
SEM results. The situation became slightly more complex
for Group II. The listed conductivity sequence deviated to-
tally from the obtained SEM results, indicating the failure of
the electrostatic attraction application in this case. We are
apt to think that the stabilization is probably achieved
through the coordination effect between the two sp hybrid
orbitals of the metal ions and the functional groups of the
RTILs. The ability to coordinate with Au/Pt tailors the final
size of the Au/Pt NPs. For example, the lone-pair electrons
existing on the two hydroxyl groups or the nitrile group in
the structures of [C;(OH),mim][Cl] and [C;CNmim][BF,] or
[C;CNmim][Cl] facilitate the donation of electrons to the
hybrid orbitals of the metal ions, which reinforces the coor-
dination and leads to the formation of well-dispersed small-
er NPs. On the other hand, the relatively poor coordination
ability of carboxyl compared with hydroxyl and nitrile
groups results in the occurrence of NP aggregates. The
known binding capability of SH-terminated functional
groups toward Au NPs is also well exhibited in this work.
Further investigations of the interaction between metal ions
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and functional groups in Chi/RTILs are still in progress in
our laboratory.

Electrochemical techniques were also adopted for further
characterization of the Chi/RTIL-stabilized Au/Pt NPs. The
cyclic voltammetry behaviors of electron-transfer indicators,
such as Fe(CN)s -, were first studied for the nine Chi/
RTIL-Au/Pt modified electrodes and compared with that at
a Au/Pt-modified electrode, as shown in Figure 3A. The
peak-to-peak separations (AE,) are listed in Table 2. The

AT A a
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T T T T T T
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Figure 3. A) Cyclic voltammograms obtained at Chi/RTIL-Au/Pt-GC in
0.1M KClI solution containing 1 mmK;Fe(CN),. I and II represent Groups
I and II. a, b, ¢, d, and e in I correspond to [C;(OH),mim][BF,],
[C3(OH),mim][Cl], bare GC, [C;(OH),mim][PF;], and [C;(OH),mim]-
[TE,N], respectively; a, b, c, d, e, f, and g in II represent [C;CNmim][BF,],
[C;CNmim][Cl], [C;COOHmim][Cl], [C3(OH),mim][Cl], bare GC, [C;-
(OCOCH,SH),mim][Cl], and [C;OHmim][Cl], respectively. B) Nyquist
plots obtained at Chi/RTIL-Au/Pt-GC in 0.1m KCI solution containing
1mm [Fe(CN)¢]**. RTILs a, b, ¢, d, and e in I correspond to
[C3(OH),mim][BF,], [C5(OH),mim][Cl], without Chi/RTIL,
[C3(OH),mim][PF], and [C;(OH),mim][Tf,N], respectively. RTILs a, b,
c, d, e, and f in II represent [C;CNmim]|[BF,], [C;(OH),mim][Cl],
[C;CNmim][Cl], [C;COOHmim][Cl], [C;(OCOCH,SH),mim]|[Cl], and
[C;OHmim][Cl], respectively. Inset graph shows the amplified images for
a, b, and c.

Table 2. Results of electrochemical experiments performed in 0.1m KCI
solution containing 1 mmK;Fe(CN)g for Au/Pt- and Chi/RTIL-Au/Pt-
modified electrodes.

I, [nA] AE,[mV] Electroactive surface
area [107° cm?]
Au/Pt (without RTIL) —27.04 73 122.80
[C5(OH),mim][BF,] —37.51 66 170.35
[C5(OH),mim][PF] —18.64 61 84.65
[C3(OH),mim|[T£,N] -18.02 75 81.83
[C3(OH),mim][CI] —35.86 69 162.85
[C;CNmim][Cl] -36.41 91 165.35
[C,COOH][CI] -21.86 62 99.27
[C;OHmim][Cl] -16.49 63 74.89
[C3(OCOCH,SH),mim][Cl] —17.11 60 717.70
[C;CNmim]|[BF,] —41.51 75 188.51
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quasi-reversible redox behavior of ferricyanide, and near
unity of the anodic-to-cathodic peak current ratio (/)/I}),
which is typical of the reversible process of the redox spe-
cies in solution phase, are observed at Chi/RTIL-Au/Pt- and
Au/Pt-modified electrodes. AE, for the Au/Pt-modified elec-
trode is 73 mV. For Group I (Figure 3 A I), four Chi/RTIL-
based electrodes display different redox behaviors primarily
in terms of their peak currents and AE, values. Among
them, [BF,]” (curve a) and [CI]™ (curve b) show enhanced
peak currents compared with the Au/Pt electrode, with their
AE, values of 69 and 66 mV, respectively. However, less fa-
vorable results are obtained for [PF,]~ (curve ¢) and [Tf,N]~
(curve d), which exhibit much lower peak currents relative
to Au/Pt-GC. The results are in good agreement with the
conductivity sequence. Similar phenomena also occur for
the Chi/RTILs in Group II (Figure 3A II). The peak cur-
rents are in the order [C;CNmim][BF,] > [C;CNmim][Cl] >
[C;COOHmim]* > [C5(OH),mim]* > [Cs-
(OCOCH,SH),mim]|* > [C;OHmim]*, partially coinciding
with the conductivity sequence, except for [C;CNmim][BF,],
the conductivity of which is ranked further back while it
achieves the highest current value in Group II. Moreover,
apart from [C;(OCOCH,SH),mim][Cl] (curvef) and
[C;OHmim][Cl] (curve g), the peak currents for the other
four Chi/RTILs are higher than the bare Au/Pt-GC. This
may be explained by the preferable conductivities and
smaller diameters of Au/Pt NPs stabilized with them. The
poor conductivities of [C;(OCOCH,SH),mim][Cl] and
[C;OHmim][Cl] make them disadvantageous in terms of im-
proving the redox current and promoting electron transfer
between Fe’* and Fe’*. The above results show that the
redox process for a given substance at Chi/RTIL-Au/Pt sur-
faces is tunable as a function of the kind of RTIL.

The influence of the kind of Chi/RTIL on the electron-
transfer rate of [Fe(CN)s* ™~ was also investigated through
electrochemical impedance spectroscopy (EIS), as shown in
Figure 3B. The charge-transfer resistance (R,) of the
[Fe(CN)¢J** redox couple is around 230 Q at the bare Au/
Pt-GC (curve c). This value decreases to 120 and 190 Q for
the [BF,]™- (curve a) and [Cl] -based (curve b) films, respec-
tively, and increases to 300 and 400 Q for [PF¢]~ (curve c)
and [Tf;N]~ (curve d), respectively. In addition, for Chi/
RTILs in Group II (Figure 3B II), electron transfer is great-
ly facilitated at [C;CNmim][BF,]-, [C;(OH),mim]*-,
[C;CNmim][Cl]-, and [C;COOHmim]*-based nanostructure
surfaces, corresponding to R, values of 130, 150, 170, and
200 Q, respectively. However, a tremendous increase in R
is observed for [C;(OCOCH,SH),mim]* and [C;OHmim]™,
with values of 450 and 600 Q, respectively. The distinct dif-
ferences in R at the nine Chi/RTIL-modified nanostructure
surfaces, intrinsically reflecting the ability of the Chi/RTILs
to enhance the electron-transfer rate, are in good agreement
with the results obtained in Figure 3A. The results also
serve as a verification of the accuracy of the detection
method employed in this experiment.
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Comparison of electrochemical responses toward hydrogen
peroxide with different Chi/RTIL-modified electrodes: Most
metal NP electrocatalysts have been evaluated for both the
methanol oxidation and oxygen reduction reactions.”** In
the light of the fact that the functional groups of the Chi/
RTILs have a significant influence on the Au/Pt NP particle
sizes, it is therefore in our interest to investigate what role
these different functionalized Chi/RTILs may play on the
electrocatalytic behavior of some kind of substance. Here,
we take H,O, as the probe. Figure 4 presents a typical set of
LSV curves recorded between —0.5 and +0.6 V at the nine
Chi/RTIL-Au/Pt-GC electrodes in 0.1m PBS (pH 7.4), with
(curve a) and without (curve b) 0.5 mm H,O,. Evident differ-
ences could be seen for the nine electrodes with respect to
the peak shape, the reductive peak potential (E,,), and the
magnitude of the reduction current. The specific reductive
peak potentials and the values of the reduction currents are
given in Table3. On the whole, well-defined reduction
waves between 0 and —02V could be seen at
[C5(OH),mim][BF,]- (Figure 4A), [C;(OH),mim][PF4]- (Fig-
ure 4B), [C;(OH),mim][Cl]- (Figure 4D), [C;COOHmim]
[Cl]- (Figure 4E), and [C;CNmim][Cl]-based (Figure 4F)
electrodes. Of  these, [C5(OH),mim][BF,] and
[C;COOHmim][Cl] show a much more positive reductive
potential in comparison with the other two. Comparatively
speaking, the reductive potential for [C;CNmim][Cl] is rela-
tively broad, suggesting a sluggish redox process for H,O,.
For the other four Chi/RTILs, that is, [C5(OH),mim][Tf,N]
(Figure 4C), [C;OHmim][Cl] (Figure 4G), [Cs-
(OCOCH,SH),mim][Cl] (Figure 4H), and [C;CNmim][BF,]
(Figure 4I), however, the characteristic reduction peaks are
either shaped irregularly or disappeared completely. In light
of the response toward the same concentration of H,O,, the
current responses are arranged in the following orders: for
Group I, the sequence is [BF,]”>[Cl]” >[PFs] >[TfN];
for Group II, the result is [C;(OH),mim]* > [C;COOH]* >
[C;CNmim][Cl] > [C;OHmim]* > [C;CNmim][BF,] > [Cs-
(OCOCH,SH),mim]*. It is notable that, among these nine
Chi/RTIL-based electrodes, the [C;(OH),mim][BF,]-based
electrode shows the most active electrocatalytic behavior
toward the reduction of H,O,, as verified from the favorable
conductivity of 0.68Sm™ and the particle diameter of
2.8 nm for [C5(OH),mim][BF,]. It is generally accepted that
the reduction efficiency is controlled by both the electroac-
tive surface area of the electrode and the conductivity of the
base material. The specific electroactive surface area for
Chi/RTIL-Au/Pt-GC can be calculated according to the
Randles-Sevcik equation [Eq. (1)], in which D is the diffu-
sion coefficient (cm®s™"), n is the electron stoichiometry, C
is the bulk concentration of the electroactive substance, A is
the electroactive surface area (cm?), and v is the potential
scan rate (Vs™).

I, =2.69 x 10°AD"*n*?!2C 1)

Assuming D=1.0x10"cm?’s™!, n=1, v=0.1Vs™!, and
C=1mwm, the electroactive surface areas for all the Chi/
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Figure 4. Comparison of LSV responses of the nine Chi/RTIL-Au/Pt-modified electrodes toward 0.5 mm H,O, [C3(OH)2mim]+_based electro-

in a) 0.5 mm H,0, in PBS, and b) blank 0.1 PBS (pH 7.4). RTILs: A) [C;(OH),mim][BF,], B) [C;(OH),mim]-

des show the best electrocata-

[PF], C)[C,(OH)mim][TE,N], D)[Cy(OH),mim|[Cl]], E)[C;COOHmim][Cl], F) [C;CNmim][Cl], S .
G) [C,OHmim][Cl], H) [C,(OCOCH,SH),mim][Cl], and T) [C;CNmim][BE,]. Iytic activities for the reduction

Table 3. Influence of the nine functionalized RTILs on the diameter (mean=+S.D.),

of H,0, in their respective
groups, the combination of

the surface area of Au/Pt NPs estimated from SEM and AFM analysis, and the differ- these ions does not provide as good electrocatalysis
ent electrochemical responses toward 0.5 mm H,O, obtained from LSV experiments. ~ as expected. Thus, we can draw a further conclusion
Reduction currents were obtained by subtracting the current magnitude measured in  that the electrocatalytic activity can be tuned by

0.5 mm H,O, solution from that in blank PBS solution.

simply, but effectively, selecting an appropriate

Diameter ~ Surface area  Reductive Reduction  combination of cation and anion within the struc-

of Au/Pt of Au/Pt peak current ture of RTILs when employing Chi/RTIL and metal

[nm] [m?g™] potential [nA] . . .

[mV] NP systems. The cations or anions individually

[C.(OH),mim][BF,] 28103 10013 —0 078 cannot determine these properties.
[C;(OH),mim][PF 36.8+10.5 7.62 ~115 6.83
[C5(OH),mim][T£,N] - - - 0.78 Amperometric measurements for H,0, with the
[C;(OH),mim][Cl] 13.7+£2.1 20.47 -100 8.97 [C;(OH),mim][BF,]-Au/Pt-modified electrode: In
[C;CNmim][Cl] 18.4+4.2 1524 ~166 6.21 view of the good catalytic properties of the
[C;COOHmim][C]] 234455 11.98 -70 7.30 . .
[C,OHmim][Cl] 8474142 331 - 263 [C3(OH)2mlm] [BF,]-Au/Pt nagomaterlz-ils character-
[C,(OCOCH,SH),mim]  19.7+£7.3 14.23 _ 0.98 ized above, the amperometric detection of H,0,
(1 with [C3(OH),mim][BF,] was implemented, as
[C,CNmim][BF,] 14.6+48 19.21 - 2.60

shown in Figure 5.

RTIL-Au/Pt based electrodes were calculated, and are sum-
marized in Table 2. It is evident from the results that the
modification of Au/Pt NPs onto the Chi/RTIL films plays a
key role in enhancing the electroactive surface area. In addi-

Firstly, to investigate whether the co-fabrication

of [C5;(OH),mim][BF,] and Au/Pt nanocomposites

onto a bare GC electrode could enhance the amperometric
response toward H,O,, we recorded the current responses
with  [C;(OH),mim][BF,]-Au-  (Figure SA  curve a),
[C;(OH),mim][BF,]-Au/Pt- (curve b), [C;(OH),mim][BF,]-
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0.43 (I [nA]=1.66C [um] +3.36,
o e 1o 10 2w g T 600 R?=0.994), with a sensitivity of
Time / 5 Time /s (3.36+1.02) nAum . The

Figure 5. A) Current-time responses toward 50 pm H,O, in 0.1m PBS (pH 7.4) at a) [C;(OH),mim][BF,]-Au-,
b) [C;(OH),mim][BF,]J-Au/Pt-, c) [C;(OH),mim][BF,]-, and d) [C;(OH),mim][BF,]-Pt-modified electrodesata 5 um to
working potential of —200 mV. B) Dependence of the responses of the [C;(OH),mim|[BF,]-Au/Pt electrode to
50 um H,O, on different working potentials from —300 to +50 mV. Current-time plots of [C;(OH),mim]-
[BF,]-Au/Pt-modified electrode on successive addition of specific concentrations of H,0, from C) 0.1 to

12 pm, and D) 5 to 250 pum at a working potential of —200 mV.

(curve ¢), and [C;(OH),mim][BF,]-Pt-modified (curve d)
electrodes at —200 mV toward 50 pm H,0, in a well-stirred
PBS solution (0.1M, pH 7.4). No visible reduction current is
found with the [C;(OH),mim|[BF,]-modified electrode, and
only about 50 and 70nA of current responses at
[C5(OH),mim][BF,]-Pt- and [C;(OH),mim][BF,]-Au-modi-
fied electrodes, respectively, are observed with each addition
of 50 um H,O,. The reduction current is increased almost
sixfold to about 300 nA at the [C;(OH),mim][BF,]-Au/Pt-
modified electrode compared to the other three electrodes.
This result is associated with the excellent electrocatalytic
activity of the Au/Pt alloy toward H,O, reduction. Mean-
while, the electrocatalytic activity of Au/Pt alloy NPs has
been proved to be better than their monometallic counter-
parts, which could be ascribed to the synergistic effect of Au
and Pt in the alloy NPs.

Figure 5B shows the dependency of the amperometric re-
sponses of [C;(OH),mim][BF,]-Au/Pt-modified electrode
toward 50 um H,O, on different working potentials. The
measurements were made in a stirred buffer solution, and
the currents were recorded point by point at each potential
from 450 to —300 mV. As shown, the amperometric current
responses increase slowly with the increase of operating po-
tential from +50 to —50 mV. Then it starts to rise rapidly
from —100 to —300 mV. Considering the fact that, with the
negative shift of the potential, the noise of the background
also increases and the interferences from oxygen and ascor-
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second range is linear from
025mm (I [nA]=
0.91 C [um] +20.09, R*=0.999),
with a sensitivity of (20.09+
1.93) nApm . Moreover, the
detection limit, estimated to be
60 nm (S/N=3), is much lower
than those published previously.*>*? This wide linear range
and low detection limit can be ascribed to the good conduc-
tivity of [C;(OH),mim][BF,] and the high electrocatalytic
activity of the Au/Pt nanocomposite.

Additionally, the selectivity for the determination of H,O,
with the [C;(OH),mim][BF,]-Au/Pt-modified electrode was
also evaluated (Figure S1, Supporting Information). Ascor-
bic acid (AA) and dopamine (DA) are considered to be the
major interferences both to an online sensor and to an in
vivo probe, because of their high concentrations and low ox-
idation potentials. The results show that the physiological
concentrations of 0.2 mm of AA and 10 um of DA do not
produce measurable current responses at the operating po-
tential of —200 mV in the presence of H,O,, which indicates
that the measurement of H,O, is essentially free from the
interference of these electroactive species, thus providing a
reliable way to detect real biological samples in the future.

The reproducibility of the response of the [C;(OH),mim]-
[BF,]-Au/Pt electrode to 50 um H,0O, was also examined
(Figure S2, Supporting Information). The RSD value for the
amperometric currents (n=30) is 2.21 %, indicating excel-
lent repeatability under the mentioned conditions. More-
over, the biosensor retains almost 86 % of its initial activity
after being stored at +4°C for two weeks, demonstrating its
excellent long-term stability.
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Conclusion

Chi/RTIL-stabilized Au/Pt alloy NPs with controllable sizes
in the range of 2.8 to 84.7nm were prepared in situ by
tuning the functional groups in the RTIL structures. Subse-
quently, not only the particle size, but also the electrochemi-
cal process of potassium ferricyanide on Chi/RTIL-Au/Pt
nanocomposite films, was shown to depend strongly on the
structure of the RTIL with respect to reversibility, peak cur-
rent, and electron-transfer rate. In addition, the electrocata-
lytic activity of Chi/RTIL-Au/Pt films toward H,O, could
also be tuned by employing different RTILs as the base ma-
terial. The electrochemical properties of Chi/RTILs are de-
pendent on the combination of cations and anions, not on
either of them individually. The present study provides a
methodology for achieving the highest catalytic activity for
a certain substance using functionalized RTILs and metal
NPs. More importantly, the facilitated electron transfer and
the intrinsic catalytic activity of Au/Pt NPs showed that the
functionalized RTILs can act as highly effective media for
the preparation and stabilization of metal nanoparticles,
thus providing another facile route for the development of a
non-enzyme H,O, biosensor with high sensitivity and long
stability.

Experimental Section

Reagents: N-Methylimidazole, 3-chloro-1,2-propanediol, NH,PFg, lithium
bis[(trifluoromethyl)sulfonyl]imide, 3-chloro-1-propanol, and methyl 4-
chlorobutyrate were all obtained from Shanghai Darui Finechemical Co.
(China). Hydrogen tetrachloroaurate hydrate (HAuCls3H,0, 99.9%,
1g/5mL) and hexachloroplatinate (H,PtCly6H,0, 99.9%, 1g/5mL)
were obtained from Shanghai Chemical Reagent Company (Shanghai,
China). 30% H,0, was obtained from Beijing Chemical Co. (China). All
other reagents were of at least analytical grade and used without further
purification. The chitosan solution (0.5%) was prepared by dissolving
chitosan (0.050 g) in acetic acid solution (2.0m, 10 mL). The supporting
electrolyte was 0.1 M phosphate buffer solution (PBS) prepared with 0.1M
Na,HPO, and 0.1m KH,PO,, and the pH value was adjusted to 7.4 with
NaOH. All other solutions were prepared with doubly distilled water.

Instr ts and r ts: The morphologies of the nine functional-
ized RTIL-based Chi/RTIL-Au/Pt nanocomposites were studied on a
BioScope atomic force microscope (AFM) (NanoScope Illa SPM
System, Digital Instruments, Inc., USA) and scanning electron micro-
scope (SEM) (Hitachi Co. Ltd., Tokyo, Japan). AFM measurements were
carried out in air in tapping mode using standard silicon AFM probes
(Mikromasch Ultrasharp NSC11/AIBS) having cantilever spring con-
stants of 1.5-5.0 Nm~! and resonance frequencies from 45 to 75 kHz. Ele-
mental analyses (carbon, hydrogen, and nitrogen) were performed using
a CE Instruments EA-1110 elemental analyzer. The thermal decomposi-
tion temperatures (7) for a 5% weight loss were assessed by employing
a TGA 851e/SF/1100 analyzer at a heating rate of 10°Cmin™' under a
flowing N, atmosphere. NMR spectra were measured on a Bruker DMX
400 instrument, using SiMe, for 'H and *C NMR as an external standard
at 25°C. Viscosities were measured with an Ubbelohde viscometer. The
temperature of the samples was maintained at (25+1)°C by means of an
external temperature controller. The measurements were performed
three times and an average value was obtained. Conductivity measure-
ments were performed in a two-platinum-electrode conductivity cell (cell
constant K, =0.68, determined by aqueous KCIl standard solution),
under thermostated bath conditions. The measurement was repeated
three times and the average value was calculated. The amounts of traces
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of Cl” in [C3(OH),mim|[BF,], [C;(OH),mim][PF], [C;(OH),mim][Tf,N],
and [C;CNmim][BF,] were measured using the Vollhard method. Elec-
trochemical experiments were performed on a CHI 832 electrochemical
workstation (CHI Company, USA), with a conventional three-electrode
system composed of a platinum wire as the counter electrode, a saturated
calomel electrode (SCE) (Jiangsu Electroanalytical Instruments Factory,
China) as the reference electrode, and a bare or modified glassy carbon
electrode as the working electrode.

Preparations of Chi/RTIL-stabilized Au/Pt nanostructures and Chi/
RTIL-Au/Pt electrodes: Nine Chi/RTIL-stabilized Au/Pt nanostructures
were prepared through electrochemical deposition. Before modification,
a glassy carbon electrode (2x1.5cm) was polished with alumina paste
(0.05 um) on a microcloth, subsequently cleaned ultrasonically with ace-
tone, NaOH (1:1), HNOj; (1:1), and doubly distilled water, and then
dried at room temperature ((25+1)°C). For the preparation of Chi/
RTIL-stabilized Au/Pt nanostructures, the nine functionalized RTILs
(10 uL) were first respectively dispersed in chitosan (1 mL, 0.5%) solu-
tion with the aid of ultrasonic agitation to form well-distributed mixed
solutions. Then, 5 pL of the mixture was dropped onto the cleaned glassy
carbon electrode, and was allowed to dry at ambient temperature. Elec-
trochemical deposition of Au/Pt NPs was performed in H,SO, (0.5m)
aqueous solution containing HAuCl, (81 pm) and H,PtClg (0.16 mm). The
potential was set at —1.0 V and the deposition time was 50 s. To decrease
the size and prevent the aggregation of the Au/Pt NPs, the electrodeposi-
tion procedure was performed in an ice-bath environment, and ultrasonic
irradiation was applied to give a more uniform composition. The result-
ing RTIL-Au/Pt electrodes were carefully rinsed with doubly distilled
water and allowed to dry at room temperature. When the modified elec-
trodes were not in use, they were stored at 4°C.
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