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ϰ͘ϭ/EdZKhd/KE
Ionic liquids (ILs) are low-melting-point salts, thus forming
liquids that consist only of cations and anions. They are often
applied to any compounds that have a melting point less than
ͳͲͲιǤ  ϐ  ǡ  ǡ   
Walden, seems to have generated little interest; it was not until
the 1980s that the physical and chemical properties of this salt
  ȏͳȐǤ        
    Ǧ  Ǧ
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ILs of interesting properties. For the overall environmental
impact and economics, they were employed as solvents
for electrochemistry [2–8], analytical chemistry
[9],
   ȏͳͲȂͳͶȐǡ Ȁ  
extractions [15–17], dissolution [18–20], catalysis [21–25], and
polymerization [26]. In electrochemistry, they show relatively
wide potential window and high conductivity and allow studies
to be undertaken without additional supporting electrolyte
[27]. Thus various applications including in electrodeposition,
electropolymerization, capacitors, Li-ion batteries, and solar cell
have been intensive investigated [28]. ILs have also offered many
opportunities in electroanalytical chemistry [29]. Particularly,
 Ǧ ϐ         
structures and properties of ILs can be easily tuned by selecting
proper combination of organic cations and anions. Equally
importantly, these unique properties of ILs could be extended to
  Ǧ ϐ  ǦǤ
solvents, it would greatly expand the potential application of ILs.
As excellent reviews exist describing ILs for analytical chemistry,
electroanalytical chemistry or electrochemistry [9, 28–31], here
we will focus on the imidazolium-based IL-materials and their
applications in electroanalytical chemistry from our laboratory as
well as other groups.

4.2 ELECTROSYNTHESIS
ILs show a relatively wide potential window and high conductivity
and allow studies to be undertaken without additional
supporting electrolyte. Recently, Aida et al. have reported
sing-walled carbon nanotubes (SWNTs) could be considerably
    ϐ      Ǧ
linked in ILs [32]. Thus, we were motivated to design a kind of
RTIL-supported three-dimensional network SWNT electrode
(as shown in Fig. 4.1a) [33]. The advantage of bucky gels of ionic

ůĞĐƚƌŽƐǇŶƚŚĞƐŝƐ

liquids and SWNTs for the electrochemical functionalization
of SWNTs is that the ionic liquid acts as both a dispersant of
SWNTs and a supporting electrolyte. More important, it
would greatly increase the effective surface area of the SWNT
electrode, and the homogeneous electrochemical functionalization
of the SWNTs performed well even in large quantities. This
is rare for conventional electrochemical functionalization of
SWNTs because the reaction occurs locally on a limited surface of
bundled SWNTs deposited on metal electrodes. N-succinimidyl
acrylate (NSA), as a model monomer, which bears an active ester
group, was ground into a gel of ILs and SWNTs, and the
mixture was placed onto gold electrode. NSA was electrografted
and polymerized onto SWNTs (SWNTs-poly-NSA) by applying
a reduction potential to the electrode (Fig. 4.1b). The active
ester groups in the grafted poly-NSA can be utilized for further
functionalization. For example, by the reaction with glucose
 ȋ Ȍǡ  ϐ       
activity toward glucose can be fabricated, which could be utilized
as biosensor toward glucose (Fig. 4.1c). Similarly, Wei et al.
have utilized the same method to functionalize SWNTs with
polyaniline [34].
In addition, ILs could also be used as both solvent and
electrolyte for the electrodeposition of copper [35, 36],
aluminum [37, 38], tantalum [4], platinum [39], silver [40, 41],
gold [40–42], and silicon [43]. For example, Endres et al. have
reported the electrodeposition of nanocrystalline metals and
alloys, such as aluminum from ILs, which previously could not
be electrodeposited from aqueous or organic solutions. This
method enabled the synthesis of aluminum nanocrystals with
average grain sizes of about 10 nm, Al–Mn alloys, as well as
Fe and Pd nanocrystals [4] (as shown in Fig. 4.2).
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(a)

(b)

(c)

Figure 4.1 (a) Electrochemical functionalization at the SWNTs paper
electrode (I) and our 3D network SWNTs electrode (II). (b) Schematic
illustration of grafting NSA on SWNTs via electrochemical initiation and
(c) LSV curves of electrocatalyzed oxidation of glucose in 0.05 M PBS
(pH 7.4) on the SWNTs-poly-NSA-GOD electrode at different concentrations
of glucose: 0, 4, 8, 12, 16, 20 mM from bottom to up. Inset is calibration
curve corresponding to amperometric responses at the SWNTs-poly-NSAȋȌǦǦȋȌϐ Ǥ 
ǣ ͷͲ Ȁ. Reprinted with permission from Ref. [33]. Copyright 2005
American Chemical Society.

ůĞĐƚƌŽƐǇŶƚŚĞƐŝƐ

(a)

(b)

Figure 4.2 (a) schematic representation of electrodeposition of Al in ILs
and (b) Upper curve: XRD pattern of nanocrystalline Al with a grain size
 ͳʹ ά ͳ    ͵Ȁȏ Ȑ+Cl ȋͷͷȀͶͷ ΨȌǤ 
curve: Microcrystalline reference sample . From Endres, F., Bukowski, M.,
Hempelmann, R., and Natter, H. (2003). Electrodeposition of nanocrystalline
metals and alloys from ionic liquids. Angew.Chem. Int. Ed., 42, pp.
3428–3430. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission.
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4.3 FUNCTIONALIZATION OF IONIC LIQUIDS FOR
EASE IMMOBILIZATION
With the development of the synthesis of ILs, the price of ILs
has been greatly decreased. However, considering the economic
criteria, the ease of separation and increasing the recycle
times, the immobilization of ILs on the solid supports is highly
desirable. The immobilization process transferred the desired
properties of ILs to the solid supports. And more important,
 ǡ ϐ          
the electrode substrate have greatly hindered research on the
electrocatalysis of ILs. It was reported that the ILs can be bound
to a surface by either covalent bonds or noncovalent
interactions between the ILs and the surface. Mehnert
 Ǥ  ϐ       Ǧ 
ǡ       Ȁ2 surface
was functionalized with alkyl siloxane appendages (Fig. 4.3)
[24, 44]. Similarly, ionic species were immobilized on the surface of
mesoporous nanostructured silicas by Moreau et al. (Fig. 4.4) [45].
Lee and coworkers [46] have proposed a method to immobilize
ILs on gold surface, which was based on self-assembly with
imidazolium ions bearing alkyl thiol (Fig. 4.5a). Interestingly,
simply by anion exchange, the wettability of gold surface could
be facilely controlled (Fig. 4.5b). Huck et al. developed IL based
polyelectrolyte brushes, which were anchored on Au surface
via thiol initiator, e.g., BrC-(CH3)2COO(CH2)6SH. Further by ion
exchange with ferricyanide ions ([Fe(CN)6]3) as redox probes,
    ϐ     
         Ǧ ϐ
electroactive species and the redox counterions, as ferricyanide
species form stable ion pairs with the quaternary ammonium
groups of the brush (Fig. 4.6) [47]. In a noncovalent way, Mao
et al. have reported that ILs could be directly immobilized on
the glassy carbon electrode (GC) by casting and observed the
electrocatalytic activity toward ascorbic acid (AA) and the
capability to facilitate direct electron transfer of horseradish
peroxidase (HRP) (Fig. 4.7) [48]. Dong et al. have reported

&ƵŶĐƟŽŶĂůŝǌĂƟŽŶŽĨ/ŽŶŝĐ>ŝƋƵŝĚƐĨŽƌĂƐĞ/ŵŵŽďŝůŝǌĂƟŽŶ

Ǧ  Ǧ ϐ     ϐ 
electron transfer between the electrode and the horseradish
peroxidase (HRP, Fig. 4.8) [49].

(A)

(B)

Figure 4.3 Immobilization of chloroaluminate-based ionic liquid by
grafting of imidazolium chloride (A) and the scheme of the concept of
supported ILs (B). From Mehnert, C. P. (2005). Supported ionic liquid
catalysis. Chem. Eur. J., 11, pp. 50–56. Copyright Wiley-VCH Verlag GmbH &
Co. KGaA. Reproduced with permission.
(A)

(B)

Figure 4.4 Schematic (A) and TEM image (B) of Immobilization of
ionic species on the surface of mesoporous nanostructured silicas [45].
Reproduced by permission of The Royal Society of Chemistry.
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(a)

(b)

Figure 4.5 Self-assembled monolayers presenting imidazolium ions at the
tail ends on Au having different anions (a) and the effects of counteranions
on surface hydrophilicity and hydrophobicity (b). Reprinted with permission
from Ref. [46]. Copyright 2004 American Chemical Society.

(a)
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(b)

Figure 4.6 (a) Schematic representation of IL-based polyelectrolytes
brushes. (b) Cyclic voltammogram corresponding to electroactive brush (14
nm). Qǣ͵ͲȀǤ ǣͷǤ ǣ 
cathodic peak currents versus Q. Reprinted with permission from Ref. [47].
Copyright 2007 American Chemical Society.

Figure 4.7 CVs for the oxidation of AA (1.0 mM) at bare (curve a) and
ͳǦǦ͵Ǧ   ȋȏ ȐȏȐȌǦϐ ȋ  Ȍ
GC electrodes in 0.10 M phosphate buffer. Curves a and b represent CVs
obtained at the above electrodes in the same solution containing no AA.
Scan rate, 100 mV s1. Reprinted with permission from Ref. [48]. Copyright
2005 American Chemical Society.
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Figure 4.8        ȀȀͳǦǦ͵Ǧ
ϐǦϐ  
in 0.1 M phosphate buffer solution (pH = 7.00) under nitrogen. The scan
ͲǤͳȀǤǤȏͶͻȐǤʹͲͲͶ
American Chemical Society.

Our strategy for solving above challenge involves preparation
of the polyelectrolyte-supported ILs (PFIL, Fig. 4.9) [50] It was
noted that polyelectrolyte could be easily immobilized onto many
substrates through various methods such as electrophoresis, layerby-layer (LbL) assembly and casting, etc. Therefore, it would be
helpful for us to immobilize ILs facilely on general substrates with
the aid of polyelectrolyte as carrier. Thus, the ILs could be easily
immobilized on the substrate with the aid of polyelectrolyte. As
illustrated, the direct electrocatalytic activity of the PFIL toward
the oxidation of E-Nicotinamide adenine dinucleotide (NADH) was
ϐǤ ǡ ǡ
electrochemically controlled tunable surface was also constructed.
Such design of PFIL provided more general approaches to immobilize
IL on any solid supports in spite of any size and shape, and it would
   ϐ        Ǥ 
practical advantage of the PFIL material was technically attractive
   ǡϐ 
toward the application of IL wherever in surface chemistry or in
catalytic chemistry.

&ƵŶĐƟŽŶĂůŝǌĂƟŽŶŽĨ/ŽŶŝĐ>ŝƋƵŝĚƐĨŽƌĂƐĞ/ŵŵŽďŝůŝǌĂƟŽŶ

(A)

(B)

Figure 4.9 (A) Cyclic voltammograms for 0.5 mM NADH in phosphate buffer
ȋͲǤͲͷǡ αǤͶȌ ǦϐȋȌǡϐȋȌϐ ǡ
ȋͲǤͲͷǡ αǤͶȌ Ǧϐϐ
GC (c). Inset shows scheme of PFIL. (B) Reversible change in wettability
      ϐ     ͳͲ   6 or NaCl
solution. Working potential: +0.3 V; time scanning: 600 s [50]. Reproduced
by permission of The Royal Society of Chemistry.
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Figure 4.10 The cyclic voltammograms of the blank ITO electrode (1)
ȀȋȀȌͳͲ  ϐ ȋʹȌ  Ȁȋ ȀȌͳͲ 
ϐ ȋ͵ȌͲǤͳ2 at the scan rate
 ͷͲ Ȁ     ͲǤʹͷ  2O2 (A); Steady-state response of
Ȁȋ ȀȌ ͳͲ        ͲǤʹͷ  2O2
into stirring 0.1 M KCl solution. (Applied potential: 0.1 V vs. Ag|AgCl
in saturated KCl.) Inset: the calibration curve (B) Reproduced with
permission from Ref. [51]. Copyright Elsevier (2008).

&ƵŶĐƟŽŶĂůŝǌĂƟŽŶŽĨ/ŽŶŝĐ>ŝƋƵŝĚƐĨŽƌĂƐĞ/ŵŵŽďŝůŝǌĂƟŽŶ

Figure 4.11  ȋȌ Ǧ   ȋȌ ȀȂȀ   ȋȌ
Ȁ ȀȂȀ          
  ȋͲǤͶ Ȁ   ȌǤ  ǣ ͳǤͲͷ  Ǥ
ȁ ȋ  ȌǤ    ϐ     
addition of glucose. (B) Calibration curves of the above (a), (b) electrodes.
Reproduced with permission from Ref. [52]. Copyright Elsevier (2007).

From another point of view, polyelectrolyte functionalized
IL was also a novel kind of polyelectrolyte. Thus, many traditional
applications of polyelectrolytes would be possible for such PFIL
and some unique properties derived from ILs would also be
 Ǥ  ǡ  ϐ      
(PB) nanoparticles were fabricated on the ITO substrate through
electrostatic layer-by-layer assembly method [51]. The obtained
 Ȁ     ǡ  
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range, and high sensitivity (even to 107 M) for the amperometric
analysis of hydrogen peroxide, which was superior to a similar Poly
ȋ Ȍ ȋȌȀ  
the control experiments (Fig. 4.10). It indicated that the PFIL on the
ϐ    
reduction of hydrogen peroxide.
Similarly, polyelectrolytes functionalized IL could be
incorporated into a sol–gel organic–inorganic hybrid material
ȋ ȀȂȌ Ǧϐ  
    ϐ   ȏͷʹȐǤ  
GOD on a glassy carbon electrode, an enhanced current response
toward glucose was obtained, relative to a control case without
PFIL. In addition, chronoamperometry showed that electroactive
mediators diffused at a rate 10 times higher in the apparent diffusion
ϐ    Ǧ    ȋ Ǥ ͶǤͳͳȌǤ  ϐ
suggest a potential application in bioelectroanalytical chemistry.

ϰ͘ϰ>dZK>zdͳ&Z>dZK,D/^dZz
It is common practice that electrochemical experiments should
be conducted in the presence of supporting electrolytes. However,
within last few years, the general necessity to add an excess of
supporting electrolyte has been questioned, and it is desirable
to consider even the necessity of using a supporting electrolyte
in various cases. Some promising methods for electrolyte-free
electrochemistry such as with ultramicroelectrodes (UMEs) or their
ϐ Ǧ  ϐ
have been developed. We have reported an alternative pathway
    Ǧϐ   ȋ Ǥ ͶǤͳʹȌ ȏͷ͵ȐǤ  
PFIL material combines features of ionic liquids and traditional
polyelectrolytes. The IL part provides high ionic conductivity and
ϐ Ǥ 
good stability in aqueous solution and capability to be immobilized
on different substrates. The electrochemical properties of such a
 Ǧϐ       Ǧ
solution have been investigated by using an electrically neutral
electroactive species, hydroquinone (HQ) as the model compound.

ůĞĐƚƌŽůǇƚĞͲ&ƌĞĞůĞĐƚƌŽĐŚĞŵŝƐƚƌǇ

 ϐ  ϐ   
ϐ  ͲǤ͵ͶͶǤͶ×106 cm2 s1, respectively.
Electrochemistry in PFIL is similar to electrochemistry in a solution
of traditional supporting electrolytes in the solution, except that the
     ϐ 
the electrode. PFIL is easy to be immobilized on solid substrates,
   Ǥ Ǧϐ 
 ϐ  
detection in solution without supporting electrolyte. Similarly,
       Ǧ ϐ
electrodes without added support electrolytes [54].
(a)

(b)

(c)

Figure 4.12 Illustration of the electrochemical process of the analytes
   Ǧϐ        Ǧ
solution (a); amperometric responses of repeated injection of a 20 PM HQ
solution (b); amperometric response of HQ at different concentrations.
       ͳǤͶ Ǧ   Ǧϐ  
assembly at +0.3 V. Double-distilled water was used as the carrier solution.
Flow rate: 1 mL min1 (c) [53]. Reproduced by permission of The Royal
Society of Chemistry.
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(a)

(b)

Figure 4.13 Structure of (a) PVA-g-VIC4Br and (b) solid-state DSSC.
Reproduced with permission from Wei, D., Unalan, H. E., Han, D. X.,
Zhang, Q. X., Niu, L., Amaratunga, G., and Ryhanen, T. (2008). A solid-state
dye-sensitized solar cell based on a novel ionic liquid gel and ZnO
    ϐ  Ǥ Nanotechnology, 19, pp.
424006–424010.

Actually, PFIL on the electrode assembly offered a suitable
electrochemical microenvironment for electrochemical reaction; in
this case, it was not absolutely electrolyte free. Thus, it also hints
functionalized IL could be used as solid-state electrolyte for some
 ϐ   ǡ     Ǥ  ͶǤͳ͵   
ǦǡϐǡǦ ȋȌ
ionic liquid gel (PVA-g-VIC4Br), organic dye, ZnO nanoparticles, and
  ϐ      ȋȌ
substrate [55]. It would pave the way for the development of a
 ǦǦ         ϐ
and lightweight DSSCs.

/>ƐͲĂƐĞĚDƵůƟĨƵŶĐƟŽŶĂůŽŵƉŽƵŶĚƐĨŽƌůĞĐƚƌŽĐĂƚĂůǇƐŝƐĂŶĚŝŽƐĞŶƐŽƌƐ

4.5 ILÝͳ^Dh>d/&hEd/KE>KDWKhE^&KZ
ELECTROCATALYSIS AND BIOSENSORS

(a)

(b)

Figure 4.14 (a) Examples of cations and anions commonly used for the
formation of ionic liquids and SWNT-IL-X. (b) Cyclic voltammograms (CVs)
Ǧ Ǧϐ  ȋd = 3 mm) at different scan rate
in 0.5 M H2SO4. Scan rate: 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8
and ʹǤͲȀǤ ȋȌ
and peak potential (triangle) of the third reduction wave as a function of
scan rate. From Zhang, Y. J., Shen, Y. F., Yuan, J. H., Han, D. X., Wang, Z. J.,
Zhang, Q. X., and Niu, L. (2006). Design and synthesis of multifunctional
materials based on an ionic-liquid backbone. Angew. Chem. Int. Edit., 45, pp.
5867–5870. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission.

One of the most fantastic features of ILs is that their properties can
be easily and well tuned by rationally selecting proper combination
of organic cations and anions. That also means that we can delicately
utilize one ionic component to deliver a unique function and the
other ionic component to deliver a different, completely independent
function. Moreover, the components and their combination of
anions and cations are various, for example, the cation of ILs can
have several substituting groups (R1, R2, R3, etc., as shown in
Fig. 4.14a) and these substituting groups are tunable. Therefore, it
offers us a promising and facile way to combine individual functions
into a target compound. In contrast, for a commonly seen compound,
to achieve this multifunctional combination would encounter all
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    Ǥ     ϐ 
ILs by selecting SWNT (R1) as a model substituting group of the
imidazolium cation, and Br, PF6, BF4, polyoxometalates (POMs),
and even glucose oxidase (GOD) as the counter-anions (Fig. 4.14a,
SWNT-IL-X) [56]. The properties of SWNT and the various anions
were facilely and successfully delivered into the resulting compounds.
For example, the rich redox activity was also successfully transferred
into SWNT-IL-POM merely by a simple and facile anions exchange.
  Ǧ ϐ Ǧ Ǧ     Ǧ
ϐ         ʹ Ȁ ȋ Ǥ ͶǤͳͶȌǡ  
was presumably attributed from electron conduction of SWNT, ionic
conduction of IL, and redox conduction of POM. It was unusual for an
often-seen compound in electrochemical systems.

(a)

(b)

Figure 4.15 (a) SECM arrangement (not to scale) for feedback measurement
ȋȌǦ Ǧ ȋȌȀ  Ǣ
(b) Experimental approach curves (CHI 900) for a tip in aqueous solution
  Ǧ Ǧ  ȋ Ȍ   ȋ Ȍ Ȁ 
interface. Currents are normalized to the steady-state diffusion limiting
current, iǡλ and distance to tip radius. The aqueous solution contained 0.5
mM Ru(NH3)63+ and 100 mM KCl. The tip (Pt, 10 Pm radius, RG = 10) was
held at 0.35 V vs. Ag|AgCl (saturated KCl) for Ru(NH3)63+ reduction and
approached at 1 PȀǤ  ȏͷͺȐǤ 
by permission of The Royal Society of Chemistry.

Moreover, due to the controllable wettability by counteranion exchange [56, 57], SWNT-IL-Br, which was both hydrophobic
  ǡ     Ȁ    
controllable manner, i.e., from monolayer to multilayers [58]. Thus,
    Ǧ  Ȁ    

/>ƐͲĂƐĞĚDƵůƟĨƵŶĐƟŽŶĂůŽŵƉŽƵŶĚƐĨŽƌůĞĐƚƌŽĐĂƚĂůǇƐŝƐĂŶĚŝŽƐĞŶƐŽƌƐ

electron transfer, one of the most fundamental chemical processes
across the interfaces. It will promote both fundamental electron
   ϐ 
Ȁ Ǥ  ǡ    
       Ȁ    
scanning electrochemical microscopy (Fig. 4.15).
(a)

(b)

Figure 4.16        ȀǦ Ǧ
GOD electrode in 0.05 M N2 saturated PBS solution at different scan rates.
Scan rate: 0.02, 0.05, 0.1, 0.15, 0.2 V s–1 from inner to outer. Inserted is
the calibrated plot of peak currents versus scan rates (a) (reprinted from
Biosens. Bioelectron., 23, Zhang, Y., Shen, Y., Han, D., Wang, Z., Song, J., Li, F., and
Niu, L., Carbon nanotubes and glucose oxidase bionanocomposite bridged
by ionic liquid-like unit: Preparation and electrochemical properties,
438–443, copyright 2007, with permission from Elsevier). Cyclic
     ȀǦ Ǧ     
concentrations (2, 4, 6, 8, 10, 12, and 14 mM) of glucose PBS solution
saturated with O2. The inset is the calibration curve (R = 0.994) corresponding
to amperometric responses at –0.49 V. Scan rate: 0.05 V s–1 (b) (reprinted
with permission from Ref. [60], copyright 2009 American Chemical Society).
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For its potential bioelectroanalytical and biomedical application,
integration of carbon nanostructures such as CNTs and graphene
nanosheets with biomolecules such as redox enzyme is highly
anticipated. Therein, carbon nanostructures are expected to act
not only as an electron transfer promoter or mediator, but also as
substrates for biomolecules immobilization. Based on ionic liquidbackbone, a novel immobilization method for biomolecules on
carbon nanostructures could also be achieved via ionic interaction,
which is of universality and widespread use in biological system.
As illustrated, glucose oxidase (GOD) and SWNTs and graphene
nanosheets were integrated into one bionanocomposite with the aid
of ionic liquid-like unit on functionalized SWNTs [59] or PFIL wrapped
Polyvinylpyrrolidone (PPV)-graphene [60]. Results indicated that
the ionic liquid-like unit on SWNTs, which did not depend on pH,
 ϐ
  ϐ   
(Fig. 4.16). The direct electrochemistry of GOD was also achieved on
PFIL wrapped Polyvinylpyrrolidone (PVP)-graphene (Fig. 4.16a).
ǡǦ ǡ ϐ 
substrate-enzyme bioactivity of GOD in the bionanocomposites
was reserved, which could be utilized to build the electrochemical
biosensor toward detection of glucose (Fig. 4.16b).

Figure 4.17 Illustration of the preparation procedures of CNT-IL-Au
Reprinted from Carbon, 46, Wang, Z., Zhang, Q., Kuehner, D., Xu, X., Ivaska, A.,
and Niu, L., The synthesis of ionic-liquid-functionalized multiwalled carbon
nanotubes decorated with highly dispersed Au nanoparticles and their use
in oxygen reduction by electrocatalysis, 1687–1692, copyright 2008, with
permission from Elsevier.

Similarly, nanoparticles (NPs) could also be integrated in to
nanocomposites based on the ILs-backbone. The approach involved
the functionalization of CNTs with amine-terminated ILs and in

/>ƐͲĂƐĞĚDƵůƟĨƵŶĐƟŽŶĂůŽŵƉŽƵŶĚƐĨŽƌůĞĐƚƌŽĐĂƚĂůǇƐŝƐĂŶĚŝŽƐĞŶƐŽƌƐ

situ reduction of HAuCl4 without any additional step to introduce
other reducing agents (Fig. 4.17) [61]. This composite material
showed good electrocatalytic activity toward reduction of oxygen.
 ǡ      ϐ  
presence of ILs and the small size of gold nanoparticles increase the
electrocatalytic activity of CNTs greatly.
(a)

(b)

Figure 4.18  ȋȌ       ϐ      
ȀǦ Ǥ ǣ ǡ ǣ
ʹǡʹ̵ǦǤȋȌ ȀǦ ǡȀ
ǡ ȀǦ ǡ  Ȁ     
at 0.50 V in nitrogen-saturated 0.5 M H2SO4 + 1.0 M CH3OH aqueous
solution. From Wu, B. H., Hu, D., Kuang, Y. J., Liu, B., Zhang, X. H., and
Chen, J. H. (2009). Functionalization of carbon nanotubes by an ionic-liquid
polymer: dispersion of Pt and PtRu nanoparticles on carbon nanotubes and
their electrocatalytic oxidation of methanol. Angew. Chem. Int. Edit., 48,
pp. 4751–4754. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission.
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Besides, ILs unit could be attached to the sidewall of CNTs by
radical grafting, in which acid-oxidation pretreatment of CNTs could
be avoided. Chen et al. reported that thermal-initiation free radical
polymerization of the IL monomer 3-ethyl-1-vinylimidazolium
ϐȋȏ Ȑ 4) on the CNT surface (Fig. 4.18a) [62].
Then under similar method, the Pt and PtRu nanoparticles with
narrow size distribution (average diameter: (1.3 ± 0.4) nm for PtRu,
(1.9 ± 0.5) nm for Pt) are dispersed uniformly on the CNTs and
show better performance in methanol electrooxidation than that
without ILs units (Fig. 4.18b).

4.6 ILÝͳWZKddEEK^dZhdhZ^^
>dZKd>z^d^&KZ^KD<zZd/KE^
It was noted that without CNTs, very small Au NPs with an
average diameter 1.7 nm could be obtained, where the Au NPs
were presumably stabilized by amine-terminated ILs (Fig. 4.19a)
[63]. They could be kept stable without any special protection
and showed much better electrocatalysis toward reduction of
dioxygen (ORR) comparing with those stabilized by thiol or citrate
(Fig. 4.19b, c). Moreover, by further immobilizing IL-protected
Au NPs on carbon nanostructures, e.g., carbon nanotubes
or graphene nanosheets, by static interactions, the ORR current
increased up to 6 times, in which the unique electronic property
of carbon nanostructures as well as their large active surface
areas were believed to play key roles [64, 65]. Here, not only
Au NPs but also other noble metal NPs, such as Pt [66], and even
graphene nanosheets themselves (Fig. 4.20) [67] could be stabilized
by amine-terminated IL, and high electrocatalytic activity toward
ORR and oxidation of methanol was also observed.

/>ƐͲWƌŽƚĞĐƚĞĚEĂŶŽƐƚƌƵĐƚƵƌĞƐĂƐůĞĐƚƌŽĐĂƚĂůǇƐƚƐĨŽƌ^ŽŵĞ<ĞǇZĞĂĐƟŽŶƐ
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Figure 4.19 (a) Structure illustration of the resulting Au-IL nanoparticles.
ȋȌ  Ǧ  ϐ  
0.5 M H2SO4 solution saturated with O2 (dashed) and N2 (solid), respectively.
       ͲǤͷ  2SO4 solution saturated with O2.
(c) Cyclic voltammograms of Au-IL nanoparticles (dashed), Au-cit
  ȋȌǡ  Ǧ    ȋȌ ϐ 
electrodes in 0.5 M H2SO4 solution, respectively. Scan rate: 0.05 V s1 [63].
Reproduced by permission of The Royal Society of Chemistry.
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Figure 4.20 Illustration of the preparation of polydisperse chemically
converted graphene (p-CCG) from graphite oxide (GO) by amine-terminated
IL [67]. Reproduced by permission of The Royal Society of Chemistry.

(A)

(B)

Figure 4.21 (A) Stability of PFIL-AuNPs in different pH solutions after 2
days storage. The inset shows an enlarged view of the rectangular region.
(B) Cyclic voltammograms for 0.5 mM NADH in phosphate buffer solution
ȋͲǤͲͷǡ ǤͶȌȋȌ ǡȋȌ ǦǦϐ  
ͲǤͲͷȀ ǡǤǤǡǡ Ǥ Ǥǡǡ ǤǤǡ
Yang, G. F., Niu, L., and Zhang, Q. (2008). Size-controlled synthesis of monodispersed gold nanoparticles stabilized by polyelectrolyte-functionalized
ionic liquid. Nanotechnology, 19, pp. 285601–285606.

/>ƐͲWƌŽƚĞĐƚĞĚEĂŶŽƐƚƌƵĐƚƵƌĞƐĂƐůĞĐƚƌŽĐĂƚĂůǇƐƚƐĨŽƌ^ŽŵĞ<ĞǇZĞĂĐƟŽŶƐ

Besides, polyelectrolyte-functionalized IL (PFIL) also showed
great potential in stabilization of Au NPs [68]. It was found that
the size distribution of resulting Au NPs (PFIL-AuNPs) was narrow
and could be tuned by the concentration of HAuCl4. Moreover, they
showed a high stability in water at room temperature for at least
one month in solutions of pH 7–13 (even in the present of high
concentration of NaCl). In addition, the PFIL-AuNPs exhibited
obvious electrocatalytical activity toward NADH oxidation,
suggesting a potential application for bioelectroanalysis (Fig. 4.21).
By further cooperating with electric conductive CNTs, the resulting
nanocomposites (CNT-AuNPs-PFIL) showed obvious electrocatalysis
toward reduction of H2O2 and O2. In addition, when glucose oxidase
   ǦǦ   ϐǡ  
favorable linear catalytic response to glucose [69].

Figure 4.22 Patterned IL-based polyelectrolytes brushes loaded with
AuNPs, in compressed and swollen states (left and right, respectively).
Top, middle: AFM images and cross-sectional analyses of patterned brush
layers, obtained in air and water; bottom: schematic corresponding to AFM
data [70]. Reproduced by permission of The Royal Society of Chemistry.

Huck et al. prepared Au NPs inside IL-based polyelectrolytes [70].
The nanocomposite synthesis relies on loading the macromolecular
ϐ4– precursor ions followed by their in situ reduction
to Au nanoparticles. It was observed that the nanoparticles
are uniform in size and are fully stabilized by the surrounding
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polyelectrolyte chains. Moreover, XRR analysis revealed that the
Au NPs are formed within the polymer-brush layer. Interestingly,
   ϐ      
brush layer is not perturbed by the presence of the loaded NPs
(Fig. 4.22). The Au NP-poly-METAC nanocomposite is remarkably
stable to aqueous environments, suggesting the feasibility of using this
kind of nanocomposite systems as robust and reliable stimuliresponsive platforms.

4.7 OTHERS
Counterions of ILs could be facilely exchanged in solution, thus
based on a surfactant with an imidazolium unit, the ion-exchange
      ϐ  
in the amphiphilic-to-hydrophobic transition of the imidazolium
salt, leading to the destruction of the micelles (Fig. 4.23), i.e., an
ion-responsive micelle system was proposed [71]. This simple
process was rapid, taking only one or two seconds from addition
  ϐ      Ǥ
Furthermore, this procedure was much quicker than dissolution
of micelles in response to other external stimuli such as light, heat
or pH. Potential application for transportation of oil was highly
anticipated, which is easier to pump through pipelines in an
ϐ         Ǥ ǡ 
        ϐ  
Ǥ        ϐ 
Ǥ ǡ      ϐ 
 ϐ    ǡ 
ϐ Ǥ

KƚŚĞƌƐ

Figure 4.23 Anion exchange to PF 6– and resulting micelle collapse
(above panel), and high-speed photographs showing precipitation
after 12 μL of 3.75M NaPF6 was pipetted into 15 mL of 10 mM aqueous
C12MIMBr solution (0.3 equiv relative to C12MIMBr) with mild agitation
(bottom panel). From Shen, Y. F., Zhang, Y. J., Kuehner, D., Yang, G. F.,
Yuan, F. Y., and Niu, L. (2008). Ion-responsive behavior of ionic-liquid
surfactant aggregates with applications in controlled release and
ϐ Ǥ Chemphyschem, 9, pp. 2198–2202. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission.
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(a)

(b)

Figure 4.24 Photographs (a) and UV-Vis absorption spectra (b) of
BMIMBr in liquid prepared on water (lower) and without any solvent
(upper). Reprinted from Talanta, 46, Shen, Y., Zhang, Y., Han, D.,
Wang, Z., Kuehner, D., and Niu, L., Preparation of colorless ionic liquids
“on water” for spectroscopy, 805–808, copyright 2009, with permission
from Elsevier.

Although colorless ILs are most desirable, as prepared ILs
frequently bear color, despite appearing pure by most analytical
techniques, except for UV-vis spectrum. Thus, it leads to some
uncertainties and limits for the fundamental research and

ŽŶĐůƵƐŝŽŶƐ

applications of ILs, which has been a longstanding challenge in
 ϐǤ  ͳǦǦ͵Ǧ  ȋ Ȍǡ
ͳǦǦ͵Ǧ ϐ ȋ  4) and
1-hexyl-3-methylimidazolium bromide (HMIMBr) as examples, it
was demonstrated that following traditional synthesizing method
except that the water was added as solvent, colorless ILs could
be facilely obtained (Fig. 4.24) [72]. In this case, neither critical
pretreatment of starting materials and precautions during the
   Ǧ    Ǧ Ǧϐ 
was needed. It was believed that in the presence of water, the
reactants were biphasic; thus local hot spots due to the higher
concentration could be effectively eliminated, which directly
produce colorless ILs. It will not only pave the way for economical
synthesis of a broad variety of colorless ILs for spectroscopy so as
to eliminate the uncertainties and limits but also motivate
theoretical and experimental studies to deepen fundamental
understanding of the source(s) of color in ILs and enrich
the applications of ILs in spectroscopic analytic researches
and applications.

4.8 CONCLUSIONS
Owing to high ionic conductivity and wide electrochemical
window, ILs have the intrinsic advantages for potential
applications in electroanalytical chemistry. IL functional materials
extend their scope of applications in traditional electroanalytical
ϐ
on the electrode more conveniently and effectively. Moreover, many
other advanced functional compounds could be integrated into
multifunctional materials in which ILs act as the backbone. The
unique properties of ILs have been well transferred into these ILs
materials, and due to synergistic effect, some new electrocatalytic
activities are observed. These features enable ILs materials to be
promising materials for electroanalytical chemistry. Besides, the
concept illustrated here can also be applied to ILs applications in
ϐǤ
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