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Abstract

Ionic liquids (ILs) supported on oxide surfaces are being investigated for numerous
applications including catalysis, batteries, capacitors, transistors, lubricants, solar cells,
corrosion inhibitors, nanoparticle synthesis and biomedical applications. The study of ILs with
oxide surfaces presents challenges both experimentally and computationally. The interaction
between ILs and oxide surfaces can be rather complex, with defects in the oxide surface
playing a key role in the adsorption behaviour and resulting electronic properties. The choice
of the cation/anion pair is also important and can influence molecular ordering and electronic
properties at the interface. These controllable interfacial behaviours make ionic liquid/oxide
systems desirable for a number of different technological applications as well as being utilised
for nanoparticle synthesis. This topical review aims to bring together recent experimental and

theoretical work on the interaction of ILs with oxide surfaces, including TiO,, ZnO, Al, O3,
SnO; and transition metal oxides. It focusses on the behaviour of ILs at model single crystal
surfaces, the interaction between ILs and nanoparticulate oxides, and their performance in

prototype devices.

Keywords: ionic liquids, oxides, surfaces, interfaces, nanoparticle synthesis, TiO,, ZnO

(Some figures may appear in colour only in the online journal)

1. Introduction

The unique properties of ionic liquids (ILs) show great
potential for transforming industrial processes, including CO,
absorption [1, 2], catalysis [3, 4], batteries [5, 6], lubrication
[7, 8] and photovoltaic devices [9, 10]. ILs are salts, composed
solely of anions and cations, held together by their Coulomb
potential. Unlike inorganic salts, such as NaCl, they tend to
be liquid at room temperature due to their large, asymmetric
ions which do not pack easily into crystals. There are millions
of possible combinations of ions and these can be tuned to
achieve desired properties. Figure 1 and table 1 show a selec-
tion of common cations and anions that have been studied
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extensively in the literature. ILs have ultra-low vapour pres-
sures, are non-flammable, have excellent thermal stability, a
wide liquid range and a wide electrochemical window, which
makes them very useful in a variety of potential applications.
Optimising ILs for these different technologies relies on under-
standing chemical, structural, mechanical and charge transfer
processes at interfaces.

ILs have been studied at the IL/vacuum (or IL/air) interface
using a variety of techniques [11, 12]. For imidazolium-based
ILs, the surface of the liquid contains the alkyl chains of the
imidazolium ion facing outwards towards the vacuum (or air)
in an ordered fashion, with a charged underlayer just beneath
containing the anion and the charged part of the imidazolium
cation. There have been many studies at the I[L/metal interface
[13—17]. Studies have shown that the structure the IL forms
on the surface is coverage dependent, for example, one study
found an IL formed a bilayer structure at sub-monolayer cov-
erage but a checkerboard arrangement at higher coverage [18].

© 2022 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Structure of common IL cations and anions discussed in
this review.

It has been found that the interaction between an IL and a
channelled metal surface can cause ordering of the IL as well
as changing the reconstruction adopted by the metal surface
[16]. Studies have also identified the formation of IL islands
or droplets on metal surfaces [15, 19, 20].

In comparison, studies of ILs at oxide surfaces are sparser.
Experimentally, oxide surfaces can be challenging to pre-
pare, particularly in the preparation of model single crystal
surfaces or thin oxide films for surface science experiments.
Single crystal metal oxide surfaces are usually prepared in
ultra-high vacuum by sputter/anneal cycles. Ar™ ions are
accelerated into the sample which sputters off the top layer
of material and removes surface contamination with it. Sub-
sequent annealing is required, sometimes in the presence of
oxygen, to restore the surface crystallography and to remove
embedded Ar atoms. Several sputter/anneal cycles are required
to prepare a well-ordered atomically clean surface. Even then,
the surface will have lattice defects, such as oxygen vacan-
cies and step edges. Defects often determine the electronic
and optical properties of the material and provide potential
bonding sites for adsorbed atoms and molecules. In turn, the
adsorption of molecules on the surface can shift the electronic
bands in the oxide material. The interaction of molecules with
oxide surfaces is therefore rather complex. Several theoretical
models have been developed to model the properties of oxide
surfaces and their interaction with adsorbates [21]. These pro-
vide interesting stand-alone results and aid in the interpretation
of experimental data. Widely studied oxide substrates include
TiO,, ZnO, SnO,, CeO,, Al,03, Fe,03, CuO, MgO and NiO
due to their use in numerous technological and medical appli-
cations. More specifically for IL adsorbates, there are only
a handful of studies at model single crystal oxide surfaces,
which are detailed in this review. There are a greater num-
ber of studies on the interaction of ILs with nanoparticulate
oxide surfaces, since many of their potential applications use
oxides in nanoparticulate form. A good understanding of how
ILs behave at these interfaces is vital since it underpins how
the materials will perform in devices and other applications.

One widely studied potential application of ILs is as elec-
trolytes in batteries, capacitors and other electrochemical
applications. ILs can be used directly as electrolytes in many
electrochemical systems due to their ionic conductivity. In
some systems, ILs can be used as a one-component electrolyte

rather than a three-component electrolyte, which involve a
solvent, supporting electrolyte and electroactive species. Elec-
trochemistry in ILs is much more complicated than conven-
tional electrochemistry [6]. The process of diffusion towards
the electrode in IL electrolytes is somewhere between that
of conventional electrolytes and solid-state diffusion. This is
because ILs are generally viscous and have large asymmet-
rical ions and this can affect the diffusion pathway. In some
electrochemical applications, ILs are mixed with conventional
electrolytes. The combination can improve properties such as
viscosity and conductivity. Liquid electrolytes are a safety con-
cern in batteries because of possible leakage, so there have
been studies into creating gel-polymer electrolytes, which also
utilise ILs. The electrodes in these electrochemical devices are
in direct contact with the IL electrolyte. Depending on the
application, electrodes might be made from carbon, metal or
metal oxide materials.

Over recent years, ILs have been incorporated into photo-
voltaic devices, including dye-sensitised solar cells (DSSCs)
and perovskite solar cells. DSSCs were first proposed by
Gritzel in 1991 as a cheaper alternative to silicon solar cells
[22]. The design (shown schematically in figure 2) has since
been developed and commercialised. DSSCs contain a dye
which absorbs the incoming light. When the dye absorbs a
photon, an electron in the dye is excited to a higher state and
subsequently injected into the conduction band of a semicon-
ductor, usually TiO,. These electrons drift through the porous
TiO; to an electrode. The electron lost from the dye is replaced
by another electron, usually from the valence band of a lig-
uid electrolyte (typically the redox pair I7/I37) or a solid state
hole conductor (such as p-type semiconductors or polymers).
This in turn is in contact with the counter electrode and the
circuit is completed. The regeneration process of the dye is
shown in figure 2(b) [23]. ILs have been incorporated into
DSSCs as electrolytes to improve the stability of the devices.
Perovskite-structured compounds were first used as light har-
vesters in solar cells in 2012 and have seen rapid increases in
efficiencies to over 25% [24, 25]. Their major obstacle is their
long-term instability, particularly under UV light and in the
presence of water vapour, and this must be overcome before
they can be commercialised. Similarly to DSSCs, perovskite
solar cells consist of an electron-transport layer (ETL), usu-
ally TiO, or ZnO, between the perovskite and electrode which
helps with charge carrier separation. However, the electrons
are often not transported efficiently and tend to recombine in
the perovskite or become trapped in the ETL. ILs have been
incorporated into these devices to aid with charge transport and
stability issues.

ILs are used in a process called solid catalyst with ionic
liquid layer (SCILL) which uses a solid heterogeneous cat-
alyst coated with a thin layer of IL to ‘tune’ the selectivity
of the catalyst [26]. They are also used in supported ionic
liquid phase (SILP) catalysis, where a thin layer of IL con-
taining the catalyst is spread over a high-surface-area sup-
port. For SCILL and SILP catalysis, the IL is dispersed on a
high-surface-area oxide support, for example alumina or sil-
ica. Studies of the behaviour at the interface of the IL and oxide
support material are important to determine how the IL adheres



J. Phys.: Condens. Matter 34 (2022) 213002

Topical Review

(a)

TCO/glass

< 4

Table 1. Names and acronymns of common IL cations and anions discussed in

this review.

Acronym

Name

Cations

[C1CiIm}/[MMIM]
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[C5C,Im][PMIM]
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1-propyl-3-methylimidazolium
1-butyl-3-methylimidazolium
1-hexyl-3-methylimidazolium
1-decyl-3-methylimidazolium

[C,C,Im])/[EEIM] 1,3-diethylimidazolium
[C4CPyrr]/[BMP] 1-butyl-1-methylpyrrolidinium
[DEME] N,N-diethyl-N-(2-methoxyethyl)-N-methylammonium
Anions
[BFE4] Tetrafluoroborate
[PFg] hexafluorophosphate
[NOs] Nitrate
[CI] Chloride
1] Todide
[TfO] Trifluoromethanesulfonate
[Tf,N] Bis(trifluoromethanesulfonyl)imide
[MeSOy4] Methylsulfate
[DCA] Dicyanamide
[SCN] Thiocyanate
[TBC] Tetracyanoborate
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Figure 2. (a) Schematic of a DSSC and (b) process for dye regeneration. Reprinted from [23], Copyright (2018), with permission from

Elsevier.

and disperses on the support and the chemical properties at the
interface [26].

The IL/solid interface is also the subject of many tribology
studies, with steel, Fe, Al and Cu being common metal sub-
strates and SiO, a common oxide substrate [27]. In the field
of tribology, ILs are being investigated as lubricants, particu-
larly for extreme conditions where other liquid lubricants fail.
Due to increasing loads and smaller components, thinner lubri-
cating films are becoming necessary. ILs can adsorb onto a
metal surface and produce a thin, protective film. Under high

pressure, some ILs react to form a protective tribofilm,
particularly with ILs containing fluorine, phosphorus or
boron [7].

ILs can also be used in a different capacity; to synthesise
nanoparticles. ILs have been used as solvents, reactants or tem-
plates in the synthesis of nanomaterials [28]. ILs have many
advantages in synthetic procedures. They have low interface
tensions which results in high nucleation rates of the prod-
uct. The IL can also interact with the products, for example,
via hydrogen bonding, which can affect the shape of the prod-
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ucts. ILs have been used to make a variety of metal and oxide
nanoparticles with controllable morphologies and properties
[28].

In this review, we will discuss the most widely studied
oxide surfaces. We will focus on key results from studies
of ILs at model single crystal oxide surfaces, studies of ILs
with oxide nanoparticles and a summary of how IL/oxide sys-
tems have been incorporated into prototype devices and other
applications.

2. lonic liquids on TiO, surfaces

TiO, surfaces have been a popular choice of substrate in the
study of ILs at oxide surfaces. Many technological applica-
tions consist of nanoparticulate TiO,. The anatase TiO, (101)
surface is thought to be the dominant surface in TiO, nanopar-
ticles because it has the lowest surface energy [29]. The rutile
TiO, (110) surface in its (1 x 1) termination is considered
as a model metal oxide surface for surface science studies.
The unit cell structure of anatase and rutile TiO, are shown
in figure 3, as well as another common polymorph, brookite.
In this section, we will review studies of ILs on single crys-
tal surfaces, studies of ILs on nanoparticulate or thin films of
TiO,, and the performance of ILs/TiO; in prototype devices.

2.1. lonic liquids on single crystal TiO, surfaces

2.1.1. Anatase TiO, (101). Weber et al developed computa-
tional methods to study a variety of ILs on the anatase TiO,
(101) surface [31-33]. They studied the adsorption behaviour
of the ILs [C;C;Im][SCN] and [C;C;Im][TBC] [32]. They dis-
covered that the surface titanium atoms are predominantly in
contact with the nitrogen atoms of the anion. The surface oxy-
gen atoms interact via hydrogen-bond-like structures with the
hydrogen atoms in the imidazolium cation, as well as electro-
static and dispersive interactions. They found that the ion pairs
remain stable following adsorption on the surface and their
geometry remains similar to that of the isolated ions. Their
results show that the adsorption of the IL caused a band shift
of the density of states of TiO,. The authors carried out a fur-
ther investigation of a variety of ILs on the anatase TiO, (101)
surface, specifically looking for changes in band energy lev-
els of the TiO, [33]. They found that in general, the cations
caused a downward shift of the TiO, energy levels and the
anions caused an upwards shift of the energy levels, by accept-
ing/donating electron density from/to the surface, respectively.
The final outcome therefore depends on the combination of
the cation and anion. From the ILs they studied, they found
that [C,CoIm][Cl] gave the highest energetic upward shift
and [C,CIm][PFs] gave the largest energetic downward shift.
Overall, the different anions studied gave a larger range of
energetic shifts compared to the minimal effect of changing
the cation.

Photoemission and x-ray absorption techniques have been
used to experimentally examine the anatase/IL interface.
Wagstaffe er al used x-ray photoelectron spectroscopy (XPS)

(b)
Ti
Ti .
(a) 0 .
(0)
o \Ti

Figure 3. Schematic unit cells for (a) anatase, (b) rutile and

(c) brookite TiO,. The large green spheres represent Ti atoms and
the small red spheres represent O atoms. Reproduced from [30] with
permission from the Royal Society of Chemistry.

=
=
=
—
=

Figure 4. Schematic representation of the interaction of
[C4CIm][BF,] with the anatase TiO, (101) surface. Reproduced
from [34]. CC BY 4.0.

and near-edge x-ray absorption fine structure (NEXAFS)
spectroscopy to study the interaction of [C4C;Im][BF,] with
a single crystal anatase TiO, (101) surface [34]. At low cov-
erages, they found the IL orders on the surface via electro-
static attraction, with the imidazolium ring oriented at about
32° 4+ 4° from the surface as shown in figure 4. As they
increased the coverage, they found the ordering of the IL was
lost, as the IL layers become less influenced by the presence
of the surface.

2.1.2. Rutile TiO, (110). The interaction of ILs with the rutile
TiO, (110) surface has been studied using a variety of com-
putational and experimental techniques. Molecular dynam-
ics simulations of [C4C;Im][NOs3] on the TiO, (110) surface
reveal that [NO3]~ anions segregate and bind to the TiO, sur-
face in a highly ordered manner [35]. The [C4C;Im] cations
occupy the next layer and their orientation is modulated by
the layer of adsorbed anions. The imidazolium ring of the
[C4CIm] cation stands vertically, almost perpendicular to the
TiO, surface (see figure 5). Malali and Foroutan used molec-
ular dynamics simulations to study the wetting behaviour of
[C4CIm][PFs] on the TiO, (110) surface [36]. Here they
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Figure 5. A snapshot taken from a molecular dynamics simulation
at the IL/rutile (110) interfacial region: green, Ti-atom; orange,
O-atom of TiO,; blue, N-atom of [NO3]~; red, O-atom of [NO3];
yellow, imidazolium ring; purple, methyl group; cyan, butyl group.
Reprinted with permission from [35]. Copyright (2007) American
Chemical Society.

found that a [C4C;Im] cation-rich layer is spread on the sur-
face, with the imidazolium rings parallel to the TiO, surface,
however, the orientation of the rings in the upper layer of the
drop is almost vertical. They found the interaction between the
substrate and IL leads to a circular configuration of ions in
the centre of the droplet. This results in wetting behaviour of
the IL in the adjacent layer to the surface but nonwetting
behaviour at long distances from the surface.

In situ XPS was employed by Henderson et al to study
a thin layer of [C4C;Im][BF4] on the rutile surface when
exposed to water vapour [37]. They observed a reordering of
the IL as water adsorbed to the IL layers. ILs are prone to
absorb water and it is likely to be present in many of their
potential applications. The same group studied a thin film of
the superbasic IL trihexyltetradecylphosphonium benzimida-
zolide ([Pges14][benzim]) on rutile TiO, (110) and exposed it
to CO; at near-ambient pressures. They combined in situ XPS
and NEXAFS measurements with density functional theory
(DFT) simulations and found a realignment of the [benzim]™
anions from 27° from the surface normal to 54° upon expo-
sure to CO; [38]. These studies highlight the importance of
water and other gases in the study of IL/TiO, systems and
the implications for IL thin film catalysis and gas capture
applications.

XPS has also been used alongside scanning tun-
nelling microscopy (STM) to investigate the interaction
of [C4C, Pyrr][Tf,N] with a reduced rutile TiO, (110) (1 x 1)
surface [39]. At lower temperatures STM images reveal
[C4CPyrr][Tf,N] adsorbed molecularly on the surface with
even coverage in lines along the [001] direction. How-
ever, at higher temperatures above 380 K, decomposition
occurs. Degradation mechanisms of the [Tf,N]~ anion
and [C4CPyrr]™ cation are shown in figure 6 [39-42].
Decomposition products included S,q, F,g and TiN,. The IL
was found to decompose at lower temperatures (~300 K)
when the TiO, surface was pre-covered with Li. This was

due to the formation of Ti** and LiT species intercalated
at the near-surface region. Degradation of the IL at these
temperatures has implications for the operating temperatures
of IL-based Li-ion batteries.

Suzuki et al used transmission electron spectroscopy
(TEM) and atomic force microscopy (AFM) to study the
adsorption of Au nanoparticles encapsulated in ILs on the
rutile TiO, (110) surface [43]. Their results suggest that
the chemical nature of the IL affects the immobilisation of the
Au nanoparticles through hydrogen bonding or coordination
bonding with the surface. They suggested that a layer of IL
on the TiO, surface might influence the size and surface den-
sity of nanoparticles and may show potential for controlling
the location nanoparticles on the surface.

2.2. lonic liquids on nanoparticulate TiO,

2.2.1. Synthesis of TiO, nanostructures using ionic liquids. A
2011 review by Liu et al provided an overview of how ILs have
been employed for the preparation of inorganic nanomaterials,
including TiO; [28]. In this section, we will summarise some
specific examples where ILs have been to synthesise a variety
of TiO, nanostructures.

Nakashima and Kimizuka developed a single-step synthe-
sis of hollow titania microspheres in ILs [44]. Imidazolium
molecules in the IL act both as a solvent and a stabiliser for the
hollow microspheres. Anatase TiO, nanoparticles have been
synthesised with uniform size and shape using a microwave-
assisted method in [C4C;Im][BF4] [45], while the similar
IL [C4CIm][C]] has been used as a co-solvent to synthe-
sise nanoporous rutile TiO, with different morphologies via
a simple one-pot method [46].

ILs are also effective electrolytes for producing TiO, nan-
otube arrays such as those shown in figure 7 [47]. These can
be grown electrochemically using titanium foil as an anode and
[C4C Im][BF4] as an electrolyte [47, 48]. The high conductiv-
ity of the IL gives fast pore widening and few contaminants
from electrolyte decomposition.

Mali et al used a hydrothermal method in a Brgnsted
acidic IL to synthesise rutile TiO, nanoflowers comprising of
bunches of aligned nanorods [49]. Shahi et al synthesised TiO,
nanostructures using an IL aqueous medium and found the for-
mation of thin flaky TiO, nanorods, which look like nanoflow-
ers, by a sol—gel method but well-defined solid rutile nanorods
with a hydrothermal method [50].

2.2.2. Interaction of TiO, nanoparticles with ILs. There have
been numerous studies of the interaction of nanoparticulate
TiO, with ILs using a variety of techniques. Since TiO; is
in nanoparticulate form in most of its potential applications,
these studies aiming to understand the interfacial behaviour
are very important. Chang et al used high-pressure infrared
spectroscopy to probe the local structures between nano-TiO,
and [C,CIm][TfO] and [C4C;Im][TfO] [51]. They found that
the high pressure enhanced imidazolium CH-TiO, interac-
tions. Their study suggests that the alkyl chain length of the
imidazolium cation is an important factor in IL/nano-TiO,
interactions. Hydrophobicity of the IL has also been found to
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Figure 6. Possible decomposition mechanisms of (a) the [Tf,N]~ anion and (b) the [C4C;Pyrr]* cation according to literature calculations
[40—42] and thermal decomposition products found on the TiO, (110) surface with XPS measurements. Reproduced from [39]. CC BY 3.0.

2.0 um

Figure 7. (a) Top morphology and (b) cross-section view of TiO, nanotubes electrochemically grown in [C4C,Im][BF,]-based electrolytes
using a two-step anodisation procedure. Reproduced from [47] with permission from the Royal Society of Chemistry.

influence IL/TiO, interactions. It has been shown that increas-
ing the hydrophobicity of the IL increases the thickness of the
IL film on nanoparticulate TiO, surfaces [52].

Sum frequency generation vibrational spectroscopy and
contact angle measurements were carried out by Aliaga
and Baldelli to study the interfacial structure of the
ILs [C4C;Im][DCA] and [C4C;Im][MeSO4] on a TiO,
nanoparticle-coated CaF, window [53]. Both ionic species
were detected at the interface for [C4C;Im][DCA] but only
the cation was detected for [C4C{Im][MeSQOy]. Their results
suggest that that the imidazolium ring of the ILs lies nearly
parallel to the TiO, surface.

An et al studied the wetting behaviour of [C4C;Im][PFs]
on mesoporous and dense TiO; films using AFM [54]. They
found it formed a wetting phase on mesoporous TiO, films,
but nonwetting and sphere-shaped droplets on dense films.
On mesoporous films, the adhesive force of the IL reaches
40 nN, but only 4 nN on dense films. The stronger adhesive
force on mesoporous films makes a contact angle of 5° and
this remains after five months. The stable spreading of the IL
provides large wetting areas and short CO, diffusion distance
on the mesoporous surface, enabling much higher CO, capture
rates than on dense TiO; films or pure ILs. Solvents with faster
CO, absorption rates are desirable for post-combustion carbon
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capture because they require smaller liquid—gas contact areas
[55]. This would allow smaller absorption columns to be used
in CO; capture processes, therefore reducing capital costs.

Fabregat-Santiago et al used cyclic voltammetry and
impedance spectroscopy to study the electrochemical
behaviour of nanoporous TiO; in [C,CIm][Tf,N] [56]. Their
results followed the same trends as for other organic solvents
and aqueous electrolytes, so the authors concluded that the
use of ILs in TiO,-based devices is feasible. Binetti et al used
time-resolved spectroscopic measurements to study charge
transfer between TiO, nanorods and imidazolium-based ILs
dispersed in a solvent [57]. Their measurements suggest
there is a charge-transfer process from the photoexcited TiO,
nanorods to the imidazolium rings of ILs. Understanding
charge transfer processes is important for improving the
design of devices that are based on nanostructured metal
oxides and ILs such as solar cells and batteries.

2.2.3. Confined ionic liquids in nanoporous TiO,. There are
many complex interactions between confined ILs and their sur-
rounding pore walls. This has been explored in many experi-
mental and computational studies for a range of surfaces, as
summarised in previous review papers [58, 59]. Nanoconfined
IL films are defined as interacting with more than one wall,
for example, the walls of a nanopore, or between the surfaces
of two interacting colloidal particles [59]. Nanoconfined ILs
exhibit vastly different physicochemical properties compared
to bulk ILs, making them desirable for a wide range of energy
applications including lubrication [60], gas capture and sepa-
ration [61], inogels for supported catalysts [62], and superca-
pacitors [58]. Most of these aforementioned studies use silica
or mica surfaces and membranes, however, metal oxide nanos-
tructures are also excellent candidates for IL confinement.
Verma et al studied confinement of the IL [C,C{Im][EtSO4]
(1-ethyl-3-methylimidazolium ethyl sulphate) in anatase TiO,
nanopores [63]. TiO, nanopowder synthesised without the IL
resulted in amorphous nanoparticles, while IL-assisted synthe-
sis resulted in nanoparticles with an anatase structure and an
increased surface area. They found an increase in the glass
transition temperature of the confined IL, and FTIR measure-
ment revealed a change in the C—H vibrations of the alkyl
chain and ring of the [C,C;Im]™ cation.

Molecular dynamics simulations can also be used to
study the structure and dynamics of nanoconfined ILs.
Singh et al carried out molecular dynamics simulations of
[CoCiIm][Tf,N] confined inside a rutile (110) slit nanopore
(see figure 8) [64]. They found that electrostatic and dispersion
interactions are present between the IL and the rutile walls.
They suggest that the strength of the interactions between the
pore walls and the IL can significantly affect the structure and
dynamics of the confined IL. They found that ions near the
rutile walls had a liquid structure significantly different from
the bulk IL structure, and that cations and anions adopted mul-
tiple orientations near the rutile walls. In contrast, the same
ions near graphitic pore walls had a liquid structure that was
similar to that of the bulk IL and parallel orientations were
uniformly observed for the same ions near graphitic walls
[65]. They found the dynamics of [C,C;Im][Tf,N] inside a

Figure 8. Total displacement of [Tf,N]~ anions inside a rutile TiO,
(110) slit pore over a time of 10 ns. Reproduced from [64] with
permission from the Royal Society of Chemistry.

slit rutile pore to be significantly slower than those observed
inside a slit graphitic pore. The group used the same method
to study the structure and dynamics of a deep eutectic solvent,
choline iodide-glycerol, inside the same rutile (110) slit
nanopores [66] and their results were similar to those obtained
for [C2C1 Im] [szN]

2.3. lonic liquids and TiO, in devices

Due to their thermal stability, high ionic conductivity and neg-
ligible vapour pressure, ILs are desirable as potential elec-
trolytes in DSSCs. Studies have found that IL electrolytes
could improve the stability of DSSCs. Papageorgiou et al
found that ILs based on methyl-hexyl-imidazolium iodide had
advantages over organic liquids as solvents for solar cell elec-
trolytes and gave a cell performance with outstanding stabil-
ity [67]. Other studies have used tetracyanoborate-based ILs
[68, 69], as well as guanidinium thiocyanate [70, 71] and
[C3CIm][I] [72, 73] in DSSCs. IL electrolytes can be inkjet
printed for use in a DSSC [74]. This new fabrication process
eliminates drilling holes in the DSSC substrates. The technique
reduces the fabrication cost and removes an additional step
from the traditional cell sealing process.

Quasi-solid DSSCs can be fabricated by gelling IL elec-
trolytes with phase-separated chemically cross-linked gels
[75]. Kubo et al used [C¢C{Im][I], iodine and a low molecu-
lar weight gelator as a quasi-solid-state electrolyte [76], whilst
others used silica nanoparticles to solidify ILs [77]. Yamanaka
et al fabricated a novel IL crystal system ([C;,C;Im][1]/I,)
with a smectic A phase as an electrolyte for a DSSC [78].
It showed a higher short-circuit current density and higher
light-to-electricity conversion efficiency than the system using
the non-liquid crystalline IL ([C;;C;Im][I]/I;) due to the
higher conductivity of the IL crystal. A quasi-solid-state IL
crystal DSSC was also fabricated by using a low molecu-
lar gelator. Enhanced conductivity in the [C,C;Im][1]/I,—gel
led to a higher light-to-electricity conversion efficiency
and an increased short-circuit current density compared to
[C12CiIm][I)/I, without gelator.
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Bai et al optimised the lithium iodide content in
[CoCiIm][DCA]-based IL electrolytes to produce a solvent-
free DSSC with an 8.4% efficiency [79]. They reported a
decrease in open-circuit photovoltage with the addition of
lithium, as the titania conduction band edge shifts downwards,
but this is partly compensated by a suppression of the triio-
dide involving interfacial charge recombination. Zhang et al
investigated the effects of [DCA]™ versus [TBC]~ anions on
the energetics of the titania conduction band edge and kinet-
ics of multi-channel charge-transfer reactions in DSSCs [80].
They found that due to a more favourable thermodynamic driv-
ing force, the [TBC]™ anion prompts a much faster electron
injection from the excited-state dye to titania than the [DCA]~
anion. They found that [DCA]™ at the titania/electrolyte inter-
face reduced the electron exchange rate with triiodide, com-
pared to [TBC]~.

ILs have also been incorporated into perovskite solar cells.
Perovskite solar cells consist of an ETL, such as TiO,, between
the perovskite and cathode which helps with charge carrier
separation. However, the electrons have a tendency to recom-
bine in the perovskite or become trapped in the ETL. It has
been found that depositing a layer of IL at the interface
between the perovskite and ETL [81], or mixing a small quan-
tity of IL with the perovskite precursors [82, 83], results in
more efficient electron transport and has been linked to an
improvement in stability of the devices [84].

3. lonic liquids on ZnO surfaces

ZnO is another popular oxide for studies of ILs and has been
researched as an alternative to the widely studied TiO, for
a number of photovoltaic, photocatalytic, and optoelectronic
applications. ZnO is an n-type semiconductor with a simi-
lar band gap (3.4 eV) to TiO, (3.2 eV) and similar electron
injection efficiencies [85, 86]. ZnO has a large exciton bind-
ing energy (60 meV) making it excellent for optoelectronic
applications [87], while a higher electron mobility compared
to TiO, [88] makes ZnO a strong alternative in solar cell
technologies. Anisotropic crystalline growth of ZnO facilitates
increased dye anchoring in DSSCs [89, 90]. ZnO has a strong
luminescence [91] and offers better photocatalytic degradation
of organic compounds compared to TiO, [92]. Unlike TiO,,
however, there are very few studies on the interaction between
ILs and single crystal ZnO surfaces. Instead, there are many
studies on the interactions of ILs with ZnO nanoparticles due
to their wide range of uses and numerous synthesis methods.
Here we will discuss common synthesis routes and applica-
tions of ZnO nanostructures using ILs. We will also explore the
role of ILs as templates for tuning size, shape, and properties
of ZnO nanostructures.

3.1. lonic liquids on nanostructured ZnO surfaces

Due to the quantum confinement effect [93], nanocrystalline
metal oxides have many desirable size- and morphology-
dependent properties such as band gap [94], photocatalytic
activity [95], and photoluminescence [96]. Imidazolium-based
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Figure 9. Schematic illustration of the comparison of hydrogen
bonds between ZnO and the ILs [EMIM][BF,], [BMIM][BF4], and
[BDiIMIM][BF4] (1-n-butyl-2,3-dimethylimidazolium
tetrafluoroborate). Reprinted with permission from [98]. Copyright
(2008) American Chemical Society.

ILs serve as a green alternative to many volatile organic sol-
vents commonly used in nanoparticle synthesis. They are
also capable of generating highly-directional growth of pri-
mary nanoparticles due to strong hydrogen bonding between
position 2 of the imidazolium ring (see figure 1) and O atoms
in ZnO (figure 9) [97, 98]. There are also many quick and
easy synthesis routes for ZnO nanoparticles and nanostruc-
tures using IL solvents, each offering a range of tunable mor-
phologies. Changing the cation/anion pair of the IL, as well
as synthesis conditions, enables control of crystallite size and
uniformity [99], growth habit [100], optical properties [97],
overall morphology, and more.

3.1.1. Synthesis of ZnO nanostructures using ionic liquids. 1t
is common to synthesise nanomaterials using a microwave-
assisted approach as it yields fast and simple nanostruc-
ture growth. ILs have been shown to be suitable solvents
for microwave-assisted synthesis thanks to their desirable
dielectric properties and negligible vapor pressure [101]. The
IL serves as both a solvent for absorbing microwaves and
as a template for tuning nanostructure morphology [102].
[C4CiIm][BF,4] is a common solvent of choice to synthe-
sise nanostructure ZnO. By controlling the concentration of
[C4CIm][BF,] and the heating temperature, flower-like and
needle-like morphologies can be achieved [103]. Wang et al
compared the effect of changing the anion in [C4C;Im][BF,]
to [CI]™ [104]. Microwave heating using [C4C;Im][BF,]
resulted in ZnO spheres with shuttle-like nanorods (irregu-
lar in morphology) growing on the sphere’s surface. Mean-
while, [C4C;Im][C]] yielded multipod structures comprised
of homocentric nanorods approximately 0.5 ;m long. Further
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heating increased the average length of nanorods to 1.5 um
and resulted in flower-like structures. The absence of an IL
resulted in no ZnO nanostructure formation, regardless of pro-
longed heating. This highlights the importance of the interplay
between the IL and microwave heating in forming these ZnO
nano-/microstructures.

Another common nanomaterial synthesis method is the
sonochemical approach. High intensity ultrasound irradiation
can cause acoustic cavitation, the rapid formation, growth
and collapse of cavitating bubbles in a liquid [105]. This
technique is capable of generating very high and localised
temperatures and pressures in the liquid. These conditions
can be exploited for nanoparticle synthesis, and the unique
properties of ILs make them suitable solvents. Changing
the IL in an IL-water mixture allows control of both parti-
cle size and overall morphology. This was confirmed with
scanning electron microscope (SEM) imaging by Sabbaghan
et al [99], revealing that cations with a shorter alkyl chain
(1,4-diazabicyclo[2.2.2]octane) resulted in the formation of
ZnO nanoparticles, non-uniform in both size and morphol-
ogy. Increasing the alkyl chain length resulted in uniform 2D
nanosheets while the use of a dicationic imidazolium based-
IL resulted in nanoleaf morphology. Goharshadi et al used
[C6CIm][Tf,N] as a solvent to obtain uniform nanocrystalline
ZnO particles via the ultrasound-assisted decomposition of a
zinc acetate precursor [106].

Ionothermal synthesis of nanomaterials is equivalent to
hydrothermal synthesis with the exception that an IL is used
as a solvent instead of water. Morris provides a detailed
overview of this approach for a variety of materials in their
review [107]. However, ionothermal synthesis of nanostruc-
tured metal oxides is less documented. Zhu ef al used an
ionothermal process with a metal-containing IL precursor to
synthesise hierarchical ZnO structures with a range of mor-
phologies [108]. The morphologies were found to be strongly
controlled by the IL precursor. A hybrid solvothermal-
ionothermal method performed by Zhang et al [109]
demonstrated controllable synthesis of ZnO nanospheres by
changing the length of the alkyl chain of imidazolium-based
ILs: [C,CiIm][BF4], [C4CiIm][BF4] and [C;oCiIm][BF4].
Increasing the chain length did not change the type of nanos-
tructure but increased the size of pore channels in hollow
microspheres, leading to less well-defined morphologies.

Wang et al studied the effect of alkyl chain length in
imidazolium-based ILs on the morphology of ZnO nanos-
tructures using a low-temperature solid-state synthesis method
[98]. They found that the longer alkyl chain in [C4C;Im][BF4]
limited the size of ZnO nanorods (200—600 nm) compared
to [CoCiIm][BF4] (500-1500 nm) due to the steric hin-
drance effect. Nanoparticles and nanowire morphologies were
also obtained using these ILs. However, the IL 1-n-butyl-
2,3-dimethylimidazolium tetrafluoroborate ((BDiMIM][BF,])
resulted in only a single morphology (nanoparticles) due to
weak hydrogen bonding formed between the imidazolium ring
and the oxygen atoms of ZnO. Wang et al also used a low-
heating solid-state method [110]. They synthesised uniform
single-crystal ZnO nanorods in a solid-state [C4C;Im][BF4]-
sodium hydroxide mixture. The nanorods were characterised
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Figure 10. (a) Schematic model of a ZnO hexagonal
micro-pyramid, (b) x-ray diffraction pattern of ZnO
nano/microstructures obtained through IL-assisted thermal
decomposition, (c) SEM image of the morphology of ZnO products
and an enlarged SEM image (inset), (d) SEM image of an individual
7Zn0 hexagonal micro-pyramid. Reproduced from [111] with
permission from the Royal Society of Chemistry.

using a range of experimental techniques including XRD,
TEM and XPS. They found that increasing the concentration
of sodium hydroxide increased the diameter of the nanorods.

Figure 10 shows ZnO hexagonal micro-pyramids with polar
(0001) and {1011} exposed surfaces synthesised using ther-
mal decomposition by Zhou et al [111]. They found that
strong electrostatic interactions between ILs (consisting of
oleic acid and organic amine) and ZnO polar surfaces reduced
their surface energy. These would otherwise be energetically
unfavourable outer surfaces. The reduced surface energy pro-
motes growth of the crystal along these polar planes, resulting
in hexagonal pyramidal structures.

It is common to use zinc acetate as a zinc source for ZnO
nanoparticle synthesis [112, 113]. For example, Sabbaghan
et al used a simple reflux method to synthesise ZnO nanos-
tructures using zinc acetate as a zinc source [97]. They used
an imidazolium-based IL-water mixture as a solvent. By con-
trolling the concentration of IL and sodium hydroxide, as well
as the cation structure, nanoparticles, nanosheets and nano
hollow block morphologies were obtained. They found that
increasing the alkyl chain length at position 1 of the imida-
zolium ring or using a dicationic imidazolium-based IL had
the same effect of increasing the width of nanosheets. Using
an IL with a smaller alkyl chain led to smaller crystallite sizes.
They also found shifts in the optical band gap of the different
ZnO morphologies between 2.88-3.16 eV.

A hydrothermal route, using zinc acetate and sodium
hydroxide as the reactants, has been used to synthesise rod-
like, star-like, and flower-like ZnO nanostructures [114]. The
use of a dicationic IL and [Zn(OH)4]*~ yielded a 3D flower-
like morphology consisting of hexagonal prisms as shown
in figure 11. Nanorods grown without ILs showed irregu-
lar morphologies, while those grown with ILs were uniform,
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Figure 11. (a) SEM images of the flower-like ZnO obtained in the
presence of a dicationic IL. (b) The flowers consist of hexagonal
prisms that grow along the [0001] direction with a hexagonal
pyramid on the tip. Reproduced from [114], with permission from
Springer Nature.

revealing the importantrole of ILs in the fabrication of uniform
nanostructures.

3.1.2. Interaction of ZnO nanoparticles with ionic liquids.
Surface modification of ZnO nanoparticles with charged IL
species can prevent aggregation and formation of nanoparti-
cle clusters. Liu et al formed and stabilised ZnO nanocrystals
with tunable photoluminescence using an IL with a Zn-based
cation [115]. The size, and therefore photoluminescence prop-
erties, of the nanocrystals were tuned via changes in the reac-
tion conditions. [C4CIm][BF,]-stabilised ZnO nanocrystals
are capable of generating white light through a combination
of blue emission from the IL (due to the m—7* transition in the
imidazolium-based cation) and yellow emission from defect
sites in the ZnO nanocrystals [116].

Sanes et al studied the surface interaction between ZnO
nanoparticles and [C¢C;Im][PFg] [117]. Surface modification
and reaction of polyhedral nanoparticles with the [PF¢]~ anion
led to more rounded nanoparticles containing fluorine and
phosphorus from the [PFs]~ anion as confirmed by energy-
dispersive x-ray spectroscopy. The reaction of ZnO with the
[PFs]~ anion also resulted in the formation of nanorods, again,
containing fluorine and phosphorus. A third structure came in
the form of crystalline needles, mainly consisting of zinc flu-
oride. These three nanostructures manifested as three distinct
peaks in F 1s XPS spectra.

3.2. lonic liquids on ZnO in devices

3.2.1. Electric double layer transistors. It is known that elec-
trolytes, including ILs, can form an electric double layer
(EDL) at the surface of semiconductors and charged elec-
trodes. Various models can be used to describe EDL struc-
tures such as the Helmholtz, Stern, and Gouy—Chapman
models. Usually, IL EDLs consist of alternating layers of
cations and anions in what is called a multilayer structure. The
IL EDL acts as a nanogap capacitor with very large capacitance
[118]. ILs have therefore been used as gate dielectric mate-
rials in field-effect transistors (FETs), a configuration called
electric double layer transistors (EDLTs). The EDL at the
IL/semiconductor interface induces very high charge carrier
accumulation, much higher than what is possible in conven-
tional FETs with solid gate dielectrics [118, 119]. Another

benefit is that the IL EDLs form evenly around rough sur-
faces and nanostructures, producing a uniform gating effect
compared to planar gate dielectrics [120].

A range of ILs and semiconducting ZnO nanostructures
have been used in EDLTs. For example, Thiemann et al
demonstrated high electron mobilities in EDLTs using a
combination of well-aligned ZnO nanorod thin films and
[CoCIm][Tf,N] [120]. They concluded that electron mobility
strongly correlated to the degree of alignment of the nanorods,
and less so on their length. The same group also tested the
effect of differentimidazolium-based ILs as gating electrolytes
on the characteristics of EDLTSs using spray-deposited poly-
crystalline ZnO [121]. The capacitance of the IL, as well as
size of the anions and cations, was found to influence the
electron field-effect mobility. In the same vein, it has been
found that decreasing the size of the anion in [C4C;Im]-
based ILs ([PFs]™ to [BF4] ) results in larger EDL capaci-
tances and faster formation of the EDL due to higher ionic
mobility [122]. Meanwhile, the current, threshold voltage and
field-effect mobility remain similar.

Yuan et al fabricated ZnO EDLTs demonstrating sur-
face polarity recognition, increased accumulated carrier den-
sity, and proton memory behaviour by using the protic IL
[DEME][Tf,N] as a gate dielectric [123]. Under positive gate
bias, cations were located at the ZnO anode and anions were
located at the Pt cathode, as shown in figure 12. They found
that protons and hydroxyls driven to ZnO channel surfaces
undergo different absorption mechanisms, showing strong
variations in electron transport behaviour. The authors also
used the same IL to study electric-field-induced superconduc-
tivity in a ZnO EDLT [124]. The [DEME][Tf,N]/ZnO EDLT
showed high transconductance and very high carrier densities
of 5.5 x 10" cm~? at temperatures as low as 1.8 K.

3.2.2. Solar cells. ILs have also been implemented into
ZnO-based solar cells as an electrolyte. Typically in DSSCs,
the role of ZnO is to facilitate increased dye absorption,
and is usually used in nanoparticulate form. An advantage
of using ZnO nanoparticles (compared to TiO, nanoparti-
cles commonly used in DSSCs) is that they require lower
annealing temperatures [125]. Other ZnO structures can
be used in DSSCs, however, such as porous films. Sheng
et al used an electro-hydrodynamic technique to fabricate
porous ZnO-based DSSCs with an electrolyte mixture com-
posed of [C3C;Im][I], iodine, N-methylbenzimidazole and 3-
methoxypropionitrile [ 126]. The use of an IL-based electrolyte
led to a high short-circuit current density. Wei er al used
ZnO nanoparticles for dye molecule anchoring in a flexible
IL-based DSSC [125]. The cell consisted of an IL gel elec-
trolyte, organic sensitiser dye, and carbon nanotubes to provide
a conductive scaffolding for the growth of ZnO nanoparticles.
Solvent-free DSSCs can be fabricated by using a
binary mixture of two ILs, for example, [C3C;Im][I]
and [C,C;Im][DCA] [85]. In this case, the role of the IL
mixture is twofold: (i) the two ILs serve as hole conductors
while (ii) one of the ILs also serves as a source of iodide ions
(one of the redox couples necessary for dye regeneration).
There are very few computational studies investigating the
interfacial interaction between ZnO and ILs for use in solar
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Figure 12. Schematic structures of IL and protic ionic liquid (PIL) gated electric double layer (EDL) transistors. (a) Cross section diagram
of an IL/solid EDL capacitor and the equivalent circuit. (b) Cross section diagram of a PIL/solid EDL capacitor under a positive gate bias.
(c) Molecular structure of the IL [DEME][Tf,N]. Reprinted with permission from [123]. Copyright (2010) American Chemical Society.

cells. However, Pandey et al recently carried out first-principle
DFT calculations of [C,C;Im][BF4] and ZnO nanoclusters
as charge-transfer promoters in TiO,-based DSSCs [127].
Their computational approach investigated the structural, elec-
tronic, and optical properties of [C,C; Im][BF.4]/(ZnO), hybrid
structures (n = 2-12). A decrease in the work function
due to [C,CIm][BF4]/(Zn0O), interactions suggests there is
charge transfer from ZnO nanoclusters to the IL. The (ZnO),
cluster was found to be the most favourable, demonstrat-
ing the highest current density, the highest photo-conversion
efficiency of 1.96% due to an enhanced electron injection
into the TiO, layer, improved interfacial contact between
the IL and nanocluster, high HOMO energy levels and
the most desirable UV-vis characteristics of all clusters
tested. [C,CIm][BF4]/(ZnO), had the highest binding energy
between the IL and ZnO nanocluster of all configurations
considered, as well as the smallest band gap (3.09 eV).

ILs have also been implemented into other ZnO-based pho-
tovoltaic devices. Yu et al fabricated inverted polymer solar
cells with a very competitive power conversion efficiency
of 10.15% [128]. The [C4C;Im][BF4]/Zn0O interfacial layer
reduced the work function of the cathode and the interfacial
energy barrier, thereby increasing the short-circuit current den-
sity, fill factor and power conversion efficiency of the solar
cell.

A significant challenge to the commercialisation of per-
ovskite solar cells is their long-term instability and degra-
dation in air. This is in part due to surface defects of the
perovskite layer and can be combatted by introducing ILs
as passivating agents [129]. Alternatively, long-term stabil-
ity issues can be combatted by improving the quality of the
ZnO ETL through surface modification with an IL. Applying
[C4CIm][BF,] between the ZnO ETL and MAPbI; perovskite
layer was found to increase the power conversion efficiency
to 12.1%, compared to 8.59% for unmodified ZnO-based per-
ovskite solar cells [130]. The IL improves surface smoothness
of the ZnO layer, leading to increased charge mobility in the
ETL, improved charge extraction and reduced photoelectron
loss. Zhang et al used the passivation effect of [C,C;Im][PFs]
on ZnO to improve the long-term stability of a perovskite solar
cell in air [131]. The cell (shown schematically in figure 13)
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Figure 13. Schematic structure of an IL-modified perovskite solar
cell where [C,C;Im][PF¢] is deposited between a CH3;NH;3;Pbl;
layer and the ZnO ETL. Reprinted from [131], Copyright (2018),
with permission from Elsevier.

retained 88.17% of its initial power conversion efficiency
(13.5%) after 90 days of storage in air.

3.2.3. Other devices and applications. IL-modified ZnO
is desirable for a range of optoelectronic devices thanks
to the wide band gap and large exciton binding energy
of ZnO (60 meV). Mixing an IL into a ZnO precur-
sor solution can improve the electron injection prop-
erties of hybrid organic—inorganic light-emitting diodes
[132]. Lee et al demonstrated improved performance in
hybrid organic—inorganic polymetric LEDs (HyPLEDs) and
solar cells (HySCs) via interfacial modification of the
ZnO and active polymer layers using the IL 1-benzyl-
3-methylimidazolium chloride ([benmim][CI]) [133]. The
device structure is shown in figure 14 [benmim]™* cations
preferentially arranged at the active layer surface while [Cl]™
anions were located at the ZnO surface. This ionic dipole
polarisation within the IL layer reduces the electron injection
barrier between the conduction band of ZnO and the LUMO
of the active polymer layer. This leads to an enhanced elec-
tron injection efficiency in HyPLEDs and a higher open-circuit
voltage in HySCs. The electroluminescence efficiency of IL-
modified HyPLEDs was found to be 40 times higher than
unmodified HyPLEDs.

The photocatalytic properties of ZnO can be investi-
gated and enhanced using ILs. Kowsari and Abdpour used
a functional IL precursor to hydrothermally synthesise a
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Figure 14. (a) Schematic structure of ZnO-based hybrid devices
utilising an IL layer. (b) Schematic illustration of [benmim]*
cations and [CI]~ anions between ZnO and the active layer.

(c) Chemical structures of super yellow (SY) and
poly(3-hexylthiophene) (P3HT). Reproduced from [133] with
permission from the Royal Society of Chemistry.

novel hexagonal mesoporous ZnO structure composed of
nanoparticles [134]. They studied the photocatalytic degra-
dation of air pollutants and found a maximum of 35%,
56% and 81% removal of CO, NO,, and SO,, respectively,
after 40 min of UV irradiation. Thermal degradation of
the IL led to hydroxyl species on the mesoporous ZnO
surface. These species have active absorption sites for air
pollutants, resulting in improved photocatalytic performance
compared to commercial ZnO nanoparticles. Min et al
fabricated ZnO/graphene heterostructure photocatalysts
with visible light response using a [C4C;Im][PFs]-assisting
solvothermal method [135]. They obtained a p/n heterojunc-
tion interface via the growth of n-type quantum dot sized ZnO
nanoparticles on p-type graphene sheets.

ZnO is a biocompatible material that can be used in
several biomedical applications, especially in nanoparticu-
late form. When nanocrystalline ZnO is dispersed in a glyc-
erol/ammonium citrate solution, the nanofluid acts as an
effective antibacterial agent against Escherichia coli [136].
Thanks to their impressive electrochemical properties, IL-
modified ZnO nanoparticles are highly sensitive electro-
chemical sensors. They are commonly assembled into a
nanoparticulate-ZnO/IL/carbon paste electrode configuration
(ZnO/IL/CPE) [137]. ZnO/IL/CPEs can be used in voltam-
metric analysis of anticancer drugs [138]. Pahlavan et al
synthesised a ZnO/carbon nanotube nanocomposite as a
high-sensitivity voltammetric sensor of noradrenaline in phar-
maceutical and biological samples using an IL-modified car-
bon paste electrode [139].

Electrodeposition of metals and semiconductors using ILs
is well-established [140] thanks to the wide electrochemi-
cal windows and negligible vapour pressures of ILs [141].
Using ILs to electrodeposit metal oxides, however, has been
far less explored. Azaceta er al used an IL to electrodeposit
nanocrystalline ZnO layers [142]. Their approach involved
the electrochemical reduction of O, in a mixture of zinc
bis(trifluoromethanesulfonyl)imide salt and [C4C; Pyrr][Tf,N]

IL. Chemical reaction between Zn>t and O, led to the for-
mation of homogeneous films of ZnO nanocrystals. Addi-
tion of the IL was found to affect the crystallite size
and the arrangement of primary crystals in nanometre-long
agglomerates. Liu et al dissolved ZnO in the protic IL 1-
methylimidazolium trifluoromethanesulfonate ([C;Im][TfO])
at high concentrations (2.5 mol 17") [143]. ZnO/[C,Im][TfO]
and ZnO/[C,Im][TfO]/water solutions were used to electrode-
posit highly porous spongy-like zinc structures and compact
hexagonal zinc deposits, respectively.

4. lonic liquids on other oxide surfaces

4.1. Al,O3 (sapphire) surfaces

Al,O3 (sapphire) surfaces are another popular choice of sub-
strate for the study of ILs. Mezger et al studied the structure
of three ILs (each containing the [FAP]™ anion) in contact
with a charged Al;O3(0001) sapphire substrate [144]. Using x-
ray reflectivity they found strong interfacial layering, starting
with a layer of cations at the negatively charged sapphire sur-
face decaying exponentially into the bulk liquid. The authors
suggested that the observed double layer stacking, akin to the
charge inversion effect, is expected to be a generic feature
of ILs at charged interfaces. However, the ILs which con-
tain a bulky [FAP]™ anion are rather unusual in structure and
size compared to the majority of ILs. Therefore, the same
authors investigated two common ILs, [C4C;Im][PF¢] and
[C4CIm][BF,], at the charged sapphire interface [145]. They
found that [C4C,;Im][PF¢] shows alternately charged layers of
ions decaying exponentially from the surface, in a similar dou-
ble layer structure as found in their previous study. However,
[C4CIm][BFy4], with a smaller anion than [PF¢], shows a sin-
gle dense layer at the sapphire interface. They concluded that
the interfacial ordering is dependent on IL structure and is
dominated by the same electrostatic ion-ion interactions that
dominate the bulk correlations.

Akcay et al compared the thermal stability limits of bulk
ILs to ILs supported on y-Al,O3 [146]. The nine ILs studied
shared a common [C4C;Im]" cation but each had a different
anion, such as [Tf,N]~, [BF4]~ and [TfO] . Thermogravi-
metric analysis revealed that electronic and structural parame-
ters greatly influence short-term thermal stability limits. They
found that increased acidity of the C? atom (between the two
N atoms in the [C4C;Im]™ ring) led to weaker inter-ionic
interactions and an increase in thermal stability limits. On
the other hand, stronger inter-ionic interactions led to easier
thermal decomposition, reducing the thermal stability limits.
The authors also found that y-Al,Os-supported ILs are ther-
mally stable at significantly lower temperatures compared to
bulk ILs. They concluded that interactions between y-Al,O3
and the IL have a greater impact on thermal stability when
cation—anion interactions are weaker.

Lian et al used an ionothermal method to syn-
thesise ~-Al,O3 mesoporous nanoflakes using the IL
1-butyl-2,3-dimethylimidazolium chloride, [bdmim][Cl], as a
template [147]. The formation mechanism of ~-Al,O;
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Figure 15. Schematic illustration of the formation mechanism of
~v-Al,O3 mesoporous nanoflakes using an IL solvent.

Reproduced from [147] with permission from the Royal Society of
Chemistry.

mesoporous nanoflakes is shown in figure 15 and begins with
agglomeration of nanoparticles, which minimises the overall
energy of the system. Hydrogen bonding occurs at the
interface between [C1]~ anions and Al,Oz [bdmim]™ cations
also align along the y-Al,O3 layer due the coulomb coupling
force with the anion. Hydrogen bonding and 7m—7 interac-
tions between the highly-structured imidazolium rings of
[bdmim][Cl] drives the self-assembly of nanoparticles into
mesoporous nanoflakes.

4.2. SnO, surfaces

Tin oxide (SnO,) and SnO,/graphene nanocomposites are
being considered as alternative anode materials to the com-
monly used graphite for Li-ion batteries. SnO,/graphene
nanocomposites combine the superior theoretical specific
capacity of SnO, (782 mAhg~! compared to 372 mAhg!
for graphite) with the high electrical conductivity of graphene
[148]. Gu et al developed an ultrasonic method to embed SnO,
nanoparticles on reduced graphene oxide (RGO) using an IL-
based solution [149]. The nanocomposite improves device
stability during charge—discharge cycles by reducing volume
expansion of SnO, nanoparticles and aggregation of SnO, into
inactive clusters.

Zhu et al used the IL 1-allyl-3-methylimidazolium chloride
([Amim][CI]) to synthesise SnO,/graphene nanocomposites
using a sol-gel method [150]. They found that the IL inter-
acts with graphene to produce ionic liquid-reduced graphene
oxide (IL-RGO) sheets through ‘cation—7’ interactions. The
[C1]™ anions of the IL are thought to interact with Sn—OH
groups through hydrogen bonding while [Amim]™ cations
interact through m—7 stacking between imidazolium moieties,
as shown in figure 16(b). The IL therefore serves as a ‘glue’ to
bind SnO, and graphene sheets into a hybrid structure (denoted
SnO, @IL-RGO in figure 16(a)). The self-assembly of SnO,
nanoparticles on IL-RGO results in a uniform dispersion, pro-
viding more locations for the insertion and extraction of Li
ions.

SnO;-based Li-ion batteries can be studied in situ using
high vacuum techniques by exploiting the extremely low
vapour pressures of IL electrolytes. Chen et al carried out

in situ SEM measurements of a SnO, Li-ion battery using
the IL [C4C,Pyrr][Tf,N] [151]. They found that the elec-
trochemical behaviour of SnO, is strongly linked to par-
ticle size, with larger particles exhibiting surface defects.
Similarly, Huang er al created a nanoscale battery inside a
TEM consisting of a SnO;, nanowire anode, a bulk LiCoO,
cathode and IL electrolyte [152]. The structural deformation
of the single nanowire SnO, anode (fully immersed in an
IL-based electrolyte) during lithiation was later studied in
detail by the same group [153]. In situ TEM images showed
that the originally straight nanowire deformed into an amor-
phous zigzag morphology following initial charging of the
battery.

Hollow SnO, structures can be synthesised using ILs and
was first achieved by Dong et al [154]. They synthesised hol-
low SnO,; nanospheres using [C4C;Im][BF,] and a hydrother-
mal microwave-heating approach. A broader range of SnO,
and SnO nanostructures have been synthesised since, includ-
ing nanoparticles [155], microflowers [156], and quantum dots
[157]. SnO, nanocrystals modified or synthesised by ILs have
been studied for other energy storage applications [158], as
well as gas sensors [159, 160] and supercapacitors [161].

ILs have been implemented into perovskite solar cells
to simultaneously modify the SnO, ETL and passivate the
perovskite layer. Huang et al modified SnO, nanoparticles
using the IL tetramethylammonium hydroxide [162]. The IL
enhances the conductivity of the SnO, ETL while also pas-
sivating surface and grain boundary defects in the perovskite
film. This improves charge transport between perovskite and
SnO, layers and enhances electron transport at perovskite
grain boundaries.

Chen et al used the IL 4-imidazoleacetic acid hydrochloride
(ImAcHCI) as a multifunctional chemical bridge between a
SnO; ETL and perovskite layer [163]. Carboxylic acid groups
in ImAcHCI react with hydroxyl groups on the surface of
SnO,, forming ester bonds via esterification. The IL also shifts
the conduction and valence bands of SnO, upwards, closer to
that of perovskite. Passivation of grain boundary defects in
the perovskite film is achieved through electrostatic interac-
tions between the imidazolium cation in ImAcHCI and iodide
anions in perovskite. Interactions with chloride anions were
also found to improve the crystallinity of the perovskite film.
Their perovskite solar cell modified with ImAcHCI showed
long-term stability and an improved power conversion effi-
ciency of 21% compared to 18% for an unmodified cell.

Recent studies into IL-modified SnO, have extended to
flexible perovskite solar cell designs. Liu et al fabricated flexi-
ble perovskite solar cells with a SnO, ETL and [C4C;Im][BF,]
interfacial layer [164]. They used DFT calculations to confirm
defect passivation in perovskite using [C4C;Im][BF4].

4.3. Other transition and rare-earth metal oxide surfaces

ILs have been used to synthesise a range of transition metal
oxide nanoparticles such as iron oxide (Fe,O3) [165-167]
and cupric oxide (CuQO) [168, 169] using various synthesis
methods.
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KGaA, Weinheim].

The electrochemical and capacitive properties of a vari-
ety of IL-transition metal oxide systems have been evaluated
for their use in electrochemical and energy storage devices.
An IL-based electrolyte was successfully implemented into
a high-voltage MnO, asymmetric supercapacitor by Zhang
et al [170]. The supercapacitor with the highest electrochem-
ical performance used an electrolyte with an equal volume
ratio of [C4C;Im][PFs] and N,N-dimethylformamide. Pseu-
docapacitive behaviour of RuO, in a protic IL has been
reported by Rochefort and Pont [171]. Cyclic voltammograms
revealed distinct redox peaks attributed to Faradaic reactions
across the IL-RuO, interface, indicative of pseudocapacitance.
Double-layer capacitance was observed when the aprotic IL
[C,CIm][BF4] was used instead, yielding a specific capaci-
tance ten times smaller than the electrode in the protic IL.

Zhou and Ramanathan evaluated the electrochemical sta-
bility and capacitance of [DEME][Tf,N] on VO, thin films in
an EDLT [172]. The role of an IL electrolyte in a lithium metal
battery using V,0s nanorods, nanowires, and nanoflakes as
cathode materials was investigated by Chou ef al [173]. They
found that the IL prevented the dissolution of V,0s5 cathode
nanomaterials during charging and discharging.

Schernich et al studied a thin film of [Ce¢CiIm][Tf,N]
on ordered stoichiometric CeO,(111) and partially reduced
CeO,_, using photoelectron spectroscopy [174]. On CeO,_,
they observed decomposition of the anion. On the CeO,(111)
surface they found that a layer of organic products with high
thermal stability was formed upon reaction of the cation. The
same group then studied the effect of oxo-functionalisation of
the IL on its interaction with these surfaces [175]. They found
that the oxo-functionalised [5-0x0-C¢C;Im][Tf,N] adsorbs
molecularly onto both oxides at low temperature. With the
non-functionalised IL they found the alkyl chain oriented
towards the vacuum but with the oxo-functionalised IL the
alkyl chain orientated parallel to the surface, due to the inter-
action of the carbonyl group with the surfaces. Upon heating
the IL decomposes on both surfaces and the authors provide
a reaction and decomposition scheme as shown in figure 17.
Their work shows that by adding functional groups to the IL
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Figure 17. Schematic summary of the main steps identified upon
reaction and decomposition of [5-0x0-C¢C{Im][Tf,N] on (a) a
stoichiometric CeO; surface and (b) a partially reduced CeO,_,
surface. [175] John Wiley & Sons. [Copyright © 2013
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].

it is possible to tune its interaction and molecular ordering on
the oxide surface.

Cremer et al studied ultrathin films of [C;C;Im][Tf,N] on
clean, oxygen precovered and oxidised Ni(111) single crystal
surfaces using angle-resolved XPS [18]. Their results indicate
that on clean Ni(111) at submonolayer coverages, a sandwich
structure is formed, with the cation in contact with the surface
and the anion on top. This transitions to a checkerboard-type
structure at higher coverages, with the anions and cations next
to each other. On the oxygen precovered O (v/3 x v/3) R30°
Ni(111) surface the checkerboard arrangement is preferred. In
thermal stability studies they found that on the clean Ni(111)
surface the IL adsorption was reversible upon heating. For
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the oxidised NiO surface, irreversible decomposition of the IL
occurs upon heating. They found that cation-related moieties
can desorb from the surface but anion-related moieties remain
on the surface to much higher temperatures. This study demon-
strates how the properties of the oxide substrate can strongly
influence the adsorption, orientation and chemical reactivity of
the IL.

Migowski et al used a number of imidazolium-based ILs
to prepare nanoparticles with a Ni core and a NiO outer shell
[176]. The diameter and size-distribution of the Ni nanopar-
ticles were reduced by increasing the length of the alkyl
side-chain (n = 4, 8, 10, 14) of the imidazolium ring in
[C,CiIm][Tf,N], before increasing again for n = 16. The
NiO:Ni ratio was found to increase from n = 4 to 8, before
decreasing when the number of carbons atoms in the alky chain
increased further.

4.4. Comparative studies across oxide surfaces

Babucci er al investigated the thermal stability limits of 33
imidazolium ILs immobilised on high surface area metal
oxides Si0O,, v-Al,03, MgO [177]. They found that system-
atic changes such as the size of the cation/anion, methyla-
tion on the carbon at position 2 of the imidazolium ring,
and substitution of alkyl groups on the imidazolium ring with
functional groups have significant effects on thermal stability
limits. Supported ILs typically have a lower thermal stabil-
ity than the bulk IL. Generally, they found that as the point
of zero charge (PZC) of the metal oxide increases from SiO,
to MgO, the interactions between the IL and metal oxide
surface dominate over interionic interactions, and the sur-
face becomes the significant factor in controlling the sta-
bility limits. The same group studied interactions between
[C4CIm][BF,4] with a wider range of high-surface-area metal
oxides, Si0O,, TiO,, Fe,0s, ZnO, v-Al,03, CeO,, MgO, and
La,0; using infrared spectroscopy and DFT calculations
[178]. These metal oxide surfaces covered a wide range of
PZCs from pH = 2 to 11. Their results show that the sur-
face acidity strongly controls the IL/surface interactions and
that thermal stability limits significantly decrease with increas-
ing PZC of the metal oxide surface. Their results are use-
ful in choosing suitable ILs and surfaces to withstand the
operating conditions in applications such as SCILL or SILP
catalysis.

5. Conclusion and outlook

In this review, the interfacial behaviour and interactions of
ILs at single crystal and nanoparticulate oxide surfaces have
been explored, with a view towards potential applications and
devices. IL adsorbates on oxide surfaces exhibit interesting
electrochemical, optical, and capacitive behaviour, and their
ions often demonstrate self-assembly and ordering at the sur-
face. Most of these properties are highly controllable by choice
of the cation/anion pair and length of alkyl side chains in
imidazolium-based ILs. Key characteristics of IL/oxide sys-
tems have been discussed and are found to be underpinned

by a rich and complex interplay of intermolecular, electro-
static, physical, and chemical interactions occurring at the
interface.

We have explored TiO, and ZnO in particular detail due to
their use alongside ILs across an expansive range of potential
applications and devices. These include, but are not limited
to, solar cells, catalysts, batteries, supercapacitors, transistors,
gas capture and storage, lubrication, and nanoparticle synthe-
sis. There is a wealth of research and evidence indicating that
ILs have a promising future for commercial and industrial use.
There are, however, still a number of challenges that hinder the
commercialisation of IL-based technologies.

A major limitation for DSSC commercialisation is the com-
promise between efficiency and long-term stability. The use of
IL electrolytes has been found to improve the longevity and
thermal stability of DSSCs, but this usually comes at the cost
of lower power conversion efficiencies (<10%) compared to
electrolytes containing organic solvents [9, 179]. In perovskite
solar cells, ILs have been used as additives to perovskite pre-
cursors in order to enhance the crystallinity of the perovskite
layer. However, there are still very few studies investigating
the interaction between the IL and perovskite precursors (such
as IL anions and Pbl,) [180, 181].

ILs have been shown to significantly reduce the energy con-
sumption of carbon capture technologies compared to con-
ventional amine-based solvents [182]. However, they still
face some economic challenges such as high synthesis costs
[183]. It is therefore necessary to design low-cost but high-
performance ILs if they are to see use in a widescale industrial
capacity. There are also very few fundamental studies probing
the influence of gases on the behaviour of ILs at oxide surfaces
which could consequently affect their performance in many of
the applications described [38].

It is clear that improving our understanding of the funda-
mental interactions between ILs and oxide surfaces is cru-
cial for designing and commercialising efficient, eco-friendly,
high-performance, and stable devices.
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