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Abstract

Semiconductor mediated photocatalysis represents an environmentally friendly technology
that could be used for the degradation of different pollutants in the gas and aqueous phases,
for hydrogen generation, as well as, for CO»-to-valuable product transformation reactions.
Therefore, it is extremely important to accurately design a photocatalyst with the relevant
features. In recent years, ionic liquids have often been employed as reagents for the synthesis
of these materials. To address the issue of semiconductor-based photocatalytic preparation in
the presence of ionic liquids, eight main paths of interaction between ionic liquid with the
formed semiconductor particles in the solvothermal process were identified and described
based on literature examples. The most critical aspects discussed here are understanding how
an ionic liquid may behave during the solvothermal synthesis of semiconductor material
particles and how its behavior may ultimately affect the properties of that material, as well as
what techniques are available that allow us to assess the nature of this interaction mechanism.

Introduction

Semiconductor mediated photocatalysis utilizes the energy of light to activate a large number
of chemical reactions that are thermodynamically uphill reactions under normal conditions,
such as pollutant degradation in the gas and liquid phase, hydrogen generation, and CO>
photoconversion. To optimize reaction conditions and to enhance the efficiency of the above-
mentioned reactions a wide spectrum of semiconductors materials have been applied,
including metal oxides (e.g. TiO2, ZnO), metal chalcogenides (ZnS, CdS, CdSe, carbon
nitride-based materials (g-C3N4), bismuth oxyhalides (BiOX, where X = F, Cl, Br, I),
perovskite oxides (ABOs), metal halide perovskites and double perovskites. The
photocatalytic performance of those materials is affected by their structural and surface
properties, such as:

(1) morphology;

(i1) surface area and porosity;

(iii))  surface composition (dopants, vacancies, impurities);

(iv)  electronic band structure (position of valence and conduction band edges and band

gap value).
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On the other hand, the above-mentioned properties could be designed throughout the
introduction of ionic liquids (ILs) during semiconductor particle synthesis. ILs are usually
built of large, organic cations and smaller anions, and due to their structure. ionic liquids
could interact both with themselves and with other components during the synthesis of nano-
and micromaterials. It is known that ILs could play the role of structuring agent through one
of the following mechanisms: (i) stabilization of growing particles by the formation of a
protective layer; (ii) stabilization of growing particles by higher viscosity of the ILs; (iii)
interaction between growing particles and fluoride anions generated in situ throughout
hydrolysis of IL containing [BF4] and [PFs] anions; (iv) ILs-based micellar aggregates
employed as nanoreactors or soft templates; (v) agent promoting reduction of particles’
precursor; and (vi) soft template for growing particles '. Moreover, for TiO: particles obtained
in the presence of ionic liquids, it was found that the introduction of ILs during the synthesis
of semiconductor material could affect their photocatalytic properties 2. Our previous
investigation has shown that ionic liquids could induce visible light activity of wide bandgap
semiconductors such as TiO,. Two main mechanisms have been pointed out to be responsible
for this photoactivity: (i) formation of surface complex between ILs and TiO»; and (ii)
generating of mid-bandgap level in the structure of TiO: by interaction with non-metal
dopants evolved from ionic liquids '°. These mechanisms of visible light activity induction
have been correlated with the stability of the ionic liquids during the solvothermal synthesis
of TiO,. Based on both experimental data and chemoinformatic analysis regarding TiO»
synthesized in the presence of 23 different ionic liquids, it was found the dependency between
the chemical structure of the ionic liquid, its durability at elevated temperature (e.g. condition
of solvothermal synthesis) and type mechanism visible light induced photoactivity of finally
obtained ILs-TiO>. Generally, we can conclude that stable ionic liquids (not decomposed
during solvothermal synthesis of TiO2) could contribute into the formation of a charge-
transfer (CT) complex between titania facial and adsorbed IL, while unstable ionic liquids
(decomposed during solvothermal synthesis of TiOz) could provide a non-metal atoms to be
built into TiO; structure as dopants. The effect of ILs on the surface electronic properties of
TiO, was also cleared up by using the reversed double-beam photoacoustic spectroscopy
(RDB-PAS) technique, developed by the Ohtani research group !'. These measurements
added new information, namely the energy-resolved distribution of electron trap (ERDT) and
conduction band bottom (CBB), that had not been previously noticed using conventional
analysis such as X-ray powder diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS). Thus, RDB-PAS demonstrated that ILs are able to promote the formation of a surface
amorphous layer shielded by hydrophobic organic residues, resulting in higher adsorption of

phenol on the surface and finally higher efficiency of phenol degradation under visible light
12

Considering the great practical pertinence of the application of ionic liquids for
semiconducting photocatalyst preparation, there is already extensive literature on this topic.
However, several previous reviews have focused only on selected aspects of these
phenomena. Duan at al. !* collected data on the employment of ILs as the reactant, solvent,
and surfactant during the preparation of functional inorganic materials and then tried to verify
whether it was an anion or cation from ionic liquids is nearby to the liquid-solid interface
between ILs and fabricated material. Benefits of the usage of ILs compared to the
employment of Deep Eutectic Solvents (DES) have been presented for the fabrication of both
nanostructured TiO> '* and a wider group of nanomaterials !°. Property modulation of two-
dimensional (2D) materials by ILs introduced during synthesis was discussed in relation to
materials obtained by exfoliation, application of ILs as the gating layer to increase charge
carrier density, as well as usage of ILs to fabricate 2D material electrodes and to boost
crystallization process of perovskites in photovoltaic cells .



In this review, we collected literature on the preparation of semiconductor photocatalysts in
the presence of ionic liquids and, on this basis, we determined the main mechanism for
inducing photoactivity of the obtained materials, related to the presence of ionic liquids. The
gathered data showed us that there are eight main ways in which ionic liquids can increase the
photoactivity of semiconductors both when excited by UV and Vis radiation. As presented in
Figure 1, ILs could control photoactivity throughout:

1. creation of new energy states by doping elements originated from ionic liquid
(dopant presence could provoke an apparent narrowing of the semiconductor band
gap and/or inhibit electrons and holes recombination);

2. surface defect formation throughout interaction between ionic liquid and growing
semiconductor particles (surface defects affect recombination of photoinduced
electron-hole pairs, cause an apparent narrowing of the semiconductor band gap,
and provide additional active sites for catalytic reactions);

3. facilitating the charge transfer by enabling the formation of heterojunction in
composite materials;
4. presence of surface complex able to absorb visible light throughout adsorption and

chemical interactions between ionic liquids and semiconductor outer;

creation of specific facets beneficial for photocatalytic reaction;

affecting semiconductor particles size and porosity;

7. surface modification by the presence of ionic liquids at the surface of
semiconductor materials affecting the interaction between the semiconductor
surface and components of the reaction mixture (e.g. sorption properties);

8. controlling the thickness of synthesized materials towards obtaining ultrathin 2D
materials (it results in shorter diffusion paths, faster charge carrier transport, and
finally reduces the likelihood of charge carriers recombination).

SN

Tables 1 to 8 present data collected from selected research articles regarding semiconductor
photocatalysts manufacturing in the presence of ionic liquids. We decided to compile the data
only from articles on the basis of which it is possible to clearly determine how the ionic
liquids affect the photoactivity of the obtained semiconductor. In the following sections, we
briefly discuss the principles of each of the mechanisms presented in Figure 1 and mentioned
above with reference to specific examples. In the final part of each section, “known” and
“unknown” facts regarding the specific impact of ionic liquids on the presented
photoexcitation mechanism are summarized.
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Figure 1. The main paths in which ionic liquids impact the properties of semiconductors and the mechanism of
their photoexcitation



1) Doping elements originated from ionic liquid

Semiconductors with weak visible-light activity (i.e. having a bandgap >3 eV) can be
modified by metallic or non-metallic elements to extend the wavelength of photoabsorption
towards the visible region. The term "doping" means the incorporation of atoms or ions into
the material’s crystal lattice, that is, modification of the bulk structure of crystallites, but not
modification of the surface!”. The dopants, either through substitution or interstitial doping (or
both), modulate the material's electronic structure. Doping may induce the formation of local
intraband energy states (e.g. oxygen vacancy, OV) that become centers of optical excitation
and relaxation'®!®, These states should overlap with the band states of the semiconductor to
transfer photoexcited carriers to the reactive sites at the catalyst surface within their lifetime?.
Excitations from the localized states to conduction band (CB) may account for the extended
absorption tail of absorption curve to the longer wavelengths with respect to undoped
semiconductors (UV region)?!. Another effect caused by doping is shifting the position of the
conduction or valence band (VB), thereby narrowing the bandgap without introduction of any
local states. In this case, a red-shift of the entire absorption edge toward the longer
wavelength is observed, which favorably affects both light absorption and photocatalytic
activity?2. Absorption in the visible light region can also be attributed to dopant-induced
defects, including surface reconstruction?® and lower recombination rate of charge carriers®.

Ionic liquid is most often used as an additive to the reaction medium in which the
semiconductor is obtained. If IL decomposes under the synthesis conditions used, it becomes
a source of non-metallic, e.g., B>>26, N 727.28 F29 130 p 31 (262832 Q33 (] 34 or metallic
species Fe 73 which may be embedded in the semiconductor structure. Studies conducted so
far (summarized in Table 1) indicate that doped elements (one or more) were derived from the
decomposition of the following ILs’ cations: 1-ethyl-3-methylimidazolium?>7, 1-butyl-3-
methylimidazolium? 220313 1-methyl-3-octylimidazolium?®**5¥7, 1-butylpyridinium’ or the ILs’
anions: tetrafluoroborate*?®,  hexafluorophosphate’’, tetrachloroferrate®*, iodide®,
chloride’23:3,

Doping of elements in the crystal lattice can be proved through various techniques such as
XPS (analysis of valency of doped elements)!’, XRD (shifts in diffraction peaks)*®, UV-vis
absorbance spectra®®, or first-principles calculations?®, whereas photocatalysis by doped
photocatalysts by the action spectrum analysis (analysis of resemblance of absorption and
actions spectra)®. Yu et al. 2 used the XPS technique to confirm the substitutional (signal at
197.0 eV) and interstitial (signal at 193.6 eV) doping of B atoms derived from 1-butyl-3-
methylimidazolium tetrafluoroborate into the TiO, lattice (formation of B-Ti species). In
addition, the peak at 281.1 eV was assigned to the O-Ti—C bonds, resulting from the
substitution of the oxygen atom with carbon. The XPS analysis also revealed the presence of
the Ti*" species in the titania structure, which according to the authors, facilitates the
transition of photogenerated electrons and reduces the electron—hole recombination rate.
However, the UV-Vis spectra performed for this material did not reveal a redshift of the
absorption, which was concluded by the lack of band narrowing in doped TiO». The shift of
the absorption edge toward the higher wavelength, in contrast, was observed for F-doped
Pt/TiO2 ¥ (1-ethyl-3-methylimidazolium tetrafluoroborate was a source of fluoride) and N-
doped TiO; #3¢ (N was derived from 1-ethyl-3-methylimidazolium chloride) compared to
P25 TiO; used as a reference material.

Known: methods of using IL to incorporate non-metals into semiconductor lattices; examples
of IL susceptible to decomposition during synthesis and being a source of dopants.



Unknown. effect of the IL-derived doping on the electronic structure of the material (band gap
narrowing and/or localized states formation); conditions under which IL-derived mono- and
codoping occurs; amount and distribution of doped elements, stability of the doped material
under photocatalytic reaction condition, possibility of surface reconstruction.



Table 1. Category: doping. Preparation conditions, morphology, photocatalytic performance of photocatalysts prepared by ILs-assisted synthesis methods*,**.

Explanation of abbreviations used below in the column:
- surface properties: diameter (@), thickness (th), length (1), width (w), crystallite size (D) specific surface area (Sger), pore volume (V}), pore size (), aspect ratio,

- conditions: photocatalyst content (Cphnot), the concentration of model pollutant (Co), sacrificial agent (sacr. agent), volume of solution (Vs), irradiation time (t),

- efficiency: yield (Y)/rate (r)/rate constant (k) of the most active sample (Y), and the reference sample (Yr), /7 - increase, and v decrease compared to the reference sample.

*The table includes all available information.

**The original sample label is given in italics.

Pho.tqcatalyst and Ionic liquid and its role Synthesis Surface Photocatalytic performance - Mechanism
original sample . . R Type of model o . Yield (Y)/rate (r)/rate . Ref.
in the synthesis method properties . Conditions Light source details
label reaction constant (k)
1-butyl- _ Y =84.2% ) .
TiO, 3-methylimidazolium microwave nanoparticles Cphj‘ I g/L k=0.0173 1/min doping by B,
. — Methyl orange Co=10mg/L 300 W Xe lamp _ o F; 25
tetrafluoroborate assisted ¢ =~10nm deeradation V. =200 mL (>400 nm) Yier =~16% . band ga
3TA400 synthesis | Sper=99.71 m¥/g g s ; kyer=0.0014 1/min gap
... t =100 min i narrowing;
additive 7
Cphm =1.2 g/L _ 0,
Co=10mM 30 W v fz{ 1*82/3 6,25)
ref — o
ammonia- Vs=10mL (Amax = 253 nm) /
1-butyl- : t=15 min
o . driven .
3-methylimidazolium hydrolysis of rutile nanorods Coneo red . dopine by N
TiO» tetrafluoroborate }; tr'?az's ?‘no 1=5-20 mm d agdat' o P Cg Fy ’ 2
tanum -, —200-500 nm egradalio o
solvent precursor in Conor = 1.2 g/L Y = 56%
IL Co=10mM 30 W Vo 9%, (1225)
Ve=10mL (Amax = 575 nm) ref /"
t=15-30 min
1-butyl- _ ] . .
TiO, 3-methylimidazolium . Cphor =2 g/L 300 W Xe lamp Y =~100% doping with
Rhodamine B Co=10"mM _ o B, C; 2%
tetrafluoroborate hydrothermal nanocrystals . _ (>420nm) Yeer = ~50% .
degradation V=20 mL ) - formation of
Tu-300 - . 20 mWem 7 At
... t=120 min "
additive
. I-benzyl- - Y = 44% o
TiO, 3-methylimidazolium microparticles Conot =5 g/L r = 1.4 mmol/(dm*min) - doping with
chloride Ivothermal -1 5_2 0 mm Phenol Co=021 mM 1000 W Xe ’ Yoi= 13% N; 7
TiO2 BenMIM(1:2) solvothe ép PP degradation Vi=25mL lamp (>420nm) | o , o aminy | - formation of
N source and morphology BET & t =60 min ref = P Ti*",

directing agent




TiO,

TiO, BPy(1:3)

1-butylpyridinium
chloride

N source and morphology
directing agent

TiO,

TiO; BMPyr(1:5)

1-butyl-
1-metylpyrrolidinium
chloride

N source and morphology
directing agent

TiO,

Ti0, TBA(I:2)

tetrabutylammonium
chloride

N source and morphology
directing agent

Y =60%
r = 2.3 mmol/(dm3-min)

Yeer=13%
Trer = 0.4 mmol/(dm3-min)
7
Y =49%
r = 1.7 mmol/(dm3-min)
Yeer=13%
Trer = 0.4 mmol/(dm3-min)
7
Y =46%
r = 1.5 mmol/(dm3-min)
Yeer=13%
Trer = 0.4 mmol/(dm3-min)
7

1-ethyl-3- _
. methylimidazolium solvent Cphor = 1.3 g/7L _ )
TiO, . : sacr. agent = r=139.1 mmol/(g-h) . .
chloride evaporation _ ) . 450 W Xe lamp -3 V(eh - doping with 36
. I Sger = 54 m?/g H, generation MeOH (>400 nm) I'ret = ~3 mmol/(g-h) N
N-TiO5-600 induced se Vi=155mL 2 :
N source and mesoporous assembly t = 360 min
template
1-ethyl-3- _ - doping with
. methylimidazolium solvent Cphor = 1.3 g/7L _ ) N,G;
TiO, . . sacr. agent = r =~83 mmol/(g-h) .
chloride evaporation _ N . 450 W Xe lamp _ . - higher BET 2
. I Sger = 101 m?%/g H, generation MeOH 420 Tret = ~7 mmol/(g-h) )
CNMT-0.75 induced self- V. =155 mL (>420 nm) 2 surface area;
’ C, N sources and a assembly t; 360 min - smaller
mesopore creator crystallite size;
TiO 1-ethyl- Conot =1 g/L
? 3-methylimidazolium nan tal sacr. agent = r=4399 mmol
. tetrafluoroborate solvothermal Bcrys s H, generation TEOA 300 W Xe lamp Tref (p25) = 517 mmol - doping with F »
F-Pt/TiO; ¢=10nm _
Vs=10mL 7
F source’ t=~48h
. 1-methyl- Cphot =0.2 g/L _ o
Biocl 3-octylimidazolium borows vlen bl Co=10mgL+ | 0 | Y ?Ozgf’ .
tetrachloroferrate solvothermal fucrospheres Methylene blue 3ml H>O, 30wt.% W Xe lamp, Yieer = 22% - doping 3
Fe/BiOCl ¢=1pm degradation V. =100 mL. (>400 nm) 7 with Fe3*
= 2 s
source of Cl and Fe, Seer = 38.3 m7g t=75 min




template

Cphot =0.2 g/L Y=75%
Rhodamine B Co=10mg/L Yrer=20.9%
degradation V,=100 mL 2
t=25 min
Cphm =0.5 g/L
. Co=10mg/L + Y =98%
Bisphenol A1 3l 1,0, 30wt.% Yier = 50%
£ V, =100 mL 7
t=210 min
Cphut: 0.5 g/L
sac. agent 10 Y = 186.22 mmol/(g-h)
. vol% MeOH, _
H> generation V.= 50 mL Yrer=~30 mmol/(g-h)
>3% Pt, HZ;;’(? ?agpxe g
Bi,0:C03/Bi; WOy Lbutyl- t=3h (2420 nm) - doping with T;
3-methylimidazolium . Coro = 0.50 o/
iodide solvothermal microspheres ] phot = V.0V & Y = 80% - lower electron- 30
0.31- Sper=27.73 m¥/g Tetracyclllne Co=20 mg/L TC, RhB: Yop= ~70% hole
Bi>0>CO3/Bi;WOs I degradation V=50 H_IL 500 W Xe lamp 2 recombination;
source t=60 min (380 nm <A<
= 780 nm)
. Mphot = 50 mg Y =99.9%
Rhodamine B Co=10 mg/L Y =10.9%
degradation Ve=50 ml A e
t =120 min
1-methyl-3- _ Y =82.7% . L
BiPO, octylimidazolium rod-like strueture |, | (e 030 gL k=00519 Lmin | doPing with €
dihydrogen phosphate solvothermal 1= 280 nm d ozggt.eno VO ~ 100 li L 250 W Hg lamp Ye=58.1% owelrl elec on= -y
C-BiPO,-2 w=30nm cgradatio s ; Kier=0.0333 1/min ol
C source t=120 min 2 recombination;
- doping of S*
[MIM]{(CH),}3[MIM] 1ons;
(SCN), . higher
7n0 cactus-like Conor = 0.5 g/l 30 W Y =100% number of
phot — V. foho — )
source of S, templating hydrothermal ZnOyS1— Methyl orange V, =80 mL high-pressure Yeer : IOQA)_ afte.r longer oxygen 1
. nanostructures degradation _ . Hg lamp irradiation time vacancies;
S-1 agent, and modifier of _ 5 t =450 min .
A . Sger =25.15 m*/g 7 - higher
ionic force during
reaction number of
crystallite

defects;




1-butyl-

Y =~95%

g-CNa 3-methy11m1.dazohum L layered, cavity Rhodamine B C"E’tf gL 500 W Xe lamp k=10.02888 1/min - intercalation of | 53
chloride calcination structure; degradation Co=10mg/L (>420 nm) Y et = ~60% hlori
7.8% CN-CI ’ t=90 min ref 0 chlorine
additive, Cl source d
l-methyl- Cpror= 0.2 g/L Y =96%
&GNy 3t'°fty11‘1‘lmd?z°hl:m wet hin < Rhodamine B Co=10mglL | 300 W Xe lamp k=0.0182 1/min doning with Fe | 3
FoCN2 etrachloroferrate impregnation in sheets degradation Vs =100 ITIL (>400 nm) Yoo = 74% - doping with Fe
Fe source t=150 min 2
Conor— 1 g/L Y = 85%
1-butyl-3- Tetracycl.ine Co=50 mg/L k=0.01544 1/min
-GN, methylimidazolium degradation Vs~ 50 mL Yier=40%
hexafluorophosphate calcination sheet structure £= 120 min 300 W Xe lamp z - doping with P 31
39-P/g-CNy @pores = 55-80 nm Cphot=1 g/L (>385 nm) Y =80% _
P source Methylene blue Co=50 mg/L k=0.0082 1/min
degradation Vs=50mL Yier =30%
t =120 min 2




2) Surface defects formation

The atomic structure of photocatalysts, when disrupted or compromised, can lead to the
formation of defects that can play a crucial role in influencing their optical, electronic, and
photocatalytic properties. Defects (e.g., oxygen, and sulfur vacancies) can act as active sites
for photocatalytic reactions. This enhancement stems from the defects' ability to curtail the
recombination of photoinduced electron-hole pairs, narrow the energy band, and provide
additional active sites for catalytic reactions*. Among the most prevalent defects in oxide
photocatalysts are oxygen vacancies (OVs), typically intrinsic in nature. These vacancies form
when oxygen atoms within the crystalline structure undergo partial reduction, introducing two
extra electrons*’. The generation of OVs can occur during crystal growth, through the
introduction of dopants, or as a consequence of specific crystal phase formations.
Manipulating the concentration of OVs within photocatalysts is achievable through various
means, such as modifying synthesis conditions employing post-synthesis treatments like
annealing at specific temperatures, adjusting synthesis atmospheres, or subjecting the material
to irradiation. These strategies offer a feasible approach to control and regulate the
concentration of OVs, thereby influencing the overall photocatalytic performance of the
material.

The role of ILs in the synthesis of TiO2 materials wherein the interaction between the ILs and
TiO> induces the intentional formation of oxygen vacancies has gained much attention. The
induction of oxygen vacancies in TiO; is a pivotal step in the generation of Ti*" species. So
far, ILs such as 1-decyl-3-methylimidazolium chloride?, 1-benzyl-3-methylimidazolium
chloride’,  1-butyl-1-metylpyrrolidinium  chloride’,  1-butylpyridinium  chloride’,
tetrabutylammonium  chloride’,  1-methylimidazolium tetrafluoroborate*,  1-butyl-3-
methylimidazolium tetrafluoroborate®*+#° 1-butyl-3-methylimidazolium chloride®*, 1-ethyl-
3-methylimidazolium tetrafluoroborate®, and 1-methyl-3-octylimidazolium tetrafluoroborate?
have been used.

The formation of defects on the surface of other photocatalysts (e.g., ZnO, BiOBr, BiOl,
BiVOs) has been observed in the presence of 1-ethyl-3-methylimidazolium bromide*, 1-
butyl-3-methylimidazolium bromide**8, 1-hexyl-3-methylimidazolium bromide*¢, 1-methyl-
3-octylimidazolium bromide*¢—¢, 1-hexadecyl-3-methylimidazolium chloride®,
tetrabutylammonium  hydroxide®®,  tetrabutylphosphonium hydroxide®!, I-cetyl 3-
methylimidazolium bromide*’*, 1-dodecyl-3-methylimidazolium bromide*’*8, 1-butyl-3-
methylimidazolium tetrafluoroborate®®, 1-butyl-3-methylimidazolium hexafluorophosphate*®,
1-methoxyethyl-3-methylimidazolium  bromide®?, 1-octyl-3-methylimidazolium copper
trichloride™, 3-butyl-1-methylimidazolium tetrachlorobismate>?, 3-butyl-1-
methylimidazolium vanadate®*, 3-(2-methoxyethyl)-1-methylimidazolium
tetrachlorobismate®,  3-(2-methoxyethyl)-1-methylimidazolium  vanadate®, 1-ethyl-3-
methylimidazolium iodide®, 1-ethyl-3-methylimidazolium dihydrogen phosphate®, 1-butyl-
3-methylimidazolium chloride®, and 1-ethyl-3-methylimidazolium tetrafluoroborate®’. Within
Table 2, we have highlighted various examples where ILs have contributed to creating defects
or local distortions.

The influence of ILs on the formation of defects was corroborated and validated through
multiple spectroscopic techniques, including Electron Paramagnetic Resonance (EPR),
Electron Spin Resonance (ESR), Photoluminescence (PL) spectroscopy, and XPS. Based on
them, it can be stated that the surface defects, specifically Ti**, are attributed to the
contribution of ILs, both imidazolium?**, and non-imidazolium ones’. The ILs contribute to
incorporating Ti**into the bulk TiO, through the partial decomposition of the imidazolium
cation and the hydrolysis of anion*’. The partial decomposition of ILs results in the co-



adsorption of decomposed elements and surface modification (e.g., Ti-O-N species)®’#. This
indicates that ILs are involved in the initial stages of synthesis and influence the composition
of the final TiO2 product. It is confirmed that the IL precursor plays a pivotal role in dictating
the morphology, and crystallinity, and the growth mechanism is intricately linked to
electrostatic interactions with IL cations*%>2, The incorporation of ILs enhances
photocatalytic performance through the formation of defects and the influence of alkyl chain
size*4,

However, in the case of other photocatalysts than TiO, the role and importance of the use of
ILs in relation to the defects is much less discussed. It is unclear on what basis ILs, which
potentially contribute to the formation of defects, while their interaction with precursor
materials and reaction conditions may influence the defect formation process, are selected.
There is a lack of information about the behavior of ILs in the reaction medium.
Understanding the fate of ILs during the synthesis process and developing methods to remove
any residual ILs or by-products is crucial for ensuring the purity and functionality of the final
materials. Further research in this area is essential to understand the dynamics of ILs during
synthesis, their impact on defect formation, and the steps needed to ensure the removal of any
residual ILs.

Known: contribute to surface defects formation (particularly Ti*"); facilitate the incorporation
of Ti** into bulk TiO: through imidazolium cation decomposition and anion hydrolysis;
partial IL decomposition leads to co-adsorption (Ti-O-N species); influence the initial
synthesis stages, shaping the composition of the final product; determines morphology,
crystallinity, and growth mechanism via electrostatic interactions.

Unknown: role in formation and photoactivity other than TiO> photocatalysts; basis for ILs
selection (what properties are the most important, how they interact with precursor materials,
and how reaction conditions influences the defect formation process).



Table 2. Category: surface defects formation. Preparation conditions, morphology, photocatalytic performance of photocatalysts prepared by ILs-assisted synthesis methods®, **.

Explanation of abbreviations used below in the column:
- surface properties: shape (s), diameter (¢), thickness (th), length (1), width (w), crystallite size (D) specific surface area (Sger), pore volume (V,), pore size (¢p), aspect ratio,
- conditions: photocatalyst content (mpho), the concentration of model pollutant (Co), sacrificial agent (sacr. agent), volume of solution (Vs), irradiation time (t),

- efficiency: yield (Y)/rate (r)/rate constant (k) of the most active sample (Ynot), and the reference sample (Y.f), 7 - increase, and v decrease compared to the reference sample.

*The table includes all available information.
**The original sample label is given in italics.

Photocatalyst Photocatalytic performance
. . Ionic liquid and its Synthesis Surface Type of . . Mechanism
and orlglna:* role in the synthesis method properties model Conditions Light Yield (Y)/rate (r)/rate details Ref.
sample label reaction source constant (k)
cube-like
or truncated
octahedral
TiO2 bipyramidal Methylene Cphot =2 g/L Y =973%
nanocrystals Co=20 mg/L PP
TiO =20 blue V.=100 mL Yret =46.8%
LU2-F vacuum () nm degradation s m 2
D=20.2 nm t =90 min
¢p=11.68 nm
[-butyl- Vp=023 cm/g
3-methylimidazolium _ b .
Seer = 94.13 m*/g - formation of
tetrafluoroborate ; 3
cube-like Ti
additive or truncated 300 W Xe - shorted
solvothermal octahedral Copor=1 g/L lamp diffusion 44
. - . . phot —
TiOs2 microwav bipyramidal Benzyl Co = (>400 nm) Y =~23 mmol/g length
nanocrystals _ - lower
_ alcohol 0.01 mmol Yref = ~5 mmol/g
Ss ¢ =20nm oxidation V. =20 mL 2 electron-hole
D=20.3 nm t; 90 min recombination
¢p=11.68 nm
V=023 cm’/g
Seer = 94.13 m?/g
nanorods
1-butyl-
. i o . ¢ =20 nm Cphot =2 g/L
TiO2 3 methgﬁigili((lizzohum D=13.5nm Melgk;l};lene Co=20 mg/L Y = 529
Tio ¢p = 8.81 nm deeradation Vs =100 mL Yeet = 46.8%
= sdditive Vp = 0.33 cm¥/g & t=90 min

SBET =




129.12 m?/g

[-butyl- microspheres - more OVs
TiO2 3-methylimidazolium =1 S—g S m Methylene Cohot = 0.2 g/L k= 1.54x10"3 min! - d
tetrafluoroborate solvothermal — 420 nm blue Co=0.02 mg/L 300 W k=0.46 x 10~ min™! 1nf(3 reasef 4
HDM-TiO: Pe > degradation | Vs=100mL 2 Spectiic surtace
additive Sper = 131 m*/g area
1-butyl- microparticles - higher content
TiO2 3-methylimidazolium ¢ =0.5-4.0 mm Mphot = 7.5 mg r=5.9 pymol-dm-min"! of Ti**
chloride D=7.2nm Co=10.43 mM Fref = 5.2 pmol-dm-min’! - smaller
TiO2 B(1:2) Vp =0.059 cm¥/g t =80 min 2 particles
.. _ 2 . hi
additive Sper = 202 m*/g Phenol 150 W Hg hlgh.er' ,
1-decyl- solvothermal ] ] deoradati X crystallinity
] o . microparticles egradation amp _ oA 3eraing] - larger BET
. 3-methylimidazolium _ _ r=5.5 mmol-dm™min
Tio: chloride ¢~ 0.5-4.0 mm Mphot = 7.5 Mg Fref = 5.2 mmol-dm™min- | surface area
D=8.4nm Co=10.43 mM ’ ! - more regular
TiO: D(1:2) dditive Vp=0.065 em’/g t =80 min , and smooth
Sper =218 m*/g shape
TiO 1-benzyl- microparticles Y =44%
? 3-methylimidazolium ¢ =1.0-2.0 mm r= 1.4 umol-dm>-min’!
. ) chloride D =54 nm Yre=13%
T ’OZ—BeZ’jMIM( L V,=0.101 cm¥/g Feet = 0.4 pmol-dm-min’"
additive Seer = 207 m%/g 7
. 1-butyl- microparticles _ Y =49% - higher content
Tio> 1-metylpyrrolidinium ¢ = 1.0-2.0 mm Cpim > gL 1000 W r=1.7 umol-dm™-min! of Ti**
. - Phenol Co=0.21 mM . 5
TiOs BMPyr(1:5 chloride solvothermal D =57 nm deeradation Ve=25mL Xe lamp Yre=13% - doping of N
2 ) Y Vp=0.104 cm’/g & tS: 60 min (>420 nm) | 7rer= 0.4 pmol-dm™-min’! - OVs
additive Seer =213 m?/g 7 formation
1-butylpyridinium microparticles Y =60%
TiO2 chloride ¢=1.0-2.0 mm r=2.3 umol-dm™>-min’!
D=43 nm Yiet = 13%
TiO2 BPy(1:3) additive V,=0.105 cm’/g 7ret = 0.4 pmol-dm™-min’!

Seer =215 m%/g

7




. tetrabutyl . microparticles Y =46%
TiO2 c}}llﬁfjl:irelomum ¢ =1.0-2.0 mm r=1.5 umol-dm>-min’!
D:58 nm Yref: 13%
: . — 3 — . 3emin-
TiO: TBA(1:2) additive \é;ET (i 120009(;1{2//5 rret = 0.4 pm/‘OI dm3-min!
TiO, Cphot =1 g/L 300 W Xe Y =40% - formation of
Rhodamine B | Co =10 mg/mL | (>420 nm) Yeet = ~32% (P25) Ti?
3+ e degradation Vs=50mL Y =91% - formation of
I /Tio: l—methzlimidazolium t=240min | J0OWXe Yref = 1O d;ta ov
tetrafluoroborate microparticles - narrower the
. solvothermal ¢ =20-30 mm Cphot=1 g/L energy band .
TiO: additive sacr. r=0.26 mmol h"' m? gap
H: generation | agent=MeOH | 300 W Xe | trer=0.13 mmol h"' m? . lower
Pt-Ti3*/TiO: Vs=50mL 7
. electron-hole
t =240 min -
recombination
1-butyl- oub ~ UV-Vis: L
TiOs 3-methylimidazolium nanotubes r = 1.26 mmol/(dm’-min)
tetrafluoroborate 1D_T) 295 nm .
NTs-[BMIM] o Vis: .
F source ¢ =120 nm r = 0.30 mmol/(dm?>-min)
frer = 10 data - formation of
I-ethyl- b 4 om? of TiOs I AR TP
TiO2 3-methylimidazolium anodic nanombes NTs 1000W | " 1.00 mmol/(dmmin) -Nand B
tetrafluoroborate oxidation of Ti D =33 nm Phenol Co=021mM | Xelam dopin 3
N . [=0.35 um degradation - P Vis: ping
Ts-[EMIM] foil ~ 120 Vs=10mL (420 nm) _ 3o - length control
F source ¢~ svnm t =60 min r=020 mmol/(dm™min) | "\ Cirface
I'ref = N0 data gare
UV-Vis: a
TiOz L-methyl- nanotubes r = 1.82 mmol/(dm? min)
3-octylimidazolium )
tetrafluoroborate D =36 m
NTs- 1=0.85 um Vis:
[OMIM] 90V F source ¢=120nm r = 0.63 mmol/(dm?>-min)
I'ref = NO data
1-ethyl- 125 W
7n0 3—methylimi.dazolium nanorods Cphot=0.4 g/L hieh- . defect-related
bromide solid-state ¢=50-100 nm Rhodamine B Co=10"M & Y =100% 1 © 46
Sample 1 1=1500-2500 nm degradation V=100 mL P re‘iflsure Yt = no data green-yellow
morphology Sper=23.50 m?/g t= 100 min a pr emission

controlling agent




1-butyl-
3-methylimidazolium

ZnO bromide nanorods
¢ =50-100 nm no data
Sample 2 morphology 1=1000-1500 nm
controlling agent
1-hexyl-
7n0 3—methglrlérrrrllliccllaezohum nanorods
¢ =50-100 nm no data
Sample 3 marphology 1=1500-1000 nm
controlling agent
1-methyl-
7n0 3-octylimidazolium nanorods
bromide ¢ = 40-60 nm, Y =100%
1=200 nm Yref = no data
Sampl b
ample 4 morphology Seer=32.10 m?/g
controlling agent
1-butyl- flower-like Y = 47%
_ - 0
Zn0 3-methylimidazolium 0= gﬁ?ﬂ;m k= 0.00523min’!
s chloride v, ‘jpo 029 emg Yieer=30%
n : = in’!
incorporation agent Microwave- D=1523nm Crhor = 1g/L. 6 lamps o 0'0(;‘501 o - conversion
rsisted Seer=8.3 m¥g | Rhodamine B | Co=10"M s “13 shallow defects | 4o
I- hexadecyl- hydrothermal flower-like degradation Vs=50mL cach Y = 62% into deep
Zn0 3-methylimidazolium 0 0778 km t=60 min k= 0.00954 min"! defects
o chloride v, :p0 064 cm’/g Yeet = 30%
. _ L |
nO/C1640 e D =126.9 nm ket = 0.00501 min
P g Sper = 17.3 mg 4
1-ethyl- .
ZnO 3-methylimidazolium mlcrrl(;‘?llérrlilizs of Cphot = 0.4 g/L IhZ.SQN
tetrafluoroborate B Methyl orange | Co=5-10"M 1eh- Y =100% -
Zn0 nano- solvothermal ? 1 1020 2 i(r)nnm degradation s = 100mL P re;ls;gure Yref = no data - OVs presence
bund| hol s = i
undles morphology Sper = 36.6 m¥g t=100 min lamp

controlling agent




tetrabutylammonium

hydroxide Cphot = 0.6 g/L - large amount
. . microspheres Rhodamine B CO: 1.5-10 120 W Y =~90% of oxygen 50
ZnO adsorbing Microwave _ . mol/L mercury _ defect
. . ¢ =50-200 nm degradation _ Yref = no data
microwave and acting Vs=50mL lamp - large number
as solvent, reactant, t=120 min of defect states
template
tetrabutyl- Rhodamine _ _ . 1 )
7n0 phosphonium iOdS 6G Cphot: 0.33 g/L UV light 9.035 min larger amount
. . ¢ =9 nm . Co=3mg/L e ket = no data of OV 51
hydroxide Hydrolysis _ degradation = irradiation .
1=21 nm - Vs=3mL — — - high BET
Zn0O-5 Sper = 96.7 m2/ Crystal violet t = 120 min (350 nm) =~0.084 min face arca
hydrolyzing agent BET ) £ degradation kret = no data surlace are
1-butyl-
. 3-methylimidazolium .
BiOBr bromide tremella-ball-like Y = 94.0%
structures Y ei=n0 data
BiOBr-C4 ¢=2-4mm ref™
Br source, template,
and solvent
1-cetyl-
. 3-methylimidazolium
BiOBr bromide ) Y =69.2%
. Yref = no data
BiOBr-C16 Br source, template, Cphot =1 g/L 300 W
and solvent Methyl orange Co=10 mg/L Xenon _ . .
1-dodecyl- solvothermal a degradation V.= 100 mL lamp OV formation
. 3-methylimidazolium t =270 min (>420 nm)
BiOBr bromide Y =83.5%
BiOBr-C12 Yref = no data
Br source, template,
and solvent
1-methyl- -
. 3-octylimidazolium
BiOBr bromide Y =85.1%
BiOBr-C8 Yref = no data
Br source, template,
and solvent
BiOBr 1-butyl- tremella-ball-like Cphot =1 g/LL 300 W Y =94.0% ] .
3-methylimidazolium | Solvothermal structures l\/fiethyl doiellnge Co=10 mg/L Xenon k=0.0098 min! _ ov f?_nr}atlogl 48
BiOBr-Cy-Br bromide ¢ =24 mm ceradation Vs =100 mL lamp Yref=no data’ spectiic facets




Br source

BiOBr

BiOBr-BF4

1-butyl-
3-methylimidazolium
bromide
and 1-butyl-
3-methylimidazolium
tetrafluoroborate

Br source, surface
modification

BiOBr

BiOBr-PF4

1-butyl-
3-methylimidazolium
bromide
and 1-butyl-
3-methylimidazolium
hexafluorophosphate

Br source, surface
modification

BiOBr

BiOBr-C16

1-cetyl-
3-methylimidazolium
bromide

Br source

BiOBr

BiOBr-CI12

1-dodecyl-
3-methylimidazolium
bromide

Br source

BiOBr

BiOBr-C8

1-methyl-
3-octylimidazolium
bromide

t =270min
Tetracycline
degradation
Cphot =1 g/L
Methyl orange | Co =10 mg/L
degradation Vs =100 mL
t =270 min
Tetracycline
degradation
Cphot =1 g/L
Methyl orange | Co =10 mg/L
degradation Vs =100 mL
t =270 min
Tetracycline
degradation
Cphot =1 g/L
Methyl orange | Co =10 mg/L
degradation Vs =100 mL
t =270 min
Tetracycline
degradation
Cphot =1 g/L
Methyl orange | Co =10 mg/L
degradation Vs =100 mL
t =270 min
Tetracycline
degradation
Cphot =1 g/L
Methyl orange | Co =10 mg/L
degradation Vs =100 mL

t =270 min

(>420 nm)

Y =~90%
Yt = no data

Y =66.8%
k=0.0023min""!
Yret = no data

Y =~32%
Yret = no data

Y =23.7%
k= 0.0008min"
Yret = no data

Y =~27%
Yret = no data

Y =69.2%
k=0.0039min"!
Yret = no data

Y =~78%
Yt = no data

Y =83.5%
k=0.0047min"!
Yret = no data

Y =~80%
Yt = no data

Y =85.1%,
k=0.0058min""!
Yret = no data

- lower electron
hole separation




Br source Tetracycline Y =~83%
degradation Yref = no data
1-(2-methoxyethyl)- i high OVs
. 4 - higher surface
3-methylimidazolium flower-like sha Coo= 1 o/L 500 W Xe
BiOBr/BiOCl bromide oWer-iie shape . phot = 1 & lamp k=0.0285 min"! area
assembled by Rhodamine B Co=10 mg/L . _ -1 - high 5
hydrothermal . _ (simulated kret = 0.0048 min .
. . nanosheets degradation Vs=50mL separation
BiOBr/BiOCI source of Br and _ 2 S . solar 7 .
L Seer =39.9 m“/g t =50 min . efficiency of
morphology directing light)
photogenerated
agent .
carriers
Methylene Cph(i =0.1 g/L Y = 100% - OV formation
blue Co=10 mg/L Yoot = 44% - evenly
d . Vs =100 mL * distribution of
egradation =75 min 7 Cu*
1-methyl- )
. 3-octylimidazolium . arse
BiOCl . . microspheres 300 W Xe adsorption
copper trichloride _ . 53
solvothermal ¢=3-5 pm Conot = 0.5 g/LL lamp capacity
i . = 2/ phot — U. _ 0KO . .
Cu/BiOCL (5:1) solvent, template, Cl Seer =36.6 m"g Bisphenol A Co=10 mg/L (400 nm) J ‘:956 0/00/ bgoad :}ght
and Cu source degradation Vs =100 ml el ’ absorption
. 7 band
t=120 min
- low electrons-
holes
recombination
1-butyl-
BiVO4 3—methyhm1dgzohum pa:rtlcles Y02 = 16.6 umol
tetrachlorobismate D=19 nm v ~ 103 |
[Bi~Bm][V-Bm] ¢=1733 nm (O2rel = . Hmo
Bi source, template, Seer = 11.66 m?/g
structural agent —95
1-butyl- Miphot . ME | 300 W Xe - OV formation
. 3-methylimidazolium mixing and particles . sac. lamp with - lower 54
BiVOs4 .o - O: evolution agent0.05 M Y(02)=28.6 umol
vanadate calcination D =18 nm an AM electron-hole
_ Fe(NOs)3:9H20 Y o2)ref = 10.3 pmol .
Bi:[V-Bm] ¢ =221 nm 1.5G filter 2 recombination
: V source, template, Seer = 11.43 m?/g aq
structural agent
. 3-(2-methoxyethyl)- particles _
BiVO: I-methylimidazolium D=19nm YY(oz) ;313 3},1 mol |
tetrachlorobismate ¢ =3236 nm (O2rel 2 Hmo

[Bi—-Me]:[V-Me]

Seer = 11.10 m?%/g

7




Bi source, template,
structural agent

3-(2-methoxyethyl)-

BiVOu I-methylimidazolium pa_rtlcles Yion =242 pmol
vanadate D=18 nm Yioaer = 10.3 pmol
Bi:[V-Me] =980 nm, P
V source, template, Sger = 11.79 m*/g
structural agent
Y =70%
Cphot =0.05 g/L k=0.0287 If([’)lin_l

Rhodamine B Co=10 mg/L v 'f —10% - Surface

degradation Vs =100 mL for— 66002 48 min’! oxygen
t =40 min e 2 formation

— - thinner
1-ethyl- ultrathin G hm_i 0.05 g/L LED Y =~53% nanosheets

. S . Methyl orange | Co =10 mg/L lamp, _ .

BiOI 3-methylimidazolium nanosheets . _ Yret =~2% - higher surface
L degradation Vs =100 mL 40 W 55
iodide hydrothermal ¢p=19.6 nm t= 10 min 7 area

BiOI-7 th =3 nm - lower
I source and template Seer =50 m*/g Cphor = 0.05 g/L Y =86% recombination
Bisphenol A Co=10 mg/L k=0.042 min! h  th
degradation Vs =100 mL Yret =~2% Jarvest \he
t =90 min 2 light ability
- adjustable
u luti t=4h Xe lamp YYHZZ 53 ;l mol | morphology
2 evolution wit Pt (>400 nm) Horef p umo
1-butyl- . 500 W - more OVs,
s o 3-methylimidazolium 3D flower-like Cphot =2.5 g/L high- Y =87% - thinner
B12S10s shape assembled . _ _ ]
tetrafluoroborate Rhodamine B Co=10 mg/L pressure k =0.20 min nanosheets, 58
solvothermal by sheets, . _
o 0 a degradation Vs=50mL mercury Yrer=37.4% - lower
IL-Bi:SiOs 3% ¢ =2-6 nm S . .

morphology Sper= 40.8 m?/ t=10 min light, UV 7 electron-hole
controlling agent BET ) g light recombination
1-ethyl- Cphot =1 g/L Y =84.7% - hich tent

3-methylimidazolium Rhodamine B | Co=20 mg/L k=10.2069 h! ' e; (C)"\r/‘ en

dihydrogen . degradation Vs=50mL Yret =~5% 0
CdWO4 lump-like z . 300 W Xe - higher BET
phosphate . t =240 min 7 s6

hydrothermal particles Coror = 1 /L lamp, Y = 61.6% surface area

- — 2 phot — = .07 e

IL-CdiOs OV defects Seer =622 m7/g Tetracycline Co=10mg/L (>420 nm) k=0.1276 h'! hlg}?r
generation, inhibition degradation Vs=50mL Yeet =~10% sef?_ar.a ron
of crystal growth t =240 min 2 erhiciency




3) Transfer of photogenerated charges through the composite materials

One of the methods for improving migration process of the photogenerated electrons and
holes, is the creation of a heterojunction by connecting two semiconducting materials. The
mentioned moieties must be present on the surface of the photocatalyst to efficiently take part
in the ongoing reactions by producing reactive species necessary for the photocatalytic
process — like for example hydroxyl radicals® or superoxide anions®®. Thus, one of the main
factors influencing photocatalytic activity is the efficient transport of photogenerated charge
to the surface of the material. If two materials possess compatible locations of conduction and
valence bands, such conjugation, as creation of a heterojunction, can lead to a widening of the
range of light absorption and reduction of charge recombination probability. In the case of
type II heterojunction, the electrons generated after light irradiation are injected into the CB of
the p-type semiconductor, to further migrate to the CB of the n-type semiconductor because of
internal electric field activity. At the same time, the created holes can migrate from the VB of
n-type semiconductor to the VB of p-type semiconductor, which assures their separation from
the electrons and prevents recombination. The decreased rate of charge recombination can be
confirmed by methods like electrochemical impedance spectroscopy (EIS)®!, surface
photovoltage spectroscopy (SPS)%? or PL.

The addition of ILs to the synthesis environment was found to facilitate the creation of
heterojunctions, thus to the Fermi level alignment at the interface of the materials, because of
the changes in individual energy bands' location. This enables the suitable transfer of charges
within the so-connected bands, which cannot be observed when two materials are only
mechanically mixed, as the particles are not tightly adhered to each other®. Furthermore, the
presence of ILs promotes the formation of crystalline phases®, as well as contributes to the
regular dispersity of phases®>%7 and the creation of morphology beneficial for photocatalytic
processes (like flake-like® shape or nano-flowers aggregated from thin sheets®). Among the
researched materials, different bismuth oxyhalides (BiOX) and their composites were
synthesized by using halide-based ILs as halide precursors. In identical conditions, the
replacement of IL with simple salt (e.g., KCl instead of 1-butyl-3-methylimidazolium
chloride®) did not lead to the obtainment of a composite, but only of BiOX of poor
crystallinity instead. The positive polarity of ILs can also facilitate the connection of material
characterized by negative polarity with other semiconductors, because of electrostatic
attraction®%-8,

The decreased rate of photogenerated charge recombination in studied materials was observed
particularly in the assistance of halide-based ILs, of which the anion was playing the role of
reagent. The chloride® 7 bromide® 2782 and iodides’7##% anions of ILs were most often
paired with  different imidazolium-based cations for example I1-propyl-3-
methylimidazolium™#®, 1-allyl-3-methylimidazolium™, 1-butyl-3-methylimidazolium®+¢7768657,
1-hexyl-3-methylimidazolium®#s5,  1-methyl-3-octylimidazolium®s'#, ~ 1-  hexadecyl-3-
methylimidazoliumsss7.7275782 or  1-methyl-3-[3’-(trimethoxysilyl)propyl]-imidazolium™.
Among others, ILs possessing cations like N-methyl-2-pyrrolidonium®, diethylamine®,
tetrabutylammonium?”, tetrachloroferrate® or N-butyl-N-methylpiperidinium¢®, and anions like
dihydrogen phosphate®, hydrochlorides as well as tetrafluoroborate®’, were also utilized. The
details of the collected data are presented in Table 3.

Formation of composites in presence of ILs was widely described as a result of their efficient
binding and structure-directing abilities. This was further described as the origin of
photocatalytic abilities improvement of the as-synthesized materials. Photocurrent
measurement 465-:67.69-72.75-77.79-87 "Electrochemical Impedance Spectroscopy (EIS) 60:61.65.67.70-



T375-T1.79-86 QPG 66697883 and PL 60.61.63.65.67.70-7375-77.79-8284-86 can confirm the decreased rate
of charge recombination, and thus the enhanced catalytic efficiency. However, there exist
several ‘white spots’, which should be noted and focused in further research. First concerns
limited data regarding confirmation whether the ionic liquid remains at the surface of the
photocatalyst, and thus taking part in the light-driven reaction and influencing its mechanism.
The presence, or the absence, of ILs on the photocatalyst surface is usually only determined
by Fourier-Transform Infrared Spectroscopy (FTIR) 60:63.64.74.79.81.828485 The gecond, concerns
utilization of halide-based ILs. There is limited information concerning the validity of their
use instead of simple halides precursors, especially in terms of bismuth oxyhalides synthesis.
Additionally, even though there were various ILs investigated in this field, the vast majority
of research is concerning the use of the most popular imidazolium-based ILs. The data
regarding other types of ILs is still hardly explored.

Known: ILs are capable of playing the role of reactive structure-directing agents during
synthesis of composites

Unknow: exact influence of ILs on photocatalytic reaction mechanism; insufficient
investigation over presence of ILs remaining on the surface of the catalyst and its
participation in the photocatalytic reaction.



Table 3. Category: transfer of photogenerated charges through the composite materials. Preparation conditions, morphology, photocatalytic performance of photocatalysts prepared by ILs-
assisted synthesis methods™*,**.

Explanation of abbreviations used below in the column:

- surface properties: diameter (@), thickness (th), length (1), width (w), crystallite size (D), specific surface area (Sger), pore volume (V,), aspect ratio,
- conditions: photocatalyst content (Cpnot), concentration of model pollutant (Cy), volume of solution (Vy), irradiation time (t),

- efficiency: efficiency of the most active sample (E,), efficiency of the refence sample (E), /7 - increase, and v decrease compared to reference sample.

*The table includes all available information.
**The original sample label is given in italics.

Photocatalytic performance

Photocatalyst and Ionic liquid and its role . . Mechanism
original sample label in the synthesis Synthesis method | Surface properties Ty[; Z;cftil;l::del Conditions Light source Yield/reaction rate constant details Ref.
1-butyl-3-
PUTIO methylimidazolium tri Stic a%ent- 30 Wl sto o 1 lect
2 tetrafluoroborate . spherical particles ) Ticthanolamine simu’ator Y = ~60 pmol-g!-h! ower electron o
coating —20-40 H, generation Conot =2 g/L (250—2000 nm, 1 Vor= 21 umol-e-l-h'! hole
IL:Pt/TiO; . e ¢ = £0-0 nm Vs =600 mL sun, without UV ref Hmol-g recombination
coating and stabilization _
agent t=24h filter)
1-butyl-
3-methylimidazolium 80 kPa CO; ~ Y
Mn-MOF bromide co Mphot = 5 Mg 300 W Xe Ycus =53 pmol CHs h'' g - lower-electron-
solvothermal rods hotore dz ction Cohot = 1.67 g/L (simulated solar Yco=21 umol COh'! g! hole 76
1 charge compensating p u Vs=3mL light) CHy selectivity: 71.62 recombination
agent (cations) ¢ =240 min
visible light:
. Y =100%
B-Bi,O3 = 70° . -
Bi»O+/Bi-0.CO N-methyl-2-pyrrolidonium solvothermal and nanoparticles Conot =1 g/L Yret 2 70% lowe}rlgll:ctron
PR chloride in-situ calcination are uniformly Rhodamine B Co=10mg/L 300 W Xe lamp, recombination 69
attached on the degradation Vs =100 mL (400 nm) . .
0.17BBOC processes . S . simulated solar-light: - band gap
C source Bi,0,CO; t=120 min -~ o
latelet Y =~55% positions
nanoplatelets Yt = 100%
N
Bi,03 spheres _ Y =98%
. uniformly adhered Cohor = 1 /L k=0.03703 min™!
tetrabutylammonium in situ one-step to the surface of Methyl orange Co=10mg/L Yo = 48%
Bi304Br/Bi;05 bromide self-combustion Bi3;04Br nanosheets, degradation \tls:l égomtﬁ“ 350 W Xe lamp kier = 0.00716 min ™! - lower ehlgfgron- 7
0.61BB complexing agent and o_fiop ic Sper = 4.355 /g (400 nm) Z recombination
) liquids V,=0.021 cm®/g Cphot =1 g/L Y =70%
reactant Lo Phenol N _ o
Average pore width: deeradation Co=10mg/l Yrer =~52%
2.544 eeradatio V, =100 ml ’




t=4h

Cphot =1 g/L _ s
Methyl orange C,=10mg/L kk 1060(}325 5n111111i1n'1
degradation V=100 ml ref = L p
diethylamine t=90 min
) ) X plates (BiOCl) and Cohot =1 g/L - . )
BiOCUBi24051Cho hydrochloride self-combustion nanosheets Rhodamine B C,=10mg/L 350 W Xe lamp kkf :O(’)Og 18 3 ;;Iiln_l lower ehlgfgron- 66
60%BiOCl source of cation in IL, of ionic liquid (B12f03 ICI‘OQ degradation Vsj 100 _ml (400 nm) 2 recombination
reagent/solvent Seer =3.07m7g t=40 min
g ' Conoc = 1 g/L
4-chlorophenol C,=10mg/L Y =88.2%
degradation V=100 ml Yrer = no data
t =240 min
- - = 0,
. Ihexyl- . Co=10mg L™ Y =94.8%
BiOCI-C3Ny 3-methylimidazolium Dispersed _ k=0.0317 min - lower electron-
. Methyl orange Conot =1g/L 300 W Xe arc _ o0 63
chloride solvothermal nanoflowers deeradation Ve =200 mL lamp (400 nm) YretBioc1 = 58% hole
1BiOCI:1C3Ny4 Sper = 24.26 m%/g & Si . P Yiercang = 11% recombination
Cl source, template t= 80 min 2
1-propyl- - lower electron-
3-methylimidazolium hole
BiOI/BIiOBr bromide thin sheet-like . Cp}t,t =1gl ~ . rec.omblnat.lon
1-propyl- solvothermal shape, Rhodamine B Co =10 mg/l 500 W Xe lam k=0.084 min - high specific 78
IL-BiOB 3-methylimidazolium Sger = 11.6 m%/g degradation Vs=50ml p kier=0.0043 min"! surface area,
iR iodide V, =0.0050 cm’/g t =30 min - high surface
i hydroxyl
additive content.
1-propyl- .
.k . thinner and smaller _
BiOI/BiOCI 3-methylimidazolium sheet-like shape . Cphor = 1 g/L 500 W Xe k= 0.023 min! - lower electron-
iodide . Rhodamine B Co=10mg/L (simulated _ - 23
hydrothermal with smaller . - 50 lich kier = 0.004 min hole
8% BiOl/BiOCI _ crvstallite si degradation V=5 n_lL _ sunlight A binati
o rystallite size S recombination
solvent and provides I th =2.26 nm t =80 min irradiation)
source )
Cphut: 02 g/L _ 0 .
Rhodamine B Co=20mg/L YY :815;98/00/(?2}6;;62011;?31)
1- hexadecvl- sphere-like BiOBr degradation V=100 mL ref —28.570 »
3-methylimidazolium structures with t=150 min
Bi,WO,/BiOBr gr oo numerous Bi;WOq Cphot= 0.8 g/L 300 W YV = 30% - lower electron
solvothermal nanoparticles cover Bisphenol A Co=10mg/L Xe lamp with Vo= ~25% hole ”
50 at% Bi;WOs/BiOBr on the surface degradation V,=50mL (400 nm) ref ’ recombination
solvent, reactant and _ - . 2
template ¢=1-2 um t =150 min
P Seer=59.95m¥lg [ Coro = 0.8 g/L Y =~90%
et Co=10 mg/L Yo = ~40%
egradation V,=50mL A




t =150 min

. Cph(i: 0.2 g/L Y = 100%
Rhodamine B Cp,=10mg/L Vo= ~98Y » dth
1- hexadecyl- degradation Vs =100 mL ref » ’ 1mpr0:{el ¢
Bi,WOy/BiOBr 3-methylimidazolium . t =90 min spatial
. flower-like structure Xe lamp o charge separation, 65
bromide solvothermal _ Y =62%
W/Br=1:2 ¢ =200 nm Methylene_blue t =90 min (>420 nm) Yoo = ~59% - lower electron-
' Br source degradation e » hole
Tetracycline = 150 min Y =~90% recombination
degradation ! Yrer=~88%
Y =99%
Co=5mg/L _ -
Rhodamine B Cpnot =1 g/L é O..0382:n2$0/
degradation Vs =50 mL ;f‘B'Z'W%: 98‘70
t =100 min eemes °
diamond microrods — o070
1-butyl- an ionic-liquid coated with Co=>5mg/L kZ 0. 0927 1/70 ifffﬁl
Bi,WO¢/BiOCl 3-methylimidazolium . qud. nanoparticles Quinoline blue Conot =1 g/L ’ _1no - lower-electron-
. assisted ultrasonic _ . _ 300 W Xe lamp YretBiowos = 10% 64
chloride ST 1=5-10 pm degradation Vs=50mL . hole
irradiation at _ Z . (400 nm) Y et-iocl = 32% o
S2 ¢o=1pum t=120 min recombination
room temperature B 7
Cl source OBiocl = 15-30 nm After 30 min:
Seer = 16.88 m?/g er 30 min:
Co=10 mg/L Y=79.08%
2,4-dinitrophenol Conot =1 g/L k=0.0155 min™'
degradation Vs=50mL Y et B2WOs = 33.25%
t= 180 min Y ret-Biocl = 56.69%
7
1- hexadecyl- _
BN/BiOBr 3-methylimidazolium I;F’HOW. desert-rose . Co= 10 mg/L Y =~100% - lower-electron-
. ike microspheres Rhodamine B Cphot =0.2 g/L 300 W Xe lamp _ o 30
bromide solvothermal —1-2.6 um deeradation Ve = 100 mL (400 nm) YretBiosr = 73.1% hole
0.05 wt% BN/BiOBr b oy K & 5™ . 7 recombination
Br source th =20-30 nm t =60 min
Cphot =0.8 g/L Y =97%
Rhodamine B Co=10mg/L k=0.09511 min!
i = Yier = 74.39
degradation \/%6(;5 (t)nlflllL RhB and TC: ' f7 "’ - lower electron-
1-methyl-3-[3’- Co =08 oL 500 W Xe lamp hole
2-C3N4/Au/BiOCl (trimethoxysilyl)propyl]- photoreduction sandwich structure . phot — - & (visible light) Y =100% L
.. ! : . . Tetracycline Co=10mg/L 10 recombination 70
imidazolium chloride followed by in Au particles deeradation V. =50 mL Yier=61% im d optical
CN/Au/BiOCI-0.48 situ deposition ¢=5-10 nm cgradatio s . Hy: 2 tmproved optic
template t=120 min 300 W Xe lam and conductive
P Conot =0.5 g/L (400 nm) p Y = 9.5 ymol properties
H, generation sac. agent 10% Yier = ~'O “mol
2 8 MeOH, ref B n

Vs =100 mL




t=3h

1- hexadecyl- flower-like Y = 87% (after 30 min) - efficient
-C:N4/BiOBr 3-methylimidazolium two steps: microspheres Conot =1g/L Y = 100% (after 60 min) separation and
g3 bromide polycondensation consisted of Rhodamine B Co=10mg/L 300 W Xe lamp Y et = 39% (after 30 min) reduced 31
0 o . of dicyandiamide, numerous degradation Vs =100 mL (400 nm) Y et = ~90% (after 60 min) recombination
3wt g-CNy/BiOBr solvent, reactant, template, solvothermal nanosheets t=90 min Yirer = ~93% (after 90 min) - of electrons and
and dispersing agent th=~10 nm 7 holes;
1- hexadecyl- spherical structure
- imi i = =949 . i i
a-C:NW/BIOCI 3 methyhrmldazohum assembled by . Co JOmg/L solar simulator Y 941 % regular dispersion
chloride Rhodamine B Conot =0.1 g/LL Yref-g-c3na = 9.1% - lower-electron- 63
solvothermal nanosheets . _ 300 W Xe lamp i .
0 . _ degradation Vs =100 mL YrerBiocl = 50% (after 30 min) hole
1 % g-C3N4/BiOCl . . ¢=1pum _ . (400 nm) S
dispersing agent, Cl Supr =22 58 m2/ t =60 min 7 recombination
source BET ) &
= 0,
Cphor = 0.1 /L k :% 1014070n/fin-1
Rhodamine B Co=10mg/L T
. _ Yier = 75%
degradation Vs =100 mL _ -
t = 50 min krer = 0.0275 min
7
Cphot =0.2 g/L — _0%0
Methylene blue Co=10mg/L YY _ ?go/oo/
1-butyl- degradation Vs =100 mL ref » 0
. 3-methylimidazolium t =80 min
g-CNy/BIOI iodide sphere-like structure Conot =0.2 g/L _ - lower electron-
P 300 W Xe lamp Y =~92%
0 solvothermal ¢=1-2mm Methyl orange Co= 10 mg/l _ hole 67
15 wt% _ ) . _ (400 nm) Yret = ~80% L
_C:NJ/BIOI solvent, reactant, template Sger = 73.68 m/g degradation Vs=100 mL A recombination
g and t= 120 min
dispersing agent . CphoL =05¢gL Y = -98%
Bisphenol A Co =20 mg/l Vo= ~60%
degradation V=100 mL ref » o
t =60 min
Cphm:l g/L — 700
4-chlorophenol Co=10mg/L ;{ _ i%o//o
degradation V=100 mL ref » ?
t =180 min
Co=10 mg/L Y =89.8%
1-methyl- Methylene blue Conot =0.3 g/L k=0.0167 min’!
2-C3N4/BiPOy 3-octylimidazolium degradation Vs =100 mL Yret-Bipos = 62.0% _1 lect
dihydrogen phosphate nanoparticles t =150 min 250 W high 7 ower-electron- 60
0 solvothermal R — hole
10 wt% 1=~50 nm Co=10 mg/L pressure Hg lamp Y = 96.6% mbinati
2-C3Ny/BiPOy solvent, dispersing agent, Ciprofloxacin Cphot =0.3 g/L v _7 > ~9000/ reco ation
reactant, degradation Vs =100 mL ref‘B'PO; o
t =120 min
C3N4/PbBiO,(Cl 1- hexadecyl- solvothermal three-dimensional Rhodamine B Conot =0.3 g/L 300 W Xe lamp Y =96% - lower electron- 7




3-methylimidazolium microsphere degradation Co=10mg/L (400 nm) k=0.03078 min! hole
3 wt% g- chloride structure consists Vs =100 mL Y e=65% recombination
C3N4/PbBiO:Cl ofnumerous NSs t=100 min kier=0.0092 min"!
Cl source, dispersing th=15nm 2
agent, template @ =600 nm Cphot = 0.3 g/L Y =56%
Seer =32.36 m¥/g Bisphenol A Co=10mg/L Voom3 5;’/
degradation V=100 mL ref » ¢
t=210 min
Cphot =03 g/L — _0°
Ciprofloxacin Co=10mg/L YY ; f;)()/oo/
degradation V=100 mL ref » o
t=75 min
Co=10 mg/L Y =~99%
Rhodamine B Cphot = 0.1 g/L k=0.0636 min’!
degradation Vs =100 mL Yrer =~90%
t =60 min 7
1- hexadecyl- Co=20 mg/L Y=77%
3-methylimidazolium Tetracycline Conot =0.3 g/L k=0.0135 min"!
CQDs/BiOCl/ BiOBr | bromide and 1- hexadecyl- nanosheets degradation Vs =100 mL Yier =~40% - regular dispersion
3-methylimidazolium solvothermal 1< 100 nm t=120 min 250 W Xe lamp 7 - lower electron )
5 wt% CQDs/BiOCl/ chloride _ 2 Co=10 mg/L (400 nm) _ hole
; Sger =41.28 m/g . . Y =>80% .
BiOBr Ciprofloxacin Conot =0.5 g/L Yoo = 20% recombination
reactant, template, degradation Vs =100 mL ref ’
dispersing agent = 240 mi 4
p g age t min
Co=10mg/L RPYYS
Bisphenol A Cpnot = 0.5 g/L YY ;8%} 9
degradation Vs =100 mL ref } ’
t =240 min
1-hexyl- . Y =94.9%
. i e . microsphere Cphot =0.3 g/L _ Lol .
CQDs/BiOI 3 methyllmldazollum structure Rhodamine B Co= 10 mg/L 300 W Xe lamp k 0.0} 16 n;m lower electron- “
iodide solvothermal — . _ Yret = ~65% hole
6 Wi . ¢=3.5pum degradation Vs=100 mL (400 nm) _ . N
wt% CQDs/BiOl _ ) . . frer=0.0173 min recombination
I source Sger =29.22 m*/g t=120 min A
. I-hexyl- C]%?Sjls:rhl::ttjign Co=10 m/L Y =o4% - regular dispersion
(CQDs)/ BisOsl, 3-methylimidazolium . o k=0.0335 & P
iodide solvothermal structure Rhodamine B Conot =0.2 g/L 300 W Xe lamp Voo — 76% - lower-electron- 85
Y . thpisosi2 = 6 nm degradation Vs =100 mL (400 nm) 1eFBOsL2 S hole
1wt CODs/Bi,Osl @cops = 5 nm t=120 min fretpisosiz = 0.0104 min recombination
I source, dispersing agent Sger = 52.60 mg 7
FeWO4/BiOBr 1-methyl- BiOBr . Co=10m/L Y =85% - lower-electron-
3-octylimidazolium solvothermal nanosheets attached Rioizgng Mphot = 30 mg + 300(;go)§nlf)lmp YretBiosr = 59.4% hole o1
3 wt% FeWO,/BiOBr tetrachloroferrate to FeWO, g 20 pl HO 7 recombination




microspheres Vs =100 mL
Fe source, template ¢=4pm t =20 min
Co=20mg/L
N-butyl- . Mphor= 30 mg + Y =52.53%
N-methylpiperidinium Tetracycline _ o
bromide degradation 20 pl Ho0, Yrerrewos =~30%
B Vs =100 mL 7
Br source, template t=20 min
otenvionenol | oo E k=0.017 min’ . rapid interfacial
1-butyl- fembronic form of pheny ph 0" - & kier=0.0031 min! charge transfer,
. o . . . degradation V,=80ml
In,03/Bi0O1 3-methylimidazolium BiOI microspheres = . 2 - lower electron-
L . . t =200 min 500 W halogen 86
iodide precipitation with attached In,O; — hole
. . Cohot =1 g/L lamp (420 nm) o
In;03/BiOI-2 microtubues © _ . recombination
I source Sger= 192 mg 4-tert-butylphenol Co=30mg/L k=0.015 min . proper band
? ’ degradation V,=80mL Jret = n0 data .
° . potentials
t =180 min
1- hexadecyl- - few-layer
MoS,/BiOBr 3-methy11m1.dazohum . Cph(i =02¢gL Y = 94% structure
bromide . Rhodamnine B Co=10mg/L 300 W Xe lamp _zo 8
solvothermal microspheres . _ Yier = 65% - lower electron
0 . degradation V=100 mL (UV cutoff filter)
3 wt% MoS»/BiOBr _ . 7 hole
reactant, template ad t=150 min mbination
dispersant agent reco 10
irregular NMT
nanosheets tightly
l-methyl- attached to clustered
NH,-MIL-125(Ti)/ 3-octylimi d;’zolium nanosheets of Co=25mg/L Y =88% _1 lectron
BiOBr yma BiOBr; Tetracycline Cpnot = 0.2 g/L 400 W Xe lamp Yretnur = ~50% ower-clectron- T
bromide solvothermal - > . B . . . _ o hole
Invt = Wmt= 40 — degradation Vs=50mL (visible light) Yret-Biosr = ~60% mbination
7 wi%NMT/B B 200 nm t=90 min » reco 10
source Sper = 25.85 m%/g
V,=0.103528
cm’/g
. Cphot =0.5 g/L
1-allyl- dendrégrceizse%@CuS sac. agent: NaCl - lower electron
PbS@CuS 3-methylimidazolium 1 of PbS dendrites = (17.55 g), Y = 1736 umol h'! g! hole
chloride hydrothermal ° 5.0 6e ml es H, generation Na,S-9H,0 300 W Xe Yier = 1288 pmol h! g! recombination 73
PC-5 | ofbrémctl hes = (2.4 g), and 2 - specific crystal
morphology agent 0.5-3 um Na>SOs3 (0.5 g) orientation

V=100 mL




Pd@BiOBr

0.5 wt% Pd/BiOBr

1- hexadecyl-
3-methylimidazolium
bromide

Br source, dispersing
agent

solvothermal

flower-like
microsphere
structure
OBiOBr = av. 0.8 pm
th giogr = 10 nm
Qpd= 30 nm

Rhodamine B
degradation

Co=10mg/L

Cphm =0.1 g/L

Vs =100 mL
t=150 min

300 W Xe lamp
(400 nm)

Y =~99%
k=0.0902 min™!
Yt BioBr = ~50%
Va

- lower-electron-
hole
recombination

75




4) Formation of charge-transfer (CT) surface complex

A semiconductor photocatalyst agitated by visible light may be created as a result of
interaction between the wide bandgap semiconductor and an organic compound adsorbed on
its surface — both of which do not absorb radiation in the visible range. In this occurrence, a
charge-transfer (CT) complex between an electron acceptor (semiconductor) and an electron
donor (surface adsorbate) may be formed ®. Surface complexes often consist of a transition
metal ion and/or inorganic/organic ligands. Facial of the semiconductor is linked to the
adsorbate through various anchors, which can be hydroxyl, carboxyl, amino, and other groups
in the case of organic ligands or, for example, CN-, F-, PO4> in the case of inorganic ligands®.
Within this mechanism, also called a CT-sensitization or ligand-to-metal charge transfer
(LMCT), a direct charge-transfer excitation occurs with no significant involvement of an
intermediate excited state (which is common for dye sensitization). In the case of n-type
semiconductors (e.g. TiO2), the localized orbitals of the adsorbate are electronically coupled
with empty surface states of the semiconductor. Excitation of the surface complex leads to
optical electron transfer from the surface molecule (m electron of the highest occupied
molecular orbital, HOMO) to the semiconductor CB (n = CB) resulting in a decrease in the
effective band gap energy of the semiconductor *>°!. The resulting surface states with HOMO
and LUMO characters are mostly located at the adsorbate and belong to the conduction band,
respectively.

Since the holes are localized in the organic modifier, and the electrons in the CB of the
semiconductor, the hole-electron recombination is prevented, and the lifetime of separated
photogenerated charges is extended®. Characterization of the surface complex formation is
not easy and can be determined by the combination of experimental and theoretical techniques
such as UV-visible absorption®, diffuse reflection (DR)%, VIS-NIR**, Attenuated total
reflectance-Fourier transform infrared spectroscopy (ATR-FTIR)?>, UV photoemission
spectroscopy (UPS), and scanning tunneling microscopy (STM)’® and quantum chemical
calculations”®®’. In the case of the IL-semiconductor systems, quantum chemical
calculations®® on an anatase vacancy model showed that interactions between halogens (IL
anion) and OV are responsible for the excitation of TiO; under Vis radiation. The formation
of OV on TiO,, equivalent to the appearance of the Ti*" centers, leads to the formation of
unpaired electrons that can form donor levels in the electron structure of TiO». The charge
transfer between the bromide anion of IL (1-butyl-3-methylimidazolium bromide* or 1-
butylpyridinium bromide®®) and molecular oxygen interacting with the vacancy on the TiO:
surface to form the surface complex (Oz:--Br dimer on a TiO; vacancy) is a source of is
photon-induced photoactivity. Theoretical calculations and experimental research (the
apparent quantum efficiency of the photocatalysts) confirmed the presence of a charge
transfer complex with a maximum absorption band of about 448 nm for TiO: prepared in a
presence 1-butyl-3-methylimidazolium bromide. The leading transition (>90%) of 448 nm
excitation corresponds to the excitation of an electron from the lone pair in the bromide anion
to the * orbital localized in the oxygen molecule *%. FTIR spectra taken for TiO, modified by
1-butyl-3-methylimidazolium hydroxide®® revealed the bands at 1395 cm™ (bending
vibrations of -CH3 and -CHb»-,), at 2852 and 2920 cm™! (stretching vibrations of aliphatic C—H
bonds), which were not present in reference TiO2. Moreover, comparing the peak areas at
529.9 and 531.8 ¢V in the O 1 s region obtained from the XPS study, the authors concluded
that the decreased number of the surface hydroxyl groups (Ti—OH) is due to the formation of
the surface complex between TiO; and 1-butyl-3-methylimidazolium hydroxide (Ti—O-C
bond formation).



For the semiconductors synthesized in the presence of ionic liquids, the surface complex
formation was concluded for the TiO; and ZnS photocatalysts with the following ILs: 1-
butylpyridinium  chloride®®,  1-butyl-3-methylimidazolium  hydroxide®,  1-butyl-3-
methylimidazolium  nitrate!®,  1-butyl-3-methylimidazolium  chloride?,  1-decyl-3-
methylimidazolium chloride?, 1-methyl-3-octylimidazolium hexafluorophosphate!®!, and 1-
butyl-3-methylimidazolium bromide* as shown in Table 4. Analysis of the electronic structure
of ILs revealed that in the case of 1-alkyl-3-methylimidazolium derivatives with halogens as
anions, HOMO is localized on the anion whereas in fluorinated ILs HOMO level is associated

with the cation or both ions 102-104,

Known: localization of HOMO in ionic liquids

Unknown: geometry of the CT complexes, effect of the IL-derived CT complex on the
electronic structure of the semiconductor (new energy levels), energy of charge transfer,
correlations between structures of complexes and applicability for photocatalysis, stability of
the complexes.



Table 4. Category: formation of charge transfer (CT) surface complex. Preparation conditions, morphology, photocatalytic performance of photocatalysts prepared by ILs-assisted synthesis

methods*, **.

Explanation of abbreviations used below in the column:
- surface properties: diameter (@), thickness (th), length (1), width (w), crystallite size (D) specific surface area (Sger), pore volume (V}), pore size (), aspect ratio,

- condition: photocatalyst content (Cphot), concentration of model pollutant (Co), sacrificial agent (sacr. agent), volume of solution (Vs), irradiation time (t),

- efficiency: yield (Y)/rate (r)/rate constant (k) of the most active sample (Y), and the reference sample (Yrr), /7 - increase, and v decrease compared to the reference sample.

*The table includes all available information.
**The original sample label is given in italics.

Ph(::loecz:.?lﬁ;;l nd Ionic liquid and its Synthesis Surface Photocatalytic performance Mechanism Ref.
& role in the synthesis method properties Type of model Conditions . Yield (Y)/ rate (r) /rate details :
sample label . Light source
reaction constant (k)
1-butyl- Cphot = 5 g/L Y =23% - surface complex
TiO, 3-methylimidazolium _ porous phot = 3 & 1000 W Xe r= 1.5 mmol/(dm3min") P
Y microparticles Phenol Co=0.21 mM between IL
bromide solvothemal _ . . . lamp Yeee=1.5% . 4
Ti0s B(1:2) ¢ =0.5-2.0 mm, degradation V,=25mL; (>420 nm) et = 0.4 mmol/(dm’-min') anion [Br] and
B additive Seer = 185 m*/g t=60 min R 0, and TiO;
TiO, 1-butylpyridinium orous Cphor = 3 g/L 1000 W Xe r=1.19 mmol/(dm¥mint) | | Surface complex
bromide P Phenol Cop=0.21 mM - between IL anion
solvothermal microparticles deeradation V. = 2 S mL lamp Trer = 0.22 mmol/(dm*-min') [Br] and O anion o8
TiO, [BPy][Br] i, ¢=1.0-3.0mm cgradatio s—oon (>420 nm) 2 2
additive t =60 min and TiO2
- surface complex
between IL and
TiO,
1-butyl- Coror =2 g/L Y =~85% - electron transfer
: _ L) : phot — —
TiO, 3 metgg;l;;(iigzohum solvothermal nanoparticles Methylene blue Co=50 ppm 110 W Na /; f0.:4301 (;(1)1 Itg(i?ééj(l:/t{? i(é)f2 N
B3-TiO> ¢=10nm degradation tV;:l 85(? 11:11; (400-800 nm) krer=10.103 1/h - lower electron-
additive 2 hole
recombination
- enhanced
adsorption of MB
TiO, 1-methyl- carbon nanotubes Rhodamine B Cphot=1¢g/L 150 W Xe Y =86.7% - surface complex
3-octylimidazolium solvothermal covered by TiO, deeradation Co=20 mg/L lamp Yrer = 60% between IL and 1ot
IL-CD-CNTs/TiO; | hexafluorophosphate nanoparticles & Vs=15mL (>420 nm) 7 TiO,




¢ =20.0-30.0 nm Methvlene blue t =180 min Y=97.0% - electron transfer
reaction medium de }r]a dation Yier = 60% from LUMO of
g 7 IL to CB of TiO,
C d Y =88.1% - enhanced
h ongg I’e Yoo = 60% adsorption of
cgradation 2 contaminants
ZnS Y= 80% . £ 1
Lbutyl Your = 22% bsutl;V ac?1 co?}% ex
IL-ZnS/GO 3-methylimidazolium nanoparticles Cphor= 0.4 g/L 4 naiopz‘;ticsll::sla;d
. phot — V. — 0,
AZS nitrate electrostatic de§§ fe lztl?lnd Rhodamine B Co=20 mg/L 500 W Xe, ;{ :4222/00/ IL cations 100
. adsorption unormty degradation V=20 mL (>400 nm) ref ? - strong charge
1L-Ag>S5/GO surface modifier and decorated on > . 2 .
. . t =240 min — separation (lower
CdS structure-directing graphene oxide Y =86%
_ electron-hole
agent Yeer =22% recombination)
IL-CdS /GO Z




5) Exposing crystallographic planes

The exposition of specific crystallographic facets or the presence of different phases of one
compound (thus the presence of specific facets) can significantly influence the photocatalytic
abilities of different crystalline materials. High exposure to specific planes may be beneficial
for the increased pollution particles' adsorption capacity. This is due to the presence of a high
amount of under-coordinated sites, that are characterized by greater reactivity in comparison
with other planes!®, as the molecules in photocatalysis-favorable states can be easily accessed
by the particles of contaminants!®. What is more, the presence of two specific facets can
significantly suppress the recombination of photogenerated electron-hole pairs!®’. The
reactions of reduction and oxidation can occur on different planes because of their different
band structure, as well as the varying positions of the edges of the bands. This leads to the
separation of the electrons and holes which are transported to distinct planes!®>1%8, The
formation of particular facets and their content can be determined by using methods like
transmission electron microscopy (TEM) coupled with selected area electron diffraction
(SAED)!% or XRD!!?,

The most beneficial form of the growing crystal is one of the possibly lowest surface energies.
However, the facets providing reactive centers are characterized by higher surface energy,
which makes them unstable. The ILs’ ability of weak interaction creation (like hydrogen
bonding) can be a useful tool to influence the nucleation and further growth of crystalline
solids, because of modified surface energy. This is an effect of the high polarity of ILs, thus
low interface tension'!!. Such properties are vital to affecting the growth rate of different
planes, as well as the order and arrangement of the unit cell connection. It is possible because
of the presence of the weakly-bonded ILs particles present at specific surfaces!!'? or edges!!’.

Imidazolium-based ILs were mainly utilized to obtain specified crystalline products. Among
them ILs like 3-methyl-1-(3-sulfonylpropyl) imidazolium trifluoromethanesulfonate', 1-(3-
hydroxypropyl)-3-methylimidazolium bis(trifluoromethylsulfonyl)imide'*, 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide'¢, 1-hexadecyl-3-methylimidazolium
bromide'?, 1-hexadecyl-3-methylimidazolium chloride?, 1-ethyl-3-methylimidazolium
tetrafluoroborate!ss, 1-butyl-3-methylimidazolium bromide'”, and 1-butyl-3-
methylimidazolium tetrafluoroborate'® can be distinguished. Additionally, papers describing
the wuse of ILs possessing other types of cations like 1-butylpyridinium
bis(trifluoromethylsulfonyl)imide'*, 2-hydroxylethylammonium formate!'s or
tetradecyltrihexyl phosphonium bis(trifluoromethylsulfonyl)imide'* were also presented. All
the listed ILs are shown in Table 5.

High exposure of specific planes may be beneficial for the increased pollution
particles adsorption capacity. In case of bismuth oxyhalides, exposition of {001} facets,
resulting in sheet-like structures, can be achieved by introduction of halide-based ILs as the
halide source!?>!12, At the same time, the cations of the ILs interact with the oxygen atoms of
forming structure net by creation of hydrogen bonding. This process leads to decrease of
surface energy of the mentioned facet hindering its growth. Additionally, the manipulation
with specific planes growth was connected with improvement of electron-holes separation,
when the (002) and (222) facets of NH>-MIL-125(Ti) were exposed in the fabricated
composite!!>. In turn, in case of SrTiO; it was established that the functionalization of side
chain of imidazolate IL can affect the growth in different directions, thus influence the
photocatalytic efficiency!!.



As the literature shows, the influence of ILs on forming structure, and thus on the facets being
exposed, as well as on the presence of different phases, can be easily confirmed by
abovementioned methods!® 1% The structure-directing abilities of ILs can be verified, by
comparison of the material with the reference sample obtained when no IL is added to the
reaction environment. However, the information regarding the presence of IL residues on the
surface of the catalyst is not always provided. This can raise a question about the participation
of IL (or its decomposition products) in photocatalytic process and how does it affect the
mechanism of the reaction.

Known: ILs are capable of playing the role of reactive structure-directing agents, and thus
affect the electron-hole separation

Unknown: exact influence of ILs on photocatalytic reaction mechanism; insufficient
investigation over presence of ILs remaining on the surface of the catalyst and its
participation in the photocatalytic reaction



Table 5. Category: exposing crystallographic planes. Preparation conditions, morphology, photocatalytic performance of photocatalysts prepared by ILs-assisted synthesis methods*,**.

Explanation of abbreviations used below in the column:
- surface properties: diameter (@), thickness (th), length (1), width (w), crystallite size (D) specific surface area (Sger), pore volume (V}), pore size (¢p), aspect ratio,
- conditions: photocatalyst content (Cphnot), the concentration of model pollutant (Co), sacrificial agent (sacr. agent), volume of solution (Vs), irradiation time (t),

- efficiency: yield (Y)/rate (r)/rate constant (k) of the most active sample (Y), and the reference sample (Yr), /7 - increase, and v decrease compared to the reference sample.

*The table includes all available information.
**The original sample label is given in italics.

Photocatalytic performance

Photocatalyst and Ionic liquid and its Synthesis . . " : Mechanism
original sample label role in the synthesis method Surface properties Type of andel Conditions Light Yield/reaction details Ref.
reaction source rate constant
1-butyl- .
. o . nanoparticles _ _ o - anatase
1o: 3'???{3{112;1013023:: " solvothermal ¢=8%2nm p-chlorophenol C m: 054?7gmM 250 W Hg ;{ :9?837?; structure 10
ctratiu Sper = 198.7 m%/g degradation phot = X lamp ref ? (brookite in ref
58 V, =035 cm’/g t= 120 min 7 sample)
additive P
TiO 3-methyl- bunch of aligned thin Conot =0.3 g/L
2 1-(3-sulfonylpropyl)- sol_gel flaky nano-rods Co =20 ppm Y =100% - higher rutile
s2 imidazolium & ¢ =3-5nm V=200 mL Yrer = no data content
. _ ) > .
trlﬂuog(f)nsztthane- Sger =99.3 m“/g Methyl orange t =120 min 125 W lamp 0
TiO sutionate nanorods degradation Cphot =0.3 g/L UV)
12 remplate. structure hvdrothermal 1=120-170 nm Co =20 ppm Y =99% - higher rutile
6 dirpiac tir;g agent Y w =20-24 nm V=200 mL Y'ref = no data content
hydrolyzing ageilt Sger = 48.2 m?/g t =240 min
2-hydroxylethyl- Conot =0.1 g/L Y = <70% . anatase
RTIL/TiO ammonium formate sol—gel nanoparticles Acetic blue 92 Co =10 ppm 125 W Hg Vo= ~57% structure (rutile 116
2 & ¢ =385nm degradation Vs=100 mL lamp (UV) ref ? .
additive £= 120 min 7 in ref sample)
1-butyl-
BiOBr 3-methy11m1.dazohum square nanoplates . Cph‘i: 0.5 g/L 300 W Xe Y =100% - high-ratio
bromide hydrothermal w = 120-270 nm Rhodamine B Co= 10 mg/l lam Yoo = 65.7% exposure of | 10
. ydrothe _ degradation V=100 mL P el 22170 P
IL-BiOBr solvent. reactant and th=20-35 nm =90 min (420 nm) 7 {001} facets

the directing agent




SrTiO3

S1

1-(3-hydroxypropyl)-
3-methylimidazolium
bis(trifluoromethyl-
sulfonyl)imide

solvent, reactant, and
morphology directing
agent

SrTiO3

$2

1-butyl-
3-methylimidazolium
bis(trifluoromethyl-
sulfonyl)imide

solvent, reactant, and
morphology directing
agent

SrTiO3

S3

1-butylpyridinium
bis(trifluoromethyl-
sulfonyl)imide

solvent, reactant and
morphology directing
agent

SrTiO3

54

tetradecyltrihexyl-
phosponium
bis(trifluoromethyl-
sulfonyl)imide

solvent, reactant and
morphology directing
agent

sonochemical

Cphot=1 g/L Y =288%
Methylene blue Co=10 ppm ze?rg }’: nf(e k=0.0121 min"
degradation V=100 mL p keer=0.014 min’!
t=90 min (>320 nm) \
spherical NPs
D~ 20 nm
Sger=50.13 mz/g
— 3
Vp=0.07 cm’/g Co=0.83 g/L Y =255.5 pmol/h
sac. agent 10% (with 0.025%Rh
H, generation MeOH 70(1);1 He ~930 pmol/h)
=600 mL P Yeer= 951 pmol/h
0.025 wt% Rh N (YY)
ot = Y =419
nanospheres compose Methylene blue gzhzt lolp%/; 290 W Xe k=0.003 n/;’in-l
of cubic-like . _ arc lamp A -
. degradation V,=100 mL frer=0.014 min
aggregates with an t = 90 min (>320 nm) N
overall edge —
1= 100-300 nm Co=0.83 g/L sac. ‘((V;iizg '32*5”3/“;11“1‘
D=14nm . agent 10% MeOH 700 W Hg e
_ 2 H, generation _ 1115.4 pmol/h)
Sper=47.08 m*/g V,=600 mL lamp Y= 951 umol/h
V,=0.07 cm’/g 0.025 wt% Rh N ( ;)L
Cphut: 1 g/L _ sl
Methylene blue Co=10 ppm 290 W Xe k 9‘0016 ml.n_l
. . _ arc lamp krer=0.014 min
raspberry-like degradation V,=100 mL (>320 nm) \
nanospheres t=90 min
D=20nm Y =136.5 pmol/h
- 2 Co=0.83 g/L sac. . o
S{g/ETi 063(.)28 n31 /g . agent 10% McOH 700 W He (with 0.025%Rh
»=0.09 cm’/g H, generation — 600 mL lam ~880 pmol/h)
0 052 5 wi% Rh P Y:t=951 pmol/h
o v ()
Cphut: 1 g/L _ sl
Methylene blueB Co=10 ppm 2a9r(; ?:ni(e kk :O(')O(? 15 4111111?“1
. degradation V=100 mL p el
ball-like nanospheres T = 90 min (>320 nm) N
D=19nm Co=0383 g/L Y =0 pmol/h (with
SBET* 52.79 m /g 0 [\
V.= 0.08 cm3/ sac. agent 10% 700 W H 0.025%Rh
P & H, generation MeOH lam & ~80 umol/h)
V=600 mL P Yier= 951 pmol/h
0.025 wt% Rh N (YY)

- different
specific facets

114




Co=0.01 g/L Y =~100%;
Rhodamine B Mphot = 20 mg k=10.1058 min™!
degradation Vs =100 mL Yot = 60%
1- hexadecyl- _ .
L . t =50 min 2
3-methylimidazolium Coz 0.0l oL
(CQDs)/BiOBr bromide square nanosheets . . o= & Y =~70%
_ Ciprofloxacin Mphot = 30 mg _
th =25 nm degradation Vs =100 mL Yier = ~35%
3wit% CQODs/BiOBr solvent, dispersing 1=150 nm cgradatio S . 2 - inhibition of
t =240 min
agent, soft template, Coz 00l oL (001) facets
reactant . o= g 300 W X Y =~55% growth —
Bisphenol A Mphot = 50 mg e _ .
. Yier =~35% preferential 12
solvothermal degradation Vs =100 mL lamp
= 180 min (400 nim) ? growth
— - lower
1- hexadecvl . Co=0.01 g/L Y = ~75% electron-hole
- hexadecyl- Rhodamn_le B Mphot = 20 mg Your = ~40% recombination
3-methylimidazolium degradation Vs =100 mL o
(CQDs)/BiOCl chloride square nanosheets t =50 min
th =50 nm B
3 wt% CODs/BIOCI | solvent, dispersing 1 =300 nm . . Co=0.01 g/L Y = ~20%
Ciprofloxacin Mphot = 30 mg _no
agent, soft template, . > Yret = 0%
degradation Vs =100 mL
reactant . 7
t =240 min
L-ethyl- spiked sea-urchin like - specific facets
IL-PANI/NH,-MIL- 3-methylimidazolium p crvstals Co =~300 ppm 350 W Xe Y =92% exposed: (002)
125 tetrafluoroborate _ A Acetaldehyde Cphot=10.04 g/L k=0.262 min! and (222) 115
solvothermal ¢ =30-50 nm . ~ 1000 (200- — 500
Sger = 1125 m¥g degradation Vg = _mL 800 nm) Yier =50% - lower
IL-PANI/NMIL(Ti) modulator of facets BET 3 t=15min 2 electron-hole
Vp,=0.43 cm’/g 1-NO
growth speed recombination




6) Development of the surface

Improvement of the photocatalytic properties can be also realized through the development of
the semiconductor surface. Higher specific surface area results in a larger number of reactive
sites where photocatalytic reactions can occur. The increased specific surface area allows for
more adsorption sites, enabling better adsorption of reactant molecules onto the
photocatalyst's surface!!’. Higher surface area also improves the semiconductor's light-
harvesting properties'!8. A larger surface area is available for light absorption, leading to
increased utilization of incident photons and improved photoactivity. The increased surface
area provides more pathways for charge carriers (such as electrons and holes) to migrate and
participate in photocatalytic reactions. A more developed and oriented material's surface
enables efficient charge transfer, reducing recombination and prolonging the lifetime of
charge carriers!!.

As shown in Table 6 by altering the IL composition it is possible to achieve semiconductors
with high/higher specific surface areas, porosity, lower particle size, and specific
morphologies. This has been achieved for various semiconductor materials such as TiO»!%,
Zn0"! BiOI'%2, BiOBr'?, BiOC1'?#, Bi»Si05'%°, BiPO4!?°, SrSn03'?7, SnS,,'?® or composites
such as TiO2/CuO'®, Y,03/TiO21°, Bi,WOe-Bi203"3!, InyS3/Ti02!32, MoS,/BisO71'33,
BiOBr/BiOC1"*4, BiOCl/m-BiV04'*5, rGO_Bi:WOs!%¢, NH,-UiO-66/BiOBr!*’, ZrO.@
HKUST-1138, CuzS-MoS,'%%, AgiPO4/BiPO4'%’. These materials were synthesized using
various methods, including hydrothermal, solvothermal, microwave technique, microwave-
assisted solvothermal synthesis, ultrasonic processing, and the sol-gel method. Among various
ionic  liquids, ethylammonium nitrate®*!,  1-(2-methoxyethyl)-3-methylimidazolium
methanesulfonate'>:30, 1-(triethoxysilylpropyl)-3-methylimidazolium chloride'®,
[CH2CH2]O2(mm),"?, tetramethylammonium glycine', glutamic acid tetrafluoroborate', 1-
ethyl-3-methylimidazolium  ethyl  sulfate',  1-methyl-3-[3’-(trimethoxysilyl)propyl]-
imidazolium'¢,  1-butyl-3-methylimidazolium  bis(trifluoromethylsulfonyl)imide?+,  1-

methyl-3-octylimidazolium bis(trifluoromethylsulfonyl)imide'*, 1-decyl-3-
methylimidazolium  bis(trifluoromethylsulfonyl)imide®’, 1-ethyl-2,3-dimethylimidazolium
bis(trifluoromethylsulfonyl)imide'*, trimethylbutylammonium
bis(trifluoromethylsulfonyl)imide'#’, 1-butyl-3-methylimidazolium thiocyanate'*'#; 1-butyl-
2,3-dimethylimidazolium tetrafluoroborate'*, 1-ethyl-3-methylimidazolium
tetrafluoroborate!'*, 1-butyl-3-methylimidazolium hydroxide'®, 1-dodecyl-3-

methylimidazolium hydroxide'®, (2-hydroxyethyl)-trimethylammonium hydroxide'*, 1-ethyl-
3-methylimidazolium hexafluorophosphate'*, 1-butyl-3-vinylimidazolium bromide'?, poly-1-
butyl-3-vinylimidazolium bromide'?, poly-1-butyl-3-vinylimidazolium bromide acrylamide'®,
1-hexadecyl-3-methylimidazolium bromide's'*>, choline chloride®*, chlorinated pyridine'®,
imidazole chloride'”, I1-methyl-3-octylimidazolium dihydrogen phosphate'>, 1,6-bis(3-
methylimidazolium-1-yl)hexane bis(trifluoromethylsulfonyl)imide'?’,
tetradecyltrihexylphosponium bis(trifluoromethylsulfonyl)imide'?’, 1-butylpyridinium
bis(trifluoromethylsulfonyl)imide'”’, 1-hexyl-3-methylimidazolium chloride, 1-butyl-3-

methylimidazolium  acetate'”,  1-allyl-3-methylimidazolium  chloride®',  I-allyl-3-
methylimidazolium bromide', N,N,N,N’,N’,N’-hexakis(2-hydroxyethyl)ethane-1,2-
diaminium bromide'*, 2-hydroxylethylammonium formate', 1-hexadecyl-3-

methylimidazolium chloride'®, 1-hexadecyl-3-methylimidazolium bromide®” 5315, 1-ethyl-3-
methylimidazolium  iodide'’,  1-butyl-3-methylimidazolium  iodide>>'ss,  1-butyl-3-
methylimidazolium bromide>'251%, 1-butyl-3-methylimidazolium chloride>!2$131.132135157 ] -butyl-



2,3-dimethylimidazolium  chloride'?, 1-butylpyridinium  bromide', I-methyl-3-
octylimidazolium tetrafluoroborate?, and 1-butyl-3-methylimidazolium
tetrafluoroborates®0120125128136148159 - haye been widely employed in the semiconductors’
synthesis, as shown in Table 6. The aforementioned ILs were added during the synthesis
process, serving multiple roles including solvent!??, surface/morphology directing agent!?>127,
reactant!?3, template'®’, source of phosphate!?®, iodine!3?, fluorine!>® and chlorine '*4, as well
as functioning as an additive? and stabilizer!'®,

As summarized in Table 6, the enhanced photocatalytic activity was attributed to several
factors: reduced particle size, increased BET surface area, decreased particle aggregation, and
the formation of uniform morphologies such as spheres. Additionally, better porous
microsphere structure, larger pore volume and size played a significant role. Beyond these
factors, the most commonly observed phenomena contributing to increased photocatalytic
activity included lower electron-hole recombination, suitable energy band structure, narrower
band gap structure, presence of oxygen vacancies, and degree of crystallinity. Paszkiewicz et
al.? reported that the inclusion of 1-butyl-3-methylimidazolium chloride and 1-decyl-3-
methylimidazolium chloride in the solvothermal synthesis of TiO; led to improved
photoactivity. This enhancement was due to a reduction in particle size, an increase in surface
area, and a more regular shape of microspheres compared to the unmodified sample. On the
other hand, by altering the types of ILs in terms of both anions and cations, ZnO materials
with varying morphologies could be synthesized, specifically nanospheres of different
diameters and nanorods with varying lengths and diameters!®®. The morphology of the
nanospheres was crucially influenced by the wuse of 1-methyl-3-octylimidazolium
bis(trifluoromethylsulfonyl)imide or I-decyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, while nanorods were obtained using 1-butyl-3-
methylimidazolium  bis(trifluoromethylsulfonyl)imide,  1-ethyl-2,3-dimethylimidazolium
bis(trifluoromethylsulfonyl)imide, trimethylbutylammonium

bis(trifluoromethylsulfonyl)imide, and 1-butyl-3-methylimidazolium thiocyanate!®.

Development of the surface can be measured by gas adsorption techniques, atomic force
microscopy (AFM), scanning electron microscopy (SEM), and TEM mercury
porosimeter!24137:140.156.161.162 " Alammar and Mudring!®® synthesized ZnO using five different
ILs exhibiting various morphology including nanorods, nanospheres, prismatic, flower-like,
and nanosheets and morphological parameters such as shape, diameter, and length were
possible to determine based on SEM and TEM imaging. Based on nitrogen adsorption—
desorption isotherm measurements it was possible to determine BET surface areas of the
prepared samples. It was found that the highest surface area reaching the value of 55 m?/g was
achieved by synthesizing ZnO nanospheres with a diameter of 100 nm using IL 1-decyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide!® .

As shown in Table 6, the enhancement of photocatalytic properties via the application of ionic
liquids to the development of the semiconductor’s surface has been the subject of extensive
and intensive research in recent years. While the existing research has shed light on the
benefits of using ionic liquids in enhancing photocatalytic activity, there remains a critical
need for a deeper and more precise understanding of the key factors driving this enhancement.
The current hypotheses, which suggest improvements due to unique morphology, reduced
particle size, or minimized aggregation, lack clear and consistent support. It is essential to
establish more concrete evidence to validate these theories and to identify the principal



mechanisms responsible for the observed enhancements in photocatalytic activity. Although
the majority of photoactivity studies have predominantly focused on the degradation of
pollutants, it is recommended to broaden the scope of research to encompass other significant
reactions. These include hydrogen photogeneration, CO: photoreduction, and the
transformation of organic compounds. There is currently a lack of clarity regarding the
presence of ionic liquids or their residues on semiconductor surfaces and how this might
impact subsequent processes, such as photocatalytic reactions.

Known: effect of a wide range of ILs on semiconductor morphology, increased activity in
photodegradation of pollutants, ILs decomposition during synthesis of semiconductors,
growth mechanisms.

Unknown: what role do the remaining ionic liquids or their residues present on the
semiconductor play? which parameter plays a key role in enhanced oh photoactivity, and
other photocatalytic applications such as CO2 photoconversion.



Table 6. Category: development of the surface. Preparation conditions, morphology, photocatalytic performance of photocatalysts prepared by ILs-assisted synthesis methods™®,**.

Explanation of abbreviations used below in the column:

- surface properties: diameter (@), thickness (th), length (1), width (w), crystallite size (D) specific surface area (Sger), pore volume (V}), pore size (), aspect ratio,

- conditions: photocatalyst content (Cphnot), the concentration of model pollutant (Co), sacrificial agent (sacr. agent), volume of solution (Vs), irradiation time (t),

- efficiency: yield (Y)/rate (r)/rate constant (k) of the most active sample (Y), and the reference sample (Y.f), /* - increase, and v decrease compared to the reference sample.

*The table includes all available information.
**The original sample label is given in italics.

Photocatalyst Photocatalytic performance
vty Ionic liquid and its role Synthesis Surface Type of . Mechanism

and original . . R . . Yield (Y)/rate (r)/rate . Ref.

in the synthesis method properties model Conditions Light source details

sample label . constant (k)

reaction
1-butyl-
TiO, 3-methylimidazolium microparticles Phenol Cohot =0.5 g/L 150 W Hg r = 5.9 mmol-dm-min! - lower particle
chloride solvothermal ¢ =0.5-4.0 mm deeradation Co=0.43 mM lamp Trer = 5.2 mmol-dm~-min’! size,

TiO; B(1:2) Sger = 202 m?/g & t =80 min (UV-Vis) 7 - higher BET
additive surface area 5
1-decyl- - more regular

TiO, 3-methylimidazolium microparticles Cohot =0.5 g/L 150 W Hg r = 5.5 mmol-dm=-min) shape
Phenol P
chloride solvothermal ¢ =0.5-4.0 mm deeradation Co=0.43 mM lamp Trer = 5.2 mmol-dm~-min’! - more regular

TiO; D(1:2) Sger =218 m?/g & t =80 min (UV-Vis) 7 dispersion
additive
1-butyl- 100 W

TiO, 3-methylimidazolium wormhole-like Methylene Conot =1 g/L UV lam Y=~90% - higher BET
tetrafluoroborate sol-gel particles blue Co = 50 mg/dm’ 365 nmp Yrer = ~90% surface area than 120
TB9 Sger = 102 m?/g degradation t=3h — non-porous P25
additive
1-butyl-
TiO, 3-methylimidazolium nanoparticles - Conot =1 g/L 250 W Hg Y =96.3% - hicher BET
tetrafluoroborate solvothermal @=8+2nm chlorophenol Co=0.47 mM lamp Yeer=~87% 1%aer area 1o
S8 Seer = 198.7m¥g | degradation t=120 min (UV-Vis) 7 surtace are
additive
1000 W Xe
lam r = 1.82 mmol dm>min!
. 1-methyl- A P
Ti0; 3-octylimidazolium anodic nanotubes 4 cm f)f Ti0: NTs (>420 nm)
S - Phenol Co=0.21 mM 3
tetrafluoroborate oxidation of 1=0.85 mm . _ - NT length
NTs- Ti foil ~120 nm degradation Vs=10mL
[OMIM] 90V . ¢ t = 60 min 1000 W Xe
source lamp r =0.63 mmol dm>min""!
(>420 nm)




1-butyl- 1.23 cm? of TiO,
TiO, 3-methylimidazolium anodic nanotubes NTs _ o
tetrafluoroborate oxidation of 1=1mm Nfghry; d(;rt?élfe Co=10 ppm H {)5(2 }Zm YY _ ni6d§ta NT length 159
NTs Ti sheets ¢ =280 nm g Vi=35mL & p ref
F source t=150 min
k=10.0941 min™!
) . r=9.12 pmol min™! dm™3
TiO; ethylammonium nitrate anodic ninotubes 4 cm Bf Ti02 NTs 1000 W Xe kres=0.0712 min™! - longer NT
N 1=6.0 um Phenol Co=20 mg/L . . 6
oxidation of ~107 nm deeradation V. =8 mL lamp Tref = 5.53 pmol min - developed
TiO; NTs_0.05 additive Ti foil vl the s % o (>350 nm) dm3 surface arca
. . »
Cphot =1 g/ L
TiO,/CuO 1-(2-methoxyethyl)- sacr. agent= 2.5 mL _
3-methylimidazolium . . Y = 8670 mmol/g .
methanesulfonate hydrothermal irregular particles H, generation EtOH 300 W Yrer = ~1300 mmol/g - higher BET 129
TiO,/CuO NCs Sper = 45.6 m%/g Vs=7.5mL Xe/Hg lamp ¢ » surface area
(ILAHM) additive t =280 min
. 1-(triethoxysilylpropyl)-3- _
Ti0; methylimidazoliumchlori 1 Methylene Cotor 0 8 f gL 3 Y =98% .
de hydrothermal nanoparticles blue Co=0.04 mM 4 Yot =~91% - higher BET 142
F-TiO>-IL[HT]- Sger = 198 m?/g . Vs= 50 ml 370 nm " surface area
500 degradation = 60 min 7
additive
1-(2-methoxyethyl)- . _
Y,05/TiO; 3-methylimidazolium voluminous Conot =1 g/L B - higher BET
porous network Vy=7.5ml Y = 1380 mmol/g
methanesulfonate . . H» — 300 W Xe/Hg _ surface area 130
. hydrothermal with voids . sacr. agent = 2.5 mL Yrer = ~550 mmol/g
25 wt%Y>03/TiO; ® =55 nm generation EtOH lamp P - less aggregated
NCraumy solvent, Sl;g:;te directing Sger = 50.6 mYg t = 150 min particles
Cphmj 0.15g/L Y =56%
NOx Co=10 ppm Yo 30%
degradation Vs=0.68 L M; ¢ )
hexagonal t =40 min : hl%her BET
Zn0 {[CH:CH,] O, (mm)»} MEsoporous Conor =1 g/L enhance the
t plates SO C p:°‘2000 b 2.4 W Philips, Y =81% adsorntion abilit
Hexagonal . hydrothermal th=2 pum 2 0= <70" PP A=200-280 Yier-30% acsorption abinty 12
templating agent, source _ degradation Vs=0.68 L higher separation
mesoporous . =2 um T . nm 2 .
. of hydroxyl radical _ t =40 min efficiency of
plates of ZnO ¢=2 pum .
_ ) B photogenerated ¢
Sper = 84 m*/g Conot =1 g/L and h*
CcO Co=25ppm Y >35%
degradation V,=0.68L Yier~21%
t =40 min 7




- higher BET
surface area
- the smaller

tetramethylammonium Cor = 0.5 o/L.
ZnO glycine phot =~ - & simulated Y =100% particle size
nanosheets Congo red Co =50 mg/L . o ] -
solvothermal Spp= 4 82 m?/ deeradation V.= 100 mL solar light Yrer~30% more electron
MZ-3-8 morphology controlling BETT & g tS: 200 min (300 W) 7 holes are
agent generated with the
increased
absorption area
1-ethyl- .
o . . Cohot =0.4 g/L 1000 - small size
Zn0 3-methylimidazolium Ultrz_Lsonlc small sized Methyl orange Co=49-10°M 125 W UV Y jOOOA) - lower 145
ethyl sulfate assisted . . B Y1e=60% L
. nanocrystalline degradation V=250 mL Osram lamp recombination of
Water+RTIL synthesis T . 2 .
. . t =180 min electron hole pairs
reaction media
Cohot =0.3 g/L
Methyl orange Co=10 mg/L Y =743%
degradation Vs=100 mL 7
L . t =420 min
glutamic acid nano/micro .
ZnO . - uniform
tetrafluoroborate microwave pompons di . 144
. N irect sunlight morphology and
heating ¢ =1.6-3.0 um .
ZnO pompons . . N > size
reaction medium Sger =28.3 m*/g Cor =03 o/l
. phot = 1.3 & Y =96.9%
Methyl violet Co=10 mg/L Yo ~10%
degradation V=100 mL ref= » ’

t =420 min




1-butyl- nanoparticles
ZnO 3-methylimidazolium ¢ =15-25nm Malachite Cphot =0.1-1 g/LL 125 W Hg Y =100% - lower
chloride microwave D =18 nm green Co=1-3-10 g/L vapor lamp Y.er=no data agglomeration of 157
Zn0 Sper = 30 m%/g degradation t =40 min nanoparticles
agglomeration inhibitor V, =037 cm’/g
. ot = 0. . - hi ifi
ZnO ethylammonium nitrate spherical Methylene Co - 0.02 g/L k=~0.035 min' higher specific
Co=20uM 60W mercury - surface area 141
hydrothermal ¢p=77.64 A blue 100 mL 1 Kret=~ 0.022 min high
D morphology agent Sger=7.11 m?/g degradation Vs=100m amp 2 - ugher average
’ t=155 min pore size
Conot =0.3 g/L
Megllylene Co=10 mg/L Y = ~90%
ue V,=100 mL Yrer=no data
degradation t = 180 min
individual - high surface area
I-methyl-3-[3"- it assembled Conor = 0.3 glL UV light é;glgiﬁ?ys%?g;):
ZnO (trimethoxysilyl)propyl]- bowknot-like Methyl orange CI:) =10 mg/L irradia-tion Y =~15% - the separation ,
imidazolium chloride hydrothermal . . _ (250 W, GY- _ 146
architecture degradation V, =100 mL 2 Yrer=no data rate of
Zn0-1.64 _ > S . 250, A =365
template Sper= 14 m*/g t=180 min nm) photogenerated
V,=0.057 cm’/g electron-hole
¢p=16.4 nm Conor = 0.3 g/LL pairs
Rhodamine B Co=10 mg/L Y =~70%
degradation V, =100 mL Yrer=no data
t =180 min
1-butyl- nanorods _
ZnO 3-methylimidazolium ¢ =20nm Cotor = 0.5 g/ 6 W UV light - high surface area
bis(t f}{ thyl ultrasound 1 = 50-400 n’m Methyl orange Co=2mg bulbs (= Y =38.7% . nanosphere 147
is(trifluoromethyl- synthesis ol degradation Vs =100 mL Y= no data phel
1 sulfonyl)imide D=15nm t = 540 min 360 nm) morphologies

Sper = 50 m%/g




solvent, template, and

stabilizer,
1-methyl-
3-octylimidazolium nanospheres
e e oorics
5 uony D=149nm Yrer=no data
- 2
solvent, template, and Sger =30.1 m7g
stabilizer,
1-decyl-
3-methylimidazolium nanospheres
ZnO b1s(tr11fﬂu0{qm§(tihyl- ¢=10nm Y =94.8%
3 sulfonyl)imide D=10.4nm Yrer=no data
- 2
solvent, template, and Sper =55 m/g
stabilizer,
1-ethyl-
2,3-dimethylimidazolium nanorods
ZnO bis(trifluoromethyl- ¢ =20nm v =78.1%
sulfonyl)imide 1=50-200 nm . n(; data
4 D=10.7 nm <
solvent, template, and Sper = 19 m%/g
stabilizer,
butyltrimethylammonium nanorod
bis(trifluoromethyl- anorocs
ZnO . ¢ =20nm _
sulfonyl)imide _ Y =773%
1=150-200 nm _
5 D=14.6 nm Yrer=no data
solvent, template, and Supp = 32' 7 m2/
stabilizer, BET ™ 25T Mg
1-butyl- anorod
3-methylimidazolium nandoes
ZnO : ¢ =20nm _
thiocyanate _ Y =88%
1=200-400 nm _
P D=114nm Yrer=no data
solvent, template, and Supp = 2'9 .y
stabilizer, BET B
1-butyl- .
Zn0 2,3-dimethylimidazolium nanoparticles _ smaller
¢ =10-20 nm _ Y =99.4% diameters,
J tetrafluoroborate Spr = Conot =0.2 g/L Y= o data - hich ’
solid-state 31680 mY Rhodamine B | Co = 10" mol/L 125 WUV ref B
morphology agent reaction ) g degradation V, =100 mL lamp . more intrinsi
700 I-butyl- : £ = 80 min - . ore intrinsic
3-methylimidazolium nanoparticles Y =98.5% defects at the
¢ =30-40 nm Y.r=n data surface
5 tetrafluoroborate




morphology agent

L-ethyl- nanoparticles
ZnO 3-methylimidazolium ¢ =10-20 nm Y = 100%
tetrafluoroborate _ —
7 Sper = Yrer= 10
2
morphology agent 35237 mg
1-butyl- hexagonal disks
Zn0 3-methy11mlqazollum and . YV =~15%
hydroxide flower-like Yo ~90%
structure ref 0
Zno-IL-1 . _ 5 \
morphology controlling Sger = 13.90 m*/g
agent D =45.94 nm - smaller size,
1-dodecyl- - high surface area
3-methylimidazolium hexagonal disks Conot =0.3 g/L _ - more surface
ZnO . . 0 Y =~25% .
hydroxide and rings Methyl orange Co =20 mg/mL 125 W _ o oxygen vacancies 149
hydrothermal _ 2 . - Yrer=~90%
Tno-IL-2 Sper = 9.05 m*/g degradation V=200 mL lamp N - low electron-
morphology controlling D =58.75nm t =240 min hole
agent recombination
(2-hydroxyethyl)- effect
ZnO trlme;h}gf:;riggmum nanospheres Y =100%
Y Sper = 26.58 m?/g Yier = ~90%
Zno-IL-3 . D=29.73 nm 7
morphology controlling
agent
BiOI Lbutyl- uniform flower- Cohor =04 g/L two 150 W oo - high surface area
3-methylimidazolium like porous _ Y =97% - high surface-to-
S . Methyl orange Co=10mg/L tungsten _ im0 . 122
. iodide solvothermal microspheres . _ Yiet =~42% volume ratios
BiOI porous —93 um degradation V, =100 mL halogen lamps ) band
microspheres ¢ _ K 5 t =180 min (>420 nm) energy ban
source of [ and template Sger =28.26 m*/g structure
1-butyl- holl - high BET
BiOI 3-methylimidazolium __hotow Cphot = 0.3 g/L two 150 W oo surface area,
. microspheres with ~ Y =92% .
iodide . Methyl orange Co=10mg/L tungsten 1o - high surface-to- 155
. solvothermal a hole in the shell . _ Yiet=21% .
BiOI hollow _ degradation Vs=100 mL halogen lamps volume ratios
. ¢=1-2 um - . 7
microspheres solvent, source of I and _ 5 t=180 min (>420 nm) - energy band
Sper = 61.63 m*/g structure

template




- higher specific
surface area and

l-ethyl- the wavelength of
. ety . . _ 500 W Xe _ . phase response
BiOI 3-methylimidazolium non-uniform Cphot =1 g/L k=0.117 min
Methyl orange _ lamp _ . - decrease the 150
hexafluorophosphate hydrothermal plates . Co=10 mg/L . krer=0.013 min . .
. - ) degradation _ h (simulated particle size
IL-BiOI Sger = 24.1 m*/g t=20 min lich 7 .
additive sunlight) - increase the
photoinduced
charge separation
rate
= 0,
Cpror = 10 mg/L Yo 100%
. _ k =0.266 min
Rhodamine B Co=30mg -
. Yot =~40%
degradation Vs=50mL _ .
1-butyl- porous t= 105 min frer=0.0055 min
BiOBr 3-vinylimidazolium microspheres 7
bromide ¢=2-3 um
BiOBr-IL-1 Sger = 44.79 m?/g Cor = 10 ma/L
template and reactant V, =0.094 cm®/g . phot = 11 g Y =90%
Tetracycline Co=20mg Yo ~16%
degradation Vs=50mL ref p ?
t =80 min
- higher surface
_ Y =60% area,
. Cohot B 10 mg/L 500 W xenon k=0.00972 min"! - better porous
Rhodamine B Co=30mg _ . 23
solvothermal deeradation V.=50mL lamp Yier = ~40% microsphere
poly(1-butyl- microspheres with g ¢ 2 105 min (>420 nm) krer=0.0055 min' structure
BiOBr 3-vinylimidazolium many ellipsoid 7 - the narrower
bromide) structures energy band gap
BiOBr-IL-2 SBET =259 m2/g C =10 /L
template and reactant V, =0.065 cm®/g . phot = 11 g Y =28%
TetracyclineC Co=20mg Vo 16%
degradation V=50 mL ref p ?
t =80 min
poly.(lfbutyl-. porous B Y =85%
. 3-vinylimidazolium . Cphot = 10 mg/L _ -
BiOBr . microspheres . _ k=10.0214 min™,
bromide _ Rhodamine B Co=30mg P
acrylamide) ¢ =2-3 um degradation V=50 mL Yier=~40%
BiOBr-IL-3 y Sper = 33.3 m¥/g g N . keer= 0.0055 min’!
V, = 0.098 cm¥/g t= 105 min P
template and reactant P




Cphot = 10 mg/L

= 0,
Tetracycline Co=20mg YY _ 3;91 g:, Y
degradation Vs=50mL ref p ?
t =80 min
- high BET
BiOBr 1- hexadecyl- Cphot = 10 mg/L two 150 W om0 surface area,
3-methylimidazolium nanospheres, . _ Y =97% .
. _ Rhodamine B Co=02g/L tungsten 00 - smaller particle 151
bromide solvothermal ¢ =0.5-1 mm . _ Yier =79% .
Porous Suvr = 31.50 m2/ degradation V, =100 mL halogen lamps 2 size
nanospheres BET ) & t=105 min (>420 nm) - energy band
solvent, reactant, template
structure
flower-like
microsphere (the
BiOCl choline chloride (ph:()lzlz}zloscﬁ)m Y = 9729
. = 0,
Choline chloride- Cl source and th =30-50 nm Vet f 8.5%
BioCl crystal control agent Sger = 16.35 m?/g
V,=0.073 cm®/g
D=14.13nm
flower-like
microsphere (the 1000 W
. . o hollyhock with _ iodine- 1 .
BiOCl chlorinated pyridine nanoplates) Rhodamine B Cpch;t; 11 ?n 1;1/%/L tungsten lamp Y =96.3% I:I;grl;zz es;;g;ﬁc
chlorinated Cl source and precipitation ¢ =2-2.5 pum degradation V,=100 mL (>420 nm) Yrer = 88.5% - porous StI'LlC‘L{lI'C N
pyridine-BiOCl crystal control agent th =50 nm t=120 min 7 - thinner laminar
Sger = 13.74 m?/g or 150 W (UV
V, =0.064 cm®/g light)
D=15.30nm
flower-like
microsphere with
BiOCl imidazole chloride sexz;:flzn;r;oiﬁtes Y = 92.4%
2. _ )
imidazole Cl source and th =50 nm Vet f 8.5%
chloride-BiOCl crystal control agent Sper = 13.54 m?/
Vp, =0.071 em?/g
D=16.71 nm
I-butyl- nanorods Conor = 0.4 g/L e
Bi12TiOx 3-methylimidazolium ¢ =20-30 nm M phot = W & 300 W Xe Y =96.8% . i
. 0. ethyl orange Co=10 mg/L _ o - the highest 156
bromide hydrothermal 1=100-270 nm . _ lamp Yier = 66.7%
- _ degradation V, =100 mL degree of
BiraTi0x Saer = £= 180 min (>420 nm) 7 crystallinit
structural agent 36.109 m%/g Y Y

- one-dimensional




morphology
- the smallest
bandgap energy
- higher separation
between the

photoelectrons
and vacancies
1-butyl- nanosheet Y =96.8% - high BET
Bi,Si0s 3-methylimidazolium th=37.6 nm Rhodamine B Conot =1 g/L k=0.070 min™! surface area
tetrafluoroborate hydrothermal | Spgr=55.6 m%/g deeradation Co=0.05 mmol/L UV light Yier = 40% - lower electron- 125
1L-Bi>SiOs D=10.53 nm g t=20 min ket = 0.0087 min! hole
solvent and template ¢p=10.0 nm 7 recombination
- thinner sheets
1-butyl- - higher specific
BiLSIO 3-methylimidazolium flower-like shape Conot =1 g/L 500 W high- Y =87% surface area
25 tetrafluoroborate assembled by Rhodamine B Co=10mg/L pressure k=0.20 min! - presence of more | s
solvothermal h degradati ~ 50 lich Yoo 37 4%
IL-Bi»SiOs 3% . sheets egradation V=5 mL mercury 1ght, ret = 37.4% OVs
morphology controlling Sper = 40.8 m%/g t=10 min UV light 7 - lower electron-
agent hole
recombination
. L-methyl- nanorods with Coni=03gL | 250 Whigh- | Y =100% (100% after different
BiPO4 3-octylimidazolium smooth surfaces Ciprofloxacin Co=10 mg/L ressure H 90 min) morphologies and
dihydrogen phosphate solvothermal and clear edges P ) v & P & o rphoiog 126
. _ degradation Vs=100 mL lamp, UV-Vis Yiet =~65% surface
BiPOs-H:0 1=300 nm t=120 min range 7 microstructures
source of phosphate Sper =9.16 m%/g
1- hexadecyl- incompact flower- '.I‘iZVClrStI'LlCt.LF"e,
BiOBr 3-methylimidazolium like microspheres Cphot =0.2 g/L 300 W Xe Y = 100% s rffilcipaercgalc
bromide ¢=1pm Rhodamine B Co=10mg/L acor ! . 152
solvothermal h= . ~100 lamp Yier=95% - smaller particle
orous BiOBr th=>5nm degradation Vs =100 mL (>400 nm) - size
p solvent, reactant, and D=12.8 nm t=105 min ) band
template Sper = 41.04 m%/g narrower ban
gap structure
1-butyl- - large surface
3-methylimidazolium Cphot =0.83 g/L g
SrSnOs A ) rod-shaped area
bis(trifluoromethyl Supr = 1028 m?/ sac. agent MeOH 700 W Hg Y = 99 umol ! . nanosized
) sulfonyl)imide microwave BET ™ € | H, generation (0.83 g/L), immersion 7K 127
S1/[Cy(mim),][Tf D=532nm V.= 600 mL lamp Yrer =no data crystals
— 3 s —
2NJ2 morphology directing V,=0.031 cm’/g 0.025wt.% Rh suitable energy

agent

band structure




1,6-bis
(3-methylimidazolium-

SrSnOs 1-yl)hexanebis(trifluoro- rod-shaped
methylsulfonyl)- Sper = 8.98 m%/g Y =90 umol h™!
S2/[Cs(mim),][Tf imide D=51.7nm Yrer =no data
2NJ> V, =0.029 cm’/g
morphology directing
agent
tetradecyltrihexyl-
phosphonium
L rod-shaped
SrSnOs bls(trlﬂuoromeyhane- Sger = 6.58 mY/g Y = 100 umol h™!
sulfonyl)amide _ _
. D=51.6 nm Yrer =no data
S3/[Psss14] TN V. =0.022 cm?
L »=0.022 cm’/g
morphology directing
agent
1-butylpyridinium nanospheres
bis(trifluoromethyl- -
SrSnOs o ¢ =50nm _ o
sulfonyl)imide _ 5 Y =110 pmol h
SBETf 11.48m/g Y = o data
SHICHEY]TIN morphology directin D=40 nm “
Tphology J V, =0.032cm’/g
agent
1-butyl- .
SnS, 3-methylimidazolium desert rose like Y =~100%
structures - 0
tetrafluoroborate _ Yrer = 66.2%
t=150-200 nm
L1 Sper = 6.50 m¥/g; 7
structure-directing agent ’ ?
1-butyl- . .
o . micro-sized Cphot =0.3 g/L _ o
SnS: 3-methy11m1.dazohum . spherical particles | Rhodamine B Co=20 mg/L 300 W Xe are meﬁ 66‘02 & - larger BET 128
bromide microwave _ . B lamp Y =~80%
¢=2-4pum degradation Vs =100 mL surface area
12 Ser = 1.89 m¥/g £ =300 min (>420 nm) 7
structure-directing agent ’
1-hexyl- flowerlike
SnS, 3-methylimidazolium microspheres Y =~100%
chloride ¢=2-3 um Yier =66.2%
1L3 t=230-50 nm 7

structure-directing agent

SBET =16.90 mz/g




1-butyl- flowerlike
SnS, 3-methylimidazolium microspheres Y=~100%
chloride ¢®=4-6 um Yier = 66.2%
L4 t=230-50 nm 2
structure-directing agent Sper = 14.47 m%/g
1-butyl- reunited
SnS, 3-methylimidazolium . Y=~100%
nanoparticles - 0
acetate _ Yier = 66.2%
¢ =100-200 nm
15 : Sper = 23.15 m¥/g 7
structure-directing agent
flower-like
structure
Ibutyl- composed of 2D Y = ~100% (after 150 - larger BET
Cellulose/ SnS; 3-methylimidazolium 1 . surface area
chloride SnS; nanoplates min) - lower electron
= 0,
tightly anchored Yeer = 66.2%
14 on the surface of 7 hole
structure-directing agent recombination
cellulose
Sper =23.15 m%/g
flower-like .
1-allyl- hierarchical v :8[;?3/\2121 o
Bi,WO4-Bi,03 3-methylimidazolium microspheres Vo2 47“ mol% i
chloride assembled by ref Hmoveg
BWA400 nanosheets . .
. _ Cphot = 0.5 g/L Vis: - increased surface
structure-controlling ¢=2.8 um , V. =100 ml Yip= 58 umol/gh arca
agent, template two steps: Sger = 30.71 m3/g sacr. agent: 300 W Xe - matching band
SO]V(:Egnnal Vp = 0.1452 em/g H, generation containing 2.4 g lamp 2 structure, 131
calcination flower-like Na,S, 17.55 g NaCl (>420 nm) - lower electron-
1-butyl- hierarchical and 0.5 g Na,SO3 hole
Bi,WO-Bi,O 3-methylimidazolium microflowers t=120 min UV-Vis: recombination
2R chloride assembled by Y =814 pmol/g-h
nanosheets Yret = 447 umol/gh
BIWB400 structure-controlling ¢=1.7-33 um 7
agent, tmplate Sger = 25.90 m?/g
V, =0.0581 cm’/g
1-butyl- In,S; - small size of
. 2,3-dimethylimidazolium microwave- nanoparticles Conot =0.5 g/L _ ) In,S3 on TiO,,
[n;83/Ti0, chloride and assisted on the TiO, H, seneration | S2¢- agent MeOH | 300 W Xenon YY :613 17 i93u n:g(l)/l% l_lh - higher surface -~
50.5 1-butyl- solvothermal mesoporous 28 V=100 mL arc lamp ref > HmoYe area,
’ 3-methylimidazolium synthesis surface t=1h - promoted charge
chloride Sger = 225.0 m?/g

transfer




V, =031 cm’/g

- lower electron-

reagent, morphology- @p=5.55nm hole
controlling agent recombination
Cphot =0.5 g/L _ o
Bisphenol A Co=10mg/L YY ;919 0/00/
degradation V=100 mL ref » ‘
t=60 min - higher specific
surface area
. -cthyl- MoS; nanosheets increz!sed ligl_n-
MoS,/BisO71 3-methylimidazolium attached on the . . Cph(i =05g/L Y = ~60% capturing ability,
iodide solvothermal surface of BisO71 Clproﬂoxgcm Co=10 mg/L 300 W Vo= 6% - lower electron- 133
0.2 wt.% nanorods degradation V=100 mL (>400 nm) ref » hole
MoSy/BisO;l . SgeT = t=120 min recombination
I source and dispersant 56.4603 m?/g - improved
utilization
Cohot =0.3 g/ — om0 efficiency
Tetracycline Co=20 mg/L ;{ ;-812 1/00/
degradation Vs=100 mL ref 0
. 7
t =60 min
1-allyl-
3-methylimidazolium flower-like shape - higher surface
BiOB1/BiOCl bromide assembled by thin | Rhodamine B Chhot :710 mg/L 500 W Xe k :70.0595 mlnl 1 area s
solvothermal sheets degradation Co=1g¢g/l lam kier = 0.0090 min - lower electron-
HE-BiOCl Br source and Supr = 36.5 m?/ t =150 min P 7 hole
morphology controlling BET > mg recombination
agent
square
blocks are self-
1-butyl- assembled by - larger pore
BiOCUm-BiVO; |  3-methylimidazolium numerous . Conor = 1 /L 350 W Xe Y =99% volume and pore
chloride ultrasonic nanoplates Rhodamn_le B Co=2x10"M lamp Y= 16% size 135
54 th nanoplates = degradation V=50 mL (>400 nm) " 2 - lower electron-
Cl source 10-20 nm t=180 min hole
Sper = 4.00 m%/g recombination

V, =0.0322 cm’/g
¢ =42.35nm




- higher specific

1-butylpyridinium flower-like 1;$§?(§eacr§?m
. . bromide structure Conot =1 g/L _ - ' )
BiOBr/BiOC] h assembled by Rhodamine B Co=10 mg/L 500 W Xe k 10‘021 o hole 158
ydrothermal . _ L : ket = 0.008 min recombination by
. Br source and sheets degradation V,=100 mL visible light . . h
IL-BiOCl o - 2 _ . 7 interfacial electric
morphology directing Sger = 30.0 m*/g t=90 min field formed by
t =0. 3 . .
. Vp = 0010 emg the BiOBr/BiOCl
heterojunctions
1-butyl-
. 3-methylimidazolium . _ - higher surface
rGO_Bi2WOs tetrafluoroborate nest-like . Cphor = 0.1 g/L 300 W Xe Y =93.1% area
structures Rhodamine B Co=10 mg/L - _ 136
o hydrothermal — . _ visible Yiet =~30% - lower electron-
5.0% dispersant agent ¢=3-5mm degradation Vs =100 mL irradiation 2 hol
RGO-BWO p sent, Sper = 45.5 m¥/g t=120 min o
morphology directing recombination
agent
Cphot =0.4 g/L Y =75%
. — - -1
BiOBr nanosheets Tetracycl_me Co 720 mg/L k 0.01704 Ir;m
o degradation Vs =100 mL Yrer =50 %
NH,-UiO- 1- hexadecyl- distributed t = 150 min 2
66/BiOBr 3-methylimidazolium uniformly on the 250 W Xe - hicher BET
bromide solvothermal outer surface of lamp 1% er 137
NU/BOB-IS NH,-UiO-66 (>400 nm) surtace area
_ Cphot =1 g/ L — QRO,
Br source octahedrons CrVI Com 10 me/L Y =88%
Seer = 70.64 m/g (V) 0=10mg Yeer =56 %
degradation Vs =100 mL »
t =360 min
s NP NP . MOF octahedrons
710,@ HKUST- | DohNN'N° N hexakis- with rough Cpnot = 0.33 g/L
(2-hydroxyethyl)ethane- . _ - Y =99.6% .
1 1.2-diaminium bromide sol-gel surface due to Cyhalothrin Co=60 mg/L 14 W, visible Yor =33.8% - higher BET 138
’ & formation of ZrO, | degradation Vs=30mL light ref A ’ surface area
ZrO>@ HKUST-1 . Sger = 1152 m%/g t =360 min
deprotonation agent
V,=0.88 cm’/g
1- hexadecyl-
2-C3N4/ Bi4OsBr; 3-methylimidazolium rod-like g-C3Ny Cohot =0.5 g/L 300 W Xe arc V= 67%
bromide combined with Ciprofloxacin Co=10 mg/L e - regular 154
o solvothermal . . _ lamp Yier =48 % . ;
10wt% g- sheet-like degradation Vs =100 mL - . dispersion
visible light 2 p
C3N4/BisOsBr solvent, dispersing agent Bi4OsBr» t= 150 min

and reactant




Cphot =0.5 g/L _ 0,
Rhodamine B Co=10mg/L YY :841;; %
degradation Vs =100 mL ref » ’
t= 150 min
1-butyl- nanoflowers
) .. . _ = - 0 .
CtnS_MoS» 3 methyllmldazohum assembled from Methylene Cphit (_)4.83 g/L j( 100/1_] ] larger BET
thiocyanate hydrothermal nanosheets blue Co=10"* mol/L 500 W Xe k=10.0471 min surface area, 139
- — 209
CurS-MoSs(1:1) 0=08-1.0um | degradation Vs = 60 mL lamp Yier =~30% more regular
sulfur source, Structure- - 5 t=75 min 7 shape
. . SBET* 49 m /g
directing agent
UV:
Y =93%
YretBipos = 65.2% .
. 2-hydroxylethyl- agglomerated rods _ - _ o - lower particle
AgsPO4/ BiPO, ammonium formate hydrothermal of BiPO4 with Reactive blue Cphmﬁ 0.01 g/L 125 W high Yiet agapos = 25.3% size
co- spherical-like 21 Co=10ppm pressure Hg 4 - lower electron 140
AgsPOy/ BiPO in solvent, surface directin, recipitation Ag3PO, on the degradation Vs =100 mL lamp Vis: hole
RTIL ’ g | precp gt % t=120 min 400-700 nm Y =80.52% o
agent surface Yoursivos — 6.3% recombination
Y et Ag3pos = 34.4%
7
1- hexadecyl-
3-methylimidazolium
bromide and . _ — 000
BIOCIBIOBr I- hexadecyl- nﬂi’fﬁirﬁﬁs Rhodamine B %pho:t 100i121 g//LL 300 W Xe Varn 99:/073<y e BE;:; e
3-methylimidazolium solvothermal ~0 581 m degradation VO - 100 1%1 L lamp wa BioBr 6 6‘70 ) lectron hol 153
BiOCI/BiOBr chloride ok B s— ! (>400 nm) rof BIOC1 = 0070 ower efectron hole
th=5-10 nm t =60 min 7 recombination
solvent,
reactant, template




7) Surface modification

In photocatalytic reactions, various subsequent processes occur at the interface between the
semiconductor and the components of the reaction medium. These steps typically involve the
initial adsorption of reactants, followed by the reaction itself, and finally the desorption
process!’. Therefore, improvement of photocatalytic properties can occur by enhancing the
adsorption of specific molecules on a semiconductor surface!®*1%4, This increased adsorption
promotes a higher concentration of reactants at the surface, facilitating more efficient
photocatalytic reactions. One way to influence the adsorption of reactants is to modify the
semiconductor surface with ionic liquids. ILs or IL-derived residues formed during synthesis
can alter the surface charge, polarity, and enter functional groups, affecting the adsorption
behavior of reactant molecules on a semiconductor surface.

Table 7 provides an overview of the enhancement of photocatalytic activity through surface
modification of semiconductors using ionic liquids. These modifications can indeed be carried
out during the synthesis of the semiconductor material'® or as a post-synthesis
modification!%. In some cases, an ionic liquid was added directly to the semiconductor during
the investigation of photocatalytic activity'¢’. Surface modification using ILs was carried out
on various semiconductor materials, including TiO2'¢7, C3N4 168, as well as the bismuth-based
compounds BiOBr/Bi,WOs!% and BiOI 9. In most cases, ionic liquids (ILs) were applied to
the surface of semiconductors using the impregnation method. To achieve surface
modification aimed at enhancing photoactivity the following ILs have been employe 1-butyl-
3-methylimidazolium imidazolate, 1-butyl-1-metylpyrrolidinium imidazolate,
tributylethylphosphonium imidazolate [(But);EP][Im], [P4444]3[p-2,6-O-4-COQ], [P4444]2[p-2-
0-4-COO0], [Pa444][p-2-0], [P4444][p-4-COO]'7°, 1-butyl-3-methylimidazolium
tetrafluoroborate!®’, 1-butyl-3-methylimidazolium iodide!¢®, 1-butylpyridinium bromide!¢’, 1-
butyl-3-methylimidazolium chloride!6®, 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide!®, 1-ethyl-3-methylimidazolium tetrafluoroborate!6%.

The presence of the 1-butyl-3-methylimidazolium cation was found to promote the adsorption
of methyl orange molecules onto the TiO, surface!®’. Suppression of recombination in
photoinduced electron-hole pairs in BiOI was possible to achieve by effectively capturing and
trapping the photogenerated electrons through the surface modification provided by 1-butyl-3-
methylimidazolium iodide!®>. The N- and Br-modified surface of BiOBr/BixWOs originated
from the application of 1-butylpyridinium bromide enhanced photocatalytic activity in the
degradation of phenol under visible light!'®®. Liu et al.!®® discovered that the incorporation of
1-ethyl-3-methylimidazolium tetrafluoroborate into the Co-B-C3N4 surface resulted in
enhanced efficiency in the conversion of CO; into CH4 and CO through photocatalysis. This
improvement was attributed to the surface loading of IL, which acted as a cocatalyst,
facilitating the achievement of superior photocatalytic performance. Additionally, the
impregnation of TiO; with IL led to modifications in the surface electronic structure. It was
observed that TiO»-bearing imidazolate anions from the IL reduced the activation energy
barrier for the CO» photoreduction reaction!®®. On the other hand, Luczak et al. '? found out
that ILs or organic residues derived from ILs can create a unique form of surface modification
that enhances photocatalytic activity in the phenol degradation reaction. This surface
modification of TiO; involves covering the surface with an amorphous layer consisting of
either hydrophobic organic residues or hydrophilic, likely ionic, organic residues.



Surface modifications of semiconductors using ILs can be identified using a wide range of
techniques, such as: XPS!2, FTIR!":172. DRS UV-Vis,” and electrophoretic mobility!”
measurements. For example, the IR spectrum of IL-modified BiOI and I-butyl-3-
methylimidazolium iodide exhibited distinct peaks at 1170, 815, and 714 cm’!, which were
absent in the spectrum of the reference sample (P-BiOI)!%°. These peaks, indicative of plane
deformation and out-of-plane deformation of the C-H bond suggested successful surface
modification of BiOI by ILs. The confirmation of IL surface impregnation can be achieved by
analyzing the Cls spectrum, particularly through the detection of components attributed to the
C=C aromatic carbon bond. Additionally, the presence of IL species on the surface can also
be confirmed by examining the N1s and Br 3d spectra!®’.

The field of semiconductor surface modification with ILs has shown promising results,
particularly in photocatalytic applications. However, to fully harness this potential, several
key areas require further exploration and improvement. Current research primarily utilizes a
limited range of ionic liquids. The development of methods enabling the adsorption of ionic
liquids during semiconductor synthesis must ensure that the ionic liquids are effectively
integrated without undergoing degradation or decomposition. A deeper understanding of the
photocatalytic reactions in the presence of ionic liquids is essential. This can be achieved by
corroborating experimental findings with theoretical studies. Such an approach would provide
a more comprehensive understanding of how these reactions occur and the role ionic liquids
play in them. Determining the universal role of ionic liquids, based on their type, in
photocatalytic reactions would be a significant advancement.

Known: the creation of junctions between semiconductors and ILs, increases photoactivity by
lowering energy activation,

Unknown: more specific role of ILs depending on ILs structure, stability of ILs during
measurements, effect on mass and charge carrier transfer as well as selectivity of reaction.



Table 7. Category: surface modification. Preparation conditions, morphology, photocatalytic performance of photocatalysts prepared by ILs-assisted synthesis methods*,**.

Explanation of abbreviations used below in the column:
- surface properties: diameter (@), thickness (th), length (1), width (w), crystallite size (D) specific surface area (Sger), pore volume (V}), pore size (), aspect ratio,

- conditions: photocatalyst content (Cphnot), the concentration of model pollutant (Co), sacrificial agent (sacr. agent), volume of solution (Vs), irradiation time (t),

- efficiency: yield (Y)/rate (r)/rate constant (k) of the most active sample (Y), and the reference sample (Yr), /7 - increase, and v decrease compared to the reference sample.

*The table includes all available information.
**The original sample label is given in italics.

Photocatalytic performance

Photocatalyst and Ionic liquid and its Synthesis Surface " . .
original sample label role in the synthesis method properties Type of m odel Conditions Light source Vield (Y)/rate (r)/rate | Mechanism details | Ref.
reaction constant (k)
Cphotzzg/L = 059,
Methyl orange Co= 5.0-10° YY _ 332/00/ - enhanced pollutant
1-buty- the addition of IL degradation M ref » ? sorption
TiO, 3-methylimidazolium | ' < 2¢crtiono t=90 min 300 W Xe
to the solution of 167
tetrafluoroborate P25 durine the - lamp
MO+IL e 20 mW/cm?
.. photocatalytic test . Cphot =2 g/L Y= ~55%
additive Rhodamine B Co=1-10°M Y or = ~929, - weakened pollutant
degradation (t): 90 min ref N ’ sorption
= 0,
Conor =1 g/L k:Y 0 5?679/;'1
1-buty- Methyl orange Co=10mg/L e,
o . . _ Yeet=27% - IL surface
3-methylimidazolium degradation Vs =100 mL R q . 3
. . . S . 500 W kier=0.081 h modification
BiOl iodide . thin nanoflakes t =180 min R
chemical th = 40 nm tungsten 7 inhibited 165
i precipitation _ ) halogen lamp recombination of
fL-piol Somree of Land S eaid | Coe=1gL | (420mm) Y = 46%, photoinduced
agent de r};dation Co=10 mg/L Yeer= 15% electron-hole
& g t=240 min ’
1-butylpyridinium anodized
BiOBI/Bi; WO, bromide Lstep: BiOBr plates surface of thin 1000 W Y = 44% - N-modified surface
anodization, cover Bi,WOg Phenol film 10 . . 169
. . _ Xenon lamp Yrer= 16% - interactions of
BiOBr/Bi-WOs 1 Br source, N source, 1I step: flower-like degradation Co =20 mg/L (>420 nm) 2 bromide ions
2 morphology directing hydrothermal surface V=8 mL
agent t =240 min
TiO, 1-butyl- . . . Cphot = 10 g/L Y =455+96 pmol/g - red shift and thus a
3-methylimidazolium ‘mfl’lrl‘;’f}‘lfgon g more gcllgi | CO:reduction | Co= S50 bar of 300 }Z nfe“"n Yoo = 3+1 pmol/g modification of the | 166
TiO@[BMIm][Im] imidazole BET = 172 MU/E Co, P 2 TiO; surface




Vs=2mL

electronic structure

additive t =120 min - TiO, with IL
Tio 1-butyl- bearing imidazolate
2 I-metylpyrrolidinium ficl Y =80+7 umol/g anions lowered the
TiO-@/BMPVI/T imidazolate S nani)%agr éc e§ y Yrer = 3£1 pmol/g CO; activation
0@/ vIlim] BET o mig 7 energy barrier
additive
TiO tributylethyl-
2 phosphonium nanonarticl Y =207+16 pmol/g
) imidazolate i)p rtic eg Yier = 31 pmol/g
TiO@/(But)sEP] [Im] Sger =29.2 m*/g 2
additive
1-butyl-
TiO, 3-methylimidazolium nanonarticl Y =220+23 pmol/g
chloride S 21)25 éclfli y Yrer = 3£1 pmol/g
TiO@/BMIm]CI BET = SU.6 Mg 7
additive
1-butyl-
. 3-methylimidazolium
=101+
Ti0; bis(trifluoromethyl- nanoparticles YY flf)g ;15”};1:(1) (l)/lég
. . — 2 ref —
TiO@[BMIm][NTS] sulfonyl)imide Sger = 18.9 m*/g A
additive
TiO, [P4444]3[p-2,6-O-4- Y =3.52 umol/g-h
. €O0] Yier=0.13 pmol/g-h
TlOg*[P4444]3[p-2, 6-0- 2
4-CO0] additive
Ti0: [P““]ng’c'f]'o"" Y =0.19 pmol/g'h
TiOs—[Passa[p-2-O-4- the addmon_ of IL - 300 W Xenon Yier=0.13 pmol/g-h . 1mmpb1hzed IL on
o to the solution of _ . Conot =04 g 7 the TiO, may serve 170
Ccoo0j additive . ¢=5-10nm CO, reduction v . lamp
- P25 during the t =600 min — as an absorbent and
TiO, [Pa4aa][p-2-0] hotocatalytic test (>420 nm) Y'=0.10 pmol/g'h hotosensitizer
p Y Yier=0.13 pmol/g-h p
TiO2—[Pyguq] [p-2-0] additive \
Ti0: [Pa444][p-4-COO] Y =0.10 pmol/g-h
. Y= 0.13 /g-h
TiO2—[Py444] [p-4- additive f \umo &
(8(0]0)}
1-ethyl- L Pressure: 15 Ycus = 6.3 pmol/h-g
IL/Co-B-CsN, 3-methylimidazolium ultrathin silky bar (COy) Yco=40.5 umolh-g | - surface loaded with
. . nanosheets with . 300 Xenon _ . 168
tetrafluoroborate impregnation CO, reduction Sacr. agent: Yret.chs = 1.7 pmol/h-g IL playing role of
random lamp _
IL/Co-bCN m water Y rer.co = 3.9 umol/h-g cocatalyst
additive esopores Cphot = 16.7 g/L 7




Vs=3mL
t =240 min




8) Thickness control

Ultrathin two-dimensional (2D) materials composed of single, or few layers have garnered
significant interest owing to their fascinating physical-chemical properties. As photocatalytic
materials decrease in thickness, they exhibit novel properties that are not present in analogous
three-dimensional (3D) counterparts!’#!73. 2D materials typically have a higher surface area
that provides more active sites for catalytic reactions. This increased surface area is attributed
to the unique geometry of 2D materials (having length and width, but negligible thickness).
Among their advantages can be mentioned: (i) more exposed active sites (atoms or functional
groups on the surface of 2D materials are more exposed and accessible, making them more
reactive), and (ii) more efficient adsorption of reactant molecules onto the material’s surface.
Besides, 2D materials possess shorter diffusion paths resulting in faster charge carrier
transport, reducing the likelihood of recombination and enhancing the overall efficiency of the
photocatalytic process!’®!"7. They can exhibit enhanced light absorption due to the quantum
confinement effect and reduced light reflection!’®!”. Controlling the thickness allows for
tuning the band alignment, ensuring that the energy levels of the valence and conduction
bands are suitable for promoting charge separation and facilitating redox reactions. Evaluation
of material thickness can be conducted using SEM!80-185 TEM !180-187° AFM 180.182 " and high-
angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)!$8,
These techniques insights into the morphological characteristics and thickness uniformity of
the synthesized materials.

The application of specific ILs, as illustrated in Table 8, such as 1-hexyl-3-
methylimidazolium iodide!®*!8%, 1- hexadecyl-3-methylimidazolium bromide!80-182.187.189 " 1.
butyl-3-methylimidazolium iodide!®¢, and tetrabutylammonium chloride!®3, played the crucial
role in the precise regulation of the thickness of ultrathin 2D materials. Imidazolium-based
ILs are commonly employed in the synthesis of 2D ultrathin nanosheets due to their unique
properties. The formation of hydrogen bonds between the hydrogen atom in ILs’ aromatic
ring and the oxygen atoms from the external plane of photocatalysts facilitates the uniform
adsorption of nuclei at the initiation of the reaction. By adjusting the amount of IL, control
over the number of adsorbed hydrogen bonds on the crystal surface is achieved, leading to
preferential growth along the 2D direction!®.

The literature data demonstrate that ILs have a significant impact on the morphology to form
thinner nanosheet structures. It is known that ILs can work in two ways (i) provide halogen
atoms to form photocatalyst 2D nanostructures'$>18185and (ii) as morphology-directing
agents facilitating the formation of ultrathin materials in the range of 3 — 8 nm!'$%!133 In
addition, the presence of ILs could potentially influence the growth and stability of the
nanosheets during the synthesis !%°. It can be inferred that these ultrathin nanosheets have a
notably brief distance for the diffusion of photoinduced carriers. This characteristic proves
advantageous in effectively separating and transferring photoinduced carriers from the bulk
phase to the surface of the photocatalyst, thus contributing to improved photocatalytic
performance'®>1%, In the case of heterojunction, IL as a source of halogen atoms can form a
bridge to facilitate the intimate integration of two different components and play a crucial role
in the formation and stabilization of heterojunctions!8!. In addition, the uniform dispersion of
ultrasmall nanosheets on the ultrathin photocatalyst surface ensures a well-distributed and
intimate contact between the 2D-2D materials!84.

While the use of ionic liquids (ILs) in the synthesis of 2D photocatalysts can offer several
advantages, it's essential to consider potential challenges or "white spots" that may arise. The
presence of residual ILs can alter the material properties and affect photocatalytic
performance. It's crucial to develop effective methods for IL removal to ensure the purity of



the final product. Currently, little is said about the methods of how to remove them. To
optimize IL-assisted synthesis, researchers need to delve deeper into the mechanisms through
which ILs interact with precursor materials, affect growth processes, and influence the
resulting morphology and properties of 2D photocatalysts. Understanding how ILs influence
the band structure, energy levels, and charge carrier dynamics is crucial for tailoring these
materials for specific photocatalytic applications.

Known: facilitate formation of ultrathin materials (morphology-directing agent); provide
halogen atoms to form 2D materials, bridge heterojunctions, and ensure uniform dispersion of
ultrasmall nanosheets on the photocatalyst surface in 2D-2D materials;

Unknown: mechanisms of IL or its residual interaction with precursor of 2D materials;



Table 8. Category: thickness control <10 nm. Preparation conditions, morphology, photocatalytic performance of photocatalysts prepared by ILs-assisted synthesis methods*, **.

Explanation of abbreviations used below in the column:
- surface properties: shape (s), diameter (¢), thickness (th), length (1), width (w), crystallite size (D) specific surface area (Sger), pore volume (V,;), pore size (¢,), aspect ratio,
- conditions: photocatalyst content (mpho), the concentration of model pollutant (Co), sacrificial agent (sacr. agent), volume of solution (Vs), irradiation time (t),
- efficiency: yield (Y)/rate (r)/rate constant (k) of the most active sample (Ynot), and the reference sample (Y.f), 7 - increase, and v decrease compared to the reference sample.

*The table includes all available information.
**The original sample label is given in italics.

Photocatalytic performance

1;‘:::;‘:;?;?[11);? lonic liquid and its Synthesis Surface Type of Light Yield (Y)/rate Mechanism details | Ref.
o role in the synthesis method properties model Conditions
sample label R source (r)/rate constant (k)
reaction
Y =87%
Cpnot = 0.5 g/L b= 0.61 1!
Bisphenol A Co=10mg/L v :‘41 1%
degradation V=100 mL et - thickness
1- hexadecyl- T . ker=0.16 h .
o . . t =180 min regulation
3-methylimidazolium ultrathin 7 . shorter
BiOBr bromide nanosheets Cphot = 0.5 g/L 300 W Xe _ N .
. - . o Y =41.4%, photoinduced 182
mechanochemical | ¢ =200-300 nm Tetracycline Co =20 mg/L lamp Y= 1961% carrier diffusion
BiOBr-IL reactant and th =34 nm, degradation V=100 mL (>400 nm) ref e -
. . B ) - . Va distance,
morphology-directing Sge1=6.6 m*/g t=120 min . lower clectron-
agent . C"h‘i: 0.2 g/L Y =~83.5% hole recombination
Rhodamine B Co=10mg/L Vo= ~10%
degradation Vs =100 mL ref » o
t =60 min
3 lt-hhei?cac.igcyl-r numerous Cor = 0.5 o/L Y =91.2% - thickness
Bi4OsBr, -methylimidazotium irregular ultrathin | . phot = U2 & 300 W Xe k=0.01086 min! regulation
bromide Bisphenol A Co=10 mg/L _ N 187
solvothermal nanosheets deeradation V. =100 mL lamp Yier =24.4% - reduced band gap
Bi,Os5Br; stacked together g S . (UV filter) krer= 0.00136 min! - lower electron-
solvent, reactant, ~ t=210 min S
template th=6 nm Ve hole recombination
ultrathin
3m61:thh?1?1(11§:g(1)h m nanosheets Conot = 0.5 /L. Y =T5%
BisOsBr; yumicazotiu ©=100nm-1pm | . . phot = 1. & 300 W Xe k=0.0113 min’! - ultrathin structure
bromide _ Ciprofloxacin | Co=10mg/L _ N 180
solvothermal th=8 nm deeradation V.= 100 mL lamp Yeer=51.4% - lower electron-hole
Bi,Os5Br; =120 nm & S . (A>400 nm) kier = 0.0059 min! recombination
solvent, reactant, W =70 nm t=120 min A
template Sger = 12.98 mz/g




ultrasmall Cpho =02 /L Y=99% - ultrasmall few-
1-hexyl- nanosheets Rhodamine B Co=10 mg/L k=0.0319 min"! 1 truchu
. 3-methylimidazolium anos degradation | V=100 mL Yier = 50% ayer structure
Bi;Osl iodide consisted of about t = 120 min 300 W Xe 2 - efficient separation
solvothermal 6 layers Corn =05 g/L lamp of electron-hole 185
. — _ phot — VY. — 0 :
Bi Ol solvent, capping (pth :375562;;1131 Ciprofloxacin | Cp= 10 mg/L (>400 nm) ;{ 7%%0//0 . P alrsl
agent, and I source _ ) degradation Vs=100 mL refU0 ower valence
Sger =49.04 m*/g t =240 min 2 position
Cphot =0.2 g/l
. ot Y=-~95%
I-hexyl- ultrathin CsNy and | Rrodamine B Co= 10 mg/L Yeer=~55% - well dispersion of
. L . . degradation V=100 mL
C3N4/Bi14Osl, 3-methylimidazolium Bi4Os1; - . Vs ultra-small
iodide nanomaterials t= 120min 300 W Xe nanosheets on
—100° 184
3 wt% ultrathin solvothermal 1y, _ 6 hm (Bi,OsL Cpro =05 gL | igl(;lﬁm) (~90<;( o iy | Ultrathin structure
C3N4/Bi,Osl, I source, template, nanosheets) Bisphenol A Co=10mg/L YO — 100% - lower electron-
and dispersing agent Sper =41.07 m*/g | degradation V,=100 mL o ref °. hole recombination
t = 60 min (35% after 20 min)
7
ultrathin Bi4OsBr, Cphot =0.5 g/L Y = ~70%
1- hexadecyl- nanosheets Ciprofloxacin | Cy=10 mg/L Voom 40;’/ - 2D-2D ultrathin
C;3N4/Bi4OsBr, 3-methylimidazolium dispersed on g- degradation V=100 mL 300 W Xe ref 2 ’ structure
bromide C3N4 nanosheets t =150 min - matched energy
solvothermal lamp 189
1 wt% g- th=7 nm Cphot = 0.1 g/L (>400 nm) Yo = 91% band structure
C3N4/Bi,OsBr; Br source, template, (Bi;05Br; Rhodamine B Co=10mg/L Yp h”t: 6 S‘VO - lower electron-
and dispersing agent nanosheets) degradation V,=100 mL ref 2 ’ hole recombination
Sger= 156.2 mz/g t=75 min
CphutZO.S g/L — 0
Ciprofloxacin Co=10 mg/L YY: 4%81/:/
degradation V=100 mL A e
t=120 min
BiOBr nanosheets Conot=0.2 g/L Y =96.5%
1- hexadecyl- decorated with Rhodamine B Co=10 mg/L (after 30 min)
§ o . . i . _ — eno ) .
N-CQDs/BiOBr 3-methylimidazolium spherlcil N-CQDs | degradation VS, 100 mL 300 W Xe Yeer=~80% ultrathin
bromide IioBr = WBioBr = t=50 min 7 structure 181
solvothermal 100-400 nm Conor = 0.5 g/L lamp regular
- 1 _ - phot = V. _ o .
N-COD/BiOBr-3 Br source, dispersing thgios=~12 nm Tetracycline Co=20mg/L (>400 num) ;{ :637 5.316/00/ dispersion
agent Pcqps =~6 nm degradation | Vs=100mL ref Pl
Sper = 6.86 m%/g t =120 min
Cphm =0.5 g/L — 600
Rhodamine B Co=10 mg/L YY 7~6§ 5/00/
degradation Vs =100 mL ref » ’

t=210 min




tetrabutylammonium

ultrathin

. . Cphot =5 g/L 1000 W Y =86%
BiWOs chloride nanosheets Phenol Co=20mg/L Xenon lamp k=0.0282 min-! - ultrathin structure 183
solvothermal th =8 nm d . _ . . Aeo .
L ~ ) egradation V,=25mL (UV-Vis Yier =38% - formation of OV
IL BWO3 morphology directing Sger =47.60 m*/g t = 60 min light) 2
agent V, =0.0232 cm’/g &
1-butyl-
3-methylimidazolium narrow and long Cor =02 oL
GO-BiOl iodide BiOI nanoplates . phot = ¥ & 300 W Xe Yret =~90% - 2D structure
Rhodamine B Co=10mg/L _ o 186
solvothermal randomly deeradation Ve =100 mL lamp Y phot = 98.8% - lower electron-
1 wt% GO/BiOl I source, soft dispersed on 2D & tS: 100 min (>400 nm) 2 hole recombination

template, capping
agent

graphene sheets




Conclusions and future prospect

Increasing the maturity of technology using heterogeneous photocatalysis requires rational
design and synthesis of new photocatalytic materials and application of reagents affecting the
final properties of obtained materials, such as ionic liquids-assisted materials. Thus, this paper
distinguishes and summarizes eight main mechanisms describing interactions between ionic
liquids and growing semiconducting particles and their final effect on surface and
photocatalytic properties of semiconductors, i.e.: (i) doping of elemental atoms from ILs, (ii)
surface defect formation, (iii) formation of charge transfer surface complex, (iv) promoting of
charge transfer; (v) facet-control synthesis; (vi) altering size and porosity of materials, (vii)
affecting sorption properties due to presence of ILs, and (viii) regulating the thickness of
synthesized materials.

The choice of ionic liquids for the synthesis of semiconductor particles should be preceded by
a theoretical consideration of how this ionic liquid will behave during synthesis, including
whether it will not decompose during solvothermal synthesis. Very generally it can be stated
that ionic liquids that are not stable under elevated temperature and pressure conditions could
be used as a source of elements doped into the crystal structure of semiconductor particles and
finally affect their band structure. On the other hand, ionic liquids surviving conditions of
solvothermal synthesis could be adsorbed at the surface of the semiconductor and form a
charge-transfer complex between an electron acceptor (semiconductor) and an electron donor
(surface adsorbate). This kind of interaction (i.e. the presence of CT-complex) could shift the
photoactivity of semiconducting materials from the UV region to visible light.

The wide spectrum of imidazolium ionic liquids have been used to promote the intentional
formation of oxygen vacancies especially in the case of TiO> or to form surface defects in the
case of other materials such as ZnO, BiOBr, or BiVOs. The existence of surface defects could
suppress the recombination of photoinduced electron-hole pairs, which is crucial for the
photoactivity of excited semiconductor material. Moreover, surface defects may appear to
narrow the band gap (by creating new energy states in the band gag) and work as active sites,
affecting finally observing reaction efficiency.

Finally, ionic liquids could serve as additives helpful in morphology control by influencing
the type of facets/planes formed during synthesis, the thickness of the resulting nano- and
microparticles, as well as their size and porosity.

Therefore, careful analysis of the ionic liquid's properties and their appropriate selection for
the synthesis of semiconductor materials is a promising way of synthesizing materials with
the desired photoactivity but requires further systematic research. It seems particularly
desirable to use theoretical methods that allow predicting these interactions between the ionic
liquid and the growing semiconductor particles, such as Virtual High Throughput Screening,
including predictive multi-scale Molecular Modeling and Machine Learning based models.

Moreover, based on available literature we have diagnosed the following challenges for the
future in this field:

1. The use of ionic liquids for the synthesis of semiconductor photocatalysts as a reagent
that allows controlling the selectivity of obtained materials (e.g. obtaining
photocatalysts possessing the assumed selectivity in the CO: photoreduction or
alcohol oxidation reactions);

2. The employment of ionic liquids for the synthesis of semiconductor photocatalysts as
a reagent allows obtaining photocatalysts activated by sunlight. Even if there are now
reports of obtaining photocatalysts activated by light in the visible range, no studies



are showing whether such photocatalysts are useful for use on a larger scale and in the
presence of solar radiation;

3. There is a lack of research showing whether photocatalysts obtained in the presence of
ionic liquids are characterized by long-term stability, because the ionic liquid or its
decay products - being on the surface of the photocatalyst - may undergo
transformations in photocatalytic processes and thus affect its activity. This aspect
would also require deeper research;

4. To understand the role of ionic liquids in the interaction with the semiconductor
particle during its growth and in its use in the photocatalytic reaction — there is a need
to have easily accessible data on the type of interactions and their strength between
ionic liquids and their degradation products and the surface of semiconductors.
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