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ABSTRACT

Three different ionic liquids based on 1-butyl-3-methylimidazolium were pre-

pared and used to synthesize Ag/AgX (X = Cl, Br, & F) nanoparticles-decorated

reduced graphene oxide (rGO). The formation of the Ag/AgX-rGO composites

were confirmed from the powder XRD patterns of the samples and the

absorption peaks at 220 nm, 280 nm, and 352 nm in UV–visible spectroscopy.

The functional groups in rGO and decoration of Ag/AgX on rGO sheets were

established by the peaks in FT-IR at 1192 cm-1, 1270 cm-1, and 1569 cm-1. The

ID/IG ratios in micro-Raman analysis, and FE-SEM images witness the above

observation. The endothermic peak at 956 �C in DSC analysis indicates the

presence of silver in the samples. The natural visible light photocatalytic

properties of these materials were studied with the degradation of methylene

blue (MB) dye. The samples with Ag/AgX structures have better photocatalytic

properties than AgX and rGO. This is due to the increased utilization of sunlight

by the plasmonic Ag in the Ag/AgX-rGO samples and the fast charge separa-

tion by rGO. The samples GIA1 and GIA3 are showing better dye degradation

efficiency, these samples degrade 97% and 97.5% of MB dye, respectively. The

formation of AgX was dependent on the type of ionic liquids used in the syn-

thesis which is highly reflected in the photocatalytic behavior.

1 Introduction

Industrial waste, especially the dyes from the textile

industries, adversely affects the aqueous environ-

ments. Photocatalytic materials act as a catalyst to

degrade the dyes by absorbing the light radiation.

Dyes should be degraded before it enters the

environment, which has been done by the photocat-

alytic materials. Semiconductors, like TiO2, ZnO,

ZnS, Fe2O3, SnO2, etc., are widely explored photo-

catalytic materials, and among them TiO2 is being

considered as the prime candidate due to its low cost,

environmental friendliness, and high stability [1].

TiO2 is a wide bandgap material with a bandgap of

about 3.2 eV. Hence, it requires an excitation source

Address correspondence to E-mail: ksmani@nitt.edu

https://doi.org/10.1007/s10854-021-06774-w

J Mater Sci: Mater Electron (2022) 33:8724–8733

http://orcid.org/0000-0002-7761-3580
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-021-06774-w&amp;domain=pdf


of wavelength less than 400 nm to create electrons in

the conduction band and holes in the valence band.

This excitation wavelength falls in the UV region of

the electromagnetic spectrum, so there is a huge

requirement to design the active photocatalyst in the

visible region of the solar spectrum. Most of the

semiconductor-based photocatalysts have similar

problems alike TiO2 [2].

For their high visible light sensitivity silver halide-

based semiconductors have been used as a visible

light photocatalyst. Silver halides are highly active to

the visible light but are unable to control the electron–

hole recombination before it reaches the catalysts

surface to get involved in the degradation process.

Even though it possesses high visible light sensitivity,

degradation of the catalyst during the photocatalytic

process is a limitation. To reap more solar energy,

metal-based plasmonic photocatalysts were designed

which work by the principle of surface plasmon

resonance (SPR). SPR is the collective oscillations of

free electrons in metals by absorbing light radiation.

The plasmonic metal nanoparticles act as an alter-

native type of sensitizer to light absorption to

enhance photocatalytic ability. To improve the pho-

tocatalytic activity of the AgX-based materials, Ag/

AgX (X = Cl, Br, & F) heterostructures-based cata-

lysts were designed. Ag/AgX materials drastically

improve the activity by SPR effect as well as limited

the e-, h? recombination by separating the charges.

Recently, many reports are available with Ag/AgX

nanostructures-based photocatalytic applications.

Photocatalytic efficiency was improved by tuning the

morphology of the prepared catalysts and through

doping [3, 4]. The AgX visible light-responsive plas-

monic materials were also used to convert the CO2

into useful fuel like methanol through the photocat-

alytic reduction process [5]. The bandgap of the

AgClxBr1-x samples is tuned by changing the com-

position of X in the AgX (X = Cl, Br, & F) which

improves the photocatalytic property of the material

[6–8]. By changing the halide compositions in the

Ag/AgX (X = Cl, Br, & F) systems, one can modify

the bandgaps, which enables the materials to work in

different redox potentials. These systems will be used

to decompose the various organic pollutants. This

encourages us to modify the compositions of the

halide ions in the silver halides to change their

physicochemical properties towards photocatalytic

applications.

Meantime, graphene oxide (GO) has received

extensive attention towards the synthesis of inorganic

nanomaterials, due to its flexibility and availability of

oxygen functional groups (hydroxyl, epoxy, and

carbonyl). The oxygen functional groups act as

nucleating sites for the growth of inorganic

nanoparticles and modify the size and shape of the

nanoparticles. Apart from this, reduced graphene

oxide (rGO) has excellent charge transport properties

that enable fast charge separation, which is an

important parameter in the photocatalytic process

[9–12]. The 2D structure of rGO has enhanced the dye

absorption capabilities of the photocatalytic materials

as well as the stability of the catalytic materials.

Recently, many groups have reported the AgX-GO/

rGO-based nanomaterials towards photocatalytic

applications [13–17]. In this work, we have used the

microwave (MW)-assisted rapid synthesis method to

prepare the Ag/AgX-rGO composites. MW-assisted

synthesis methods are more effective than conven-

tional methods, and it reduced the reaction time. The

rapid supply of heat energy enables reactions that are

not possible in conventional methods.

On the other hand, usage of Ionic liquids (ILs) to

synthesize nanomaterials have been increased in

recent times because of its properties like insignifi-

cant vapor pressure, low toxicity, high ionic con-

ductivity, high thermal and chemical stabilities, and

decent solubility in various solvents [18]. Plenty of

room-temperature ILs are available and based on the

requirement specific ILs can be designed by changing

their constituent ions. Among the thousands of task-

specific IL combinations, imidazolium-based ILs are

widely used in various applications. 1-butyl-3-methyl

imidazolium (BMIM?) cation-based ILs were used to

synthesize silver nanoparticles with different mor-

phologies, and it was found that the structure of the

nanoparticles depends on the type of anion used and

the cation chain lengths in the ILs [19, 20]. BMIM

FeCl4 was used to prepare Ag@AgCl core–shell

structure and its visible light photocatalytic efficiency

towards the degradation of methyl orange and

4-chlorophenol were studied. The anion of IL (FeCl4)

interacts with the surface of silver atoms and used to

form the AgCl shell over the silver nanowires [21].

Imidazole-based ILs interact with the graphene

structures by imidazole ring through cation–p elec-

trons in graphitic structures. Further, ILs-rGO com-

posites were used in the fields of sensing,

electrochemical, and energy-related applications
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[22, 23]. Based on the above literature, it is under-

stood that ILs were used to modify rGO structures by

the interaction with cations and the silver

nanoproducts by the anions. By using different

anions-based ILs one can tune the compositions of

the halides in the AgX system, it modifies its physical

properties. This motivates to use ILs to prepare and

study the Ag/AgX-rGO composites, their applica-

tions towards the degradation of organic dyes. Here,

we prepared Ag/AgX-rGO composites by using

three ILs based on BMIM? cation with three different

anions. The rapid MW irradiation method was used

to prepare the composites, and the visible light pho-

tocatalytic degradation efficiency of the composites

towards the degradation of methylene blue (MB) dye

was studied.

2 Experimental methods

2.1 Synthesis of ionic liquids and GO

Imidazolium-based ionic liquids like 1-butyl-3-

methylimidazolium tetrafluoroborate (BMIM?BF-4),

1-butyl-3-methylimidazolium trifluoroacetate

(BMIM? TFA-), and 1-butyl-3-methylimidazolium

methyl sulfate (BMIM? MeSO4
-) were synthesized

adapting the procedure reported elsewhere [24, 25].

GO was synthesized by using the modified Hummers

method [26].

2.2 Synthesis of AgX/rGO composites

Solution A: 50 mg of GO was taken in 50 mL of

ethylene glycol (EG) (EMPARTA�, Merck Life Sci-

ence Private Limited, 99%) and sonicated for 1 h.

Solution B: 47 mg of silver nitrate (EMPLURA�,

Merck Life Science Private Limited, 99%) was taken

in 20 mL (0.014 M) of EG and stirred for 1 h. Solution

C: 155 mg of PVP (MW-55,000, Sigma Aldrich) was

taken in 20 ml of EG along with 1.5 mg of NaCl

(Analysis GR, Merck Specialties Private Limited,

99.5%) and 1.5 mg of KBr (IR spectral grade, Uva-

sal�, Merck KGaA) and stirred for 1 h at 80 �C. The
solutions B and C were added with solution A and

stirred for 5 min then the solution was kept in a

household MW oven for heat treatment. The MW

treatment was done for 2 min at 700 W power, then

360 W power with a break time of 2 min. Then, they

were washed with DI water and ethanol several times

by centrifugation at 5000 rpm for 15 min, then dried

at 60 �C for 8 h. The prepared sample was named as

GIA1, the same procedure was followed for the other

three samples except the ILs were added before the

MW irradiation. The ILs used to prepare the com-

posites were BMIM? BF4
-, BMIM? MeSO4

-, and

BMIM? TFA-, and the prepared samples were

named as GIA2, GIA3, and GIA4, respectively. The

samples were used for further studies.

2.3 Photocatalytic degradation
of methylene blue dye

100 mL of the MB (Methylene blue stain, Merck Life

science Private Limited) solution with a concentra-

tion of 5 mg L-1 was prepared, and 5 mg of the

prepared samples Ag/AgX-rGO was added to it.

Then the solution was kept in the dark environment

for 30 min for the adsorption–desorption equilibrium

of dye molecules on the surface of the catalyst. The

solution was kept in sunlight with stirring for every

30 min and 2 mL of the solution was taken and

centrifuged to remove the catalytic material. The

supernatant was collected, and UV–visible absorp-

tion spectra (Shimadzu UV 2600) were recorded to

find the degradation of the MB dye.

3 Results and discussion

The powder XRD patterns of the synthesized samples

are shown in Fig. 1 (Rigaku Ultima III, 2� min-1 with

a step of 0.02�). GO shows the peak at 11.2� corre-

sponding to the (001) plane. For GIA1 and GIA3, both

the FCC phases of Ag and AgX are present. The

peaks corresponding to the angles 38.4� (111), 44.5�
(200), 64.8� (220), 77.7� (311) are for the FCC structure

of silver (matched with the JCPDS Card No: 04-0783)

and the patterns at angles 27.6�, 31.9�, 45.5�, 56.6�,
66.3�, 75.4� correspond to the FCC phase of Ag(Cl, Br)

(matched with the JCPDS card No:14-0255). Samples

GIA2 and GIA4 show the peaks at angles 26.9� (111),
31.3� (200), 44.6� (220), 55.3� (222), 64.9� (400), and

73.6� (420) are for the cubic phase of AgBr (JCPDS

card No: 06-0438). The peaks are shifted to the lower

angle in the samples GIA2 and GIA4, which are due

to the fluorinated AgBr, and leads to the formation of

AgX (Br & F) [27]. No separate peaks were observed

to the presence of AgF in these samples. The forma-

tion of AgX (Br & F) is explained by the anion
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exchange reaction that happed between the silver

nitrate and the respective ILs. Pure Ag phase is dis-

appeared in the samples GIA2 and GIA4, due to the

conversion of Ag into AgX by a surplus supply of

halide ions from the ILs. In the case of GIA1 and

GIA3, both the phases are present.

In the presence of ILs BMIM? BF4
- and BMIM?

TFA-, the peaks corresponding to pure Ag disap-

peared due to the anion exchange reaction taking

place between the ILs and the NO3
- ions of the

AgNO3. The anions of BF4
- and TFA- were exchan-

ged after adding NO3
- ions to form BMIM? NO3

-.

The native anions from ILs have interacted with Ag

and then it separated into its constituent ions leading

to the formation of AgX nanoparticles [28]. In the case

of BMIM? MeSO4
- (sample GIA4), the anion

exchange has not happened, which is reflected in the

yields of the GIA samples as 60 mg, 93 mg, 55 mg,

and 94 mg, respectively, for GIA1, GIA2, GIA3, and

GIA4. This is due to the difference in the anion

exchange interaction energy and the cation of the ILs

used in the reactions [29, 30].

The UV–Vis (Shimadzu UV2600, ethanol) absorp-

tion spectrum (Fig. 2) of GO shows a peak at 220 nm

corresponding to p - p* transitions of aromatic C–C

bonds, and the small hump around 300 nm is for the

n - p* transitions of C=O bonds [31]. For the sam-

ples, GIA1 and GIA4, the peak that appeared at

352 nm corresponds to the SPR of the Ag. With the

emergence of this peak in the GIA1 and GIA3, one

can confirm the formation of Ag/AgX structures.

This peak disappeared in GIA2 and GIA4 indicating

the absence of Ag metal. These results are consistent

with the powder XRD results. The peaks at 280 nm

correspond to the silver halides [32].

FT-IR spectra (Nicolet iS5 spectrometer, KBr pellet

method) of the samples are shown in Fig. 3. The

peaks at 1039 cm-1 (C–O), 1610 cm-1 (C=C),

1717 cm-1 (C=O), and 3350 cm-1 (O–H) are for the

oxygenated functional groups in the GO. For the

other samples, the peak corresponding to C=O is red-

shifted to a higher wavenumber of 1725 cm-1. The

peak at 1643 cm-1 corresponds to the C=O in PVP

due to the Ag/PVP interaction and the actual peak in

pure PVP is at around 1660 cm-1 [33]. The peak for

scissoring vibrations of the CH2 group appeared at

1423 cm-1. The peak corresponding to the C–N bond

Fig. 1 Powder XRD patterns for the prepared samples

Fig. 2 UV–visible absorption spectra

Fig. 3 Overlay of FT-IR spectra of GIA samples
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in PVP is typically observed at 1283 cm-1, for the

Ag/AgX-rGO shifted to 1270 cm-1. Both the peaks of

C–O and C–N are shifted from their actual positions

due to the formation of coordination bonds between

silver atoms and the oxygen and nitrogen atoms from

the PVP polymers [34].

The micro-Raman spectra (LabRAM HR Evolution

Raman spectrometer, 532 nm, 50 mW) of the pre-

pared samples are shown in Fig. 4. GO has the two

characteristics peaks for graphitic structure centered

around 1357 cm-1 (D band) and 1591 cm-1 (G band)

[35]. The ID/IG ratio is found to be smaller for the

samples GIA1, GIA2, and GIA3 compared to GO,

which is due to the reduction of GO in these samples.

The peak broadening and the positional shift in the D

and G bands are due to the formation of metal–rGO

bonds through oxygen functional groups. The new

bands are around 1250 cm-1(D*) and 1500 cm-1 (D**)

in GIA3, D* corresponding to the sp3 like defects, and

D** for the C–H vibrations of hydrogenated carbons,

respectively [36]. The band appeared at 995 cm-1 is

for the S–O stretching vibrations, this S–O moiety was

from the BMIM MeSO4 IL.

The D and G band positions and the ID/IG ratio of

the samples are shown in Table 1. The D band shifts

to the lower wavenumber in the GIA composites

compared to the GO, which indicates the modifica-

tions in the structure. The sample GIA2 has the

lowest ID/IG ratio it results from the presence of less

defected rGO.

FE-SEM images of the prepared samples are shown

in Fig. 5, (ZEISS EVO 18). From the figures, one can

find the sheet-like morphology of GO. The other

samples show the Ag/AgX nanoparticles decorated

on the rGO sheet. In GIA2, the particles were evenly

distributed over the rGO sheets. In the case of GIA1,

2, & 4, the particles agglomerated at the edges of rGO

sheets. These results are consistent with the micro-

Raman results, the sample GIA2 has the lowest ID/IG
ratio compared to other samples.

Thermogravimetric analysis was carried out in the

nitrogen atmosphere (100 mL min-1) in the temper-

ature range from 30 to 1200 �C at a heating rate of

20 �C min-1 (TA instrument: SDT Q600) and the

results are shown in Fig. 6. GO shows two major

weight losses, the one between 70 and 120 �C of

about 22% due to the removal of hydroxyl functional

groups present in the sample and the second one

around 150–270 �C of about 28% towards the

removal of other oxygen functional groups in the GO

sample. A gradual loss of 16% of weight from 270 to

1200 �C by liberating the amorphous carbon was

observed [37]. The 8% weight losses for the samples

GIA1 and GIA3 were observed at 80 �C for the

removal of hydroxyl groups, then stable up to 250 �C.
Again 44% losses between 250 and 450 �C confirm

the presence of silver halides. For the samples GIA2

and GIA4, the first weight loss is about 4% around

80 �C and then the second one between 270 and

430 �C of about 32%. The difference in the weight loss

is due to the changes in the composition of AgX and

rGO in the samples. In samples GIA2 and GIA4, most

of the silver atoms transferred to the silver halide,

which results in a high yield compared to GIA1 and

GIA3. These results are consistent with the powder

XRD patterns of GIA2 and GIA4 that the suppression

of the peaks correspond to the Ag phase in these

samples, and the rise of the SPR band at around

350 nm is observed in the UV–Vis spectra of GIA1

and GIA3 samples.
Fig. 4 Micro-Raman spectra of GIA samples

Table 1 D and G band positions and ID/IG ratios of the prepared

samples

Sample D (cm-1) G (cm-1) ID/IG

GO 1357 1591 1.158

GIA1 1346 1596 0.952

GIA2 1342 1586 0.871

GIA3 1340 1592 1.104

GIA4 1343 1590 1.546

8728 J Mater Sci: Mater Electron (2022) 33:8724–8733



DSC measurements performed for the prepared

samples are shown in Fig. 7, GO has two peaks at 82

and 231 �C corresponding to the removal of water

molecules and oxygen functional groups in GO,

respectively [38]. These two peaks are suppressed in

other samples due to the reduction of GO. An

endothermic peak at 956 �C is for the melting of the

metallic silver observed in all GIA samples [39]. For

the samples, GIA2 and GIA4, a small endothermic

peak present at 414 �C corresponds to the melting of

AgX (Br & F). The melting point of pure AgBr is at

430 �C, here it decreased to 414 �C due to the doping

of F- in the crystal system. In the samples, GIA1 and

GIA3, the endothermic peak corresponding to the

AgX (Br & F) was not appeared. These results are

consistent with the results of TGA that the composi-

tional changes in the products lead to these results.

All the samples have exhibited good photocatalytic

activity towards the degradation of MB dye and the

results are shown in Fig. 8. Among the four samples,

GIA1 and GIA3 have better activity compared to

GIA2 and GIA4. This is due to the formation of Ag/

AgX which was used to increase the absorption of

sunlight. The presence of Ag will increase the visible

light absorption through SPR effect, leading to

Fig. 5 SEM image of the GO and GIA samples

Fig. 6 Thermogravimetric analysis of the GIA samples
Fig. 7 Differential scanning calorimetric curves for the GIA

samples
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increased photocatalytic activity. In the case of GIA2

and GIA4, most of the metallic silver was converted

to silver halides, so the surface was covered with AgX

which reduced the SPR effect. Another drawback in

the AgX samples is the electron–hole recombination.

In the above composites, rGO acts as an electron

scavenger, due to its more conducting nature, which

helps to avoid electron–hole recombination.

Restricting the electron–hole recombination was a

crucial part in the photocatalytic process.

The photocatalytic degradation was evaluated

from the Co/C curve and is shown in Fig. 9a. The Co

and C are the concentrations of the dye at t = 0 and

reaction time t. From this curve, one can find the

amount of dye present in the solution at a time. The

samples GIA1 and GIA3 have the highest degrada-

tion efficiency, and at the end of the photocatalytic

reaction 3% and 2.5% of dye were present in the

solution, respectively. In the case of GIA2 and GIA4,

16% and 14% dye were present in the solution,

respectively. The high degradation efficiency of GIA1

and GIA3 is due to the Ag/AgX heterostructure

formation.

Based on the above results, the following mecha-

nism is proposed for the photocatalytic degradation

of the MB dye by the GIA composites. The superox-

ide (�O�
2 ) and the hydroxide radicals (�OH) play a

crucial role in the degradation of organic dye mole-

cules. The mechanism for the above-prepared com-

posites is shown in Fig. 9b. When the catalyst is

subjected to the visible light, AgX gets excited by the

absorption of light and creates electron–hole pairs.

Silver was excited by the localized SPR effect and

produced the polarization of charges. Hence, the

polarization of charges was induced by the SPR

effect; this polarization-induced electrified field on

the Ag–AgX interface separates the electrons far

away from the interface. It avoids the electron–hole

recombination which should be avoided in the pho-

tocatalytic process. Then, the electrons are transferred

to the rGO sheets that further separate electrons from

the AgX. These conduction band (CB) electrons

Fig. 8 UV–Vis spectra of the MB dye solution in the presence of GIA composites
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transferred through rGO to the surface adsorbed

oxygen species converts it in to �O�
2 (superoxide,

Eq. 1). This superoxide is involved in the process of

MB degradation (Eq. 2), and the reactions are given

below:

e� þO2 ! �O�
2 ð1Þ

�O�
2 þMB ! degradationproducts ð2Þ

hþ þ X� ! X0 ð3Þ

X0 þMB ! degradation products + X0 ð4Þ

Another degradation mechanism has been carried

out by the halide ions (X-) and is represented in

Eqs. 3 and 4, halide ions in the AgX system interact

with h? in the valence band (VB) giving X0. Further,

these Xo degrade the MB dye [13]. The prepared Ag/

AgX-rGO composites have shown high degradation

efficiency due to the two-way process, and effective

charge separation by rGO. To further analyze the

results, the bandgap values for the AgX samples were

calculated from the Tauc plot, which is given in

(supplementary information) SF 1. The bandgap

values are 2.4, 1.4, 2.8, and 1.2 eV for the samples

GIA1, GIA2, GIA3, and GIA4, respectively. To

understand the photocatalytic mechanism, the con-

duction band and valance band edges are calculated

from the formulas Evb = v - Ec ? 0.5 Eg and Ecb-

= Evb - Eg. Here, v—work function of the material,

Ec—energy of the free electron in hydrogen scale

(4.5 eV), Eg = bandgap of the semiconductor, Evb—

valance band edge potential, and Ecb—conduction

band edge potential. The work function for the AgX

samples is calculated as 6 eV. The conduction band

edges (valance band edges) for the samples calcu-

lated in eV are 0.3 (2.7), 0.8 (2.2), 0.1 (2.9), and 0.8 (2.2)

for the samples GIA1, GIA2, GIA3, and GIA4,

respectively. Based on the works of literature, the

conduction band and valance band edges for the rGO

are calculated as - 1.8 and 1.8 eV [40, 41]. The e- and

h? transitions and the photocatalytic process are

explained in Scheme S1 (supplementary information)

for the sample GIA1. The electrons produced in the

AgX (GIA1 and GIA3) semiconductor after the

exposure of the sample in visible light are moved to

the Ag metal because its Fermi level is more positive

than the conduction band edge of AgX. The h? in the

AgX sample involved the oxidation reaction and the

e- in the rGO involved the oxidation reactions. In the

case of GIA2 and GIA4 samples, the metal silver does

not perform the above-said charge separation pro-

cess, and the photocatalytic efficiency is low com-

pared to the samples GIA1 and GIA3. These

mechanisms are consistent with the experimental

results.

The results are compared with the previous

experimental studies and are given in the following

Table 2. The samples show good visible light photo-

catalytic degradation efficiency with the minimum

quantity of the catalysts used.

Fig. 9 a Photocatalytic degradation of MB and b degradation mechanism

J Mater Sci: Mater Electron (2022) 33:8724–8733 8731



4 Conclusion

In this work, Ag/AgX-rGO-based plasmonic photo-

catalytic materials were synthesized by using imida-

zolium-based ILs in a MW-assisted modified polyol

process. The formation of Ag/AgX-rGO was con-

firmed by powder XRD. The presence of 352 nm peak

in UV–Vis spectra of GIA1 and GIA3 confirms the

presence of Ag. FT-IR, micro-Raman, and FE-SEM

analyses show the modifications in the rGO structure

and decoration of Ag/AgX nanoparticle over the rGO

sheets. The variations in the weight loss percentages

of the GIA samples indicate the compositional dif-

ferences and endothermic peaks at 956 �C showing

the presence of Ag. The compositional changes were

due to the anion exchange reactions between the ILs

and nitrate in the silver nitrate precursor. The pho-

tocatalytic activity of the samples was tested by

degrading the MB dye under natural sunlight envi-

ronment. Samples GIA1 and GIA3 showed compar-

atively higher activity due to the presence of the Ag/

AgX in it, the presence of Ag increases the visible

light absorption as well as enhances the charge sep-

aration by transferring electrons to rGO. Based on the

results, it is concluded that by changing the concen-

tration of the ILs we can tune the composition of Ag

and AgX which will tune its photocatalytic

properties.
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