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Q.

Galliumgis agReaigi@om temperature liquid metal with extraordinary properties that partly originate
from the L‘ng oxide layer formed on its surface. Taking advantage of the surface gallium

oxide, this Work infroduces a novel technique to synthesize gallium oxide (Ga,0s) nanoflakes at high

C

yield by h the self-limiting native surface oxide of gallium. The synthesis process follows a

S

facile two-step method comprising liquid gallium metal sonication in DI water and subsequent

annealing. to explore the functionalities of the product, the obtained hexagonal a-Ga,0s;

U

nanoflakesfiare used as a photocatalytic material to decompose organic model dyes. Excellent

n

photocatalytic activity is observed under solar light irradiation. To elucidate the origin of these

&

enhanced Gata roperties, we carefully assess the electronic band structure of the synthesized

a-Ga,0 tly, this excellent photocatalytic performance is associated with an energy band

gap re , due to the presence of trap states, which are located at ~1.65 eV under the

M

conduction band minimum. This work presents a novel route for synthesizing oxide nanostructures

[

thatcan b

for scaling @ igh yield synthesis.

d to other low melting temperature metals and their alloys, with great prospects

1. Intro

Auth
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Group -Vl semiconductor gallium (lll) oxide (Ga,03) is a promising inorganic compound that

crystallizes in five different phases including a, B, vy, 6, and . Of these polymorphs, a-Ga,0; and B-

t

¥

Ga,0; are the most investigated.m Non-toxic and stable Ga,0; has a wide energy band gap (Eg = 4.2 -

4.9 eV) in orm."?*3 This oxide offers great possibilities for a wide range of applications

[

such as optoelectronics,' electronic devices,” solar cells,’®

gas sensingm and more recently, in

SCl1

photocatalysis

With growing global attention concerning environmental remediation, the exploration and
implement arious photocatalysts has attracted significant interest for decomposing various

organic pollutants¥’' However, inefficient absorption of the solar light spectrum, together with rapid

Ul

deactivatio tocatalysts, limit the practical applications of many of them." It has been shown

I

that Ga,0; its relatively wide bandgap, exhibits acceptable photocatalytic performance to

decomposél differ@nt pollutants or organic dyes under UV and visible light irradiation at different

d

phases, tries and morphologies.“’ 2.1 ynder optimized conditions, Ga,03; has been

shown to hav tter photocatalytic performance in comparison to commercial TiO, particles, due

to its ability to provide photo-generated charge carriers with more suitable redox potentials, leading
to higher Siving forces for photocatlysis."? However, there are still serious limitations for the
application 3 as a photocatalyst due to its wide band gap. Hence, any improvement of the

photocataly ity of Ga,0; by shifting its photo-response towards the visible range will create a

profound !sitive impact.

Many metkas Have been investigated to overcome the constraints of photocatalytic activities of

Ga,0; includin ing, inducing oxygen deficiency and hybridization."*®*** %3 Nevertheless, none

of the sqe shown full evidence regarding the changes that occur on the electronic band

This article is protected by copyright. All rights reserved.
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structure of the modified gallium oxides. A fundamental analysis, establishing a relation between the

tuned energy band gap of Ga,0; and resulting photocatalytic activity, has been rarely presented.

{

The choic thesis techniques has a profound impact on morphologies, phases and
stoichiome 20; and therefore its band structure.™” Many different liquid phase methods
H I

have been@ghown for synthesizing Ga,0; based on hydrothermal (with and without surfactant),

microwaveffand Other solvothermal approaches.™ ? 3> > These methods have been reported to

S5C

result in nanorads, nanowires or nanoplates of various dimensions of this metal oxide. However,
such synth iques generally require long processing time of up to several days for acceptable

synthesis yields.

Ul

Very recendlly, liquid metal gallium has drawn attention for synthesizing various gallium compounds

£

based on printi rocesses.™ The reported methods generally take advantage of the formation of

d

the self-liniti ide layer on the surface of liquid gallium at room temperature, utilizing

techniq Isolate this layer from the original liquid source. The self-limiting gallium oxide layer

grows and may become thicker upon environmental excitations and applied mechanic

energy.

r

The existenc he oxide skin on liquid gallium can also provide an opportunity to develop a high
yield meth nthesizing Ga,0; nanostructures. It is hypothesized that vigorous sonication and

the applicatfon of shear forces should assist in removing the oxide layer. Since this oxide is gradually

i

formed onghe surface of the metal, which constitutes a reducing metallic environment underneath,

{

it can pot ature high densities of oxygen vacancies. We hypothesize that these oxygen

U

A
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vacancies can aid photocatalysis by reducing the bandgap of Ga,0; due to the introduction of trap

states, allowing the system to operate in the visible region of the solar spectrum.

{

Herein we ate the possibility of using the self-limiting oxide skin of liquid gallium as a

precursor ing suspensions of Ga,0; nanoparticles. A novel two-step synthesis method is

demonstratgd, leading to gallium oxide nanoflakes and rods, relying on sonicating liquid gallium and
annealing det3ehed native oxide skin. We report on the strong dye degradation performance of

the synthesized_Ga,0; nanoparticles and characterize the electronic structure of the material,

oG

associating ed photocatalytic activity to the formation of a trap bands. In our work, we

provide a fundam@ntal analysis of the modified energy band structure that is responsible for the

Ul

high photo igperformance of Ga,0; nanostructures.

all

2. Results an ussion

M

As discussed in the Experimental Section, the synthesis was carried out in a two-step process

I

consisting

oxide nana @

During tha¥sonication step, a gallium metal droplet (Figure 1a) splits into micro-to nano-sized

gallium sonication in DI water followed by annealing, allowing to obtain gallium

no

spheric herical liquid metal structures (Figure 1b). A self-limiting thin oxide layer grows

{

on the su these liquid metal droplets, with the oxide layer becoming thicker during

U

mechanical agitation. The thickening oxide film is expected to crack it into smaller pieces with

A
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increasing sonication duration. The cracked oxide layers are gradually detached from the gallium
surface (Figure 1c) to form suspended oxide nanoflakes. Simultaneously, a new self-limiting oxide
layer is MOn these gallium metal droplets each time an oxide piece departs their surfaces.
The break liquid metal into smaller droplets and the detachment of oxide flakes from
the surFace!Mmetallic gallium is a repetitive process. Thus, the fraction of these nanoplatelets
suspended ig Dlgwater increases with longer sonication periods. The size of the droplets becomes
smaller wi'Ucion time and their number increases. This process continues until the bulk of the
liquid gallistcrmed into nanoflakes. A reaction time of 60 min was found to be sufficient to

transform;rity of the liquid bulk into oxide nanoparticles. Near the end of the sonication

process, t al larger particles and any remaining metal are removed from the suspended

nanoflakesWia centrifugation (Figure 1d).

d

Figure 1. Sip—by—fp schematic of the synthesis process converting gallium metal into gallium oxide
nanoparticles during sonication. (a) A bulk gallium droplet with surface oxide, kept in DI water. (b)

The bulk g tal splits into smaller liquid metal entities with cracks on their surface oxide skin
during soni

<
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layer. (d) Oxide nanoparticles separated from the bulk gallium metal after completed reaction and
centrifugation.

==

Figure 2a-B @ e bulk liquid metal droplet in DI water before sonication and the suspension of

P

hydratd® JEE™ W hoparticles after the morphological transformation due to ultrasonic agitation.
Figure 2c shw e re-suspended final product after centrifugation and annealing. The slight grey
coloration nal product might be due to residual metallic impurities. If present, however,

these impfriti ould be of very small concentration as they were not encountered during

SC

extensive electron microscopy (SEM) and transmission electron microscopy (TEM) imaging

L

and were detection limit of X-ray photoelectron spectroscopy (XPS) analysis, which will be

discussed I@ter on.

)

Author Ma
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Figure 2. (a) Bulk gallium droplets in DI water. (b) Suspension of hydrated oxide nanoparticles
prepared after 60 min of sonication prior to centrifugation. (c) Gallium oxide suspension after

centrifugation, anni:aling and re-suspension.

X-ray diffraction (XRD) was utilized to characterize the crystal phase and crystallinity of the resulting
H I

product. Fi hows a typical XRD pattern of the suspended nanoparticles after sonication. The

diffraction@itions in the pattern can be clearly indexed to the orthorhombic structure of

GaOOH witmconstants ofa=4.58A,b=9.80A, c=2.97 A1

The XRD pattern of the obtained powder after annealing was also obtained. The observed diffraction

peaks OCCG locations (Figure 3b), indicating that the GaOOH was entirely converted into a-
@bserved diffraction peaks are in good agreement with the reported values for
a-Ga,0; with lattice constants a = b=4.97 A, ¢ = 13.42 A."®9 A|l diffraction peaks could be

hexagonal
indexed to a%E

63203. All

and no additional diffraction peaks of possible impurities were detected.

. -
@,
L
-
-
<C
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Figure 3. of (a) as synthesized nanoflakes indexed to GaOOH and (b) annealed material

indexed to\@-Ga,0;.

(O

L e

ission electron microscopy images and selected area electron diffraction (SAED)

patterns wer ined for further morphological and structural analysis of the GaOOH and Ga,0;
particles. obtained data for the intermediate product GaOOH is presented in Supporting

Informatio! (Figure S1, Supporting Information). GaOOH nanoparticles were found to display a

plate-like nOJs morphology.

Figure lrhe SEM images of the final product after annealing, revealing that the sizes of the
a-Ga,0 are not uniform and that the nanoflakes consist of two types of structures. The
most commonly observed structures are plates of 25-250 nm widths and length of approximately 50-

500 nm. These plate-like nanostructures are found to be porous which is clearly visible in the high

<

This article is protected by copyright. All rights reserved.

9



WILEY-VCH

magnification SEM image (Figure 4b). The presence of a small population of non-porous rod-like

structures of Ga,0; with width around 20-80 nm is also observed in the sample.

{

The morp tructure of a-Ga,0s; flakes was characterized further by TEM and high resolution
TEM (HRT . Herein the existence of porous plate-like and non-porous rod-like structures
H I

of Ga,0; napoflakes could be confirmed (Figure 4c-d). The nature of the pores in the larger plates of
Ga,0; wagVinveStigated further using HRTEM, which revealed that these plates consist of

crisscrossed _rods_which are placed out of registry, leading to pore formation (Figure 4d). The

G

formation porous structures might be caused by dehydration and shrinking during the

conversion proces$ifrom GaOOH to Ga,0;.5% ™ The bottom two inset images of Figure 4c illustrate

Ul

the SAED p nd the lattice fringes for the synthesized nano particles. The right inset profile

1

displays w d lattice fringes with the d-spacing of approximately 0.50 nm between two

lattice plangs, stent with the unit cell dimension of hexagonal Ga,0s. The left inset exhibits the

d

SAED i rovides the inter-planar spacing of 0.25 nm that is consistent with the d-spacing

values of the lane of hexagonal a-Ga,05.5

Author M
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|
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ice fringes (bottom right inset) and SAED pattern (bottom left inset). (d) HRTEM

aniffofmerlis Ga,0; flakes.

<
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The chemical bonding states of the synthesized Ga,0; were confirmed by XPS (Figure S2, Supporting
Information). As shown in Figure S2, peaks at binding energy of 20.68 and 532.1 eV can be attributed
to the vMe Ga 3d (Ga*)and O 1s in Ga,0; respectively.”” No metallic gallium (Ga°) was
observed i egion, confirming the efficiency of the oxidation process and the subsequent
reaction‘wﬂ!rth.urthermore, the characteristic oxygen and gallium peaks of GaOOH located at

[20]

530.8 and 19.8 gV, respectively, were not observed, evidencing quantitative dehydration.””” The
observed biYagi

ergies are all consistent with the previous reported values for Ga,0s.

The surfac rghology and thicknesses of the synthesized Ga,0s; nanoflakes were investigated
using atomic forcSmicroscopy (AFM). The height profiles indicate that the nanostructures have a

typical thicﬁapproximately 5 to 20 nm (a typical flake of 6 nm thick as presented in Figure 5).

The pores esolved during AFM imaging, since their dimensions are smaller than the radius
of the AFMIti ich defines the resolution of the technique. Considering the lengths, widths and

thickne
quasi-one di

synthesized structures the obtained nanomaterial can be described as either

nal (nano-rods) or quasi-two dimensional (nano-plates or nano-flakes).

>

20 nm

Height (nm)
-

N

100 nm

. -
@,
L
-
-
<C
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Figure 5. AFM image of a-Ga,0; nanostructures. Inset: height profile along the white line.

T

The specifiga and the corresponding pore size distribution of the Ga,03 nanostructures

H I
were detﬁined using the Brunauer—Emmett—Teller (BET) surface area and Barrett—Joyner—

Halenda ( pOofe size & volume analysis. The surface area of the prepared Ga,0s; was found to be

C

31.12 m’/g the BJH method, the adsorption cumulative pore volume was found to be 0.042

cm’/g. Th cegof pore width was obtained to be 4 nm on average that demonstrates the

S

nanoporous charagteristics of the sample.

Ul

Optical pr f Ga,03; samples were explored by UV-vis absorption spectroscopy, which is

dln

illustrated iR Figlife 6a-b. The spectrum of synthesized Ga,0s; shows strong absorption in the UV

region (Fig Light absorption of a-Ga,0; starts at around 260 nm which is consistent with

V]

previou & Further inspection reveals a relatively broad but weak absorption peak in the

wavelength range between 280-400 nm, which may be caused by the presence of trap states in the

{:

band gap of the synthesized oxide. The direct band gap of a-Ga,0; has been determined 4.65 eV

using Tauc w (Figure 6b) which is consistent with previous literatures.* 12 1222

The other @omponents of the electronic band structure of Ga,0; were obtained using valence band

I

XPS (VB hotoemission spectroscopy in air (PESA). PESA analysis is usually conducted to

{

determine wor ction of metals and the ionization potential (IP) of semiconductors. The IP of

U

semiconductors may refer to either the valence band position or to trap states within the bandgap,

A
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provided that their density is high enough to result in a detectable signal.m] The PESA spectrum of
Ga,0; (Figure 6¢) reveals an unusual two-step dependency instead of the commonly observed single
emissiorH ionization potential of the sample was determined to be —4.25 eV, with the
second e having an energy of approximately —5.0 eV. The unusual shape of the PESA
spectruH ismve of the presence of trap states, leading to the conclusion that the PESA signal
originates fr@m jiter-bandgap states rather than electrons in the valence band. This assertion is
confirmed when the optical bandgap of the material is considered. If the emission edges
observed w«/ere associated with the valence band, the conduction band edge would be

placed cIo:ven above the vacuum level, which is obviously not possible. The observations

are similar rts on tin doped indium oxide, where the measured IP corresponds to the top of

the dopan!associated trap band and the PESA signal corresponds to the Fermi level of the

material.[zm

VB XPS ed to investigate the density of states (DOS) of the valence band area of a-Ga,0s;

(Figure 6d). XPS spectrum reveals that the difference between the valence band edge and
the Fermi level is approximately 3 eV. It is noted that significant DOS intensity is present between
the VB ma!mum and the Fermi level. This DOS is associated with the aforementioned trap states
within the band gap. The presence of such trap bands in a-Ga,0; has been previously

reported an ciated with oxygen and/or gallium vacancies.!** & 24

L
-

-
<C
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Figure 6. (a) UV-vis absorbance spectrum of a-Ga,0; exhibiting a broad absorption feature between
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The photocatalytic performance of Ga,0; was explored via the decomposition of the organic model
compound Congo red (CR). CR was chosen as a suitable model dye due to its complex chemical
structurm previous works on evaluating photocatalytic activities.™ The gradual reduction
of the char@sorbance spectrum for CR dye in the presence of the catalyst under solar light

irradiatlgn_!was monitored to evaluate the photocatalytic degradation performance, The

using ther imetric analysis (TGA).?® Prior to solar irradiation, 1.65 ml of the suspended

concentratign ofa prepared resuspended a-Ga,0;stock solution was measured to be 0.20 mg/ml
photocatalw added to 2 ml of 10 uM CR stock solution, leading to a reaction mixture

containing;/ml of Ga,03 and 4.5 uM CR. The solution was then illuminated with simulated
AM1.5 10 solar light, which closely resembles the ambient solar spectrum. Photocatalytic

dye degran!tion was performed for 120 min and the absorbance of the CR solution was measured in

regular intm min) in order to determine the photodegradation rate.

The ab i tra of the reaction mixture containing CR and suspended a-Ga,0s; nanoparticles,
before and dE’ photocatalysis, are presented in Figure 7a. It is evident that the characteristic
absorption peak of CR centered at 500 nm degrades significantly and almost diminishes within 120

min. The bg&akdown of the chromophoric configuration of the target dye is confirmed by the steady

color chan solution from an intense red-pink to almost colorless solution after 120 min of

simulated s tirradiation (inset of Figure 7a).

Figure £ the relative absorbance change (A,/A;) and dye degradation percentage of CR,

where Ajisthe initial absorbance of the dye without any irradiation and A;is the absorbance of the

dye at time (t). hhree different conditions were considered for the investigation: (a) a blank

experimqabsence of solar light but in the presence of the photocatalyst, (b) a blank

This article is protected by copyright. All rights reserved.
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experiment in the absence of photocatalyst but in the presence of the solar light and (c) experiment
in the presence of both light and catalyst. In the presence of the catalyst and under illumination, it is
observeMof CR is eliminated after 60 min (Figure 7b). The reaction kinetics were found to
be well d a pseudo-first order reaction model.””’ To evaluate the nature of the

degradaﬂoﬁ! inetics In (A,/Ay) was plotted against irradiation time and the rate constant k was

obtained as 0.0461 min™ (Figure S3, Supporting Information). The blank experiment conducted
without illGhpi

n revealed a negligible decrease of the dye’s absorbance, which is likely
associatedme adsorption of dye molecules to the surface of the catalyst. Overall, the
observatio dark experiment signifies the effective degradation of organic molecules by the
catalyst (Fi , Supporting Information). Another blank experiment was conducted to observe
the degraagion of CR under solar irradiation without the presence of any photocatalyst. This control

experimen ed that no degradation of CR occurred during the experimental timeframe of 120

min, confirmin activity of the photocatalyst (Figure S5, Supporting Information).
The photocaé% activity of the synthesized Ga,0; was further evaluated by investigating of
Rhodamine B (RhB) dye degradation under solar light irradiation, while keeping the identical

conditionsScIuding the photocatalyst loading and dye concentration that were used for the CR

study. RhDa prominent absorption band at 554 nm and the absorbance decreased

significantly solar irradiation. The obtained results for RhB dye degradation are presented in

Supportinénformation (Figure S6 and S7). The results prove that Ga,0; nanostructures can also

effectivw and degrade RhB dye confirming that Ga,0; possess a general photocatalytic

property. Iiowevs the photocatalytic activity of a-Ga,0s is slightly higher for CR in comparison to

RhB. It is seen thfearly 84% of RhB dye is eliminated after 120 min.

This article is protected by copyright. All rights reserved.
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Figure 7. (a s absorption spectra of CR in the presence of the Ga,0; catalyst after indicated
duration o d solar light irradiation. (b) Photodegradation of CR under solar light irradiation.

th

A compari een the dye degradation performance observed in this work and a selection of

U

previous reports gn different phases of gallium oxide is presented in Table 1. A meaningful

A
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comparison is only possible when considering different light sources used in the respective
experimental setup. As can be seen in Table 1, most studies utilize high power UV irradiation leading
to experiﬁconditions which are not representative of likely application scenarios.
Furthermo f high power UV irradiation leads to exaggerated dye-degradation rates when
wide baﬁdi_ipsemlconductors such as Ga,0s are investigated. Our experimental setup on the other
hand utilizesga specially designed solar simulator that provides calibrated light with a spectrum that
closely re solar radiation as it is naturally observed. Our developed photocatalyst

outperforwmus reports on Ga,0s despite being tested in a realistic scenario where the near

UV photon ely orders of magnitude lower then where high power UV-lamps are used.

C

Table 1. Comparison of photocatalytic performance of a selection of previously reported gallium
oxide and

Material Dye Photo- Target lllumination C/Co Dye degra- Kinetic Ref.
concen catalyst dye source after dation after rate
-tration  concen- 60 60 min constant
tration min , K

(mol/L)  (mg/L)
(min™)

B-Ga;0; 50 nm 2x10° 1000 RhB 150 W ~0.66  34% -0.015 I

nanorods Xenon Iamp*

0-Ga;0, :i50-100) 0.84x 1000 RhB UV lamp* -0.38  62% - %2
nanorod

107
B-Gaz0; ~ (50-90) 1x10° - RhB UVIamp* ~0.59 41% 0.0087 L11e]
nm
nanobelts
B-Ga,0; {1-3 2x10° 1000 RhB 150 W -0.4 60% - 18b]

This article is protected by copyright. All rights reserved.
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microspher Xenon lamp*

es

B-Gax0; 100W uv -0.62
I lnm ]
nanorods

lamp*

a-GazO3 AM1.5
nanoplates nm 1000W m™? work
10° solar simulator

* Energy per surfdce has not been provided

The significant improvement in photocatalytic activity of the synthesized Ga,0s can be attributed to
two distin! phenomena: (1) the high porosity of the plates and rods that offer a large surface to
volume rati structure for enhancing photocatalytic activity but more importantly (2) the
modified e and structure of the synthesized Ga,0; due to the presence of trap states. An

energy ba@ld diagram for the synthesized Ga,0; is proposed in Figure 8, based on UV-vis

I

spectro S and PESA analysis (Figure 6¢-d). These characterizations revealed that the edge

t

of the aforemen ed trap band, which constitutes an extension of the valence band, is located at

U

approximately —425 eV. Considering the VB XPS results that indicate a depth of 3.0 eV of the trap

A
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band, the valence band edge is situated at —7.25 eV (Figure 8). Based on the measured direct optical
bandgap of 4.65 eV, we expect the conduction band minimum (CBM) to be situated at —2.60 eV. As
discussewhe broadening of the valance band width is ascribed to the generation of trap
states (ma y line in Figure 8). Therefore, the band gap of Ga,0; is significantly decreased,
Ieading?o Ension of photocatalytic activity into the visible-light range (Figure 8). Upon solar
light irradiation, jhe excited electrons of Ga,0s in trap states are promoted to the conduction band.
The condu nd position is estimated at highly reducing potentials providing ample driving
force for Wnt reactions. Therefore, these photo-generated electrons effectively produce
[

superoxid; (0,") through subsequent reduction reactions. Eventually, these superoxide

radicals p nificant role for decomposing the organic dye CR.B% In order to fully elucidate

possible dye-photocatalyst interactions, we determined the highest occupied molecular orbital

(HOMO) amorresponding lowest unoccupied molecular orbital (LUMO) energies for both

investigated dy he HOMO level of organic chromophores can be estimated by measuring their
ionization p ials using PESA, the corresponding LUMO level can be obtained when the optical
gap of hore is considered.*” The energy levels of CR dye which have been previously
reported as - 5.26 eV and -2.48 eV for HOMO and LUMO, respectively, are shown in Figure 8.

Considering the LUMO position of CR, there is a small driving force for electron injection into the

@

sensitizatkﬂazog, providing additional charge carriers that may be available for the
photocata itic reaiion. The HOMO level of RhB is found -5.32 eV using PESA (Figure S8, Supporting

Informatiojquently, the LUMO level can be calculated -2.47 eV using the energy level

conductio Ga,0; (-2.60 eV) as shown in Figure 8.2 As a result CR might engage in dye-

[33]
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Overall, it can be concluded that the enhanced photocatalytic performance is influenced by the

reduced bandgap due to presence of trap states, which allow efficient light harvesting while

i

maintaining a_ conduction band edge that is highly reducing.

The existe states is further investigated by conducting the photoluminescence (PL)

analysis of@the synthesized Ga,0s suspension. Figure 8 b presents the PL spectrum of the Ga,0;
sample in aifaque@us solution excited at 500 nm. A relatively broad emission peak is observed in the
range of 625 to Z30 nm, which corresponds to the bandgap energy of 2.0 to 1.7 eV. These emissions
are consist ii#Y the estimated bandgap values in our study and seem to be originated from the

trap states locatedfin their upper valance band area.

Ul
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Figure 8. (a) Energy level diagram of Ga,0s representing the possible photocatalytic mechanism with
the estimated valance band maximum (VBM) and CBM. The DOS was determined by VB XPS. HOMO
and LUMO r CR and RhB are also demonstrated. (b) Room temperature PL spectrum of a-
Ga;03inso

f

ho

|

In order hether the trap states are associated with surface defects or bulk dislocations, PL

of the material w@s obtained before and after etching the surface of Ga,0; using oxygen plasma.

U

These measure ts were carried out in ambient air (drop-casted on SiO, substrates) and as such

A

This article is protected by copyright. All rights reserved.

23


javascript:popupOBO('CMO:0000865','C0CC01579B')

WILEY-VCH

the side tails are significantly more stretched around the center peak in comparison to the in liquid
PL measurement. Figure 9 shows the change in PL spectrum of Ga,0; after plasma etching
treatme#azog samples were subjected to 3 successive 3 seconds of plasma treatment at 60
W. It is ob the intensity of the obtained PL peaks have decreased with increasing the
etchmg! e ihdicates that trap states, responsible for the reduction of bandgap energy and PL
emission ( , are mostly located on the surface rather than bulk. It is also noticed that in air all

PL spectra nificant low-energy tails. These PL tails are possibly originated from the intra-

band trans b@tween the defect states (Figure 8).

S

—— 0 min etching
—— | min etching
2 min etching
— 3 min etching

PL intensity (a.u.)

600 700 800 900 1000
Wavelength (nm)

Figure 9. R

or

perature PL spectra of a -Ga,0s in air obtained at the excitation wavelength of
532 nm.
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3. Conclusion

In summarlI a ne'method for synthesizing high surface-to-volume ratio porous plates and rods a-

Ga,0; fromal gallium was demonstrated. We introduced a facile two-step method to

synthesize Ga,0; ostructures from bulk liquid metal gallium via sonication and subsequent
I

annealing roduce first gallium oxy-hydroxide and then gallium oxide nanostructures. The

morpholo@ctural and optical properties of the synthesized nanoparticles were thoroughly
investigated,, leading to the conclusion that the synthesized material was hexagonal a-Ga,0;
nanoflakes h porosity. As an application, the photocatalytic activity of the synthesized oxide

nanoparticles wasinvestigated for degrading CR and RhB dyes under solar light irradiation, which

exhibited a:ble performance, reaching dye degradation of 70% in 60 min under a solar sun

simulator of RhB dye is also demonstrated). The mechanism behind the efficient
photocatalrmance of Ga,03 was investigated and an energy band diagram was established
utilizin ce band XPS and UV-vis analysis. On the basis of the developed energy level
diagram, it ncluded that the enhanced photocatalytic performance originated from a

narrowed band gap of 1.65 eV caused by the raised valance band, induced by trap states. As such,
we reports ﬁromising method for developing effective solar light gallium oxide photocatalysts at
high yield f, a facile and inexpensive synthesis route enabling practical future electronic and

optical appli S.
4. ExperimStion

<
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Two step liquid metal based Ga,0; synthesis: A bath sonication method was adopted to synthesize
gallium oxide nanoparticles using gallium metal as the precursor and DI water as both the reaction
medium#n source. The synthesis of gallium oxide flakes involves a two-step process. In the
first step, ion of hydrated gallium oxide nanoparticles was produced by sonicating bulk
liquid geﬂligﬁwater at 50°C. During this step 900 mg of gallium (0.15 ml) were added to 15 ml
DI water. TE Ii:id was sealed in a sample vial and sonicated in a bath sonicator for 60 min. The

experimen n was influenced by our previous observation indicating that 60 min is sufficient

to transfow\ajority of the bulk metal into solid nanoparticles with only few liquid metal

droplets rgin suspension.'”” The obtained suspension was then centrifuged for 15 min at
f

100 RCF (E Centrifuge 5702) to remove residual gallium metal and large oxide particles. The

supernatar! containing hydrated gallium oxide nanoparticles was collected and dried in an electric

furnace form% min at 120°C.

, the dried hydrated gallium oxide nanoparticles were heated in an electric

furnace at 45 r 4 h in air using a heating rate of 10 °C/min in the beginning of the procedure
(total time 280 min). The gallium oxide flakes were then re-suspended in 6 ml of DI water. Sonication

in a bath !nicator for 10 min for the final re-suspension was found to be sufficient to achieve a

homogeneOension.

CharacirTo determine the crystallinity and phase purity of the synthesized material, XRD
pattern ned using a Bruker D4 Endeavour featuring a CuKa X-ray source (A=1.54 A). The

nanoparticfe morphology, crystal structure and lattice properties were evaluated further by TEM

(JEOL 1010; and ;I EM (JEOL 2010F) at acceleration voltages of 100 and 200 kV, respectively. SAED

pattern%ined using the JEOL 2010F microscope. XPS (Thermo Scientific K-Alpha X-ray
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Spectrophotometer) was utilized to assess the materials’ composition and to collect the valence
band spectrum. Absorbance measurements were performed using an Agilent Cary 60 Ultraviolet-
Visible Mtometer. SEM (FEI Scios Dualbeam FIBSEM) was used for exploring the
morpholo ies. The surface thickness and roughness of the synthesized materials were
assesseguwuker Dimension lcon AFM. To study the valence band energy levels, PESA (Riken
Keiki AC-2) was wtilized at a power of 500 nW. The amount of weight variation of the material, as a
function o Ing temperature and time, were evaluated by TGA (Perkin Elmer Pyris 1) in an

atmosphe nitfogen gas, providing a measure of the oxide loading in liquid suspension. The

$

photocatal rmance was evaluated using a Sol3A class AAA solar simulator IEC/JIS/ASTM

U

equipped 50W Xenon lamp. The power was adjusted to precisely 1 sun (AM1.5) using a

Silicon ref@rence cell accredited by NIST to the 1SO-17025 standard. PL spectrum of Ga,0;

f

nanostruct Ivent was collected using a PerkinElmer LS50 luminescence spectrometer with

d

an excitatiofw ength of 500 nm. PL measurements of Ga,0s in air were conducted using Horiba

Scientific HR evolution Raman/PL spectrometer. Solarus (Model 950) Advanced Plasma

M

Cleanin s used for plasma treatment. The surface properties (surface area, pore size, and

pore volume) were measured with the aid of Micromeritics ASAP 2400 instrument.

[

Supporting tion

ho

Supportingginformation on additional TEM, SEM, XPS, PESA and more photocatalysis details are

{

available f iley Online Library or from the author.
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Sonication@ssisted route employed on liquid metal gallium has presented as a new route for

[

synthesizi a, anoflakes. The suspension of Ga,0s is used for dye degradation, showing a

SC

remarkable efficiency, which is ascribed to the presence of trap bands.
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s. (c e TEM image of the GaOOH, presenting plate-like structures. (d) HRTEM of
GaOOH, displaying the lattice fringes. The top right inset of Figure S1(d) shows the SAED pattern of
GaOOH, whlich indicates the observed interplanar spacing is 0.25 nm that corresponds to the d-
spacing of (0O lane for orthorhombic GaOOH.!"!
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=== Experimental data

----- Fit line ) Ga 3d a === Experimental data O 1 S b

----- Fit line
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Figure S2. nthesized Ga,0; (a) Ga 3d and (b) O 2s. Peak at the binding energy of 20.68 eV

signifies th state Ga*" in Ga,05.%” No metallic gallium (Ga°) is observed in the Ga 3d region.

Peak observe inding energy of 532.1 eV corresponds to O 1s state of Ga,0;.”!
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Figure S3. Degradation kinetics of Congo red dye under solar light irradiation where the slope is
found to be 0.0161 min™.
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Figure S5. Degradation of Congo red under solar light irradiation without any photocatalyst.
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Figure 58 trum of RhB indicating the HOMO level at -5.32 eV.
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