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ABSTRACT

This work explores the synthesis and characterization of undoped ZnO, Ga-doped ZnO
(Ga:Zn0), and y-Ga,O;3 quasi-spherical nanoparticles and their catalytic activity in Rhodamine
B photodegradation under UV-visible light exposure. Gallium dopant incorporation into
Ga:ZnO was confirmed by ICP-OES, FT-IR and powder XRD, maintaining the hexagonal
wurtzite structure with an additional zinc gallium carbonate Layered Double Hydroxide (LDH)
phase at higher dopant concentrations. TEM images revealed no significant alteration in the
morphology or size of the nanoparticles. 'Ga-NMR indicated the location of the gallium atoms
within the ZnO lattice, showing coordination changes with increasing dopant concentration.
Ga-doped ZnO nanoparticles demonstrated reduced efficiency under UV light compared to
commercial references. y-Ga,Os exhibited superior performance in UV-C for Rhodamine B
degradation, diminishing under UV-A, attributed to nanoparticle agglomeration. ZnO and
Ga:ZnO catalysts showed optimal performance under green light irradiation, highlighting their
performances over the commercial zinc oxide material. Photoluminescence measurements
suggested favorable gallium dopant incorporation, with no substantial variation of oxygen
vacancies, consequently retaining the photocatalytic properties of ZnO, crucial for Rhodamine
B degradation under green light irradiation. This study elucidates the intricate relationship
between gallium doping, material properties, and photocatalytic performance, providing

valuable insights for developing advanced photocatalysts.

INTRODUCTION
The water crisis has become a matter of supreme importance as our existence relies on it.
Consequently, there is an urgent need to develop technologies that enhance the quality of

reusable water and effectively mitigate the contamination that poses a significant risk to human,
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animal, and environmental well-being.!? In recent years, there has been a notable increase in
the focus on advanced oxidation processes (AOP) to address the issue of water effluent

contamination.>

Among the different AOPs, heterogeneous photocatalysis offers several
advantages compared to commonly employed approaches for removing synthetic organic
dyes.* This environmentally friendly method utilizes sunlight or UV-visible irradiating lamps
to initiate the degradation process by generating highly reactive oxygen species (ROS) that act
as powerful agents to degrade a broad spectrum of toxic pollutants into harmless compounds
and even mineralize them into carbon dioxide and water.¢

Researchers have extensively explored various semiconductors in pursuit of this objective, with
zinc oxide (ZnO) being an extensively studied material in the degradation of organic
pollutants.””'® However, a notable limitation of zinc oxide is its predominant light absorption
in the ultraviolet range of the solar spectrum, restricting its potential applications. To address
this challenge, efforts have focused on modifying the morphological (based on their
dimensions: 1D, 2D and 3D),!! optical and structural properties (defect engineering, doping) of
ZnO-based semiconductors to enhance light absorption and harness the entire solar spectrum.'?
14 Notably, the properties of pure n-type ZnO can be altered by introducing post-transition metal
elements like Aluminum (Al), Gallium (Ga), and Indium (In)."> Incorporating these post-
transition metal ions induces the formation of defects, which generate mid-bandgap energy
levels capable of increasing the ability to absorb photons in the visible range.'® The radius of
the trivalent dopant ions in CN=4 coordination In** (0.62 A) > Ga’* (0.47A) > AI** (0.39 A)
compared to the Zn>" ion (0.60 A) facilitates the doping process, enabling more favorable lattice
substitution. 13

Given that aluminum has been extensively studied as a dopant and indium is both costly and

challenging to procure, we opted in this study to explore the use of gallium as a dopant,



motivated as well by the limited body of research available on the photocatalytic activity of
gallium-doped ZnO nanomaterials.

Due to their high electrical conductivity, surface area, and transparency, Ga-doped ZnO
materials are ideal candidates for solar cells, smart windows, transparent conductive films for
touch screens, gas sensing and light-emitting diodes (LEDs).!*?® Additionally, ZnO
nanomaterials containing gallium exhibit excellent light absorption properties, making them
suitable for photocatalytic and environmental applications.?”?

In a photodegradation process, the photocatalytic activity of the material is strongly dependent
upon the capability of the photocatalyst to generate electron (e”)-hole (h") pairs and preventing
recombination.®® This results in the formation of free, highly reactive radicals such as hydroxyl
radicals (*OH), which are able to oxidize organic molecules to initiate a degradation
process.’¥ The addition of Ga** into the zinc oxide matrix alters its electronic structure,
facilitating the production (upon illumination) of electron-hole pairs, ultimately leading to the
formation of active oxygen species, a crucial step in the breakdown of organic dyes via
oxidative mechanisms.

Ga-doped ZnO material is evaluated alongside its non-doped counterparts, pure zinc oxide and
pure gallium oxide (Ga,0Os), to investigate further the catalytic efficiency of ZnO influenced by
gallium. This approach enables us to understand the role of gallium in catalytic processes and
elucidate the contributions that gallium oxide might offer. In doing so, we aim to gain
comprehensive insights into the influence of gallium in altering the host electronic structure
and ability to generate electron-hole pairs — a fundamental factor in the photodegradation
process.

Furthermore, it is important to acknowledge the existence of five different polymorphs of
gallium oxide, named a-Ga;O; (rhombohedral), B-Ga>Os; (monoclinic), y-Ga,Os (defective

spinel), 8-Ga,Os (cubic), and e-Ga,Os3 (orthorhombic), with a-Ga,O3 and B-Ga,O3 the most
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common polymorphs.** The B-Ga)O; is the thermodynamically stable polymorph under
ambient conditions;* the other four polymorphs can be converted into p-Ga,Os under certain
circumstances and high temperatures.’® While there is almost no information about the y, & and
e-phases, the other two are well studied for their electronic and optical properties as u-TCO
(ultraviolet Transparent Conducting Oxide),’”*® solar cells,*® and phase shift masks for laser
lithography.* In recent years, nanostructures composed of gallium oxide have emerged as
promising materials for applications in wastewater treatment due to their electronic, catalytic,
and optical properties.*! Notably, Ghodsi et al. highlighted the superior catalytic properties of
v-GayO; compared to B-Ga,Os in the degradation of water pollutant dyes.* The researchers
attributed this discrepancy in catalytic activity to variations in the occupancy of gallium ions
between octahedral and tetrahedral sites, as well as distinct hybridization patterns with the
surrounding oxygen ligands. In the literature, it is reported that y-Ga,Os has a defective-spinel-
type structure, with partial occupancy of both tetrahedral and octahedral sites with a ratio of
0.85:1.15.%% On the contrary, the B-phase has a 1:1 ratio with an equal occupancy of the
tetrahedral (GaOs) and octahedral (GaOg) sites.** When transitioning from pure gallium oxide
to gallium used as a dopant in the zinc oxide structure, the positions occupied by Ga** ions are
influenced by the host matrix. In the wurtzite phase of zinc oxide, which features a hexagonally
closed-packed arrangement of O* atoms, half of the tetrahedral sites are filled with Zn*" ions,
while the remaining tetrahedral sites and all octahedral sites are unoccupied.*® Gallium ions can
occupy the empty octahedral and tetrahedral sites, as well as substitute zinc ions. In fact, Ga3*
exhibits the advantage of having a comparable ionic radius (0.47 A) to Zn?* (0.60 A).
Consequently, substituting Ga** for Zn>* in the ZnO lattice might cause minimal distortion and
reduces the likelihood of observing undesirable secondary phases.*’

Building on the promising prospects of Ga-doped ZnO, our research investigates how different

gallium concentrations impact the ZnO properties using a straightforward solvothermal method.
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Our ultimate goal is to synthesize quasi-spherical nanoparticles and investigate their
photocatalytic performance, focusing on unravelling and comprehending the intricacies of the
photocatalytic degradation process. This latter approach can be effectively applied to a broad
spectrum of synthetic organic dyes, including Rhodamine B (RhB), selected as a target
compound in this study. To the best of our knowledge, there is limited existing research on the
photodegradation of Rhodamine B dye when exposed to Ga-doped ZnO materials under UV-

visible light irradiation.?*#4

By studying the effect of different gallium doping levels in ZnO
on the degradation of Rhodamine B, we aspire to gain deeper insights into the role that gallium

plays in shaping the performance of advanced photocatalytic materials.

EXPERIMENTAL SECTION

Materials. The chemical reagents used in the study were utilized without further purifications.
Zinc acetylacetonate hydrate, (Zn(acac), - xH20, 99.995 m/m%) and gallium acetylacetonate,
(Ga(acac)s, 99.999 m/m%) were obtained from Aldrich. Benzylamine (purity 99%) and ethanol
absolute (used for analysis) were obtained from Merck.

General Synthesis. To synthesize the materials, including undoped zinc oxide (ZnO), Ga-
doped ZnO, and pure gallium oxide (GaO;), a previously published method was followed.>
For the synthesis, 1 g of Zn(acac), was used to produce pure ZnO nanoparticles. To synthesize
Ga-doped ZnO nanoparticles (Ga:ZnOs), Zn(acac), was combined with Ga(acac)s; at
concentrations from 0.5 mol% (Ga:ZnO-05) to 5 mol% (Ga:ZnO-5). For pure GayO3
nanomaterial synthesis, 1 g of Ga(acac); was employed.

Characterization methods. The Ga/Zn ratio in the powders was determined by inductively-
coupled plasma optical emission spectrometry (ICP-OES, Perkin Elmer Optima 3300 DV
simultaneous spectrometer, PerkinElmer, Waltham, MA, USA). To analyze the Zn and Ga

content, a small portion of the Ga:ZnO sample was dissolved in a 5% aqueous nitric acid
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solution (HNOj3, 69.0-70.0%, J.T.Baker, for trace metal analysis). The Ga:ZnO aqueous stock
solutions and 1000 ppm Zn, Ga standards (Merck) were diluted by 5% HNO3 to 1-10 ppm and
10, 5, 2 and 1 ppm concentrations, respectively, for ICP-OES measurements. All ICP
measurements were carried out three times. The measurement error was evaluated based on
calibration certificates and from statistical analysis of repeated measurements. Powder X-Ray
Diffraction (PXRD) patterns were collected on a Panalytical X’Pert PRO multipurpose
diffractometer (Cu Ko radiation, Bragg-Brentano geometry, X’Celerator linear detector). The
undoped and Ga-doped ZnO powders were scanned between 20 = 10° and 70° with a 20 scan
step size of 0.0167°. Metal sample holders were used as a support for all powder samples. The
profile analysis of the related diffraction patterns was carried out with the program
DIFFRAC.EVA (general profile and structure analysis software for powder diffraction data,
Bruker Analytical X-ray Systems).

Particle size and shape analysis was conducted using transmission electron microscopy (TEM)
on a Tecnai 10 at an acceleration voltage of 100 kV. High Resolution TEM was performed on
a Tecnai 20 for one selected sample. The sample was prepared by dispersing a small amount of
powder in absolute ethanol, followed by deposition on a carbon-film-coated copper mesh, and
drying. The particle size distribution was estimated based on 300 nanoparticles per sample.
Fourier-transform infrared spectroscopy was performed on an FT-IR Bruker Vertex 70 FT-IR
spectrometer. The transmittance of the KBr pellets containing the catalysts was measured at
intervals of 4000-400 cm!. The discoloration process was monitored utilizing an Agilent Cary
5000 UV-VIS spectrophotometer. The measurements were carried out in the UV-visible 200-
800 nm range, applying baseline corrections. 7'Ga magic angle spinning (MAS) solid-state
NMR spectra were recorded at room temperature on a JEOL ECZ-R spectrometer operating at
14.1 T using a 3.2 mm Automas probe. The samples were packed in zirconia rotors and spun at

15 or 20 kHz. The spectra of Ga:ZnO samples were typically carried out using a Hahn echo
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sequence and the following acquisition parameters: a relaxation time of 0.1 s, an excitation of
1.65 ps (90°), an acquisition time of 1.28 ms, and 300000 transients. The pre-echo and post-
echo delays were equal to 50 and 28 us, respectively (spinning frequency = 20 kHz), or 75 pus
and 53 ps (spinning frequency = 15 kHz). Data processing included multiplication of the FID
(Free Induction Decay) by a line broadening factor of 20 Hz, zero-filling, Fourier
transformation and phase corrections. The chemical shift scale was calibrated at room
temperature using Ga(NOs); as the reference compound (0.0 ppm); see Figure S4a in
supporting information. UV-Vis-NIR solid-state absorbance and transmittance spectra were
collected (applying baseline corrections) on a Jasco V-750 spectrophotometer with a spectral
bandwidth of 2 nm in the 200-800 nm range. Three-dimensional fluorescence mapping of
samples was performed using a spectrofluorometer, a Jasco FP-8050, with a 450 W Xenon lamp
as the excitation source. The maps were collected with an excitation range of 240—500 nm and
an emission range of 300—700 nm with a 5 nm spectral bandwidth for excitation and emission.
Photoluminescence measurements were performed in backscattering geometry with a confocal
micro-Raman system (SOL Confotec MR750) equipped with a Nikon Eclipse Ni microscope.
Samples were excited with 405 and 532 nm laser diodes (IO Match-Box series), and the spectral
resolution was 0.6 cm™! (average acquisition time 1 s, average number of acquisitions 3, sensor
temperature —23 °C, objective Olympus 10x, grating with 150 grooves/mm, power excitation
3 mW).

The photocatalysts were assessed for their catalytic performance using UV-visible light
exposure to measure the degradation of Rhodamine B, the representative dye compound. For
conducting the photocatalytic experiments, a pair of custom-made photoreactors were
employed.®

Photodegradation in the UV range. To conduct the photodegradation experiments, 20 mL of

an aqueous solution of Rhodamine B with a concentration of 4 ppm was placed in quartz
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beakers along with 5 mg of the photocatalyst. The experimental setup included a lamp emitting
UV light, either UV-C (Osram Hg lamp, 11 W, dominant wavelength 254 nm) or UV-A (Philips
Hg lamp, 11 W, dominant wavelength 368 nm), positioned centrally among the four beakers at
a distance of 1 cm from the magnetic stirrer plate.”® The reactor’s temperature was maintained
at room temperature (25 = 3 °C) using a fan located on the back wall. Prior to irradiation, the
reaction mixtures were stirred in the dark with a magnetic stirrer bar of equal length for 30
minutes to achieve substrate adsorption-desorption equilibrium. After 20 minutes of irradiation,
the reactions were terminated. The suspensions were then centrifugated to separate the catalysts
from the aqueous dye solution. Analysis was performed using UV-visible spectroscopy,
specifically focusing on the primary absorption peak of the dye in the visible range at 554 nm.

The percentage of degradation was calculated using Formula (1).

(A90—-4)
0

Degradation % = * 100, (1)

Where Ay is the absorbance of the starting solution before irradiation, and A is the final
absorbance measured after irradiation.

To evaluate the photocatalytic activity, experiments without the catalyst were also performed,
exposing RhB dye uniquely to UV-C and UV-A light. In the absence of a photocatalyst,
Rhodamine B degradation (%) was minimal under UV-C light (6 + 3) and slightly higher under
UV-A light (11£1).

Photodegradation in the visible range. To conduct the photodegradation tests, a quartz beaker
containing 20 mL of an aqueous solution of RhB with a concentration of 4 ppm and 5 mg of
the photocatalyst was utilized. A visible light lamp with a dominant wavelength of 525 nm and
power output of 18 W (Evoluchem LED) was positioned centrally, maintaining a distance of
10 cm from the top of the beaker. To prevent the contribution of UV-A light, a 405 nm long-
pass edge filter (Semrock) was inserted between the beaker and the lamp. The reactor was

maintained at room temperature (25 + 2 °C) with the aid of a fan placed a few centimeters away
9



from the beaker within the reactor. Before irradiation, the reaction mixtures were stirred in the
dark for 30 minutes using a magnetic stirrer bar of equal length to establish substrate adsorption-
desorption equilibrium. After 60 minutes of irradiation, the reactions were terminated. The
suspensions were then subjected to centrifugation to separate the catalysts from the dye
solution. Analysis was performed using UV-visible spectroscopy, focusing on the primary
absorption peak of the dye in the visible range at 554 nm. We conducted experiments without
the catalyst to assess photocatalytic activity, subjecting RhB dye exclusively to visible light to
gauge its susceptibility.’! Without a photocatalyst, Rhodamine B degradation under green light
exposure was minimal. Our prior study reported approximately 5% degradation after one hour
of green-light exposure.®® However, the dye-catalyst suspension did experience discoloration
under green light irradiation. To ensure measurement reliability, the photocatalytic irradiation
experiments were repeated three times for data reproducibility. The percentage of degradation

was calculated using Formula (1).

RESULTS AND DISCUSSION

The main focus of this study is to investigate the impact of varying gallium dopant percentages
(0%, 0.5%, 1%, 2%, 3%, 4% and 5%) on ZnO nanoparticles.

Various analytical techniques, including powder X-ray diffraction (PXRD), inductively
coupled plasma-optical emission spectrometry (ICP-OES), transmission electron microscopy
(TEM), Fourier transform infrared (FT-IR), Nuclear magnetic resonance (NMR) spectroscopy,
Solid-state UV-Vis, and Photoluminescence (PL) analyses were performed to investigate and
evaluate potential effects of gallium doping on the zinc oxide structure; which will be further
explored for their photocatalytic activity in degrading Rhodamine B dye under UV-Visible light
exposure. The resulting synthesized and commercially obtained samples are categorized and

listed in Table 1.
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Table 1. Commercial, undoped zinc oxide, Ga-doped ZnO and pure gallium oxide sample
codes. Nominal and experimental percentage of gallium content into the as-synthesized Ga-

doped ZnO solids.

Nominal Experimental
Sample Type Sample Code
Ga content (%) Ga content (%)
Commercial ZnO CZnO - -
Undoped ZnO Zn0O - -
Ga-doped ZnO Ga:Zn0-05 0.50 0.44
Ga-doped ZnO Ga:ZnO-1 1.00 0.88
Ga-doped ZnO Ga:ZnO-2 2.00 1.73
Ga-doped ZnO Ga:ZnO-3 3.00 2.54
Ga-doped ZnO Ga:ZnO-4 4.00 3.30
Ga-doped ZnO Ga:ZnO-5 5.00 3.65
Pure as-synthesized y- 1-GanOs o 100
Gax0s3
Commercial -Ga203 B-Ga203 100 100

To quantitatively evaluate the amount of gallium dopant incorporated within the ZnO structure,
ICP analyses were performed on the Ga:ZnO materials, see Table 1.

While the existence of an additional phase (vide infra) could potentially introduce inaccuracies
in the compositional analysis, the findings reveal a positive correlation between the nominal
quantities of gallium introduced in the synthesis mixture and the gallium content observed in
the eventual solid product. The results agree with the literature’* from which it is clear that

incorporating the dopant into the zinc oxide lattice is more effective when the Ga/Zn ratio is
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lower than 2 at% with respect to Zn. The missing gallium was likely eliminated through the
repeated washing steps.

Transmission electron microscopy was employed to assess the morphology and size of the
synthesized materials. Both the undoped and Ga-doped ZnO powders exhibited quasi-spherical
shaped nanoparticles, as depicted in Figure 1 and Figure Sla in supporting information. As
displayed by the micrographs, the different gallium dopant contents do not lead to any
significant changes in the size of the nanoparticles; see histograms in Figure S2 in supporting
information. They exhibited average diameters between 5 and 80 nm. Figure S1 also displays
the TEM image of the as-synthesized y-Ga,Os. The particle size distribution shows a diameter
lower than 10 nm, indicating the production of very small nanoparticles. The absence of
stabilizing surfactants in all the synthesized materials results in an aggregation propensity. This
process is more evident for the pure as-synthesized y-Ga,Os phase nanoparticles that are
distinguishable from each other. To have a complete overview, TEM images of commercial -
Ga;0O3 and commercial zinc oxide (CZnO) are displayed in Figure Slec, d in supporting

information.

2% Ga:ZnO

Ala

3% Ga:ZnO ‘ 4% Ga:Zno T 5% Ga:ZnO
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Figure 1. TEM micrographs of the Ga-doped ZnO from Ga:ZnO-05 to Ga:ZnO-5 as-

synthesized materials.
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Figure 2. Powder X-ray diffraction patterns of commercial ZnO, and as-synthesized undoped
7n0, Ga-doped ZnO with variant gallium content and pure y-gallium oxide nanomaterials.
Commercial zinc oxide is used as reference material for the samples containing zinc oxide.

Symbol: *-corresponds to the secondary phase Zinc gallium carbonate LDH.

To acquire further insights into the structure of the nanomaterials, powder XRD patterns of
commercial ZnO, undoped ZnO, Ga-doped ZnO, and pure as-synthesized gallium oxide were
acquired. Commercial zinc oxide was used as a reference solid. The diffractograms are

presented in Figure 2.
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The patterns of commercial zinc oxide and as-synthesized zinc oxide material are well-matched
with the hexagonal wurtzite crystal phase (PDF card 89-1397). The characteristic diffraction
peaks 2 6 =31.80°, 34.45°,36.27°,47.57°, 56.64°, 62.90°,66.45°, 68.03° and 69.15° indicate the
reflections from the (100), (002), (101), (102), (110), (103), (200), (112) and (201) crystal
planes, respectively. For the Ga-doped ZnO samples with up to 1% of gallium content, the
corresponding patterns merely show the undoped ZnO phase; thus, suggesting either a complete
incorporation of the dopant into the zinc oxide lattice or formation of a secondary phase with a
concentration below the detection limit of the instrument. For the nanomaterials with a nominal
gallium content varying from 2 to 5%, an additional crystalline phase, identified as Zinc gallium
carbonate LDH (245124-ICSD),*? is observed. Although the Ga®" ion (0.47 A) is smaller than
the Zn?* ion (0.60 A), its incorporation is complex, and it can continue until the doping
concentration surpasses the solubility limit of the host matrix, as already reported in the
literature.? Therefore, a segregated phase of gallium atoms external to the ZnO lattice is formed
beyond this solubility limit. As indicated by the PXRD in Figure 2, following the ICP results
in Table 1, when the Ga/Zn doping ratio is higher than 1 at%, a portion of gallium is not
introduced into the ZnO lattice, part of it forming a segregated phase external to the zinc oxide
lattice.

Figure 2 also displays the PXRD pattern of pure as-synthesized gallium oxide that is well-
matched with the 236276-1CSD card that infers the information of y-Ga,Os with the defective
spinel cubic crystal structure. The characteristic broadened diffraction peaks 20 = 18.68°,
30.86°, 36.10°, 43.85°, 58.25°, 63.98° correspond to the (111), (220), (311), (400), (422), and
(511) reflections, respectively. The PXRD analysis of the commercial gallium oxide B-phase
(34243-1CSD) is also reported as a standard reference in Figure S3 in supporting information.

Contrary to the sharp lines of the other materials reported in Figure 2 and Figure S3, all the
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diffraction peaks of the as-synthesized y-gallium oxide are broad and, in accordance with the
TEM images in Figure S1b in supporting information, it is nanosized particles.

Motivated by the intention to explore the structural properties of our synthesized materials at a
local level, solid-state 7'\Ga NMR spectroscopy was utilized, see Figure 3 and Figure S4 in

supporting information.

VGa VGa ViGa

|
|
|
|
|
|
Ga:Zn0-5 I
|

B

I
I
I
|
I
I
I
I
I
I
I
:
Ga:Zn0-2 :
I

M

N
NN
TMMWWW

| > I ? I p I — | - I ? I 2 I > |
400 300 200 100 0] -100  -200 -300 -400
"Ga NMR Chemical shift (ppm)

Figure 3. "'Ga MAS NMR of Ga:ZnO nanoparticles as-synthesized with a different nominal
gallium content. The lines highlight the peaks assigned to the 6—fold coordinated gallium, V'Ga,

4—fold coordinated gallium, VGa, and 5—fold coordinated gallium, VGa.

Solid-state NMR spectroscopy is a valuable tool for studying gallium coordination in both
crystalline and amorphous materials. Gallium has two NMR active nuclei, Ga and 7'Ga, both

withnuclear spin of I = 3/2 and natural abundances of 60.1% and 39.9%, respectively.** Despite
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lower natural abundance, 'Ga is generally chosen over “Ga due to its lower electric quadrupole
moment and slightly higher sensitivity.>* It is challenging to obtain direct structural information
from amorphous samples, as the signals would result from a distribution of quadrupolar
couplings constants (CQ), and the dominant signals would be associated with smaller CQ
values. Magic angle spinning (MAS) NMR experiments were conducted at 20 kHz and a
magnetic field of 14.1 T to examine the gallium coordination. The "'Ga NMR spectra of the as-
synthesized y-Ga,O3; and the commercial B-Ga>Os are shown and discussed in supporting
information; see Figures S4b, e and f.

To explicitly refer to the coordination number of gallium and avoid confusion with the oxidation
state, in this work, the notations “'Ga, YGa and MGa have been adopted, where the Roman
numerals indicate the number of coordinating oxygen atoms rather than the oxidation state of
gallium.

The 7'Ga-NMR spectra in Figure 3 displayed multiple asymmetric resonance lines: the 6-fold
coordination signal between 0-50 ppm corresponds to gallium coordinated to 6 oxygen atoms
(octahedral, V'Ga)> together with its spinning sidebands at about - 109 ppm (see Figure S4d in
supporting information). The signal observed around 200 ppm is typical for gallium in 4-fold
coordination with oxygen atoms (tetrahedral, V'Ga). The signal around 140 ppm might indicate
the presence of gallium in a distorted 4-fold coordination state, YGa (see Figure S4c in
supporting information).>>-¢

Analysis of the "Ga-NMR data revealed that incorporating a small amount of gallium into the
zinc oxide lattice primarily occurs in tetrahedral sites (see Figure 3, Ga:ZnO-05). At increasing
amounts of gallium (see spectra of Ga:ZnO-1 to Ga:Zn0O-5), the insertion of gallium atoms
occurs mainly in octahedral sites (Y'Ga). In the samples with 2-5% gallium, distorted tetrahedral

sites (YGa) and VGa signals have similar intensities.
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The substitution of Zn*" ions with Ga*" ions introduces excess positive charges.’™® It is
plausible that the signal attributed to tetrahedral gallium arises from Ga* ions occupying vacant
tetrahedral positions rather than directly replacing Zn>* ions. Existing literature indicates that

gallium ions can occupy both substitutional and interstitial sites within the zinc oxide lattice >

(a) (b)
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Figure 4. FT-IR spectra of CZnO, ZnO, and Ga:ZnO series in function of the nominal Ga

content, (a). Magnification of part of the fingerprint region, (b).

Infrared measurements assessed the possible substitution of the Zn?>" with the dopant ions. The
FT-IR technique is used to 1) obtain information about the vibrational stretching and bending
of the metal-oxygen bond in oxide nanomaterials, ii) identify impurities, iii) reveal the dopant
incorporation through the localized surface plasmon resonance (LSPR)® and iv) to identify the
chemisorbed molecules on the surface of the nanoparticles. The transmittance of the KBr pellets
containing CZn0O, ZnO, Ga:Zn0, y-Ga,Os and B-Ga,O3 materials was measured in the interval
of 4000-400 cm!; see Figure 4 and Figure S5 in supporting information.

The region between 400700 cm ! illustrates the infrared vibrational active modes of Zn-O

bonds in zinc oxide at ca. 418, 480 and 534 cm'!; see Figure 4a, b.266162 In the latter figure,
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two lines highlight the absorption peaks at ca. 610 and 667 cm™. These two are ascribed to the
vibrational modes of Ga-O bonds.®® The bands at ca. 3450, 1637 and 1045 cm™' are related to
the stretching and bending modes of O-H groups in physisorbed water.?’ The peaks observed
at ca. 2970, 2921, and 1375 cm™! are due to C-H stretching (asymmetric and symmetric) and
bending vibrations of alkane groups.®* These are ascribed to impurities present in the KBr
powder. In addition to these peaks, a distinct band spanning from 800 to 3000 cm™' is
prominently observed in the Ga:ZnO samples, while it is absent in the undoped materials. This
band, known as the Localized Surface Plasmon Resonance (LSPR) band, is a distinctive feature
of n-doping in the Ga:ZnO nanoparticles, attributable to the increased density of free electrons.
The position of the LSPR band depends on carrier concentration, carrier mobility, defects and
other parameters.® As discussed in our previous work concerning the doping with aluminium,>°
the insertion of the Al*" as well as the Ga** dopant leads to a displacement of the Zn** into the
oxide lattice with consequent change in peak shape and shift towards higher wavenumbers, as
shown in Figure 4b.

In Figure S5 are displayed the FT-IR spectra of commercial f-Ga,O; and as-synthesized v-
GayO3 materials. The commercial B-Ga>Os material is used as areference. The broad absorption
signal in the FT-IR spectrum at 3450 cm! corresponds to the O-H stretching vibration, and the
signal at ca.1633 c¢cm' corresponds to the H-O-H bend vibrations of adsorbed water, as
previously shown in Figure 4a. The peaks observed at ca. 472, 493, and 669 cm’! are infrared
active optical phonon modes vibrations from the Ga-O bonds.®®”! An extra peak is observed
for the B-phase at ca. 754 cm!, corresponding to the vibrations of Ga-O in GaOa.”?
Additionally, as previously observed, the bands displayed at ca. 2958, 2921, and 1380 cm™! are
due to C-H asymmetric stretching and bending vibrations of alkane groups, impurities in KBr
used to make the FT-IR pellets.

Photocatalytic degradation of Rhodamine B dye
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Building upon the characterization outlined earlier, our focus in the following discussion will
center on four distinct nanomaterials, namely ZnO, Ga:ZnO-05, Ga:ZnO-5, and y-Ga,0s,
chosen for their different properties. Specifically, we delve into the characteristics of pure as-
synthesized zinc oxide and gallium oxide, along with their counterparts representing 0.5% and
5% gallium-doped zinc oxide. This selection encapsulates the broader spectrum of gallium-
doped variants. The photocatalytic activity of the selected solids was evaluated by monitoring
the decolorization of Rhodamine B dye suspensions under UV-green light exposure. After
removal of the solid catalyst (when needed), the degradation of the RhB dye was confirmed by
analyzing the UV-vis spectrum of the dye solution.

The general mechanism of Rhodamine B degradation in the presence of photocatalysts under
UV-visible light irradiation has been extensively reported in the literature.”>~’” However, in this
study, the primary objective was to evaluate the photocatalytic activity of the synthesized

materials rather than to investigate the detailed degradation pathway of RhB itself.

Table 2. Photodegradation of RhB under UV-C, UV-A (20 min duration) and green light
irradiation (60 min duration) in the presence of commercial ZnO (CZnO), undoped-ZnO (ZnO),
v-Ga,0s, commercial B-Ga,Os, and 0.5 and 5 at% Ga-doped ZnO nanopowders (Ga:ZnO-05

and Ga:ZnO-5). RhB photolysis tests under UV-C, UV-A and green light irradiation.

Rhodamine B Dye Photodegradation [ %]

Entry Sample code UV-C 254nm UV-A 368nm Greenlight 525 nm

1 CZnO 94+1 95.9+0.1 20+4

2 Zn0O 44.6+0.5 70+3 39+1
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3 Ga:Zn0O-05 45+3 28+5 36+2

4 Ga:ZnO-5 34+1 26+3 361
5 v-Ga203 71+3 9+2 ND

6 B-Ga203 97.7+0.5 6+2 ND

7 RhB without catalyst 6+3 11+1 52+0.1

Table 2 displays the photocatalytic activity in terms of dye degradation (%) of commercial
7n0, as-synthesized undoped-ZnO, Ga-doped ZnO (with different percentages of gallium), y-
Ga,O3 and commercial B-GayO; nanomaterials. The undoped zinc oxide and the y-GaOs
materials were used to complete the Ga-doped ZnO series. The commercial zinc oxide and
commercial gallium oxide were evaluated as references.

Adsorption experiments in the dark were conducted on commercial zinc oxide and as-
synthesized undoped-ZnO, with adsorption values after one-hour under magnetic stirring of
15% and 10%, respectively. The activity was monitored after 20 minutes of irradiation under
UV-C, UV-A, and after 60 minutes under green light. Under UV-C light irradiation, RhB
degradation occurred in the presence of all catalysts. Notably, among the Ga:ZnO catalysts, the
best photocatalytic performance is observed for Ga:ZnO-05 (entry 3), equivalent to the
photocatalytic activity of undoped zinc oxide (entry 2). These results indicate a decrease in
photocatalytic activity with increasing the gallium content in the catalyst. However, CZnO
(entry 1), y-GaxO; (entry 5) and B-GayOs (entry 6) catalysts display superior photocatalytic
activity under UV-C compared to as-synthesized ZnO (entry 2) and Ga:ZnO materials (entries
3,4). This behavior can be explained considering that their bandgaps lay in the UV light

spectrum; see Figure S6 in the supporting information. The decreased photocatalytic activity

20



of y-GayOs (entry 5) compared to B-Ga,Os (entry 6), can be attributed to the pronounced
tendency of nanoparticles in y-Ga,O; to aggregate, as evidenced in the TEM image presented
in supporting information, Figure S1b. This aggregation phenomenon reduces the available
surface area for photocatalysis, thereby diminishing performance under UV-C light irradiation.
From UV-C to UV-A light irradiation, commercial zinc oxide (entry 1) performs best due to its
bandgap value of 3.87 eV.50 The ZnO material (entry 2) increases its photocatalytic activity
under UV-A because its bandgap lies between UV-A and the visible light spectrum.”® The
catalytic activity of y-GaxO; (entry 5) and B-GayO; (entry 6) drastically drops upon moving
further away from their bandgap. The photocatalytic activity of Ga:ZnO materials (entries 3,4)
also shows a decrease. This could be explained by the gallium dopant incorporated into the zinc
oxide lattice, altering the structure and defects that originally enabled the undoped material to
perform well under UV-A irradiation.

Table 2 also presents the RhB photodegradation data for a one-hour irradiation under green
light (525 nm) for the CZnO (entry 1), ZnO (entry 2) and Ga:ZnO nanomaterials (entries 3,4).
Notably, the 20% dye degradation observed with CZnO (entry 1), as detailed in Table 2 and
previously discussed in our earlier work,™ might be linked to the thermal decomposition of the
dye. This decomposition likely occurred due to continuous irradiation for one hour using a high-
power lamp, along with the adsorption-desorption equilibrium experiment in the dark.

It is noteworthy that under green light exposure, the catalytic performance exhibited by undoped
zinc oxide (entry 2) equals that of Ga:ZnO materials (entries 3,4), which demonstrate superior
activity compared to CZnO (entry 1). A possible explanation might be related to the position
occupied by gallium ions in the zinc oxide lattice and the defects that are consequently created
due to the insertion of the dopant.

In contrast to our previous study,>® which investigated the substitution of Zn** with AI**, where

the performance of ZnO-based photocatalysts was adversely affected by the dopant
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concentration; the present research focuses on materials synthesized using the same method but
with a different dopant. Remarkably, in this context, the incorporation of gallium does not show
any detrimental effects on the intrinsic photocatalytic activity.

In elucidating the photocatalytic behavior, the nanomaterials’ optical properties were explored,
yielding valuable insights into their structural defects. First, the focus is on the features of the
v-Ga,Os defective-spinel nanomaterial compared to the ones of the commercial B-Ga,O3
sample. The optical absorption of the samples showed a very different trend of the reflectance
spectra, with the commercial B-Ga>O; mainly reflecting radiation above ca. 270 nm whilst the
as-synthesized y-Ga,Os only partially reflected in the near UV region. These differences were
highlighted by plotting the pseudo-absorption F(Rw) as a function of the absorbed photon
energy to calculate the bandgap of these materials (Figure S6, details in supporting
information). Commercial B-GayO; presents the typical sigmoidal pattern whose fitting with a
Boltzmann function results in a bandgap of about 4.7 eV in perfect agreement with the
literature.”s%

On the other hand, y-Ga>Os; sample shows an absorption curve that can be described as the
overlap of a typical sigmoidal plot with a Gaussian band, indicating the presence of defects that
enhance the absorption of the material in the near UV and visible region. Indeed, the bandgap
value was closer to the commercial one (4.9 eV) with the addition of a Gaussian component
peaked at about 4.2 eV (ca. 300 nm) and extending up to about 2.5 eV (ca. 500 nm). The
presence of this change in the optical features was further investigated by measuring the
photoluminescence at different excitation wavelengths (Figure S, Figure S7 in supporting

information).
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Figure 5. PL spectra excited at 260, 380 and 405 nm. Comparisons between commercial [3-

Ga0; (a) and as-synthesized y-Ga,Os (b).

PL spectra clearly show that commercial gallium oxide emits only under 260 nm irradiation,
whilst our synthesized sample is photoluminescent also under 380 and 450 nm excitation,
confirming its absorption features in the UV-visible range. Indeed, an excitation dependent
emission in the 400-600 nm was recorded when excited in the 350-500 nm range (see
excitation-emission maps in supporting information, Figure S7). Nevertheless, luminescence
can act as a competitive phenomenon to the photocatalytic process due to the recombination of
the electron-hole couple that, in this case, cannot be transferred to the material to activate the
photocatalytic sites. This explanation fits well with the experimental findings on the
photocatalytic performance of our synthesized y-Ga,Os, whose best results are obtained under
UV-C irradiation. This variation in the optical properties between the two types of gallium
oxide materials could be linked to both the presence of structural defects (as suggested by the
absorption band at 4.2 eV) and the nano-dimension of our sample, whose particles can be
subjected to a quantum confinement effect that changes the emission properties according to

the particle size distribution (see TEM image Figure S1b in supporting information).®!-8?
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For what concern the optical properties of our as-synthesized ZnO, they have already been
discussed in detail in our previous paper.® Indeed, our findings showed that our nanosized ZnO
presents red-emitting centers under visible light irradiation that were ascribed to a high content
of O,*", which is the main initiator of the photodegradation and responsible for the discoloration
of the RhB dye.*

Ga-doped ZnO photocatalysts were also studied through absorption and photoluminescence.
UV-Vis reflectivity/absorption measurements of Ga:ZnO-05 and Ga:ZnO-5 samples show a
slight variation that does not significantly change the bandgap value that was calculated for
both samples to be about 3.2 eV, comparable with the value of the undoped ZnO (ca. 3.3 eV)
(Figure S8 in supporting information).

However, while both undoped and Ga-doped ZnO maintains a bandgap value similar to
commercial ZnO, its visible light activity is not driven by direct bandgap transitions but instead
by mid-bandgap defect states induced by our synthetic process. These sub-bandgap states
enable light absorption in the infra-gap visible region, which explain the photocatalytically
activity under green light irradiation. This explanation is supported by the steady-state PL
spectroscopy, which allows a higher sensitivity to defect-related emissions over the optical
absorption technique. Indeed, to bypass the high excitonic contribution that can cover possible
defect emission signals, these measurements were carried out by exciting in the infra-gap visible
region at 405 and 532 nm (Figure 6 and Figure S9 in supporting information, respectively).
The irradiation was performed using laser beams of which the monochromatic emission and

high power helped enhance our samples’ low luminescent signal.
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Figure 6. Emission spectra of ZnO, Ga:Zn0O-05 and Ga:ZnO-5 acquired by exciting the samples
at 405 nm (a). Gaussian deconvolution of the emission spectra acquired by exciting Ga:ZnO-

05 (b) and Ga:ZnO-5 (c) with a wavelength of 405 nm.

By exciting the samples with 405 nm irradiation, we were able to confirm the presence of
defects that absorbs in the visible range in every as-synthesized sample, observing broad
emission bands, spanning from blue to orange, resulting from the overlap of these defect
contributions. Indeed, Ga:ZnO-05 displayed a broad emission pattern very similar to the
undoped sample (ZnO), with a slight increase in the relative contribution of the green emission.
This emission profile was attributed to a convolution of various factors, including surface
interstitial Zn (violet band), charged oxygen vacancies (green band), and photocatalytically
active peroxide-like species® O,? interacting with the ZnO surface (red band).® In the
Ga:Zn0O-5 sample, there’s a notable shift in the red band, from approximately 635 nm to around
590 nm, indicating a blue-shift of the predominant emissive band. Meanwhile, the green band
undergoes a minor red-shift, transitioning from 504 nm to 517 nm. The observed wavelength
shifts, reported also for the largest Al-doped sample in our previous work, can be explained by
the insertion of Ga®" ions into zinc oxide, which alters the atomic environment and causes a

shift of the designated bands.
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Nevertheless, in opposition to our previous results, despite the increase in dopant content, the
proportion of the green band associated with charged oxygen vacancies—known to reduce
catalytic performance—remains relatively stable, shifting from 16% in Ga:ZnO-05 to 20% in
Ga:ZnO-5. This observation is crucial in understanding the sustained photocatalytic
performance of our Ga:ZnO samples under visible light, irrespective of the dopant
concentration. Indeed, in our previous work,® we elucidated the photocatalytic behaviors of
Al-doped ZnO nanomaterials under visible light irradiation, and the introduction of AI** ions
into ZnO at a high doping level (nominal 5 at%) resulted in a decrease in photocatalytic
efficiency. This decrease was attributed to the significant enhancement of the green emission
contribution, accounting for up to 53%, associated with a higher presence of oxygen vacancies,
which in turn hinders the photocatalytic activity. In contrast, this enhancement was not observed
in the newly Ga-doped samples, confirming the restrained increase in oxygen vacancies and the
preservation of O,*" species content that maintains the photocatalytic performance. Our
observation that these properties do not change inthe Ga-doped samples, is further corroborated
by the measurements at 532 nm, for which only a tiny red shift is recorded in Ga:ZnO-05.
Moreover, the excitation with green light further demonstrated the material’s ability to absorb
light in this region, which explains its photocatalytic activity under visible light.

It is worth noting that the origin of the photocatalytic activity of these samples was deduced
through the analysis of the low efficient luminescence properties more than on the analysis of
the bandgap of the material. Indeed, there is a correlation between bandgap redshift and increase
of peroxide defects that enhance photocatalysis. However, while UV-Vis measurements reveal
the general trend of defect formation, the deconvolution of PL emission spectra provides a more
sensitive and detailed view of this correlation. PL spectroscopy allows us to probe defect-related
emissions directly, making it a more effective technique for identifying the presence of defect

states that contribute to the photocatalytic process.
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CONCLUSIONS

This investigation into Ga-doped ZnO nanomaterials for the photodegradation of Rhodamine
B dye in aqueous solution under UV-green light exposure provides valuable insights into the
complex relationship between gallium doping, material properties, optical features, and
photocatalytic activity. By systematically exploring the impact of gallium dopant concentration
on structural, morphological, and optical properties, this research contributes to the
optimization of photocatalytic materials designed for environmental remediation and other
applications. Therefore, the correlation between defects, synthesis route, particle size, and
photocatalytic activity is highlighted. Notably, even with structural alterations induced by
gallium doping, Ga:ZnO nanoparticles maintain a comparable photocatalytic activity to
undoped zinc oxide when exposed to green light. The latter underscores the significance of
defect retention within Ga:ZnO nanomaterials. By elucidating the retention of defects
associated with O, species in Ga:ZnO materials, this study demonstrates their ability for
photocatalytic degradation of Rhodamine B under green light irradiation, emphasizing the
significance of defect engineering in photocatalytic materials design. Furthermore, the
investigation into the optical features and photoluminescence of Ga:ZnO materials reveals
minimal differences in spectra between undoped ZnO and Ga:ZnO materials. This suggests that
gallium doping, facilitated by the similar size of Ga*" with Zn**, allows the preservation of

photocatalytic properties in the doped-zinc oxide material under the study conditions.
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This study systematically explores Ga-doped ZnO nanomaterials, focusing on their structure-
response under UV-green light irradiation. The findings reveal that gallium doping results in
favorable photoluminescence and photocatalytic properties with minimal oxygen vacancy
variation. Analyzing gallium incorporation and coordination variations highlights the
importance of defect engineering. Using Rhodamine B photodegradation as a test reaction, the
study shows the comparable catalytic activity of Ga-doped and undoped ZnO, advancing

knowledge in (photo-)catalytic design and applications.
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