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AgVOs is a low bandgap semiconductor (~2 eV) crystallizing in a metastable («) phase or a thermo-
dynamically stable (B) phase, each exhibiting distinct properties. Despite their photocatalytic potential,
synthesizing phase pure a and p-AgVOs in a simple, reproducible manner remains a challenge. In this
study, facile and repeatable synthesis routes are introduced for both phases. The a phase is obtained via a
low-temperature precipitation method, while the p-phase is synthesized through a hydrothermal process
at 120-160 °C. A comprehensive comparison of the structural, morphological, optical, and photocatalytic
properties of both phases is conducted. Both exhibit a monoclinic structure and a rod-like morphology;
however, the o phase shows a unique tree-like morphology with nanorod growth on microrods.
Differential scanning calorimetry (DSC) analysis on a-AgVOs over three heating and cooling cycles and
high-temperature X-ray diffraction show that the a-to-p phase transition is an irreversible exothermic
process occurring between ~200 and 240 °C. The complete electronic band structures of both phases
were also determined, with the valence and conduction band positions for the a- and B-phase samples
determined to be (1.13, —0.94 eV) and (0.92, —1.08 eV) versus NHE, respectively. The unique morphology
of a-AgVOs contributes to its enhanced photocatalytic activity. Interestingly, and in contrast to previous

reports favoring the p-phase, the a-phase demonstrates superior photocatalytic efficiency, achieving
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complete degradation of rhodamine B within 90 minutes, while the $-phase reaches 89% degradation
after 180 minutes. This finding challenges the conventional assumption that the B-phase always outper-
forms the a-phase and suggests that morphology and surface structure can play a more critical role than

rsc.li/nanoscale crystallinity in determining photocatalytic performance.

ising for efficiently degrading harmful organic pollutants.>
During photocatalysis, light energy excites a photocatalyst,

1. Introduction

Rapid global development has led to serious challenges like
scarcity of clean water, driven by pollution from industrializ-
ation and urbanization. Organic dyes, as an industrial pollu-
tant from different industries such as leather, paper and textile
companies, are often discarded into water resources without
further treatment. The amount of allowed dye (e.g., rhodamine
B and methylene blue) concentrations discharged into the
environment is less than 1 mg L', according to the inter-
national standard of effluent discharge. The requirement for
effective organic dye removal from water resources is thus
imminent." Among various methods, advanced oxidation pro-
cesses, especially photocatalysis using solar energy, are prom-
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generating electron-hole pairs that produce reactive oxygen
species (ROS), which break down organic pollutants.® Various
materials, including metal oxides,” metal sulfides,” perovs-
kites,® and, more recently, metal vanadates,” have been pro-
posed as potential candidates.

Metal vanadate photocatalysts show great potential due to
their high light absorption, narrow band gap in the visible
light range, diverse electronic structures, which enable various
photocatalytic applications such as the hydrogen and oxygen
evolution (HER and OER) reactions, methane (CH,) and
carbon dioxide (CO,) reduction, and finally their excellent
chemical stability. Different types of metal vanadate semi-
conductors, including bismuth vanadate (BiVO,),? silver vana-
date (AgvVO;),° and indium vanadate (InvO,),"° have been
explored for their photocatalytic applications. Depending on
their electronic band structure, these materials have been used

in  photocatalytic = processes such as organic dye
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degradation, and
production.'**”

In recent years, silver-based materials have been developed
as highly efficient photocatalysts due to their narrow band
gaps, the involvement of highly reactive Ag" ions and their
fully filled d'® orbitals in the energy band structure.'® The
unique hybridization of V 3d, O 2p and Ag 4d orbitals in the
valence band results in a narrow band gap, making AgVO; an
ideal candidate for activation under visible light irradiation."®
AgVO; typically has a rod-shaped structure with a high surface
area and efficient electron-hole separation, both of which
enhance its photocatalytic performance.>*>* One-dimensional
(1D) nanomaterials, compared to nanoparticles, offer a larger
surface-to-volume ratio and improved charge transfer capabili-
ties.>® AgVO; powders have been used in a wide variety of
applications, such as photocatalytic degradation of harmful
dyes,?® Li-ion batteries,”” oxygen evolution reactions (OERs),’
and photoluminescence®® and biomedical applications.*® For
instance, AgVO; nanorods were synthesized using the thermal
decomposition method and tested for the degradation of
methylene blue (MB) and an industrial effluent. The reported
degradation efficiencies were 85% for MB and 95% for the
industrial effluent.?®

Four different crystal structures have been reported for
AgVO3;, where a-type, y-type and d-type are metastable phases,
while B-type is the thermodynamically stable phase. The crystal
structures of y- and 8-AgVO; have not been reported yet. But
the crystal structures of a- and p-AgVO; have been completely
determined. The crystal structures of o-AgVO; and p-AgVOj;
were reported to be monoclinic with the C2/c and C2/m space
groups, respectively.”®?° The schematic of the crystal struc-
tures is shown in Fig. 1.>*'* It is reported that a phase tran-
sition from o to B happens at 200 °C.** Various synthesis
methods have been employed to directly prepare rod-shaped o-
and p-AgVO; powders, including precipitation, hydrothermal
methods, microwave- and ultrasonic-assisted techniques, sol-

CO,  reduction, hydrogen

@Ay eV e0

Fig. 1 The crystal structures of a- and -AgVOs are shown at the unit-
cell level, with polygons highlighting the coordination environments of
the central heavy metal atom (cyan for Ag atoms and purple for V
atoms) surrounded by its nearest neighbor O atoms. In the case of
a-AgVOs, Ag forms a six-fold coordination with O, resulting in an “octa-
hedral” shape, while V forms a four-fold coordination with O, resulting
in the “tetrahedral” shape. In p-AgVOs, both Ag and V form a six-fold
coordination with O, resulting in the “octahedral” shape. This picture is
generated using VESTA using MP-559736 and MP-1178815 from the
Materials Project database.

Nanoscale

View Article Online

Nanoscale

gel processing, thermal decomposition, microemulsion, and
soft chemical in situ methods.?® Each synthesis method offers
specific advantages, influencing the material properties. The
crystal structure, morphology, crystallinity, particle size,
surface termination, and purity of the samples largely depend
on the chosen synthesis method.*®

In an initial study by Konta et al.,” a-AgVO; and B-AgVO;
were synthesized using precipitation and solid-state methods.
It was reported that with an increase in temperature during
precipitation from 5 to 25 °C, the a phase changes to the p
phase. Also, the p phase can be produced using the solid-state
method and calcined at 380 °C for 4 hours, and it was con-
cluded that p-AgVO; prepared using the solid-state method
shows higher activity because of higher crystallinity. In
another study by Zeng et al,*® P-AgVO; was derived from
a-AgVO; via a water evaporation process. NH,VO; and AgNO;
were dissolved in DI water and mixed at 80 °C to form the «
phase. Then the prepared a-AgVO; (orange precipitate) was
kept in an oven for 6 h at 100 °C to gradually evolve to the p
phase. Also, the structural conversion of Ag nanoparticle-deco-
rated a-AgVO; to f-AgVO; by annealing at 475 °C was studied
by McNulty et al.®” Furthermore, the possibility of a phase
transition during the coprecipitation synthesis of AgvO; by
increasing the temperature from 0 to 75 °C was studied. It was
reported that at temperatures higher than 45 °C, the o-to-f
phase transition occurred.?®

Although various synthesis methods have been used for
preparing o- and p-AgVOg;, there is still a lack of a comprehen-
sive, reliable and reproducible method for preparing pure
single phase o and P phases. As previously noted, various
methods have been reported for synthesizing the a- and B
phases at different temperatures. However, inconsistencies in
the literature, such as differing phases reported for the same
temperature and synthesis method,?”*® make it challenging to
establish a clear and reliable protocol. Currently, no general
and repeatable synthesis method has been reported that pro-
vides clear guidance for the preparation of a and f phases and
an understanding of the transition of the a to f phase.
Therefore, a simple, repeatable and detailed synthesis method
for both the a and p phases is needed to show the exact steps
for the synthesis of the two phases and their phase transition.
In addition to addressing this gap, the present study also aims
to evaluate the photocatalytic performance of the two phases
to identify which one offers higher efficiency for photocatalytic
applications.

Among the commonly used methods, co-precipitation and
hydrothermal techniques are widely employed for AgVO;
preparation.®® It seems that at lower temperatures, the a phase
is stable and at higher temperatures, the f phase is stable. In
our study, single phase and pure o- and -AgVO; were success-
fully synthesized using precipitation and hydrothermal
methods, respectively. Also, the o-to-p phase transition was
studied comprehensively using differential scanning calorime-
try (DSC) and high temperature X-ray diffraction (HTXRD)
techniques to determine the phase transition temperature and
the structural change during the phase transition. In addition,

This journal is © The Royal Society of Chemistry 2026
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the complete electronic band structures of both o- and
B-AgVO; were experimentally determined. Moreover, a com-
parative study on the performance of the synthesized o- and
B-AgVO; as photocatalysts in rhodamine B (a harmful dye)
degradation was also performed. The effects of different para-
meters such as the phase, particle size, active surface area,
bandgap and surface oxidation states are studied and com-
pared. The results reveal that the synthesis method and AgVO;
particle size have more effects on the photocatalytic activity of
AgVO; powders than their crystal phase.

2. Experimental

2.1. Materials

NaVvOj; (99.9%), TiO, (commercial P25), and rhodamine B were
of analytical grade and purchased from Sigma-Aldrich. AgNO;
(99.9%) was obtained from Carl Roth and used as received
without further purification. All aqueous solutions were pre-
pared using ultra-pure de-ionized (DI) water.

2.2. Preparation of AgVO; - precipitation and hydrothermal
methods

AgNO; and NaVO; were used as starting materials for the pre-
cipitation synthesis of AgVO;. First, 0.61 g of NavO; was dis-
solved in 15 mL of DI water at 70 °C. Once fully dissolved, the
solution was maintained at 35 °C (Solution A). Then, separ-
ately, 0.85 g of AgNO; was dissolved in 15 mL of DI water at
room temperature (Solution B). Both solutions were stirred vig-
orously to ensure full dissolution and transparency. Then,
Solution B was added dropwise to Solution A using a pipette
while maintained at different temperatures (25 °C, 60 °C,
70 °C, and 80 °C). Upon addition, a yellow-orange suspension
formed. The mixture was then stirred for 1 h to achieve a
homogeneous suspension. The resulting suspension was
washed several times with DI water to remove the impurities
and then dried naturally at room temperature without
additional heating. It is worth noting that exposure to high
temperature and drying the sample in an oven were avoided,
as they lead to a color change (orange to green) in AgVOj;. For
the hydrothermal synthesis, the same initial suspension as
used in the precipitation method (prepared from the same
starting materials) was transferred to a 150 mL Teflon-lined
stainless-steel autoclave and maintained at different tempera-
tures (120 °C, 140 °C and 160 °C) for 1 h. The products were
washed multiple times with DI water to reach maximum purity
and dried naturally at room temperature without heating. The
synthesized powders from precipitation and the hydrothermal
method are hereafter referred to by their sample codes as
shown in Table 1.

2.3. Characterization

X-ray powder diffraction (XRD) was performed using an
Empyrean Series 2 diffractometer (PANalytical) with Cu K,
radiation (1 = 1.54 A) to analyze the phase composition. The
crystallite size and dislocation density of the synthesized

This journal is © The Royal Society of Chemistry 2026
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Table 1 Sample codes and their corresponding synthesis regime

Synthesis method-temperature (°C) Code
Precipitation-25 P25
Precipitation-60 P60
Precipitation-70 P70
Precipitation-80 P80
Hydrothermal-120 H120
Hydrothermal-140 H140
Hydrothermal-160 H160

materials were estimated using the Williamson-Hall
equation.” The specific surface area of the as-prepared
samples was determined from nitrogen adsorption-desorption
isotherms measured at 77 K using a Gemini VII 2390 (version
1.03). The Brunauer-Emmett-Teller (BET) equation was
applied to calculate the total surface area. Morphological ana-
lysis was conducted using a scanning electron microscope
(Philips XL 30 ESEM). The optical properties of the samples
were investigated using a UV-visible spectrophotometer
(Shimadzu UV-2600). Fourier-transform infrared (FTIR) spectra
were recorded in ATR mode using an ALPHA Platinum spectro-
meter (Bruker). X-ray photoelectron spectroscopy (XPS) and
ultraviolet photoelectron spectroscopy (UPS) were employed to
analyze the elemental oxidation states and binding energy
states (PHI 5000 VersaProbe II). The phase transition behavior
and the thermal properties of the a-AgVO; sample were exam-
ined using differential scanning calorimetry (DSC; Caliris 300,
Netzsch) with heating and cooling rates of 20 °C min™" each.
Atomic force microscopy (AFM) and Kelvin probe force
microscopy (KPFM) measurements were performed using an
Ntegra scanning probe microscope (NT-MDT, Russia).

39

2.4. Experimental procedure

2.4.1. Photocatalytic experiments. Rhodamine B (RhB) and
methyl orange (MO) were selected as model dyes to probe the
photocatalytic performance of the as-synthesized AgVO;
powders under visible light irradiation. The experiments were
carried out using a batch photoreactor equipped with a solar-
light simulator source (three commercial LED panels, 300 W
total, full spectrum) placed around the solution. In a typical
process, 50 mL of aqueous suspension was prepared contain-
ing 5 mg of AgVO; powder and 5 mg L' RhB (or MO). Prior to
visible light irradiation, the adsorption-desorption equili-
brium was established between the surface of the catalyst and
the dye molecules by stirring the solution for 30 min in the
dark.

At certain time intervals (5, 10, 30, 60, 90, 120 and
180 min), 1 mL of sample solution was withdrawn, and the
centrifuged (30 min, 7500 rpm) supernatant was collected for
further analysis.

The degradation of RhB was monitored using a UV-vis
spectrophotometer (Shimadzu UV-2600) by tracking the
change in its main characteristic absorption peak. Specifically,
the degradation process was monitored by the change in the
maximum absorbance of the dye at a wavelength of 554 nm
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corresponding to the RhB primary peak. According to Beer—
Lambert’s law, the concentration of a solution is directly pro-
portional to its absorbance.’® Therefore, the normalized tem-
poral concentration changes (C,/C,) of dyes correspond to the
normalized maximum absorbance (4,/A). Ao, 4;, and C,, C, are
the absorbances at the aforementioned maximum peaks and
concentrations of dyes when the reaction time was 0 and ¢,
respectively.*"*?

To investigate the role of reactive oxygen species in the
photocatalytic oxidation process, methanol and p-benzo-
quinone were employed as hole and electron scavengers,
respectively.*>** The experiments followed the same procedure
as the standard photocatalytic tests, with the addition of 1 mM
each scavenger prior to irradiation.

2.4.2. Kinetic study of photocatalytic dye degradation.
Pseudo-first- and pseudo-second-order kinetic models were
employed to explain the mechanism of dye degradation in
solution and to evaluate the photocatalytic reaction rate. These
models are particularly suitable when the kinetic study is
based solely on the variation of dye concentration with respect
to time. In the present study, the effects of light intensity,
photocatalyst dosage, and temperature were assumed to be
negligible and were not systematically investigated. Therefore,
instead of applying true first- or second-order kinetic models,
pseudo-order kinetic models were considered to describe the
degradation kinetics. The general form of the pseudo-order
kinetics is given in eqn 1:

_ 4G

< = kiC (1)

where n is the reaction order. It is a real number typically
ranging from 0 to 2. However, it is mostly reported as an
integer. The integrated form of eqn (1), usingn=1and n = 2
yields the general formula for the pseudo-first order (eqn (2))
and pseudo-second order (eqn (3)) kinetics models:

C;
Ln— = —k;t 2
nCO k1 (2)
1 1
— —— =kt 3
c, C 3)

where k; and k, represent the rate constants for the pseudo-
first and pseudo-second order kinetic models, respectively.*®

3. Results and discussion

Fig. 2 shows the XRD patterns of AgVO; powders synthesized
using AgNO; and NaVO; as precursors via different synthesis
methods and temperatures. At room temperature, only the o
phase was formed. The XRD pattern for P25 could be well
matched to the a-phase crystal structure of AgVO; (JCPDS no.
98-005-0645). However, increasing the synthesis temperature
in the precipitation method leads to structural changes, indi-
cating the transformation of the o phase. For the samples syn-
thesized using precipitation at elevated temperatures (60 °C,
70 °C, and 80 °C), the crystal structures deviate from the
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Fig. 2 XRD patterns of all the synthesized samples via precipitation and
the hydrothermal method.

a-phase. While some peaks, such as those near 12, 31, 37, and
40 degrees, appear in both the room-temperature and higher-
temperature samples, several characteristic a-phase peaks (e.g.,
at 17, 27, and 32 degrees) disappear with increasing tempera-
tures. Additionally, the intensity of the peak at 24 degrees (pro-
minent in P25) decreases at 60 °C and vanishes completely at
higher temperatures. These findings contrast with the study by
de Menezes et al.*® who reported the formation of B-AgVO;
using the precipitation method at 30 °C, 60 °C, and 90 °C.
Another study, by Oliveira et al.,*® reported that a-AgVO; can
be synthesized up to 45 °C, beyond which the f-phase
becomes stable. However, in the present study, p-phase for-
mation could not be achieved using the precipitation method
even at 60-80 °C. Successful synthesis of the f-phase was
achieved using the hydrothermal method. As shown in Fig. 2,
all peaks of the hydrothermal samples (H120, H140, H160)
match the B-AgVO; reference pattern (JCPDS no. 98-005-6861).
Both o- and B-AgVO; exhibit monoclinic crystal systems but
differ in the space group: the a-phase crystallizes in the C2/c
(no. 15) space group, whereas the p-phase adopts C2/m (no. 12)
(Table 2). Table 2 summarizes the crystallographic parameters
and crystallite sizes of the samples, calculated using Rietveld
refinement and the Williamson-Hall equation. Notably, the
H160 sample shows the largest average crystallite size
(70.79 nm), which is significantly larger than those of the
other samples. In addition, an increase in the synthesis temp-
erature leads to a decrease in dislocation density, indicating
improved crystallinity.” This increase is attributed to
enhanced crystal growth at higher synthesis temperatures.*®
The crystal structures and phase purity of the P60, P70, and
P80 samples could not be definitively determined. Their XRD
patterns show features of o-, f-AgVO; and other peaks that

This journal is © The Royal Society of Chemistry 2026
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Table 2 Crystal structure information of all samples synthesized using precipitation and hydrothermal methods at different temperatures using
Rietveld refinement (goodness of fit: 1.35-1.85) and Willamson—Hall equations

Crystal Cell volume  Average Dislocation
Sample  structure Spacegroup a(A) b(A) c(A) a(®) B9 y(®) (107°pm®)  crystallite size (nm)  density (107* nm™?)
P25 Monoclinic  C2/c (15) 10.43 9.91 5.51 90 99.59 90 561.92 35.08 8.13
H120 Monoclinic  C2/m (12) 18.13 3.58 8.04 90 104.71 90 497.44 60.76 2.71
H140 Monoclinic  C2/m (12) 18.10 3.58 8.03 90 104.48 90 503.84 65.82 2.31
H160 Monoclinic  C2/m (12) 18.11 3.58 8.04 90 104.47 90 504.34 70.79 2.00

cannot be indexed to the known silver vanadate compounds,
making it difficult to confirm their phase and whether they are
single-phase materials. The p-phase exhibits a smaller unit cell
volume compared to the a-phase. As shown in Table 2, the «
phase has a calculated cell volume of 562 (10° pm?®), while
hydrothermal (B) samples show smaller volumes ranging from
497 to 504 (10° pm?).

The morphology and rod width distribution of the a-phase
(P25) and p-phase (H120, H140, and H160) samples are illus-
trated in Fig. 3. All samples exhibit rod-shaped structures with
a high degree of agglomeration, which may contribute to
reduced surface area. As the synthesis temperature increased,
the particle size also increased, indicating continued particle
growth. The largest particle size was observed in the H160
sample (average rod-width 82.89 nm), synthesized at the
highest temperature, whereas the P25 sample displayed a
mixture of microrods and nanorods with comparatively
smaller particle sizes (average rod-width 34.89 nm). The
B-phase samples show relatively uniform morphologies with
rod-widths of 61.03, 69.85, and 82.89 nm for H120, H140 and
H160, respectively. The a-phase P25 sample, synthesized at
room temperature, exhibits a distinct tree-like structure. In
this case, it appears that larger rods initially form and sub-
sequently serve as nucleation sites for the growth of AgVOj;
nanorods. As a result, the surfaces of these microrods are

N'total =40 %
mean =34.89 + 14 ng

25
Particle Size (nm)

-
15KV 5000x S| 15KV 40000x  SE — 600 nm —

N total = 30
mean = 69.85 £ 29 nm,

150 20
Particle size (nm)
— 600 nm —

15 kv 5000x . SE 15KV 40000x  SE

densely covered with nanorods having mostly widths between
25 and 50 nm (Fig. 3a and b).

Fig. 4(a) displays the FTIR spectra of samples synthesized
using both precipitation and the hydrothermal method. As
shown, all samples exhibit absorption peaks below 1500 cm™.
The P25 sample displays five distinct peaks located at 500,
620, 775, 900, and 930 cm™'. In comparison, the hydrother-
mally synthesized samples (H120, H140, and H160) show three
main peaks at 500, 785, and 866 cm™'. The peak observed at
500 cm™" in all samples is attributed to the symmetric stretch-
ing vibration of V-O-V bonds.>***° The peaks at 620, 775 and
785 cm™ ' correspond to the asymmetric stretching vibration of
the VO; group.”® Also, the double bond vibration of V=0
appears at higher wavenumbers, at 866 cm ™" for the f-phase
sample and at 900-930 cm ™ for the a-phase samples.>***

Furthermore, Fig. 4(b) shows the FTIR results of the P25
sample before and after the photocatalysis experiment. As illus-
trated, there is no significant change in the FTIR results before
and after photocatalysis and all peaks remain below 1000 cm™.
This indicates the absence of residual organic species after
photocatalytic degradation, suggesting that complete degra-
dation of RhB was achieved on the surface of the P25 sample.
Only a slight shift in peak position is observed; for example, the
peak at 500 cm™' shifts slightly to 495 cm™ after the P25
sample was used for photocatalytic RhB degradation.

J

Vi)
%
ik

N total'= 50
mean = 61.03 £34 nm

Particle size (nm)
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N total = 40
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Fig. 3 SEM images of (a, b) P25, (c, d) H120, (e, f) H140, and (g, h) H160. Observe the different scales in both columns.

This journal is © The Royal Society of Chemistry 2026

Nanoscale


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr04142b

Open Access Article. Published on 26 January 2026. Downloaded on 3/14/2026 9:46:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

—_
O
P

—P25
——H120
——H140
——H160

4000 3500 3000 2500 2000 1500 1000 500

Transmittance (a.u)

Wavenumber (cm™)

Fig. 4

View Article Online

Nanoscale

—_—
(=2
-

Transmittance (%)

Before Phot lysi:

Test

After Photocatalysis Test

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

(@) FTIR spectra of precipitation and hydrothermal synthesized samples P25, H120, H140, and H160 (inset higher magnification); (b) FTIR

spectra of the P25 sample before and after the photocatalysis test (inset higher magnification).

To better understand the phase transition from a to f§, DSC
analysis was conducted on the P25 sample. Fig. 5 shows the
DSC results over three heating and cooling cycles between
room temperature and 380 °C. An irreversible endothermic
peak around 160 °C may be associated with the evaporation
and removal of residual solvents trapped within the powder
structure. This peak likely does not correspond to a phase tran-
sition, as XRD analysis confirms that the a-phase crystal struc-
ture remains unchanged at 160 °C (Fig. 5¢). In contrast, a pro-
minent irreversible exothermic peak observed between 200
and 240 °C is attributed to the phase transition from o to
B-AgVO;. This transition temperature aligns with findings
reported in previous research.’ The phase transition is further
supported by XRD and HTXRD analyses. To confirm the DSC
results, the P25 sample was heat-treated at 160, 208, 230, and
375 °C in a muffle furnace (Fig. 5¢). The XRD patterns show
that the sample treated at 160 °C retains the a-phase structure,
while those treated at 208 °C, 230 °C, and 375 °C exhibit the
B-phase structure.

To observe the phase transformation more precisely and
under conditions similar to those of the DSC test (i.e., consist-
ent heating/cooling rates)) HTXRD was performed. The
HTXRD results clearly indicate the transition from metastable
o to thermodynamically stable p at temperatures above 200 °C.
As shown in Fig. 5d, the characteristic a-phase peaks at 12.5°
and 16° gradually diminish above 200 °C. A minor peak
appears at 9° in the HTXRD patterns at 180 °C and 200 °C,
indicating the onset of the a-to-f transition. At these tempera-
tures, a mixture of o« and f phases is detected, before full con-
version to f§ at 220 °C. After the transition, the p-phase (being
thermodynamically stable) remains dominant throughout all
three DSC cycles. This is consistent with the irreversible nature
of the 200-240 °C exothermic peak. Additionally, a reversible
peak observed at 370-375 °C corresponds to the melting point

Nanoscale

of AgVO;. Further HTXRD analysis over three thermal cycles
shows a peak at 345 °C, which is attributed to the recrystalliza-
tion of molten AgVO; at high temperature (>370 °C).

From the second segments in both cooling and heating,
two reversible peaks can be observed. During cooling cycles
(segments 2 and 4), two reversible endothermic peaks appear
at approximately 345-350 °C and 180-185 °C. As mentioned
above, the peak around 350 °C corresponds to the recrystalliza-
tion temperatures. The lower-temperature peak at 180-185 °C
is less clearly understood. To further investigate, HTXRD was
performed under similar cooling and heating rates (Fig. 5e).
The HTXRD results show no change at around 180 °C during
the first cooling cycle, suggesting that this peak is not related
to a phase transition. Similarly, in the heating cycles (seg-
ments 3 and 5), two reversible endothermic peaks are detected.
The peak above 370 °C corresponds to the melting point of
AgVO;. However, the peak at approximately 192 °C remains
unclear, as HTXRD shows no detectable structural change at
this temperature. Overall, based on the HTXRD results (Fig. 5d
and e), it can be concluded that the p-phase is the thermo-
dynamically stable phase of AgVO; after the first formation at
a temperature above 200 °C.

Following structural, morphological, and thermal analyses,
optical characterization was carried out for the a- and p-phase
samples. The UV-vis DRS spectra of all samples are shown in
Fig. 6. All samples exhibit broad visible light absorption, with
the H160 sample showing the highest absorption intensity.
Table 3 summarizes the absorption edge values for each
sample. Overall, the hydrothermally prepared samples demon-
strate higher absorption edge (ranging from
616-628 nm) and a greater proportion of visible light absorp-
tion than the samples obtained via the precipitation method.
Among the samples, P25 has the lowest absorption edge at
602 nm, while H160 shows the highest at 628 nm.

values

This journal is © The Royal Society of Chemistry 2026
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Furthermore, the bandgap energy (E,) of the samples was
calculated using the Kubelka-Munk equation (eqn (4)):>*

(F(R)hw)"™ = A(hv — Ey)

This journal is © The Royal Society of Chemistry 2026

where F(R), h, v, A and E, represent the Kubelka-Munk func-
tion, Planck’s constant, light frequency, equation constant and
bandgap energy, respectively. The exponent 7 is related to the
nature of the electronic transition in the semiconductor; for
direct bandgap and indirect bandgap n is equal to 1 and 2,
respectively.>?
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Fig. 6 (a) UV-vis DRS absorption intensity and (b) Tauc plot of the P25,
H120, H140, and H160 samples.

Table 3 Calculated bandgap and absorption edge of the samples

Sample Bandgap (eV) Absorption edge (nm)
P25 2.07 602
H120 2.00 620
H140 2.00 616
H160 2.01 628

Since AgVO; is reported to have an indirect bandgap, a
value of n = 2 was used to calculate the bandgap of all
samples.”® All samples exhibit narrow bandgaps (~2.0 eV),
which enable activation under visible light irradiation, making
them suitable for photocatalytic applications. Since all
bandgap values fall within a narrow range of 2.0 to 2.07 eV, the
differences among the samples are minor. Thus, it can be con-
cluded that the synthesis method and crystalline phase have
only a limited influence on the bandgap. All samples, regard-
less of synthesis method, possess bandgaps suitable for acti-
vation under visible light.
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Since photocatalytic reactions occur on the surface of the
photocatalyst, the specific surface area plays a crucial role in
determining photocatalytic efficiency. Therefore, the textural
properties and specific surface areas of the samples were
measured using BET analysis. The BET surface area values are
summarized in Table 4. The sample P25, prepared at room
temperature, showed the lowest surface area, 3.6 (m> g™ ).
Although the P25 sample shows the lowest BET surface area,
the SEM images reveal that it has the smallest particle size.
The reason why P25 exhibits the highest photocatalytic per-
formance despite its lower BET surface area may be related to
the limitations of the BET method in the context of wetting
efficiency for liquid-phase reactions.”> In contrast, the
maximum surface area among the hydrothermal samples was
14 (m? g™") (H140). H160 has the lowest surface area which
may be related to grain growth and larger particle size due to
higher synthesis temperature. It can be concluded that for pre-
paring the § phase, the optimum temperature is 140 °C, which
provides the highest BET surface area in comparison with
H120 and H160.

After determining the band gap and specific surface area of
the samples to fully assess their potential for various photo-
catalytic processes, the complete electronic band structure was
also obtained using UPS. The complete band structure of semi-
conductors can be estimated by determining the valence band
position relative to the Fermi level and adding the optical
band gap obtained from UV-vis spectroscopy to locate the con-
duction band. Ultraviolet photoelectron spectroscopy (UPS)
was performed on P25 and H140 to assess the influence of the
synthesis method and the crystal and electronic structures.
The valence band edges were determined to be 1.85 eV for P25
and 1.58 eV for H140 versus the Fermi level using a linear
approach (Fig. 7a).® To convert the valence and conduction
band positions to the normal hydrogen electrode (NHE) scale,
the work functions of the P25 and H140 samples were deter-
mined using AFM and KPFM measurements. As shown in
Fig. 7(c and d), the work functions of P25 and H140 are 3.75
eV and 3.78 eV, respectively. Additional details regarding the
work function measurement procedure are included in the SI.

As illustrated in Fig. 7(b), the hydrothermal synthesis of
AgVO; leads to a slight downward shift in the band edges,
resulting in a more negative conduction band potential. By
adding the measured band gap to the valence band positions
(1.13 eV for P25 and 0.92 eV for H140), the conduction band
potentials for P25 and H140 were calculated to be —0.94 eV
and —1.08 eV versus NHE, respectively. We state that these data
must be taken with great care.

Table 4 Specific surface area (BET) values of the different AgVOs
samples

Sample BET surface area (m” g™)
P25 3.61
H120 10.63
H140 14.14
H160 5.87

This journal is © The Royal Society of Chemistry 2026
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matic of the band structure of the AgVOs samples P25 and H140, (c) AFM and KPFM results for P25 and H140 samples, and (d) the surface potential

of P25 and H140 samples.

To investigate the surface properties of the samples syn-
thesized via the precipitation and hydrothermal methods, as
well as the effect of the photocatalytic reaction on the surface,
XPS analysis was performed on P25 and H140, and on P25
after photocatalysis. Fig. 8(a—c) show the XPS spectra of Ag, V
and O for P25 and H140. In Fig. 8(a), two peaks at 368.22 and
374.22 eV correspond to Ag 3ds, and Ag 3d;.,, respectively.
Based on the XPS and XRD results, it can be concluded that
metallic silver is present on the surface of AgVO; synthesized
using hydrothermal and precipitation methods. This metallic
silver enhances surface conductivity and improves photo-
catalytic performance through the surface plasmon resonance
(SPR) effect.”* Fig. 8(b) shows high resolution XPS spectra of V
2p for the samples P25 and H140. For both samples, peaks are
observed at 517.12 and 524.6 eV (517.07 and 524.55 eV for
H140) corresponding to V 2ps/, and 2p,,,, respectively, which
indicate the +5 oxidation state of vanadium. Additionally, both
samples display two other peaks at 517.61 and 516.55 eV
(517.45 and 515.98 eV for H140) corresponding to vanadium’s
+4 oxidation state. In the case of oxygen, both samples show
similar trends with the main peaks at 530.38 and 530.98 eV for

This journal is © The Royal Society of Chemistry 2026

P25 (530.17 and 530.59 eV for H140 sample), attributed to
oxygen’s —2 oxidation state. Moreover, a small peak at 532.95
eV is observed in the H140 sample, which is associated with
hydroxyl-group formation at the surface.”’”® These hydroxyl-
groups could be formed during the high-temperature hydro-
thermal process at the surface of AgVO;. Based on the XPS
results for vanadium and oxygen, it appears that V,05 and VO,
formed which subsequently react with silver oxide to yield
AgVO;. Detailed XPS parameters, including peak positions,
FWHM, and peak areas, are listed in Tables S1 and S2.

In addition, to further investigate the surface changes of
AgVO; during the photocatalysis process, XPS analysis was per-
formed on P25 before and after photocatalysis. The results are
shown in Fig. 8(d-f). No significant differences are observed
between the two states, as the main peaks for Ag, V, and O
appear at the same positions. The only minor change is found
in the vanadium spectra, where the peak corresponding to the
+4 oxidation state shows a slight shift to higher binding ener-
gies after photocatalysis. This shift may be attributed to the
oxidation of V** to V°" at the surface during the photocatalysis
reaction (Table S3). For all samples (P25, H140, and P25 after
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photocatalysis), a small carbon peak is also detected, which
likely originates from surface contamination or atmospheric
exposure.

3.1. Photocatalytic performance of o- and -AgVO; for RhB
degradation

To evaluate the photocatalytic performance of the synthesized
samples, rhodamine B (RhB) was used as a model organic dye.
Fig. 9(a—c) show the decrease in RhB concentration over time
under visible light irradiation, for P25, H140 and commercial
TiO,, respectively. RhB exhibits a characteristic absorption
band at 554 nm, and the decrease in intensity at this wave-
length is used to monitor the degradation process. A blank
test for RhB was carried out and exhibited no significant
degradation after 8 hours of light irradiation in the absence of
the catalyst (Fig. S1). The degradation efficiency of each
sample is shown in Fig. 9(d) where P25, H120, H140 and H160
exhibit full degradation of 78%, 89% and 44%, respectively
(the efficiency of samples in the present study is compared
with those of previous studies in Table S4). The RhB degra-
dation by the samples H120 and H160 are shown in Fig. S2.
Overall, a good correlation is observed between the particle
size and the photocatalytic performance of the samples. P25
notably exhibits the highest degradation efficiency (100%
within 90 minutes) and the highest pseudo-first-order rate con-
stant (0.061 min~'). Among the hydrothermal samples, the
best result achieved is 89% for H140, the enhanced RhB degra-
dation efficiency can be attributed to its larger surface areas in
comparison with the other hydrothermally prepared samples
(H120, and H140). H140, H120, and H160 exhibit the surface
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areas: 14.14, 10.63, and 5.87 (m”> g™"), respectively, from which
a correlation between the BET surface area and photocatalytic
efficiency can be concluded. The exceptional performance of
P25, despite its low surface area, is likely due to its mor-
phology. The SEM images reveal that P25 consists of nanorods
with an average width of 34.89 nm surrounded by larger rod-
like structures. During photocatalytic degradation, the
powders are stirred in an aqueous solution, reducing agglom-
eration and exposing more active surface area. For samples
synthesized under similar conditions with comparable particle
sizes, the BET results correlate well with photocatalytic per-
formance, as observed for H120, H140, and H160.

To better evaluate the performance of the P25 sample, its
photocatalytic efficiency was compared with that of commer-
cial TiO, under identical experimental conditions. The TiO,
sample achieved 99% degradation of rhodamine B after
3 hours of visible light illumination (Fig. 9c). In contrast, the
P25 sample demonstrated approximately twice the efficiency,
reaching complete degradation within just 90 minutes.

All samples show a hypsochromic shift in the absorption
peak of RhB during degradation. The largest shift is observed
for P25, where the absorption maximum shifts from 553 nm to
493 nm. Different final peak positions for P25 (493 nm) and
H140 (506 nm) suggest that different degradation pathways or
by-products may be involved, even though a large proportion
of RhB degradation was achieved in both cases. Since RhB is
degraded faster by P25 (90 min) than by H140 (89% degra-
dation in 3 h), it is plausible that demethylation and degra-
dation of the xanthene ring proceeds further in the P25
sample, resulting in different intermediates and final pro-

This journal is © The Royal Society of Chemistry 2026
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ducts.’® Moreover, the data allow for a comparison between
the a and B phases of AgVO;. Previous studies have reported
that the B phase generally exhibits superior photocatalytic
activity due to its thermodynamic stability and reduced elec-
tron-hole recombination.>® However, the current study pre-
sents contradictory results. The a-phase P25 shows signifi-
cantly higher degradation efficiency (100%) than the p-phase
samples such as H120 (78%), H140 (89%), and H160 (44%)
(Fig. 9d). Based on the band structure of o and p-AgVO; (P25
and H140), electrons in the conduction band can react with
oxygen to form superoxide radicals ("O,”) which act as reactive
oxygen species (ROS) responsible for photocatalytic RhB degra-
dation (Fig. 7b). The contribution of ‘O,~ to the degradation
process was further confirmed using electron and hole scaven-
gers. When an electron scavenger (benzoquinone) was added,
the photocatalytic performance of the P25 sample decreased
from 100 to 80 percent. In contrast, the addition of methanol
(hole scavenger) does not significantly affect the performance
of the P25 sample (Fig. 9e). It means that "O," is the primary
driver of the reaction. To clarify the mechanism, electrons
from the conduction band transfer to oxygen molecules, gener-
ating superoxide radicals that subsequently attack the RhB
molecules and degrade their structure.’® As shown in Fig. 7b,
the conduction band of the H140 sample (—1.08 eV) is more
negative than that of P25 (—0.94 eV), which may explain its
lower RhB degradation kinetics.

Additionally, particle size plays an important role in photo-
catalytic performance. The SEM images reveal that the P25
sample has smaller particle size compared to H140 and other
B-phase samples synthesized via hydrothermal methods. Since
the B-phase samples are prepared at higher temperatures, they

This journal is © The Royal Society of Chemistry 2026

exhibit larger particle sizes (rods width: 61-82 nm), reducing
the surface area. In contrast, the P25 sample, synthesized at
room temperature, offers smaller particle size, enhancing
photocatalytic activity. Therefore, the combined effect of band
structure and particle size explains why the P25 sample and
a-phase demonstrate superior photocatalytic performance
compared to the p-phase samples.

To validate the applicability of AgvVO; for anionic dyes as
well, methyl orange (MO) was selected for additional testing.
The optimized P25 sample was employed for the photocatalytic
degradation of MO under the same conditions as RhB. The
P25 sample exhibited similar performance for MO, achieving
90% removal after 90 minutes of light irradiation (Fig. 9f).
These results indicate that AgVO; is capable of serving as an
effective photocatalyst for both cationic (e.g., RhB) and anionic
(e.g., MO) dye degradation.

A recyclability test was performed for the P25 sample
(Fig. 10). After each cycle, the P25 sample was removed from the
RhB solution and transferred to a new reactor to begin the next
cycle. The results show that the P25 sample maintained its
photocatalytic performance for the first three cycles; however,
its efficiency decreased significantly in the subsequent cycles,
dropping to approximately 50% in the fourth cycle and 25% in
the fifth cycle. To investigate the cause of this decline, XRD
measurements were performed after the first and fifth cycles
(Fig. 10b). The results indicate that the crystal structure
remained stable after the first cycle, with no noticeable changes.
In contrast, after the fifth cycle, the XRD pattern revealed struc-
tural modifications, as the characteristic peaks at 12°, 17°, and
31° disappeared. This structural change explains the reduced
photocatalytic efficiency observed in the later cycles.
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lysis and after the first and fifth cycles.

To gain a better understanding of the photocatalytic
process and its underlying mechanism, a kinetic study was
performed for all samples. Kinetic analysis is crucial for photo-
catalytic reactions, as these processes are highly time depen-
dent. If the recombination rate of photogenerated charge car-
riers exceeds the lifetime of reactive oxygen species (ROS),
such as hydroxyl radicals, the degradation reaction may not
occur efficiently. Therefore, understanding the reaction kine-
tics is essential. Pseudo-first order, and pseudo-second order
kinetic models, were employed to evaluate the photocatalytic
degradation of rhodamine B (RhB), as shown in Fig. 11. The
corresponding kinetic rate constants and R-squared values for
all models are summarized in Table 5. The pseudo-first order
model exhibits the best fit to the experimental data, with R
values ranging from 0.97 to 0.99. These values are higher com-
pared to those for the pseudo-second order model (R* =
0.67-0.97). The highest pseudo-first order model rate constant
was observed for the P25 sample (0.061 min™"), followed by
H140 (0.012 min~"). In contrast, the H160 sample exhibited

Pseudo-first order model
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Table 5 Kinetic rate constants and R-squared values for the pseudo-
first order and pseudo-second order models applied to the photo-
catalytic degradation of rhodamine B

Pseudo-first order

model Pseudo-second order model
Sample k, (min™") R k, (conc™ min™") R
P25 0.061 0.97 0.760 0.67
H120 0.008 0.99 0.037 0.73
H140 0.012 0.99 0.007 0.91
H160 0.003 0.99 0.001 0.97

the lowest rate constant, which was approximately 20 times
lower than that of P25.

After comparing the photocatalytic performance of o- and
B-AgVO; samples, it is concluded that the P25 sample with the
a-phase structure exhibits higher efficiency than the p-phase
samples. To further optimize its performance, the effects of

Pseudo-second order model
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Fig. 11 Kinetic analysis of RhB degradation using (a) pseudo-first order and (b) pseudo-second order models for all synthesized samples.
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pH and catalyst dosage were investigated (Fig. S4 and S5). The
results indicate that the sample performs better in basic solu-
tions compared to acidic ones. The pH of the RhB solution
after adding the P25 sample was 5.5, which was used as the
control sample. A more acidic environment reduces the photo-
catalytic activity, whereas under basic conditions the sample
maintains its performance. Additionally, increasing the cata-
lyst dosage beyond 0.75 g L™ leads to complete RhB degra-
dation. At 0.75 g L7', full dye degradation occurs after
180 minutes, while at 1 g L™" complete degradation is achieved
within 90 minutes. Therefore, 1 g L™ is identified as the
optimum AgVO; dosage for RhB degradation.

4. Conclusion

In this study, facile, repeatable synthesis routes for producing
both a- and p-phases of AgVO; were successfully developed.
The metastable a-phase was synthesized via a simple precipi-
tation method at room temperature, while the formation of
the thermodynamically stable p-phase required hydrothermal
synthesis at elevated temperatures (120-160 °C). Notably, the
f-phase could not be obtained through the precipitation
method. Although both o- and p-AgVO; crystallize in a mono-
clinic system, they differ in space group symmetry: the a-phase
adopts the C2/c space group, whereas the f-phase crystallizes
in the C2/m space group. All samples display rod-like mor-
phologies; however, the a-phase (P25) exhibits a distinctive
tree-like architecture, characterized by nanorod growth on
microrods. Differential scanning calorimetry (DSC), comple-
mented by high-temperature X-ray diffraction and calcination
studies, confirmed an irreversible a« — p phase transition
occurring between ~200 and 240 °C. All samples exhibit small
optical bandgaps (~2.0 eV), enabling visible-light-driven
photocatalysis. The full electronic band structures of o- and
B-AgVO; were determined, with their conduction and valence
band positions calculated to be (—=0.94 eV, 1.13 eV) and (—1.08
eV, 0.92 eV) versus NHE, respectively.

In contrast to previous studies that favor the p-phase for
photocatalysis, the a-phase demonstrates significantly higher
photocatalytic performance. The P25 sample achieved complete
rhodamine B degradation within 90 minutes, while the best-per-
forming B-phase sample reached only 89% after 180 minutes.
This highlights the crucial influence of morphology and surface
characteristics over crystallinity in determining photocatalytic
efficiency. Kinetic analysis revealed that the RhB degradation
follows a pseudo-first-order model, with the highest rate con-
stant observed for the P25 sample to be 0.061 min™".
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