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Silver vanadates thin films were deposited by a hybrid deposition system combining laser ablation and thermal
evaporation. A high purity vanadium target was ablated using the third harmonic of a Nd:YAG laser whereas
high purity silver pellets were evaporated. The as-deposited thin films were subjected to thermal treatments at
400 °C to obtain crystalline films. For films without Ag amorphous V2 O5 thin films were deposited and as the
Ag is incorporated in the material different silver vanadates were obtained. The effect of the silver load on the
composition, structure, optical properties, surface morphology and photocatalytic response of the deposited films
was studied. The film composition, determined by X-ray photoelectron spectroscopy, reveals Ag contents from
5.5 to 18.9 at.%. The crystalline phases formed were identified by micro-Raman Spectroscopy; the results indicate the formation of three silver vanadates depending on the silver content. The morphology was observed
using scanning electron microscopy, the filḿs surface changes from a smooth surface to belts covering the surface and finally Ag nanoparticles are observed at the higher Ag contens. Optical properties determined from
UV–vis reveal the presence of the surface plasmon signal in films containing silver. The films were tested in the
photocatalytic degradation of Malachite Green dye reaching maximum degradations degrees close to 53% under

solar irradiation. Reactive species trapping experiments suggest that O2 −
produced by the O2 reduction via the
photogenerated electrons drives the photodegradation mechanism.

1. Introduction

Wastewater treatment using photocatalysis has been widely investigated in the last years due to the advantages offered by the so-called Advanced Oxidation Processes. Although several semiconductors as TiO2 ,
ZnO, V2 O5 , Fe2 O3 and SnO2 [1] have been studied as photocatalyst materials, most of them requires UV excitation; therefore, improvement
of the photocatalytic performance under visible irradiation using solar
light is a key issue.
In the last decades silver vanadium oxides (SVO) have received
much attention due to their great diverse variety of crystalline struc

tures endowing them with unique physical and chemical properties.
SVOs have been used in electronic devices such as electrochromic coatings, gas sensors, cathodes for intercalation lithium batteries, as antibacterial coatings [2,3] and in the photocatalytic degradation of organic
compounds dissolved in wastewaters such as crystal violet (CV) [4],
methylene blue (MB) [5] and rhodamine B (RhB) [6,7] as an alternative to conventional catalysts as TiO2 [8]. The development of photocatalysts in thin film form has been explored in the last years due to
the advantages of this kind of nanomaterials compared with their counterparts in powder form, a recovery procedure is not required and a
very lower amount of material produces the same result. Thin films of

⁎ Corresponding author at: Departamento de Física, Instituto Nacional de Investigaciones Nucleares, Apdo. Postal 18-1027, Cd. México 11801, Mexico and Centro Conjunto de
Investigación en Química Sustentable UAEM-UNAM, Toluca, Estado de México 50200, Mexico
Email address: ferngoz@hotmail.com (F. Gonzalez-Zavala)

https://doi.org/10.1016/j.cattod.2017.09.007
Received 20 April 2017; Received in revised form 1 September 2017; Accepted 3 September 2017
Available online xxx
0920-5861/ © 2017.

F. Gonzalez-Zavala et al.

Catalysis Today xxx (2017) xxx-xxx

condition, reaching the equilibrium in approximately 10 min. The
degradation measurements were performed starting at this time.
In order to gain insight about the photodegradation mechanism, reactive species trapping experiments were performed. Triethanolamine
(TEOA, 0.01 M), p-benzoquinone (BZQ, 0.001 M) and isopropanol (IPA,
 ),
0.02 M) were employed as scavengers for photogenerated holes (h+
−

superoxide anion radicals (O2 •) and hydroxyl radicals ( OH) [15], respectively. The scavengers were added into the photocatalytic reaction
system containing 10 μmol/L solution of MG dye. The MG degradation
was followed by the intensity decrease of its characteristic absorption
band at 619 nm. The absorbance values were correlated to MG concentrations through a calibration curve. Kinetic reaction constants (ka pp)
were calculated assuming a pseudo-first order reaction from the Ln C
versus time graphs
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SVO have been prepared by various methods on different substrates,
the techniques employed include: magnetron sputtering [9], aerosol assisted chemical vapor deposition [10], sol gel [11] and pulsed laser deposition (PLD) [12], among others. On the other side, a lot of work has
been dedicated in the last years to investigate deposition techniques to
prepare oxide thin films modified with metals trying to have good control of the metal amount that allows metal doping as well as to produce
the metal oxide to have mixtures of oxides. The laser ablation technique
for thin film deposition allows the possibility of applying different variants to prepare materials with novel properties. In particular, the implementation of a hybrid deposition configuration has been successfully
used to prepare vanadium oxide thin films modified with Ag with good
control of the composition [13]. It must be emphasized that preparation
of silver vanadates in thin film form remains as a challenge; thin films
of Ag3 VO4 are difficult to prepare by common deposition techniques, attempts to stabilize the β-Ag3 VO4 phase in thin film form have been unsuccessful by both sputtering and pulsed laser deposition [14]. One of
the aims of this work is to address some of these difficulties by depositing thin films of silver vanadates by means of a hybrid deposition configuration combining two physical deposition techniques, laser ablation
and thermal evaporation, in this way SVOs with different silver contents
are obtained.

3. Results and discussion
3.1. Compositional analysis

X-ray photoelectron spectroscopy (XPS) results showed that thin
films are composed of vanadium, oxygen and silver with a small amount
of adventitious carbon. The atomic contents of silver were varied from
5.5 at.% for the thin film with the lowest silver thickness up to 18.9 at.%
for the film with the higher silver thickness as is showed in Fig. 1. The
monotonic behavior of the data indicates that the total Ag thickness is a
good parameter to control the amount of silver incorporated in the film.
The high resolution XPS spectra of the Ag-3d region are shown in
Fig. 2a. The sample with the lowest silver content present two asymmetric peaks centered at 367.3 and 373.3 eV corresponding to the Ag-3d5 /2
 [16]. It is clearly observed a
and Ag-3d3 /2 levels characteristics of Ag+
shift of these peaks to higher binding energies, indicating a change to a
lower oxidation state. Samples with silver contents greater than 7.9 and
up to 8.3 at.%, show peaks centered at 368.4 and 374.4 corresponding
to an Ag0 and Ag+ oxidation states attributed to a mixture of metallic
silver and silver vanadates, AgVO3 and Ag3 VO4 [17].
The Ag-MNN signal was analyzed to discern metallic silver and silver oxide since this signal is very sensitive to changes in the oxidation states of silver. Fig. 2b shows the AES spectra of the different
samples. Two main signals around 351 and 356 eV, corresponding to
the M4 N4 5N4 5 and M5 N4 5N4 5 Auger transitions are observed [18]. The
Auger spectra of samples with Ag contents greater than 9.4 at.% show
the presence of a shoulder at higher energies increasing its intensity as
the Ag content increases. These results suggest that at lower Ag contents the material is formed by a silver oxide that starts to reduce to
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2. Experimental

The deposition process of silver vanadates thin films was carried out
 6 Torr. A
inside a vacuum chamber at a working pressure of 2 × 10−
vanadium target was ablated using the third harmonic of a Nd:YAG laser
(355 nm) with a pulse duration of 5 ns and a repetition rate of 10 Hz;
the pulse energy was kept at 8 mJ for all experiments resulting in laser
fluences close to 5 J/cm2 . All deposits were performed with the substrate at room temperature. The amount of silver incorporated in the
thin films was varied by changing the Ag deposition rate from 0.05 Å/s
for the sample with the lowest silver content up to 0.5 Å/s for the sample with the higher silver content; the silver deposition rate was monitored by a quartz microbalance placed parallel to the substrate measuring the deposited silver thickness. Subsequently the obtained films were
thermally treated at 400 °C for 2 h in a convection oven open to the environment in order to oxidize the remaining metallic vanadium and to
increase the crystalline quality of the films. The analysis of the chemical
composition was performed by X-ray photoelectron spectroscopy (XPS).
The XPS measurements were carried out using a PHI Mod. 5700 system
equipped with a Mg X-ray source (hν = 1253.6 eV). The high-resolution spectra were acquired with a pass energy of 29.3 eV. The spectra
treatment was performed with the Multipak Software. The crystalline
microstructure was characterized by Raman spectroscopy (RS) using an
HR LabRam 800 system with an Olympus BX40 confocal microscope; a
Nd:YAG laser beam (532 nm) was focused with a 100 X objective onto
the sample surface. Surface morphology was observed by scanning electron microscopy (SEM) using a JEOL JSM 6510LV microscope. Optical
properties were determined from UV–vis measurements performed with
a Perkin Elmer lambda 35 spectrometer.
The photocatalytic activity was tested in the degradation of the
Malachite green (MG) dye in an aqueous solution (10 μmol/L) activating the photocatalysts with a solar simulator at power densities close
to 30 mW/cm2 . The reaction system was prepared by introducing the
thin film into a 25 mL of the MG solution, afterwards, the reaction system was stirred in dark condition to establish adsorption equilibrium
between dye solution with the photocatalyst. This was done as the first
step in the photodegradation measurements; in general terms, approximately 13–17% of MG dye was removed by adsorption from the test
solution within the first 10 min with each photocatalyst in the dark

Fig. 1. Silver content in the films as a function of the total Ag thickness.
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3.2. Raman spectroscopy
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Fig. 3 shows the Raman spectra of samples with different Ag content. As it can be observed, the Raman spectra show different vibrational
features, indicating different structural arrangements depending on the
Ag content. The lowest spectrum in Fig. 3, corresponding to the sample
without silver, only shows the peaks due to the silicon substrate indicating the amorphous nature of the deposited material. The Raman spectrum of the sample with the lowest Ag content (5.5 at.%) is character 1, that agrees
ized by vibrational modes at 730, 808, 845 and 888 cm−
well with those reported for the beta phase of AgVO3 [19]. No changes
in the Raman spectrum are observed when the Ag content increases to
9.4 at.%, only a lowering of the Raman intensity. The Raman spectra
were normalized to the intensity of the second order silicon signal (the
 1) in order to compare clearly the difband is centered about 950 cm−
ferent features present in the various spectra. This is the reason why
the noise to signal ratio is seen higher in the spectra with increasing
atomic% of Ag. Evident modifications are clearly seen in Raman spectra of samples with Ag contents of 10.9 and 14.6 at.%, in which a wide
 1 appears, suggesting structural disorder of
band from 750 to 870 cm−
the AgVO3 lattice induced by the incorporation of silver. This band can
 1,
be considered as the convolution of peaks at 790, 809 and 830 cm−
that could be attributed to the formation of Ag4 V2 O7 [20] Finally, for
the highest silver content (18.9 at.%) the presence of an intense peak at
 1, characteristic of Ag VO as well as less intense signals due
788 cm−
3

4

to AgVO3 are observed [21] indicating that at this Ag content, the deposited material is formed by a mixture of silver vanadates, AgVO3 and
Ag3 VO4 , prevailing the Ag3 VO4 as the main phase. Therefore, the Raman results indicate the formation of silver vanadates following the next
phase evolution: AgVO3 → AgVO3 + Ag4 V2 O7 → Ag3 VO4 + AgVO3 .
3.3. Optical properties

Fig. 2. a) high resolution XPS spectra of the Ag-3d region of samples with different Ag
content; b) AES spectra of the Ag-MNN signal of the different samples.

The UV–vis spectra corresponding to the different deposited samples
are shown in Fig. 4a. For samples containing Ag, the UV–vis spectra
clearly show an absorption band around 421 nm attributed to the surface plasmon of Ag nanoparticles [22]. As the Ag content increases, it
is observed that the absorption band increases its intensity indicating

metallic silver as the silver content increases. Therefore, the Auger spectra suggest that prepared materials consist of a mixture of oxidized silver with metallic silver, increasing the metallic component as the silver
content is increased.

Fig. 3. Raman spectra of samples with different Ag content.
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contents greater than 9.4 at.% as is shown in Fig. 4b. These last band
gap values are in the visible light region (413 nm).
3.4. Surface morphology
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Fig. 5 shows SEM micrographs of the films surface containing different Ag amounts. The sample without Ag exhibits a surface without any
feature. At the lowest Ag content, a surface covered with nanobelts with
some Ag nanoparticles scattered is observed. Increasing the amount of
silver in the film to 9.4 at.%, increase the number of silver nanoparticles
and the nanobelts show clearly the presence of smaller particles on their
surface. At a Ag content of 10.9 at.%, the surface is covered by spherical particles that according to EDS measurements are of silver and the
nanobelts are practically disappeared. Further addition of Ag, increases
the number of Ag nanoparticles and their size for the highest Ag content. These results suggest that the presence of silver induces the segregation of silver vanadates and at the same time a coalescence process
that promotes the formation of silver nanoparticles.
The TEM image of the sample with an Ag content of 9.4 at.%
shows the presence of silver nanoparticles covering the silver vanadate nanobelt as is observed in Fig. 6a. A closer view of one of these
nanobelts reveal nanoparticle sizes of less than 20 nm (Fig. 6b). This
result suggests that nanobelts decorated with Ag nanoparticles are obtained for silver contents lower than 9.4 at.%.
3.5. Photocatalytic activity
Films with an area of approximately 1 cm2 and photocatalyst mass
from 150 to 300 μg were used to evaluate the photocatalytic activity.
Fig. 7a shows the degradation degree of MG dye as a function of the reaction time using the deposited films with different Ag contents. Degradation degree was determined from the decrease in the characteristic
absorption band of the MG at 619 nm through a concentration calibration curve. It is observed that the sample without silver reaches a
maximum conversion degree close to 37% after 180 min of reaction
time. When a silver amount of 5.5 at.% is incorporated in the film,
a decrease in the degradation degree is observed. The lower degradation degree of the samples containing up to 9.4 at% of silver can be
explained by two reasons: first, these samples exhibit a high recombination rate as PL measurements reveal (figure not included), approximately 8 times greater than the V2 O5 sample, consequently, a lower
photocatalytic response is expected; second, it has been reported elsewhere that compared with other Ag-based materials AgVO3 exhibits a

Fig. 4. a) UV–vis spectra and b) band gap values, corresponding to the different deposited
samples.

a greater number of nanoparticles; additionally, a slight red shift of
the absorption edge is observed. The optical band gap was determined
from the UV–vis spectra using the Tauc method [23]. The obtained results reveal that, as the Ag content increases in the samples, the band
gap narrows from 3.5 eV to values close to 3.0 eV for samples with Ag

Fig. 5. SEM micrographs of the films surface containing different Ag amounts: a) 0, b) 5.5, c) 9.4, d) 10.9, e) 14.6 and f) 18.9 at.%.
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Fig. 6. TEM images of the sample with an Ag content of 9.4 at.% showing the vanadates nanobelts decorated with silver nanoparticles.
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achieved by the photocatalyst without silver. Further addition of Ag to
the film decrease the degradation degree, showing a reduction to values
close to 43%, even higher than the film without Ag. It is worth mention
that even the relative low degradation degrees obtained, the photocatalysts were activated with solar light. The degradation reaction was performed two times for each sample and it was found a maximum reduction of 53% from the values obtained for the first reaction, indicating
poor stability of the tested films. To increase the stability of these films
is an important issue to be solved.
Fig. 7b shows the graph of −ln(C/C0 ) vs reaction time, where C is
the concentration at time t and C0 the initial concentration, for samples
containing 5.5, 10.9 and 18.9 at.% of Ag. It is clearly observed a linear
behavior of the data for lower Ag contents, suggesting a first order kinetic reaction. For Ag loads greater than 10.9 at.% a no-linear tendency
is observed probably due to a higher order reaction or to a combination
of different kinetics orders.
The proposed photocatalytic degradation mechanism, based on reviews [25–27] and the results of this work, is as follows: the first step
is the absorption of light with energy equal to or greater than the band
gap energy of the material; as a result, the photon absorption causes the
transfer of electrons from the valence band to the conduction band with
the subsequent generation of holes in the valence band. The migration
of these charge-carriers, electrons and holes, to the film surface leads
to oxidation and reduction reactions producing hydroxyl ( OH) and su
peroxide radicals (O2 −
), respectively. To determine the role of these
species in the photodegradation mechanisms, reactive species trapping
experiments were performed. Triethanolamine (TEOA), p-benzoquinone
(BZQ) and isopropanol (IPA) were employed as scavengers for photo ), superoxide anion radicals (O −

generated holes (h+
) and hydroxyl
2

radicals ( OH), respectively. It is important to point out, that depending on the nature of the photocatalyst material as well as the molecule to be degraded, diverse kind of scavengers have been used reporting different results [15,25–27]; in this work, triethanolamine p-benzoquinone and isopropanol were chosen as scavengers for holes, superoxide and hydroxyl radicals. Fig. 8 shows the results of photodegradation of samples containing 5.5 and 14.6 at.% of Ag and without silver as well using the different scavengers. It is clearly observed that
when TEOA is incorporated into the reaction system a higher degradation degree, close to 80%, is reached. The kinetic reaction constants
 1 for the catwere calculated and values of −0.0129 and −0.0124 min−
 1 for the catalyst with 5.5 and 14.6 at.% of Ag and −0.0115 min−
alyst without silver. These results suggest that holes have little participation in the MG dye degradation. Under the presence of BZQ,

the results showed the lowest degradation degrees indicating that O2 −
is the reactive species that drives the photodegradation mechanism

Fig. 7. a) degradation degree of MG dye using the deposited films with different Ag contents; b) graph of −ln(C/C0 ) vs reaction time for samples containing 5.5, 10.9 and 18.9
at.% of Ag.4.

low quantum yield and poor absorption in the visible light region [24].
In order to decrease the electron–hole recombination and increase the
charge carrier separation, hybrid materials such as Ag3 VO4 /β-AgVO3
have been prepared with higher photocatalytic activity than single
Ag3 VO4 and β-AgVO3 . This also explains the higher degradation degrees obtained with samples with higher silver content [24]. After that,
the samples containing silver exhibit an increase in their photocatalytic
activity; in fact, films with Ag contents greater than 10.9 at.% show
better activity than the sample without silver, reaching degradations
around 53% for reaction times of 180 min, almost 50% the conversion
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through the O2 reduction by the photogenerated electrons; in this case,
 1 for all
the kinetic reaction constants were approximately −0.001 min−
the samples. The use of IPA as scavenger of OH radicals, results in
degradation degrees close to 25%, assuming that OH are mainly produced by the H2 O oxidation by the photogenerated holes, the lower photoactivity compared to the one obtained using TEOA indicates a predominant electron-hole recombination process inhibiting the dye degradation. In this case, the kinetic reaction constants were −0.0057 and
 1 for the catalysts with 5.5 and 14.6 at.% of Ag, respec−0.0027 min−
 1 for the catalyst without silver. These results
tively, and −0.0027 min−

suggest a reductive photodegradation mechanism in which the O2 −
reactive species plays a dominant role in the MG mineralization.
4. Conclusions

Thin films of different silver vanadates deposited by a hybrid deposition configuration were obtained. It was possible to obtain pure
AgVO3 with good crystalline quality at lower Ag contents and mixtures
of AgVO3 and Ag4 V2 O7 as well as Ag3 VO4 with AgVO3 at higher Ag contents, being the Ag3 VO4 the main phase; further work is underway to
establish suitable conditionts to obtain pure Ag3 VO4 . The silver vanadates films with mass as low as 150 μg were tested in the photocatalytic degradation of Malachite Green dye reaching maximum degradations degrees close to 53% under solar irradiation. Reactive specie trap • is the most reactive specie in the MG
ping experiments reveal that O2 −
degradation proccess through the O2 reduction by the photogenerated
electrons suggesting a reductive photodegradation mechanism.
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