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Abstract

In this work, thin layers of MoOs were tested as potential photoanodes for water splitting. The influence of photointercalation of
alkali metal cation (K*) into the MoOjs structure on the photoelectrochemical properties of the molybdenum trioxide films was
investigated for the first time. MoOj thin films were synthesized via thermal annealing of thin, metallic Mo films deposited onto
the FTO substrate using a magnetron sputtering system. The Tauc and Mott—Schottky plots analysis were performed in order to
determine the energy bands position of the investigated material. The photointercalation effect of K* on photoelectrochemical
properties of FTO/MoO; photoanodes was studied using electrochemical techniques performed under simulated solar light
illumination. It was proven that pristine MoO; layers cannot act as effective photoanodes for water splitting due to the utilization
of the photoexcited electrons in the intercalation process. The photochromic phenomenon related to Mo®* centers reduction, and
K* intercalation occurs at a potential range in which the photoanode exhibits photoelectrochemical activity towards water

photooxidation.
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Introduction

Among various metal oxide semiconductors, molybdenum
trioxide (M0O3) has attracted great attention because of its
multifaceted functional properties [1-4]. Among crystal struc-
tures of MoO3, the thermodynamically stable x-MoOs is com-
monly tested as photoactive material. It was reported that
MoOj; can be successfully utilized as a photocatalyst for haz-
ardous waste photodegradation [5, 6]. The advantage of
MoOs; in comparison with commonly used TiO,, in the pho-
toinduced organic waste decomposition process, is the possi-
bility of visible light absorption and conversion due to the
lower energy band gap of molybdenum oxide. Relatively high
activity of MoOj in photodecomposition process is related to
the formation of highly reactive hydroxyl radicals during
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illumination [7, 8]. Besides the favorable energy band gap
and the possibility of OH" radicals formation, «-MoOs is char-
acterized by a layered crystal structure that allows the possi-
bility to create two-dimensional morphologies [9-11]. The
host lattice of MoO; provides a spacious region to accommo-
date atoms, in the form of intercalated alkali metal ions [12].
The intercalation process leads to the formation of colorful
molybdenum bronzes, according to the reaction:

MoO; + xM™
+ xe"—MMoy Mo O3 (M—metal ions) (1)

Among the many ways to induce the intercalation process,
the photoinduced intercalation attracts great attention because
of possible interesting applications. The photointercalation ef-
fect observed for MoOs in contact with Na* containing elec-
trolyte has been utilized in a two-electrode cell for the energy
storage device. The simultaneous illumination and polariza-
tion of Mo/MoOs electrode lead to the charging (intercalation)
and then energy can be released at the dark (deintercalation)
[11]. The effect of molybdenum bronze formation affects the
optical properties and extends the range of absorbed light. The
change of MoOj color is observed due to the charge transfer
between Mo®" and partially reduced Mo>* centers [13]. The
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extension of the absorbed light range may enhance the effi-
ciency of photoinduced processes that occur with the use of
irradiated MoOj3. Our previous report showed that besides
energy band gap narrowing, a positive effect of
photointercalation of alkali metal cations on the photocatalytic
properties of molybdenum trioxide can be achieved [14].
Generally, the illumination of photocatalysts leads to the gen-
eration of ¢ /h* pairs and photoexcited electrons are utilized
for oxygen reduction reaction and the formation of superoxide
radicals (O2"). The effective consumption of electrons is cru-
cial for inhibition of adverse recombination processes and
enables the use of photoexcited holes from the valence band
for photooxidation phenomena. In the case of MoOs, photo-
excited electrons take part in the intercalation process; thus,
the photocatalytic performance is preserved even under anaer-
obic conditions.

There are many literature reports about the use of MoO; as
a photocatalyst for organic compounds photodecomposition
[8, 15—18]. On the other hand, there are no literature reports
related to the use of bare MoO; as a photoanode for
photoelectrochemical water splitting. In some reports, MoO;
is utilized only as a modifier of commonly used photoanode
materials (TiO,, BiVOy) [19, 20]. The features that material
has to possess to be a prospective photoanode for water
photoelectrooxidation are, i.e., (i) be an n-type semiconductor,
(ii) has an energy band gap allowing the visible light to be
absorbed, and (iii) be characterized by the appropriate valence
band location allowing water photooxidation. MoQOj3 has all
these features.

In the present study, FTO/MoOj; electrodes were character-
ized as potential photoanodes for water splitting and used in
PEC device for mater splitting. The energy bands position was
determined on the basis of Tauc plot and Mott—Schottky anal-
ysis. The limitations of photocurrent generation are discussed
taking into account the photointercalation phenomenon.

Experimental

Molybdenum films were first deposited using magnetron
sputtering method from the Mo target (Quorum) onto the
FTO substrate (Sigma-Aldrich, 7 £2/sq). Before the deposition
of Mo films, the FTO glass substrates were subjected to ultra-
sonic cleaning in acetone, ethanol, and isopropyl alcohol for
15 min each, sequentially. The deposition was performed
using a Quorum Q150TS coater operating at argon work pres-
sure of 2.0 Pa at room temperature, with a discharge current of
80 mA. The thickness of the Mo layer was estimated using a
quartz crystal microbalance and was equal to 100 nm. FTO/
Mo was then subjected to annealing in air at 450 °C for 2 h. As
a result, molybdenum trioxide (FTO/MoO;) was obtained.
The layer of sputtered metal during the calcination has been
completely converted into a metal oxide as it is shown on
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XRD patterns of samples before and after thermal treatment;
see Fig. 1.

Raman spectra were recorded using the micro-Raman spec-
trometer (Renishaw InVia) with excitation of the samples by
means of an argon laser emitting at the wavelength of 514 nm,
operating at 5% of its total power (~50 mW). The transmit-
tance of FTO/MoOj; nanostructures was measured by UV—Vis
spectrometer (Lambda 35, PerkinElmer). The spectra were
registered in the range of 300—700 nm, with a scanning speed
of 120 nm min ' The energy band gap of the material was
estimated using the Tauc equation assuming indirect transi-
tion.

(ahv)" = hv-E, (2)

a—absorption coefficient, hv—photon energy, E,—ener-
gy band gap, and n—power characteristic for the type of tran-
sition (n=0.5 for indirect transition).

The morphology of MoOj3 layers was investigated using
scanning electron microscopy (the Schottky field emission
scanning electron microscope FEI Quanta FEG 250 with ET
secondary electron detector). The beam accelerating voltage
was kept at 15 kV. The chemical composition measurements
before and after the photointercalation process were per-
formed by the X-ray photoemission spectroscopy method.
The XPS measurements were performed using an Argus
Omicron NanoTechnology X-ray photoelectron spectrometer.
The photoelectrons were excited by an Mg-K« X-ray source.
The X-ray anode was operated at 15 keV and 300 W. XPS
measurements were performed at room temperature under
ultra-high vacuum conditions, with pressure below 1.1 x
107® mbar. Data analysis was performed with the CASA
XPS software package using Shirley background subtraction
and a least-squares Gaussian—Lorentzian curve fitting algo-
rithm. Obtained spectra were calibrated to give binding energy
of 285.80 eV for Cls. The electrochemical and
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Fig. 1 XRD patterns of (a) FTO/MoOs; and (b) FTO/Mo
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photoelectrochemical studies of materials were conducted
using the AutoLab PGStat 302 N potentiostat-galvanostat sys-
tem (Methrom, AutoLab) in the standard three-electrode ar-
rangement, where FTO/MoO; served as a working electrode
(geometric surface area of 0.3 cm?). The Pt mesh was used as a
counter electrode, while Ag/AgCl (3 M KCl) as a reference
electrode. The electrochemical tests were carried out in
deaerated 0.2 M K,SO,4 (pH =2, acidified using H,SO,).
K,S0,4 and H,SO,4 with analytical grade were purchased from
POCH. A xenon lamp equipped with AM 1.5 filter with a light
intensity of 100 mW cm 2 was used as the light source.

Electrochemical impedance spectroscopy measurements
were conducted at the frequency range from 20 kHz to
0.1 Hz, covering 100 points and with 10 mV amplitude of
the AC signal (before and after illumination). In order to per-
form the Mott—Schottky analysis, impedance spectra were re-
corded at different potentials in the range from + 0.6 to — 0.4 V
vs. Ag/AgCl (3 M KCl). Before each spectra registration, the
potential was held to achieve a steady-state condition. The
Mott-Schottky analysis was performed in order to determine
the flat band potential.

Results and Discussion
Energy Band Position of MoO;

The flat band potential (Eg,) was determined using the Mott—
Schottky analysis. In order to estimate capacitance of the
space charge region, the impedance spectra were measured
at the dark conditions at different potentials (potential step =
0.025 V). Typical spectra are presented in Fig. 2a. The differ-
ences of impedance plots in the measured potential range are
mainly related to the change of the electrical double layer
capacitance. In order to avoid the problem with frequency
dispersion of capacitance, the flat band potential was deter-
mined from 3 different frequencies (500, 1000, 1500 Hz).
Obtained values are very close to each other suggesting the
correctness of the analysis. The positive slope of Mott—
Schottky plot presented in Fig. 2b confirmed that obtained
MoOj is an n-type semiconductor with Ey, equals to about
0+0.01 Vvs. Ag/AgCl (3 M KCI) (0.288 V vs. NHE). The
cyclic voltammetry curve (CV) of the FTO/MoO; electrode
(dark conditions) is presented also in Fig.2b. Polarization
started at a rest potential equal to 0.1 V vs. Ag/AgCl 3 M
KCI) towards anodic direction. There was a complex electro-
chemical activity with two main redox couples. There is a
redox activity related to the reduction/oxidation of Mo centers
[21]. Peak ¢; observed at —0.09 V and its anodic counterpart
(a) appears at 0.04 V accompanied by a shoulder (ay) as at
0.075 V (E1/2=—0.065) is related to the Mo®*/Mo>* redox
reaction. Very similar electrochemical behavior, but shifted
towards less cathodic potential, was already reported for

MoOj; polarized in 1 M H,SO,4 aqueous electrolyte [22].
The electrochemical reduction occurs simultaneously with
cation intercalation into the MoOj structure and clear change
of the film color [1]. The excess of H' in the electrolyte, as it
was shown [22], facilitates the electrochemical reaction in
comparison to K,SO, electrolyte the difference is equal to
0.124 V indicating that insertion of protons into oxide struc-
ture is energetically favorable. The second redox couple: ¢, at
—0.41 V/a, at —0.39 V (E1/2=0.40 V) is very likely to be
related to the further redox reaction of Mo centers.
Anbananthan et al. [22] claim that the direct conversion of
Mo(V) to Mo(IV) is not possible, and it is associated with
chemical reactions giving the mixture of products on lower
oxidation states.

The electrochromic effect was clearly seen during the po-
larization; thus, recorded electroactivity is observed due to the
reversible formation of Mo bronzes. It was reported that the
conduction band of x-MoOj; consists mainly of Mo 4d orbital
[23]; thus, reduction observed on CV curve is strictly associ-
ated with the location of the conduction band. In the case of n-
type semiconductors, Ey, lies just below the CB [24]. This is
consistent with our results, and Ey, determined from MS plot
is shifted towards anodic potential in comparison with the
location of CB estimated from the CV curve.

In order to estimate the location of the valence band, the
optical band gap was determined from the UV—Vis spectrum
of the semi-transparent MoOj layer using the Tauc plot. The
spectrum is presented in Fig. 2c¢ (inset). The clear absorption
edge related to the valence to conduction band electron pho-
toexcitation is observed. There is inconsistency in the litera-
ture reports about the type of electron transition (direct or
indirect) [11, 25]. Here, two possibilities were taken into
account as it is shown in Fig. 2¢c. Assuming direct band gap
(Ez=3.43 ¢V), absorption edge should be located at about
360 nm; however, pristine MoOj3 layer absorbs light also at
higher wavelengths. Thus, the indirect band gap equals to
about 2.75 eV is also credible [26-29]. However, MoO;
tends to form oxygen vacancies; thus, the absorption in the
visible range of light can be related to the presence of the
defect states within the band gap [30]. The position of VB
was estimated using the formula: £, = Evg — Ecp, assuming
indirect transition. The location of the valence band with
respect to the water oxidation potential suggests the possi-
bility of water photooxidation on photoexcited MoO; films.
The electronic band structure of MoO; prepared according to
Mott—Schottky analysis, cyclic voltammetry, and Tauc plot
is presented in Fig. 2d. Therefore, it can be concluded that
despite the location of CB, which does not allow to H* re-
duction and hydrogen evolution, the valence band potential
is in the range that enables MoO; to act as a visible light
active photoanode for water photooxidation. The current
growth at potential below —0.6 V is related to hydrogen
redox processes.
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Fig. 2 a Typical Nyquist plots recorded for FTO/MoOs at different
applied potentials. b The cyclic voltammetry curves of FTO/MoQO3,
recorded in 0.2 M K,SO4 (pH=2), scan rate: 50 mV s! and Mott—

Photoelectrochemical Properties
and Photointercalated Material Characterization

Photoelectrochemical properties of the prepared electrode
were examined using the chronoamperometry technique re-
corded under intermittent illumination. The anodic potential,
higher than Ey,, was applied (0.8 V vs. Ag/AgCl (3 M KCI)) to
provide appropriate band bending and formation of the deple-
tion layer at space charge region near the electrode/electrolyte
interface. As it is shown on the chronoamperometry curve in
Fig. 3a, FTO/MoOs electrode generates negligible photocur-
rent related to the water photooxidation, despite appropriate
electronic bands position. It means that absorbed light cannot
be efficiently converted into photocurrent (electrons flow
from working to counter electrode). It is very likely that
photogenerated electrons are consumed during potassium ions
intercalation process for molybdenum ions valence change in
MoOj structure. Thus, molybdenum bronze can be photo-
chemically formed, exploiting the photoexcited electrons
from the conduction band as well as the diffusion of alkali
metal ions into the layered oxide lattice (see Fig. 3b).

The photointercalation process was confirmed by long-
term chronoamperometry test recorded for both non-
illuminated and illuminated electrodes. In the case of the test
performed in the dark, there was a little decrease of anodic
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Schottky plot of FTO/MoOj electrode at pH adjusted to 2. ¢ Tauc plots
of FTO/MoO3 electrode (inset: absorbance spectra). d Band alignment of
FTO/Mo0O;

current from 18.5 to 15 pA/cm?” and no change of the film
color was observed (Fig. 4a). Thus, the intercalation does not
take place under the given conditions (£ = 0.8 V). On the other
hand, the anodic current increases from 18.9 to 26 pA/cm2
during the experiment performed under simulated solar light
illumination. Simultaneously, the semi-transparent MoO;
film, turned from light gray to blue, proved that light illumi-
nation causes the formation of molybdenum bronzes.
Generally, MoO; exhibits electrochromic performance related
to the Mo®* centers reduction and cation intercalation induced
by applied cathodic potential [30]. In the case of illuminated
FTO/MoO; electrode characterized in this work, the effect of
film colorization is observed even at an anodic potential (see
photo in the inset of Fig. 4a). The clear increase of current after
about 60 min of illumination is related to the photocurrent
generation. The possibility of photocurrent generation by mo-
lybdenum bronze is probably related to the (i) energy band
gap narrowing and (ii) almost complete occupation of host
lattice by K*. The photoelectrochemical reaction that results
in the photochromic response of MoOs can be described by
considering the injection of a quantity (x) of univalent cations
(M) and utilization of an equal quantity of photogenerated
electrons (e ). The reaction can be summarized as follows
(assuming formation of reduced Mo centers at valence not
lower than 5):
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Fig. 3 a The chronoamperometry curves recorded at 0.8 V vs. Ag/AgCl (3 M KCl) under intermittent illumination (100 mW cm 2, AM1.5)in 02 M
K>S0, (pH =2) for FTO/Mo0Os. b The schematic diagram of photoexcited charge transfer in FTO/MoOj; photoanode system

MoO; + hv—e (CB,Mo03) + h™(VB, MoO;) (3)
MoO;3 + xM ™
+ xe"—M, Mo Moy O3 (M—metal ions) (4)

As a result, the film turns blue due to the intervalence-
charge transfer from the newly formed Mo>* (valence band-
like) to adjacent Mo®* (conduction band) (Eq. (5)) [31].

Mo} + Moy —™MoY + Moy

(5)

The EDX measurements were performed in order to esti-
mate the amount of intercalated K* into MoOj lattice during
the long-illumination. Atomic Mo:K ratio depending on the
photointercalation duration is presented in Fig. 4b. The linear
increase of the intercalant amount was observed. After 2 h, the
estimated composition of the film can be represented by the
formula K0-19M0X19M0X18103'

The effect of H" adsorption and intercalation during
photoelectrochemical tests could be also taken into account.
According to the literature reports, protons can interact with
lattice corner-sharing oxygen atoms and for mover doped,
unstable H,Mo0O;. As considered by Borgschulte et al., the
“theoretical” H,O groups may be released from the structure
forming MoOs_, rich in oxygen vacancies [32]. It leads to the
same effect of generation of new bands in the absorbance
spectrum and color change [33]. Nevertheless, the EDX anal-
ysis showed significant amounts of intercalated K* ions; thus,
photointercalation may be treated as the main reason for ob-
served photoelectrochemical behavior.

The XPS measurements were performed in order to inves-
tigate the oxidation state of Mo before and after
photointercalation. The XPS spectrum of the Mo 3d binding
energy region for an as-prepared sample of FTO/MoO; with
two well-resolved spectral lines which after curve fitting were
identified as the characteristic Mo 3d spin-orbit doublet peaks
of MoO;3: Mo 3ds;, 6+ at 233.4 eV and Mo 3d;,, 6+ at
236.6 eV [21, 34, 35] is presented in Fig. 5. This spectrum
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Fig. 4 a Change in the value of current (£ = 0.8 V) with time: during illumination (red line) and dark (black line). Electrolyte: 0.2 M K,SO,4 (pH=2). b

Mo:K ratio changes with time during photointercalation
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Fig. 5 XPS spectra in the a Mo 3d and b K 2p binding energy region of FTO/MoOj electrodes

confirmed the purity of the «-MoO; phase of the as-
manufactured electrode and provided a useful baseline against
which the effect of illumination could be assessed. The spec-
trum of the sample that was stored for 2 h in the acidified
K,SO4 (pH =2) electrolyte without illumination was regis-
tered for comparison. All bands in Mo 3d binding energy
region for both samples overlapped; thus, the effect of inter-
calation does not occur in the dark, as it is shown in Fig. 5. For
the FTO/MoO; electrode after photointercalation, new bands
at the spectrum appeared, suggesting a change of Mo oxida-
tion state. For the electrode after illumination, spin-orbit com-
ponents were assigned as follows: 232.9 eV (Mo 3ds,, 5+),
233.4 eV (Mo 3ds); 64),236.1 eV (Mo 3d;, 5+) and 236.6 eV
(Mo 3d3/2 6+).

As can be seen in Fig. 6b, potassium is present only in the
sample after illumination in the acidified K,SO, electrolyte.
The peaks at 293.1 and 295.9 eV are assignable to K 2p of K*
[36]. The presence of potassium ions and change of Mo oxi-
dation state confirm the formation of molybdenum bronze.

after 2h illumination

Normalized

ML\_IA J\\JL jL beforeillufnination

600 900 1200
Wavenumber / cm”

Fig. 6 Raman spectra of FTO/MoO; before and after illumination in
K580, (pH=2)

300 1500
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In order to characterize the molybdenum bronze formed
during photointercalation, Raman and UV—Vis spectroscopy
measurements were performed. Raman spectra of the sample
before and after illumination are shown in Fig. 6. Spectra
exhibit typical Raman scattering bands of orthorhombic -
MoOj; [37, 38]. The bands in the range of 600-1000 cm ',
400-600 cm ', and below 200 cm™ ' correspond to the
stretching, deformation, and lattice modes of x-MoOs, respec-
tively. The band at 996 cm™'can be assigned to terminal oxy-
gen (Mo=0) stretching vibrations, the peak at 818 cm ' is
attributed to the doubly coordinated bridging oxygen (Mo,—
O) stretching mode, whereas the signal recorded at
665 cm 'comes from the triply coordinated oxygen (Mos—
O) stretching mode [39]. In the case of the film after CA test,
additional peaks appeared. The intercalation caused the crystal
transformation from the original x-MoOj; into the mixed
structure of molybdenum bronze and substoichiometric
MoOs [40, 41].

The comparison of UV—Vis spectra of the MoOj3 film be-
fore and after 2 h illumination in 0.2 M K,SO,4 (pH=2)

before illumination
after 2 h illumination

1.6

Absorbance

0.0

600 700
A/ nm

Fig. 7 Absorbance spectra of FTO/MoOs before and after illumination in
K580, (pH=2)

400 500 800
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Fig. 8 SEM images of the FTO/
MoOs: a after keeping in the
electrolyte (2 h) (inset: the mor-
phology of the pristine MoO3
film) and b after
photointercalation (2 h). EDX
spectrum of the FTO/MoO;: ¢
after keeping in electrolyte and d
after photointercalation
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electrolyte is presented in Fig. 7. The spectrum of the sample
after photointercalations is characterized by new bands in the
visible range of electromagnetic radiation due to the presence
of inter bandgap states and valence band-like Mo* states [42].
Such a phenomenon is advantageous in the case of
photocatalyst materials because the higher absorbance ability
could enhance the generation of photocurrent and efficiency
of organic pollutant photodegradation. Thus, it has been con-
firmed that the process of photoexcited electrons consumption
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Fig. 9 Cyclic voltammetry curves recorded on the Pt electrode in the
electrolyte before and after the FTO/MoOs photoelectrochemical test
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for photointercalation occurs even at an applied anodic

potential

Since photoexcited electrons are consumed directly on
FTO/MoOs layer, thus it is evident that photocurrent of water
oxidation is not observed. However, photoexcited holes from
the valence band of MoOj can take part in the photooxidation
of water according to the reaction (Eq. 6):

2 HyO +4h™—4H" + 0O, (6)
m  after illumination
10 42 m  before 2h illumination
8 _1.5
&
[T 10
= 6
o
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‘Z‘\ 4 lllllllll.-.-
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o_ll.l!ll.,lll,. / : ;
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Fig. 10 The Mott—Schottky plot for FTO/MoO; before and after
illumination
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Nevertheless, photogenerated holes may be also responsible
for the photocorrosion of MoOj3. The reaction can lead to the
MoO; dissolution according to reaction present as Eq. 7 [31].

1
MoO; + 2h" + 2H,0—MoO; +4H" + 502 (7)

The effect of MoO; dissolution was tracked using SEM/
EDX. The morphology of FTO/MoOj3 samples after keeping
them in K,SO,4 (pH = 2) solution in the dark as well as under
illumination was investigated and is presented in Fig. 8. The
morphology of the pristine MoO; film is presented in Fig. 8
inset for comparison. The effect of illumination is clearly seen.
The morphology of the sample kept in the dark is preserved;
thus, MoOs; dissolution does not occur in the absence of light.
In the case of the MoOj layer exposed to visible light illumi-
nation, the MoOj film is characterized by the new phase of
Mo-bronze with a relatively high content of K* ions (mea-
sured using EDX). However, the average diameter of MoO;
grains is clearly smaller in the case of the pre-illuminated
sample. It is probably related to the photocorrosion and for-
mation of soluble molybdate ions.

An additional electrochemical test was performed to con-
firm that the reactions (6) and (7) occur on the illuminated
FTO/MoO; electrode immersed in an aqueous electrolyte. In
order to detect dissolved oxygen, the cyclic voltammetry
curves were recorded during Pt disc electrode polarization
mounted in the front of an FTO/MoOs before and after the
photoelectrochemical test. The CV curves are presented in
Fig. 9. After 2 h of the polarization and illumination of
MoO; film, the oxygen reduction peak was clearly registered
and it disappeared after electrolyte purging with Ar. The pres-
ence of oxygen in the electrolyte is likely to be related to two
phenomena: (i) photoexcited holes from the valence band of
MoOj can take part in photooxidation of water (Eq. 6) and (ii)
photogenerated holes may be also responsible for the
photocorrosion of MoO3 with simultaneous oxygen evolution

(Eq. 7).

@ Springer

The influence of K* photointercalation into MoO; films
was investigated using Mott—Schottky analysis. The compar-
ison of Mott—Schottky plots for material before and after 2 h
of illumination is shown in Fig. 10. Both electrodes exhibited
a positive slope of C > f(E) function confirming n-type semi-
conducting properties. The shift of flat-band potential to-
wards cathodic direction for the pre-illuminated sample
was observed. The similar effect was observed for, e.g., re-
duced TiO; nanotubes [43]. Analysis of the Mott—Schottky
plot allows the donor density to be determined. The lower
slope of C™* f(E) suggests a significantly higher charge car-
rier concentration for the photointercalated sample. The elec-
tron donor concentration was calculated using the following
equation:

} -1

o= (o)l

where e is the electron charge, ¢ the dielectric constant of
MoO; (e = 18) [44], &g is the permittivity of vacuum, Np is
the charge carrier density, and V is the applied voltage. The
calculated donor densities of MoOs (before illumination) and
MoOjs (after illumination) are 3.45 x 10" and 1.50 x

10%° cm >, respectively.

As oxygen vacancy serving as electron donor has been
accepted generally as the main cause for the n-type conduc-
tivity of semiconductors [45], one can assume that the lower
slope of Mott—Schottky plot is related to the formation of them
during photointercalation. Thus, the photointercalation may
lead to an increase of oxygen vacancy concentration, which
is responsible for the enhanced photoelectrocatalytic activity
of MoO3. Generally, the increase of oxygen vacancies density
leads to the enhancement of photoelectrochemical properties
of photoanodes [46, 47].

Thus, photoelectrochemical properties of the FTO/MoO;
electrodes (pristine and photointercalated) were compared
using chronoamperometry recorded under intermittent illumi-
nation. (E=0.8 V, 0.2 M K,SO,, pH =2); see Fig. 11a. It is

dC™?
dE

(8)
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clearly seen that illumination pretreatment leads to the im-
provement of generated photocurrent from 0.12 to
1.55 wA cm 2. Photogenerated electrons are not used anymore
in the intercalation process, because the molybdenum bronze
is already formed during the previous stage. The potassium
cation intercalation and/or oxygen vacancies formation can
introduce a defect band that decreases effective bandgap of
MoO;, and material can naturally absorb more light in the
visible range hence increasing the photoelectrocatalytic activ-
ity. The clear enhancement of photoactivity may result from
the increased concentration of electron donors (oxygen vacan-
cies) as it was shown in Fig. 10. However, such sub-stoichio-
metric MXMO)YMOY,IXO3 has been shown to have low
photostability [48]. The same effect was observed in this
work, and the photocurrent density decrease with time (see
Fig. 11b).

Conclusions

In summary, we report the influence of alkali metal cation
intercalation into MoO; on its photoelectrochemical prop-
erties. It was proven that obtained material cannot act as
effective photoanodes for water splitting due to the fact that
photogenerated electrons are consumed for the potassium
ions photointercalation process. Thus, molybdenum bronze
can be photochemically formed, exploiting the photoexcit-
ed electrons from the conduction band as well as the diffu-
sion of metal ions into the crystal lattice structure. The pho-
tochromic phenomenon related to Mo®" centers reduction
and K* intercalation occurs at a potential range in which the
photoanode exhibits photoelectrochemical activity towards
water photooxidation. Thus, the utilization of electrons in
the bronze forming reaction prevents the flow of electrons
to the counter electrode, and hence, the generation of pho-
tocurrent. Pre-illumination of FTO/MoO; leads to the for-
mation of more effective photoanode; however, the stability
of photointercalated MoOj is not satisfactory. Achieved
visible light absorption of photochromic bronze is seen as
a potential feature giving rise in photoelectrocatalytic activ-
ity of thin films under Vis irradiation. In the present work,
we have focused on the investigation of the reason of poor
photoactivity of MoOj; films in a photoelectrochemical wa-
ter oxidation process.
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