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This paper reports on the formation and study of Ag-Nb-N-O/TiO, nanowires (NWs) for photocatalytic reduction
of CO,. Firstly, the Ag-Nb-N-O thin film was grown by simultaneous magnetron sputtering of Ag and Nb targets
in an atmosphere of Ar and Nj. Subsequently, the Ag-Nb-N-O thin film was coated with TiO2 NWs, which were
presynthesized by a hydrothermal method and then annealed at 500 °C. Before photocatalytic tests, the Ag-Nb-N-
0/TiO2 NW samples were subjected to heat treatment at 350 °C. A morphology of the fresh and 350 °C-annealed
Ag-Nb-N-O/TiO; NWs was comprehensively studied by SEM, TEM, EDXS, and XRD. Heating was found to
facilitate the extrusion of Ag particles from the bulk of the Ag-Nb-N-O film to its surface. In addition, the heat
treatment led to partial evaporation of silver and its further redeposition on the surface of TiO; NWs in the form
of Ag nanoparticles. The Ag-Nb-N-O/TiO2 NWs subjected to the 350 °C heating possessed a remarkable photo-
catalytic activity in the synthesis of methanol from CO,, which was 3 times over that of the pure TiO3 NWs. This
is associated with the contribution of localized surface plasmon resonance of Ag particles to generation of the
charge carriers. Moreover, we demonstrate that LSPR-induced heating of Ag nanoparticles, confirmed by IR
imaging, plays a crucial role in charge carrier separation. The thermoelectromotive force generated by the
temperature gradient facilitates electron transfer from TiO; to Ag, thereby improving CO, reduction efficiency.
Additionally, we revealed that an external electric field enables an improvement of the Ag-Nb-N-O/TiO, NW
photocatalytic activity providing an additional increase in the methanol yield by 60 %.

1. Introduction

In-depth understanding of photocatalytic processes in semiconductor
compounds has been highly demanded in many areas of human life
including but not limited to the purification of water [1-3] and air
[4-6], engineering of self-cleaning coatings [7,8], decomposition of
organic pollutants [9,10], and production of fuel by decomposing water
into hydrogen and oxygen [11,12]. The photocatalysis mechanism
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relates to photogeneration of charge carriers upon absorption of incident
light with a photon energy over the width of the semiconductor band
gap. All these processes are associated with the high oxidizing capacity
of photocatalysts. However, photocatalysts are also capable of carrying
out reduction, a process that is a reverse of oxidation. For example, they
can reduce CO3 from air in presence of water to a series of hydrocarbons
[13-15]. One of the most well-known and applied semiconductor pho-
tocatalysts is titanium oxide (TiOs).
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Fig. 1. (a) General view of the sample; (b) diagram of the measuring stand; (c) diagram of the photocatalytic reactor.

Photocatalytic properties depend a lot on the specific surface area
[16,17], crystalline phase [18,19], and lifetime of charge carriers [20,
21]. These parameters are often defined by morphology of the semi-
conductor nanostructures. In particular, TiOy structures can have
several crystalline modifications yet many variations in morphologies.
They can be divided into 0D — nanoparticles and nanospheres [22,23],
1D — nanowires and nanotubes [24,25], and 2D — thin films and nano-
sheets [26]. The 0D structures have a high specific surface area but are
characterized by a low charge carrier mobility due to severe defective-
ness. An opposite situation is observed in the 2D structures, which have
a relatively small specific surface area but a higher charge carrier
mobility. Thereby, the 1D structures occupy an intermediate position
between the 0D and 2D structures providing a specific research interest
to them [27]. Having a relatively large specific surface area, the 1D
structures possess a fairly high mobility of charge carriers along the axial
direction [28,29]. The long length and nearly perfect crystallinity of
nanowires (NWs) help to reduce recombination probability and promote
diffusionless transfer of charge carriers [28,29]. Our recent study [30]
demonstrated the better CO, reduction capability on TiO2 NWs
compared to the commercial TiOy P25 powder with the similar phase
composition.

An improvement of photocatalytic activity can be provided by
modification of TiO; nanomaterials with metal particles to create a
metal/semiconductor (M-S) heterostructure. Metals in such structures
can play a dual role of a co-catalyst due to their own photocatalytic
activity, participating in the photocatalysis process, and traps for elec-
trons, which increases the lifetime of charge carriers [31,32]. In these
terms, the heterostructures with plasmonic metals are even more pro-
spective for photocatalysis application [33]. Local surface plasmon
resonance (LSPR) in plasmonic particles provides an efficient absorption
of the radiation at a target wavelength range [34], a generation of “hot”
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charge carriers, processes of plasmon resonance energy transfer [35,36],
and a local heating [37,38]. The M-S interfacing leads to the formation
of a Schottky barrier when the equilibrium Fermi level is established due
to the difference in the work function of the electrons in metal and
semiconductor. The LSPR effect causes generation of “hot” electrons and
holes in plasmonic metal nanoparticles [39]. Due to the Schottky bar-
rier, these charge carriers are separated by the M-S contact, which in-
creases the efficiency of the redox reaction [40].

There are many ways to form metal particles on semiconducting
substrates including physical [41-43], electrochemical [44,45], and
chemical [46-51] methods. An original and promising technique is an
extrusion of plasmonic structures from thin two- or multi-component
films, where the plasmonic metal in the form of particles and nano-
particles is released from the alloy during external energy exposure
[52-55]. An attractive feature of this approach is a protection of the
plasmonic particles from an oxidation while they are combined with
other components in the bulk of the alloy film [53].

An increase in photocatalytic activity is possible by applying an
electric field. In particular, it was shown that upon an electric field of
about 10* V/cm, CO appears as a product of the CO, reduction in the
water vapor [56]. Moreover, it was revealed that an additional
improvement of photocatalytic activity is achieved under the combined
effect of various fields [57].

The aim of this work was to investigate a combined effect of light,
temperature, and electric field on photocatalytic activity of the Ag-Nb-
N-O/TiO; NWs heterostructure for the reduction of CO5 in the water
vapor. The photocatalytic activity was assessed by evaluating a yield of
methanol as a result of the CO, reduction reaction in the water vapor.
The reaction took place upon irradiating the structure with a xenon lamp
light with simultaneous thermal heating, and application of an external
electric field.
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2. Materials and methods

In this work, the TiO, NWs and Ag-Nb-N-O/TiO, NWs samples were
prepared on a 50-pm thick titanium foil of a 7 cm? area. The top view
photos of the resulting samples are shown in Fig. 1 (a).

Before processing, the Ti substrates were ultrasonically cleaned in an
isopropyl alcohol/acetone solution (50:50) for 30 min and rinsed in
deionized water. Then, they were briefly etched in a HF:HNO3:H20
(30:20:150) solution, rinsed again in deionized water, and dried in
isopropyl alcohol vapor. A thin film of the Ags;NbygN1705 alloy with a
thickness of about 250 nm was deposited on the Ti substrate by simul-
taneous magnetron sputtering of Ag and Nb targets in an atmosphere of
Ar+10 vol% N3 at a pressure of 0.6 Pa. The source of oxygen in the as-
deposited film was the residual atmosphere.

TiOy NWs were formed by a hydrothermal method. In more detail,
50 mL of an aqueous 10 M NaOH solution was placed in a 100 mL
autoclave and 0.6 g of commercial powder TiO; P25 (Evonik) was
added. The solution was then stirred for 30 min on a magnetic stirrer.
The prepared solution was placed in the autoclave and heated in a
muffle furnace at a temperature of 250 °C for 9 h. Once the synthesis was
completed, the autoclave was cooled to room temperature. The nano-
wires were transferred to a beaker containing 400 mL of deionized water
and 50 mL of HCIL The solution was heated to 60 °C and stirred for 20
min. Then the nanowires were separated from the solution using vac-
uum filtration and washed repeatedly to neutral pH. After washing, the
nanowires were dried in air at a temperature of 100 °C. The obtained
nanowires were thermally treated at a temperature of about 500 °C for 4
h in air, since, as was shown earlier, this mode gave the best results of
photocatalysis [30].

A formation of the TiOy NWs layer over the Ag-Nb-N-O alloy film on
titanium substrates was carried out by the drop deposition method. For
this purpose, a suspension was prepared consisting of 1.5 mL of deion-
ized water and about 15 mg of TiO, NWs. The suspension was treated in
an ultrasonic bath for 30 s to ensure uniform distribution of the nano-
wires in the solution. The suspension was then placed in a medical sy-
ringe and applied to a titanium foil with a layer of alloy. The spreading
of the suspension was limited by a silicone ring with an internal diam-
eter of about 30 mm. The substrates were heated to 85 °C on a heating
table until the water completely evaporated.

Before studying the photocatalytic activity, the finished samples
were annealed in a Project 1250/30 muffle furnace in an air atmosphere
at a temperature of 350 °C for 60 min in order to form silver clusters and
remove organic contaminants.

The photocatalytic activity of the samples was studied in a thermally
stabilized flow reactor of a 25 cm® volume with a quartz window and
two gas inlets. The diagram of the measuring stand is shown in Fig. 1 (b).
The gas mixture of CO, and He was partially passed through a bubbler in
such a way that the humidity of the gas mixture at the inlet of the re-
action chamber was 60 %, which was controlled by a DV2TSM V hu-
midity sensor (Fig. 1 (b)). The gas flow rate was set by a regulator and
was 3 mL/min. A stainless-steel grid electrode with a wire diameter of
0.64 mm and a cell size of 1.92 mm was installed on top of the sample in
the reactor to apply voltage (Fig. 1(c)). The Ti foil substrate, coated with
an Ag-Nb-N-O film, was biased positively, while the top electrode,
simply placed in contact with the TiOy NWs layer on top, was biased
negatively. A constant voltage in the range from 0 to 200 V was applied
between the electrodes. Prolonged exposure to voltages exceeding 200 V
resulted in dielectric breakdown, during the measurements, which
typically lasted several hours. The electrode spacing was determined by
the thickness of the functional layer and was approximately 50 pm,
resulting in an estimated electric field strength of up to ~4 x 10® MV
m ! at the maximum applied voltage. The samples were irradiated using
two 35 W xenon lamps. The measurements were carried out at a reactor
temperature of 100 °C.

The products of the photocatalytic reaction were analyzed using a
Crystal 5000 gas chromatograph equipped with an Agilent HP PLOT Q
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capillary column and a plasma ionization detector. The reaction prod-
ucts were determined by the release time. The concentration of the
product was estimated based on the peak area. Before the measurement,
the reactor was heated to 60 °C and purged for 1 h. Once after the sample
was placed in the reactor, the release of products was recorded in the
dark three times in a row. The obtained base values were subtracted
during further calculation of the product yield. The first measurements
of the photocatalytic activity of the sample were carried out under the
influence of radiation only, and subsequent measurements were carried
out under the influence of both radiation and an electric field. The final
yield of the product in pmol/(g-h) was calculated using equation (1):

C(mg/m®).Q(m® /h)

M(mg/pmol-m(g) W

Yield (umol /g-h) =

where C is concentration, Q is flow rate, M is molar mass and m is sample
mass.

The morphology of samples was studied using a Helios G4 CX
scanning electron microscope (SEM). The measurements were carried
out at an accelerating voltage of about 5 kV and a current of 21 pA.

X-ray diffraction analysis (XRD) was performed on a Rigaku MiniFlex
600 diffractometer (Rigaku Corporation, Tokyo, Japan) with a Cu K,
radiation source (A = 1.5418 A). The Bragg angle 20 range was 10°-60°.

Transmission electron microscopy (TEM) was used to investigate the
structure of Ag-Nb-N-O alloy film and TiO; NWs. For the TEM-study, a
50 nm thick Ag-Nb-N-O film was deposited on a KClI salt crystal by
magnetron sputtering. The resulting thin film was then separated from
the crystal by immersion in deionized water and dissolution of the KCl
salt. The film that floated to the surface was transferred to a copper grid
for TEM. The samples were examined using a Tecnai G2 20 transmission
electron microscope (FEI company, Hillsboro, OR, USA) with an accel-
erating voltage of 200 kV. The microscope was equipped with a high-
angle annual dark field detector (HAADF) for operation in scanning
mode and an EDAX energy-dispersive X-ray spectrometer (EDXS).

The diffuse reflectance spectroscopy (DRS) of the experimental
samples was performed with a SF-56 (OKB SPECTR LLC, Saint-
Petersburg, Russia) spectrometer, which provides measurements of the
reflectance spectra in the range 290-1100 nm.

3. Results

In this work, an approach based on controlled elemental redistri-
bution in multicomponent thin films was employed to form plasmonic
Ag nanoparticles on the TiO; surface [52-55]. Similar phenomena, often
referred to as phase separation, are well known in transition-metal alloy
thin films during thermal treatment, where one component preferen-
tially bonds with nitrogen (and oxygen, when present as an additive),
while another surface-active component predominantly migrates to-
ward an interface or the surface and either undergoes a chemical reac-
tion there [58,59] or segregates in the form of a nanoparticle array [53,
60].

Specifically, the selection of the Ag-Nb-N-O alloy components was
guided by this mechanism and the criteria discussed in Ref. [59].
Accordingly, it was assumed that Nb, N, and O in the present system play
a dual role: on the one hand, they enable controlled segregation of Ag at
the film surface, and on the other hand, thermal treatment in air leads to
the formation of an electrically insulating niobium oxynitride layer
capable of sustaining relatively high electric field strengths.

3.1. TEM characterization of Ag-Nb-N-O thin film

Before the TEM analysis, the Ag-Nb-N-O thin film was annealed at a
temperature of 350 °C for 60 min. This procedure was performed to
extrude silver from the Ag-Nb-N-O thin film onto the surface and form an
array of Ag particles on it. The mechanism of this process was described
elsewhere [53]. The results of the TEM-study of these samples are shown
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Fig. 2. Morphology characterization of Ag-Nb-N-O films: (a) TEM-image; (b) EDXS mapping; (c) SADP.

in Fig. 2.

Selected area diffraction patterns (SADPs) were obtained in two re-
gions of the sample shown in Fig. 2 (a): region 1 contains only the base
film and region 2 contains the film with particles. These results are
presented in Fig. 2 (c) as a function of intensity versus distance from the
center of the diffraction pattern. The diffraction pattern of region 1 has
the form of diffuse rings, characteristic of amorphous materials (green
curve in Fig. 2 (c)). In region 2, reflections from the face-centered cubic
lattice of silver are superimposed on this pattern (red curve in Fig. 2 (¢)).

Thus, the Ag-Nb-N-O structure after annealing at 350 °C represents
polycrystalline silver particles on an amorphous niobium film.

3.2. TEM characterization of TiOz NWs

Fig. 3 (a) and (b) depict TEM-images of TiO2 NWs. SADP (Fig. 3 (c))
looks like concentric rings typical for polycrystalline samples.

The SADP picture consists of reflections of two polymorphic phases
of titanium oxide: anatase and monoclinic phase “bronze” (TiO2-B).
Crystallographic planes (001) and (310) of TiO»-B crystallite are visible
in the high-resolution image Fig. 3 (d).

3.3. SEM characterization

Figs. 4 and 5 show the SEM-images of the Ti-foil/TiO3 NWs and Ti-
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foil/Ag-Nb-N-O/TiO2 NWs samples at different magnifications, respec-
tively. The sample shown in Fig. 5 was annealed at 350 °C.

Analysis of the SEM images showed that the nanowires synthesized
by the hydrothermal method had a length from 6 to 10 pm and a
thickness from 30 to 300 nm. The thickness of the layers was about 50
pm.

As it is seen in Fig. 5(b-d), Ag particles can already be found on the
surface of the Ag-Nb-N-O alloy film. Average size of these particles is
about 300 nm (Fig. 5 (c)). In most cases, the distance between the par-
ticles is very small (10-50 nm) but in some cases it reaches 500 nm. At a
higher magnification (Fig. 5 (d)), one can see that the annealing at
350 °C caused partial redeposition of silver from the surface of the Ag-
Nb-N-O film onto the TiO; NWs surface. As a result, Ag nanoparticles
with a diameter of about 10-40 nm were formed. The Ag redeposition is
additionally proved by the EDXS mapping presented in Fig. 5 (e). Sig-
natures of the silver atoms (yellow) are distinguished in the regions with
the Ti atoms (blue). The fact that silver evaporates easily at low tem-
peratures has previously been demonstrated [61,62]. The EDXS map-
ping also shows that the sample surface area is covered with silver up to
approximately 30 % (Fig. 5 (e)).

3.4. XRD characterization

Fig. 6 shows X-ray diffraction patterns of the TiOy NWs samples on
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Fig. 3. Results of the TEM-study of the TiO, NWs annealed at a temperature of 350 °C: (a) powder image at a magnification of 1950 x ; (b) powder image at a
magnification of 71k x ; (c) selected area diffraction pattern; (d) high-resolution image of a crystal at a magnification of 1050k x .

Fig. 4. SEM-images of the TiO, NWs layer profile on titanium foil at magnifications a)2400 x and b) 10k x .

the Ti foil with and free of a thin Ag-Nb-N-O film.

They contain characteristic peaks of titanium associated with the
substrate foil. The remaining set of peaks belongs to the nanowires,
which are a mixture of TiO»-B, rutile and anatase phases. This is in a
good agreement with the results reported before [30]. In the XRD
pattern of Ag-Nb-N-O/TiO, NWs, low-intensity peaks of metallic Ag
appear along with the same set of peaks as for the Ti-foil/TiO5 sample
(the peaks are not labelled to avoid the figure cluttering).

The dense array of Ag particles on the Ag-Nb-N-O/TiO NWs sample
formed after the heat treatment at 350 °C is a source of multiple “hot
spots” in the plasmonic coating.

It also provides formation of more contact points between TiO; NWs
and Ag particles. The multiplication of the TiO2/Ag interface spots can
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potentially lead to charge transfer and local electric field enhancement
of photocatalytic activity. It is generally accepted that the pure TiOy
samples possess photocatalytic activity upon near ultraviolet (UV)
exposure (approx. 365 nm) while the excitation light wavelength which
induces photocatalytic activity in the Ag-modified TiO5 samples, shifts
to the visible range [63]. Thereby, we expect that the surface modifi-
cation of TiOy NWs with Ag nanoparticles observed in Fig. 5 can addi-
tionally contribute into photocatalytic activity upon the Xe lamp
exposure, which typically has more intensive spectrum in the visible
range, in particular at 475 nm band.
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Fig. 5. Morphology characterization of the Ag-Nb-N-O/TiO, NWs sample after annealing at 350 °C: (a) SEM-image of TiO, NWs layer in profile; (b) SEM-image of
TiO, NWs at a magnification of 10k x ; (¢) SEM-image of TiO; NWs region with Ag particles; (d) SEM-image of the Ag-Nb-N-O/TiO, NWs at a magnification of 300k
x where redeposited Ag nanoparticles are visible on the surface of TiO, NWs; (e) EDXS- map of TiO, NWs region with Ag particles on Nb film.

Ti-foil/ TiO,
Ti-foil//Ag-Nb-O-N/TiO,

Intensity, a.u.

Fig. 6. Phase composition of TiO; NWs and Ag-Nb-N-O/TiO, NWs layers on Ti
foil according to the X-ray diffraction data. Designations: Ti — titanium, A —
anatase, R — rutile, B — bronze (TiO»-B), Ag - silver.

3.5. Optical characterization of TiOz NWs and Ag-Nb-N-O/TiO2 NWs

The dense array of Ag particles on the Ag-Nb-N-O/TiO; NWs sample
formed after the heat treatment at 350 °C is expected to be a source of
multiple “hot spots” in the plasmonic coating. Here, plasmonic proper-
ties of the silver-containing sample subjected to the heat treatment were
studied in comparison with the pure TiO, NWs. We prepared the sam-
ples of TiO; NWs and Ag-Nb-N-O/TiO2 NWs to collect their diffuse
reflectance (DR) spectra depicted in Fig. 7.

The DR spectrum of Ag-Nb-N-O/TiO2 NWs shows two bands at 325
nm and 427 nm associated with the light absorption in the sample. The
rather sharp 321-nm band is also observed in the DR spectrum of TiOy
NWs and characterizes optical absorption edge of titanium dioxide. On
the other hand, the band around 450 nm is typical just for the silver-
containing sample signifying about its plasmonic properties, i.e. LSPR
effect has the highest intensity at this band. The LSPR band is broad
enough and overlaps a range from ~360 nm to ~560 nm, which is
caused by the size polydispersity of the Ag particles.

The DR spectra were used to determine the band gap energy of the
samples following an approach reported elsewhere [64]. Fig. 7 (b, c)
shows that the band gap energy of the TiO, NW sample corresponds to
2.9 eV but is modified down to approximately 2 eV during
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Fig. 7. Optical characterization of the samples: (a) DR spectra of TiO, NWs and Ag-Nb-N-O/TiO; NWs; (b, ¢) (F(R) x hv)'/2 corresponding curves.
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Fig. 8. Methanol yield for TiO, NWs and Ag-Nb-N-O/TiO, NWs samples at a
reactor temperature of 100 °C, as well as when applying a voltage of 100 V and
200 V to the Ag-Nb-N-O/TiO, NWs sample.

heterojunction formation in presence of Ag, which can contribute to the
photocatalytic activity in parallel to the LSPR effect.

3.6. Photocatalytic activity study

A comparative analysis of the TiO2 NWs and Ag-Nb-N-O/TiO; NWs
samples was carried out during experiments on photoreduction of CO; in
the water vapor at a reactor temperature of 100 °C. The rationale for
choosing the reactor temperature of 100 °C is presented in our previous
paper [30], where we compared the photocatalytic activity of the syn-
thesized TiO, NWs at different temperatures and explained that the best
yield of products is observed at this temperature.

As a result of studying the reaction of CO2 photoreduction in the
presence of water vapor on the surface of TiO, NWs and Ag-Nb-N-O/
TiOy NWs samples, it was found that the predominant reaction product
is methanol, therefore the comparison was carried out based on this
product. As reported in the literature [65,66] pure TiOy produces
methanol under UV irradiation. In this case, electron-hole pairs are
generated in TiOy; the photogenerated holes oxidize adsorbed H,O
molecules on the TiO, surface according to reaction (2), providing H"
for the subsequent reduction process, while the photogenerated elec-
trons participate in the reduction of adsorbed CO; to methanol via re-
action (3).

H,O0+h™ - H" + OH' (2)

C02 + 6HJr +6e” — CH30H + Hzo (3)

Fig. 8 shows a comparative diagram with the average methanol yield
as a result of CO; photoreduction on the surface of TiO; NWs and Ag-Nb-
N-O/TiO2 NWs samples with and without exposure to an electric field.

The Ag-Nb-N-O/TiO; NWs sample yields methanol amount tree
times more compared to the TiO, NWs free of Ag particles. Therefore,
the modification of the TiO, NWs with Ag particles via extrusion from
the alloy film improves photocatalytic activity of the entire sample for
an effective reduction of CO»-.

In this regard, a charge transfer mechanism of the Ag/TiO, photo-
catalytic activity under visible light can take a place. Many groups have
accepted that the plasmon resonance excites electrons in Ag particles for
their subsequent transfer to the TiO2 conduction band. However, the
surface plasmons can be imagined as a charge density wave on the
surface of the metal nanostructure, i.e. the Ag particles do not have an
equivalent of the highest occupied or the lowest un-occupied molecular
orbital. The plasmon-induced charge located at the metal Fermi level
and can hardly enable the reduction and oxidation half reactions in the
same way as TiOz [67]. At the same time, stemming from the
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TEM-image we assume the Ag clusters’ formation on the TiO; NWs
surface, which analogues were reported to participate in the visible light
photocatalysis [68]. Supposedly, the metal clusters have molecular-like
excited-state properties that makes them photochemically active. In
addition, electron transfer is possible from metal to TiO, nanostructures
[69]. This mechanism is assisted by the surface plasmon decay that re-
sults in formation of the “hot” electron-hole pairs in metal followed by
their injection in TiO [70].

Even more effective photocatalytic activity is provided in accordance
with the local electromagnetic field enhancement mechanism. As re-
ported elsewhere [53], the Ag-Nb-N-O films possess a remarkable sur-
face enhancement of Raman scattering when exposed to visible light,
which wavelength coincides with the surface plasmon resonance band of
Ag NPs. The numerous “hot spots” between the extruded, coalesced, and
redeposited Ag particles in the annealed sample induce local charge
generation in TiOy NWs.

The LSPR effect that occurs if the frequency of the electromagnetic
field of the incident light coincides with the frequency of the electron gas
oscillation in the metal is accompanied by the enormous enhancement of
energy (e.g. electromagnetic field) around Ag particles. Since the
quantum of collective oscillations of the electron gas — the plasmon — is
an unstable quasi-particle that decays rather quickly, its energy must be
converted into other forms of energy [71,72]. Therefore, the energy of
the decayed plasmon is transferred to individual electrons. As a result,
an electron with an excess energy becomes a ‘hot electron’. Its energy
can be used either for injection into the material in contact with the
plasmonic nanoparticle or for initiating a separate catalytic reaction
[73]. At the same time, ‘hot electrons’ collide with the crystal lattice of
the metal, transferring energy to phonons, which leads to heating, or
‘plasmon heating’ [74]. These two processes — the generation of ‘hot
electrons’ and plasmon heating — occur simultaneously, and it is prac-
tically impossible to distinguish their effects experimentally.

Thus, a significant reason for the observed increase in the photo-
catalytic activity of the Ag-Nb-N-O/TiOy NWs sample is a contribution
of the Ag particle LSPR, which can, in particular, manifest itself in the
form of an expansion of the spectral region of photosensitivity, local
heating, and additional generation of charge carriers [57]. In addition,
the formation of the Schottky barrier in the Ag/TiO NWs structure helps
to improve the separation of electrons and holes, which reduces their
recombination [75,76].

The exposure to an electric field contributes to increasing the pho-
tocatalytic activity of the Ag-Nb-N-O/TiO NWs structure. As can be
seen in Fig. 8, applying 100 V increased the methanol yield efficiency by
approx. 30 %, while 200 V increased it by 60 %. When an electric field is
applied to the Ag-Nb-N-O/TiO2-NWs structure, charge separation pro-
cesses at the heterojunction boundary are enhanced. As it is known, the
external electric field plays an important role in the control of charge
transfer processes [77-79]. It not only accelerates the transfer of pho-
togenerated electrons and holes, but also reduces the probability of their
recombination, creating conditions for spatial charge separation. This,
in turn, promotes more efficient cathodic and anodic reactions.

There are two important processes of photocatalytic redox reactions
that include (i) generation and transport of charge carriers to the reac-
tion site in the photocatalytic material; (ii) reaction product adsorption
on and desorption from the surface of the photocatalytic material. The
efficiency of these processes in TiOs-based nanoparticles and nano-
composites is mainly determined by their phase composition and the
shape/size of TiO, nanocrystals. Our findings showed that the TiOq
structure acquires crystalline forms of bronzes, anatase, rutile, and their
combinations depending on the processing temperature, which correlate
with the results reported elsewhere [30]. Each of the TiO, phase forms
listed has different band gaps and, as a consequence, demonstrates
different photocatalytic activities. At the same time, we demonstrated
that the wire-like nanocrystals (1D) of TiO5 are more photocatalytically
active compared to its nanoparticles (0D) although the specific surface
area of nanoparticles exceeds that of nanowires [30]. Obviously, such an
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Fig. 9. Schematic representation of the charge carrier transfer in the TiO, NW/Ag NP heterostructure: energy band diagrams of the Ag/TiO, interface at the moment
of (a) formation of a Schottky barrier and the barrier layer, (b) light-induced LSPR effect and the Ag NP heating, (c) applying the electric field in the forward direction
to the Ag/TiO, Schottky contact, and (d) the consumption of electrons on the Ag NPs surface for the reduction and holes on the TiO; NWs surface for the oxidation.
The energy-band diagrams are schematic and based on literature values of the work functions of Ag and TiO».

effect is directly interconnected with varied defectiveness and surface
state density that affect the charge carrier mobility and recombination as
well as with the number of adsorption sites per unit surface area.
Furthermore, the heterostructure composed of TiO, and Ag NPs
extruded from the Ag-Nb-N-O film possesses an increased photocatalytic
activity due to the LSPR effect in the metallic nanoparticles that leads to
generation of the additional hot charge carriers.

Thereby, an effective photocatalytic reduction of CO3 on the surface
of nanostructured semiconductors requires finding optimal combination
of many conditions especially light exposure regimes, temperature, and
gas environment composition. The excitation light source wavelength/
spectral range and power defining the electric field strength manage a
number of generated charge carriers, which directly participate in
photocatalytic reactions. The catalyst temperature affects kinetics of
precursor adsorption and reaction product desorption. Additionally, the
temperature deviation increase/decrease an electrical resistivity of the
photocatalyst semiconductor or, in other words, impact the charge
carrier transport. The ratio of components and the composition of the
gas atmosphere also affect the adsorption/desorption processes of re-
agents. In particular, adsorption temperature of different reagents is not
the same. Thereby, an amount of some components may prevail over
others on the surface of the photocatalytic material. As mentioned
above, the yield of the reaction products rises proportionally to the
applied electric field strength for composite photocatalytic materials.
For example, this is typical for the nanocomposite of TiO; NWs and Ag
NPs formed by heating the Ag-Nb-N-O film due to the enhancement of
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charge separation processes at the heterojunction boundary and more
efficient transfer of photogenerated electrons and holes. In this case, a
prevention of electrical breakdown or current leakage is very important
because such effects lead to the localization of the electric current flow
while an entire surface of the photocatalyst is inefficient in terms of the
electric field contribution. An understanding of processes that occur in
the TiO/Ag NPs heterostructure upon the light excitation and the
electric field application is shown in Fig. 9.

An electrical contact between Ag NPs and TiOp NWs results in
aligning their Fermi levels due to electron transfer from TiO; to Ag. As
per literature data, the electron work functions for both Ag and TiO, can
vary in the range of 4.3-4.7 eV for Ag and in the range of 4.2-4.8 eV for
TiO4 [80-83]. Therefore, we find it complicated to conclude on recti-
fying or non-rectifying type of the contact between Ag and TiO,. It is
generally accepted and we support this point of view based on our
experimental results that at nanometer sizes the work function for Ag is
over that for TiOy [84-86], which results in the formation of a Schottky
barrier and a barrier layer at the Ag/TiO, interface as schematically
depicted in Fig. 9 (a).

UV-vis excitation of the TiO2 NWs/Ag NPs heterostructure induces
the LSPR in Ag and simultaneously generate free charge carriers in TiO»
due to the direct E,-E. transition. Moreover, the LSPR effect leads to
overheating of Ag NPs, which has not been considered in discussions on
the plasmon-facilitated mechanism of photocatalysis in TiO,. Here, the
fact of higher temperature in Ag NPs compared to pure TiO, NWs under
exposure to 465 nm light (1 W LED) is confirmed by imaging the TiO5
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Fig. 10. IR-images of the TiO, NWs (a) and Ag-Nb-N-O (b) on the Ti substrate subjected to the exposure of the 465 nm LED for 2 min.

NWs and Ag-Nb-N-O layers on the Ti foil samples with IR camera, as
shown in Fig. 10. The average temperatures of the irradiated regions of
the TiO2 NW and Ag-Nb-N-O/TiO; NW samples were 26.0 °C with the
standard deviation (SD) of 0.24 and 30.2 °C with SD of 0.54 respectively.
The ambient temperature during the measurements was 23.2 °C.

As a result, the Ag NP heating induces thermoelectromotive force
that moves electrons in Ag and holes in TiO», i.e. provides the charge
carrier separation. In this case, the moving plasmon in Ag NP is supposed
to act as a pump, extracting electrons from TiOy as schematically
depicted in Fig. 9(b and c). This improves efficiency of the CO5 reduction
accompanied by the consumption of electrons on the Ag NPs surface for
the reduction and holes on the TiO; NWs surface for the oxidation (Fig. 9
(d)). Thus, the increased methanol yield observed in presence of the Ag-
NPs/TiO2-NWs heterostructure in comparison with that with the pure
TiO2-NWs is a consequence of these ongoing processes. Applying the
electric field in the forward direction to the Ag/TiO2 Schottky contact
additionally enhances the charge separation process and increases the
driving force of this process by qV (Fig. 9 (c)). In a course of our ex-
periments, this suggestion was proved by an additional increase in the
methanol yield when the voltage was applied.

4. Conclusions

Comparison of TiO2 NWs and Ag-Nb-N-O/TiO2 NWs samples shows a
significant increase in photocatalytic activity in the presence of an array
of Ag particles released from the Ag-Nb-N-O thin film during thermal
annealing at 350 °C. Obviously, this effect can be associated with
localized surface plasmon resonance in Ag particles, the formation of
“hot spots” that contribute to an increase in the concentration of charge
carriers (electrons and holes) participating in oxidation-reduction
reactions.

Furthermore, our results demonstrate that LSPR-induced heating of
Ag nanoparticles plays a crucial role in the charge carrier separation
process. The temperature increase in Ag NPs, confirmed by IR imaging,
generates a thermoelectromotive force that drives electron transfer from
TiOy to Ag, thereby improving CO, reduction efficiency. Our finding
lays the foundation for the future solving a new, non-trivial problem of
experimentally determining the thermoelectromotive power, which will
certainly be a continuation of this research.

In addition, the photocatalytic activity of the Ag-Nb-N-O/TiOy NWs
structure is further enhanced under the influence of an electric field.
Applying an external voltage to the Ag/TiO, Schottky contact intensifies
charge separation and increases the driving force of electron transfer,
leading to an additional rise in methanol yield. It has been shown that
increasing the electric field strength contributes to an increase in the
yield of methanol in the reaction of photoreduction of CO; in the water
vapor.

Enclosing, we emphasize that our study is focused on the experi-
mental modification, characterization, and improvement of
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photocatalytic activity of TiOy nanostructures nanomaterial, which
enabled combination of LSPR, thermal effects, and electric field for
enhancing CO, reduction efficiency. Despite the designed nanomaterial
has complex variable composition that can hardly be characterized via
computer simulations, our findings provided a plausible phenomeno-
logical model of coupling between LSPR-induced thermoelectromotive
force and interfacial charge separation. Our approach opens a way to
engineering a photocatalyst with well-controllable activity triggered by
slight heating. Its successful implementation in practice strongly de-
pends on a deeper fundamental yet research-based understanding the
mechanism of the photocatalytic activity enhancement in such a system,
which now is planning and requires the surface potential measurements
during annealing and excitation in a reconstructed experimental setup.
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