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Abstract: In this paper, we emphasized the dual application of Cu-modified vertically aligned TiO,
nanotube arrays as photocatalyst and a relative humidity sensor. The TiO, nanotube arrays were
obtained by anodization of the titanium layer prepared using radio frequency magnetron sputtering
(RFMS) and modified with different copper concentrations (0.5, 1, 1.5, and 2 M) by a wet-impregnation
method. The sample modified with 2 M Cu(NOj3), solution showed the highest efficiency for the
NHj3 photocatalytic degradation and the most pronounced humidity response in comparison to the
other studied samples. In order to investigate the structure and impact of Cu modification, X-ray
diffraction (XRD), scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy
(EDS) were used. The photocatalytic activity and the kinetic study of ammonia oxidation were
studied in a mini-photocatalytic wind tunnel reactor (MWPT), while relative humidity sensing was
examined by impedance spectroscopy (IS). Higher NHj3 oxidation was a direct consequence of the
increased generation of *OH radicals obtained by a more efficient photogenerated charge separation,
which is correlated with the increase in the DC conductivity.

Keywords: Cu modification; TiO, nanotubes; ammonia oxidation; humidity sensing

1. Introduction

Rapid population growth and technological advancements resulted in, among other
things, an increase in anthropogenic pollution mostly related to industry, transport, and
agriculture. CO,, CO, CHy, NHj, NOy, and volatile organic compounds (VOC) are among
a plethora of others [1] that are persistently being emitted into the atmosphere, causing
incomprehensible and irreversible damage to the biosphere. Emission management, or
rather efficient treatment, is by far one of the more important goals with advanced oxidation
processes (AOP) as a key feature.

Titanium (IV) oxide, because of its favorable chemical and mechanical stability and
non-toxicity can be found in a wide range of uses from pigments [2], photocatalysis [3],
photovoltaics [4], relative humidity sensors [5], etc. In almost all of the aforementioned
uses, bulk TiO; has given way to nanostructured TiO, due to the significant increase in its
specific surface. Nanostructuring TiO; results in increased photo-induced reactions, light
absorption, photogenerated carrier density, photo-reduction, and increased contact with
the pollutant or the targeted gas in the case of sensing [6]. In both cases, photocatalysis and
relative humidity sensing, TiO, nanotube arrays (NT) have gained popularity [7,8] because
of their large surface-to-volume ratio and shape. This one-dimensional nano-architecture
offers more direct pathways for charge transport along their elongated axis and higher
possibilities to form surface electric fields that reduce charge carrier recombination, which
enhances the sensitivity for light and gas exposure [9]. The majority of the research has been
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done on TiO, NTs prepared via the electrochemical anodization of Ti foils because of the
method’s simplicity and low cost. By controlling the anodization parameters [10,11], i.e.,
reaction duration, voltage, electrolyte temperature, electrolyte content and type, different
TiO; NT morphologies can be prepared. The NTs prepared by this method are perpendic-
ularly aligned in regard to the Ti foil substrate and firmly attached to it. This comes as a
great benefit because, even though TiO; in a broad sense is non-toxic and environmentally
friendly, a problem of toxicity occurs when its free particulates become nano-scaled. It helps
that in our case, the nanotubes are immobilized on a substrate as it prevents their emission
into the environment. A review by Shakeel et al. 2016 [12] gave insight into the toxicity
issue and shows all of the possible routes of exposure, distribution in the human body, and
the effects of nanostructured TiO, including oxidative stress, histopathological alterations,
carcinogenesis, genotoxicity, and immune disruption. The main drawback of TiO, NTs
prepared on Ti foil is their non-transparency due to the underlying metal foil, which limits
their further application possibilities. Thin film TiO, is by default transparent, and so are
TiO, NT thin films. One method of overcoming the transparency problem is using physical
Ti thin film deposition methods on transparent substrates. By using magnetron sputtering,
Ti thin films can be deposited onto transparent conducting oxides on glass [4] or flexible
substrates [13]. The preparation of NT from Ti thin films is analogous to the Ti foil method
(electrochemical anodization) which, after thermal treatment, results in transparent thin
film nanotubes. By using Ti thin films as a starting point, the applications of NT spreads to
third-generation photovoltaics, more specifically perovskite solar cells [4], and broadens
their use in the already established fields of photocatalysis and gas sensing with an added
potential of covering glass reactor walls for photocatalytic and sensing applications.

In general, TiO; as a material has some intrinsic flaws: a relatively high bandgap (Ej),
which hinders the utilization of the whole solar spectrum, limiting it to the UV part, and
high photogenerated charge recombination rates. To improve the efficiency of the material
in photocatalytic applications, in other words, to shift absorption to the visible part of
the spectrum or to improve the photogenerated charge separation of different materials,
modifications can be implemented. One of the most common methods used is surface
modification/decoration, usually with noble metals—silver, gold, platinum, or palladium—
with the aim of creating p—n junctions [14] and/or surface plasmon resonance effects in
the case of gold nanoparticles [15]. These methods of surface modification, although very
effective, use expensive precursor materials that greatly increase the cost of preparation
and limit potential scale-up. As a cheaper, low-cost alternative, copper can be used as a
surface modification material for TiO, [16,17].

There are many ways of implementing low-cost methods of creating Cu-TiO, compos-
ites, which are mostly based on surface decoration or the doping of TiO, nanostructures.
Thus, Hejazi et al. [18] prepared intrinsically doped TiO, nanotubes by anodizing Ti-Cu
alloys with different copper contents for hydrogen production. Momeni et al. [19] prepared
Cu-doped TiO; nanotubes by anodizing Ti foil with an addition of different concentrations
of Cu(NOs); to the electrolyte. The authors show an increase in photocatalytic properties
for the removal of methylene blue (MB) dye and the production of hydrogen. Zaki et al. [20]
have reported enhanced photocatalytic properties for degradation of methyl orange, of Cu
decorated TiO; nanotubes also prepared by anodizing Ti foils, and modified by soaking the
nanotubes in a 0.01 M Cu(NO3), solution for 1, 3, and 6 h. On the other hand, Zhu et al. [21]
have reported an improved photocatalysis of gaseous NHj3 with composite Cup,O/TiO;
catalysts (1:10 ratio) prepared by the impregnation-reduction method. The improvement
was mostly attributed to the reduced photogenerated charge recombination on the p—n
junction of the composite.

It should be mentioned here that NH3 degradation has been thoroughly investi-
gated [22,23] and, besides photocatalysis, there are different established advanced oxi-
dation process (AOP) methodologies. One of the simpler ones, UV /O3 photolysis, has
been investigated for its use in NHj3 degradation with its mechanisms explained by Ko¢i
et al. [24]. UV/O3 photolysis functions as a multifaceted reaction of generating oxygen and
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hydroxyl radicals, which serve as the driving force of NH3 degradation to Nj. The radicals
are formed by the products of UV photolysis and their interaction with water molecules.
However, the more frequently implemented and more efficient AOP is photocatalysis.
In the case of TiO,-based photocatalysts, there has yet to be an established consensus
regarding the mechanisms of gaseous NHj. Even though the mechanism is contested,
many agree that the electrons and holes in the conduction band cause the reduction to Np
in several steps. Yuzawa et al. [25] presented a reaction pathway for NH3 degradation
over TiO; loaded with different metal co-catalysts. The reaction pathway goes as follows:
photogenerated holes oxidize NHj to form amide radicals and protons that interact with
the photogenerated electrons to create Hy. The amide radicals produce hydrazine that can
be degraded to N; and H;. The group also pointed out the importance of the water vapor
present in the reactor. During the photocatalytic reaction, ammonium ions are formed, and
these are unfavorable by-products. Water restricts the accumulation of the ammonium
ions on the TiO, surface, which ensures the continuous progress of the reaction. Moreover,
our previous study confirmed the role of humidity in ammonia oxidation [26]. The rate of
ammonia oxidation was higher in the saturated system where the RH was above 75%. In
that study, the photocatalytic reaction rate constant for gaseous NH3 degradation over P25
TiO, supported on glass fiber mesh substrates was calculated. The results demonstrated
how important it is to control the humidity levels during the photocatalytic degradation
of N H3.

Regarding the surface copper modifications on TiO, NT, there have been some in-
stances of Cu implementation/integration with TiO; in the means of doping or composite/
multi-layer preparation of sensing materials for different targeted substance sensing.
Wang et al. [27] improved the CO sensing capabilities of electrospun TiO, nanofibers
with Cu doping. Lupan et al. [28] prepared TiO, /Cu,;O/CuO multi-nanolayers for H, and
VOC (ethanol vapor) sensing using radio frequency magnetron sputtering for the copper
oxide layers and spray pyrolysis for the TiO, top layer. Vathani et al. [29] prepared TiO,
and Cu-TiO; thin film biosensors with spray pyrolysis for use in uric acid sensing with the
copper doping improving the sensing capabilities of the thin film.

Only a few times has the dualistic use in gas sensing and photocatalysis been ad-
dressed in relation to different materials. Singh et al. [30] reported that the Pd and Au
sensitization of nano-flowerlike structured TiO; thin films resulted in higher CO sensing
responses at lower temperatures and also increased the photocatalytic activity (mala-
chite green dye) with respect to the unmodified nanostructured TiO, thin film. Sagade-
van et al. [31] reported the potential dualistic use of their reduced graphene oxide (rGO)-
loaded TiO, nanoparticles. The samples showed excellent sensitivity and selectivity toward
different Hy and O, concentrations, and the rGO modification also improved the photocat-
alytic properties (methylene blue) of TiO, by about 12%. This synergistic combination of
graphene and a semiconducting metal oxide can also be seen in the work of Zou et al. [32].
The group synthesized ZnO nanorod structures on top of flexible reduced graphene sheets
(rGss) that showed high selectivity to gases (ethanol) and improved the photocatalysis
(methylene blue) degradation rates three-fold with respect to comparable ZnO nanorods.
A completely different approach for preparing materials for this dual use was reported
in the work of Cao et al. [33]. It included a metal, Zn(Il), in ternary polymers containing
bis (benzimidazole) ligands that have shown promising results as photocatalysts (methyl
violet) and demonstrated high Fe(Ill) and MnO,~ selectivity and sensitivity. Similarly,
in the work of Ding et al. [34], the group synthesized metal-organic frameworks (MOF)
including Zn that showed potential in the photocatalysis of organic dyes and as a lumines-
cent Fe(Ill) sensor. Among these dualistic uses, there were, to the best of our knowledge,
none mentioning TiO; NT modified with copper.

In this work, the focus was put on a low-cost synthesis of Cu-modified TiO, nanotubes
made from magnetron sputtered Ti thin films that have a dual use: as a photocatalyst
for NH;3 degradation and as a humidity sensor. In an effort to ensure and control the
appropriate level of humidity during the photocatalytic oxidation of ammonia, which
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restricts the accumulation of ammonium ions on the TiO, NT surface, we synthesized
the photocatalytic material that acts also as a humidity sensor. In order to investigate the
crystalline structure, morphology, and electrical properties of the Cu@INT photocatalysts,
X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS), and impedance spectroscopy (IS) were used. The obtained results
paved the way for the future optimization of the nanotube films regarding transparency,
which could bring implementations that are not limited by the underlying and opaque Ti
foil. These materials have the potential of creating intricate air filtering systems relying on
solar irradiation, based on flexible, quartz or glass substrates or reactor sides.

2. Materials and Methods
2.1. Synthesis of Cu-Modified TINT

Bi-layer thin films were deposited by radio frequency (RF) magnetron sputtering
(base pressure 1 x 1073 mbar) using a pure 99.995% Ti target. Prior to the deposition, the
FTO (fluorine-doped tin oxide) glass substrates were ultrasonically cleaned in acetone and
isopropanol for 8 min to be later rinsed with water and ethanol and dried in a stream of Nj.
To remove any other remaining organic compounds, the substrates were ozone-cleaned
in a UV-light ozonator. Regarding the deposition, firstly, TiO, was deposited onto FTO
glass substrates, which acted as a blocking layer, ensuring homogeneous anodization.
TiO, was deposited using argon mixed with 5% O; for 30 min at a working pressure of
4.0 x 1073 mbar. Secondly, Ti was deposited on top of the TiO; layer using pure argon for
4 h at a working pressure of 3.75 mTorr. The RF power in both depositions of the films
was set at 150 W. To obtain the nanotube structure, the prepared bi-layer samples were
anodized at room temperature using a DC power supply and a simple two-electrode system
(anode-cathode) contained in a Teflon (PTFE) reactor. The chosen organic electrolyte was a
solution of ethylene glycol, 0.6 wt.% NH4F and 2.0 wt.% H,O. The two-electrode system
consisted of a platinum foil as the cathode (—) and the RF magnetron sputtered samples on
FTO as the working electrode (anode, +). The thin films were anodized for 20 min at 40 V.
The anodization process was stopped at the onset of transparency (subjective visual cue)
coinciding with the point of sudden current increase (mA). Then, the samples containing
nanotubes were rinsed with water and dried in a N5 stream to be later annealed for 2 h at
450 °C inside a tube furnace in air. TiO, nanostructured samples were modified with copper
by wet impregnation, immersing samples for 6 h in four different solutions containing 0.5,
1, 1.5, and 2 M concentrations of Cu(Il) cations (Cu(Il) source: Cu(NO3),-3H,0), ethanol,
and deionized water. All samples, including the reference sample denoted TNT, were
additionally thermally treated at 450 °C for 1 h in air. Cu-modified samples were denoted:
0.5Cu@TNT, 1Cu@TNT, 1.5Cu@TNT, and 2Cu@TNT, respectively.

2.2. Structural, Electrical, and Morphological Characterization

The crystal structures of Cu-modified nanostructured TiO, were investigated by X-ray
diffraction (XRD) on XRD-6000 (Shimadzu, Kyoto, Japan) using Cu K« irradiation at 40 kV
accelerating voltage and 30 mA current. All samples were analyzed in the range 20 10°—65°
in a continuous mode with a 26 0.02° step and a scan rate of 2° /min.

The morphology and elemental composition of the surface were investigated by field
emission gun scanning electron microscope (JEOL model 7000F, JEOL Ltd., Tokyo, Japan),
operating at 15 kV equipped with an energy-dispersive X-ray analyzer (Oxford Instruments
EDS/INCA 350, Oxford, UK) attached to the above-described microscope. The EDS spectra
were recorded at 15 kV accelerating voltage and 10 mm working distance.

All the experiments were performed in the mini-photocatalytic wind tunnel (MPWT)
reactor (Figure 1). The reactor is made of laboratory glass (DURAN®, Mainz, Germany)
that transmits UV radiation larger than 305 nm. The custom-made reactor has a cylindrical
geometry (D = 40 mm, L = 155 mm), and it was made from two parts for the easier insertion
of a catalyst and potential scale-up. Furthermore, a photocatalyst was placed 7 cm from
the lamp in the middle of the photoreactor and illuminated with the full-spectrum linear
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fluorescent lamps simulating solar spectra; high color rendering Ra98/Class 1A with a
color temperature of 6700 K (Exo Terra Repti Glo 2.0 UVB, T8, 60 cm, nominal power
20 W, Holm, Germany). Such a setup ensures the isoactinic conditions on the surface of
the photocatalyst.

| Y 1 - Inlet
_— — £ 2 - Reaction chamber
5 |1 E 3 - Outlet (for measurements)
< 4 - Outlet (rinse)
S, ‘ 5 - Irradiation source
165 mm
=== el
4

Figure 1. Schematic representation of MPWT reactor.

For the experimental purpose, 250 mL of ammonia solution was prepared (25% p.a.,
Kemika) with the initial concentration, Cyp (NH3) = 100 ppm. The air pump (Fluval Q2,
Hagen, Germany) was connected by pipes to an Erlenmeyer flask (evaporation chamber)
with ammonia solution into which air was blown (maximum flow rate of 240 L /min and
resulting gas flow velocity 3.4 cm/s). Ammonia in the air stream enters the reactor where
the photocatalyst is located. Two outlets lead from the reactor: one that drains the excess
gas into the Rettberg flusher (Rettberg GmbH, Gottingen, Germany) filled with distilled
water, and the other that is connected to the measuring device, Geotech GA5000 (QED
Environmental Systems Ltd., Coventry, UK), which is a portable device for measuring
the concentration of landfill gases, including ammonia. Undesirable by-products of the
photocatalytic oxidation of ammonia, nitrates and nitrites, were not detected in any of
the experiments. The first set of experiments was conducted without the catalysts in dark
and under irradiation in order to obtain the control baseline of NH3; measured in the
outlet and respective residence time. The second set of experiments was conducted with
Cu-modified TNT photocatalysts in dark (adsorption—-desorption process). The resulting
curves showed the NH3 concentration below the control baseline at all times, suggesting
the NHj3 adsorption on photocatalysts. The NHj3 concentration in the outlet increased
within the first 60 min, which was followed by the plateau. This plateau corresponds with
the targeted baseline NH3 concentration used for determination of the degradation extents
by photocatalytic NH; oxidation on each Cu-modified TNT sample. Finally, a third set of
experiments was done under irradiation (photocatalytic oxidation). In a typical photocat-
alytic experiment, NHj3 was continuously introduced in the reactor, and its concentration
was monitored in the outlet. To achieve the targeted baseline NHj3 concentration, the reactor
was kept in the dark for the first 60 min. The irradiation time lasted from 60 to 240 min in all
experiments. During irradiation, a significant decrease in the NH3 outlet concentration was
observed compared to the baseline (i.e., adsorption plateau). The difference was used to
calculate the degradation extents. All experiments were performed in triplicates to discard
possible experimental errors. The UVB and UVA intensities were measured by a UVP UVX
radiometer, which was fitted with the corresponding UVB and UVA sensors, matching the
distance of the photocatalytic film surface. The relative humidity and temperature were
kept constant (RH > 90%, T =23 + 2 °C).

The surface electrical conductivity of the prepared thin films was measured at room
temperature (RT) by impedance spectroscopy (Novocontrol Alpha-A Dielectric Spectrome-
ter, Novocontrol Technologies GmbH & Co. KG, Hundsangen, Germany) in the frequency
range from 0.1 to 1 MHz at a voltage of 50 mV. The relative humidity (RH) environment
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was controlled ranging from 30% to 94%, which is obtained using various salts (their satu-
rated aqueous solutions) in a multifunctional chamber designed in our laboratory. For the
electrical contacts, gold electrodes (4 mm X 2 mm) separated from each other by 4 mm were
deposited on the sample surface using a Sputter Coater SC7620 (Quorum Technologies
Ltd., Laughton, UK). To make a connection with the instrument BDS cell, platinum wires
were attached on the surface of gold pads, thus enabling the electrical characterization of
the film in surface sheet configuration. The experimental data were analyzed by electrical
equivalent circuit (EEC) modeling using the complex non-linear least-squares (CNLLSQ)
fitting procedure, and the corresponding parameters are determined with WinFit software
(Version 3.2, Novocontrol Technologies GmbH & Co. KG, Hundsangen, Germany). The
complex impedance plots typical for studied samples consist of a single semicircle with
the center below the real axis. The equivalent circuit that represents such a depressed
semicircle is a parallel combination of resistor (R) and constant-phase element (CPE). The
CPE is an empirical impedance function of the type Z*cpr = W, where A and a are the
constants. Furthermore, for the low-frequency spur, the second CPE element connected in
series is added to the model. The parameters for every circuit element (R, A, and «) were
obtained by the complex non-linear least-squares (CNLLSQ) fitting procedure directly to
the measured impedance data. The values of the resistance from the fitting procedures,
R, and electrode dimensions (d is sample thickness and A is electrode area) were used to
calculate the DC conductivity, opc =d4/(R A).

3. Results
3.1. Structural and Morphological Properties

The X-ray diffraction patterns of the Cu-modified catalyst samples are shown in
Figure 2. The main crystalline phases present in the samples are anatase (ICCD PDF#21-
1272), tin (ICDD PDF#04-0673), and tin oxide (ICDD PDF#41-1445), with a minor amount
of rutile phase (ICDD PDF#21-1276). Both tin and tin oxide originated from the FTO film
on the glass substrate. Furthermore, due to a high-intensity peak originating from the FTO
substrate, we could not observe peaks originating from the CuO nanoparticles, due to the
peak overlapping. We could speculate that CuO is either amorphous or highly dispersed
on the TNT surface.

The morphology of the unmodified and Cu-modified nanostructured TiO, samples
was examined by high-resolution scanning electron microscope with a field emission gun
cathode (FEG-SEM). From the top-view FEG-SEM images (Figure 3), it can be observed
that the photocatalyst samples prepared via RF magnetron sputtering, followed by elec-
trochemical anodization, exhibit a homogenous structure comprised of nanotube arrays
with pore diameters of 100 nm. All samples, unmodified and Cu modified, have similar
morphologies. The amount of CuO formed on the TNT surface slightly varies between
the Cu-modified samples, which indicate the formation of different quantities of highly
dispersed nanoparticles (Figure 3b). These findings corroborate those of a prior study [17],
where we used a similar Cu-modification pathway to decorate TiO, nanotubes immobilized
on Ti foil.

In order to determine the elemental composition of different Cu@INT photocatalysts,
EDS was used. The results confirmed that the modification of TNT with Cu was successful
(0.3 to 1.6 at.%) (Table 1).
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Figure 2. XRD diffractograms of Cu-modified nanostructured TiO,.

Figure 3. FE-SEM micrographs of (a) unmodified (TNT) and (b) Cu-modified TiO; (2Cu@TNT).

Table 1. The average percentage of O, Ti, and Cu for each photocatalyst.

Atomic %
Element 0.5Cu@TNT 1Cu@TNT 1.5Cu@TNT 2Cu@TNT
0 55.4 + 0.4 542 + 0.5 53.4 + 0.4 521+ 0.3
Ti 443402 452+ 03 455+ 02 463 + 0.4
Cu 03+ 02 0.6+ 0.3 11403 1.6 402

3.2. Results and Kinetic Study of Ammonia Photocatalytic Oxidation

Before the photocatalytic experiment, the evaporation rate from the chamber, corre-
sponding to the NHj3 concentration in the air in the empty reactor (baseline), was deter-
mined in the same manner as already described in [26]. To address the kinetics of NHj3
photocatalytic oxidation properly, the simplified atmospheric dispersion equation was
used considering ammonia transport in the axial direction only. Assuming that there is no
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radial concentration profile, considering the transport phenomena and kinetics together,
the equation of continuity for the ammonia will be:
dé; G G

o T =D~ (1) @)
where i = NHj, D is the dispersion coefficient in the reaction space, i, is the average air
velocity in the axial direction (cm/min), L is the path length per single pass through the
MPWT, and r; stands for the photocatalytic reaction rate.

Under the assumption of first-order reaction rates of NHj3, the rate is expressed as:

I = _kappci ()

where kg stands for the apparent first-order reaction rate constant (min~1).

The apparent reaction rate constants (Table 2) revealed little regarding the real reaction
rates of NHj3 photocatalytic oxidation since mass transfer and photon absorption effects
were not considered. Since the photocatalysis can be phenomenologically described as
a two-step process, the (a) mass transfer step and (b) chemical reaction step, the overall
pollutant oxidation rate is composed of the mass transfer constant (k;;, cm/min) and
photocatalytic reaction rate constant (ky, min~!), which are written as series resistances, as
shown in Equation (3) [26,35]:

1 1

Table 2. The modeling results: the apparent reaction rate constants.

Photocatalyst kapp, s~ 1
TNT 0.00035
0.5Cu@TNT 0.00024
1Cu@TNT 0.00038
1.5Cu@TNT 0.00044
2Cu@TNT 0.00047

The additive effect of a chemical reaction and mass transfer is better shown in rear-
ranged expression, as shown in Equation (4) [36], giving the apparent rate constant that
can be introduced in Equation (2).

k/pkmlls

kt = —F—— "

(4)

In Equation (4), as stands for the surface area per unit weight of a catalyst (cm?/ g).
The apparent rate k’ and k', were expressed in cm®/gmin.

Due to the positioning of the photocatalytic active layer in an MPWT reactor, a
correlation for the average Sherwood number over the length of a plate, L, is given:

Sh = 0.664 Sc"B Rl (5)

where the Reynolds number is calculated over the length L, Re; = Lu, /v. Hereby, the mass
transfer constant is related to the Sherwood number as ky, = Sh D/L [26].

Furthermore, to calculate the intrinsic constant for the reaction at the TiO, surface, one
independent of photon flux and the changes in irradiation level, the following expression
was used:

05 05 :
ktp = kp, int [(VIO)UVB + (mlo)iiva + Pz?i?}' Q)

here, ky;,; is the intrinsic rate of photocatalytic oxidation of target pollutants
(em'® m/W?%°min), and Iy (mW/cm?) stands for the incident photon flux at the thin
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film surface along the whole flat surface in reaction space in the isoactinic MPWT. The
# (cm™1) is the absorption coefficient averaged over the spectrum of incident irradiation
separately in the UVB and UVA regions, and 0.5 is the order of reaction with respect to
irradiation absorption in well-irradiated systems [37]. The p for the studied photocatalytic
film in the UVA and UVB regions for TiO,-based photocatalyst was determined in our
previous paper and used as a reference hereby [26]. In the case of photocatalysts with
expected visible light absorption, the irradiation term was expanded using the P,;; term,
estimating the overall photon absorption rate on the catalysts’ surface in the visible region.
The set of equations is solved numerically following the time step for a single pass through
the reactor (df = L/ii,). All parameters used for modeling are summarized in Table 3.

Table 3. Summary of model parameters and irradiation conditions.

Photocatalyst
Model Parameter
TNT 0.5Cu@TNT 1Cu@TNT 1.5Cu@TNT 2Cu@TNT
Km, NH3, cm min ! 0.5693
kp int, N3, cm!® mW 05 min~1 3.59 x 107° 3.53 x 107° 3.56 x 107° 3.57 x 107° 3.60 x 107°
Dz, em? min 1 0.18
Huva, cm ™! 495 x 10* 1.45 x 10*
Hyve, cm L 1.33 x 10° 6.30 x 10%
Pis, mW cm 3 0 0 50,000 120,000 165,000
Ip@photocatalytic surface, Io, uva = 0.571
mW cm 2 Ip, uve = 0.678
as, cm? g~ 76,923.07

The resulting concentration profiles are shown in Figure 4a. The experimental results
shown in Figure 4 are extracted from the experimentally determined NHj3 concentration
in the third set of experiments; only data obtained under irradiation (60 to 240 min) were
shown. It can be seen that the maximum concentration of ammonia changes due to the
presence of different Cu-modified photocatalysts (0.5-2 Cu@TNT), and generally, values
predicted by the model follow the trend of experimental results from MPWT. The initial
NHj3 concentration shown in Figure 4b varies depending on the photocatalyst, suggesting
differences in the NHj3 adsorption on the surface during the adsorption in dark. Note
that 60 min of adsorption in dark whereby NHj concentration plateau was achieved
precedes the photocatalytic oxidation under irradiation. In the photocatalytic process, i.e.,
under the UV /Vis irradiation, a decrease in the NH; concentration can be observed due
to NHj3 oxidation, mainly to N,. After 180 min, for the most active sample (2Cu@TNT),
the initial NHj concentration in the system decreased by 72.9% compared to the NHj
baseline concentration. For the other samples, NH3 concentrations decreased 70.3% for
1.5Cu@TNT, 63.1% for 1Cu@TNT, 51.5% for 0.5Cu@TNT, and 62.0% for TNT. Only the
0.5Cu@TNT sample was less effective compared to the referent TNT sample, while others
exhibited higher photocatalytic efficiencies. Detailed modeling allowed tentative insight
in the photocatalytic performance of Cu-modified TNT photocatalysts. In general, Cu-
modified TNTs have lower absorption coefficients in UVA and UVB compared to pure
TNT, but the corresponding photon absorption rates on the catalysts” surface in the visible
region dramatically increased by the addition of Cu.
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Figure 4. (a) Comparison of determined model values (calculated C;) and experimentally determined NHj in the reactor
outlet (C;, out) during photocatalytic experiments in MPWT. The presented time scale is correlated only with the irradiation
period (adsorption in dark was omitted). (b) The baseline NH; concentration for each photocatalyst.

3.3. Impedance Spectroscopy and DC Conductivity under Controlled Humidity

Surface electrical conductivity spectra at different relative humidity for unmodified
and Cu-modified nanostructured TiO; samples are presented in Figure 5a—c. It is observed
that conductivity isotherms for TNT and 1.5Cu@TNT samples are similar in shape, and
different spectral features can be observed. Both thin films show conductivity isotherms
that are frequency independent in a wide low-frequency range, which is related to the
long-range transport of charge carriers, i.e., DC conductivity, whereas with increasing
frequency, conductivity dispersion occurs in a power-law fashion due to their localized
short-range motions. TiO; is an n-type semiconductor due to the presence of oxygen
vacancies and free electrons that are the charge carriers [38]. With the modifications, in
this case, with copper, a change in transport properties is very likely, but it seems that the
modification of nanostructured TiO; samples up to 1.5Cu@TNT still does not affect the
transport properties based on conductivity spectra and level of relative humidity.

4l (@) TNT 4 (b) 1.5CU@TNT 4l (€) 2CU@TNT
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Figure 5. Conductivity spectra for selected samples measured under controlled relative humidity (30%, 75%, and 94%):
(a) TNT, (b) 1.5Cu@INT, (c) 2Cu@TNT.

The relative humidity (RH) is controlled from ambient 30% up to 94%. The change in
RH does not have a significant effect on the DC conductivity nor does it have a significant
effect on the shape of the conductivity spectra of the samples 0Cu@TNT and 1.5Cu@TNT;
see Figure 5a,b. However, a detailed look at the DC region reveals a slight variation in DC
conductivity; see Table 4.
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Table 4. Selected parameters obtained from EEC modeling and fitting the complex impedance data for
sample 2MCu@TNT measured under various relative humidity, along with calculated corresponding
DC conductivity, opc for selected samples.

Relative Humidity R/()) opcP/(Q cm)—1
Sample (%) +0.5% +0.5%
TNT 30 7.94 x 10° 1.26 x 10~°
1.5Cu@TNT 30 2.19 x 10° 457 x 107°
30 2.67 x 10° 3.57 x 10~7
2Cu@INT 75 3.70 x 10° 2.70 x 10°
94 2.39 x 10° 418 x 107

2 Individual value obtained by EEC. P Individual value calculated from the equation opc = 1/R.

We can move further in the analysis of electrical properties of the 2Cu@TNT sample
and present the experimental data in a complex impedance plot; see Figure 6. It can
be observed that the shape is evolving as the relative humidity is increasing, which is
indicated from conductivity spectra. The corresponding equivalent circuit used for fitting
the experimental data and obtained fitting parameters are shown in Figure 6 and given in
Table 4, respectively. According to the appropriate equivalent circuit model used, various
processes can be identified and separated. The impedance plots, at controlled RH levels,
consist of a high-frequency semicircle related to the bulk behavior and a low-frequency
spur that emanates from electrode polarization. As shown in Figure 6, with an increase
in relative humidity, the high-frequency bulk process is less pronounced and shifts to the
edge of the frequency range of the measurements, while at the same time, a low-frequency
spur starts to dominate the spectrum for the 2Cu@TNT sample. This observation is in
line with the expressed humidity response, which could be attributed to the adsorbed
water molecules.

-Z" I MQ
©O N W s OO N ®

6 6
| (a) HR 30% | (b) HR75% | (c) HR 94%
1 0 Experimental data 4] O Experimental data 4] O Experimental data
| e====Fit by EC model e===Fit by EC model e Fit by EC model
] ]
g 3 g 3 ]
] = = o
N 24 g o N 21 ]
K3 1 ) 1] K3
] —
] > 0 5 0] CPE,
0 1 2 3 4 6 7 8 0 1 2 3 4 5 6 0 1 2 3 4 5 6
Z'IMQ Z’' I MQ Z’' I MQ

Figure 6. Complex impedance spectra for sample 2Cu@TNT measured at various relative humidity: (a) 30%, (b) 75%, and

(c) 94%. The symbols (colored open squares) denote experimental values, whereas the solid magenta line corresponds to the

best fit. The corresponding equivalent circuit model, comprised of multiple parallel combinations of the resistor (R) and the

constant-phase element (CPE), used for fitting the data of an individual spectrum, and its interpretation is shown in each

figure (defined as follows: b—bulk phase, and el—electrode polarization).

4. Discussion

The Cu-modified vertically aligned TiO, nanotubes synthesized by anodizing Ti/TiO,
bi-layer thin films, modified with copper using a wet-impregnation method by immersing
samples in four different solutions containing Cu(NO3); in various concentrations (0.5,
1,1.5, and 2 M concentrations of Cu(Il)), were tested for their photocatalytic and relative
humidity sensing properties.
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As it can be seen in Figure 4, in 180 min under a UV /Vis irradiation, the maximum
concentration of ammonia changed in the presence of different photocatalyst samples,
i.e., the initial NHj3 concentration in the MPWT reactor decreased by different values.
To be specific, for the unmodified TNT sample, NH; concentration decreased 20.8% in
comparison to the baseline. As for the Cu-modified samples, the concentration decreased
as follows: 0.5Cu@TNT 40.5%, 1ICu@TNT 41.3%, 1.5Cu@TNT 52.4%, and 2Cu@INT 62.5%.
The sample modified with 2 M Cu showed the highest efficiency for the NHj3 removal in
comparison to the other samples studied in this work.

The kinetics of the decomposition of NHj follows the first-order kinetics with given
values of the photocatalytic reaction rate constant (k, min~1!), suggesting an oxidation
mechanism via *OH radicals. Usually, conversion to harmless gaseous Ny is not a single-
step reaction. It could be comprised of oxidation, firstly to NO or NO,. These oxides
immediately undergo redox reactions and are reduced to N,. Reduction of NO, to N»
occurs on the photocatalyst’s surface in the presence of NH3, which acts as a reducing
agent [39]. Charge carrier generation (Equation (7)):

TiOy + hv — e cg + h'yp ()
h+VB + HZOads — .OHads +H" (8)
h+VB + OHiads — .OHads (9)

e ¢cp+ O2ads — OZads._ (10)

and trapping of the electrons and holes (Equations (8)—(10)), produce hydroxyl (*OH)
and oxygen radicals on the photocatalyst surface. According to the literature, humidity
represents an important factor as the photo-oxidation of NO strongly depends on the
presence of the water vapor in the system, and in our case, RH was >90%.

It is widely known that charge transfer capability is the main factor affecting the mate-
rial’s photocatalytic efficiency. As the results showed, all Cu-modified samples have higher
NHj; removal efficiency than the unmodified reference sample (TNT). CuO nanoparticles
dispersed on the TiO; surface promoted the photocatalytic degradation of NH3. That is a
consequence of the more efficient photogenerated charge separation; i.e., CuO nanopar-
ticles acted as free electron traps, reducing the fast recombination rate between electrons
and holes at the TiO; surface. As for the 2Cu@TINT sample, the copper concentration was
optimal for the maximum increase in photocatalytic activity.

Impedance spectroscopy measurements showed that an increase in conductivity is
correlated with an increase in Cu(Il) concentration. The 1.5Cu@TNT sample shows a
maximum in DC conductivity at RH 30%, whereas a decrease for the 2Cu@TNT sample
can be explained by the tendency of Cu(ll) ions to act as charge carrier traps [40]. The
conductivity spectra for the 2Cu@TNT sample differ significantly from those of the TNT
and 1.5Cu@TNT samples. The presence of a DC conductivity plateau, as well as dispersion
at higher frequencies, may be seen in the intermediate-frequency region. Moreover, the
shape is also affected by the increase in RH, and the pronounced electrode polarization
effect starts to dominate the spectra for the high RH; see Figure 5c. Farzaneh et al. [41]
showed that Cu-doped TiO; gives a better humidity response than pure TiO, films. In our
case, for the 2Cu@TINT sample, an increase in RH results in an increase in DC conductivity
of one order of magnitude, from 3.57 x 1077 (2 em) ! at 30% RH to 4.18 x 107° () cm) !
at 94% RH, respectively. In the study by Garcia-Belmonte et al. [42], the observed change
in conductivity when porous TiO; is exposed to different relative humidity is explained by
the hopping of protons through a percolation cluster formed by adsorbed water molecules.
In addition, the enhanced hydrophilicity in doped thin films can be ascribed to an al-
teration in the surface chemistry because of a greater number of surface defects, such
as oxygen vacancies, acting as binding sites for water molecules [40]. Thus, we can say
that the 2Cu@TNT sample showed the most pronounced humidity response and change
in conductivity in comparison to the other studied samples in this work along with an
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emphasized polarization effect. The latter is even visible at the lowest relative humidity,
which further indicates the particular sensitivity of this sample. The increase in the DC
conductivity for sample 2Cu@TNT can be related to an increase in the concentration of
charge carriers on the surface of the sample. Additionally, with the change in the shape
of conductivity spectra in a whole measured frequency range, we can conclude that any
change in humidity influences long-range and short-range charge carriers at the same
time. A low resistance is beneficial for charge transfer. The IS measurements showed
that 2Cu@TNT has the lowest resistance for RH >90% in comparison to the other samples.
Generally speaking, a low resistance has a beneficial influence on charge transfer; i.e., it
enhances the utilization of the photogenerated electrons and holes, and it increases the
photocatalytic activity. Higher NHj3 oxidation is a direct consequence of the increased
generation of *OH radicals obtained by a more efficient photogenerated charge separation.
That is in correlation with the increase in the DC conductivity and with an increase in
charge carriers’ concentration on the surface of the given photocatalyst. The 2Cu@TNT
sample proved to be the most effective for ammonia oxidation. Therefore, photocatalytic
activity results were in agreement with impedance spectroscopy measurements.

5. Conclusions

A low-cost synthesis route was used for preparing immobilized nanostructured Cu-
modified TiO, nanotube arrays used for the ammonia oxidation and relative humidity
sensing. The 2Cu@TNT sample demonstrated improved ammonia oxidation together
with superior RH sensing properties. The improved photocatalytic activity is a direct
consequence of a successful charge carrier separation, which increased the *OH generation
responsible for NH3 oxidation. Furthermore, the 2Cu@TNT sample showed the most
pronounced humidity response and change in conductivity in comparison to the other
samples studied in this work. The increase in the DC conductivity can be related to an
increase in the concentration of charge carriers on the surface of the sample, which is in
agreement with the results obtained from the photocatalytic experiment. These results
indicate the possibility of the simultaneous use for the 2Cu@TNT sample, i.e., as a humidity
sensor in the photocatalytic reactor that could detect the optimal RH percentage necessary
for the successful photocatalytic degradation of ammonia.
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