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Abstract

In this study, photoactive CuxO/TiO2 coatings were prepared using magnetron sputtering operated
at different powers and modes (Direct-current magnetron sputtering and High Power Impulse
magnetron sputtering). Indoor/outdoor air pollutions (Volatile Organic Compounds, VOCs)
degradation have been dramatically reduced on sputtered Cu,O/TiO2 on polyester (PES) cloth
under low intensity visible light. The Low intensity visible light was used to irradiate the sputtered
photocatalysts, which degraded various VOC molecules concomitant with a bacterial inactivation
ability. The VOC removal kinetics were studied in the dark and under visible light as a function of
the deposition time and applied peak currents during the coating by HiPIMS. High concentrations
of chloroform and butyraldehyde were shown to be degraded (90% and 85%, respectively) on
CuO/TiO»-PES fabrics under daylight irradiation. The repetitive reuse of the sputtered coatings
was also investigated showing the long operational lifetime of the prepared fabrics. The deposition
rates of Ti and Cu atoms and their atomic distribution along the sputtered film have been
investigated by Transmission Electronic Microscopy (TEM). Redox catalysis was shown to happen
within the VOC degradation time as detected by X-ray Photoelectron Spectroscopy (XPS).
Deconvolution of the Cu2p3/2 peak in the CuxO/TiO2 on PES samples showed changes in the
Cu20 and CuO within the VOCs degradation and the bacterial inactivation. The interfacial charge
transfer (IFCT) between CuxO induced under light leading to VOCs oxidation path seemed to
require a low photons energy and were able to oxidize the pollutants even at high concentrations.
The mechanisms involving the VOCs degradation on CuxO/TiO: catalysts are suggested in which
the holes generated by Cu20 transfer to TiOz in the TiO2(n)/CuxO(p) in the hetero-junction. This
transfer is favored by the electrostatic interaction between both semiconductors. The photo-
generated ROS, mainly *‘OH-radicals were determined by fluorescence method. The possible
contribution of the ‘OH-radicals in the bacterial inactivation on the sputtered CuxO/TiO; catalysts
was discussed. DRS, TEM, contact angle (CA) and XPS were used to characterize the catalyst
optical and structural properties.
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1. Introduction

Volatile Organic Compounds (VOCs) became of a huge concern to the social, economic and
scientific community as it presents a huge issue that threats the sustainability of ecosystems and
the well-being of both fauna and flora [1,2]. European Environmental Agency estimated that
Europeans spend 90% of their time indoor [3]. Americans and Canadians spend 87% of time
indoor and an additional 6% in a vehicle [4]. In fact, many reports have emphasized on the
hazardous aspect of these compounds, since their presence in the atmosphere could lead to
serious respiratory problems for humans and animals [2,5,6], significantly decreases crops
production yield and causes an unpleasant mist especially in mega-cities and industrial areas [3-
7].

In this context, an important attention has been paid for the treatment of industrial emitted
gases in order to carry on with the important growth that this sector has witnessed during the last
decades in terms of goods production and resources consumption [7]. A variety of techniques was
highlighted in order to reduce the amount of organic pollution in the air, namely adsorption [8],
condensation [9], plasma combined with catalysis [10-12], incineration and thermic combustion [9]
and biological degradation [13]. Despite their considerable efficiency in the elimination of VOCs,
these techniques were shown to generate high amounts of hazardous by-products and sludge
and in some cases only presents a temporary pollution transfer from gaseous to solid phase [14]
or from one place to another.

Among these techniques, heterogeneous photocatalysis was considered as a clean
technology for air depollution due to its capacity to eliminate VOCs with high efficiency [15,16],
leading to their complete mineralization without a significant production of possibly harmful
oxidation by-products [11,17]. However, the majority of the elaborated studies reported the
exorbitant amount of energy that has been consumed during the run of the photocatalytic
processes [18-22] as well as the unsuitability of these techniques for a certain industrial
requirement [21]. Furthermore, the classically used catalyst, TiO2 on glass fiber tissue [23,24],
TiO2 on cellulosic paper [19], TiO2 on polymer support [23] and TiO2 on PES fabrics [27,24,25] did
not offer a pertinent purification capacity of the effluent under visible light and needed to be further
improved in order to reach higher mineralization levels [19,23,26]. Hence, the shifting of
photocatalytic processes to the use of visible light on metal-doped semiconductors was highlighted
by recent studies reporting encouraging results in the treatment of gas emissions and dye-loaded
industrial wastewater effluents [22-27]. Indeed, the use of visible light in presence of metal-doped
semiconductors can lead to improve the efficiency of VOCs degradation and microorganisms [29-
32].



During the last few years, many research groups focused on the preparation of innovative
catalysts for bacterial inactivation [33]. Wang et al., reported on the antibacterial behavior of Cul-
BiOI/Cu films prepared by water bath method and their enhanced photo-induced charge
separation under visible-light [34]. The same research group reported on the role of the
photogenerated h+*, e~ and O~ playing synergistic effect for the photocatalytic disinfection over
Ag@AgI/Bi-BiOl three-dimensional nano-architectures [35]. Many efforts are running today for the
design of Lotus effect self-cleaning/self-sterilizing coatings for hospital textile [28-30].

The aim of the present work is to explore the removal efficiency of indoor air pollutants such
butyraldehyde (from now as BUTY) and chloroform in batch reactor on Cu.O/TiO sputtered on
PES. The influence of inlet concentration and catalyst on the pollutant removal are investigated in
details. In addition to the indoor air pollutants, the sputtered fabrics were tested for the chloroform
removal. Moreover, an interesting challenge of this work is to study also the effect of the
preparation conditions on the photocatalytic inactivation of E. coli. The photocatalyst were
characterized by up-to-date surface science techniques.

2. Material and methods

2.1. Cu,O/TiO: sputtered PES

The CuxO/TiO2 coatings were sputtered using combined reactive DCMS/HiPIMS process. Ti target
was operated under DCMS mode and Cu target (99.99% pure) was operated using reactive
HIPIMS mode. The sputtering chamber was operated at a high vacuum with a residual pressure
<4 x 10° Pa equipped with two confocal targets 5 cm in diameter (Lesker. Hastings, East Sussex
pure). A HiP3 5KW Solvix generator was used for the HiPIMS deposition and was operated at an
average power of 100 W (5 Wem2) with a pulse-width of 50 ps and a frequency of 1 KHz. The gas
phase inside the sputtering chamber was 95% Ar : 5% O.. The DC power in the second target
was performed at 90 W for the first 30 seconds then at 50 W to adjust the relative content of Ti in
the film as it will be shown later by high-resolution transmission electron microscopy. A TiO2 under
layer was puttered before the CuxO deposition. The target-to-substrate distance was fixed at 10

cm as shown in scheme 1 below.
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Scheme 1. lllustration of the sputtering unit used to prepare the photocatalyst used in the
present study.

The low surface energy of PES cloth can lead to poor sputtered nanoparticles’ adhesion. In order
to increase the uniform distribution of Cu on PES, an under layer of TiO2 was sputtered for 20
second followed by the Cu deposition (from a separate target). The latter plays the role of stabilizer
to Cu species as previously reported [37,38]. In addition, the presence of TiO, reduces the
aggregation of Cu on the substrate surface [39]. Furthermore, the PES fabrics were pretreated by
UVC-light (15 min) to induce a higher density of functional polar groups able to bind the sputtered
Ti-species [28,29,36,37]. UVC irradiation was carried out using a 185/254 nm low-pressure
mercury lamp (Ebara Corp., Tokyo, Japan). The UVC lamp (25 W) presented emission lines at
185 nm and 254 nm in a ratio 1:4.

2.2. Materials and chemicals

Photocatalytic experiments were performed using a cylindrical batch reactor, 10 mm as upper
diameter and 50 mm of working height, thus accepting up to 50 mL of the studied pollutant. A
fluorescent visible lamp could be inserted inside the reactor from above. The reactor contains two
septum; one of them is used for samples extractions (Figure 1). The photon excitation was
provided by a Sylvania CF-L 24W/840 source with a spectral emission in visible range (400-720
nm). This light source is similar to light used for hospital facilities, schools and houses. This is the
reason why we are calling it as “indoor light”. The spectral emission of the lamp is illustrated in
Figure 1. The whole micro-reactor was covered with an aluminum thin layer to prevent visible
emission. A magnetic stirrer and barrel allows the gas phase to be homogenized.



The CuO/TiO»-PES samples were placed in the inner space of the tube to be in direct contact
with the studied gas and the light radiation. The surface of the catalyst was constant of about 20
cm? for all the carried experiments.

UV/Visible lamp
Photocatalyst-PS
Internal wall

Septum External wall

Tight joint

W per 5 nm per Im
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Figure 1. Schematic of the batch photo-reactor with the central co-axial Sylvania CF-L 24W/840
light source (400-720 nm).

2.3. Photocatalytic tests and analytical tools

In order to test the photocatalytic performance, a common volatile organic compound was used,
chloroform. Analysis of Chloroform/BUTY was performed using a gas chromatography gas phase
(Fisons GC9000) equipped with a flame ionization detector (FID). Nitrogen is the carrier gas and
constitutes the mobile phase. All injections were performed manually with a syringe of 500 uL and
repeated at least three times.

The pollutants analysis can only start once the airflow in the reactor reaches equilibrium. A certain
time is required after the pollutant is injected in the reactor, so that its concentration stabilizes.
Once the outlet concentration is stabilized and the catalyst is loaded, light is on and the
photocatalytic oxidation starts.

2.4. Bacterial inactivation tests and *OH-radical identification

The evaluation of the bacterial inactivation was carried out by plate counting agar method. The
Escherichia coli (E. coli K12) was obtained from the Deutsche Sammlung von Mikro-organismen
und Zellkulturen GmbH (DSMZ), Braunschweig, Germany to test the sputtered samples bacterial
inactivation. The sputtered PES fabrics were sterilized keeping them at 70°C overnight. Aliquots
of 50 yL bacterial culture suspended in NaCI/KCl (8 g/l NaCl and 0.8 g/l KCI) solution with a
concentration of 8x10° colony forming unit per milliliter (CFU.mL"") were placed on sputtered and
unsputtered (control) PES samples. The samples were placed in Petri dishes provided with a lid
to prevent evaporation. At preselected times, the samples were transferred into a sterile 2 mL



Eppendorf tube containing autoclaved NaCI/KCl saline solution. These solutions were
subsequently mixed thoroughly using a Vortex. Serial dilutions were made in NaCl/KCI solution
taking 100 pL aliquots. Then 100 pL aliquots were pipetted onto a nutrient agar plate, for the
bacterial counting by the standard plate method. These agar plates were incubated, lid down, at
37°C for 24 h before colonies counting. The bacterial tests reported in this study were carried out
in triplicates. To verify that no re-growth of E. coli occurs after the first bacterial inactivation cycle,
the sputtered films were incubated on an agar Petri dish at 37°C for 24h. Statistical analysis are
presented by mean of standard deviation (n=5%).

For the quantification of the ‘OH-radical, samples of 9 cm? were immersed in a solution of
terephthalic acid (0.4 mmol L") dissolved in NaOH (4 mmol L"). After preselected irradiation times,
the solution was transferred in a quartz cell. The fluorescence of the photo-generated 2-
hydroxyterephthalic-acid was quantitatively monitored on a Perkin Elmer spectrometer. The
spectra were recorded at a scan rate of 100 nm/min after excitation at 315 nm.

2.5. CuxO/TiO2 Characterization: Thickness, TEM, CA, spectral absorption and XPS

Thicknesses of the TiOz, CuxO and CuxO/TiO: thin films were measured by profilometry
(Alphastep-500, Tencor, USA) after deposition on Si-wafers. To be able to perform the
transmission electron microscopy (TEM), the PES fabrics were embedded in epoxy resin (Embed
812) and cross-sectioned with an ultra-microtome (Ultracut E) up to thin layers of 80-100 nm thick.
These thin layers were then placing on TEM holey carbon grid in order to image the samples. The
Spot size was set to 5 um, dwell time 50 ps and the real time of 600 s. The contact angles (CA)
of TiO,, CuxO/TiO2 were determined by the sessile drop method on a Data Physics OCA 35 unit.

Diffuse reflectance spectroscopy (DRS) of TiO2, CuxO and CuxO/TiO2 was carried out a Perkin
Elmer Lambda 900 UV-VIS-NIR spectrometer within the wavelength range of 250-750 nm. The
background was subtracted using an unsputtered PES fabric. Optical spectra were analyzed by
the Tauc’s method.

An AXIS NOVA photoelectron spectrometer (Kratos Analytical, Manchester, UK) provided for with
monochromatic AlKa (hv=1486.6 eV) anode. Binding energies (BE) were calibrated against the
standard C1s binding energy at 284.6 eV [27, 28]. A Multipak (version 9 software) using 70:30
Gaussian: Lorentzian peak shape and a Shirley background function were used for Spectra
deconvolution as previously reported [28,29,36,37].

3. Results and discussion
3.1. Thickness calibration and TEM of sputtered CuyO/TiO--PES



The thickness calibration of the CuxO deposed by HiPIMS at 20, 40 and 80 A on Si-wafer was
investigated. Sputtering CuxO for 100 s at 100 A led to a layer of ~70 nm thick. This is equivalent
to 350 atomic layers, each containing 10" Cu-atoms/cm? being deposited at a rate of ~5x10"®
atom/cm?s [38].

The PES fabrics were initially pretreated with UVC for 15 min as previously described. UVC
pretreatment enhances the polarity, roughness and hydrophilicity of polyester improving the
interfacial adhesion of TiO. as previously reported by Kiwi et al. [39] and R.A. Jelil [41]. The UVC
pre-treatment induced negatively charged functional groups, e.g., carboxylic, percarboxylic,
epoxide and peroxide groups due to the atomic and excited O [26]. The PES negative sites bind
the positive ions generated in the plasma phase Ti*/Ti3*/Cu*/Cu?*. This involves electrostatic
attractions including chelation/complexation [36]. The TiO. was deposited immediately after the
UVC pretreatment due to the short lifetimes of the polar radical species.

Transmission electron microscopy (TEM) images of the sputtered CuxO/TiO2 on PES shows a
continuous coating of TiO2 under layer on PES fabrics. TiO» thickness of 10-15 nm is equivalent
to 50 atomic layers [26], taking an atomic layer thickness of 0.2 nm [39]. During the deposition of
the TiO2 under layer and the CuyO, the Ar/O; ratio was fixed at 19. The oxygen atoms distribution
shows the oxide nature of the Ti and the Cu upper layer. Uniform distribution of Cu-species on the
TiO2 under layer with a high oxygen content. This reveals the oxidation of both under and upper
layers during the deposition. Table 1 shows the Ti, O and Cu weight and atomic percentages in
the sputtered films as determined by EDX.

Table 1. EDX area and elemental mapping analysis of CuxO-TiO.-PES both sputtered for 100 s

at 80 A.

Element Weight % Atomic %
OK 16.53 68.73
TiK 3.66 4.41
CuK 54.3 17.47

The Cu,O layer uniformity and particulates shape/size are dependent on the number of deposited
atomic layers. This controls the structure-reactivity relation of the Cu-catalyst clusters sputtered
on the PES-substrate [42,43]. Both layers were deposited in reactive mode in the presence of
oxygen. In addition, the exposition of the sample to ambient environment after preparation can
lead to further oxidation of the top-most layers as reported previously [28-30,37].

3.2. Photocatalytic experiments



3.2.1. Effect of the deposition Current of CuxO on TiO2-PES on the photocatalytic activity

under low intensity light: Chloroform removal.

Figure 2 shows the chloroform removal on Cu,O/TiO2-PES sputtered for 20, 80 and 100 A. It is
readily seen from Figure 2 that CuxO/TiO2-PES photocatalyst sputtered at 80 A led to the fastest
chloroform removal compared to samples sputtered at 20 and 100 A. An increase in sputtering
current from 20 to 80 A led to two times increase in the chloroform removal (from 40 to 72% of the
initial 6 mg/m3 of chloroform). This is due to the availability of the photocatalytic sites generated at
the interface of the sample deposited at (80A). At low current values, the degradation will tend to
a limit. It was recently reported that the deposition current in HiPIMS generates different
ions/charged species [44]. This leads to differentiate charges at the thin films interface.

O Cu,O deposited by HiPIMS at 20 A
1.0 A Cu,O deposited by HIPIMS at 40 A
Z O Cu,O deposited by HiPIMS at 80 A
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Figure 2. Removal of chloroform with catalyst CuxO/TiO.-PES at different HiPIMS sputtering
currents deposited for 100 s.

3.2.2. Effect of the deposition time of CuxO on TiO»-PES on their photocatalytic activities

The photocatalytic activities of CuxO deposed for different time (5, 20 and 100 s) on TiO2 under
layer were investigated in details. For the copper-based photocatalyst (Figure 3) and when
comparing different times of deposition under low intensity light, it is readily seen that the
degradation of chloroform was significantly affected by the deposition time of CuxO and thus its
amount on the surface. Indeed, the normalized concentrations of chloroform shown in Figure 3
decreased up to 71% within 15 hirradiation. This result is in agreement with other results reported
for some other VOCs [38,26].



It has been recently reported that the thickness/amount and microstructure of Cu are a function of
the applied sputtering current and lead to the significant difference in the total-ions count [42].
Recent reports investigated the ions distribution from the plasma phase (inside the magnetron
sputtering chamber) until the resulting CuxO thin film (before and after exposition to light) [44]. S.
Konstantinidis et al., reported on the diagnostics and understanding of the plasma—surface
interaction in HiPIMS discharges [45-47]. The same authors followed the deposition rate of TiO»
films as a function of the applied current and showed that the deposition rate increases until a
certain current intensity then it decreases [46]. This can explain the lower photocatalytic activity
observed for the sample sputtered at 100 A. Similar trends was observed by Kiwi et al., and was
attributed to the inward charge diffusion in thick catalytic films [48-51].
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Figure 3. Removal of chloroform on HiPIMS-sputtered CuxO/TiO»-PES (at 80 A) deposited at
different times.

The chloroform removal on CuxO/TiO.-PES with 100s of sputtering time was about twice time
faster compared to the same catalyst with 5s of sputtering time; it reaches 80% removal in 12h
with 20 s of sputtering as seen in Figure 3. On CuxO/TiO2-PES, only 40% of 6 g/m? of chloroform
were removed within same period. This observation can be explained by the fact that 5 s is very
low to form a layer of catalyst leading to chloroform degradation.

On other way, we see that increasing the time sputtering from 20 to 100 s has no effect of VOC
removal. In fact, we note the same removal of chloroform. This observation is due to the fact that
chloroform molecules adsorption is mainly a monolayer process and the increase in deposit time

9



is considered could be associated to a multilayer coating thickness of the catalyst [28]. Similar
results were recently reported [40] when investigating bacteria degradation using TiO: in water.
Analysis results were discussed according to the variation of deposition time and used
galvanostatic current intensity during pulverization process.

3.2.3. Effects of indoor/outdoor pollutants on CuxO/TiO.-PES performance

Figure 4 shows that under 80 A and with visible light, the degradation of two kinds of pollutants,
with equimolar inlet concertation, is quiet similar. However, when we decrease the intensity of light
(data not shown), we observed that the degradation of chloroform is becoming slower than that of
butyraldehyde. Therefore, we can conclude that the copper-based catalyst is more efficient for the
degradation of butyraldehyde.

After 10 hours visible light illumination, the photocatalytic removal kinetics of chloroform was faster
than butyraldehyde. This can be due to the chemical properties of pollutants, their affinities
towards the catalyst and the accumulation of their intermediate by-products on the surface of
catalyst leading to competition effect of VOC towards the catalytic active sites.
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Figure 4. Indoor/outdoor pollutants removal on CuxO/TiO2-PES HiPIMS-sputtered 80 A for 20s

under a visible lamp irradiation.
3.3. CuO/TiO2-PES catalyst recyclability
The reusability of the tested samples is an important factor to investigate since it is a measure for

its practical application potential degrading pollutants in the gas phase [39, 40]. To investigate the
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applicability of the developed copper sample to operate in four successive cycles, several visible
photocatalytic oxidations were done. The copper catalyst was thoroughly washed after each
photodegradation cycle and reused. The results of repetitive use of the CuyO/TiO2-PES
photocatalyst up to the 4™ cycle | is shown below in Figure 5. We note no loss of sample photo-
activity. The results reported in Figure 5 show the overall potential of the CuxO/TiO.-PES samples
for application in air treatment. We note the same slope of the removal rate during each cycle.
Thus, this behavior can confirm the no deactivation of surface sites and an excellent catalytic
stability of CuxO/TiO2-PES is confirmed. This trend can be attributed to the very low metals (copper
and titanium) leaching during removal cycle.
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Figure 5. Degradation profile of chloroform with photocatalysis on a CuxO/TiO2-PES sample under visible

light. Further experimental conditions: 1=30W/m?, Chloroform concentration = 6 g/mq.

3.4. E. coli inactivation and "OH-radical production on Cu,O/TiO.-PES photocatalyst

In order to evaluate the effects of CuxO amounts (sputtering time) on TiO»-PES photocatalyst in
the E. coliinactivation, Figure 6 shows E. coliinactivation on CuxO/TiO2-PES at different sputtering
times under low intensity indoor light. The fastest bacterial inactivation was seen to happen on
CuO/TiO2-PES photocatalyst sputtered at 80A, where it exhibits a total inactivation of bacteria
after one hour exposition to indoor light. An increase in the sputtered time to 80s led to increase
in the bacterial inactivation rate. When CuxO was sputtered for longer time (100s) the inactivation
rate decreases.
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Figure 6. E. coli inactivation on CuxO/TiO2-PES under low intensity indoor light.

The cuprous oxide exhibited high antibacterial activity, and the intrinsic activity of Cu(l) can be
enhanced by the UV-Visible illumination. The light illumination could facilitate electron transfer
between Cu species and bacterial cells, i.e. Cu causes denaturation of bacteria protein by the
electron extraction from the bacterial cells [52]. It has also been widely reported in the literature
that the light irradiation leads to generate the reactive oxygen species (ROS), such as "OH, Oz,
and H20-...resulting in the bacterial cells inactivation. However, during our experiment, the
quantification of *OH-radicals revealed very low concentrations from all the tested samples
compared to previously reported results [29]. This can be attributed to two main factors: (i) the
energy levels of the present oxides in relation to the *OH-radical potential, and (ii) the contribution
of the TiO2 under-layer in the bacterial inactivation. These two factors will be further discussed in
the mechanistic section below. At this level, it should be noted that the contact between Cu(l)
species and bacteria is very important for bacterial inactivation [53]. In addition, Titanium dioxide
exhibits antibacterial property under UV light illumination [54]. After UV-visible light irradiation,
photogenerated electron from the conduction band of cuprous oxide can be captured by Ti* in
TiO2 who is reduced to Ti®* ions. The valence band of Cu,O forms a hole center, preventing the
recombination of photogenerated electrons and holes [55]. The electron trapped in Ti%* can react
with oxygen adsorbed on the TiO surface to form O.~, that could transfer to H+* for the formation
of HO2" and "OH. The *OH (or/and HO2', O2~") can Kill the bacterial cells. The hole in the TiO:
valence band can migrate to the Cu,O valence band, these photo-generated holes present in the
VB of both semiconductors can be consumed by the oxidation of bacteria at the interface [55].

3.3. Diffuse reflectance spectroscopy (DRS), Surface oxidative states and wettability of

Cu,O/TiO.-PES
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The optical properties of CuxO/TiO>-PES films were determined by diffuse reflectance
spectroscopy (DRS) as shown in Figure 7. Normally a weak dependence is assumed for the
scattering coefficient S on the wavelength [56,57]. However, because of the relatively high
scattering contribution of the PES, the reflectance spectra were treated to show the real optical
absorption of the sputtered CuxO/TiO2-PES samples. A wide spectral range was seen for CuxO-
PES up to almost 700 nm corresponding to a band-gap of (1.8 eV. When CuxO/TiO2 were
sputtered on PES, a lower optical absorption (up to 600 nm) was observed corresponding to a
bang gap of 2-2.1 eV. In general, the absorption in the spectral zone 500-600 nm reflects the inter-
band transition of Cu2O-species [25].The absorption between 600-800 nm is due to the intrinsic
d-d transition induced in the Cu-oxide (especially CuO). In our case, this is observed only when
we sputter CuxO on PES without TiO2 under layer. The low thickness of the upper layer of CuxO
allow the applied light to reach the TiO» under layer inducing photocatalytic electron/hole
separation. It has been reported by Hashimoto et al., that very weak light intensities (1 pW/cm?)
can induce the photocatalytic activity of Cu-TiO: thin films [58]. Furthermore, the same authors
reported on low light intensities of 1 mW/cm? can induce bacterial inactivation at the interface of
TiO2 thin films [59].

——TiO, (3.07 eV)
081 Cu,0 (1.8eV)
Cu,0/TiO, (2.06 eV)
06
B
S 041
0.2+
00 1 L 1
1.5 2.0 2.5 3.0 3.5
hv (eV)

Figure 7. Tauc’s plot for band-gaps estimation of: (1) TiOz, (2) CuxO and (3) CuxO/TiO- deposited
by HiPIMS on polyester.

The oxidative states at the interface CusO/TiO»>-PES were investigated by XPS. The topmost
layers are formed by Cu-species. The deconvolution of the CuO (Cu2p3/2) peak in Figure 8a
(time zero) identifies two peaks at 932 eV and 952 eV corresponding to Cu 2ps» and Cu 2p1p
respectively. A mixture of Cu+ and Cu?* forms the CuxO upper layer. The co-existence of CuO and
Cu20 was recently reported by our laboratory and led to the fast Norfloxacin degradation under
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solar light [57]. Figure 8a shows also the existence of two satellite peaks at 940 and 943.5 eV.
Gupta and Sen reported that if excited states were taken into account, the shake-up satellites
should also be considered [60]. They explained that the presence of the satellite is caused by as
a shake-up result. The excitation of an unpaired 3d electron to a 4s energy level. This leads to the
in the reduction of the kinetic energy of the 2p electron by the excitation energy of the unpaired
3d electron. Thus, two peaks occur, one for the 2p excitation and the other for the combined effect
of the 2p and 3d excitations. The satellite occurs generally at higher binding energies (due to the
reduction of the kinetic energy).

The O1s deconvolution (Figure 8b) shows the interdependence of CuO (with its two oxidative
states) and the TiO. under layer.

Cu,0 (932 eV) (2)

CuO (933.5 eV)
Cu-(OH) (934.7 eV)
_satelite

CPS

928 932 936 940 944 948 952 956

Cu(OH),

TiO,/CuO/Cu,0

CPS

525 530 535
Binding energy (eV)

Figure 8. XPS deconvolution of (a) Cu2p and (b) O1s at the topmost layers of Cu,O/TiO»-PES
surface: species in direct contact with the pollutants and the bacteria.

The existence of Cu-(OH) at the interface of the sputtered layers reflects a strong interaction of
the thin film with water molecules. To quantify the water-surface relationship, wettability of the
sputtered surface was carried out using by static water contact angle (CA) measurement.

The water CA on the CuxO/TiO»-PES surface was investigated. The CA at time zero was 101° and
dropped to 52° after 2h irradiation. This can be attributed to the surface chemistry (especially OH-
groups) and to the porous micro/nanostructured PES surface allowing the water droplet to vanish.
Furthermore, this photo-switching behavior can be attributed to the physical adsorption of oxygen
molecules on the topmost layer of the CuxO. The wettability of a flat surface can obey to the
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Wenzel model. This model is not sufficient when the surface composition is heterogeneous. The
Cassie’s law (based on the Cassie-Baxter equation, eq.1) can explain the wettability of these
surfaces [61]:

cos(8%) =1; fcos(By)+f—1 (1)

Where: rris the roughness ratio of the wet surface area and fis the fraction of solid surface area
wet by the liquid. When f= 1 and rr = r, the Cassie—Baxter equations is equivalent to the Wenzel
equation. A wetting equilibrium on the rough PES surface is understood based on the competition
between the hydrophobic surface and the photo-catalytically induced hydrophilicity (52° after 2h
illumination). This involves oxidative states changes, as it was previously reported [62]. Table 2
shows the oxidative states changes of CuO at the interface with VOCs and bacteria in ambient
air.

Table 2. Oxidative states changes as determined by XPS peaks areas within indoor light
irradiation for 2h.

Cu~ Cuz
CuxO/TiO—PES Time zero 32.4 77.6
CuxO/TiO—PES After 2h irradiation 48 52

It is expected that Cu* can attain the d10 configuration by losing one electron from the s-subshell.
Nonetheless, because it has fully filled d-orbital, it is stable. However, in agueous medium (in our
case, bacterial suspension) or with moist air (in our case, indoor air), Cu* is unstable and tends to
disproportionate leading to the formation of Cu2*, which presents incompletely filled d-orbital (d9
configuration). This lead to fast restoration of the surface reestablishing the initial oxidative states

prior to the illumination.

3.4. Suggested mechanism for the CuxO/TiO: pollutants degradation and bacterial
inactivation

The XPS results suggest the reaction sequence on the sample surface of the sputtered catalysts,
which are at the interface with the VOCs and the bacteria, as:

4Cu® +O2 - 2Cu0 EC0.41V (2)
Cu2t + CU® + H.O = Cux0 + 2H+ E°Q0.17V (3)
2 Cu0 + Oz — 4CUO E90.52V )

The pattern of the Cu (and Ti) sputtered on the PES surface is complicated by the surface diffusion
controlling the charge transport between Cu(ll)/Cu(l) and Ti on the PES surface. In the topmost
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layers, the Cu? Cu20, CuO and TiO. present motions leading to agglomerates presenting a
different collective diffusion [63].

The distinct kinetics of bacterial inactivation and VOCs degradation times can be attributed to the
intrinsic conduction band (cb) and valence band (vb) positions of CuO and Cu20. On these bases,
the vectorial charge displacement/flow is shown for both oxides in Figure 9a. The CuO present a
band-gap (of 1.7eV), cb (-0.3 eV) and vb (+1.4 eV) while direct band-gap of Cu2O p-type presents
a band-gap of 2.1 eV, cb (-1.4 eV) and vb (+0.7 eV). This can be summarized in the equations
below:

CuO + hv - CuO(cbe-), CuO(vbh+) (5)

Under photon energies exceeding the CuO band-gap, the cbe- electron could either react directly
with the O, forming Oz or reduce the Cu?+ to Cu* as noted below and as shown in Figure 9 a:

CuO(cbe) + O2 - CuO + Oz (6)
CuO(cbe) - CuO(Cu¥) (7)
CuO(Cu*) + Oz — CuO(Cu?*) + Oz (8)
CUO(CU+) - CUOvacancy + Cu* (9)
Indoor light (hv)\\ )
‘ P Cu,0/Cu
o B [ S ———— e N O
y A s
x\'*?OZ
» 24
A sl w0l PO
4 ____VOC/Bacteria
=] [ cuo g 1
5 0,/H,0 VOC/Bacteria__ ~p €0, H,0, N'IS
cla ~.cb Dead bacteria
Intermediates, ¢-’/
Dead bacteria
Indoor light (hv) ‘\
_—Cu,0/Cur
.\;j. -0,
R . . ”'f.i:'\fboz'
b) &f0s e Cu,0 > cut
g Hkg TiO, | . VvOC/Bacteria
] [ e —— cuo| ° (
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Intermediates, 4
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Figure 9. Proposed mechanisms of action of the prepared photocatalyst: (a) if we consider just
CuxO interface, (b) if we consider a photocatalytic intervention of the TiO» under layer.
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Since the CuxO topmost layer is transparent allowing the light to reach TiOz, the photocatalytic
reactions of CuxO/TiO2-PES under light can be summarized below by eq. (10-13). The highly
mobile electrons transfer from Cu2Ocb to the TiO2cb as shown in Figure 9b. The vbh* will react
leading to the observed bacterial inactivation and/or VOC degradation.

Cuz0 + hv -~ Cu20(cbe’), CuO(vbh+) (10)
Cux0O(cbe’) + TiO2 - TiOz or (Tid*) (11)
TiOy +02 - TiO2+ Oy (12)
Cu20(vbh*) + bacteria — CO», H20, inorganic N,S (13)

However, this mechanism presented in Figure 9b is low probable because of the very low amount

of ‘OH-radical detected by fluorescence experiment.

Many research groups reported the Fenton-like reaction allowing the generation of *OH-radical
on copper surfaces [64] (see equation 14). Furthermore, some other researchers went further by
combining/associating the Fenton-like reaction to the Haber-Weiss cycle (equations 15 and 16)
leading to the generation of ‘OH-radicals from H202, which in turn activates the copper Fenton-
like reaction. Although Haber-Weiss reaction has long been studied and revived in different
contexts, this association is still hypothetical and requires deep systematic investigation.

Cu* + H202 — Cu2* + OH™ + "OH (14)
H.O2 + *OH - H20 + Oz + H* (15)
H-02 + O - Oz + OH + "OH (16)

Sputtered materials were reported to degrade organic compounds [65]. In the present study, the
prepared material is tested for VOC removal and bacterial inactivation. This comprises ROS
generation and their diffusion/migration in different media (liquid, suspension, air). This challenges
systematic investigation of the possible photo-generated charges diffusion over different matrices.

4. Conclusion:

This report presents the testing of an innovative uniform and stable sputtered CuxO/TiO2-PES
photocatalyst prepared at low temperature by high power impulse magnetron sputtering. This is
the first report on uniform coatings of Cu/CuO on PES leading to the degradation of indoor air
VOCs concomitant with an antibacterial activity. Two concentrate VOC models were removed at
the interface of CuxO/TiO2-PES. Moreover, a stable removal performance of the chloroform by the
CuxO/TiO2-PES samples was observed during repetitive recycling under visible irradiation. This
catalyst feature shows an excellent catalytic stability and presents a promising potential for the
application in air treatment. The CuxO/TiO2-PES photocatalyst exhibits a high antibacterial activity,
which attained a total bacterial inactivation within 2 hours on CuxO/TiO2-PES sputtered at 80A. This
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makes the CuxO/TiO; surfaces presented in the present study have promising applications in Lotus
effect self-cleaning coatings for hospital textiles.
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