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Abstract: Seven commercial titania (titanium(IV) oxide; TiO;) powders with different structural
properties and crystalline compositions (anatase/rutile) were modified with copper by two variants of
a photodeposition method, i.e., methanol dehydrogenation and water oxidation. The samples were
characterized by diffuse reflectance spectroscopy (DRS), X-ray powder diffraction (XRD), scanning
electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS) and X-ray photoelectron
spectroscopy (XPS). Although zero-valent copper was deposited on the surface of titania, oxidized
forms of copper, post-formed in ambient conditions, were also detected in dried samples. All samples
could absorb visible light (vis), due to localized surface plasmon resonance (LSPR) of zero-valent copper
and by other copper species, including Cu,O, CuO and Cu,O (x:1-2). The photocatalytic activities
of samples were investigated under both ultraviolet (UV) and visible light irradiation (>450 nm)
for oxidative decomposition of acetic acid. It was found that titania modification with copper
significantly enhanced the photocatalytic activity, especially for anatase samples. The prolonged
irradiation (from 1 to 5 h) during samples’ preparation resulted in aggregation of copper deposits,
thus being detrimental for vis activity. It is proposed that oxidized forms of copper are more active
under vis irradiation than plasmonic one. Antimicrobial properties against bacteria (Escherichia coli)
and fungi (Aspergillus niger) under vis irradiation and in the dark confirmed that Cu/TiO, exhibits a
high antibacterial effect, mainly due to the intrinsic activity of copper species.

Keywords: copper-modified titania; plasmonic photocatalysts; heterogeneous photocatalysis;
bactericidal activity; antifungal effect

1. Introduction

Titania (TiO;) is one of the most widely investigated semiconductor photocatalysts because it
is abundant, cost-effective, highly active, and environmentally friendly. Furthermore, titania has
high photocatalytic activity and good chemical and thermal stability [1-3]. Therefore, it has been
broadly used for water and wastewater treatment, air purification and energy conversion [1,4-8].
The crystalline form (i.e., anatase, rutile and brookite), the surface properties (e.g., specific surface area,
crystallinity and crystallite size) and the morphology of titania photocatalysts govern the photocatalytic

Catalysts 2020, 10, 1194; d0i:10.3390/catal10101194 www.mdpi.com/journal/catalysts


http://www.mdpi.com/journal/catalysts
http://www.mdpi.com
https://orcid.org/0000-0001-6459-2699
https://orcid.org/0000-0001-7436-6409
https://orcid.org/0000-0003-3935-1409
https://orcid.org/0000-0003-0955-9268
http://dx.doi.org/10.3390/catal10101194
http://www.mdpi.com/journal/catalysts
https://www.mdpi.com/2073-4344/10/10/1194?type=check_update&version=3

Catalysts 2020, 10, 1194 2 of 26

performance. For example, detailed study of commercial titania P25 photocatalyst, which contains
anatase, rutile and non-crystallite phase, has revealed that the superiority of anatase or rutile depends
on the photocatalytic reaction system, i.e., anatase is more active for oxidative decomposition of
organic compounds, whereas rutile is more efficient for methanol dehydrogenation [9]. Although
titania photocatalysts are considered as highly active, the charge carriers’ recombination (typical
for all semiconductors) results in lower quantum yields of photocatalytic reaction than expected
100%. Accordingly, various studies on activity enhancement have been performed, including also the
morphology architecture, and thus titania in the form of nanowires, nanoflakes, nanotubes, nanorods,
mesocrystals, mesoporous networks (aerogels) and as faceted nanoparticles have been intensively
investigated [10-15]. For example, titania nanorods have shown higher activity than both nanoparticles
and nanospheres in the degradation of dye, probably due to the nanoporous structure, which might
allow an effective transport of the reactant molecules to the active sites [13].

There are two main mechanisms of organic compounds’ decomposition during photocatalytic
degradation, i.e., (i) direct reaction of a substrate with photo-generated charge carriers on the
photocatalyst surface, and (ii) indirect reaction with reactive oxygen species (ROS), generated from
oxygen and water. In situ Fourier transform infrared (FI-IR) study has elucidated that 4-chlorophenol
degradation occurs both on the surface of titania, and by the reductive dechlorination proceeds by
superoxide anion radical (O,7) [16], and thus it is proposed that the affinity of titania surface to a
substrate is crucial for the effectiveness of photocatalytic degradation [16,17]. Recently, the complete
decomposition of pollutants, such as organic compounds and textile dyes, has been reported for a
variety of modified titania photocatalysts under ultraviolet (UV) irradiation [18-20].

However, as titania absorbs only UV light and the solar spectrum contains just 3-4% of UV,
only a small portion of the incident solar energy is utilized by conventional titania photocatalysts [21],
thus limiting their reactivity. Consequently, there is great interest in modification of titania to
extend the onset of absorption into the visible (vis) region of solar spectrum. The methods of
titania modification include: (i) doping with non-metals [22-25], (ii) coupling with narrower-bandgap
semiconductors [26-29], (iii) preparation of oxygen-deficient titania (“self-doped”) [30], and (iv)
various kinds of surface modifications, e.g., with nanoparticles/nanoclusters of metals [31-35], metal
complexes [36,37], anions (e.g., surface fluorination [38]), metal cations and their oxides (e.g., Co,
Cr, Cu, Fe, Mo, V, and W [39], Li and rare-earth elements [40]), carbon-containing compounds (e.g.,
alcohols [41], glucose [42], graphene [43]). It might be concluded that the surface modification has
been more intensively studied and recommended since doping might generate recombination centers
in the crystal structure (dopants as recombination centers), resulting in a decrease in photocatalytic
activity under UV irradiation [44].

Since the pioneering work of Bard in 1978 [31], noble metals have played the leading role
among available surface modifiers since not only do they shift photoactivation towards vis response,
but they also enhance photocatalytic activity under UV irradiation. Noble-metal-loading provides
chemically active sites, and thus metal deposits lower the activation barrier and prevent charge carriers’
recombination by formation of a Schottky barrier (resulting from higher work function of metals than
electron affinity of TiO,) increasing the transfer of photoexcited electrons to the substrates under
UV illumination. Although activity enhancement for titania (and other semiconductors) under UV
irradiation has been well known for about 50 years, activation of wide-bandgap semiconductors
at vis range by noble metals has been investigated in the last decade [44-46]. Despite the precise
mechanism of vis activity remaining unclarified (whether through energy transfer, electron transfer or
plasmonic heating), it is apparent that surface plasmon resonance (SPR) of noble metals is responsible
for this phenomenon [47]. SPR, the collective oscillation of the valence electrons, is induced when
the frequency of photons matches the frequency of the surface electrons. The plasmon wavelength
depends on the nature of the metal and the properties of metallic deposits, such as the size and the
shape [48,49]. Hence, the entire solar spectrum might be used by the proper design of the composition
and the morphology of plasmonic nanostructures [48,50-54]. Light below the plasmon frequency is
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reflected (screening of electric field of light) and above is transmitted (electrons cannot respond fast
enough) [55]. Moreover, the energetic charge carriers might release the energy by converting it to local
thermal energy or by transferring it to the surroundings [56,57].

In addition to the photocatalytic properties of titania for degradation of organic compounds and
energy conversion, titania has also been proposed as an antimicrobial agent after an initial report
by Matsunaga et al. in 1985 [58]. Since then, many studies have been performed and titania has
been shown to inhibit bacteria, fungi, viruses and protozoa. Accordingly, titania might be used as an
effective disinfectant for air, water and various surfaces (e.g., tables, walls and medical devices) [59-65].
The recent study has mainly focused on solar disinfection (SODIS), which indicates that titania (and
other semiconductor photocatalysts) significantly enhance the overall disinfection rate [66]. Although
many reports on SODIS have been published, including mechanistic studies, e.g., the combined effect
of heating and generation of ROS under UV irradiation [67], a lack of knowledge about the mechanism
of titania-based photocatalysis under vis conditions remains. Thus, effective design of photoactive
materials with optimal antimicrobial activity under solar radiation continues to prove elusive [68].

Copper (Cu) is considered as an excellent environmental purifier due to its attractive cost (in
comparison to other noble metals), low toxicity for humans and high antimicrobial activity. It has
been proposed that the bactericidal mechanisms of copper involve adsorption of Cu ions on the
surface of bacteria, and then (1) the surface proteins are denaturated [69], and/or (2) adsorbed Cu
ions induce oxidative stress [70]. Furthermore, it has been reported that Cu,O has higher activity in
inactivation of bacteria than CuO and Ag [69]. On the other hand, Cu nanoparticles (NPs) have lower
toxicity than Ag NPs against some species of fungi [71]. It has also been revealed that copper-modified
titania photocatalysts show high antimicrobial efficiency [72,73]. It is believed that modification
of titania with small amount of an inexpensive noble metal (Cu) would result in preparation of
environmentally friendly materials with high levels of activity. However, it is also known that the
properties of photocatalysts govern the overall activity. Accordingly, in this study, Cu NPs have
been deposited on various commercial titania photocatalysts under different preparation conditions,
and investigated for the photocatalytic decomposition of the organic compounds (acetic acid and
methanol) and microorganisms (bacteria and fungi) in order to clarify the property-governed activity.

2. Results and Discussion

2.1. Preparation of Cu-Modified Titania

In this study, seven commercial titania samples, i.e., ST-01, FP6, P25, ST-41, TIO-6, ST-G1 and
TIO-5, have been used, and their properties are shown in Table 1.

Table 1. The characteristics of commercial titania samples.

il it
Titania Crystalline Form ! (A%) ! Crystallite Size ' (nm) (rsnségfl) (prizsl g 1)

ST-01 A (100) 8 298 84

FP6 A/R (92.5) 15 1037V 154V
P25 A/R (84.8) 28 59 50
ST-41 A/R (99.7) 208 11 25
TIO-6 R (0) 15 100 242
ST-G1 R/A (1.9) 205 5.7 50
TIO-5 R/A (8.6) 570 3 14

I A: anatase, R: rutile, A/R and R/A: mixture with majority of anatase and rutile, respectively. I The content of
anatase (without consideration of non-crystalline phase, i.e., [A]% + [R]% = 100%). I data reported previously
(except for FP6) in [74] and IV £P6 in [75], SSA—specific surface area, ETs—density of defective sites (electron traps).

Copper was photodeposited on titania in two reaction systems, i.e., during dehydrogenation of
methanol, and water oxidation. The reactions occurring during Cu deposition can be presented by
Equations (1)-(2) and (4)—(5), respectively, and summarized by Equations (3) and (6), as shown below:
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(i) during methanol dehydrogenation (Equations (1)—(3)):

Cu* +e” > Cut+e” - Cu 1)
CH;OH + 2h* — HCHO + 2H" )
Cu** + CH3;0H — Cu + HCHO + 2H"* (3)

(if) during water oxidation (Equations (4)—(6)):

Cu®’t+e »Cut+e - CU 4)
H,0 + 2h* — 1/20, + 2H* (5)
Cu®* + H,0 - Cu + 1/20, + 2H* (6)

In the case of methanol dehydrogenation, the formation of metallic deposits on the titania surface
(here zero-valent Cu) results in the evolution of hydrogen (H;), as Cu (similar to other noble metals)
works as a co-catalyst on which molecular hydrogen is formed (negligible activity of titania without
co-catalyst for alcohol dehydrogenation), as follows (Equations (7) and (8), and summarized as
Equation (9)):

2H* + 2~ - H, (7)
CH,O0H + 2h* — HCHO + 2H* ®)
CH,0H — H, + HCHO )

The obtained results of methanol dehydrogenation and water oxidation during Cu NPs formation
are shown in Figure 1. It was found that the ST-01 sample (fine anatase) was the most active, reaching
an approximately 10-fold higher rate of H, evolution than other titania samples, especially during
the first hour of irradiation (Figure 1a). Almost all samples (except TIO-6) show good linearity in
H, generation after 30 min of irradiation (induction time for formation of Cu NPs), indicating that
30 min could be sufficient for complete deposition of Cu in methanol solution. On the other hand,
the efficiency of water oxidation is low, and only slightly linear evolution of oxygen was observed for
TIO-6 sample (fine rutile), as shown in Figure 1b. It is thought that water oxidation is not effective,
probably because copper is less noble than platinum and gold, and thus easily oxidizable in water and
air. Indeed, there are no other reports on Cu for photocatalytic water oxidation.

Almost linear evolution of hydrogen has been observed for all samples (except TIO-6; probably
due to the largest content of electron traps slowing down the copper deposition) during 1 h irradiation
(Figure 1a) in methanol. Prolonged irradiation (up to 5 h) has also been applied to check how and if the
properties of obtained samples differ, and the data of Hy-evolution rate are shown in Figure 1c. Similar
to 1 h photodeposition, the ST-01 sample shows the highest efficiency for methanol dehydrogenation,
which is not surprising as large specific surface area has been reported to be a key-factor of hydrogen
evolution for anatase-based titania, e.g., in the case of gold- [44], silver- [76] and platinum- [77] modified
titania samples. Although quite good linearity in H; evolution was observed after 30 min of irradiation
(Figure 1a), the data for prolonged irradiation indicate that at least 1 h of irradiation is necessary to
ensure complete deposition of copper (linear evolution of Hj starting at about 1 h).

Moreover, the efficiencies of anatase are higher than rutile for H; evolution (methanol
dehydrogenation), whereas rutile-containing photocatalysts are more active than anatase ones for
O, evolution, probably due to the smaller Ti—Ti distance in rutile than that in anatase, leading to the
formation of a surface structures, such as Ti-OO-Ti [78], and thus enhanced evolution of O,. Hence,
the photocatalytic activity during Cu-photodeposition corresponded to the findings by Buchalska et al.
showing that rutile is an active phase in reduction reactions (by photogenerated electrons), whereas
anatase in oxidation reactions (by photogenerated holes) [79].
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Figure 1. Hydrogen and oxygen evolution during the photodeposition of copper on titania: (a) in
methanol/water for 1 h, (b) in water for 1 h, (c) in methanol/water for 5 h.

2.2. Photoabsorption Properties (Ultraviolet-Visible (UV-Vis) Diffuse Reflectance Spectroscopy)

The modification of titania with copper causes its coloration, i.e., color change from white into
light green-blue for anatase-rich samples of fine particles (5T-01, FP6 and P25), light green for the
fine rutile sample (TIO-6) and light grey for titania samples with large particles (ST-41, ST-G1 and
TIO-5), as shown in the insets of Figure 2. The greyish color of large titania samples indicates the
polydispersity of deposited copper NPs, similar to reported gold-modified titania samples (Although
usually violet/pink samples are obtained, photodeposition of gold on large rutile results in greyish
coloration because of high polydispersity of gold deposits, i.e., both size and shape of NPs, nanorods
and irregularly-shaped deposits, and thus broad localized-surface plasmon resonance (LSPR) peak [44]).
It has been proposed that noble metals are mainly deposited on surface defects [80], and since fine
titania contains large content of defects (Table 1, ETs [77]), fine noble-metal NPs are formed and
uniformly deposited on the titania surface [44]. In contrast, in the case of well-crystallized large titania
samples, a low content of defects (Table 1, [77]) results in aggregation of noble-metal NPs, and thus
larger NPs and with various shapes are finally deposited on the surface of large titania samples [44].
The green-blue color of Cu-modified titania has commonly been reported, indicating the possible
presence of mixed-oxidation state of copper (Cu(Il), Cu(I), Cu(0) and Cu,O for x = 1-2) [72,81-83].
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Figure 2. Diffuse reflectance (DR) spectra with respective photographs of copper-modified titania (with
diffuse reflectance spectroscopy (DRS) for bare titania as reference): (a) ST-01, (b) FP6, (c) P25, (d) ST-41,
(e) TIO-6, (f) ST-G1 and (g) TIO-5 (black: bare, red: m-1h, blue: w-1h, green: m-5h).

Indeed, the absorption spectra confirm the possibility of co-existence of different copper forms,
as shown in Figure 2. The typical absorption of zero-valent Cu (due to LSPR), interband absorption
of Cu,O, and intrinsic exciton CuO and/or d-d transition of Cu?* are expected at about 570, 500-600,
and 600-800 nm, respectively [72,84,85]. Moreover, the clear absorption in the range of 400-500,
especially for fine titania samples (Figure 2a—c,e) might be caused by the interfacial charge transfer (IFCT)
from the valence band (VB) of TiO; to CuxO clusters [86]. Interestingly, very similar photoabsorption
properties have been obtained for ST-01-based samples, independently on the preparation conditions
(Figure 2a), i.e., with clear interfacial charge transfer (CuxO/TiO,) between 400 and 500 nm and
intrinsic exciton of CuO and/or d-d transition of Cu®*, suggesting that oxidized forms of copper are
predominant in these samples. Furthermore, the CuST-01w-1h sample exhibits the lowest absorption
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at 570 nm, and thus the lack of zero-valent copper in this sample is expected as a result of its
preparation in the presence of oxygen (O, evolution). It has been reported that even in deaerated
methanol solution, although zero-valent copper is formed and deposited on titania (violet coloration
of suspension during photodeposition), copper is further oxidized easily during sample washing and
drying, forming mixed-oxidation-state deposits, possibly the metallic core and oxidized shell [81,82].
Interestingly, the absorption spectra of Cu/FP6 samples indicate the possibility of co-presence of
zero-valent copper because of stronger absorption at about 570 nm than that for a bare titania sample,
especially for CuFP6m-5h. Unfortunately, no clear LSPR peak could be seen, probably because of
peak damping caused by interband transition of CuO [49]. In contrast, in the case of Cu/P25 samples,
shorter irradiation in reductive conditions (m) results in stronger photoabsorption at LSPR range,
as shown in Figure 2c. In the case of large anatase (ST-41), samples prepared in methanol have almost
the same photoabsorption properties until 600 nm, and prolonged irradiation results in stronger
“absorption”, which could be caused by light scattering on larger NPs (Figure 2d). It is expected that
prolonged photodeposition might result in aggregation of copper deposits since it is carried out under
continuous stirring allowing an easy contact between deposits (similar aggregation has been observed
for gold-modified titania during long-term irradiation, especially for large titania samples (unpublished
data)). Indeed, all samples prepared during 5 h irradiation (green lines) show a continuous increase in
photoabsorption with an increase in wavelengths, indicating enhanced scattering on larger copper
deposits, which is clearly seen especially for large titania samples. In the case of fine rutile samples
(TIO-6), similar spectra to that by fine anatase samples have been obtained, indicating the co-presence of
various forms of copper, predominantly in oxidized state (Figure 2e). In the case of large rutile samples
(ST-G1 and TIO-5), the photoabsorption spectra correlate with those of large anatase, and no clear
absorption peaks could be determined, well-corresponding with greyish color of samples (absorption
at whole vis range). Interestingly, in the case of P25 and ST-G1 samples modified with copper during
1 h irradiation in methanol (red lines), clear peaks at about 470 nm could be seen, corresponding to the
Cu,0 presence, as also confirmed by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) analysis (discussed further).

2.3. X-Ray Diffraction

The presence of copper has been confirmed in all samples by X-ray diffraction, as summarized
in Table 2 and shown in Figure 3. In the case of fine titania particles, titania peaks are very broad
and thus overlapping with copper ones. Accordingly, Rietveld refinement has been used for peaks’
separation. It should be pointed out that titania peaks do not change after copper photodeposition (i.e.,
shift, broadening), confirming that surface modification does not influence the crystalline properties of
titania. Although for ST-01 and P25 samples clear peaks of copper could be hardly seen, XRD patterns
for other samples, especially those prepared in methanol, prove the copper presence (as zero-valent or
Cu,0), as shown in Figure 3b,d—g. As expected, usually larger content of crystalline cuprous oxide has
been obtained in samples prepared during water oxidation than that during methanol dehydrogenation.
Moreover, prolonger irradiation in methanol causes the preparation of samples with larger content of
zero-valent copper, with the exception of very fine titania (FP6 and TIO-6), which could be caused by
formation of very fine Cu NPs, and thus easily oxidizable (whole NPs) in air, whereas larger Cu NPs
are only partly oxidized (surface as a shell) keeping zero-valent core. The larger content of deposited
copper, and especially zero-valent copper during longer irradiation time might be caused by: (i) its
more efficient reduction, and thus complete deposition of copper on titania, and (ii) aggregation of
copper NPs, causing partial stabilization of zero-valent copper inside these aggregates. Moreover, the
largest content of zero-valent copper has been obtained for large titania NPs, i.e., ST-41, ST-G1 and
TIO-5 (and thus with large copper NPs) and for the finest titania (ST-01), which could confirm the
stabilization of zero-valent copper either as a core of larger particles (Cu@Cu,O) or densely surrounded
by fine titania (similar to zero-valent copper placed in titania aerogel nanostructure [82]), respectively.
Moreover, it has been confirmed (according to diffuse reflectance (DR) spectra) that larger crystals have
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been formed on larger titania NPs due to the lower content of surface defects, as already found for
gold-modified titania samples [44].

Table 2. The crystalline properties of Cu-modified titania by XRD measurement.

Titania Crystalline Content/% Crystallite Size/nm
Anatase  Rutile Cu Cu, 0 Anatase  Rutile Cu Cu, O
m-1h 98.0 0 1.3 0.7 8.5 ND 8.6 8.6
ST-01 w-1h 99.7 0 0.01 0.3 8.5 ND ND 0.7
m-5h 96.9 0 24 0.7 8.3 ND 1.9 0.7
m-1h 92.0 7.0 0.2 0.8 12.5 12.0 12.3 9.7
FPre6 w-1h 90.9 7.0 1.7 0.5 12.6 11.1 11.3 15.6
m-5h 93.9 5.8 0.1 0.2 12.3 14.7 9.3 9.2
m-1h 81.6 16.7 0.4 1.4 23.2 38.8 2.4 2.9
P25 w-1h 82.9 16.1 0.1 0.9 22.9 41.2 10.2 11.2
m-5h 83.6 15.5 0.8 0.15 22.9 44.6 10.1 4.6
m-1h 95.7 3.3 0.5 0.5 80.8 12.0 40.3 34.9
ST-41 w-1h 98.3 0.9 0.4 0.4 78.3 57.3 14.9 17.0
m-5h 96.8 1.6 1.0 0.7 81.1 36.9 68.2 32.6
m-1h 0 97.5 2.5 0 ND 18.8 8.2 ND
TIO-6 w-1h 0 97.5 25 0 ND 19.3 4.2 ND
m-5h 0.8 97.3 0.1 1.8 7.5 19.0 22.2 0.7
m-1h 0.9 97.6 0.2 1.3 20.7 87.1 46.3 71.7
ST-G1 w-1h 1.2 98.6 0.02 0.1 46.7 93.8 ND 74.1
m-5h 0.2 98.1 0.9 0.9 20.0 95.5 51.4 3.6
m-1h 8.9 90.0 0 1.1 152.1 168.6 5.2 42.7
TIO-5 w-1h 4.3 94.2 0.1 1.5 147.1 157.2 58.3 13.3
m-5h 8.9 89.2 0.8 1.1 169.5 197.6 36.8 66.6

It should be pointed out that although cupric oxide has not been detected, the oxidation of
zero-valent copper and cuprous oxide is highly possible (considering DRS and XPS data, and previous
studies). It is thought that CuO might predominantly exist as an amorphous form rather than a
crystalline one since samples have not been calcined after preparation. In the case of large titania
particles, clear Cu and Cu,O peak could be observed in XRD patterns, as shown in Figure 3d,f,g.
Interestingly, the clear photoabsorption peak of CuyO at about 470 nm for CuP25m-1h and CuTIO-5m-1h
(red lines in Figure 2c,g) correlates well with its largest content in those samples.

2.4. Scanning Electron Microscopy

The morphology of samples has been investigated by scanning electron microscopy (SEM)
observation. It has been confirmed that the properties of copper NPs depend on the properties of
TiO, particles (Figure 4a—d), as suggested from DR spectra. Indeed, although Cu NPs on fine TiO,
particles (ST-01, FP6, TIO-6) are hardly detected due to nano-sized nature (Figure 4a), relatively large
Cu NPs are observed in the case of prolonged irradiation (CuTIO-6m-5h, Figure 4b), possibly due to
the aggregation of Cu NPs during long-term stirring. In contrast, clear Cu deposits are seen on large
TiO, particles (ST-41, ST-G1 and TIO-5), as shown for CuTIO-5m-1h and 5h sample in Figure 4c,d.
Copper NPs have aggregated forming large particles (>100 nm) on the surface of large titania crystals
(TIO-5). Moreover, although a large number of fine Cu NPs (of several nanometers) are clearly
observed in CuTIO-5m-1h sample (in addition to large NPs), fine NPs have almost disappeared
in the CuTIO-5m-5h sample, confirming that longer stirring during sample preparation results in
NP aggregation. Energy-dispersive X-ray spectra of Cu-modified titania samples are shown (with
corresponding SEM images) in Figure 4c,d for CuST-01m-5h and CuST-41m-5h samples, respectively.
Although, CuSO4 has been used as a copper source, sulfur has not been detected in analyzed samples,
confirming efficient sample washing after copper photodeposition. The estimated content of copper
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on fine (ST-01) and large (ST-41) anatase samples prepared during 5 h irradiation in methanol differs
slightly from expected value (2 wt%), reaching 1.22 wt% and 2.60 wt%, respectively.
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Figure 3. X-ray diffraction (XRD) patterns of: (a-g) bare and copper-modified TiO;: (a) ST-01, (b) FP6,
(c) P25, (d) ST-41, (e) TIO-6, (f) ST-G1 and (g) TIO-5 (black: bare, red: m-1h, blue: w-1h, green: m-5h);
A and R indicate anatase and rutile, respectively; Symbols (* and +) indicate Cu and Cu,O, respectively;
(h) standard XRD patterns of anatase (red) and rutile (black).
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Figure 4. (a—d) Scanning electron microscopy (SEM) images of: (a) CuTIO-6m-1h, (b) CuTIO-6m-5h,
(¢) CuTIO-5m-1h and (d) CuTIO-5m-5h. (e, f) Energy-dispersive X-ray spectroscopy (EDS) and
corresponding SEM images of (e) CuST-01m-5h and (f) CuST-41m-5h.
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2.5. X-Ray Photoelectron Spectroscopy

For detailed analysis of surface composition of samples, including copper forms, XPS analysis
has been performed, and summarized data are shown in Table 3. The oxygen to titanium ratio in all
samples has exceeded that in chemical formula (2.0 for TiO,), as typical for titania samples due to
adsorbed water and carbon dioxide. Moreover, the content of reduced form of titanium (Ti*) has
increased after copper deposition, as a result of reductive conditions during copper photodeposition,
i.e., from 0.5% and 1.4% (bare titania) to 3.3-4.9% and 3.0-3.4% for P25 and TIO-5, respectively. Copper
has been detected in all analyzed samples, and its content (Cu:Ti) exceeds that used for sample
preparation (2 wt%, i.e., 0.025 of Cu(at):Ti(at)), which is reasonable considering that the surface of
titania must be enriched with copper. Moreover, it has been confirmed that prolonged irradiation
results in more efficient deposition of copper on titania (m-1h vs. m-5h). The Cu 3p3, peak could
be divided to at least four oxidation forms, i.e., zero-valent copper, Cu,O, CuO and Cu(OH), with
binding energies of about 930, 932, 933 and 934 eV, respectively. For P25 samples, XPS results agree
well with DRS data (Figure 2c), i.e., the higher content of zero-valent copper for samples prepared in
methanol (corresponding to more intense absorption at LSPR range) than prepared in water, and high
content of cuprous oxide in CuP25m-1h sample (clear absorption peak at about 470 nm). Interestingly,
samples prepared in water (both P25 and TIO-5) contain the smallest content of zero-valent copper,
suggesting that reduction of copper during water oxidation might not been completed (Equation 4).
Summarizing, XPS data confirm the co-existence of different forms of copper in the samples prepared
by photodeposition methods.

Table 3. Surface composition of samples determined by X-ray photoelectron spectroscopy (XPS) analysis.

Content (at %) Ti 2p3/, (%) Cu 2p3; (%)

Samples i Cu/Ti
P cis o1 B Cu T e Mt Gy CwO CuO  Cu(OH)
2p3p 2p3p2

bare 47.1 39.7 13.2 - - 0.5 99.5 - - - -
P25 m-lh 399 39.8 18.9 14 0.075 3.6 96.4 7.9 79.2 12.4 0.5
w-1h 492 35.2 14.7 0.9 0.059 3.3 96.7 15 28.3 69.6 0.6
m-5h 478 36.1 14.7 15 0.099 49 95.1 18.8 70.0 8.3 2.9

bare 47.0 40.1 129 - - 14 98.6 - - - -
TIO-5 m-lh  49.7 34.8 133 3.0 0.180 3.4 96.6 8.5 25.6 59.4 6.5
w-1h 543 32.4 11.3 2.0 0.220 3.0 97.0 0.3 71.9 3.4 24.4
m-5h 498 34.6 13.1 2.6 0.195 3.0 97.0 8.1 15.9 43.5 32.5

2.6. Photocatalytic Activity

The oxidative decomposition of acetic acid to CO, and H,O on the surface of irradiated titania
is a common reaction used for photocatalytic activity testing [44]. Although bare TiO, is also able
to decompose acetic acid (black bars in Figure 5a), the reaction rate is limited due to charge carriers’
recombination. Accordingly, noble metals in both zero-valent and oxide forms have been used to
hinder this recombination via scavenging of photogenerated electrons and heterojunction between two
oxides (p-n junction or/and Z-scheme mechanism), respectively [81,82,87-90]. Indeed, modification
with copper enhances the photocatalytic activity, especially for anatase samples, by 2-3 times, as shown
in Figure 5a. Interestingly, shorter irradiation during copper photodeposition results in better
photocatalytic performance (red vs. green bars), due to the unwanted aggregation of copper deposits
during prolonged irradiation, and thus worse distribution of copper on titania (fewer active sites
for reaction).
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Figure 5. Comparison of photocatalytic efficiency for acetic acid decomposition under:
(a) ultraviolet/visible (UV/vis) and (b) vis irradiation.

It should be pointed out that mainly oxidized forms of copper have been detected in present
samples, and thus the activity enhancement by type Il heterojunction or Z-scheme mechanism for Cu,O
and TiO, might be considered as predominant mechanism. Interestingly, the Cu,O/TiO; photocatalysts,
prepared by the grinding of commercial Cu,O and different titania samples, have shown similar
activity enhancement, i.e., 4-5 times for samples containing of anatase and only slight enhancement
for those with rutile [87]. It has been proposed that due to more negative potential of the conduction
band (CB) of rutile than anatase [79], type II heterojunction for rutile/Cu,O and Z-scheme mechanism
for anatase/Cu,O are most probable [87]. The latter is preferential, resulting in the generation of
charges with stronger redox potential (electrons in CB of Cu,O and positive holes in VB of TiO,). It has
been proved that photocatalytic activity for the oxidation reactions depends directly on the oxidation
potential of photogenerated holes, and anatase is a stronger oxidant than rutile, due to the more
positive position of the VB [79]. Accordingly, lower activities of rutile might be simply explained by
less positive potential of its VB. In this regard, it has been considered that the more negative potential
of CB of rutile might cause a type II heterojunction with not so good redox properties (electrons in
CB of titania and holes in VB of cuprous oxide), and thus not so high improvement of photocatalytic
activity. It should be pointed that although the content of zero-valent copper is low, the function of
copper as an electron scavenger should not be omitted since it is known that even a very low content
of noble metals might cause significant enhancement of activity, e.g., 0.05 wt% of Au [90]. Therefore,
participation of all forms of copper might be responsible for activity enhancement, e.g., by cascade
mechanism or Z-scheme with co-electron scavenging by zero-valent copper, etc.
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The photocatalytic activity under vis (A > 450 nm) irradiation has also been evaluated, and obtained
data are shown in Figure 5b. Although acetic acid decomposition under vis irradiation is much slower
than that under UV (by about one order), the vis-activity of copper-modified titania has been proven.
In contrast to UV activity, prolonged irradiation during samples’ preparation (green bars) has resulted
in a significant decrease in activity, especially for fine titania samples. Accordingly, it is proposed
that aggregation of copper NPs is highly detrimental for fine titania samples. It should be reminded
that titania absorbs only UV light, whereas under vis irradiation, only copper species (except FP6
titania with some defects) might absorb photons, and thus larger particles (aggregates) mean less
species absorbing photons and lower interface between titania and copper, and thus lower probability
for efficient charge carriers’ transfer. Although, various mechanisms of oxidative decomposition of
organic compounds on copper-modified titania under vis irradiation have already been proposed,
including (i) plasmonic excitation (for zero-valent copper) [82], (ii) type II heterojunction with an
electron transfer from the CB of copper oxides (Cu,O/CuO) to CB of titania [87], and (iii) interfacial
charge transfer with excitation of electrons from VB of titania into CB of Cu,O [86], it is highly probable
that those mechanisms might proceed simultaneously, depending on the photocatalyst’s properties,
i.e., especially the form of copper and its content.

It should be pointed out that the activity under vis irradiation for copper-modified titania
differs significantly from that for gold-modified titania samples, where the highest activity has been
obtained for large rutile samples (the same titania samples as used in this study) with aggregated gold
deposits [44,91,92]. Additionally, other studies have also confirmed that for plasmonic photocatalysis,
an increase in the polydispersity of noble metals result in higher activity as a result of efficient light
harvesting (broad LSPR peak and strong field enhancement) [93,94]. Therefore, it might be postulated
that here the vis activity of copper-modified titania is mainly caused by copper oxides, which correlates
well with the activity of CuyO/TiO; photocatalysts (except ST-41 samples), prepared by grinding,
i.e., CupO/TIO-6 > CupO/ST-01 > CupO/P25 > CupO/ST-41 > CupO/large rutile [87]. The highest activity
of copper-modified large anatase (ST-41) samples, especially that prepared in water, should be caused
by the presence of CuO (Figure 2d), which has recently been reported as highly active under vis
irradiation [95]. Moreover, only TIO-6 samples exhibit high activity among the rutile group. Therefore,
in the case of acetic acid decomposition under vis irradiation, the presence of CuO (as confirmed in
DRS spectra) is beneficial for the activity. Accordingly, it might be concluded that for vis activity the
copper oxides might be more active than plasmonic photocatalysts. However, it should be pointed out
that in the case of easily oxidizable metal (Cu), only slight content of zero-valent copper has been kept
in the samples (after their surface oxidation in air), and thus the preparation of samples with stabilized
copper should be performed, which is now under progress (e.g., Cu(core)/TiO,(shell) photocatalysts),
to conclude which forms of copper in Cu-modified TiO, are the most recommended.

2.7. Antibacterial Activity

The bactericidal activities against Gram-negative Escherchia coli of copper-modified titania
photocatalysts have been evaluated under vis irradiation and in the dark (Figure 6). Although bare
anatase samples do not exhibit high activity, bare rutile samples are shown to be active (Figure 6e,f),
which might be explained by the narrower bandgap of rutile, and thus slight content of ETs inside
bandgap (self-doped titania; Table 1) resulting in slight vis response. Recently, high antibacterial activity
of samples containing rutile against various bacteria (e.g., E. coli, Bacillus subtilis, and Staphylococcus
aureus) under fluorescent irradiation has been confirmed by Werapun and Pechwang [96]. Moreover,
it has been reported that rutile particles (200 nm) induce hydrogen peroxide formation and oxidative
DNA damage for human bronchial epithelial cells in the dark condition, whereas anatase particles
(200 nm) do not [97]. Similarly, Vargas and Rodriguez-Pdez concluded that rutile NPs possess higher
antibacterial efficiency than anatase NPs in the dark [98].
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Figure 6. Bactericidal activities of bare and copper modified titania: (a) ST-01, (b) FP6, (c) P25, (d) ST-41,
(e) TIO-6, (f) ST-G1 and (g) TIO-5 (black: bare, red: m-1h, blue: w-1h, green: m-5h) under visible light
(solid line) and in the dark (dashed line); (h) the activity of CuTIO-5m-1h photocatalyst during three

successive experiments under vis irradiation (green) and in the dark (grey).

It has been found that the properties of photocatalysts influence significantly antibacterial
activity. For example, photocatalysts with fine particles (CuST-01 and CuTIO-6) show relatively



Catalysts 2020, 10, 1194 15 of 26

lower activity than respective titania (anatase or rutile) but with larger particles, e.g., CuST-41 and
CuTIO-5, respectively. The bactericidal activity of the CuP25m-5h sample is much higher than other
P25-containing samples, possibly due to higher copper content (Cu/Ti ratio) on its surface (Table 3).
Moreover, the comparison between large anatase and rutile indicates that rutile samples (CuST-G1
and CuTIO-5) exhibit higher activity than the anatase one (CuST-41). Across all samples, the samples
formed in methanol possess much higher bactericidal activity than those in water, possible due to much
larger content of zero-valent copper (Table 3). However, interestingly, CuTIO-5w-1h sample shows also
high activity, comparable to those by samples prepared in methanol (CuTIO-5m-1h and CuTIO-5m-5h),
probably due to the presence of Cu,O (Figure 3g), known as the most active form of copper against
bacteria. On the other hand, the light-induced activity is mainly observed in m-1h samples, but not in
m-5h samples, probably due to aggregation of copper NPs, and a decrease in the interface between
copper and bacteria. Importantly, high difference between the activities during decomposition of acetic
acid and bacteria have been noticed, since the bactericidal activity is highly dependent on the oxidation
state of copper, e.g., the optimal ratio proposed for Cu,O clusters (Cu,O/CuO = 1.3) is critical for the
antimicrobial activity [72].

Interestingly, the samples prepared by grinding Cu,O with titania show much higher activity
enhancement during vis irradiation (even 4-7 orders in magnitude higher activity than that in the
dark) [87], whereas the samples, prepared in this study by photodeposition of copper, exhibit only at
most two orders of magnitude higher vis-activity than that in the dark (e.g., CuFP6m-1h during first
30 min; red lines in Figure 6b). Accordingly, it might be concluded that co-existence of other copper
species, i.e., zero-valent copper and CuO, result in high dark activity of these samples.

Moreover, although the bactericidal activity of Cuy O/ST-01 (ground sample) has been much higher
than CuST-01 (prepared here), other titania samples (P25, ST-41 and TIO-6) exhibit similar activity
under vis irradiation (depending on the synthesis conditions) [87], and thus the bactericidal activity of
Cu-modified titania might be attributed not only to the initial content of Cu,O (Table 2), but also the
charge-transfer during the irradiation, including plasmonic photocatalysis [99].

The possible mechanism of antimicrobial action of copper-modified titania under vis irradiation
has been explained by Wang et al. [100], where generated reactive oxygen species, such as O,~, *OH
or HyO,, have been proposed to cause an oxidative stress and cell disruption. Additionally, part of
the copper might be released from the photocatalyst surface, and adsorb on the bacteria surface (or
cross bacterial membrane). However, the toxic mechanism of copper has not been clarified yet. It has
been proposed that the excess copper ions might interact with functional group of enzymes, required
for defense against oxidative damage or other copper/zinc proteins (Cu ions compete with zinc for
important binding sites). The generation of reactive hydroxyl radicals in a Fenton-type reaction has
also been proposed as one of the possible mechanisms of bacteria inactivation [101].

The stability of the photocatalyst (CuTIO-5m-1h) has been investigated during three successive
experiments under vis irradiation and in the dark, and obtained results are shown in Figure 6h.
The activity decreases after the first experiment, especially in the dark, but almost the same performance
has been observed during the second and third experiments. Accordingly, it might be concluded that
even when initial activity has been decreased (probably due to the change in the surface composition
of copper: Cu/Cuy,O/CuO as a result of direct redox reaction with bacteria), the photocatalyst might
be efficiently reused, maintaining a high performance, i.e., complete bacteria inactivation during 1 h
vis irradiation.

Summing up, copper-modified titania photocatalysts have proven to be a promising candidate
for preparation of antibacterial materials or active coatings under vis irradiation. In comparison with
other Cu-modified titania prepared by different methods (e.g., sol-gel [102] and impregnation [72]
method), CuTiO, samples inactivated bacteria much faster. Moreover, the dark activity of the samples
was significant, indicating the possibility of efficient use in an indoor environment. Nevertheless,
antibacterial activity against only one type of model bacteria is limited in scope, and thus more studies
against different bacteria, especially antibiotic resistant (ABR) ones should be carried out.



Catalysts 2020, 10, 1194 16 of 26

2.8. Antifungal Activity

The filamentous or mould fungi are eukaryotic microorganisms that have a more complex
morphology of cells and cell-walls structures than prokaryotic bacteria. Due to this difference, fungi are
generally more resistant to the antimicrobial agents, drugs [103] and photocatalytic process [104].
That is caused by high chitin content (around 15% of cell wall dry mass) in cell walls, which protects
fungi against mechanistic and oxidative damage. A relatively thick layer of polysaccharide (chitin)
cover is also resistant to oxidative stress due to a glucan layer, mainly composed of (3-1,3-glucan.
Extracellular layer of fungal cell wall is formed by glycoproteins which are very sensitive to oxidative
damage (around 15% of cell wall dry mass). Pigments, such as dark-brown melanin (in a fungal cell
wall) protect them against some environmental factors e.g., UV radiation and ionizing radiation [105].
The importance of the cell wall for fungal cells and their spore survival during the photocatalytic
process has been proven by Kiihn et al. [106]. Additionally, in our previous study, it has been shown
that antimicrobial activity depends on the type of noble metal, e.g., silver-modified titania activated
under vis irradiation shows the highest bactericidal activity, whereas gold-modified titania are the
most active against fungi [107]. Therefore, since the bactericidal materials do not necessarily inhibit
the fungal growth, the fungistatic performance of these Cu-modified titania is now described. The
recent study has shown that copper is micronutrient for fungal growth and proliferation, but might
also generate toxicity and even cell-death [108].

The antifungal activity of anatase samples (CuST-01m-1h, CuFP6ém-1h and CuST-41m-1h) was
evaluated against Aspergillus niger, under both dark and vis irradiation conditions, by the agar disc
diffusion method (Figure 7). No inhibition zones were observed and fungi were overgrown over
all the plate’s surface, excluding only the paper discs, Figure 7b—d. The only exception was for the
control sample (0.9% NaCl solution) for which mold covered also paper discs (Figure 7a). In other
words, Cu-modified titania in concentration of 1 g/L suppressed the fungal growth on the surface
without obvious differences between vis and dark conditions. Therefore, slight fungistactic activity of
Cu-modified titania was not caused by photocatalytic activity but rather by the antifungal properties
of copper. Moreover, no clear differences among copper-modified titania samples could be noticed.
In addition, as reported previously [107], the lack of inhibition zones (around paper discs) indicate the
stability of metallic deposits on the titania surface (no leakage).

visible dark visible dark

Figure 7. The photographs of Aspergillus niger colony on Malt Extract Agar (MEA) plates: (a) 0.9%
NaCl (control), (b) CuST-01m-1h, (¢) CuFP6m-1h, (d) CuST-41m-1h, incubated under vis (left) and in
the dark (right).
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Chen et al. showed that growth of A. niger on wood surfaces coated with TiO, film was completely
inhibited after 20 days under UV light of 365 nm wavelength [109]. Despite such a long time of
exposure, fungal spores have remined viable and their re-growth has been observed when irradiation
was stopped. Taking into account the results obtained in this study, it has been concluded that vis
irradiation is insufficient to activate copper-modified TiO, during the first period of fungal growth.
A previous study, upon nitrogen-doped TiO; activated by indoor light, demonstrated a significant
effect in the first 48 h of incubation, when the germination phase of spores takes place [110], and this is
followed by the elongation of white (i.e., melanin-free) hyphae [111]. Although significant differences
in the initiation of melanin production exist among filamentous fungi, for Aspergillus species, this
is characterized by darkening of the hyphae and formation of mature conidiophores. Melanin is a
powerful free-radical scavenger, acting as a sponge for intracellular free radicals generated when
environmental factors place the cell under oxidative stress [112]. Thus, there seems little rationale
for prolongation of irradiation during these vis irradiation tests. The real challenge is to find a
photocatalyst, which is suitable to stop production of melanin within 24 h by as many fungal species
as achievable. For further analysis, the other method should be also applied, for example sporulation
tests (next paragraph). The mechanism deserves further investigation, because the effects might
help to optimize the methodology for antifungal susceptibility testing and developing photocatalytic
self-cleaning building materials or coatings, air cleaners, and filters used to remove the microorganism
from indoors aerosol and surfaces, especially where UV-A exposure is not possible (under visible light).

The fungistatic activity against A. niger has also been investigated by the spore-counting method
under fluorescence light and in the dark (Figure 8). The CuFP6m-1h sample significantly suppresses
the generation of spores under both conditions, but the mycelium has been still observed (Figure 8b),
indicating that only sporulation is inhibited. A pristine FP6 sample also exhibits slight inhibition of
sporulation, since fluorescence light contains a small portion of UV. It should be pointed out that the
number of spores in the dark for both samples is smaller than that under irradiation, possibly due to
the stimulation of fungal growth and sporulation by light [110,113-115]. Therefore, it is proposed that
fungal growth might exceed the photocatalytic fungistatic effect [88]. Moreover, some proteins and
sugars on fungal cells can be easily adsorbed on titania (independent on the irradiation) [116-119].
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Figure 8. Sporulation tests: (a) number of spores after 3-day growth of A. niger under florescence light
(green bars) and in the dark (grey bars); and (b) representative photographs of slants for CuFP6m-1h,
FP6 and in the absence of photocatalyst.

Additionally, the presence of melanin in the spore protects the fungal cells against ROS [112]
and light. The increased inhibition of sporulation and melanization observed for CuFP6ém-1h can be
explained by the possibility of increased copper uptake through the action of one of the family of
methionine-rich copper transport proteins. These transmembrane proteins are expected to be mostly
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similar to those already characterized for A. fumigatus and A. nidulans [108]. Moreover, as mentioned
above, mycelium growth is not inhibited and this is in accordance with a previous study which
showed A. niger to be an efficient organism for bioremediation of copper-rich waste streams [120],
where removal of copper was accompanied by a growth in mycelium but without growth of conidia
or spores.

3. Materials and Methods

3.1. Preparation of Cu-Modified Titania

Seven commercial titania samples, i.e., ST-01 (Ishihara Shangyo Kaisha, Ltd., Osaka, Japan),
FP6 (Showa Denko Ceramics Co. Ltd., Tokyo, Japan), P25 (AEROXIDE® TiO, P25 produced by
Nippon Aerosil Co., Ltd., Tokyo, Japan), ST-41 (Ishihara Shangyo Kaisha, Ltd., Osaka, Japan), TIO-6
(Catalysis Society of Japan, Tokyo, Japan), ST-G1 (Showa Denko Ceramics Co. Ltd., Tokyo, Japan)
and TIO-5 (Catalysis Society of Japan, Tokyo, Japan), were used without pretreatment for the surface
modification with copper (Table 1). We mixed 600 mg of TiO, with 0.94 mL of 0.2 M CuSO4-5H,O
(99.9%, FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) aqueous solution in a 50 mL
Pyrex-glass tube containing of 26.3 mL of 50 vol% methanol-water (Milli-Q) solution. Samples were
also prepared in the absence of alcohol, i.e., in 26.3 mL of Milli-Q water. The suspension was deaerated
with argon pre-bubbling, and the tube was tightly closed with a rubber septum and wrapped in
parafilm. The samples were irradiated under ultraviolet light, using home-built high-pressure Hg
lamp (A > 220 nm, output power of 400 W, light intensity of about 20 mW cm~2) in a thermostatic water
bath at 25 °C under continuous stirring (500 rpm) for 1 or 5 h. Before and during irradiation, 0.2 mL of
the gas sample was taken from the tube with a syringe and the amount of evolved Hj or O, (in the
case of methanol/water and water, respectively) was detected by gas chromatography with a thermal
conductivity detector (GC-TCD; GC-8A, SHIMADZU CORPORATION, Kyoto, Japan). After irradiation,
the samples were collected by centrifugation (3000 rpm), washed twice by resuspending in the methanol
(followed by centrifugation), then washed twice by resuspending in water (followed by centrifugation),
and finally dried overnight at 120 °C. Then, samples were ground in an agate mortar. The code names
of samples indicate the titania type (S5T-01, FP6, P25, ST-41, TIO-6, ST-G1 and TIO-5), environment
(water (w) or methanol/water (m)) and duration (1 h or 5 h) of irradiation, e.g., the CuST-01m-1h
sample was prepared by deposition of copper on ST-01 titania in a methanol/water solution during
1 h irradiation.

3.2. Characterization

Photoabsorption properties of samples were analyzed by diffuse reflectance spectroscopy (DRS;
JASCO V-670 equipped with a PIN-757 integrating sphere, JASCO, LTD., Pfungstadt, Germany).
Barium sulfate was used as a reference for DRS analysis. For the characterization of crystal structure,
X-ray powder diffraction (XRD; Rigaku intelligent XRD SmartLab with a Cu target, Rigaku, LTD.,
Tokyo, Japan) was operated (accelerating voltage: 40kV, emission current: 30 mA). The samples
were investigated between 10° and 90° at 1°/min scan speed and scan step of 0.008°. The crystal
structures were analyzed with Rigaku PDXL software (Version 2.6.1.2, Rigaku, LTD., Tokyo, Japan,
2007-2015). Crystallite sizes of anatase, rutile, Cu and CuyO were estimated by the Scherrer equation,
using the Joint Committee on Powder Diffraction Standards (JCPDS) card numbers of 5757, 7818,
31057, 8728, respectively. The surface properties of samples and the oxidation states of elements
were analyzed by X-ray photoelectron spectroscopy (XPS; JPC-9010MC, JEOL, Tokyo, Japan). At first,
samples were attached to carbon tape on a sample holder and dried under a vacuum. The Mg
X-ray source, 10 V accelerating voltage and 10 mA emission current under high vacuum were set
as operation conditions. The binding energies were examined between 1000 eV and 0 eV and for
specific ranges depending on the binding energies of elements. The data were evaluated using JEOL
SpecSurf Software (Version 1.7.3.9, JEOL, Tokyo, Japan, 2000). All graphs were charge-corrected with a
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carbon 1s peak to 284.7 eV. The morphology of the samples was analyzed by field emission-scanning
electron microscopy (FE-SEM; JSM-7400F, JEOL, Tokyo, Japan) under a high vacuum. The samples
were spread on carbon paste and dried under a vacuum overnight. Images were acquired in a wide
range of magnifications in secondary electron imaging mode (SEI). Samples were also analyzed by
energy-dispersive X-ray spectroscopy (EDS, JSM-6360 LA Analytical SEM, JEOL, Tokyo, Japan) under
high vacuum to investigate the chemical composition of copper-modified titania.

3.3. Photocatalytic Activity Tests

The photocatalytic activity of samples was investigated for oxidative decomposition of acetic
acid under UV/vis and vis irradiation. Fifty milligrams of sample were dispersed in 5 mL of 5 vol%
acetic acid in a Pyrex-glass test tube. The suspension was irradiated with a home-made Hg lamp
(A > 220 nm) or Xe lamp (output power 450 W, light intensity about 20 mW cm~2, A > 450 nm; water IR
filter, cold mirror and cut-off filter Y48) in a thermostat water bath at 25 °C under continuous stirring.
The generated carbon dioxide was measured by GC-TCD or gas chromatography with flame ionization
detector (GC-FID; SHIMADZU CORPORATION, Kyoto, Japan), respectively.

3.4. Bactericidal Tests

The bactericidal activity was evaluated under vis irradiation (A > 450 nm) using Escherichia coli
K12 (ATCC 29425, ATCC, Manassas, VA, USA), as described elsewhere [107]. In brief, a 50 mg of
sample was suspended in 5 mL of E. coli suspension (about 1~5 x 10® cells/mL) in a Pyrex-glass
test tube. The suspension was irradiated with Xe lamp (A > 450 nm) or kept in the dark (control
experiment) under continuous stirring at 25 °C. During irradiation (i.e., at 0.5, 1, 2 and 3 h), a portion
of suspension was withdrawn, diluted and inoculated on the Plate Count Agar (Becton, Dickinson
and Company, Franklin Lakes, NJ, USA) medium. Agar plates were incubated at 37 °C overnight,
and then the bacterial colonies were counted to calculate the colony-forming unit/mL (CFU/mL). The
bacterial survival ratio was computed, and presented as —log (N/Ny), where Ny is the initial number
of bacteria, and N is the number of bacteria after time t. For the reusability test, the titania sample
(CuTIO-5m-1h) was collected by leaving it to stand, washing it with sterile Milli-Q water, and drying it
at 120 °C. Then, the same experiment was repeated twice.

3.5. Antifungal Tests

3.5.1. Disc Diffusion Test

The antifungal tests were performed with mould fungus, Aspergillus niger, isolated from damp
basement air (Zachodniopomorski Uniwersytet Technologiczny (ZUT) collection, Szczecin, Poland).
The antifungal activity of the photocatalysts was tested using the disc diffusion method [121]. Culture
plates were prepared with 20 mL of Malt Extract Agar (MEA; Merck, Darmstadt, Germany). Sterilized
culture media were poured into Petri dishes and, after solidification of the medium, 0.25 mL of fungal
suspension was spread on the plate using a spreader. The concentration of microorganisms was about
10% CFU/mL. The sterile paper discs (Whatman No.1, diameter 5 mm) impregnated with 10 pL/disc
photocatalyst suspension in concentration of 1 g/L. (10 uL/disc) were placed at different locations on
the culture plates. The control discs were impregnated with saline solution (0.9% NaCl). The plates
were incubated both in the dark and under indoor fluorescence light (intensity of about 120 Ix) for 72 h.
The temperature was maintained at about 25 °C.

3.5.2. Spore-Counting Test

CuFP6m-1h and bare FP6 samples (10 g/L) in MEA were autoclaved and the agar slants were
prepared. Spores of A. niger (1000 cells/uL) were suspended in 8.5 g/L NaCl aqueous solution, 20 pL of
spore suspension was inoculated on the agar slants and irradiated with fluorescence light (intensity of
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about 120 1x) or kept in the dark for 3 days (about 23 °C). Generated spores were collected with 0.05%
Triton X-100 in NaCl solution by vortex mixing and counted under an optical microscope.

4. Conclusions

Surface modification of titania with copper results in the preparation of highly active photocatalysts
under both UV and vis irradiation, due to the inhibition of charge-carrier recombination and vis
absorption by copper species (Cu, CuyO, CuO and Cu,O), respectively. The conditions during samples’
preparation, i.e., time and medium (reaction system) and titania properties (size and crystalline
composition) have governed the properties of formed Cu NPs, such as size, composition and oxidation
state, and thus resultant activities. Since copper is easily oxidizable, it is thought that even though
zero-valent Cu NPs are formed during methanol dehydrogenation, these NPs are easily oxidized in
air, and thus co-mixed copper deposits have been obtained in all samples. The aggregation of copper
during prolonged deposition results in the formation of copper deposits with a larger content of
zero-valent copper (as a core). In the case of copper photodeposition during water oxidation, the least
content of zero-valent copper was obtained, probably due to insufficient copper cations’ reduction.
It should be pointed out that even though the same method of copper deposition was used, as well
as the same copper source and its content, a difference in titania kind resulted in preparation of
samples with significantly different properties, and thus overall activities, e.g., one order for acetic acid
decomposition and few orders for bacteria inactivation.

The modification of titania with copper causes a significant increase in the activity under UV
irradiation, especially for anatase samples, suggesting the enhancement according to a Z-scheme
mechanism between two types of semiconductor, i.e., copper oxides and anatase. Copper-modified
samples have also been active under vis irradiation, but those activities do not correlate with the content
of zero-valent copper, and thus it is thought that the p-n junction between two oxides (with electron
transfer from CB of Cu,O to CB of TiO,) rather than plasmonic photocatalysis is the main driving force of
vis response. Moreover, modified samples exhibit antimicrobial activity under both vis irradiation and
in the dark. Although vis-irradiation has increased activity only slightly (predominant activity in the
dark resulting from intrinsic properties of Cu, mainly Cu,0), the overall antibacterial effect is very high,
causing complete inactivation of bacteria within 0.5-1 h for rutile-containing samples. Unfortunately,
the mixed-oxidation state of copper in all samples makes it difficult to establish the key-factor properties
for high photocatalytic activity. Despite that, it is believed that copper-modified titania are promising
photocatalysts for broad environmental application because of low price, availability and high activity
for decomposition of both organic compounds and microorganisms.
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