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minant of population health and well

being."? One of the sources of indoor
air pollution is volatile organic compounds
(VOCs), which originate from various
sources and are the major cause of sick
house syndrome.® In addition to VOCs, ex-
posure to infectious pathogens (bacteria
and virus) with multiple-drug resistance
often occurs in our daily environment and
can adversely impact health.*® Photo-
catalytic oxidation over semiconductors
is regarded as a promising approach for
environmental remediation. Among the var-
ious photocatalysts, titanium dioxide (TiO,)
photocatalyst possesses air purification
and/or antibacterial functions, but it is only
activated by ultraviolet (UV) irradiation with
strong light intensity, such as sunlight or
black light fluorescent bulbs.®~® However,
the UV intensity from typical indoor lighting
sources, such as white light fluorescent
bulbs, is below several xW/cm?, an intensity
that is one thousand times lower than that
of sunlight.® Other indoor lighting sources,
such as white incandescent lamps or white-
light emission diodes (LEDs), do not emit UV
light. Therefore, the development of visible-
light-sensitive photocatalysts is necessary
for applications in indoor environments.

Over the past 30 years, many researchers
have attempted to develop visible-light-
sensitive photocatalysts through the dop-
ing of TiO, with transition metal ions'®~"2 or
anions.'>™ "> Despite extensive investiga-
tions, most developed systems are not sui-
table for practical indoor applications be-
cause of the low light-harvesting efficiency
of the resulting carrier recombination cen-
ters in metal-ion-doped TiO,'%'® or the
low oxidation power and mobility of the
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Photocatalytic Ti0, powders impart ultraviolet light-induced self-cleaning and antibacterial
functions when coated on outdoor building materials. For indoor applications, however, Ti0,
must be modified for visible-light and dark sensitivity. Here we report that the grafting of
nanometer-sized Cu,0 clusters onto Ti0, generates an excellent risk-reduction material in
indoor environments. X-ray absorption near-edge structure using synchrotron radiation and
high-resolution transmission electron microscopic analyses revealed that Cu,0 clusters were
composed of Cu' and Cu" valence states. The Cu" species in the Cu,0 clusters endow Ti0, with
efficient visible-light photooxidation of volatile organic compounds, whereas the Cu' species
impart antimicrobial properties under dark conditions. By controlling the balance between Cu'
and Cu" in Cu,0, efficient decomposition and antipathogenic activity were achieved in the
hybrid Cu,0/Ti0, nanocomposites.

KEYWORDS: TiO, - multifunction - volatile organic compounds - photocatalysis -
antipathogen - indoor environment
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Figure 1. (a) Photos of the prepared Cu,O/TiO, nanocomposites showing the color evolution with increasing Cu content.
(b) UV—visible reflectance spectra of TiO,, Cu(ll)/TiO; (i.e., TiO, modified with Cu(ll) ions), and the Cu,O/TiO, nanocomposites.

TiO,-based photocatalysts, although the antiviral ef-
fects of organic molecules have been investigated in
medicine or vaccination. Antiviral organic molecules,
however, are not appropriate to combine with TiO,
because they are easily degraded during the photo-
catalytic process. So far no route is available for fabri-
cating such active risk-reduction materials that can
both eliminate the VOCs under visible-light irradiation
and inactivate the pathogens under indoor conditions.

In the present study, we set the following require-
ments for developing a risk-reduction material for use
in indoor environments: (i) robust inorganic materials
composed of nontoxic and naturally abundant elements;
(ii) visible-light activity with strong oxidation power; and
(iii) antipathogenic (antibacterial and antiviral) effects,
even in dark conditions. Barreca et al. have reported the
overdispersion of TiO, nanoparticles on copper oxide
matrixes by a vapor phase approach and demonstrated
the promising applications of the as-obtained nanocom-
posites in photoactivated H, generation and in gas
sensing of toxic/flammable pollutants.'®~? Our recent
investigation on the antiviral effects of various solid-state
materials revealed that copper compounds with Cu'
species (Cul, Cu,S, or Cu,0) were effective on both the
antibacterial and antiviral properties, even under dark
conditions.?® On the basis of these results combined with
our previous findings of the beneficial effects of Cu"
species on the photooxidation of VOCs,>* 2% we antici-
pated that TiO, grafted with nanoclusters containing Cu'
and Cu" species might be effective as a risk-reduction
material for indoor applications. In particular, the most
attractive advantages of our Cu,O/TiO, nanocomposites
may lie in public health applications.

RESULTS AND DISCUSSION

The hybrid Cu,O/TiO, nanocomposites used in
this study were prepared using a simple impregna-
tion method.?” Briefly, commercial rutile TiO, with
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preannealing treatment was used as the starting ma-
terial and was dispersed into a CuCl; solution in a vial
reactor. Then NaOH and glucose solutions were added
to reduce Cu" to Cu' at 90 °C and control the Cu'/Cu"
ratio in the final products. The total amount of Cuin the
prepared samples was determined using inductively
coupled plasma atomic emission spectrometry and
was found to be nearly equal to the initial concentra-
tion used in the preparation. The color of the as-
obtained samples changed from white to slightly
yellow and slightly red with increasing content of Cu,O
(Figure 1a). Diffuse reflectance spectroscopy clearly
indicated that the optical absorbance properties in
the visible-light region were markedly enhanced in
the prepared nanocomposite samples compared to
TiO, (Figure 1b and Figure S1 in the Supporting
Information). Besides the intrinsic interband absorp-
tion at 400 nm of TiO,, the hybrid Cu,O/TiO, nano-
composites showed three additional absorption
bands. The absorption in the range 800—600 nm is
attributable to the intrinsic exciton band of CuO and
the d—d transition of Cu" species.?® The absorption
band in the range 600—500 nm is due to the interband
absorption of Cu,0,*° and the weak absorption from
500 to 400 nm originates from the interfacial charge
transfer (IFCT) from the valence band of TiO, to the
Cu,O clusters.?* As shown in Figure 2, strong X-ray
diffraction (XRD) peaks were also observed, demon-
strating the high crystallinity of the rutile structure
present in the samples. When the content of Cu was
below 1%, no peaks associated with Cu metal, Cu,0,
CuO, or Cu(OH), were detected in the XRD patterns.
This result was likely due to the low crystallinity and the
high dispersion of Cu,O on TiO, surfaces. When the Cu
content in the nanocomposite exceeded 1%, diffrac-
tion peaks of Cu,O were clearly observed in the XRD
patterns (Figure 2, left frame), indicating the existence
of Cu' species in the samples.
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X-ray photoelectron spectroscopy (XPS) was em-
ployed to explore the chemical states of surface ele-
ments of the nanocomposite samples. Two well-
resolved peaks at 463.9 and 458.2 eV were observed
from the Ti 2p core-level spectrum (Figure 3a), which
can be assigned to Ti 2p;,, and Ti 2p3,, spin—orbital
components in TiO,, respectively.>' Obviously, no dis-
tinct difference was observed between the two spectra
of bare TiO, and 0.25% Cu,O/TiO,, indicating that Cu,O
deposited on the surfaces of TiO, rather than the lattice
doping. As illustrated in the Cu 2p core-level spectrum
(Figure 3b), both Cu' and Cu" species were present in
the as-obtained Cu,O/TiO, samples.>® However, it
should be noted that the Cu(ll)/TiO, samples, the
unitary Cu" nanocluster-grafted TiO,, showed the Cu
2p transitions of Cu' species. This is because the Cu 2p
transitions of Cu" species shift to lower binding en-
ergies and overlap with the signal of Cu' species,
resulting from the bombardment effect by X-ray irra-
diation under high vacuum, when Cu content is very
low and exists in a highly dispersed state on the TiO,
surfaces (Figure S2 in the Supporting Information).>®
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Figure 2. XRD patterns of the Cu,O/TiO, nanocomposites.
Cu,0 peaks were observed when the Cu content was 1% or
greater, as shown in the enlarged pattern on the right.

For this reason, we could not determine the actual Cu'/
Cu" ratios in the samples based on the XPS analysis.
To further investigate the Cu state in the samples, we
performed quantitative measurements using X-ray
absorption near-edge structure (XANES), which is a
powerful tool to determine the state of electrons in
materials.3* We conducted XANES analysis of the Cu,O/
TiO, nanocomposite in air using the synchrotron ap-
paratus of the SPring-8 facility. For Cu(ll)/TiO; (i.e., TiO,
modified with Cu(ll) ions), the chemical environment of
Cu" species resembled that of Cu(OH),, suggesting that
the Cu" species was attached on the surfaces, forming a
distorted five-coordinate square-pyramidal structure
with —O, —OH, or —OH, (Figure S3 in the Supporting
Information).?® As can be seen in Figure 4a, the Cu
K-absorption edge of Cu,O/TiO, was located between
those of Cu,0 and Cu(OH),, indicating that the grafted
Cu species resemble the chemical environment of Cu'
and Cu" compounds. Thus, commercial Cu,0O and Cu-
(OH), were used as standards for determining the
relative proportion of the Cu' and Cu" states. As
displayed in Figure 4b, peak | at 8982 eV is the
diagnostic feature of Cu,0, while peak Il contains the
information of both Cu" and Cu'.3® Using the diagnostic
peaks of Cu' and Cu" species, we calculated the ratio of
Cu'/Cu" and found that it could be well controlled by
adjusting the concentration of NaOH during the pre-
paration process (Figure S3 in the Supporting Informa-
tion). For 0.25% Cu,O/TiO, nanocomposites displayed
in Figure 4a, the ratio of Cu'/Cu" was thus determined
to be 1.3. Transmission electron microscopy (TEM)
analysis revealed that clusters of Cu,O were well dis-
persed on the surfaces of TiO, (Figure 4c). We also per-
formed energy dispersive X-ray spectroscopy (EDXS)
point analysis using the TEM apparatus, which revealed
that the small particles (5 nm) were composed of Cu
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Figure 3. (a) Ti 2p core-level spectra of bare TiO, and 0.25% Cu,O/TiO,. (b) Cu 2p core-level spectra of 0.25% Cu(ll)/TiO, and

0.25% Cu,O/TiO,.
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Figure 4. (a) Cu K-edge XANES spectra of Cu metal, Cu,0, Cu(OH),, and as-prepared 0.25% Cu,O/TiO, hanocomposites. The
absorption edges correspond to 1 — 4p transition. (b) Cu K-edge XANES spectra of the mixture of Cu,0 and Cu(OH),. The inset
of (b) displays a good linear relationship between Cu' content and the ratio of peak I/peak I. (c and d) TEM and HR-TEM images
of the 0.25% Cu,O/TiO, (Cu'/Cu" = 1.3) sample. Cu,O clusters (marked by red arrows) were highly dispersed on the TiO,
surfaces. In (d), a Cu,O particle is outlined by a dashed line. The good attachment of Cu,O to TiO, can be clearly observed.

(Figure S4 in the Supporting Information). High-resolution
TEM images showed that the Cu,O clusters were
attached onto the highly crystallized TiO, surfaces
and formed clear lattice fringes (Figure 4d).

We evaluated the photocatalytic decomposition of
VOCs over our samples under visible-light irradiation.
Isopropyl alcohol (IPA) was used as a representative
indicator of VOCs because it was reported as a serious
pollutant of indoor air*® and its oxidation pathway for
CO, generation and the determination of quantum
efficiency were comprehensively established in a pre-
vious study.?” Considering the target application of the
photocatalyst for indoor air purification, the light in-
tensity was set to 1 mW/cm? and the wavelength of
irradiation light ranged from 400 to 530 nm (Figure S5
in the Supporting Information). The selected visible-
light intensity corresponds to an illuminance of only
300 Ix, which is comparable to those of white fluores-
cent lights and white LED lights. For the performance
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tests, the initial concentration of IPA was set to 300
ppm, which is much higher than the actual VOC
concentrations typically encountered in indoor environ-
ments. Ohko et al. reported the reaction pathway for
VOC molecules by photocatalysis. It was found that
VOC molecules such as IPA or acetaldehyde are com-
pletely decomposed to CO, and water by photocata-
lytic oxidation.?” Figure 5a shows the typical change of
the gas concentration during the process of the de-
composition of IPA over the 0.25% Cu,O/TiO, (Cu/Cu" =
1.3) sample. Prior to light irradiation, the vessel was
kept in the dark. The IPA concentration first decreased
and then remained constant, suggesting the absorp-
tion/desorption equilibrium of IPA on the surfaces of
materials. However, the acetone and CO, were not
detected under dark conditions. This means that the
IPA molecules were not decomposed by our Cu,O/
TiO, under dark conditions. With the visible-light irra-
diation, IPA concentration further decreased rapidly.
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Figure 5. (a) Representative time-dependent gas concentrations during IPA decomposition over 0.25% Cu,O/TiO, (Cu'/Cu" =
1.3) sample under visible-light irradiation. (b) Comparative studies of CO, generation over bare TiO,, TiO,_,N,, and 0.25%

Cu,O/TiO, (Cu'/Cu" = 1.3) samples under the same conditions.

Meanwhile, the amount of acetone increased sharply.
Accompanying the decease of acetone, the amount
of CO, started to increase quickly. After 96 h of irradia-
tion, the concentration of CO, reached approximately
900 ppm (ca. ~18 umol), which was nearly 3 times the
initially injected IPA, indicating the complete decom-
position of IPA (CH;CHOHCH3 + 9/2 O, — 3CO, +
4H,0). Figure 5b gives the comparative studies of pho-
tocatalytic activities of bare TiO,, TiO,_4N,, and our
Cu,O/TiO, samples under the same conditions. CO,
generation over bare TiO, was negligible under visible-
light irradiation due to its wide band gap. The sample
of TiO,_,N,, which has been recognized as one of the
most efficient visible-light photocatalysts,'* could not
completely decompose gaseous IPA because of its low
oxidation power,'” indicating that intermediate mol-
ecules of IPA remained on the TiO,_,N, surface. Thus,
the long-term performance of the TiO, ,N, photo-
catalyst for air purification cannot be expected. As can
be seen in Figure 5b, the photocatalytic activity of the
Cu,O/TiO, sample was markedly superior to that of the
TiO,_,N, sample. The calculated quantum efficiencies
of the Cu,O/TiO, (Cu'/Cu" = 1.3) and TiO,_,N, samples
were 14.8% and 3.9%, respectively (Table S1 in the
Supporting Information). Further, the visible-light ac-
tivity of Cu,O/TiO, was better than that of TiO, mod-
ified with Cu(ll) ions (i.e., the Cu(ll)/TiO, samples), which
was reported in our previous work (Figure S6 in the
Supporting Information).>*?® It is known that Cu,O has
a narrow band gap of about 2 eV.>° To exclude the
effect of excitation of Cu,0, we grafted Cu,O nano-
clusters on a nonphotoactive SiO, and found the
as-obtained Cu,O/SiO, exhibited a negligible photo-
activity to decompose IPA. We also investigated the
visible-light activities of TiO, mixed with commercial
Cu,0 particles (500 nm, ~5 um grain size; Wako
Chemical Co,, Ltd.), but the activity of these samples
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was negligible under visible light (Figure S7 in the
Supporting Information), indicating that the crystalline
Cu,0 was photocatalytically inactive. In our hybrid
Cu,O/TiO, nanocomposites, Cu'" species in nanoclus-
ters are very effective for the visible-light photocataly-
tic activity of TiO,. When the Cu" species are grafted on
the surface of TiO,, electrons in the valence band of
TiO, are excited to Cu" species in nanoclusters through
an IFCT process.** The excited electrons effectively
reduce atmospheric oxygen molecules through a multi-
electron reduction process, while holes in the valence
band decompose organic substances due to their
strong oxidation power.?’ It was noteworthy that the
quantum efficiency of the Cu,O/TiO, is very high,
whereas IFCT absorption is small (Figure 1b). In the
case of semiconductor bulk photocatalysts, photogen-
erated electrons and holes should migrate to the sur-
face of the semiconductor. In our system, however,
visible-light-induced excitation generates electrons to
the surface nanoclusters with high reactive sites for
oxygen reduction, resulting in high photocatalytic
performance of our Cu,O/TiO, system. In addition to
IPA decomposition, our Cu,O/TiO, nanocomposite
was able to completely mineralize several other
examined VOC molecules, including acetaldehyde, under
visible-light irradiation (Figure S8 in the Supporting
Information). The good stability of the Cu,O/TiO, sam-
ple under long-term light irradiation was also con-
firmed by XAFS analysis (Figure S9 in the Supporting
Information).

The inactivation of pathogenic microorganisms was
next evaluated using thin film samples, which were
prepared by coating suspensions of Cu,O/TiO, on glass
substrates. We used bacteriophage QS as a model of
human influenza virus. The antiviral activities of our
nanocomposite were tested by plaque assay according
to the standard evaluation method of a photocatalytic
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Figure 6. Inactivation of QS bacteriophage by the various samples under dark and visible-light irradiation. (a) 0.25% Cu(ll)/

TiO,. (b) 0.25% Cu,O/TiO, (Cu'/Cu" = 1.3).

antibacterial effect (Japanese Industrial Standards, JIS
1702 R). In the assay, test solutions containing bacterio-
phage Qf were used to infect Escherichia coli (E. coli,
NBRC 13965), and the bacteriophage concentration
was determined from the number of plaque forming
units (PFU/mL). As can be seen in Figure 6a, the 0.25%
Cu(ll)/TiO, sample showed only a negligible degree
of bacteriophage inactivation in the dark, whereas
marked inactivation was observed under visible-light
irradiation as a result of an IFCT process.* Surprisingly,
the 0.25% Cu,O/TiO, (Cu/Cu" = 1.3) sample, which
contains the same Cu content as the Cu(ll)/TiO, sample,
displayed a 4-log reduction (i.e., 99.99% reduction of
phage) after 1 h contact time, even under dark condi-
tions. The activity was further improved under visible-
light irradiation, as a 7.5-log reduction of bacterio-
phage was achieved after 40 min (Figure 6b).

The antipathogenic effects of the samples were
further measured using E. coli (Gram-negative bacteri-
um, NBRC 3972) and the Gram-positive bacterium
Staphylococcus aureus (S. aureus, NBRC 12732) as
model bacteria. A similar trend of inactivation to that
for bacteriophage Qf3 was found for both E. coli and S.
aureus by the 0.25% Cu,O/TiO, (Cu'/Cu" = 1.3) sample
(Figure 7), demonstrating the high antipathogenic
properties of our hybrid Cu,O/TiO, nanocomposites.
The activities could be controlled by tuning the ratio of
Cu'/Cu" in the nanocomposites (Figure S10 in the
Supporting Information), with a ratio of 1.3 giving the
optimum antipathogenic activity. With this optimum
composition, photocatalytic oxidation activity under
visible-light irradiation was also sufficiently high, as
shown in Figure 5. The evaluation of the antipatho-
genic properties was conducted using a commercial
10 W cylindrical white fluorescent light with a UV-cutoff
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film atan illuminance of 800 Ix, which is commonly used
as an indoor lighting source in office buildings, public
places, and homes. We can therefore conclude that our
Cu,O/TiO, nanocomposite exhibits significant anti-
pathogenic effects under normal indoor conditions.

For comparison, the antiviral properties of bare TiO,
and TiO,_,N, were also examined (Figure S11 in the
Supporting Information) and were found to have
negligible antiviral activity under dark conditions, as
well as following visible-light irradiation. We also com-
pared the performance of our 0.25% Cu,O/TiO, nano-
composites with that of 0.25% Cu,O/TiO,, which was
prepared by physically mixing commercial Cu,0O and
TiO, powders. We found that the antiviral and anti-
bacterial properties of the Cu,O/TiO, nanocomposite
were superior to those of the physically mixed Cu,O/TiO,
composite (Figures S11—13 in the Supporting Informa-
tion), indicating that the few nanometer size of the
Cu,O clusters and their attachment onto the TiO,
crystals are critical for high antipathogenic activity.
We also investigated the antiviral effect of silver (Ag),
which is well-known to possess antibacterial activity.
Even though Ag exhibited antibacterial activity under
dark conditions, no antiviral effects were detected
under visible light or in the dark. Taken together, these
results indicate that antibacterial agents do not abso-
lutely possess antiviral activity, as the biological struc-
tures of bacteria significantly differ from those of
viruses with respect to size.>®

To further explore the antipathogenic effects of the
Cu,O/TiO;, samples, we investigated the ability of
these materials to degrade DNA and proteins, which
are essential components of viruses and bacteria.
Figure 8a shows the resulting agarose gel electrophoresis
patterns after the exposure of supercoiled plasmid
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Figure 7. Inactivation of bacteria by 0.25% Cu,O/TiO, (Cu'/Cu" = 1.3). (a) E. coli. (b) S. aureus.

PBR322 DNA to the various samples for 2 h under dark
conditions. Among the examined samples, bare TiO,
did not cleave the plasmid DNA; however, conversion
of the plasmid DNA from the supercoiled to the open
circular form was clearly observed in the systems of the
hybrid Cu,O/TiO, nanocomposites. Notably, the de-
gree of degradation increased as the ratio of Cu'/Cu"
in the hybrid Cu,O/TiO, nanocomposites increased.
The complete conversion of supercoiled DNA was
achieved by the 0.25% Cu,O/TiO, (Cu'/Cu" = 1.3)
sample (Figure 8a; lane 1). We also observed protein
degradation by the hybrid Cu,O/TiO, nanocomposites
(Figures S14 in the Supporting Information). These
experimental observations suggest that the hybrid
Cu,O/TiO, nanocomposites are able to destroy the
critical biomolecules of bacteria and viruses, leading
to their death and inactivation.

Previous studies that investigated the antibacterial
and antiviral properties of TiO, under UV- or solar-light
irradiation®®*° attributed these activities to direct oxi-
dation by photogenerated holes or reactive radical
species, such as -OH radical, O,, and H,0,.*' The
antiviral effects of Cu metal and Cu®" ions under dark
conditions in the presence of H,0, were also de-
monstrated.*” To understand the effects of copper
oxidation state on the antiviral and antibacterial prop-
erties, we further studied the antipathogenic effects of
CuO and Cu,O under the same experimental condi-
tions. It is found that Cu,0 was very effective for killing
of viruses and bacteria, whereas CuO showed a weak
effect on the virus and bacterial inactivation. On the
basis of our present results, however, Cu' species in
Cu,O nanoclusters appear much more effective than
Cu metals or Cu" species for enhancing the antiviral
and antibacterial effects of TiO, photocatalysts. We
also confirmed that these activities were not induced
by free Cu™ or Cu®" ions dissolved in water. Together
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with the finding that Cu' species are much more
effective than metal Cu® or Cu" species for the inactiva-
tion of bacteria and viruses,>® our present results
indicate that the observed antimicrobial activity under
dark conditions is induced by the solid-state Cu,O
nanoclusters with Cu'. The Cu,O-mediated mechanism
underlying the antivirus phenomenon is currently
being investigated biochemically in our laboratory
and will be reported elsewhere.

The most important finding of the present study is
that this is the first discovery of high antipathogenic
activity of TiO, hybridized with solid-state Cu,O nano-
clusters, even in dark conditions. Under visible-light
irradiation, the electrons in the valence band of TiO,
are promoted to Cu" species in Cu,O clusters, repre-
senting a form of IFCT, which results in the transforma-
tion of Cu" into Cu' and holes remaining in the valence
band.>* The generated Cu' can efficiently reduce oxy-
gen molecules via a multielectron reduction process
and subsequently return to Cu".**?” During visible-
light irradiation, the holes generated in the valence
band of TiO, have strong oxidation power to decom-
pose VOCs, a property that explains the high photo-
oxidation activity of the hybrid Cu,O/TiO, nano-
composites for IPA and acetaldehyde decomposition
under this condition. Following irradiation with visible
light, holes generated in the valence band of TiO; in
combination with Cu' species can also damage the
outer membrane, proteins, and nucleic acid (DNA and
RNA) of viruses and bacteria, resulting in their death
and inactivation. The amount of Cu' species in the
clusters increased by IFCT under visible-light irradia-
tion, and the additional Cu' species may contribute to
the antipathogenic effects of the hybrid Cu,O/TiO,
nanocomposites. However, the ratio of Cu'/Cu" did
not markedly change after long-term visible-light irra-
diation, indicating that the multielectron reduction
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Figure 8. (a) Cleavage of supercoiled plasmid pBR322 DNA by different samples under dark conditions for 2 h. Lanes |, II, Il
and IV correspond to the 0.25% Cu,O/TiO, (Cu'/Cu" = 1.3), 0.25% Cu,O/TiO, (Cu'/Cu" = 0.2), 0.25% Cu,O/TiO, (Cu'/Cu" = 0.13),
and 0.25% Cu(l)/TiO, samples, respectively. (b) Proposed processes of photocatalysis and inactivation of viruses and bacteria

under visible-light irradiation and dark conditions.

reaction is catalytic in air with a turnover number
greater than 22.%° These results indicate that both
the photocatalytic VOC decomposition and antipatho-
genic effects in the dark of our generated hybrid Cu,O/
TiO, nanocomposites can be sustained for the long-
term in indoor environments.

CONCLUSION

In summary, we have succeeded in developing a
conceptually different method to deposit nanocluster
mixtures (Cu' and Cu" species) onto TiO, surfaces and
initially found that both the efficient photocatalytic
VOC decomposition and antipathogenic effects in in-
door conditions can be achieved in our materials.
Furthermore, the detailed structure for our nanoclus-
ters was comprehensively characterized by synchro-
tron analysis, and the possible mechanism of the
multifunctional properties could be elucidated. The
balance between Cu" and Cu' states in Cu,O is critical
to achieve efficient VOC decomposition and antipatho-
genic activity. It is found that the optimum content of

EXPERIMENTAL SECTION

Synthesis of Cu,0/Ti0, Nanocomposite Samples. Commercial TiO,
(MT-150A, TAYCA Co., rutile phase, 15 nm grain size, 90 mz/g
specific surface area) was used as the starting material. To
improve the crystallinity, TiO, was annealed at 950 °C for 3 h.
The specific surface area was decreased to 3.7 m?/g. Then, the
calcined TiO, was treated with 6 M HCl aqueous solution at
90 °C for 3 h under stirring. After filtration, washing, and dry at
room temperature, the resulting clear TiO, was used to prepare
Cu,O/TiO, nanocomposites.

The Cu,O/TiO, nanocomposites were prepared by an im-
pregnation technique. In a typical preparation, one gram of
treated TiO, was dispersed into 10 mL of CuCl, solution in a vial
reactor. The weight fraction of Cu relative to TiO, was set to be
1 x 1073 t0 2 x 1072 Under stirring, the sealed vial reactor was
incubated at 90 °C for 1 h using a water bath. Then a given
amount of NaOH solution and glucose solution were added into
the above suspension, which was allowed to react at 90 °C for
1 h. The final products were sufficiently washed and then dried
at 110 °C overnight and grounded into powder using an agate
mortar. For comparison, the unitary Cu'-nanocluster-grafted
TiO, was also obtained without any glucose and NaOH and
named as Cu(ll)/TiO,.

Sample Characterization. Elemental analyses of the samples
were performed using an inductively coupled plasma atomic
emission spectrometer (ICP-AES, P-4010, Hitachi) for Ti and Cu.

QIU ET AL.

Cu' in CuO nanoclusters is 56% (Cu'/Cu" = 1.3).
Although the generated Cu,O/TiO, nanocomposite is
expected to damage bacteria and viruses, it is formed
from titanium and copper, which are not toxic to
human health and are naturally abundant and eco-
nomical elements. Further, our hybrid Cu,O/TiO, nano-
composites are very stable under long-term light
irradiation and display multifunctional properties,
which make them promising materials for a wide range
of applications, including air purification in private
housing and public places, such as hospitals, airports,
metro stations, and schools, or as air filters, respiratory
face masks,*® and antifungal fabrics,** among others. It
is also noteworthy that a mass-production process for
the Cu,O/TiO, nanocomposites presented here is
being developed by Showa Titanium Co. Ltd.
(Toyama, Japan), which supports the good perfor-
mance of Cu,O/TiO, composites for indoor purification
applications. More generally, our study indicates a
strategic way to develop the nanocomposites for
numerous applications.

It was found that the total amount of Cu in the prepared samples
was nearly equal to the initial concentration used in the
preparation. The structural characteristics of the samples were
measured by powder X-ray diffraction at room temperature
on a Rigaku D/MAX25000 diffractometer with a copper target
(A = 1.54178 A). The data were collected from 20 = 20—70° in a
step-scan mode (step, 0.02°; counting time, 5s). The microstruc-
tures of the samples were investigated by transition electron
microscopy on a JEOL JEM 2010 instrument under an accelera-
tion voltage of 200 kV. The specific surface areas of the samples
were determined from the nitrogen absorption data at liquid
nitrogen temperature using the Barrett—Emmett—Teller tech-
nique. The samples were degassed at 200 °C and at a pressure
below 100 mTorr for a minimum of 2 h prior to analysis using a
Micromeritics VacPrep 061. The absorption spectra of the
samples were recorded using a UV-2550 spectrophotometer
(Shimadzu). The ionic characteristics and surface composition
were studied by X-ray photoelectron spectroscopy (XPS, Perkin-
Elmer, 5600). The binding energy data are calibrated with the
C 1s signal at 284.6 eV.

Structural features of Cu,O and the ratio of Cu'/Cu" in the
as-prepared nanocomposites were characterized by X-ray ab-
sorption fine structure (XAFS), including X-ray absorption near-
edge structure. The XAFS spectra for the Cu K-edge were
recorded on beamline 01B01 at SPring-8, which is administered
by the Japan Synchrotron Radiation Research Institute (JASRI).*
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Transmission (standard Cu foil, Cu,0, CuO, and Cu(OH),) and
fluorescence yield (composites) spectra were acquired using a
double-crystal Si(111) monochromator, ion chambers, and a 19-
element germanium solid-state detector equipped with a nickel
filter. The XAFS data were analyzed using the REX2000 (Rigaku
Corporation) and FEFF programs.46 Cu,0 and Cu(OH), mixtures
were used as the standard specimen to extract experimental
EXAFS parameters to determine the ratio of Cu'/Cu" in the
hybrid Cu,O/TiO, nanocomposite.
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