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TiO» inverse opal (IO) structure surfaces were functionalized with a sub-monolayer amount of Cu by atomic layer
deposition (ALD) and tested for photocatalytic and antimicrobial applications. Decomposition of acetylene
(C2Hy) into CO2 and reduction of CO, into CH,4 were tested in the gas phase and photodegradation of methylene
blue (MB) was tested in the liquid phase. Antimicrobial activity was tested against Gram-positive Staphylococcus
aureus (S. aureus) bacteria. ALD Cu without any post-deposition heat treatment (HT) decreased the photo
degradation rate of both CoHy and MB but improved the activity towards CO reduction. ALD Cu increased MB
photodegradation rate and antimicrobial activity only after HT at 550 °C, which was linked to the improved
chemical stability Cu after the HT. The same HT decreased the activity towards CO reduction and decomposition
of CoHy. The HT induced desorption of loosely bound ALD Cu™?* from the TiO3 IO surface and the remaining

Cu+/ 2+

was reduced to Cu’. The photocatalytic and antimicrobial activity of TiO, IO can be tailored by the

addition of a sub-monolayer amounts of Cu with performance depending on the targeted reaction.

1. Introduction

New innovations in materials science are continuously sought to
tackle the grand challenges in society including renewable fuel pro-
duction, mitigation of CO3 emissions, and most acutely, fight against the
pandemia. Functionalization of photocatalyst materials is a promising
strategy to response to these kinds of challenges. Recently, TiO5 inverse
opal (IO) structures have received large interest due to high surface area,
unique optical characteristics, and various applications ranging from
decomposition pollutants [1] to solar fuel production [2]. Functionali-
zation of TiO surface with transition metals or their oxides can increase
the activity by increasing the visible light absorption, facilitating the
photoinduced charge separation or catalyzing targeted chemical re-
actions. Successful functionalization requires optimization of transition
metal loading and often involve post-deposition thermal treatments.
Atomic layer deposition allows for controlled coating of porous struc-
tures and has been earlier applied to functionalize IO structures with

* Corresponding author.
** Corresponding author.

transition metal oxides (Al,O3, SiO,, and TiO2) for photocatalytic ap-
plications [3].

Combination of TiO, and Cu has a great potential for environmental
purification and solar-energy conversion since both materials are
nontoxic and resistant to photo-corrosion with abundant availability
[4]. CuxO-TiO5 nanocomposites have been fabricated by various phys-
ical and chemical methods including ball milling [4], sol-gel [5],
chemical vapor deposition (CVD) [6], and atomic layer deposition (ALD)
[7]. Recently, the addition of single-atom Cu on TiOy photocatalyst has
been reported to boost the activity of material to 66 times in the
reduction of CO, reactions. However, traditional methods of deposited
often produced non-uniformly distributed of the atom on the surface of
photocatalyst [8,9]. The self-limiting nature of the ALD cycles allows
sub-monolayer thickness control of the deposited films with high
repeatability and surface uniformity. Moreover, ALD allows conformal
coating of large aspect (length-to-diameter) ratio objects with a uniform
film. Therefore, ALD is a widely used technique especially in
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semiconductor industry but is also used as an advanced tool for nano-
technology research.

Motivated by single-atom catalysts concept, in this work TiO, IO
framework was functionalized using ALD Cu coating for selected cata-
lytic reactions. Photocatalytic activity of the samples under the ultra-
violet A (UVA) excitation was assessed in the gas phase by the
decomposition of acetylene (CaHz) into CO5 and reduction of CO; into
CHy, and in the liquid phase by the degradation of methylene blue (MB).
Antimicrobial activity was tested against Gram-positive Staphylococcus
aureus (S. aureus) bacteria. The improved photocatalytic activity of the
Cu ALD coated TiO5 IO materials is discussed in terms of interfacial
chemistry and charge-transfer in the formed heterostructure.

2. Materials and methods
2.1. TiOy inverse opal structure preparation

TiO4 IO structure was synthesized using polystyrene spheres with a
diameter of 400 nm (PS400) as a template. Transparent, homogenous
solution of 5 ml titanium (IV) isopropoxide (TTIP, 97%, Sigma-Aldrich),
47 ml of ethanol (99.5%, Etax AA), 2 ml of hydrochloric acid (37%, VWR
chemicals) and 2 ml of deionized (DI) water were used as a precursor.

PS400 was prepared by a free-radical emulsion polymerization from
styrene (99%, Acros Organics), sodium dodecyl sulfate (SDS, 98.5%,
Sigma-Aldrich) and ammonium persulfate (APS, 98%, Sigma-Aldrich).
First, the seed solution of 200 nm PS spheres was prepared by mixing
200 mg of SDS and 160 ml of DI water in a flask and heated to 70 °C
while stirred at 500 rpm under nitrogen flow. 20 g of styrene was poured
into this solution and stirred for 0.5 h that was followed by dropwise
addition of 20 ml of APS solution (200 mg of APS in 20 ml of DI water)
into the reactor. The system was kept at that condition for 20 h and the
seed solution of 200 nm PS spheres was obtained. Next, 30.4 ml of 200
nm seed solution and 25 mg of SDS were diluted with 150 ml deionized
water and heated to 70 °C under nitrogen flow to make PS400. After
stabilizing at 70 °C, 20 ml solution of APS (28 mg APS in 20 ml DI water)
was added. As a final step, 21.6 g styrene was slowly added to the reactor
solution, and the reaction was again maintained for 20 h to get PS400
solution.

PS400 template was loaded on soda-lime microscope glass (Thermo
Scientific) by sonicating 0.6 ml of PS400 in 25 ml deionized water for
0.5 h. Two glass microscope slides were first washed in distilled water,
immersed vertically into PS400 solution, and left at 65 °C for 2 days for
vaporization. These PS coated glass substrate was then heated up 80 °C
for 2 h to improve both quality and durability of the generated opal
structure. Finally, the opal template was dipped into TiO, precursor
solution two times to ensure void filling of the opal template. The sample
was kept in ambient conditions overnight. The sample was then calci-
nated at 550 °C for 5 h with a ramp rate of 2 °C/min.

2.2. ALD deposition of Cu

ALD deposition of Cu was carried out using a Picosun Sunale ALD
R200 Advanced reactor. Copper(I)-bis-(dimethylamino-2-propoxide)
(Cu(dmap)z, min. 97%, STREM Chemicals, Inc.), Milli-Q® type 1 ul-
trapure water, and Ar (99.9999%, Oy AGA Ab, Finland) were used as the
Cu precursor, O precursor, and carrier/purge/venting gas, respectively.
During the deposition Cu(dmap); precursor source was held at 100 °C to
maintain a sufficient vapor pressure, the water source was kept at 18 °C
by a Peltier element for stability control, and the growth chamber was
kept at 150 °C. The continuous Ar flow in the Cu(dmap), and H5O lines
was 100 sccm. The ALD Cu cycle consisted of the 0.7 s Cu(dmap), pulse
followed by the 30.0 s purge period to pump the excess precursor and
the reaction by-products from the reaction chamber before introducing
H20. Analogously, the pulse and the purge times for HyO pulse were 0.3
sand 6.0 s, respectively. Two sets of TiO, IO samples were prepared with
10 and 150 ALD Cu cycles. The growth rates of 0.045-0.090 A/cycle
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have been reported for the ALD process depending on the water dosage
[10].

2.3. Sample characterization

The morphological information of the prepared surfaces was ac-
quired using field-emission scanning electron microscope (FE-SEM,
Hitachi S-4800). UV/Vis/NIR spectrometer (PerkinElmer Lambda 900)
was used to measure the absorption spectra of the samples. The crys-
talline properties of the prepared materials were characterized using X-
ray diffraction (XRD, Bruker-AXSD8 Advance) with Cu Ka as the radi-
ation source. The diffraction patterns were measured from 10° to 90° at
20 scale with a step size of 0.05°/min.

The X-ray photoelectron spectroscopy (XPS) measurements were
carried out in an ultrahigh vacuum (UHV) system with base pressure
below 1 x 10~ mbar. XPS was measured using non-monochromatized
Al Ka X-rays (hv = 1486.6 eV) generated by a twin anode X-ray source
(8025 Twin anode X-Ray source, V. G. Microtech) and a hemispherical
electron spectrometer (CLAM4 MCD LNo5, V. G. Microtech). The
element chemical state was determined from the XPS spectra by least-
square fitting of asymmetric Gaussian-Lorentzian line shapes after
subtracting a Shirley type background. The analysis was conducted
using CasaXPS software version 2.3.17PR1.1 [11] with the Scofield
photoionization cross-sections as relative sensitivity factors [12]. The
binding energy scale for core level XPS was calibrated according to Ti**
2ps3,2 that was set to 458.8 eV. The mean free path of Ti 2p photoelec-
trons in Cu (1.9 nm [13]) was used to approximate the ALD Cu overlayer
thickness [14]. The upper approximation to the Cu loading here, based
on the attenuation of photoelectron signal from the substrate by a ho-
mogeneous over layer, is 1.1 nm.

2.4. Photocatalytic activity assessment

Photodegradation of methylene blue (MB) on IO TiO5 was measured
in liquid phase using a test protocol described in Ref. [15], which was
adapted from the standard (ISO 10678:2010). TiO5 IO coated microcopy
slides were placed in a quartz cuvette filled with 15 ml of 1.5 ppm
methylene blue (MB) aqueous solution. The sample was first kept in dark
for 60 min to allow MB adsorption onto the film surface. The photo-
degradation of MB was then initiated and conducted by UVA light
irradiation (300-400 nm, optical power of 20 mW/cm?) under con-
vection induced by a magnetic stirrer. The film area exposed to the UVA
light was 6.25 cm?. MB concentration was measured online by moni-
toring transmission (T) of 635 nm laser beam through the cuvette.

Photocatalytic activity of the thin film coated TiO2 IO structures was
studied by decomposition of acetylene (C2H>) into carbon dioxide (CO3)
that was carried out using an in-house built gas-phase reactor at the UEF
as reported earlier [3,6]. Two glass substrates were placed into the
reactor chamber (20 cm? film area). The reactor was filled with a
controlled mixture of technical air and acetylene. High intensity UVA
light (XBO 450W OFR from Osram, light housing from Newport, USA)
was used as a light source. Oxidation of CoHj into CO, was monitored
using an infrared CO4 detector (Vaisala GMP343, FI) inside the reactor.

Photocatalytic CO; reduction tests in the gas-phase were performed
using an in-house-built recirculating batch reactor comprising of a
quartz photoreactor (250 ml photoelectrochemical cell, Pine Research,
NC, USA), peristaltic pump (Masterflex, Cole-Parmer, IL, USA), gas
chromatography unit with two gas sampling valves (Thermo scientific
TRACE 1310, MA, USA), a flow meter (G Series, Swagelok, OH, USA), a
pressure gauge (Baratron®, MKS Instruments, MA, USA), gas inlets and a
vacuum pump (SH-110 Dry Scroll Vacuum Pump, Agilent Technologies,
CA, USA). Before sealing the reactor, 10 ml ultrapure water (18.2 MQ
cm, Merck Milli-Q®) was added to the bottom of the photoreactor and a
microscopy slide with the photocatalyst coating was supported in up-
right position above the liquid. The reactor was then evacuated and
filled with CO3 (99.99% COs, Aga, Finland) in three repetitive cycles to
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remove all impurities from the system. The photoreactor was finally
filled with 760 torr CO, and kept it in dark for 30 min to guarantee the
adsorption-desorption equilibrium. During the test, the gas was recir-
culated between the gas chromatography (GC) and the photoreactor
with the peristaltic pump. The photocatalytic reaction was initiated by
illuminating the photocatalyst (3.6 cm? film area) by UVA light
(300-400 nm, optical power of 51 mW/cm?) from the light source
(MAX-350 equipped with UV-Vis mirror module and a 400 nm short
pass filter XHS0400, Asahi Spectra Co., Ltd., Japan). After every 30 min,
a gas-phase sample was injected to the GC via the two gas sampling
valves (GSV) using N as the carrier gas in the GC. GSVs were connected
to a thermal conductivity detector (TCD) and a flame ionization detector
(FID) via TG-Bond Msieve 5A and TG-BOND Q 5A columns (Thermo
scientific TRACE 1310, MA, USA), respectively. The GC response was
calibrated before each test using a gas mixture consisting of Oz, CO2, Ha,
CO, CHy4, CoH4 and CpHg (0.5 vol.-% each) in Ng (Linde plc, Ireland).
Each test was performed for 2 h and the production rate was normalized
to the illuminated surface area and time.

Antimicrobial tests were carried out using a touch test method [16]
with Gram-positive (Staphylococcus aureus ATCC 29213 0.5 McF 50 pl)
bacteria. In touch test procedure, bacteria culture was diluted in 0.9%
NaCl to 0.5 McFarland standard i.e., approximately 1.5 x 10% colony--
forming units (CFUs) in a milliliter (CFU/ml). The sample surface was
exposed with 50 pl of bacterial suspension and incubated at a room
temperature for 24 and 48 h in an empty Petri dish. After incubation, the
sample surface was pressed against a blood agar plate for 30 s and then
agar plates were incubated again at +37 °C. The number of CFUs was
calculated from the agar plates after 24 h.

3. Results and discussion
3.1. Characterization of Cu-TiOz IO

TiO4 IO structures were functionalized with Cu by ALD technique
using 10 and 150 ALD cycles of Cu (<1.1 nm Cu loading). The TiO5 IO
reference and TiO5 IO coated samples with 10 and 150 cycles of Cu are
denoted as no Cu, 10 ¢ Cu, and 150 c Cu, respectively. The effect of post
ALD deposition heat treatment (HT) was studied using the same con-
ditions (550 °C in air) with the TiO5 IO calcination treatment. HT
samples were named as 10 ¢ Cu + HT and 150 c Cu + HT. The as-
prepared samples were examined by SEM, XRD, UV-Vis, and XPS.

First, the TiOy IO samples before and after ALD Cu coating were
characterized by SEM as shown in Fig. 1a and b. As can be seen clearly
from Fig. 1a, all PS spheres were completely removed during calcina-
tion, and there were no traces of precursor left on the sample surface. IO
structures were well connected in hexagonal close packed array and
exhibited a face-centered cubic (FCC) plane (111) orientation. No cracks
were observed at the magnification of x80k (a few micrometers scale).
At a lower magnification of x300 (Fig. S1), cracks were observed in all
samples at a few hundred micrometers scale. This is unavoidable due to
the shrinkage of the PS spheres during the calcination process that was
estimated to be around 30%.

The ALD deposition of Cu on the surface of TiO5 IO had only little
effect to the contrast of SEM images, even for the sample with 150 ALD
cycles (Fig. 1b). The result suggests that the distribution of ALD Cu
deposits is uniform and conformal, and that the Cu loadings are within
the targeted range of few nanometers. We note that the nominal Cu
loading is of the order of monolayers, and in the case of 10 ¢ sample it is
likely that Cu only partially covers the TiO5 IO surface. The HT did not
affect the contrast of SEM images. In particular, no Cu particles were
detected on the surface (Fig. S2).

XPS was utilized to investigate the chemical composition of the
Cu-TiO5 IO nanocomposites. Table 1 shows atomic Cu/Ti ratios for the
analyzed samples. The Cu/Ti ratio was found to increase and the Ti 2p
intensity decreased with the increasing number of ALD Cu cycles. The Ti
2p signal intensity was attenuated to 57% for the 150 c sample
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Fig. 1. SEM images of (a) no Cu and (b) 150 ¢ Cu samples. XPS spectra of (c) Ti
2p and (d) Cu 2p3,, transitions for different TiO5 IO samples.
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Fig. 2. XRD patterns of no Cu and 150 c Cu before and after HT. XRD reference
patterns below are from RRUF database [17].

compared to the initial intensity measured for “no Cu” sample.
Assuming XPS intensity attenuation by a homogeneous overlayer ac-
cording to the Beer-Lambert law level this corresponds to 1.1 nm thick
Cu film, which is in line with the nominal growth rate.

The XPS spectra of Ti 2p and Cu 2p species are shown in Fig. 1c and d.
In Ti 2p spectra have two peaks at 458.8 eV and 464.6 eV corresponding
to Ti 2ps/ and Ti 2py o, respectively, and can be assigned to Ti*" in
anatase-TiOq [18]. Neither the ALD Cu process nor the HT induced any
changes to the chemical state of Ti. Cu 2ps,, spectra showed two clearly
distinguishable peaks: one at 931-935 eV and another at 940-945 eV.
The former is an elastic photoemission peak that can be convoluted to
Cu®" at 933.7 eV and indistinguishable cu® or Cu " at 932.7 eV [19],
albeit the presence of metallic Cu is considered unlikely under the
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Fig. 3. UV-Vis absorption spectra of TiO, IO structure with 10 and 150 cycles
of ALD Cu before and after heat treatment.

Table 1
Cu to Ti atomic ratios at the surface (XPS) and in the bulk (ICP-MS) of TiO, 10
samples.

Atomic ratio Cu/Ti surface Cu/Ti bulk
no Cu 0.00 0.000
10 ¢ Cu 0.13 0.006
10 ¢ Cu + HT 0.03 0.007
150 c Cu 0.83 0.048
150 ¢ Cu + HT 0.06 0.006
Table 2
Antimicrobial testing results using Gram-positive S. aureus.
Bacteria Incubation time bare noCu 10cCu+ 150 ¢ Cu +
(h) glass HT HT
S. aureus 24 +++ +++ +++ +++
48 ++ ++ + ++

+, ++ and +++ correspond to 10°-10* CFU, 10*-10° CFU and >10° CFU,
respectively. — no growth.

studied conditions. The latter peak is a satellite peak characteristic to
Cu?* species. The chemical composition of Cu in ALD Cu samples was
found different. The 150c Cu sample had primarily cu®t (CuO) whereas
the 10c Cu sample had only Cu™ (Cup0). The differences may have
resulted from the ALD process but here it is more likely that the observed
difference was affected by the exposure to the air before XPS measure-
ment. Thus, the chemical composition of ALD Cu was concluded to be
Cu3 O that oxidizes to Cu?*O in air with time. The growth of Cu,0 using
the same ALD Cu process was reported earlier by Avila et al. [10].

The heat-treatment at 550 °C had two strong effects to the surface
composition. Firstly, after the HT no Cu®" satellite peak was detected,
which indicates that the HT induced the reduction of Cu?*. Ti forms
more stable oxides than Cu, and therefore, any vacancies in the TiO2
substrate could have mediated the Cu®" reduction [20]. This contradicts
with the oxidation of Cu foil that forms a Cu?>"O surface oxide under the
same conditions [21]. Secondly, upon the HT the Cu 2p intensities
(Fig. 1d) decreased and Ti 2p intensities (Fig. 1c) increased resulting in a
decrease in the atomic Cu/Ti ratio (Table 1). These changes could have
been caused either by the diffusion of Cu into the TiO; substrate, by a
change in the morphology of Cu from a thin film to clusters or by the
desorption of Cu species from the surface. Studies showing thermally
induced incorporation of Cu into the TiO9 matrix either, at substitutional
or interstitial site, are rare. Cu-doped TiO2 has been prepared by sol-gel
methods involving high-temperature calcination treatment, and Cu has
been suggested to locate at an interstitial position in the TiO matrix
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[22-24]. After calcination at 500 °C only Cu" species were reported to
exist at the surface by XPS [23,24]. On the other hand, Cu forms easily
particles on TiO, surface and annealing is known to induce coarsening of
Cu clusters already at temperatures as low as 300 °C [25]. Therefore, our
interpretation is that the HT induced morphological changes to the Cu
either clustering of Cuy0 on TiO, surface or diffusion of Cu * into the
TiO2 matrix and also desorption of loosely bound Cu species. Analysis of
bulk composition by ICP-MS (Table 1) revealed that after the HT the Cu
concentration of 150 ¢ sample had decreased to the same level with 10 ¢
sample (0.6% Cu). Considering that no Cu particles were detected on
surface by SEM these results together suggest diffusion of Cu into the
TiO2 matrix upon the HT, i.e., Cu doping.

In addition to Ti, O, Cu and C (adventitious contamination), Na, Ca
and Si were detected (Fig. S3, Table S1). These elements originate from
the soda-lime glass that was used as a substrate. They were detected as
some area of glass substrate was uncovered due to the shrinkage of PS
template, and thus became visible in the XPS surface analysis (Fig. S1).

Fig. 2 presents the measured XRD patterns for the plain TiO3 (no Cu),
150 ¢ Cu and 150 ¢ Cu + HT samples. The XRD patterns verify that the
crystalline phase of the prepared TiOy IO structure was anatase. All
typical peaks of the anatase phase were well defined at 25.6°, 38.2°,
48.6°, 54.2°, 55.4° and 63.0°, which match well to (101), (004), (200),
(105), (211) and (204) crystal planes. The peak at around 23° was
observed in all samples, which originated from the amorphous sodalime
glass substrate used to fabricate the materials [26]. However, neither
CuO nor Cuy0 peaks from deposited thin films were detected in the
spectra because of a small interaction volume of the deposited film or
due to amorphous structure of ALD Cu. The XRD patterns of the heated
samples also showed no differences compared to the unheated one.
Hence, the XRD pattern confirmed that neither the ALD process nor the
HT induced new phases to the anatase IO structure. Lopez et al. reported
similar XRD patterns for anatase TiO2 doped with 0.1-5.0% Cu upon
calcination at 500 °C and concluded interstitial incorporation of Cu into
the TiO; [23]. The same observation also has been reported by Lee et al.
where Cu was incorporated into TiO; in form of single-atom dopant, no
peaks of Cu was observed even at high Cu concentrations [8]. Thus, no
conclusive interpretation of Cu within the TiO; structure can be made
from the XRD patterns.

Optical absorption of the prepared reference TiO, IO and Cu coated
TiO4 IO structure was measured by UV-Visible diffuse reflection spec-
troscopy (Fig. 3). Internal absorption of TiO; started approximately from
370 nm reaching a maximum deep in the UV range [27]. A broad
photonic band corresponding to the photonic band gap (PBG) of TiO3 IO
structure was found in the range of 375-600 nm. The stop band of 10
structure can be tailored by the used template size [28]. ALD deposited
Cu did not have a significant effect on the photonic band gap (PBG) of
TiO5 IO even after heating up to 550 °C for 1 h. Only minor redshift
(<10 nm) in the bandgap absorption edge was observed for Cu coated
samples after the HT. On the other hand, similarly minor effect was
reported by Lopez et al. with small (0.1-0.5%) Cu loadings in Cu-doped
TiO4 [23]. Higher (5.0%) Cu-loading was reported to induce absorption
in the 400-600 nm range that overlaps with the broad PBG of the IO
structure.

3.2. Photocatalytic activity

In general, the photocatalytic reaction takes place when the catalyst
is triggered by photons with energy of equivalent or higher energy than
the electronic bandgap energy of the semiconductor followed by
electron-hole pair generation. These photogenerated electron-hole pairs
can diffuse to the surface and react with the absorbed species such as
oxygen and water producing highly reactive radicals, which induce the
degradation of organic pollutants [29]. Fig. 4 shows the band position
and possible redox reaction of ALD Cu coated TiO, IO materials. Cu3O
was the main component in our ALD Cu-TiO5 IO materials evidenced by
XPS results (Fig. 1d) and by previous study [10]. CuO is expected to form
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Fig. 4. Schematic illustration the possible redox reaction in ALD Cu coated on
TiO, I0.

only at the surface when the sample exposed to the air with time. When
TiO4 IO is coated by Cu0, a p-n junction is formed between n-type TiOy
I0 and p-type Cup0 [30,31]. Under illumination, electrons (e™) and
holes (h™") are formed in the conduction band (CB) and valence band
(VB) of Cuz0 and TiO5 IO. The excited e in the CB of Cuz0 will migrate
toward the CB of TiO5 as the CB potential of Cuy0 is more negative than
TiO, [32]. Likewise, the h™ generated in the VB of TiO; will move to-
ward VB of Cuy0 as VB potential of TiO; is more positive than CuyO
[33]. In this way, the separated e~ in the CB of TiO5 will take part in the
reduction reaction and h™ in the VB of Cuy0 will participate in the
oxidation reaction to keep the charge balance. The formation of p-n
junction between two semiconductors results in the efficient charge
separation, which in-turn gives higher photocatalytic reaction efficiency
[34-36]. It is noteworthy that the photocatalytic performance of the
prepared material could also be improved by the presence of Cu metallic
due to the localized surface plasmonic resonance effect [37]. However,
in this work the presence of Cu metallic is unlikely as Cu is easily
oxidized in the ambient condition.

Photodegradation of methylene blue (MB) is a commonly applied
test to determine the photocatalytic activity of thin films and surfaces
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[38]. MB photodegradation on a surface is widely considered to follow
the Langmuir-Hinshelwood mechanism in the first order, ¢ = ¢y exp
(=kt), for which the rate constant (k) can be analyzed as the slope of -In
(c/cp) vs. time curve (Fig. S4) [39]. Fig. 5a presents the performance of
the 10 samples in photodecomposition of MB under UVA irradiation.
The bare glass was measured as a control sample showing negligible
activity. 150 ¢ Cu sample inactivated the photocatalytic activity of TiOy
I0 towards MB photodegradation, whereas 10 ¢ Cu sample slightly
reduced the activity of TiO9 IO. Strong dissolution of Cu in the aqueous
MB solution during the test was measured by ICP-MS for ALD Cu sample
without the HT (Table S2) that indicates low chemical stability of ALD
Cu. Leaching of Cu from the HT samples was significantly smaller, only
5%, compared to the as-deposited ALD Cu samples. Samples after the
heat treatment process exhibited an improved photocatalytic activity up
to 175% and 150% for 10 ¢ Cu + HT and 150 c Cu + HT, respectively.
This improvement can be explained by several factors. First, the heat
treatment improved the interface between Cu and TiO, followed by
enhanced charge separation. Second, the heat treatment reduced Cu?*
to Cu' in 150 ¢ Cu 4 HT, which has potential for a higher reactive ox-
ygen species generation rate [40]. Finally, the position of CB and VB in
both Cu,0 and TiO, were well-suited for redox reactions of MB [41]. The
similar system of CuO and Cu deposited on TiO5 nanobelt reported to
have higher activity in the degradation of methyl orange (MO) with 3-
and 5-times improvement compared to undeposited samples, respec-
tively [42]. Because of the low chemical stability of ALD Cu in aqueous
conditions, photocatalytic tests were also performed in the gas-phase.
Photocatalytic activity of the TiO5 IO and Cu coated TiO; IO samples
was measured by the decomposition of CoHy gas under a full source
spectrum by High Power Xenon Light Sources. The photocatalytic ac-
tivity of samples was recorded by monitoring CoHs decomposition to
CO-, at different times as represented in Fig. 5b. The uncoated TiOy 10
sample showed the highest activity (3 ppm/min), whereas ALD func-
tionalized samples exhibited lower activities with decrease of 58%, 49%
for 10 ¢ Cu, 150 ¢ Cu samples compared to no Cu sample, respectively.
The HT did not improve the activity above the uncoated TiO indicating
that Cu on the surface is not beneficial to the photocatalytic CoHz
oxidation activity. It has been reported the photocatalytic activity of
TiOy depends on the amount of both physisorbed and chemisorbed
water molecules on its surface [43]. Therefore, the observed reduction
in the activity of the ALD Cu deposited samples can result from the
reduction of water molecules, which existed in the technical air, on the
sample surface. Since Cu layer is hydrophobic [44], it may act as a
barrier layer on the sample surface. This layer can prevent the
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Fig. 5. (a) Photocatalytic degradation of MB under UVA irradiation. Rate constants were analyzed as the slope of —In(c/c0) vs. time curves, (b) Photodegradation of

C,H, under UVA light as a function of CO, production.
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absorption of physisorbed molecular water and chemisorbed hydroxide
species that are needed to form reactive radicals. In the presence of
water vapor the CO, resulting from the oxidation of CoHy may further
react to form CH4 and other species that would decrease the apparent
activity. Indeed, Cu on TiO; has been reported to catalyze the CO5
reduction reaction.

The CO; reduction on the photocatalyst surface under the light
irradiation is a complex process. First, CO5 molecules are absorbed on
the surface of photocatalyst and are activated for reduction. The ab-
sorption also changes the structure of CO, from a linear molecule to a
bent structure, resulting in a reduction in the level of lowest unoccupied
molecular orbital (LUMO). This in turn lowers the barrier for acquiring
electrons under irradiation [45]. When incident light is irradiated on the
photocatalyst surface, the electrons are generated and then migrated to
the absorbed CO; to start the reduction reaction. This reaction is thought
to proceed through various intermediate free radicals and products [46].
In this study, the photocatalytic activity of samples for CO, reduction in
the presence of water vapor was studied in the gas-phase under UVA
irradiation. The reaction may result in various products but the forma-
tion of CH4 was considered as a proof of the CO5 reduction activity [24].

Many reaction mechanisms for CO; photoreduction on a semi-
conductor surface have been proposed such as formaldehyde pathway
[47], the glyoxal pathway [48] and carbene pathway [49]. From these
the carbene pathway is expensively accepted for the formation of CH4 as
the main product [46]. The electron paramagnetic resonance (EPR) and
electron spin resonance (ESR) methods has been used to further confirm
the carbene pathway mechanism [49,50]. In the carbene pathway,
photoexcited electron from photocatalyst is injected to the absorbed CO»
to form anion radical CO3". This electron has a highly negative elec-
trochemical potential of —1.9 V compared to a normal hydrogen elec-
trode (NHE) [50]. Hence, the semiconductors to undergo reduction is
quite unlikely. Therefore, it is assumed that right after the formation of
CO$ ™ radical, it reacts with H" (generated from the oxidation of water)
and e~ to form intermediate radicals and products. This process is
commonly named as “proton-assisted multielectron reduction” (PMR)
and is widely tolerable for the photoreduction of CO,. The main product
CHy is formed after the radicals and products formed at the intermediate
steps further undergo a series of PMRs. Therefore, based on the under-
standing of the PMR via the carbene pathway, we suggest an overall
process for the reduction of CO; as displayed eqs 1- 6 below. First, upon
receiving the photon from the incident light, the photogenerated charge
carriers (e~ and h™) are produced at the ALD Cu-TiO, IO photocatalyst
surface (eq (1)). The absorbed H,0 reacts with h* to generate protons
(H") and hydroxyl radicals (OH®) (eq (2)), while the absorbed CO, re-
acts with the electrons (e”) to form CO3™ radical (eq (3)). This radical
undergoes reduction process forming CO (eq (4)). The formed CO reacts
with e” and H™ further to form the surface adsorbed C (eq (5)), which
then further reacts with electrons and proton to form methane as a major
product (eq (6)).

Cu-TiO, + hv - ecp + hip 1)
H,O +h™ - H" + OH™ (2)
COy + e — CO3~ 3)
COS” +e¢ +H" - CO+OH ©)]
CO +2 +H"—C+ OH - (5)
C+4e” +H' > CHy )

Fig. 6 shows the CH4 production rates for the samples. As expected,
more CHy4 was formed when increased the thickness of ALD Cu layer. A
plain microscopy slide was used as a control sample at the same con-
dition and showed negligible activity. Therefore, it is probable that the
formation of CH4 was due to the photoreduction of COy but not the
oxidation of surface-bound organics. The TiO; IO itself produced up to
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Fig. 6. Photocatalytic CH4 formation from CO, and H,O in the gas-phase under
UVA irradiation.

nearly 350 ppm m~2 h™! compared to no CH4 production of pristine
TiO4 reported by Bhattacharyya et al. [51]. The CH4 production rate
were increased to 183% and 270% for 10 ¢ Cu and 150 ¢ Cu samples
compared to reference TiO, IO indicating that the ALD Cu process can
enhance the surface catalytic activity of TiO2 IO. The addition of Cu was
favored for the formation of CH4 rather than other product (i.e., Hy or
CO) as observed in other studies [52,53]. The higher selectivity for CHy4
formation after adding Cu layer is mainly attributable to the improved
electron traps, and the increased possibility of multi-electron reactions
(CO, + 8¢ + 6H" — CH,4 + 20H"). The experimental results together
with XPS data suggest that the addition of either Cuy0 or CuO onto the
TiO, IO surface can increase CH,4 evolution. When Cu T existed in the
sample, the CH4 formation was facilitated by the synergy between Cu *
species and the surface defect site [54]. Cu?* can be an effective electron
traps to reduce the recombination rate as Cu?* ion has an unfilled 3d
shell and the reduction of Cu®" is thermodynamically feasible [55]. The
electrons generated in Cu can migrate into the CB of TiO5 and participate
in the reduction of adsorbed CO, whereas the holes flow in the revert
path to conduct the oxidization of the adsorbed H,0 producing H' and
0o.

The heat treatment process (550 °C, 1 h) for ALD Cu coated TiO5 IO
samples sharply decreased (>50%) the activity in the CO, photoreduc-
tion reaction to the level of uncoated TiO, IO and below. This contra-
dicts with the MB test result where the HT increased the activity. The
presence of the Cu?* state favors the adsorption of CO; on the surface of
the catalysts while the presence of Cu/Cu T states take part in the
electrochemical reaction to convert adsorbed CO3 to hydrocarbons [56,
57]. Thus, the oxidation of Cu * to Cu®* and decreased amount of Cu®*
on the TiO9 10 surface after the HT may have lowered the adsorption of
CO; on the photocatalysts and led to decrease in the activity for CO,
conversion [58].

The stability and regeneration of the photocatalyst were tested using
reference TiOy IO sample (Figure S5). Without any thermal treatment
between the consecutive tests, the CH4 production rate decreased
sharply down to 25% of the initial value. Drying in an oven at 80 °C for
16 h improved the activity by 45% and a heat treatment at 550 °C for 1 h
recovered 76% of the initial activity. The decrease in activity may have
resulted from two reasons. First, the adsorption of some reaction inter-
mediate species that require heat treatment for desorption and to
recover photocatalyst activity [25,17]. Second, the consumption of OH
groups and Cu active sites by holes after each cycle were also reduced
the activity of the materials [58]. The photocatalyst recovery after the
heat treatment at 550 °C was higher than the change in activity of ALD
Cu coated samples upon the same heat-treatment. Therefore, we can
conclude that while the ALD Cu on IO TiO, improved the photocatalytic
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COs reduction activity, the heat treatment induced changes in ALD Cu
coated samples that resulted in a decreased activity.

The antimicrobial activity was assessed using a bacterial touch test
on the functionalized materials. The post-deposition heat treatment
samples were chosen for the test due to their improved photocatalytic
performance without detachment of the Cu layer into liquid media. The
test was conducted on four samples: 10 ¢ Cu + HT, 150 ¢ Cu + HT, no Cu,
and a plain microscope glass as a control. The tests were carried out
using Gram-positive bacteria (S. aureus) under ambient light with 24 h
and 48 h exposure time as summarized in Table 2. The number of CFUs
were quantitatively calculated from the blood agar plates as shown in
the Supplementary information Fig. S. 6. The antimicrobial tests were
also performed with Gram-negative bacteria Escherichia coli (E. coli,
ATCC 25922 0,5 McF 50 pl) but no growth was observed on all samples
including the bare glass under the test conditions (Table S3). A decrease
in the growth of Gram-positive S. aureus was observed for the Cu coated
samples compared to the reference TiOy 10 (Fig. S6). A significant
decrease in the CFU count of S. aureus was observed on TiO5 IO coated
with 10 ¢ Cu + HT sample. This observation is in good agreement with
previous finding as the 10 ¢ Cu + HT sample showing the highest pho-
todegradation of pollutants. High antimicrobial activity of ALD Cu
coated samples can be attributed to the high generation rate of reactive
oxygen species on the sample surface as well as the cytotoxicity of Cu
species [59].

4. Conclusions

TiOg IO structures were functionalized with sub-monolayer amount
of Cu by ALD. The effect of functionalization was tested in terms of
photocatalytic activity to decompose MB in the liquid phase, the pho-
todegradation of CyHy and CO» reduction in gas phase as well as the
antimicrobial activity towards S. aureus. Without post-deposition HT at
550 °C the ALD Cu dissolved in aqueous MB solution. The HT induced
desorption of loosely bound ALD Cu™?* from the TiO, IO surface and
the remaining Cu™/?* was reduced to Cu*. The sub-monolayer amount
of Cu did not induce any change in neither optical nor structural prop-
erties of TiO5 IO.

ALD Cu without any post-deposition HT decreased the photo
degradation rate of both CoHy and MB but improved the activity towards
CO; reduction. ALD Cu increased MB photodegradation rate and anti-
microbial activity only after HT at 550 °C, which was linked to the
improved chemical stability Cu after the HT. The same HT decreased the
activity towards CO; reduction and decomposition of CoHa.

To conclude, our results show that the photocatalytic and antimi-
crobial activity of TiOy IO can be tailored by the addition of a sub-
monolayer amounts of Cu with performance depending on the tar-
geted reaction. Most promisingly, the ALD Cu mediated improvement in
the MB photodegradation activity has potential application in UV water
purification systems where TiO, IO can serve as photocatalyst mem-
brane. In general, TiOy IO framework showed the superior activity in
CO5 reduction compared to that of pristine TiOy reported in other
studies. The addition of Cu on the TiO3 IO framework further improved
the performance of the as prepared materials.
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