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ABSTRACT: Large arrays of massively parallel (10° cm™) CuO nanowires were
surface engineered with dense ZnO islands using a few pulsed cycles of atomic layer
deposition (ALD). These nanowires were subjected to UV—vis radiation-based CO, g z s
photoreduction under saturated humidity (CO, + H,O mixture) conditions. We
monitored CO, to CO conversion, indicating the viability of these nanostructures as
potential photocatalysts. High-resolution transmission electron microscopy and atomic
force microscopy indicated an island growth mechanism of ZnO epitaxially depositing
on pristine, single crystal CuO nanowire surface. Photoluminescence and transient
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absorption spectroscopy showed a very high density of defects on these ZnO islands

which trapped electrons and enhanced their lifetimes. Peak CO conversion (1.98 mmol/g-cat/hr) and quantum efficiency
(0.0035%) were observed in our setup when the ZnO islands impinged each other at 1.4 nm (8 cycles of ALD) diameter; at
which point ZnO island perimeter lengths maximized as well. A mechanism whereby simultaneous H,O oxidation and CO,
reduction occurred in the active perimeter region between CuO nanowire and ZnO islands is proposed to explain the observed

photoconversion of CO, to CO.

KEYWORDS: CuO nanowires, ZnO, atomic layer deposition (ALD), CO, photoreduction, photoluminescence,

time-resolved transient absorption spectroscopy

B INTRODUCTION

With global CO, levels reaching 400 ppm,“” there is an
urgency to develop impactful solutions for CO, remediation.
An effective approach to counter CO, emissions is to convert it
to value-added products, such as hydrocarbon fuels, which not
only mitigates CO, emissions but also recycles it as a fuel
feedstock.®> It is desirable that inexpensive and benign
coreactants (e.g,, water) be used with abundant energy sources
such as solar energy to photocatalyze and convert CO, into
useful chemicals, the so-called CO, photoreduction proc-
ess.*”1° CO, photoreduction in engineered systems, however,
still suffers from low conversion yields and quantum
efficiencies, resulting from fast electron—hole recombination,
narrow light absorption range, and backward reactions.>®'"'*
Strategies to improve yield have been a prominent quest.
Since Honda’s pioneering work on TiO, photocatalysts,*'>
solar photochemistry with research on new semiconducting
nanomaterials is being recognized'*'® as the pathway toward
CO, remediation. To this effect, TiO, is still a popular
photocatalyst for CO, photoreduction due to its favorable band
edges. A disadvantage of using TiO, is its band gap (3.3 eV)
which requires UV light to excite electrons from the valence
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band to the conduction band. Conversion yields of <250 ymol/
g-cat/hr are routinely obtained.> '%'® Modifications to TiO, to
enhance CO, photoreduction performance, such as doping/
depositing metals,'”” ' making mesoporous matrix,”*”
developing high aspect ratio nanostructures,'”** and incorpo-
rating photosensitive enzymes or dyes'®*® have been tried.
However, the above processes either use expensive metal
catalysts with stability issues®® or have scalability or capacity
limits. Thus, there is a strong desire to develop new materials
which can perform better than available TiO, based
approaches, leading to the next generation of CO, photo-
catalyst materials.

Here, we report on the development of atomic layer
deposition (ALD) ZnO coated CuO nanowires for the
photocatalytic conversion of CO, to CO. Single crystalline,
high-density (10® cm™) CuO nanowires were made by thermal
oxidation of high purity copper (Cu) foils and ZnO was
deposited by ALD (see experimental details in Materials and
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Figure 1. CO, photoreduction results. (a) CO yields of ZnO—CuO nanowires with different ZnO ALD cycles as a function of irradiation time.
Results of control experiments were included as black squares. (b) Maximum CO yield as a function of ZnO ALD cycles.

Figure 2. Characterization of representative CuO and ZnO—CuO nanowires. (a) FE-SEM image of ZnO—CuO nanowire arrays with magnified
pristine CuO nanowire (upper right) and 63 cycles of ALD ZnO coated CuO nanowire (lower right). (b) TEM image of 63 cycles of ALD ZnO
coated single CuO nanowire. (c) HRTEM and corresponding FFT electron diffraction patterns of pure single crystalline CuO (left), S cycles of ALD
ZnO coated (middle), and 63 cycles of ALD ZnO coated CuO nanowire surface (right).

Methods). Several unique aspects of this work are (1) the new
composite material does not use noble metal catalyst
nanoparticles which are commonly used in other CO,
photoreduction schemes; (2) the raw materials are abundant,
and CuO with a bandgap of 1.53 eV is better matched to the
solar spectrum than pristine ZnO; (3) interfacing p-type CuO
with n-type ZnO leads to suitable alignment of band edges that
favor electron—hole separation; and (4) processes for making
the material are highly scalable. The importance of controlling
surface morphology and surface composition of the photo-
catalyst is highlighted; this is also utilized to unravel the
mechanistic aspects of photoreduction on these atomically
engineered surfaces.

B RESULTS AND DISCUSSION

Carbon Dioxide Photoreduction using ZnO-CuO
Composite Nanowires. The ZnO—CuO nanowires with
different ZnO ALD cycles were subjected to CO, photo-

5686

reduction (see Materials and Methods and Supporting
Information, $2)."* CO was the major groduct based on the
two electron photoreduction reaction:*"

CO, + 2H" + 2¢” - CO + H,0 (1)

From an application perspective, while direct conversion to a
hydrocarbon fuel, such as methane may be preferred, reducing
CO, to syngas (CO and H,) is also desirable, as the chemical
industry is well set up to produce a range of downstream
products from syngas.”” Hydrogen (H,) evolution was not
observed, indicating that the consumption of protons and
electrons based on the following reaction (2H* + 2¢~ — H,) is
not significant, which in turn favors the formation of CO. This
reaction requires the simultaneous photooxidation of H,O and
production of protons given as:

1
H,0 + 2h" - =0, + 2H*
> 2 2 )
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Figure 3. Surface roughness characterization by AFM. (a) RMS roughness as a function of ALD ZnO cycles. (b) Schematic of AFM measurements
on ZnO islands on CuO nanowires. (c—g) Series of AFM images showing the surface roughness on single CuO nanowire as the number of ALD
ZnO cycles increase from 0 to 21 cycles. Scan size and height are adjusted to best capture the texture of the growing film on a single facet of the wire.
Roughness was measured locally and at multiple locations of equal area on the surface of the CuO nanowires.

From Figure la, the ZnO—CuO nanowires demonstrated a
maximum CO yield achieved was 1.98 mmol/g-cat/hr for the 8
ALD cycle sample. This yield is specific to the experimental set
up used in this work. The mass of the exposed CuO nanowires
was used to estimate the net conversion yields (Supporting
Information, S1). The quantum yield at this condition was
calculated to be 0.0035% (Supporting Information, $4), which
is low but not unusual for CO, photoreduction reactions.”®
After 5 h of irradiation, the CO yield started to decline slightly,
because of diminishment of the adsorption power of the
catalyst and the saturation of adsorption sites on the catalyst
surface with intermediate products."*" Similar to our previous
report," the volumetric ratio of O,/N, (not shown), another
important indicator for proton generation based on eq 2,
reveals a similar tendency as that of CO formation. A time
dependency on the CO yield was also observed, which can be
attributed to the adsorption/reaction/desorption of gases on
the catalyst surface. Assuming Langmuir adsorption-based
kinetics, an exponential saturation curve was used to model
this behavior, that is, CO Yield = A[1—exp(-t/ 0)], where A is
constant, t is time, and @ is the kinetic parameter that quantifies
the rate of CO yield. It was found that @ varied as 80, 36, 42,
and 240 min for S, 8, 18, and 35 cycles of ZnO, respectively.
The fastest reaction rate (smallest ) was found for the 8 cycle
sample.

Further, we report on control experiments (Figure 1a). The
first control experiment was performed using pristine CuO
nanowires. No CO, photoreduction was observed. Utilizing
bare ZnO layer (thickness = 1.4 nm) deposited on an indium
tin oxide (ITO) substrate did not yield any CO either.
Theoretically, ZnO is a good photocatalyst for CO, photo-
reduction. However, the ZnO layer may not be activated if the
thickness is below the effective absorption depth. Finally, CO,
was replaced with N, gas to rule out the possibility of surface
carbon contamination. No carbon-based products were
detected indicating that these nanowires have negligible
adventitious carbon. Thus, any CO detected from the following
CO, photoreduction analyses would come from CO, gas.

From the above discussion, it is clear that neither pure CuO
nanowires nor ultrathin ZnO layer by itself was responsible for
CO, photoreduction. However, a combination of ZnO on CuO
nanowires led to effective CO production. Based on reactions
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given by egs 1 and 2, both ZnO and CuO surfaces determine
the photoreduction yield of CO,.

The ZnO thickness, represented by the number of ALD
cycles, plays an important role in CO, photoreduction (Figure
1b). The CO yield first increases with increasing ALD cycles
with the optimal thickness at 8 cycles. Beyond the optimal
condition, the ZnO—CuQO nanowires demonstrate lower CO
yields. These results indicate that ZnO thickness also is critical
in determining catalyst yield.

Interface and Structural Analyses using Electron
Microscopy. Detailed structural and morphological analyses
by field emission scanning electron microscopy (FE-SEM) and
transmission electron microscopy (TEM) were performed on
pristine CuO and ZnO—CuO nanowires (Figure 2). High
density CuO nanowire arrays are observed in Figure 2a. The
average diameter and length of the nanowires are about 230 nm
and 1.2 um, respectively, which can be tuned by changing
temperature, time, and oxygen concentration.”” The surface of
the pristine CuO nanowire is faceted and fairly smooth (upper
right, Figure 2a), indicating that these nanowires have high
crystallinity.® In comparison, after 63 cycles of ZnO, the
surface of CuO nanowires became rough with ZnO grains
(lower right, Figure 2a). A representative TEM image of a 63
cycle nanowire is shown in Figure 2b, where a continuous and
crystalline ZnO film is observed.

To investigate the surface structure of the nanowires, we also
performed high-resolution (HR) TEM analysis. HRTEM
images are shown in Figure 2¢ with corresponding fast Fourier
transfer (FFT) electron diffraction patterns. It is apparent that
the pristine CuO nanowire mainly consists of (111) plane
(interplanar spacing = 0.252 nm), which was reported by other
groups as well (Figure 2c, left).>® For S cycle sample (Figure 2c,
middle), discrete and well-defined ZnO crystals are seen on the
CuO surface. This is surprising because ALD is known for
being a conformal, layer-by-layer deposition process. However,
under substrate-inhibited growth conditions (such as pristine
single crystal surfaces with little or no surface defects), a
nucleation and growth mechanism may be active and result in
an “incubation” period for the ALD film before continuous
layer-by-layer growth occurs.>'™** As indicated in its FFT
pattern, the major ZnO plane is (101) with the lattice distance
of 0.248 nm, matching closely with the CuO (111) plane. This

DOI: 10.1021/am508590j
ACS Appl. Mater. Interfaces 2015, 7, 5685—5692


http://dx.doi.org/10.1021/am508590j

ACS Applied Materials & Interfaces

Research Article

indicates that the initial growth of ZnO is determined by the
crystallography of underlying CuO nanowires following the
epitaxial relationship, CuO (111) || ZnO (101).>**® It is to be
noted that the ZnO (101) plane is a polar, low symmetry
plane.®' %

After the 63-cycle sample (Figure 2c, right), the primary
ZnO plane changed from (101) to (002) plane with a smoother
surface. The possible pathway for this structural and crystallo-
graphic transformation can be understood by considering a
nucleation and growth mechanism for ALD ZnO thin films.
While the epitaxial matching between CuO and ZnO
determines initial nucleation of the discrete pyramidal-like
nanocrystals with ZnO (101) exposed surface, continuous
growth leads to the merging of these surfaces and the formation
of a crystalline ZnO film with ¢ axis orientation. It is to be noted
that the (002) plane is polar in nature (either O- or Zn-
terminated).>’

Morphological Evolution of ZnO Film on CuO
Nanowire Surface. Next, atomic force microscopy (AFM)
analysis of the ZnO—CuO nanowires during the initial ALD
cycles was carried out. As shown in Figure 3a, the root-mean-
square (RMS) surface roughness of the nanowires increases
initially until eight cycles. Past eight cycles, the roughness starts
to decrease. This behavior suggests a nucleation and growth
mechanism for thin film growth. During the nucleation phase,
discrete islands contribute to surface roughness. Once the
islands impinge neighboring nuclei, islands merge to form a
conformal film. The size of the ZnO islands is determined by
the ALD cycles where, eight cycles correspond to a thickness of
1.4 nm (deposition rate = 0.17 nm on Si*®). The RMS
roughness trend observed in Figure 3a matches the CO,
photoreduction data in Figure 1b. The striking resemblence
between CO, photoreduction response with ALD cycles and
surface roughness variation of ZnO, reiterates the fact that
surface morphology plays a critical role in determining high
CO, photoreduction yields.

The morphology of the nanowire facets with changing ALD
cycles (0, S, 8, 11, and 21 cycles) are shown in Figure 3c—g,
where the surface textures of these nanowires are visible. For
instance, a smooth surface is observed for pristine CuO
nanowires in Figure 3c. But for ZnO—CuO nanowires, in
particular for S and 8 cycles, discrete ZnO islands can be
identified. The results are consistent with our FESEM and
TEM analyses (Figure 2).

Photoluminescence and Defect Studies. To understand
CO, photoreduction pathways, photoluminescence (PL)
measurements of pristine CuO and ZnO—CuO nanowires
were conducted (Figure 4; Supporting Information, SS and
Table S1). CuO nanowires show a broad emission peak from
400 nm —700 nm, similar to the recent reports. Othonos et
al.*” showed broad PL spectra much closer to the one observed
in this work and assign the peaks to recombination of intra
valence band (VB) electrons with simultaneous contributions
from midgap defect states.

The ZnO—CuO nanowires exhibit a typical ZnO PL spectra
with a relatively sharp UV band and a broad visible emission
band, attributed to excitonic recombination (near band
emission, NBE 381 nm) and recombination related to
structural and surface defects,®®~* respectively.

For the 5-cycle sample, where discrete ZnO nanocrystals are
observed, the defect-related green emission dominates the PL
response. The ratio of intensity of NBE to defect peaks, Iypp/
Ljerecy Was 0.25 indicating surface defects determine much of the
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Figure 4. Room temperature photoluminescence spectra of CuO and
ZnO—CuO nanowires. CuO nanowires (top) show a broad emission
between 400 and 700 nm related to valence intraband transitions. For
S ALD cycles ZnO—CuO nanowires (middle), a near band emission
(NBE) is seen while a strong defect related emission is observed,
which can be deconvoluted to belong to V,, and O, defects, both
residing close to the VB edge. For 63-cycle ZnO—CuO sample,
(bottom) a stronger NBE and NBE’ is observed. The defect-related
emission consists of four distinct peaks associated with defects lying
close to the VB (Vy,, Oy,) and CB edges (V,~, Vo', Vo).

electronic and optical properties.*' Further, two peaks can be
deconvoluted from the defect band emission: acceptor-like
vacancy of zinc (Vy,, 489 nm) and antisite oxygen (O, 531
nm).** The green emission has been linked to Cu®" impurities
(433 nm) given the proximity to the CuO surface.”> However,
our PL data does not suggest any Cu’*-related peaks.

For the 63-cycle sample, Iypp/Ijere was 0.78, indicating
reduced impact of the surface states as compared to the S-cycle
sample. The film crystallinity is better developed, and defects,
while present, have a lower PL intensity.41 The UV band can be
deconvoluted into two separate peaks—NBE and NBE' (395
nm). While NBE belongs to single crystalline ZnO, NBE' is
due to internal stresses in the film.** These stresses can be
formed due to coalescence of nanocrystals as these impinge on
one another. The NBE peak detected in this work is much
sharper, indicating better crystallinity than those reported
previously.* This is possibly due to better epitaxial matching of
the ZnO (101) deposited with the underlying CuO (111)
nanowires. Two additional defect-related peaks, donor-like,
monovalent vacancies of zinc (Vz,”) and single- and double-
ionized oxygen vacancies (V" and Vo**)* are also observed.

Transient Absorption Spectroscopy of CuO and ZnO—
CuO Nanowires. Figure Sa shows representative transient
absorption (TA) spectra of CuO nanowires taken at various
delay times after excitation at 325 nm. It is known that trapping
photoexcited electrons in the conduction band (CB) occurs on
time scales of 100—200 fs,** which is close to the temporal
resolution of the spectrometer, and this process cannot be
sufficiently resolved. The early TA spectra (0.7 ps) contain
characteristic negative bands at ~490 and 610 nm, similar to
the bands present in the PL spectra of CuO nanowires (Figure
4). When the scaled (factor = 0.4) 0.7 ps TA spectrum is
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Figure S. Transient absorption results of CuO and ZnO-CuO
nanowires. (a) Representative TA spectra of CuO nanowires taken at
various delay times. The orange line corresponds to the predicted TA
spectrum of shallowly trapped electrons promoted to CB after laser
photoexcitation. The spectrum was fitted with theoretical function
with parameters provided in the figure; (b—d), demonstrative kinetic
traces extracted from TA data sets of each sample accompanied by fits.
The dynamic parts of kinetic traces are associated with recombination
of electron—hole pairs and can be successfully fitted with a second-
order decay, except for panel d, which was fitted by both first and
second order decays.

subtracted from the 12 ps TA spectrum, an elevated positive
transient signal spanning the entire spectral range is obtained,
indicating the presence of photoexcited, shallowly trapped
electrons in the CB. Theoretically, absorption of such “free”
electrons is proportional to the square of absorbing wavelength
and4§uch simulative fit is also provided (dashed line, Figure
Sa).

Upon the assumption that bleaching of absorption bands is
practically constant within the range of spectrometer time
window, the dynamic properties of recombination of weakly
trapped electrons with holes may be obtained from the direct
fitting of kinetic traces probed at wavelengths in which TA of
these electrons occurs. Figure Sb—d shows representative TA
dynamics of the CuO and ZnO—CuO nanowires. The fitting
details are provided in Supporting Information, $3.* TA data
suggest that electrons, once transferred from the CB of CuO
nanowires to ZnO islands, should experience at least 3 times
longer recombination half-lifetime. This is in line with recently
published results.*®

Mechanism of CO, Photoreduction in ZnO-CuO
Nanowires. Taken together, the results obtained suggest
that the CO, photoreduction performance observed in ZnO—
CuO nanowires result from three primary sources. First, the
choice of material is important. The deposition of ZnO on
CuO allows favorable band alignment of the CuO and ZnO
conduction and VB edges (Figure 6). The bandgap of CuO
(1.53 eV; Figure S3b, Supporting Information) is well suited for
visible light absorption, and the band alignment provides
suitable electron transfer from the CuO to ZnO and hole
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Figure 6. Band diagram of the CO, photoreduction process in ZnO—
CuO nanowires. Band alignment of the nanowires and their energy
levels with respect to vacuum (left y axis) and normal hydrogen
electrode (NHE) (right y axis) are illustrated.

transfer from ZnO to CuO. Further, the CuO (111) plane
allows epitaxial growth of the ZnO (101) and creates a defect
free interface between the two disparate materials and allows
for recombination free charge transfer.

Second, and more importantly, the surface morphology
proves to be critical the photoreduction process. TA data
indicates that both 8-cycle (z,,, = 746 ps) and 63-cycle (7, =
1580 ps) samples exhibit higher electron lifetimes as compared
to pristine CuO nanowires (7,,, = 240 ps). This confirms the
favorable transfer of electrons from CuO and its extended
lifetime in ZnO. However, the TA data by itself fails to explain
the thickness dependency of CO, yield (Figure 1b), because
according to the 7/, values, thicker ZnO films should generate
higher CO yields. This inconsistency can be explained by
considering the discrete island-like morphology of the 8-cycle
sample as explained below.

Because the CO, — CO is a two-electron process requiring
the presence of both electrons and H', we propose that
exposure of both ZnO (for eq 1) and CuO (for eq 2) surfaces
to the gas ambient is important. This is achieved by ALD of
ZnO on CuO nanowires for up to eight cycles. We suggest that
reaction eqs 1 and 2 occur around the perimeter of the ZnO
nanocrystals—triple phase boundaries (Figure S4a, Supporting
Information), where a rich source of both electrons and H" are
simultaneously available. Past eight cycles, the ZnO nanocryst-
als merge and thus, conformally cover all exposed CuO
nanowire surface (Figure 3a and Figure S4b—e, Supporting
Information). This significantly reduces the photoreduction
performance (Figure 1b) because H,O, which requires an
exposed CuO surface, is unable to be protonated.

Third and finally, surface defects play the most important
role in the development of new materials for high-yield CO,
photoreduction. Simple geometric modeling of the nucleation
and growth phenomena yields a curve (Figure S4f, Supporting
Information) similar to Figure 1b for nuclei densities of 1.4 X
10" cm™ and the maximum perimeter value fitted for eight
cycles, just before nuclei coalescence occurs. When compared
to typical cation areal densities in metal oxides* (~10' atoms
cm™?), this nuclei represents clusters that consists of a few
hundred ZnO molecular units only and thus highlights the
effect of extremely high surface to volume ratio nanocrystals on
catalytic activity. Indeed, our PL data shows that such
nanocrystals have a high concentration of surface defects.
Low quantum yields (0.0035%) are therefore not surprising,
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given such high density of surface defects. Regardless, the ZnO
surfaces lead to defect-mediated activated adsorption, reaction,
and desorption of molecules and are reflected in the combined
kinetics of the CO vyield (derived from Figure 1a) that shows
the eight-cycle sample with the fastest mean time to saturation
of 6 ~ 36 min.

We finally note that structurally, the (101) plane of ZnO is a
charged surface consisting of, on an average, two unterminated
bonds associated for tetragonally coordinated Zn** or O*~ ions.
On the other hand, the (002) plane is charged, too, but consists
of one unterminated bond per ion. Theoretical investigations
have shown that the (101) plane is more unstable than the
(002) plane.*® The presence of a high density of unterminated
bonds and the inherent instability of the (101) surface, may
lead to enhanced CO, adsorption and reaction on this surface.
Thus, surface defects contribute to the enhancement of CO,
photoreduction performance in the ZnO—CuO nanowire
system.

B CONCLUSIONS

In summary, we have discovered that a few nanometers of ZnO
on CuO nanowires acts as photocatalyst for the conversion of
CO, to CO. Our results indicate a yield of at least 1.98 mmol/
g-cat/hr and a quantum efficiency of 0.0035% on the
experimental setup used in this work. The materials
combination of ZnO and CuO obviates the use of expensive
and noble metal catalysts. The epitaxy observed between CuO
nanowire and ZnO allows favorable and recombination-free
electron transfer from the CuO nanowire to the ZnO. The
island morphology of the ZnO naturally creates exposed
regions of both CuO and ZnO surfaces on the nanowires. This
island morphology can be controllably varied in crystalline
orientation and texture by varying the cycle numbers of the
ALD ZnO. Variation of CO, to CO yield with ALD ZnO cycle
numbers strongly suggests that the availability of both CuO and
ZnO surfaces is necessary for the oxidation and reduction half-
reactions to occur during the photoreduction of CO,. Yields
maximize when the ZnO islands are just impinging on each
other and island perimeter lengths maximize. The high
concentration of surface defects on the (101) exposed ZnO
islands lead to the trapping of the transferred electrons, long
enough for the effective photoconversion of adsorbed CO, to
CO. This work lays the groundwork and design rules for future
surface nanoengineered, all-metal oxide, nanowire photo-
catalysts.

B MATERIALS AND METHODS

Materials Synthesis. First, 127 ym thick Cu foils were purchased
from VWR International with a purity of 99.9%. Then, the foils were
cut into 1 X 1 cm pieces, and surface native oxide was removed by
placing the pieces in 1 M HCl solution for 30 min. The foils were then
immediately put into a tube furnace maintained at 500 °C for 30 min
at ambient pressure after being cleaned with deionized (DI) water and
dried with compressed air. Dense CuO nanowires were grown on the
surface of the foil. ALD was used to deposit different thicknesses of
ZnO on CuO nanowires at 150 °C with a background pressure of 50
mTorr. Diethyl zinc with a purity of 99.9% (SAFC Hitech) and DI
water were used as precursors, using a precursor pulse time of 1.5 and
1.0 s, respectively. Mass determination of CuO nanowires was done by
thermogravimetric analysis, as shown in the Supporting Information,
S1.

Materials Characterization and CO, Photoreduction Anal-
ysis. Nanowire morphology was examined using FE-SEM (JEOL-
7001LVF) operated at 15 kV. The inner structure of the nanowires
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was analyzed by TEM (JEM-2100F, JEOL) at 200 kV. The FFT
patterns were generated from the HRTEM images using Digital
Micrograph GMS 1.4 (Gatan, Inc.). The optical property of the CuO
nanowires was measured by vis—NIR absorption spectroscopy from
which the bandgap of the nanowires was estimated. The morphology
and RMS surface roughness of the pristine CuO and ZnO-CuO
nanowires was analyzed by AFM (Dimension 3000, Digital Instru-
ments). An 8 nm radius Si tip (MikroMasch, HQ:NSC35) was used in
tapping mode to obtain AFM height images on multiple facets of CuO
nanowires. Using Z-height statistics is a reliable method to probe the
surface morphology during nucleation and grcwvth,49 and therefore, we
focus on the RMS roughness. We carried out the steady-state
photoluminescence measurements of these nanowires at room
temperature using a He—Cd laser (1 = 325 nm) as the excitation
source with 1 nm resolution. The PL spectra are fitted by Voigt
functions.

The photoreduction analysis system has been detailed in the
Supporting Information, S2, and our previous papers.'”** Briefly,
compressed CO, with a flow rate of 3 mL/min was used as the carbon
source, which passed through a water bubbler to generate a mixture of
CO, and water vapor. The gaseous mixture was then fed into a
continuous flow reactor, where the nanowires were loaded. The
nanowires were activated by a Xe lamp (Oriel 66021, Newport Co.)
operated at 400 W with an accumulated intensity of 300 mW/cm? in
the wavelength range of 250—810 nm (see light spectrum in Figure
S2b, Supporting Information). The concentrations of effluent gases as
a function of irradiation time were recorded automatically by gas
chromatography (GC) through an automated gas valve, equipped with
a PLOT capillary column (Supelco Carboxen-1010) and a thermal
conductivity detector.

Time-resolved pump—probe absorption experiments were carried
out using Helios, a femtosecond TA spectrometer from Ultrafast
Systems. Experimental details and the theory of data analysis are
provided in the Supporting Information, S3.
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