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The overall photocatalytic CO, reduction reaction presents an eco-friendly approach for generating high-
value products, specifically ethanol. However, ethanol production still faces efficiency issues (typically
formation rates <605 pmol g~* h™Y). One significant challenge arises from the difficulty of continuously
transporting CO, to the catalyst surface, leading to inadequate gas reactant concentration at reactive
sites. Here, we develop a mesoporous superhydrophobic Cu,O hollow structure (O—-CHS) for efficient
gas transport. O—CHS is designed to float on an aqueous solution and act as a nano fence, effectively
impeding water infiltration into its inner space and enabling CO, accumulation within. As CO, is

R 4 25th October 2023 consumed at reactive sites, O—CHS serves as a gas transport channel and diffuser, continuously and

eceive th October ’ . . ) .

Accepted 24th November 2023 promptly conveying CO, from the gas phase to the reactive sites. This ensures a stable high CO,
concentration at reactive sites. Consequently, O—CHS achieves the highest recorded ethanol formation
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Introduction

The global consumption of fossil fuels and the excessive emis-
sion of greenhouse gas CO, necessitate the development of
effective technologies to address energy and environmental
problems.' The overall photocatalytic CO, reduction reaction
(PCRR) offers an environmentally friendly approach to con-
verting CO, and H,O into valuable products without requiring
hole scavengers.> Of particular interest are multi-carbon prod-
ucts with two or more carbons (C,.), which possess higher
energy density and economic potential compared to one-carbon
(Cy) products.® Ethanol, a liquid C, solar fuel that is easily
transportable, holds significant importance due to its versatile
applications in the production of disinfectants and other
organic chemicals.*®

However, ethanol production still faces efficiency issues,
typically with formation rates below 605 pmol g~* h™".** The
formation of ethanol involves a difficult C-C coupling process,
which is hindered by a high energy barrier.’* Researchers have
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with geometric modulation, providing a promising pathway for multi-carbon production.

discovered that the concentration of CO, on the catalyst surface
plays a crucial role in this C-C coupling process.**'* A high
surface CO, concentration not only accelerates the reaction rate
but also increases the selectivity of C,. products by facilitating
the C-C coupling process.”® Unfortunately, the low solubility
and diffusion coefficient of CO, in aqueous solutions result in
a low ratio of CO, to H,O molecules (approximately 1: 1300 at 1
atm pressure) in the reaction system.” This leads to an
extremely inadequate supply of CO, molecules reaching the
reactive sites on the catalyst surface, further resulting in the
suppressed PCRR and promoted side reaction of the hydrogen
evolution reaction (HER). Therefore, a significant challenge in
improving ethanol production efficiency arises from the diffi-
culties of efficiently transporting CO, to the catalyst surface and
maintaining a stable high CO, concentration there.

At present, various strategies have been developed to create
hydrophobic materials aiming at accumulating more CO,
molecules near the catalyst surface.'*>" These strategies typi-
cally involve modifying catalysts with hydrophobic
modifiers’®*® or supporting catalysts on hydrophobic
substrates.'®* However, the developed systems still face limi-
tations in effectively transporting CO,. As shown in Scheme 1a,
in system I, the material is suspended in the aqueous solution.
Although hydrophobicity provided by hydrophobic modifiers or
hydrophobic substrates aids in aggregating CO, on the catalyst
surface, CO, still needs to diffuse through water to the catalyst
surface, which is slow due to the low diffusion coefficient. In
system II (Scheme 1b), the material can float on the aqueous

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematics of CO, diffusion in systems involving reported hydrophobic materials and the designed O-CHS. (a) System | with
hydrophobic materials suspended in the aqueous solution. (b) System Il with hydrophobic materials floating on the aqueous solution. (c) System
Il with the designed O—-CHS. The gas phase of CO, is depicted in white, and the aqueous solution is depicted in blue. The gray and red balls

represent C and O atoms, respectively.

solution and directly contact gaseous CO,, but diffusion of CO,
to the catalyst surface within the aqueous solution still needs to
occur through water. Consequently, both system I and system II
suffer from slow CO, diffusion, making it difficult to continu-
ously and promptly supply the constantly consumed surface
CO,.

Herein, we utilize cuprous oxide (Cu,0) as a model photo-
catalyst and construct a mesoporous superhydrophobic Cu,O
hollow structure (O-CHS) to enable continuous and rapid CO,
transport. Cu,O, with a band gap of approximately 2.2 eV, is
considered a highly promising material for CO, photoreduc-
tion. It can efficiently utilize visible light, which accounts for
a large proportion of the solar spectrum.”* Moreover, the surface
of Cu,O exhibits remarkable potential for facilitating the acti-
vation of CO,.2*** Additionally, the low-coordinated Cu' surface
atoms promote the adsorption of *CO, which is a crucial
intermediate in the production of multi-carbon compounds.>**
O-CHS is designed to float on an aqueous solution as depicted
in Scheme 1c. Its superhydrophobic surface acts like a fence,
preventing water from passing through the mesoporous shell to
the internal space, thus allowing CO, to enter and accumulate
within. In system III with the designed O-CHS, as CO, is
consumed at reactive sites on the O-CHS surface, a concentra-
tion gradient of CO, forms in the direction from the gas phase
to the O-CHS surface. Therefore, O-CHS serves as a gas trans-
port channel and diffuser, continuously transporting and
dispersing CO, from the gas phase to its surface. This concen-
tration gradient-driven diffusion process occurs in the gas
phase, where the diffusion coefficient of CO, is significantly
higher than in the liquid phase. Therefore, CO, can rapidly
disperse onto the catalyst surface, promptly replenishing its

© 2024 The Author(s). Published by the Royal Society of Chemistry

consumption. This design ensures a stable high CO, concen-
tration at reactive sites. Mechanistic investigations based on in
situ Fourier transform infrared spectroscopy (FTIR) and density
functional theory (DFT) calculations reveal that the concen-
trated CO, on the catalyst surface lowers the energy barrier of C-
C coupling, thereby promoting ethanol generation. Through
this innovative strategy, we have achieved a superior ethanol
generation rate of up to 996.18 umol g~* h™" (Table S1) and
a solar-to-ethanol conversion efficiency (STE) of 0.152%. The
ethanol selectivity of 59.59% is also significantly higher
compared to the designed Cu,O catalysts lacking the ability to
continuously transport and disperse gas. This strategy
combines catalyst surface engineering with geometric modula-
tion, providing a promising pathway for producing C,.
products.

Results and discussion
Morphological characterization

The Cu,O hollow structure (CHS) was first synthesized using an
in situ one-pot chemical transformation procedure (Fig. 1a-c).>
The as-synthesized CHS exhibits a hydrophilic property with
a water contact angle (WCA) of 43.96° (Fig. 1d). Subsequently,
the target catalyst O-CHS was obtained by hydrophobically
modifying CHS with tiny amounts of 1-dodecanethiol (DDT)
(Fig. 1e-g). Following the modification, O-CHS exhibits
a superhydrophobic property with a WCA of 152.24° (Fig. 1h).*®
To investigate the continuous gas transport and dispersion
effect of O-CHS, four additional reference catalysts were
synthesized. The first catalyst was the hydrophilic Cu,O solid
sphere (CSS) with a WCA of 40.71°, which was synthesized using

Chem. Sci., 2024, 15, 1638-1647 | 1639
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Fig.1 Morphologies and wettability of CHS and O—CHS. (a and c) TEM images of CHS. (b) HRTEM image of CHS. (d) WCA of CHS. (e and g) TEM
images of O—-CHS. (f) HRTEM image of O-CHS. (h) WCA of O-CHS. (i—k) EDS mapping images of Cu, O, and S for O-CHS, respectively. (1)

Overlapping EDS mapping signals of Cu and S for O-CHS.

a modified method based on previous studies (Fig. Sta-df).””
The second catalyst was the superhydrophobic Cu,O solid
sphere (O-CSS) with a WCA of 150.02°, which was also obtained
through DDT modification of CSS (Fig. Sie-ht). The third
catalyst was the hydrophilic Cu,0 nanosheets (CNS) with a WCA
of 40.08°, which was obtained after prolonged stirring treat-
ment during CHS preparation (Fig. S2a-df). Essentially, CNS
represents the fragmented CHS, with the main difference
between CNS and CHS being the absence of the hollow structure
in the former. Lastly, the fourth catalyst was the super-
hydrophobic Cu,0 nanosheet (O-CNS) with a WCA of 152.39°,
which was also obtained through DDT modification of CNS
(Fig. S2e-ht). Notably, the key distinction between O-CHS and
O-CNS is the loss of the hollow space in the latter. Photographs
of the six samples are displayed in Fig. S31 and no significant
macroscopic differences are observed among these six samples.

The transmission electron microscopy (TEM) image of CHS
presented in Fig. 1a illustrates a typical hollow sphere structure.
The lattice fringe of 0.246 nm displayed in the high-resolution
TEM (HRTEM) image of CHS conforms with the (111) plane of
Cu,O (Fig. 1b), indicating the composition of CHS as Cu,0. In
combination with the TEM image of a larger view in Fig. 1c, CHS
is demonstrated to have been successfully synthesized.
Following DDT modification, the images of O-CHS depicted in
Fig. 1e-g closely resemble the corresponding images of CHS,
indicating the preservation of the hollow structure during the
modification process. In addition, compared to CHS, O-CHS
displays an additional lattice fringe of 0.212 nm in Fig. 1f, which
aligns with the (200) plane of Cu,O, further confirming the
composition of O-CHS as Cu,O. The scanning electron
microscopy (SEM) image of O-CHS shown in Fig. S41 also
showcases the uniform morphology of O-CHS. The energy-
dispersive X-ray spectroscopy (EDS) mapping images of O-
CHS in Fig. 1i-1 show that the signal of sulfur (S) from DDT

1640 | Chem. Sci, 2024, 15, 1638-1647

overlaps with copper (Cu), affirming the uniform distribution of
DDT on the O-CHS surface. Additionally, TEM and HRTEM
images of CSS (Fig. Sta-ct), O-CSS (Fig. S1e-gt), CNS (Fig. S2a-
ct), and O-CNS (Fig. S2e-gt) validate the successful synthesis of
the corresponding structures.

Structural characterization

The chemical composition of each sample, namely CHS, O-
CHS, CSS, O-CSS, CNS, and O-CNS, was first analyzed using X-
ray diffraction (XRD). Fig. 2a illustrates that all six samples
exhibit highly comparable XRD patterns, which are well-
matched with the cubic phase Cu,O (JCPDS Card no. 78-
2076). The chemical composition was further determined using
X-ray photoelectron spectroscopy (XPS). The Cu 2p XPS spectra
(Fig. 2b) exhibit two prominent peaks at ~932.4 and ~952.4 €V,
attributable to Cu', as supported by the Cu LMM Auger spectra
(Fig. S5at).”®*® Although weaker signals at ~933.7 and
~953.6 eV, associated with Cu", are also observed, their inten-
sity is considerably lower than that of Cu". This indicates that
the primary components of CHS and O-CHS are indeed Cu,O.
Notably, the Cu 2p peak positions show no obvious changes
between CHS and O-CHS, suggesting the preservation of the
electronic structures of the catalyst surface after the DDT
modification.*® Furthermore, the Cu 2p XPS spectra and Cu
LMM Auger spectra of CSS, O-CSS, CNS, and O-CNS depicted in
Fig. S5t exhibit similarities to those of CHS and O-CHS, indi-
cating comparable compositions among all six samples.
Moreover, the signals of S originating from DDT are observed
in the XPS survey spectra (Fig. S6at) for O-CHS, O-CSS, and O-
CNS, allowing inference of the existing state of DDT on the
Cu,O surface based on the S 2p XPS spectra (Fig. 2c¢). The
binding energies for the S 2p3/, core level observed on O-CHS,
0O-CSS, and O-CNS exhibit a prominent peak at 162.33, 162.32,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structural characterizations. (a) XRD patterns of CHS, O—-CHS,
CSS, O-CSS, CNS, and O-CNS. (b) High-resolution Cu 2p XPS spectra
of CHS and O—-CHS. (c) High-resolution S 2p XPS spectra of O—-CHS,
O-CSS, and O-CNS. (d) Raman spectra of DDT, O—-CHS (1), O-CSS
(2), O-CNS (3), CHS (4), CSS (5), and CNS (6).

and 162.35 eV, respectively, which falls well within the expected
range for a surface thiolate species (RS-Cu).***> This finding
implies the formal dissociative adsorption of the S-H bond in
DDT on the Cu,O surface,*** whereas S 2p,,, peaks at 163.6 eV
are attributed to residual unbound thiols.**** This primarily
demonstrates that chemical adsorption occurs during the DDT
modification. Moreover, the S 2p;, binding energies exhibit
negligible disparity among the three catalysts, indicating that
there is no significant difference in the electronic structure of
the surface of the three catalysts due to the introduction of S.%¢
Additionally, the Raman spectra provide additional confirma-
tion of the chemical adsorption between DDT and the Cu,O
surface of the catalysts. As depicted in Fig. 2d, DDT shows
strong characteristic peaks at 1436, 2576, 2849, 2883, and
2925 cm ™, corresponding to the vibrations of C-H in ~-CH,~
(1436, 2849, and 2925 cm™ %), -S-H (2576 cm ™ '), and C-H in -
CH; (2883 cm™ "), respectively.” In contrast, the peaks at 1436,
2849, 2883, and 2925 cm " still remain for O-CHS, O-CSS, and
O-CNS, while the peak at 2576 cm ™" disappears. This indicates
that the -S-H in DDT is broken upon adsorption on the surfaces
of O-CHS, O-CSS, and O-CNS, as illustrated in Fig. S7,T which
coincides with the findings obtained from the S 2p XPS
spectra.®® In addition, all six samples display characteristic
peaks of Cu,O at 211 and ~450 cm ™", further confirming their
composition.*” Therefore, it is reasonable to conclude that DDT
is attached to the catalyst surface through chemisorption.
Compared to physical adsorption, chemisorption renders DDT
more difficult to desorb, ensuring the excellent hydrophobic
stability of the catalysts, which is crucial for the PCRR. Conse-
quently, even after 6 hours of Xe lamp irradiation or prolonged
storage for 20 days, the hydrophobicity can still be well

© 2024 The Author(s). Published by the Royal Society of Chemistry
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maintained (Fig. S81). Additionally, the amount of chemisorbed
DDT is sufficiently small (Fig. S6bt), thereby avoiding the
hindrance to surface charge transfer during the reaction. This is
well supported by the Ag" probe experiments (for details see
experimental procedures in the ESI, Fig. S9 and S10%).*®

Subsequently, additional characterizations were conducted
to further investigate the properties of the six samples. The
ultraviolet-visible (UV-vis) diffuse reflectance spectra in
Fig. S11at demonstrate the ability of all samples to absorb both
ultraviolet and visible light. Moreover, the estimated bandgaps
from the Tauc plots (Fig. S11b}) show similar values at
~2.19 eV, manifesting comparable light absorption ability
among the samples. The ability of charge carrier separation was
investigated through steady-state photoluminescence (PL). The
lower PL intensity of CHS, O-CHS, CNS, and O-CNS than that of
CSS and O-CSS indicates their better charge-separation effi-
ciency (Fig. S12at). This could be attributed to the shortened
charge migration distance resulting from the provided thin-
walled structures of hollow spheres or nanosheets.*” To obtain
a deeper understanding of the charge transfer dynamics, time-
resolved PL (TRPL) measurements were conducted for O-CHS,
O-CNS, and O-CSS using an excitation wavelength of 350 nm
(Fig. S12bt). Charge carriers with longer lifetimes would show
slower PL decay, indicating more efficient separation.* By
fitting the decay curves with a model involving three exponen-
tial functions (Fig. S12b and Table S2t), the average PL lifetimes
(t,) for O-CHS, O-CNS, and O-CSS were determined to be 1.97,
1.85, and 1.49 ns, respectively. The prolonged lifetimes
observed for O-CHS and O-CNS compared to O-CSS further
suggest the advantages of the thin-walled structures for charge
separation. Furthermore, the similar lifetimes for O-CHS and
O-CNS indicate that both structures exhibit comparable effi-
ciency in separating charge carriers. Additionally, photo-
electrochemical measurements were employed to further reveal
the ability of different samples to separate and transfer charge
carriers. The photocurrent response analysis reveals obvious
photocurrent signals in all samples and excellent reproduc-
ibility of the response intensity in the process of on-off cycles
(Fig. S13at). Electrochemical impedance spectroscopy (EIS)
provides further evidence of charge-transfer resistance
(Fig. S13bT). The higher transient photocurrent intensity and
smaller semicircle radii of CHS, O-CHS, CNS, and O-CNS than
those of CSS and O-CSS imply their more efficient charge
separation and transfer.”” These photoelectrochemical test
results are consistent with the PL results, collectively indicating
the structural advantages of CHS, O-CHS, CNS, and O-CNS in
charge carrier separation and transfer. Furthermore, a compar-
ison of the PL intensity, photocurrent intensity, and charge-
transfer resistance of the samples before and after DDT modi-
fication reveals a minor impact of DDT modification on carrier
behavior. To gain further insights into the porous structure of
the six samples, N, adsorption-desorption isotherms and pore
diameter distributions are presented in Fig. S14 and Table S3.7
Type IV curves with H3 hysteresis loops are displayed for all
samples, confirming their mesoporous nature with a maximum
pore size of less than 50 nm, which allows efficient mass
transport during the reaction.*

Chem. Sci., 2024, 15, 1638-1647 | 1641


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc05702j

Open Access Article. Published on 27 November 2023. Downloaded on 1/19/2026 3:10:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

Verification of the nano-fence effect of O-CHS

In order to validate the nano-fence effect of O-CHS resulting
from its superhydrophobic surface, which prevents water infil-
tration into its hollow space, we employed a total internal
reflection fluorescence microscope (TIRFM) to directly observe
the local distributions of gas and liquid surrounding the cata-
lyst at a single-particle level for the first time. The liquid phase is
labeled with a water-soluble Cy5 NHS ester dye, which is
a fluorescent molecule that emits a strong red light under
635 nm excitation, enabling the visualization of the boundary
morphology of the liquid phase. Therefore, regions exhibiting
fluorescence signals indicate the presence of water (Fig. S157).
As depicted in Fig. 3a, the fluorescence signal of O-CHS clearly
delineates a distinctive hollow structure, with a significantly
weaker signal detected in the hollow region compared to the
outer shell region. Conversely, in the case of CHS (Fig. 3b),
conspicuous fluorescence signals permeate the entire sample.
This observation indicates that water can fully penetrate the
inner space of CHS, whereas it is impeded in the case of O-CHS,
demonstrating the nano-fence effect of O-CHS.

To further support this observation, we calculate the infil-
tration pressure (AP) required for water to penetrate the pores
on the catalyst based on the Young-Laplace equation (for
details see experimental procedures in the ESIt).*> For O-CHS,
AP, is calculated as ~5300 kPa for its largest pore radius of
~25 nm (Fig. 3c). According to the detailed description of the
CO, photoreduction test process (see experimental procedures
in the ESIt), O-CHS, floating on the liquid surface, experiences
a maximum pressure of 80 kPa, which is significantly smaller
than AP;. This indicates that water cannot be forced into the
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Fig. 3 TIRFM images and infiltration pressures of O—CHS and CHS. (a
and b) TIRFM images of O—-CHS and CHS, respectively. The corre-
sponding insets show the enlarged TIRFM images. The scale bar
represents 200 nm. (c and d) Infiltration pressures as a function of the
pore radius for O-CHS and CHS, respectively. The corresponding
insets depict the schematics of the liquid—gas interface advancing
inside the pore for O—CHS and CHS, respectively. AP is the infiltration
pressure of water pushed into the pores. The red arrow indicates the
direction of this pressure. a is the pore radius. R is the radius of
curvature of the liquid surface. 6 is approximated by the WCA of the
catalyst.
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hollow space through the mesopores (Fig. S16a-ct), while for
CHS, AP, is calculated as ~4314 kPa for its largest pore radius of
~25 nm (Fig. 3d). This pressure is sufficient to allow complete
water infiltration into the pores and the interior of the hollow
space (Fig. S16d-ft). Identical conclusions can also be drawn
from the Cu(OH), probe experiments (for details see experi-
mental procedures in the ESIT). The absence of large particles
within the hollow structure of O-CHS is displayed in Fig. S17,
whereas the hollow structure of CHS exhibits a noticeable
presence of such particles. This observation suggests that Cu®*
ions can permeate the hollow space of CHS when in aqueous
solution, but are impeded from entering the interior of O-CHS
due to its nano-fence effect.

These findings provide comprehensive evidence that O-CHS
can function as a nano fence, effectively segregating water and
thereby enabling the entry and accumulation of gas within it.
This phenomenon consequently enables a rapid supply of more
gaseous CO, molecules to the O-CHS surface during the PCRR.
Furthermore, the accelerated enrichment of CO, on the O-CHS
surface is supported by the CO, dissolution rate test (for details
see experimental procedures in the ESI and Fig. S18%). The
results presented in Fig. S19F show that the gas-phase CO,
content decreases more rapidly in the system with floating O-
CHS compared to that with CHS, corresponding to a rapid
increase in dissolved CO, in the liquid phase. These findings
indicate that the presence of O-CHS promotes the dissolution
rate of CO, due to the accelerated CO, enrichment on its
surface, which is consistent with previous studies highlighting
the role of hydrophobic species in promoting gas
enrichment."?*

Overall PCRR performance

The overall PCRR performance for the target catalyst (O-CHS)
and all the reference catalysts (CHS, CSS, O-CSS, CNS, and O-
CNS) was evaluated in an aqueous solution under visible-light
irradiation without hole scavengers. The results are presented
in Fig. 4.

The main liquid product of CSS is methanol with a genera-
tion rate of 205.45 umol g~' h™" (Fig. 4a), and the gaseous
product of H, with a generation rate of 7.64 umol g~* h™*
(Fig. 4b) is also detected. Upon DDT modification to form O-
CSS, the methanol generation rate increases to 473.27 pmol g~
h™"' with a minor amount of H, formation (4.5 pmol g * h™™).
Moreover, the selectivity of carbon derivatives rises from
98.85% to 99.69% (Fig. S20t1). This improvement can be
attributed to the enhanced enrichment of CO, facilitated by the
superhydrophobicity of O-CSS, which leads to higher CO, and
lower H' concentrations on the catalyst surface. This, in turn,
suppresses the HER and promotes the PCRR."

CHS also produces methanol as the main liquid product,
with a relatively higher generation rate of 797.71 umol g " h™".
This higher rate can be attributed to its structural advantages in
charge carrier behavior, as demonstrated by PL and photo-
electrochemical measurements. Additionally, as indicated in
Fig. 3, although CHS exhibits a hollow structure, it does not
possess the nano-fence effect. However, in the case of O-CHS,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Overall PCRR performance. (a and b) Generation rates of the overall PCRR to liquid products, selectivities towards ethanol, and generation
rates of the overall PCRR to gaseous products for CSS (1), O-CSS (2), CHS (3), O—CHS (4), CNS (5), and O-CNS (6). The error bar represents the
standard deviation of the measurements. The note x3 means that the value in the corresponding column has been multiplied by three. (c)
Ethanol yield as a function of reaction time. (d) GC-MS spectra of *CO, to ethanol (upper panel) and *CO, to methanol (lower panel) over O—
CHS. (e) Valence-band XPS spectra of O—CHS and CHS. (f) Band-structure diagrams of O—CHS and CHS.

the nano-fence effect plays a significant role in CO, ingress and
accumulation within the hollow space by effectively segregating
water. Furthermore, the CO, gathered in the cavity can contin-
uously diffuse to the catalyst surface as the reaction progresses,
replenishing its consumption. Therefore, a stable high CO,
concentration near reactive sites can be maintained. Conse-
quently, compared to the nearly negligible ethanol generation
rate observed for CSS, O-CSS, and CHS, an impressive ethanol
generation rate of 996.18 umol g~ ' h™" is achieved for the target
catalyst O-CHS, which is the highest record in PCRR systems to
the best of our knowledge (typically ranging from 0.37 to 605
umol g " h™", as shown in Table S1¢). Furthermore, the STE can
reach up to 0.152% (for details see experimental procedures in
the ESI and Fig. S211), surpassing the typical range of 0.005% to
0.082% and achieving superior utilization of solar energy for O-
CHS.** Moreover, the ethanol selectivity is substantially
increased to 59.59%, which is 21, 10, and 29 times higher than
that observed for CSS, O-CSS, and CHS, respectively (Fig. 4a).
The excellent CO,-to-ethanol performance of O-CHS is further
supported by time-dependent activity tests, with the original
data presented in Fig. S22.1 As shown in Fig. 4c, ethanol yield
over O-CHS increases rapidly with reaction time, surpassing the
rates observed over all the reference catalysts. Additionally, the
methanol generation rate of O-CHS is also elevated to 1073.04
umol ¢~' h™", enabling the highest selectivity of carbon deriv-
atives at 99.99% (Fig. S207).

In order to illustrate the notable impact of the super-
hydrophobic hollow structure, which enables the accumulation
of CO, within it due to its nano-fence effect and subsequently

© 2024 The Author(s). Published by the Royal Society of Chemistry

functions as a gas transport channel and diffuser during CO,
consumption, we have also investigated the overall PCRR
performance of CNS and O-CNS. As mentioned before, CNS is
obtained by breaking the hollow structure of CHS, and O-CNS is
produced using the same modification method as O-CHS.
Therefore, the main distinction between O-CNS and O-CHS lies
in the absence of the hollow space in the former. As depicted in
Fig. 4a and b, compared to CNS, O-CNS exhibits improved
PCRR and suppressed HER performance with methanol,
ethanol, and H, generation rates of 1010.40, 68.45, and 4.12
umol g ' h™", respectively. This further validates the promoting
effect of hydrophobic catalysts on the PCRR. However, in
comparison to O-CHS, O-CNS shows a 93.13% reduction in
ethanol generation rate, confirming the enhancement effect of
the superhydrophobic hollow structure on ethanol production.

To investigate the carbon source of generated carbon deriv-
atives, an isotope-labelling test was conducted using *CO, as
the reactant. The gas chromatography-mass spectrometry (GC-
MS) results shown in Fig. 4d exhibit three typical peaks with
mass-to-charge ratios (m/z) of 32, 47, and 48, corresponding to
the fragments of **CH,OH, "*CH;">CHOH, and "*CH;"*CH,0H
of C-ethanol, respectively.’>* Additionally, the dominant
peaks with m/z of 32 and 33 for methanol are assigned to the
fragments of "*CH;0 and *CH;OH, respectively.’* These find-
ings indicate that the evolved products originate from the
photoreduction of >CO, rather than other carbon-containing
species present in the reaction system, such as DDT. Further-
more, this conclusion is reinforced by the results of the control
experiments shown in Fig. S23.F
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Additionally, the simultaneous detection of O, with carbon
derivatives suggests that the designed catalyst can couple H,O
oxidation with CO, reduction reactions. To confirm the suitability
of the band structures of the designed catalyst for both CO,
reduction and H,O oxidation reactions, the valence-band (VB) XPS
spectra of O-CHS and CHS were examined.” As depicted in
Fig. 4e, the VB positions of both O-CHS and CHS are at 1.18 eV,
consistent with the literature.” In combination with the bandgaps
obtained from UV-vis results, the band structure alignments are
schematically presented in Fig. 4f. It is evident that the
conduction-band (CB) positions exhibit greater negativity
compared to the reduction potentials associated with carbona-
ceous product formation, thereby providing a strong driving force
for the PCRR thermodynamically.> Notably, the VB positions lie
below the oxidation potential of H,O (E (O/H,0) = 0.82 V at pH =
7).>** Therefore, the H,O oxidation reaction driven by photo-
generated holes is also thermodynamically feasible, coinciding
with the observed O, generation in Fig. 4b, albeit in a sub-
stoichiometric ratio.*® Moreover, lattice oxygen could serve as
the active site toward O, evolution due to the presence of
hybridization between the oxygen orbital and the Fermi level of
the photocatalysts in the highly active oxide.”**”

Typically, sub-stoichiometric O, production is lower than that of
the main carbon derivatives. Some of the generated O, or the
photogenerated holes may be consumed in the formation of H,O,
(Fig. S24aft), the re-oxidation of carbon derivatives, or the photo-
corrosion of Cu,O nanoparticles, which is a common phenomenon
for Cu,O-based photocatalysts.>* To ascertain whether the
hydrophobically treated catalyst exhibits improved stability, the
yields of carbon derivatives over O-CHS and CHS were monitored
as a function of reaction time. As shown in Fig. S24b,7 O-CHS
displays a consistent increase in the yield of carbon derivatives
within six hours. However, CHS experiences a decrease in the yield
of carbon derivatives after three hours of reaction. To further esti-
mate the stability of O-CHS, activity recycle tests of the overall PCRR
using O-CHS were performed for three consecutive cycles, with
each cycle lasting 3 h under identical reaction conditions. The
results demonstrate that even after three cycles, the yields of
ethanol and methanol remain as high as 56.51 and 52.78 pmol,
respectively, retaining approximately 82% of the initial activity. This
observation serves as evidence for the good stability of O-CHS
(Fig. S24c and df). The investigation of spent O-CHS and CHS after
the reaction reveals that the morphology and chemical composition
of spent O-CHS are better preserved (Fig. S251). This fact may be
attributed to its significant nano-fence effect, which repels H,O. It is
well-known that H,O is involved in the electron-mediated photo-
corrosion reaction of Cu,0.** Additionally, the faster reaction rate
observed over O-CHS prevents the accumulation of charge carriers
on the Cu,O surface. Consequently, this further protects O-CHS
from photocorrosion, improving its stability.>**

Mechanism study

In situ FTIR was first employed to detect the reaction interme-
diates for O-CHS and CHS. As depicted in Fig. 5a and b, there
are no obvious peaks prior to light irradiation. However, several
peaks gradually emerge and intensify within the 1220 to
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2120 cm™ ' range over time. Among these, two major peaks at
1647 and 1545 cm ™' can be attributed to the absorption of the
carbonyl group in CO, and *COOH group, respectively.>**-%
This implies that *COOH acts as a crucial intermediate during
the overall PCRR. Additionally, the interaction between CO, and
H,O0 co-adsorbed on the Cu,O surface leads to the appearance
of monodentate carbonate (m-CO;>") peaks at 1507 and
1558 cm ™', which indicates the chemisorption of CO,.°*** The
peak at 2077 ecm™ ' corresponds to the *CO species, which is
generated through a subsequent *COOH protonation process.®®
The presence of *CHO is also observed at 1733 and 1760 cm ™,
proving evidence for the hydrogenation of *CO during the
overall PCRR.*”* Importantly, two distinct peaks at 1313 and
1520 cm™ ! are observed, which could be attributed to the
vibrational signature of *OCCHO, implying the occurrence of
C-C coupling.®”®® Consequently, it can be inferred that the
potential pathway for CO, photoreduction could proceed as
follows.® (i) The transfer of electrons from the surface of Cu,O
to CO, initiates the single-electron activation process.” (ii) The
activated CO, interacts with a hydrogen atom to form *COOH.
(iii) *COOH then undergoes further reactions involving elec-
trons and hydrogen atoms to form *CO. (iv) *CO then combines
with other intermediate species, leading to C-C coupling and
subsequent steps involving multiple electron transfers and
hydrogenations, ultimately yielding the desired products.

Notably, peaks present in Fig. 5a also appear in Fig. 5b,
indicating the generation of the same type of intermediates on
both O-CHS and CHS during the reaction. However, the
different intensities imply different concentrations of generated
intermediates under the same irradiation time, which can be
clearly observed in Fig. 5c. The peak intensity of the charac-
teristic *COOH and *CO increases rapidly within the first 20
minutes for both O-CHS and CHS, but after that, it is nearly
stable for CHS. Conversely, for O-CHS, it continues to increase
rapidly over time. This indicates that the effective CO, adsorp-
tion in the form of *COOH is indeed enhanced over O-CHS,
leading to enhanced *CO formation. This is a consequence of
the highly efficient CO, transport and highly concentrated CO,
on the catalyst surface, which further promotes the overall
PCRR.>"?

Based on the analysis results of in situ FTIR spectra, the
influence of highly concentrated local CO, on the catalyst
surface is further explored using DFT calculations. It is evident
from Fig. 5¢ that O-CHS exhibits a higher surface *CO coverage
compared to CHS. Consequently, distinct *CO coverages are
adopted to simulate the reaction processes under different local
CO, concentrations, as referenced in the existing literature.”"”*
The different configurations and corresponding energies of
each state during the calculation are presented in Fig. S26-S31
and Table S4-S8,T respectively. Regarding the reaction pathway
for ethanol formation, DFT calculations reveal that it is iden-
tical on the Cu,O surface at both high *CO coverage (HCC) and
low *CO coverage (LCC) (Fig. 5d and Table S9t). Notably, the C-
C coupling step exhibits the highest energy barrier, denoted as
AGgps, Which is considered to be the rate-determining step
(RDS) during ethanol production (Fig. 5e). It is evident that
AGgrps; With a value of 1.2336 eV, is lower by 0.5212 eV in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Mechanism insights. (a and b) In situ FTIR spectra obtained under different irradiation times for O—CHS and CHS, respectively. (c) Change
of absorbance intensity of two intermediates over time. (d) Possible CO,-to-ethanol reaction pathway. (e) Gibbs free energy diagram for the
reaction pathway of ethanol formation on Cu,O (111) surface at high *CO coverage (HCC) and low *CO coverage (LCC). AGrps means the Gibbs
free energy change for the rate-determining step of ethanol formation. TS means the transition state.

case of HCC than that in the case of LCC. This result indicates
that C-C coupling is more likely to occur on the Cu,O surface
under HCC conditions. Similarly, the reaction pathways for
methanol formation at the two *CO coverages are also found to
be identical (Fig. S32a and Table S107). The energy comparison
of the RDS for methanol formation at the two *CO coverages
also demonstrates the preference for HCC in methanol
production (Fig. S32b¥).

Overall, the DFT calculation results confirm that increasing
CO, concentration on the catalyst surface promotes the gener-
ation of carbon derivatives, specifically facilitating the C-C
coupling for ethanol production. This finding further supports
our conclusion that maintaining a high CO, concentration on
the O-CHS surface improves the efficiency of O-CHS in the
overall PCRR, particularly in terms of ethanol production.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Conclusions

In summary, our research successfully achieves efficient
ethanol production using a Cu,O photocatalyst by addressing
the challenge of efficiently continuous CO, transport to the
catalyst surface. The target catalyst, O-CHS, is designed to be
a superhydrophobic hollow structure that can float on an
aqueous solution through surface modification and morpho-
logical control. Its superhydrophobic surface acts as a nano
fence, effectively repelling water from infiltrating its inner
space, while its hollow structure provides a space for CO,
molecules to accumulate. As CO, is consumed during the
overall PCRR, O-CHS functions as a gas transport channel and
diffuser, continuously and rapidly conveying CO, from the gas
phase to the reactive sites on the O-CHS surface under the
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driving force of the CO, concentration gradient. This ensures
a stable high CO, concentration at the reactive sites. Mecha-
nistic investigations indicate that the efficient enrichment of
CO, on the catalyst surface lowers the energy barrier of C-C
coupling, thereby enhancing the reaction efficiency of ethanol
production. Notably, O-CHS exhibits the highest reported
ethanol generation rate of 996.18 pumol g~ * h™" to the best of our
knowledge. The STE and selectivity for ethanol production are
also up to 0.152%, and 59.59%, respectively. This breakthrough
offers promising prospects for the production of high-value C,.
products and the development of renewable energy
technologies.
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