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The shape-controlled synthesis of cuprous oxide (Cu,O) photocatalysts with both low or high index crystal
planes has received increasing attention due to their unique facet-dependent properties. Since they are
cheap and earth abundant, these well-defined Cu,O nanostructures are extensively used for different
photocatalytic reactions, also because of their strong visible light absorption capability. However, further
development will still be needed to enhance the efficiency and photostability of Cu,O to expand its
industrial application. We start this review by summarizing the synthetic advancement in the facet
engineering of Cu,O and other associated hybrid Cu,O-based heterostructures with a special emphasis
put on their growth mechanism. We then discuss different facet-dependent properties, which are
relevant to photocatalysis. In the subsequent section, we present a critical discussion on the
photocatalytic performance of faceted Cu,O nanostructures during organic synthesis, hydrogen

production, and carbon dioxide photoreduction. The relation between photocatalytic efficiency and
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Accepted 7th January 2021 product selectivity with exposed crystal facets or with different compositions of hybrid nanostructures is

also discussed. Finally, important strategies are proposed to overcome the photostability issue, while
outlining the course of future development to further boost the technological readiness of well-defined
Cu,0O-based photocatalysts.
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Fig. 1

(a) Typical mechanism involved in a photocatalytic process. Adapted with permission from ref. 2, Copyright 2018 Wiley-VCH. (b) Band gap

values and band energy alignment with water splitting redox potentials of different common p-type (red) and n-type (blue) semiconductors vs.
NHE and at pH 0. Adapted with permission from ref. 1, Copyright 2013 Wiley-VCH.

1 Introduction

Recent development of efficient photocatalytic materials was
significantly accelerated in order to effectively deploy green,
energy efficient, and sustainable technologies.'® Generally,
these materials are inorganic metal oxide semiconductors and,
because of their particular band structure, they allow absorp-
tion of a broad part of visible light from the solar spectrum.
Furthermore, the electronic structure of these materials
provides unique optical behavior and conductivity proper-
ties.”** A typical photocatalytic mechanism consists of three
consecutive steps (Fig. 1a): (i) absorption of light with appro-
priate energy and generation of an electron (e”) hole (h") pair,
which, respectively, (de)localizes in the conduction band (CB)
and the valence band (VB) of the semiconductor; (ii) electron
and hole separation and migration to the catalyst surface in
order to participate in the reduction and oxidation reactions,
respectively, at the semiconductor-solution interface; and (iii) if
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the electron-hole pairs don't take part in the redox reaction,
they then undergo the recombination process. The first two
steps majorly determine the photocatalytic efficiency of the
semiconductor material, whereas the third step is responsible
for the performance as such. Thus, to facilitate the solar-to-
chemical energy conversion efficiency, different strategies
have been developed. They include controlling the morphology,
size, and compositions of the photocatalyst for various reac-
tions such as organic reactions, hydrogen production via water
splitting (or photoreforming of sacrificial agents), and CO,
reduction.” ™

The synthesis of inorganic metal oxide nanocrystals with
a well-defined structure has been extensively studied over the
last few decades.**® The opportunity to control the morphology
and size of nanocrystals will benefit the light absorbing prop-
erties and charge carrier management, thus enhancing the
photocatalytic activity and product selectivity in the end.”
Moreover, different crystal facets possess different atomic
arrangements, which may directly control their physical and
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Fig. 2 Conduction band and valence band potentials of Cu,O (left
side), with the redox potentials of several CO,, N, and water redox
couples at pH = 0 plotted vs. NHE (right side). Adapted with permission
from ref. 9, Copyright 2015 American Chemical Society.

catalytic properties.>*** Therefore, understanding the synthesis
and growth mechanism of metal oxide nanocrystals bounded
with low or high index facets is really crucial to examining their
facet-dependent properties. Common semiconductors like
TiO,, ZnO, WO3, and Cu,O attract significant attention due to
their surprising photocatalytic activity caused by their suitable
band gap energy (Fig. 1b)."*"

Among different photocatalysts, nontoxic, highly abundant
cuprous oxide (Cu,O) is a promising photocatalyst for dye
degradation, organic reactions, CO, reduction, and H,
production as it shows a direct band gap structure with a small
band gap energy (2.2 eV), which helps this material to absorb
efficiently in the visible range of the solar spectrum (Fig. 2).>*
Cu,0 is the most widely synthesised p-type semiconductor for
photocatalysis allowing proper control of its morphology and
size obtained under mild synthetic conditions. Therefore,
extensive research has been carried out to investigate the Cu,O
facet-dependent photocatalytic properties.”>** However, the
photocatalytic activity of Cu,O nanocrystals is still limited by
the high recombination rate of the photoexcited electron-hole
pairs and also by the photostability issue.*® The photogenerated
holes initiate the self-photooxidation of Cu,O, which causes its
decreased photostability.>*® In order to overcome this issue,
different hybrid Cu,O-based nanostructures were developed to
enhance the photocatalytic activity by concomitantly increasing
the electron-hole separation efficiency. Photoexcited electrons
accumulate in the reduction site where they catalyze the
reduction reaction; simultaneously, the photogenerated holes
are consumed in the oxidation sites by undergoing an oxidation
reaction. Such synergistic behavior in the hybrid system not
only enhances the photostability, but it may also increase the
product selectivity.

This journal is © The Royal Society of Chemistry 2021
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Although there are excellent review articles that discuss the
synthesis and optical and catalytic properties of well-defined
Cu,O nanocrystals, a comprehensive review focusing on the
growth mechanism, surfactant removal process, unique facet-
dependent properties, and their photocatalytic application in
solar energy conversion is still lacking.****® Hence, in this
review, we aim to discuss and summarize all the aspects related
to the crystal facet engineering of Cu,O nanocrystals and their
photocatalytic application with special emphasis on the
stability under different photocatalytic reaction conditions. In
the first section, an in-depth discussion on the growth mecha-
nism of well-defined Cu,O nanocrystals and different synthetic
procedures for the preparation of diverse nanostructures is
presented. The effect of surfactants and additive ions on
controlling the morphology of nanocrystals is also highlighted.
Successful strategies for the removal of different kinds of
surfactants from nanocrystal surfaces have also been discussed.
Next, we present the influence of facets on different chemical
properties such as selective adsorption behavior, photo-
deposition of cocatalysts, accumulation of charge carriers on
different anisotropic facets, and optical properties. In the last
section, we cover the most relevant photocatalytic applications,
including H, production and CO, reduction, of Cu,O nano-
crystals mentioning various strategies that can be employed to
improve the photocatalytic activity and stability of Cu,O by
forming diverse heterostructures.

2 Shape & size-controlled synthesis
of Cu,O nanocrystals

This section starts with discussing the growth mechanism of
well-defined nanocrystals from crystalline nuclei in a systematic
manner. Then, synthetic strategies for diverse Cu,O nano-
architectures with precise shape and size control will be pre-
sented. The effect of different parameters such as solution pH,
concentration of the surfactant, and role of additives will be
highlighted. And lastly, different ways of removing the surfac-
tant without altering the shape and size of Cu,O nanocrystals
will be presented.

2.1 General understanding of the growth direction and
exposed crystal facets

Morphology-controlled nanocrystals can be synthesised by
different wet chemical synthetic procedures.” These chemical
reactions often appear to be fairly simple, but the exact growth
mechanisms inside the glass bottles are extremely complicated.
The morphology of the final nanocrystals highly depends on the
precise control of temperature, capping agents, different
reagent concentrations and also on the sequence of the addi-
tion of reagents. Any changes in the aforementioned parame-
ters lead to an unexpected shape and size distribution of the
nanocrystals in the reaction mixture. Therefore, scaling up the
synthetic processes is not trivial and the industrialization is not
easy. The scientific development over the last two decades hel-
ped to understand the atomistic details of the evolution path-
ways in which a precursor compound is converted to atoms,

J. Mater. Chem. A, 2021, 9, 5915-5951 | 5917
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nuclei, and then well-defined nanocrystals. Xia et al. demon-
strated that there are three different distinct stages in the
growth process: (1) nucleation, (2) evolution of nuclei into
seeds, and (3) growth of seeds into nanocrystals.** During the
first step, in a reductive environment, the concentration of
reduced metal atoms steadily increases with time. When the
concentration of reduced metal atoms reaches a point of
supersaturation, the atoms start to aggregate into small clus-
ters, i.e., nuclei formation takes place. Once formed, these
nuclei then grow up to a critical size where further structural
modification becomes energetically unfavorable, i.e., the seed
formation takes place. These single-crystal seeds usually exist as
truncated octahedrons (or Wulff polyhedrons) enclosed by
a mixture of {111} and {100} facets as they possess a nearly
spherical profile, and, thus, the smallest surface area helps to
minimize the total interfacial free energy. The density, size
distribution, and surface chemistry of these resulting crystalline
seeds are highly dependent on the reaction environment of the
solution. Once the seeds are formed, the temperature, solvent,
reagents, and additives such as surfactant or inorganic ions
present in the reaction mixture strongly influence the ultimate
growth rate and direction of the seed particles and determine
the final morphology of the nanocrystals.

The process of a seed growing to a well-defined nanocrystal
follows a route to minimizing the total surface energy which is
controlled by both thermodynamics and kinetics of the reac-
tion.** Under optimized synthetic conditions, different surfac-
tants, ions or additives present in the reaction mixture
selectively adsorb on a specific facet, as schematically shown in
Fig. 3a. During the process of growing a seed, the facets which
are not blocked by any additives grow at a higher rate than the
unblocked facets.”® Therefore, the fast-growing facets will

a
Additive/impurity Preferential
“:Crystalfacet  *° moleculesorions growth direction
b R=0.58 R=0.7 R=0.87 R=1.0 R=1.15 R=1.73

Dae&Hd

Fig. 3

View Article Online

Review

eventually disappear, resulting in a nanocrystal terminated with
blocked facets. This event tailors the shape of the crystal and
enables exposure of different facets. According to the Wulff-
Kaishew theory, the ratio of the growth rate in the (100) and
(111) directions, ie., Rg = :<1—00> is the deciding factor of the
(111)
final morphology.**** Based on this, when the value of Rg = 0.58
for certain reaction conditions is reached, exclusively cube-
shaped nanocrystals are formed and bounded with six low-
index (100) crystal planes. This kind of environment favors
the fast crystal growth along the (111) direction, compared to
the (100) direction; therefore, the (111) facets disappear from
the seed and the cubic shape comes out as the final product.
Similarly, the octahedral shape, bounded with eight low-index
(111) crystal planes, becomes dominant when R; = 1.73.
Three-dimensional geometric shape evolution from cubic to
octahedral morphology with different R values is shown in
Fig. 3b. When 0.58 < Rg < 1.73, different truncated forms of
nanocrystals can be obtained in the reaction medium (Fig. 3c).
Although the Rg value helps to understand the morphological
evolution from the cubic to the octahedral shape, it remains
difficult to understand the formation of a rhombic dodecahe-
dral nanocrystal bounded with only {110} low-index facets using
this model. However, following a more general approach, it is
known that nanocrystals of different shapes can be formed
following a change in the reaction cell potential according to the
Nernst equation. In fact, it is necessary to have a fine tuning of
the pH of the solution and of the reagent concentrations, which
determine the electrochemical potential of the Cu,O surface, to
produce nanocrystals of different shapes. Hence, formation of
different nanocrystals shapes can be understood as resulting
from different changes in free energy (AG = —nFE) inside the

Truncated Truncated
Cubic Octahedral

6x(100), 8x(111) i

Cubic  [100]=[111] [001>[111]  Octahedral
6x(100) 8x(111)

Cuboctahedral

[100]=[111]

AN
[100]<[111]
N

[100]>[111]
/

Nucleation on Si(100)

(a) Schematic diagram of the growth mechanism of a seed into a well-defined nanocrystal. Reproduced with permission from ref. 26,

Copyright 2011 Royal Society of Chemistry. (b) Value of Rq for different morphologies. Reproduced with permission from ref. 32, Copyright 2000
American Chemical Society. (c) Scheme for the shape evolution at different Rg values. Red and yellow colored spheres represent the atoms
present on (100) and (111) crystal planes in a seed, respectively. Reproduced with permission from ref. 33, Copyright 2010 American Chemical

Society.
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reaction mixture.***® Therefore, it can be concluded that the
final shape of the nanocrystal and the exposed facets are the
result of the interplay between thermodynamics and kinetics of
the reaction. A further development in multi-scale materials
science simulations on nanoparticles may bring quantitative
evaluation of physical parameters that regulate the selective
growth of specific crystal facets, thus introducing more reliable
design strategies.

Although there are enough theory and experimental routes
to synthesizing well-defined nanocrystals, the atomic pathways
of nanocrystal facet development have been mostly unknown to
date because of the lack of direct microscopic observations
inside the reaction mixture. Recently, in situ liquid cell trans-
mission electron microscopy (LCTEM) allowed observing single-
nanoparticle growth trajectories.*® A liquid cell containing
a small amount of liquid reaction mixture inside the high-
vacuum microscope can be used to initiate the nanocrystal
growth by the introduction of an electron beam that often acts
as a reductant. Wu et al. observed the growth process of a Cu,O
nanocube by reducing an alkaline copper precursor solution
with an electron beam.*” The time-dependent growth process of
a Cu,0 nanocube observed via an in situ LCTEM is shown in
Fig. 4. When the electron beam is introduced into the precursor
solution, the Cu*" ions are reduced to Cu'" ions and initiate the
Cu,0 nucleation in the presence of hydroxide anions, as shown
by the darker region in Fig. 4a, which then eventually is con-
verted to a nanocube via a complex mechanism. Further
development will be needed in this field to gain knowledge of
the detailed mechanism underlying morphology-controlled
nanocrystal synthesis.*®

2.2 Synthesis of diverse Cu,O nanostructures

A large number of synthetic wet-chemical routes to producing
a wide variety of well-defined Cu,O nanocrystals have been
developed over the last two decades. To better understand the
effect of the role of different reagents in controlling the
morphology, different relevant case studies are presented and
discussed in this section.

Murphy et al. developed a synthetic procedure of Cu,O
nanocubes using an aqueous solution of copper sulfate
(CuS0,), NaOH, and cetyltrimethylammonium bromide (CTAB)

View Article Online

Journal of Materials Chemistry A

as the surfactant and sodium ascorbate as the reducing agent.*
The shape and size of the nanocrystals can be tuned by varying
the concentration of the surfactant. At low surfactant concen-
trations, the nanocrystals are ineffectively capped and grow
randomly with a spherical morphology. When an optimum
concentration is reached, it leads to adequate surface capping,
and uniform cubic nanoparticles are formed. TEM images
confirm that these crystals appear to be hollow from inside,
which is the major drawback for this synthetic condition. At
that time, the Wang group also developed a procedure to
synthesize Cu,O nanocubes and octahedra.*® Typically, an NH;
solution is first added to an aqueous CuCl, solution followed by
adding NaOH, which leads to the blue precipitation of Cu(OH),.
After that, an aqueous solution of N,H, is added as the reducing
agent to the above-described solution to start the formation of

Cu,O nanocrystals. The molar ratios of reagents, ie.,
[NH3;] [OH] .

Ry = and R, = ——— determine the morphology of the

17 [Cu 2= JcuT] phology

corresponding products by affecting the coordination between
NH; and Cu®* ions, which makes this report interesting. When
Ry =0, R, =2, i.e., there is no ammonia present in the system,
porous Cu,O spheres were obtained as this morphology has the
lowest surface energy. Keeping R, = 2 fixed, cube-like and
octahedral Cu,O nanocrystals were formed when R, = 4 and 7,
respectively. This proved that ammonia plays a critical role in
this reaction to control the final morphology of the Cu,O
nanocrystals. In the beginning, Cu®" ions undergo complexa-
tion with NH; molecules forming [Cu(NH;),]*"; when NaOH is
added, NH; molecules are replaced by OH ™ ions to form a blue
Cu(OH), precipitate. Under a fixed R, value, the maximum
number of NH; molecules are replaced by OH ™ ions when R; =
4, whereas the minimum number of NH; molecules are
replaced when R; = 7. This phenomenon leads to distinct pH
values under the two different synthetic conditions. Therefore,
Rg values (i.e., the ratio of growth rates along the (100) and
(111) direction) become 0.58 and 1.73 when R, =4 and R, = 7,
resulting in cube-like and octahedral nanocrystals, respectively,
in the reaction medium. These synthetic conditions provide
a stimulating idea on how we can control the shape of the
nanocrystals by the fine pH tuning of an inorganic reaction
without adding any organic surfactants. However, this approach

Fig.4 Time-dependentin situ TEM images to track the growth of a single Cu,O nanocube at (a) O, (b) 20, (c) 60, and (d) 120 seconds of reaction
time. Reproduced with permission from ref. 37, Copyright 2019 American Chemical Society.

This journal is © The Royal Society of Chemistry 2021
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b truncated cubes 11.72
c cuboctahedra 11.63
d truncated octahedra(type I) 11.61
e truncated octahedra (type Il) 11.48
f octahedra 11.35
g short hexapods 8.70
extended hexapods 10.61
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Fig. 5 SEM images of the Cu,O nanocrystals with various morphologies: (a) cubes, (b) truncated cubes, (c) cuboctahedra, (d) type | truncated
octahedra, (e) type Il truncated octahedra, (f) octahedra, (g) short hexapods, and (h) extended hexapods. Scale bar = 1 um. (i) Solution pH values
for samples a—h. (j) PXRD patterns of the different shaped Cu,O nanocrystals as shown in a—h. Reproduced with permission from ref. 41,
Copyright 2009 American Chemical Society.

mainly suffers from inhomogeneity in the size and shape of the by a single chemical reduction method at room temperature.**
nanocrystals, and, therefore, it requires further development. Cubic, truncated cubic, cuboctahedral, truncated octahedral,

To address this problem, Huang et al. developed a strategy to  octahedral, short and extended hexapod structures of Cu,O
synthesize Cu,O nanocrystals with systematic shape evolution nanocrystals with systematic morphological evolution have

truncated truncated
cube cate (runcaisd) octahedra sphere
octahedra octahedra
>
PVP
) 0.5 mM 1.5 mM 2.5mM 4.5 mM 9 mM
concentration

Fig. 6 Effect of PVP concentration on the Cu,O morphology. Reproduced with permission from ref. 42, Copyright 2010 American Chemical
Society.
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been synthesized by sequential addition of sodium dodecyl
sulfate (SDS), an aqueous solution of CuCl,, NaOH, and
hydroxylamine hydrochloride (NH,OH-HCI) as reductant. The
mixture was aged for 2 h to obtain the products. The systematic
variation in the product morphology can be achieved by
changing the amount of added NH,OH-HCI, as shown in
Fig. 5a-h. Different pH values obtained for different morphol-
ogies suggest a clear correlation between the pH and the Rg,
which proportionally controls the final shape of the nano-
crystals, as shown in Fig. 5i. Keeping other parameters fixed,
increasing the amount of NH,OH-HCI can make the solution
pH decrease from 12 for the nanocube sample to 8.7 for the
short hexapod sample. Apart from SEM images, the high
morphological uniformity of these Cu,O nanocrystals can be
associated with their PXRD patterns, as shown in Fig. 5j. The
PXRD patterns evidently show a change in the relative intensi-
ties of the (111) and the (200) peaks, which also goes along with
a morphology change. Nanocubes show only a strong (200)
reflection peak with an extremely weak (111) reflection peak.
The intensity of the (111) peak increases progressively as

edge- and
corner-
face-raised truncated
cubes cubes octahedra

View Article Online
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nanocrystals with more {111} surfaces are formed. The two
peaks become more comparable in intensity for the type I
truncated octahedra. The (111) peak then dominates for octa-
hedra and hexapods.

Apart from controlling the pH of the solution, the surfactant
concentration can also play a crucial role in controlling the
systematic shape evolution of the nanocrystals. Poly-
vinylpyrrolidone [PVP] is one of those surfactants that not only
acts as a stabilizer to prevent the aggregation of nanocrystals
but also assists the formation of well-defined Cu,O nano-
crystals.*> PVP molecules with long chains can be adsorbed on
the Cu,O surfaces via both physical and chemical bonding. In
particular, PVP preferentially interacts more strongly with the
{111} facets than the {100} facets, suppressing the growth of the
{111} planes more efficiently than that of the {100} planes. Thus,
as shown in Fig. 6, when the PVP concentration is low (0.5 mM),
or the PVP is absent in the reaction mixture, the capping effect
of PVP toward Cu,O nanocrystals is the weakest or absent,
which leads to the formation of cubic shapes. By contrast, when
the PVP concentration is high (4.5 mM), it strongly coordinates

all-corner
-truncated {100}-truncated
rhombic rhombic rhombic
dodecahedra dodecahedra dodecahedra

NH,OH+*HCl amount (0.1 M)

0.40 mL 0.60 mL 0.92 mL

0.98 mL 1.20 mL 2.40 mL

Fig. 7 Shape evolution from cubic to rhombic dodecahedral morphology with respect to the added amount of hydroxylamine hydrochloride
(NH,OH-HCIl). Reproduced with permission from ref. 46, Copyright 2012 American Chemical Society.
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with the {111} facets and efficiently lowers the surface energy of
the corresponding crystal planes. This enhanced coordinating
effect of PVP completely blocks the growth on the {111} facets
and facilitates the growth on the {100} facets, as shown previ-
ously in Fig. 3a. As the growth process takes place rapidly on the
{100} facets, they disappear completely, and perfect octahedral
morphology appears. Furthermore, different truncated octa-
hedra as intermediate products can be achieved through precise
control of PVP concentrations in the 0.5-4.5 mM range. Inter-
estingly, when the PVP concentration becomes 9 mM, spherical
nanocrystals are formed due to the high coverage of PVP on all
the planes of Cu,O nanocrystals as there is no preferential
growth of any particular crystal plane over another.

Similar to PVP, oleic acid also shows facet-selective adsorp-
tion properties, which provides control over the final
morphology of Cu,O microcrystals.** Guo et al. demonstrated
the reduction of CuSO, at 100 °C for 1 h with p-(+)-glucose in an
aqueous NaOH/ethanol/oleic acid system to synthesize Cu,O
microcrystals. In the presence of 1 ml, 2.5 ml, and 4 ml of oleic
acid, uniform cubic, octahedral, and rhombic dodecahedral
(RD) Cu,O microcrystals were obtained, respectively. This was
the first report showing the synthesis of Cu,O RD microcrystals
fully bounded by {110} planes, which had a higher surface
energy than the corresponding {100} and {111} planes. Later on,
Zeng et al. obtained highly uniform ~70 nm Cu,O RD nano-
crystals by the reaction of copper(u) acetate, hexadecylamine,
and undecane at 200 °C for 90 min.** Hexadecylamine played
multiple roles in this study, serving as: (1) a chelating ligand to
form the [Cu(NH,C1¢H33)4]*" complex precursor with Cu** ions,
(2) a phase-transferring agent to transfer divalent Cu®" ions into
the organic phase, (3) a reducing agent to generate Cu'* ions,
and (4) a surface passivating adsorbate to control the crystal
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morphology. In addition, ~9 um Cu,O RD microcrystals were
also synthesized by mixing Cu(NOs3),, formic acid, and NH; in
an ethanol-water solution followed by hydrothermal treatment
at 145 °C for 90 min.*

The major drawback of these reaction conditions is that they
need high temperature and strong surface binding ligands, and,
therefore, further development will be needed to synthesize the
RD shape at room temperature using an easily removable
surfactant of a considerably small size. Huang et al. then
proposed synthetic conditions that would overcome all the
above-mentioned problems.** A systematic shape evolution
from cubic to RD nanocrystals was achieved at room tempera-
ture by mixing an aqueous solution of CuCl,, SDS surfactant,
NaOH, and NH,OH -HCI as the reductant. The systematic shape
evolution was achieved only by adjusting the volume of the
reducing agent, as shown in Fig. 7. The shape evolution is
directly related to the final solution pH and overall reduction
rate of the copper precursor. It was demonstrated that cubes are
formed at a much faster rate than rhombic dodecahedra, thus
linking the formation of different particle morphologies to their
different growth rates. This protocol is highly important as it
allows achieving a diverse nanocrystal morphology with aniso-
tropic facets.

In addition to the role of the concentration of the surfactant
and the reducing agent, different inorganic ions are also crucial
to controlling the morphology of the nanocrystal. Xia et al.
demonstrated a high temperature ethylene glycol (EG) reduc-
tion method for synthesizing Cu,O cubic nanostructures in the
presence of chloride ions as the shape directing agent (Fig. 8).*
The in situ formed CuCl intermediate serves as a reservoir to
control the supersaturation concentration of the Cu'" ions in
the reaction mixture. Therefore, the Cu,O formation rate

Inter-particle

—— 100 nm

I Colloidal sphere Polycrystalline nature

Nanocubes

Single-crystalline nature

Fig. 8 Effect of Cl™ ions on controlling the morphology of Cu,O nanocrystals. Reproduced with permission from ref. 47, Copyright 2008 Royal

Society of Chemistry.
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Fig.9 Typical FESEM images of polyhedral Cu,O microcrystals: (al-cl) 50-facet, 74-facet, and 50-facet with high-index {522}, {544} and {211}
facets respectively; (a2—c2) representative graphical structure. Reproduced with permission from ref. 56, Copyright 2011 Royal Society of
Chemistry. Truncated concave octahedral nanocrystals and their (d1) SEM images, (d2) TEM images, (d3) selective area electron diffraction (SAED)
patterns, and (d4) representative models. Reproduced with permission from ref. 62, Copyright 2018 Royal Society of Chemistry.

significantly slowed down, allowing the seeds to grow into small
individual nanocrystals without significant aggregation at the
early stages of the reaction. Chloride ions also stabilize the {100}
planes of the Cu,O nanocrystals and favors the formation of
single-crystalline nanocubes as seeds, which can further grow in
size via the Ostwald ripening process. When no chloride ions
were added to the reaction mixture, the nucleation and growth
of Cu,O nanocrystals took place instantaneously. This uncon-
trolled growth rate results in the formation of nanoparticles of
small size that agglomerated to become polycrystalline colloidal
spheres of large sizes in order to reduce the surface energy.
Similarly, by tuning the ratio of the concentration of hydroxide
and citrate anions, cubes to octahedral-morphological evolu-
tion for Cu,O nanocrystals were obtained on conductive
substrates by a method of simple chemical deposition.** Feng
et al. also used cyclic scanning electrodeposition (CSE) to
convert a thin Cu film into different Cu,O structures with the
help of different ions such as NO,~, NO;~, SO,>~, and CHj-
COO™ used in the electrolyte.”® Other noticeable examples in
this regard can also be seen in the literature.**-*

After an in-depth discussion on the development of Cu,O
polyhedral structures containing three different low-index facet
such as {100}, {111} and {110}, it is necessary to understand the
formation mechanism of high-index {hkI} facets (where at least
one of the A, k, and [ is equal to two or above). Surface energies
(y) corresponding to different Cu,O crystallographic facets
usually increase in the order of vy {100} < y {111} < y {110} <y
{hkI}. As these high-index facets possess higher surface energy
than the corresponding low-index facet, they disappear faster
during the crystal growth and are difficult to preserve on the
surface of the final nanocrystal. The unique feature of these
facets is that they consist of a high density of low-coordinated

This journal is © The Royal Society of Chemistry 2021

atoms such as steps, edges, and kinks, which show higher
catalytic activity by quickly coordinating with reagent molecules
when compared to the low-index facets.'® Therefore, it is useful
to understand the synthetic recipes and the growth mechanism
for the preparation of Cu,O nanocrystals with high-index
facets.>*

Yang et al. synthesised highly symmetric multi-facet poly-
hedral Cu,O microcrystals partially enclosed with high-index
facets (i.e., including low-index {110}, {100}, {111} facets and
high-index {544}, {522}, and {211} facets) in the system of Cu®*/
NaOH/glucose or ascorbic acid solution at high temperature
(Fig. 9a1-c2).°® There are also other methods of synthesizing
Cu,O microcrystals with high index facets.*”** The major
drawback of the aforementioned procedures is that the size of
Cu,O crystals is on the order of several microns, which means
a very low specific surface area and eventually lower photo-
catalytic activity. To solve this problem, Li et al. synthesized
Cu,0 truncated concave octahedral nanocrystals of an average
edge length of 158 nm, which enclosed {511} high-index facets
together with {110} and {100} facets through a system of oil in
a water emulsion, as shown in Fig. 9d1-d4.°> Both the solution
pH and the oleic acid are critical for the formation of truncated
concave octahedral Cu,O nanocrystals.

All the above-mentioned well-defined Cu,O nanocrystals
with both low- and high-index facets have one common draw-
back, ie., their size is larger than 100 nm or 1000 nm,
depending upon different synthetic conditions. That means
they possess a low surface area for the given weight of the
catalyst, which is related to a lower catalytic activity. Therefore,
it is a challenging task to develop a scalable synthetic method
for ultrasmall and highly uniform Cu,O polyhedra, keeping the
facet intact. Several early trials were made to achieve this

J. Mater. Chem. A, 2021, 9, 5915-5951 | 5923
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Fig. 10 Size controlled synthesis of uniform Cu,O nanocubes with average edge lengths of (a) 16, (b) 25, (c) 29, (d) 36, (e) 51, (f) 63, (g) 72, and (h)
86 nm. Reproduced with permission from ref. 66, Copyright 2019 American Chemical Society.

goal.®*"*® By the reaction of an aqueous mixture of CuSO,, tri-
sodium citrate, and NaOH, 40 nm Cu,O nanocubes were
synthesized, but the size of the particles was still not sufficiently
small and therefore the synthetic procedure provided low
yields.®®* Huang's group has recently developed a simple method
to produce Cu,O nanocubes and octahedra with a varying size
from 16-86 nm and 34-49 nm, respectively (Fig. 10).°® The
reaction was carried out at room temperature and lasted
20 min. In a typical reaction, CuSO,, NaOH, and sodium
ascorbate are added stepwise to an aqueous SDS surfactant
solution. A gradual increase in the amount of sodium ascorbate
helped to achieve Cu,O nanocubes of smaller sizes; this is due
to the formation of a higher number of uniform nucleation
centers at higher concentrations of the reducing agent. There
are still a few challenges that need to be overcome in order to
achieve RD and other nanostructures with a high-index facet
within the sub-50 nm range, which can enhance the catalytic
activity by increasing the reactive surface area. Further, the sub-
50 nm nanocrystals will have more light absorption capability
than scattering, which will increases their photocatalytic
performances.

It is difficult to control the morphology of Cu,O nanocrystals
if the size drops below 10 nm because they try to achieve
a spherical structure to minimize the surface energy.®”"* Also,
unless a suitable organic surfactant is added, the sub-10 nm
nanocrystals undergo aggregation, forming bigger spherical
nanocrystals.”” O'Brien et al synthesized highly uniform
monodisperse Cu nanocrystals by reacting copper acetate with
oleic acid and trioctylamine, while heating at 180 °C.*” Upon
further oxidation in the presence of air and ligand protection,
those Cu nanocrystals were systematically converted to highly
crystalline 6 nm Cu,O nanocrystals (Fig. 11a). A thin layer of

5924 | J Mater. Chem. A, 2021, 9, 5915-5951

CuO formed at the nanocrystal-ligand interface because of over-
oxidation. The corresponding selected area electron diffraction
patterns (Fig. 11b) confirmed the cubic crystal structure of
Cu,0. Oleic acid stabilized these nanocrystals in solution,
which prevented aggregation. A similar procedure was also re-
ported to synthesize hollow and solid Cu,O nanocrystals of
8 nm and 14 nm in size, respectively.” Further expansion of this
idea may lead to many reversible catalytic interconversions of
the ligands protecting Cu and Cu,O nanocrystals in the pres-
ence of O, as an oxidant and H, as a reductant (Fig. 11d).*
During these interconversions, the used bidentate ligands
strongly coordinate both oxidized Cu and Cu,O NP surfaces by
forming strong covalent bonds, which prevents them from
aggregation and size distortion. One-dimensional (1D) nano-
materials such as nanowires are also highly attractive building
blocks for photocatalysis because of the inherent anisotropy,
which improves charge separation and photocatalytic effi-
ciency.””® Cu,O nanowires were also developed by different wet-
chemical methods such as the decomposition of the metal-
ligand complex route or the use of polyethylene glycol (PEG; M,
20 000) and hydrazine as the reducing agent at room tempera-
ture.” Most interestingly, Li et al. developed an easy approach to
synthesizing bulk quantities of single crystalline Cu,O nano-
wires with tunable diameter and length. Uniform Cu,O nano-
wires were prepared through the reduction of cupric acetate
with o-anisidine, pyrrole, or 2,5-dimethoxyaniline as the
reductant in dilute aqueous solutions under hydrothermal
conditions, as shown in Fig. 11c.®® The length of the Cu,O
nanowires varied from tens of micrometers to more than one
hundred micrometers.

Two-dimensional (2D) materials such as nanosheets are
also very interesting due to the quick separation of electron—

This journal is © The Royal Society of Chemistry 2021
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hole pairs from the bulk to the surface as well as their large
surface area and efficient light harvesting properties.” Xie
et al. synthesized an ultrathin Cu,O nanosheet with 4 atomic
thicknesses by decomposing lamellar Cu,O-oleate complex
intermediate microplates, which are formed by periodically
stacking organic molecules and inorganic layers, at
a temperature of 300 °C for 8 min in air. The TEM image in
Fig. 11e shows an almost transparent feature, and the clear
Tyndall effect indicates the ultrathin thickness of such Cu,O
nanosheets, further verified by their atomic force microscopy
(AFM) images, presented in Fig. 11f. The thickness of the
nanosheets was around 0.62 nm (Fig. 11g). In addition to the
powder well-defined nanocrystals, it is possible to prepare 3D
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Cu,0 arrays on a fluorine doped tin oxide (FTO) thin film or
on a Cu mesh using sputtering or anodization and subse-
quent thermal annealing procedures. Such arrays mainly
contain nanowire structures organized over thin films and
are less employed in photocatalysis.”>”® All the above-
mentioned case studies provide not only a clear stepwise
development of the synthesis of diverse well-defined Cu,O
nanostructures but also a good opportunity to understand
the growth mechanism and role of different ions, solution
pH, and surfactant concentration. The remaining synthetic
challenges in this field can also be overcome on the basis of
these findings.
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Fig. 11 Highly single crystalline Cu,O nanocrystals: (a) HRTEM image and (b) SAED pattern. Reproduced with permission from ref. 67, Copyright

2005 American Chemical Society. (c) SEM image of Cu,O nanowires.

Reproduced with permission from ref. 68, Copyright 2007 American

Chemical Society. (d) Reversible synthesis of ultrasmall Cu NPs and Cu,O NPs from organo-copper(l) reagent. Reproduced with permission from
ref. 69, Copyright 2017 American Chemical Society. (e) TEM and (f) AFM images of the ultrathin Cu,O nanosheets with 4 atomic thicknesses and

the yellow line in f corresponds to the height profile in (g). Reproduced
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with permission from ref. 70, Copyright 2014 Elsevier.
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2.3 Methodologies for removing capping agents

In the previous section, we discussed the role of the different
surfactants and their concentrations in controlling both the
shape and size of Cu,O nanocrystals. Common surfactants such
as SDS, trisodium citrate, CTAB, oleic acid, oleic amine, hex-
adecylamine, PVP and PEG are majorly used for the synthesis of
well-defined Cu,O nanocrystals with the control of size. These
surfactants not only stabilize the crystal plane but also prevent
any agglomeration during the synthesis and the isolation
process of the nanocrystals. After the isolation, the nanocrystals
are employed in different catalytic processes in order to evaluate
their facet-dependent properties. Different crystal facets have
different atomic arrangements of Cu'* and O*>~ ions, resulting
in different Cu'" ion surface atomic densities, which may lead
to different catalytic activities.*® If the surfactant molecules are
still present on these facets, they can block the catalytically
active sites and hinder the access of reactant molecules to the
reactive sites.””®" Moreover, under particular reaction condi-
tions, surfactants may decompose and contribute to the
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formation of hydrogen or carbon-based products, thus affecting
the proper evaluation of the photocatalytic activity and product
selectivity. This aspect is particularly delicate for CO, photore-
duction and will be discussed in more detail in Section 4.4.
Therefore, the removal of the capping agents from the crystal
facets must precede any comparison of the facet-dependent
catalytic activity. Thus, the surfactant molecules present on
the crystal facet can act as poison in the catalytic reaction.

It is important to understand the interface between the
capping agent and the crystal facet on a nanoscale level before
moving on to the removal section.”” There are mainly two
different interfaces namely (1) the metal-ligand interface and
(2) the ligand-solution interface, as shown in Fig. 12. The
intermediate transition zone known as the metal-ligand inter-
phase can have more versatile complex structures depending
upon the molecular weight, structure, and functional groups of
the surfactant molecules. There is a lack of literature that would
evaluate the impact of different surfactant molecules on the
activity and selectivity of Cu,O nanocrystals of different shapes.
Most studies have been done on Pt, Au, Pd, and Ag

Charge transfer

Reactant

Product formation
with increased
selectivity due to
the formation of
self-assembled
monolayer

Fig. 12 Schematic diagram showing the ligand orientation around a nanocrystal surface from a microscopic point of view. Influence of ligands
on the nanocrystal surface and on product selectivity. Adapted with permission from ref. 79, Copyright 2016 MDPI.
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nanocrystals.®* At the metal-ligand interface, two major
phenomena can occur, both benefiting the catalytic reaction
carried out on a metal nanocrystal. Firstly, the discrete molec-
ular orbitals of the functional groups of the ligands can strongly
interact with the metal atoms present on the nanocrystal
surface and induce charge transfer from the ligand to the metal
atom. This effect can modify the local charge density and
facilitate any of the steps involved in the catalytic reaction such
as adsorption of the reactants, bond-breaking, bond-formation,
and desorption of the product molecules, making the reaction
more or less selective.””*" For example, electron donation from
an electron-rich capping agent to the surface metal atoms has
been used to control the product selectivity of the reaction, by
favoring the adsorption of electron deficient substrates and
promoting the desorption of electron-rich product molecules
from the surface. A second most important effect is the
formation of a self-assembled monolayer (SAM) around the
nanocrystal surface. Due to the strong affinity of the thiol group
present in an alkane thiol, the surfactant adsorbs more strongly
with the head group to the metal atoms, while the hydrocarbon
tail remains oriented at a well-defined angle with respect to the
surface forming the SAM structure. Such an ordered
morphology of the SAM can induce a steric hindrance, which
can limit the mobility of differently sized reactants and force
them to rearrange the adsorption geometry close to the active
site, which enables controlling the selectivity or more impor-
tantly the stereoselectivity of the products.

Apart from the above-mentioned promotional effects of the
capping agent, it is still necessary to completely remove the
surfactant molecules from the Cu,O nanocrystal surface in
order to compare their facet-dependent catalytic activity in
different photocatalytic reactions as these capping agents can
reduce the photocatalytic activity by neutralizing the photo-
generated electrons or holes via charge transfer. A completely
“clean surface” in the solution of nanocrystals cannot be truly
obtained, but it can be considered to be free from long-chain
sticky surfactant molecules.®**®" After the removal of capping
agents, the clean surface is stabilized by small molecules such
as solvent molecules or solute ions, which are easily substituted
by reactants during catalytic reactions.

There are different, well-established methods to remove the
capping agents from the nanocrystal surface.”® The most
common procedure consists of consecutive sonication steps
involving large amounts of solvents and centrifugation to
collect the nanoparticles. For example, surfactants such as SDS
and trisodium citrate can be easily removed by washing with
a 1:1 water/ethanol mixture several times followed by centri-
fugation.?** Therefore, synthetic procedures that use SDS or
trisodium citrate as a surfactant for the synthesis of Cu,O
nanocrystals are very promising since a clean-surface can be
obtained by a simple washing procedure. Other surfactants
such as CTAB, oleic acid, oleic amine, hexadecylamine, PVP,
and PEG can also be removed from the nanoparticle surface,
partially using extensive washing steps, which can lead to the
deformation of crystal facets or to leaching. Different strategies
have been developed to deal with this problem. One of the them
decomposes the capping agents into small molecular fragments

This journal is © The Royal Society of Chemistry 2021
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by heat or light, followed by their removal by means of a gas flow
or solvent.** This method includes high-temperature thermal
annealing and UV-ozone (UVO) irradiation. Surfactants with
higher molecular weight such as PVP and PEG can also be
removed following this procedure.”*" One major drawback of
this procedure is the partial decomposition of the organic
surfactant during the thermal treatment or UVO irradiation
with the consequent generation of coke and other species,
which can deactivate the catalyst facet. Another strategy makes
use of the addition of pure acetic acid to amine-capped nano-
particles causing the protonation of amino groups, which
weakens their interaction with the nanocrystal surface.”®* This
accelerates their detachment during the solvent-washing
procedure. Surfactants such as oleylamine, hexadecylamine,
and oleic acid can be washed off this way. Other strategies are
based on adding excessive small molecules (such as 1-butyl-
amine) to displace long-chain hydrocarbon organic surfactants
(such as oleylamine, PVP), which also have a stronger capping
ability. Due to the much lower boiling point and mass, smaller
molecules can be easily removed by extensive washing or
vacuum evaporation.”

After discussing general approaches to removing the
surfactant from the surface of different inorganic nanocrystals,
we will now shift the focus onto those procedures that are
specifically suitable for Cu,O nanocrystals. It is highly desirable
that during the surfactant-removal process, the shape, size,
composition, crystallinity, and crystal facet of a Cu,O nano-
crystal are preserved. If we change any one of these parameters,
the results of studying the facet-dependent properties will be
erroneous. It is also crucial to remember that Cu'* ions in Cu,O
can undergo a disproportionation reaction under different
chemical environments forming Cu®" or Cu® states, which may
lead to the chemical decomposition of the crystal or structural
modification. Different inorganic ions or molecules can also
cause a serious damage to well-defined Cu,O nanocrystals, and
these must be identified before conducting the surfactant
removal process or pursuing any photocatalytic reactions.

When Cu,O microcrystals are exposed to an aqueous solu-
tion of ammonia (pH ~ 11.4) for 3 or 40 min under stirring
conditions, it will bring a certain change to the shape, size and
composition, as demonstrated in Fig. 13a1-a3.*®> After 3 min,
rhombic dodecahedral Cu,O microcrystals undergo an etching
process which transforms a smooth {110} surface into a rough
and stepped square facet. HRTEM images confirmed that the
stepped square facets belong to the Cu,O (100) crystal plane.
When the reaction time reaches 40 min, Cu,O rhombic
dodecahedral shapes were completely converted into Cu(OH),
nanobelts (Fig. 13a3), as confirmed by PXRD and XPS. It is
important to note that in an aqueous NaOH solution with the
same pH value such etching processes of Cu,O nanocrystals
cannot be observed.** Therefore, it can be postulated that the
etching process is initiated by the coordination of surface Cu'*
ions present in Cu,O microcrystals with NH; to form
[Cu(NH;),]"* species. They undergo an oxidation process by
dissolved O, to produce [Cu(NHj),]*", which then slowly
precipitates in an aqueous ammonia solution to produce
Cu(OH),. Control experiments proved that the stability of
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Fig. 13 SEM image of as-synthesized (al) Cu,O rhombic dodecahedral (RD) nanocrystals. After exposing these microcrystals in aqueous
ammonia solution for (a2) 3 min and (a3) 40 min. Reproduced with permission from ref. 85, Copyright 2011 American Chemical Society. (b1) SEM
and (b3) TEM images of as-synthesized Cu,O RD. After exposing these microcrystals in aqueous acetic acid solution for 150 min: (b2) SEM, (b4)
TEM and (b5 and b6) corresponding HRTEM images with the image of lattice fringes. Reproduced with permission from ref. 86, Copyright 2011
American Chemical Society. (c) High-magnification FESEM image of a Cu,O nanoframe obtained after exposure in air at 20 °C for 16 days.
Reproduced with permission from ref. 87, Copyright 2010 Wiley-VCH. TEM images of a single cubic and octahedral Cu,S nanocage viewed over
its (d1 and d3) {100} facet and (d2 and d4) {110} edge respectively. Reproduced with permission from ref. 88, Copyright 2011 Wiley-VCH.

different low index Cu,O crystal planes in the aqueous
ammonia solution followed the order {100} > {111} > {110},
suggesting that the cubic is more stable than rhombic
dodecahedral morphology in aqueous NH; solution.®® A similar
stability trend can also be observed when Cu,O microcrystals
are exposed to an acetic acid solution (pH = 3.5) under stirring
conditions.*® Oxidative etching of octahedral and rhombic

5928 | J Mater. Chem. A, 2021, 9, 5915-5951

dodecahedral Cu,O microcrystals in the weak acid solution
leads to the formation of stepped layers of square facets
exposing {100} planes (Fig. 13b1-b6), evidencing that the Cu,O
{100} planes are more stable than the Cu,O {111} and {110}
planes. But, in this case, surface chemical composition remains
similar to that of Cu,O.
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Further, a truncated octahedral Cu,O microcrystal has eight
hexagonal {111} faces and six {100} faces. When these micro-
crystals are exposed to air in the presence of PVP, selective
etching leads to the formation of a single crystalline Cu,O
nanoframe surrounded only by {111} facets, whereas all {100}
facets are etched away completely (Fig. 13¢).*” This contradic-
tory event can be explained as follows: PVP acts as a capping
agent, and preferentially adsorbs on the {111} facets of the Cu,0
crystals, which prevents the {111} planes from etching; there-
fore, {100} facets completely vanish, leading to the formation of
hollow structures. Any sulfide anions are also detrimental to
Cu,0 as they easily replace the oxide anions from the crystal
lattice, which leads to the formation of Cu,S crystals.*® A single
crystalline cubic and a truncated octahedral Cu,S nanocage
have been prepared with ultrathin walls through controlled
sulfidation of the corresponding Cu,O crystals, and the acid
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etching was applied to remove the interior Cu,O portions
(Fig. 13d1-d4). This suggests that any sulfide species should
always keep away from Cu,O nanocrystals during the surfactant
removal, surface modification or photocatalytic reaction.

Not only sulfide but also thiosulfate anions (S,0;>7) can
induce a strong coordinating etching process on Cu,O nano-
crystals. Different metal (M = Mn, Fe, Co, Ni, Zn) hydroxide
nanocages can be obtained by reacting a certain amount of
Cu,O templates with MCl,yH,0 in an ethanol/water mixed
solvent in the presence of PVP (M,, = 30 000) and Na,S,0;.* The
formation mechanism can be explained as follows: as per
Pearson's hard and soft acid-base (HSAB) principle “soft base
form strong complexes with soft acid whereas hard base prefer hard
acid”.® Thus the thiosulfate anion (soft base) forms a stronger
bond with Cu'" cations (soft base) in Cu,O and replaces the
lattice oxide anions (hard base). As a result, coordinating
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Fig. 14 DRIFTS spectra of CO chemisorption at 30 °C on (a) Cu,O octahedra capped with PVP (0-Cu,O-PVP) and capping ligand-free Cu,O
octahedra (0-Cu,0), (b) Cu,O rhombic dodecahedra capped with OA (d-Cu,O-OA) and capping ligand-free Cu,O rhombic dodecahedra (d-
Cu,0), and (c) capping ligand-free Cu,O cubes (c-Cu,0). (d) FTIR spectra of the corresponding nanocrystals. Reproduced with permission from

ref. 92, Copyright 2014 Wiley-VCH.
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etching of Cu,O occurs by forming a soluble [Cu,(S,05),]> **
complex, which is followed by a synchronous complex precipi-
tation process of M(OH), around the Cu,O template surface,
leading to the formation of metal hydroxide nanocages. This
process is termed “coordinating etching and precipitating”
(CEP).* Similar to acetic acid, dilute HCI can also induce facet-
selective etching of Cu,0 nanocrystals, leading to the formation
of diverse single crystalline cubic Cu,O nanoframes.*>** There-
fore, it is essential to remember that acetic acid, hydrochloric
acid, ammonia, aqueous solution exposed to air, sulfide, and
thiosulfate anions can cause serious damage to the shape and
composition of the Cu,O nanocrystal. They should not be used
during the removal of capping agents or even in photocatalytic
reactions. It should be noted that SDS or trisodium citrate
would be a better choice during the synthesis of Cu,O nano-
crystals as they can be easily removed by consecutive washing
with the water/ethanol mixture.

Regarding PVP, PEG, oleylamine, oleic acid, and hexadecyl-
amine, extra care is needed during the removal steps. The
successful removal of the organic surfactant can be then
confirmed by FTIR, XPS, and a CO-chemisorption study. Huang
et al. used PVP and oleic acid (OA) as capping ligands to prepare
octahedral and rhombic-dodecahedral Cu,O microcrystals,
respectively, whereas no capping ligands were used for the
cubic shape.”” PVP and OA were completely removed from the
Cu,O crystal surface by placing them in a U-shaped quartz

View Article Online

Review

microreactor, followed by purging in a stream of C3Hg, O, and
N, and heating to the desirable temperature to carry out
a controlled oxidation treatment. Oxygen led to the oxidation of
capping ligands at low temperature, whereas the coexistence of
C;3H,, O, and N, in the atmosphere cooperatively prevented the
Cu,O surface from over-oxidation. A clear CO chemisorption
peak could be observed after the removal of the surfactant but
not on the capped Cu,O microcrystals (Fig. 14a-c). FTIR
(Fig. 14d), PXRD, and XPS also confirmed the successful
removal of PVP and OA from the Cu,O microcrystal surface,
without changing the morphologies, surface compositions, and
structures. In conclusion, with respect to the different types of
surfactants used in the synthesis of Cu,O nanocrystals, we must
conduct the surfactant-removal steps very carefully, keeping in
mind all the previous discussion, so that we do not damage the
well-defined nanocrystals before using them in photocatalytic
applications. Either multiple washing with a solvent or heat and
light treatment under appropriate conditions can be more
suitable for achieving this target.

3 Facet-dependent properties

Well-defined nanocrystals with different crystal facets (i.e.
anisotropic facets) show different atomic arrangements. For
this reason, they exhibit unique facet-dependent properties
such as molecular adsorption, anisotropic redox reaction

Fig. 15 Surfactant assisted facet selective Au deposited on Cu,O crystals without (a—c) and with (d—f) sodium dodecyl sulfate. Reproduced with

permission from ref. 93, Copyright 2009 American Chemical Society.
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sites, surface electronic structures, and optical properties. All
these facet-dependent properties can have a profound impact
on photocatalytic properties; therefore, they will be discussed
in detail in the following section.’”” We also remark that other
fundamental properties that are not covered in depth in this
review such as charge mobility, work function, conductivity,
and formation energy of point defects are facet-dependent,
and may affect photocatalytic processes at the Cu,O surface.

3.1 Selective deposition of a co-catalyst

Semiconductor nanocrystals enclosed by anisotropic facets
have different electronic band structures (i.e., surface states),
which promote the accumulation of the photogenerated elec-
trons and holes on different facets for the reduction and
oxidation reaction, respectively.'>'” The presence of a suitable
co-catalyst on these redox sites can further enhance the elec-
tron-hole separation process, resulting in an enhanced photo-
catalytic activity. The facet-selective adsorption behavior of
surfactants has been deployed to achieve selective deposition of
the co-catalyst on Cu,O nanocrystals with anisotropic facets.
To probe this phenomenon, Choi et al. electrochemically
deposited micrometer-sized cubic, octahedral, and truncated
octahedral Cu,O crystals on indium tin oxide (ITO) substrates.*
In the absence of a SDS surfactant, after 15 s, the electro-
chemical gold deposition showed that gold nanoparticles
formed on both {100} and {111} planes (Fig. 15a-c) regardless of
the crystal shape, i.e., lack of selective growth was observed.
When SDS was introduced into the reaction medium, gold
nanocrystals deposition took place on all of the {100} planes
belonging to the Cu,O cubic crystals (Fig. 15d), which
confirmed that SDS did not adsorb strongly on the {100} planes.
However, no gold nanocrystals were found on octahedral Cu,O
crystals (Fig. 15e), which indicated that SDS molecules strongly
adsorbed on the {111} planes, resulting in the effective inhibi-
tion of the nucleation of gold nanocrystals. More surprisingly,
gold nanocrystals were selectively deposited only on the {100}
planes of truncated octahedral Cu,O crystals, which contained
both the {100} and the {111} planes (Fig. 15f), thus confirming
the SDS molecule preferential adsorption on the {111} planes of
the Cu,O crystal. Therefore, we can choose different surfactant
molecules to be used in combination with diverse Cu,O
morphologies in order to investigate their preferential adsorp-
tion and obtain facet-selective deposition of co-catalysts, which
will help to improve the activity and selectivity of the investi-
gated photocatalytic reactions. Even in the absence of any
reducing agents, HAuCl, can be reduced to Au nanocrystals in
the presence of Cu,O nanocrystals at room temperature; the
driving force for this in situ reduction can be explained in terms
of the standard reduction potential difference between AuCl,/
Au [0.93 V vs. the standard hydrogen electrode (SHE)] and Cu**/
Cu'* [0.15 V vs. SHE] pairs.®*> A similar galvanic displacement
reaction can also be seen for H,PdCl, and H,PtCls precursors.
During this process, a certain degree of surface etching can
occur in Cu,O crystals, which will be spontaneously covered by
newly-formed metal nanocrystals. Du et al. showed that in the
absence of any surfactants, Au nanocrystals were first selectively

This journal is © The Royal Society of Chemistry 2021
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deposited only on all tips of an octahedral shape via in situ
reduction, and then they covered the edges when using an
increased amount of a gold precursor solution. Further, an
increase of the amount of Au caused random coverage of all
facets, edges, and tips of the octahedral Cu,O nanocrystals,
indicating the loss of selective deposition. The main reason
behind the observed behavior is that different facets possess
different surface energies that follow the order as: ¥(facets) <
Y(edges) < Y(tips) Thus, the selective deposition of metal nano-
crystals on Cu,O nanocrystals with anisotropic facets can be
controlled by utilizing preferential adsorption of additives or
controlling the amount of added metal precursors under suit-
able reaction conditions. Such hybrid nanocatalysts efficiently
reduce the photogenerated electron-hole recombination, which
results in an enhanced photocatalytic reaction rate.*

3.2 Distribution of electrons and holes on different facets
upon illumination

Efficient separation of photogenerated electrons and holes is
one of the bottlenecks in achieving very high photocatalytic
activity when using a semiconductor nanocrystal.'>'"** Photo-
generated electrons should move to a reductive site to perform
the reduction reaction, whereas holes need to reach oxidative
sites to perform the oxidation reaction (Fig. 1a). For instance,
nanospheres suffer from a high electron-hole recombination
rate due to their isotropic geometry. Li et al. extensively used
surface photovoltage (SPV) techniques based on Kelvin probe
force microscopy (KPFM) and showed that the photogenerated
charges can be separated effectively in a high-symmetry Cu,O
photocatalyst by asymmetric light irradiation.”*** The holes
and electrons were transferred to the illuminated and shadow
regions, respectively, of a single photocatalytic particle. Further
investigation in this regard will be needed to identify the cata-
Iytic sites on Cu,O nanocrystals with anisotropic facets. Single-
particle single-molecule fluorescence photocatalysis could be
a suitable tool for on-site observation of interfacial chemical
reactions involving charge carriers and reactive oxygen species
(ROS), such as singlet oxygen and the hydroxyl radicals, gener-
ated by the photoexcitation of semiconductor nanocrystals.****>
Such studies confirmed that the presence of anisotropic facets
can be beneficial to obtaining efficient spatial charge separa-
tion. Using the small sized Cu,O crystals with anisotropic facets
remains a challenge. It could help to achieve a higher photo-
catalytic performance in different reactions, which results from
their increased high reactive surface area.

3.3 Optical properties

Before moving on to the photocatalytic applications, it is very
important to understand how different sizes and shapes of
Cu,O nanocrystals affect their optical properties. Diverse
synthetic strategies give us an opportunity to better understand
the existence of facet-dependent optical properties in Cu,O
nanocrystals, which is barely studied.'**'** The absorption peak
for Cu,O nanocrystals varies from 450 nm to 700 nm, depend-
ing upon the shape and size.'”® Generally, while increasing the
volume of a spherical Cu,O nanocrystal, the absorption peak
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(a) A comparison plot for the variation of volume for Cu,O octahedra and cubes with respect to their absorption peak positions.

Reproduced with permission from ref. 106, Copyright 2016 Wiley-VCH. (b) Photoluminescence spectra of different sized Cu,O RD nanocrystals.
Excitation wavelength was 380 nm. Reproduced with permission from ref. 108, Copyright 2018 American Chemical Society. (c) Color
comparison of three different shaped Cu,O nanocrystals, confirming visually observable optical facet effects. Reproduced with permission from

ref. 108, Copyright 2018 American Chemical Society.

will red-shift and broaden systematically, along with the
enhanced light scattering.'® However, surprisingly, Cu,O
nanocrystals with different facets of similar volume can have
different absorption peak positions in the same solvent, which
is a purely facet-dependent optical property.’**'* Fig. 16a
compares the absorption peak position of five different
comparable volumes of octahedral and cubic Cu,O samples in
absolute ethanol. Interestingly, nanocubes show a more
significant absorption band redshift than octahedra of similar
volumes. Moreover, the absorption band separation between
the corresponding cubes and octahedra is 13-16 nm, and is
independent of particle volume.'® This phenomenon is directly
related to the exposed crystal facet of the Cu,O nanocrystals.
The observed facet-dependent optical effect is due to a thin
Cu,O surface layer (~less than 1.5 nm) that has different band
structures and different degrees of band bending with respect to
the individual facets of Cu,0.'® The thicknesses of these
surface layers were determined through density functional
theory (DFT) calculations, which were approximately 6.2, 11.7,
and 4.5 A for the {111}, {100}, and {110} facets of Cu,O respec-
tively. For the three surface atomic layers of (111), (100), and
(110) planes, the density of state (DOS) plots resembled those of
a metal, a semimetal, and a semiconductor, respectively. Thus,
one can treat these thin surface layers of Cu,O as being
composed of different materials with different refractive
indices. As the refractive index (n) of the medium is directly
related to its dielectric constant via ¢,, = n?, a thin shell material
with a high dielectric constant causes large redshifts. Fig. 16b
present the photoluminescence spectra of three differently
sized Cu,O RD nanocrystals showing that the intensities are
highest for the smallest nanocrystal.’*® Also Cu,O nanocrystals
with three different shapes show different colors (Fig. 16¢) due
to their different band gap energy.'*® Thus, it can be concluded

5932 | J Mater. Chem. A, 2021, 9, 5915-5951

that crystal facet engineering can help to tune the band gap of
a semiconductor.

Most interestingly, these thin Cu,O surface layers exposing
the (111), (100), and (110) planes with different dielectric
constants not only influence the absorbance peak position of
pure Cu,O nanocrystals but can also cause a large redshift in
the localized surface plasmon resonance (LSPR) peak of noble
metals."**** Huang's group synthesized Au-Cu,O core-shell
nanocrystals with octahedral, cuboctahedral, and cubic
morphology with high uniformity in size using 50 nm octahe-
dral Au nanocrystals as a core, which showed a LSPR peak at
550 nm (Fig. 17a).""° The colloidal solution color gradually
changed from a dark orange color to greenish blue, while the
average particle size decreased (Fig. 17b). Surprisingly, the UV-
vis absorption spectra of the Au-Cu,O core-shell nanocubes,
cuboctahedra, and octahedra showed a fixed LSPR peak posi-
tion respectively at 752, 768, and 778 nm, though there was
a systematic change in the Cu,O shell thickness for each shape.
It should be noted that the SPR peak positions are also
dependent on the exposed surface facets of the Cu,O shell.
Despite the different shell thicknesses and overall sizes, the
LSPR peak of the Au core was more redshifted for the cubic
morphology (778 nm) than for the octahedral shape (752 nm),
whereas cuboctahedral felt in the middle (768 nm) as they both
had the {100} and {111} facets. This can be due to the different
Cu,O crystal facets having a thin surface layer with different
dielectric constants. Therefore, when a plasmonic wave propa-
gates from at the interface between the metal core and the Cu,O
shell, it sees the surface layer with different dielectric constants
and responds differently to this environmental change, shifting
the LSPR peak position accordingly. To further verify this rare
optical phenomenon, diverse types of core-shell nanocrystals
were also synthesised and studied."*""** Interestingly, different
surface oxidation states or incorporation of various amino acids

This journal is © The Royal Society of Chemistry 2021
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(a) UV-vis absorption spectra of the different sized octahedral Au nanocrystals. (b) Color comparison of different sized octahedral Au—

Cu,0O core-shell nanocrystals. UV-vis absorption spectra of the five different sized Au—Cu,O core-shell nanocrystals with (c) octahedral, (d)
cuboctahedral, and (e) cubic shape having a 50 nm octahedral Au core inside them. Reproduced with permission from ref. 110, Copyright 2014

Royal Society of Chemistry.

into the crystal lattice of Cu,O nanocrystals can also lead to
different optical and band gap energies."*>**® The unique optical
properties of such hybrid nanostructures may also be beneficial
for different photocatalytic and photothermal applications as
they strongly absorb in the whole solar spectrum.

4 Photocatalysis with well-defined
Cu,0 nanocrystals

In this section, we will discuss the proper ways of representing
common parameters that are directly related to photocatalysis.
Photocatalytic applications of well-defined hybrid Cu,O nano-
crystals have been studied for different organic reactions, H,
evolution, and CO, reduction. The photo-instability of Cu,O
nanocrystals remains a key challenge to overcome during
catalysis. Therefore, different strategies to solve this problem
have been emphasized and accompanied with a proper case
study.

4.1 Figures of merit in photocatalysis

Before starting the discussion about well-defined Cu,O
nanocrystal-mediated photocatalytic processes, it is necessary
to introduce the figures of merit commonly used to assess the
photocatalytic performance of a newly designed photocatalyst
with other reported benchmark photocatalysts. It is very
common to note that the absence of this crucial information in

This journal is © The Royal Society of Chemistry 2021

research papers makes it difficult to compare the photocatalytic
efficiency, and also reproduce it, if necessary. Therefore, careful
calculation and proper use of the most important figures of
merit in research papers should be provided in order to help the
research community in this field to facilitate the development
of a highly efficient photocatalyst for different photocatalytic
reactions.””*** In this chapter, we will cover the following
figures of merit: (a) turnover frequency, (b) specific surface area,
and (c) apparent quantum yield and solar quantum yield.

(a) Turnover frequency (TOF). TOF is a traditional figure of
merit employed in heterogeneous catalysis providing metrics
for the number of molecules produced with respect to the
amount of employed catalyst in a given chemical reaction in the
unit time. Comparison of TOF for the given photocatalytic
process can be useful for understanding how active the
designed photocatalyst is, compared to others. TOF can be
expressed as follows:

TOF (molyroquet MOleagatyst 1 time™ )

_ mol of product

MOlatlyst X time of reaction

If a hybrid photocatalyst is made of two or more different
components, it will be difficult to calculate the molar mass of
such a material. In that situation, for simplicity, molcacaryst iS
often replaced with geatalyse and the TOF will be expressed as
MOlyroduct Geatalyse - time . This formula is very often used to
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compare the performance for photocatalytic CO, reduction and
H, evolution, even if the data provide essential technical
information and do not allow a proper comparison of materials
with different surface areas."”***

If we can identify and quantify the fully exposed active sites
in a hybrid catalyst that solely carry out the catalytic reaction,
then TOF can be expressed as follows

1 .- -1
TOF(m01product m01active site time )
mol of product
mMOlycive sie X time of reaction

(b) Specific activity per surface area. Catalytic reactions
mainly occur on the exposed catalyst surface. Thus, catalytic
reaction rates (or TOF values) are directly proportional to the
available surface area of the catalyst. Therefore, the surface area
is an important parameter, which needs to be reported during
the catalytic rate measurement.

Generally, the specific surface area is defined as the total
surface area of a nanocatalyst per unit of mass. Its unit is
expressed as m® g~ ! and it must be measured before making
any comparison of the facet-dependent photocatalytic reactivity
of differently shaped nanocrystals. In a photocatalytic reaction,
the amount of differently shaped nanocatalysts must have the
same surface area in order to make a fare comparison of facet-
dependent photocatalytic reactions. This condition is not often
met, and, therefore, one must report the photocatalytic activity
normalized over the surface area, which can be termed specific
activity per surface area.’”

Specific activity per surface area

B mol of product
"~ surface area of the used catalyst x time

Such practice provides greater insight into the photocatalytic
activity of the investigated well-defined nanocrystals. If the
synthesized nanocrystals possess a highly uniform shape and
size, the surface area can be simply calculated from a particle
size distribution plot and also with respect to the geometry of
that particular nanostructure. However, if the nanocrystals are
not uniform, the specific surface area can be measured by the
adsorption-desorption isotherm adopting the Brunauer—
Emmett-Teller (BET) method. This method is a more precise
way to determine the specific surface area of a nanocrystal as
photocatalysts often have a certain degree of mesoporosity,
which may increase the final surface area of the material, but
this cannot be considered when using mere geometrical
calculation. Finally, determination of the surface area of sup-
ported nanostructure is far from being trivial.

(c) Apparent quantum yield (AQY). Generally, the quantum
yield (QY) for a photochemical reaction is defined as the
amount of reactants consumed or products formed per photon
of light absorbed by the compound responsible for product
formation.” If a specific monochromatic wavelength is used
then QY becomes AQY. It helps to understand the wavelength-
dependent photocatalytic behavior of a photocatalyst and to
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compare its efficiency with that of other materials, indepen-
dently from the adopted experimental conditions. To evaluate
it, the experiments must be carried out under different mono-
chromatic light irradiation.'” Photon flux must be always re-
ported during the demonstration of experimental procedures.

First, the reaction rate (k) needs to be expressed in (mole-
cules per s) unit for each reaction.

Then, the incident photon flux (@) can be calculated as

A
&= —H[s" m? 1
el ] (1)
where A is the wavelength of incident monochromatic light, 2z =
6.626 x 10**Js™', c =3 x 10° m s~ " is the speed of light, and H
is the light intensity of monochromatic irradiation. The AQY

can be then calculated as

molecules) k

x 100 2)

AQY? =
QY% ( photon Ax P

where A (Avogadro number) = 6.023 x 10>* mol .
Consistently, AQY must be reported with indication of the
wavelength at which it was calculated and, obviously, compar-
ison between AQY samples must be conducted at an identical
wavelength.
Similarly, the solar AQY, i.e., under full solar spectrum irra-
diation, is calculated as

x 100

Solar AQY% <molecules) k

photon T Ax [ @da

where the photon flux is obtained by applying eqn (1) to the
standard spectral solar irradiance H (ASTM G137-03 AM 1.5G)
and integrated over the whole wavelength range (280-2500 nm).

4.2 Photocatalytic organic reactions

Well-defined Cu,O nanocrystals have been employed in many
organocatalytic applications under dark conditions because of
the versatile catalytic properties of the Cu'’ oxidation
state.®>®»'?¢ In addition, Cu,O nanocrystals have also been
applied as photocatalysts for different photocatalytic processes
due to the suitable light absorption properties in the visible
region of the solar spectrum.>**** Therefore, a wide variety of
photocatalytic reactions have been studied using Cu,O nano-
crystals to understand the effect of different crystal facets.
Photocatalytic dye degradation of industrial dye pollutants such
as methyl orange (MO) and methylene blue (MB) are used as
a common probe reaction to compare the photocatalytic prop-
erties of differently exposed crystals facets for Cu,O nano-
crystals.>*>*¢1?” The rate of photocatalytic dye degradation is
directly related to two distinct properties of a semiconductor as
follows: (1) strong adsorption of the reactant molecules on the
catalytic site present in a crystal facet; (2) efficient electron-hole
separation upon exposure of light and their fast migration to
the active catalytic sites to generate radical species, which then
carry out the oxidation of the dye. From a mechanistic point of
view, photoexcited electrons reduce the surface adsorbed
molecular oxygen (O,) to form the superoxide anion radical
(‘O,7), which upon protonation generates ‘OOH, H,0,, and
hydroxyl radicals ("OH)."” These radicals may then oxidize the
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Fig. 18 (a) Band diagram and charge migration energy barriers for three shaped Cu,O nanocrystals. (b) A schematic diagram showing the

migration of photoexcited electrons and holes to the three different Cu,O crystal facets and their corresponding photocatalytic activity.
Reproduced with permission from ref. 107, Copyright 2017 Royal Society of Chemistry. (c) EPR spectra of DMPO-OH present in photoirradiated
Cu,O cubes, octahedra, and rhombic dodecahedra. Reproduced with permission from ref. 131, Copyright 2016 Wiley-VCH.

solvated MO molecules (via homogeneous catalysis). The pho-
togenerated holes can either directly oxidize the surface-
adsorbed dye molecules (via heterogeneous catalysis) or, more
frequently, react with OH™ and H,O to form the 'OH radical,
which further carries out the reaction. In addition, the complex
interfacial charge transfer between the surface adsorbed dye
molecules and the photoexcited charge carrier can also lead to
efficient dye degradation.”®"*° However, this kind of mecha-
nism is generally overlooked and needs future investigation.

Huang et al. showed that the rhombic dodecahedral Cu,O
nanocrystal has a higher photocatalytic activity than octahedral
nanocrystals, whereas the cubic morphology is completely
inactive during the photocatalytic MO degradation.***'%” It is
important to note that the amount of catalysts used in the
photocatalytic dye degradation process was normalized against
a fixed surface area, which is an important parameter allowing
us to compare the catalytic activity of different well-defined
nanostructures. The photocatalytic inactivity of Cu,O cubic
morphology suggested that photogenerated electrons and holes
experience very high energy barriers (Fig. 18a) to reach the
active catalytic sites at the exposed {100} surface.***%107127

To explain the higher photocatalytic activity of RD compared
to octahedral nanocrystals, a systematic study has been carried
out by adding electron and hole scavengers during the photo-
degradation of MO.'” The results indicated that in rhombic
dodecahedral nanocrystals bounded with {110} faces, both
photoexcited electrons and holes reach the surface active sites
more efficiently and accelerate the formation of a larger number
of active "‘OH radical species, justifying the higher photo-
degradation rate (Fig. 18b). This {110} facet showed the lowest
degree of band bending, which resulted in improved electron
and hole transport to the surface active sites. Octahedral
nanocrystals enclosed with the {111} facet had moderate band
bending, and the photoexcited electrons were able to reach the
surface active sites to produce "OH radical species, as shown in
Fig. 18b."” The photoexcited holes were blocked by the {111}
facets of octahedral nanocrystals, and they did not contribute to

This journal is © The Royal Society of Chemistry 2021

the production of "OH radicals. The presence of a lower amount
of active "OH radical species in the reaction medium was the
main reason for the lower photocatalytic activity of octahedral
nanocrystals, compared to the rhombic dodecahedral nano-
crystals. To further verify this fact, the spin trapping agent 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) was introduced into
a solution containing three differently shaped Cu,O nano-
crystals, and the electron paramagnetic resonance (EPR) spectra
were recorded after the irradiation of light in the presence of
oxygen.”" As shown in Fig. 18c, rhombic dodecahedral nano-
crystals produced stronger EPR signals than octahedral nano-
crystals, which supported the formation of a higher number of
‘OH radicals in the presence of rhombic dodecahedral nano-
crystals, as discussed above.'* Most interestingly, photoexcita-
tion of cubic nanocrystals produced no EPR signals, justifying
their photocatalytic inactivity. This study strongly demonstrated
that the photocatalytic activity of a semiconductor material can
be tuned by controlling the exposed facet of a nanocrystal. Most
surprisingly, a recent study demonstrated that a dense decora-
tion of 4-ethynylaniline around the cubic Cu,O nanocrystals
altered its band gap and modified the charge carrier transport
mechanism through the {100} facet, which led to an enhanced
activity.” Therefore, the surface-bound ligands can have
a profound impact on the photocatalytic activity of a semi-
conductor nanocrystal. The photocatalytic dye degradation
efficiency of pristine Cu,O nanocrystals has further been
improved by forming heterostructures.****** Among them, Cu,O
nanocrystals decorated with Au, TiO,, and ZnO nanocrystals are
the most widely studied solutions. Such hybrid architectures
have also been employed to investigate their peroxidase-like
activities toward photocatalytic decomposition of different
bacteria under visible light illumination.*****> All these strate-
gies reduce the photogenerated electron and hole recombina-
tion rate and therefore enhance the photocatalytic MO
degradation rate by forming a higher number of ‘OH radicals in
the reaction medium. The application of highly oxidizing ‘OH
radicals can be further extended to other industrially important

J. Mater. Chem. A, 2021, 9, 5915-5951 | 5935


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ta10181h

Open Access Article. Published on 15 February 2021. Downloaded on 7/28/2025 10:59:33 AM.

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

(cc)

Journal of Materials Chemistry A

Cu,0O

a

Pd2 2Cu?
galvanic i
exchange
b
=
No product

N; N
S
O‘b

WO

G CB

uv

Nb,Os or TiO,

Fig. 19

View Article Online

Review

Cu,O/Pd

el
/
=
Ny
Photo-click n=N
reactiob)\/n
) b

0O,

(a) Scheme of the synthesis of the Cu,O—-Pd hybrid photocatalyst for tandem hydrodehalogenation. Reproduced with permission from

ref. 148, Copyright 2014, American Chemical Society. (b) Tandem photocatalytic click reaction over the semiconductor—CuO nanohybrid.
Reproduced with permission from ref. 149, Copyright 2016 American Chemical Society.

reactions such as photocatalytic alcohol oxidations or alkene
epoxidations.***” Thus, well-defined and cheap Cu,O nano-
crystals can show product selectivity in such reactions that need
to be studied in the future.

Furthermore, different hybrid nanocatalysts have been
developed to provide enhanced activity and stability toward
tandem photocatalytic catalytic reactions.'***** Knecht et al.
deposited Pd nanocrystals on micron sized cubic Cu,O nano-
crystals via a galvanic displacement reaction where surface Cu*
ions became oxidized to Cu®* ions and Pd*" ions were simul-
taneously reduced to Pd° nanocrystals.’*® Overnight, the
galvanic displacement reaction led to the deformation of the
surface {100} planes, followed by the formation of a minor
amount of CuO and Cu species at the surface of Cu,O nano-
crystals. The obtained Cu,O-Pd hybrid nanostructures were
then employed in a light-driven tandem hydrodechlorination
reaction (Fig. 19a). In this process, first, the Cu,O compartment
produced H, via a photocatalytic water splitting reaction, while
in the second step, in situ produced H, was activated by the Pd
compartment, where a hydrodechlorination reaction was able
to proceed. Conversion of 3-chlorobiphenyl to nontoxic
biphenyl in the presence of light is highly important for both

5936 | J Mater. Chem. A, 2021, 9, 5915-5951

organic synthesis and environmental pollution control. No
product was obtained when individual Cu,O nanocubes and Pd
nanoparticles were used, suggesting the synergistic effect due to
the coupling of these two materials. Decoration of Pd nano-
crystals on the cubic Cu,O nanocrystals reduced the electron-
hole recombination as the photoexcited electrons were trans-
ferred from the conduction band of the Cu,O nanocrystals to
the Fermi level of the Pd metal. It is interesting to note that the
electron transfer becomes possible through the Cu,O {100}
plane to Pd nanocrystals due to the deformation in the exposed
crystal plane and change in the surface chemical composition,
as stated above.

Most surprisingly, Scaiano et al. further extended the
concept of heterostructure by decorating CuO, nanoclusters on
TiO, or Nb,O5 semiconductors whose band gaps fall within the
3-3.5 eV range." These hybrid nanostructures have been used
as efficient catalysts for photocatalytic click reactions, especially
Huisgen cycloaddition of azides and terminal alkynes to form
triazoles, which has many pharmaceutical applications.?” The
click reaction was mainly catalyzed by a Cu'" oxidation state,
not by Cu®*. Therefore, when UV-light impinged the TiO, or
Nb,Os semiconductors, both of them (Fig. 19b) promoted

This journal is © The Royal Society of Chemistry 2021
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avalence band electron to the conduction band, which was then
trapped by surface CuO, nanoclusters, thus increasing the
photoexcited electron-hole separation. After accumulating
electrons, CuO, nanoclusters underwent in situ reduction,
yielding a Cu'" oxidation state, which then efficiently catalysed
the click reaction. Once the reaction was completed, the Cu'*
oxidation state was regenerated back to a Cu®" state in the
presence of oxygen, demonstrating a reversible regeneration of
the photocatalyst. Thus, it can be concluded that a suitable
support plays an important role in achieving a high photo-
catalytic activity and stability of the material during the course
of reaction.*”

Recently cubic Cu,O nanocrystals were grown on layered
molybdenum disulfide (MoS,) and graphene hybrids, which
then were used as photocatalysts for a C-C bond formation
reaction by oxidative coupling in the presence of oxygen (O,).***
In this case, a question arose: how photoexcited electrons and
holes are able to pass via the {100} crystal plane of Cu,O
nanocubes? It is due to the deformation of the {100} crystal
plane during the course of the reaction as previously illustrated
in Fig. 19a. The Cu,0 nanocubes present in the hybrid nano-
composite have hollow structures and other distorted shapes in
minor concentrations. In addition, a longer reaction time, in
the presence of O,, can produce the leaching of Cu'" ions from
the surface and also considerable changes in the chemical
composition and atomic orientation of the {100} crystal plane,
which create this discrepancy. Therefore, researchers must
address these crucial points before claiming that Cu,O nano-
cubes are a highly active photocatalyst for different reac-
tions.*®**% A recent study showed that when Cu,O nanocrystals
with truncated nanocube morphology were used for the pho-
tocatalytic Sonogashira reaction in the presence of the K,CO;
and CO, atmosphere, a CuO layer was formed in the exposed
crystal surface.’®® Another fascinating hybrid photocatalyst
where the Cu,O nanocube was decorated with SnO, nano-
particles showed a unique post-illumination photocatalytic
“memory” effect, which means it can still be catalytically active
in the dark after the illumination was switched off for a certain
period of time.™* This “memory effect” was possible due to the
presence of reversible chemical states (Sn>* vs. Sn**) in SnO,. In
this section, we have discussed common Cu,O photocatalysed
organic reactions like dye degradation, click reaction, alcohol
oxidation and epoxidation reaction, which are important for
environmental applications and industrial organic synthesis.
Notably, the application of Cu,O in organic solvents remains of
great interest due to the superior chemical and photostability of
Cu,0 in these media. In the following sections we will turn our
attention to photocatalytic reactions that may enable a sustain-
able energy transition such as H, evolution and CO, reduction
reaction.

4.3 Photocatalytic H, evolution reaction

Hybrid Cu,O-based nanocrystals are widely investigated for
photocatalytic hydrogen evolution.'*>*** In most literature
reports, H, evolution is expressed by pmol geacatyse + ™ '. As we
know catalytic reactions take place mainly on the catalyst

This journal is © The Royal Society of Chemistry 2021
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surface; therefore, it would be more correct to report H,
evolution rates after normalization with surface area i.e. umol
m~>h™"in addition to pmol geacaryse - h~ " unit. Such a complete
picture will be more useful for comparing the H, evolution rate
with those of other catalysts. However, in reality, there is an
almost negligible number of articles that report the H,
production for powder photocatalysts in terms of the surface
area. In the future, it is recommended to apply such practice
during the demonstration of H, evolution experiments. Simi-
larly, it is also applicable for photocatalytic CO, reduction
reactions, which will be discussed in the following Section 4.4.

Lee et al. showed that Cu,O rhombic dodecahedral nano-
crystals have higher photocatalytic activity than octahedral
shapes whereas cubes are completely inactive for the water
splitting reaction (Fig. 20a).'*> However, RD nanocrystals lost
their photocatalytic activity after 24 h of the photocatalytic
reaction in pure water (Fig. 20b). A SEM image of these three
different morphologies (Fig. 20c-e) proved the different struc-
ture distortion as a consequence of the photocatalytic activity.
The RD morphology showed the highest degree of surface
distortion and, after use, the highest density of thorns. These
thorns are made of CuO as confirmed by XPS (Fig. 20f) and XRD.
The presence of any sacrificial reagent is essential to consuming
the generated photoexcited holes, with the nature and
concentration of these or sacrificial electron donor being rele-
vant for the final performance. In the absence of these sacrificial
agents, RD Cu,O nanocrystals are not able to oxidize water to
oxygen; instead, they oxidize Cu,O to CuO, producing these
thorns. While the amount of CuO in the system increases, there
is a change in the chemical composition and in the light
absorbing properties with a progressive and dramatic decrease
in the photocatalytic hydrogen evolution.'® This observation is
very important to understand the photocorrosion properties of
Cu,0, which is its weakest point. Increasing the photostability
remains a big challenge for the development of low cost effi-
cient photocatalysts for solar to fuel conversion. Different
strategies for overcoming the stability issue in Cu,O systems
have been developed, and will be discussed as follows.

The first strategy consists of the uniform ultrathin coating of
the Cu,O nanocrystals with a conducting and transparent layer,
which allows both electron and hole transfer to its surface active
sites, thus minimizing the direct contact between the Cu,O
surface and water while keeping the same photocatalytic
activity.'®* Generally, this strategy is more common for Cu,O
based photoelectrode constructions where atomic layer depo-
sition helps to achieve this conformal coating.'”*** One of such
attempts is shown in Fig. 20g, where Cu,O RD nanocrystals were
uniformly coated with a TiIrO, surface passivation layer (x < 2)
with a thickness of 20 nm (inset Fig. 20g). Such a layer may
consist of a TiO, layer and IrO, ultrasmall nanocrystals.'** The
overall water splitting was achieved with a H, : O, ratio of 2.13
from the TilrO, layer coated Cu,O RD (Fig. 20i) nanocrystals.
The H, production rate was comparable with that of pure
rhombic dodecahedral Cu,O, indicating efficient transfer of
electrons to its surface active sites. In the same way, IrO, facil-
itated hole separation, thus preventing self-photocorrosion of
Cu,O0, while enabling water oxidation to produce oxygen. Such

J. Mater. Chem. A, 2021, 9, 5915-5951 | 5937
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techniques also stabilized the shape and morphology of the
Cu,0 nanocrystals (Fig. 20h) for a longer time during the pho-
tocatalytic overall water splitting reaction with a moderate
decrease in the catalytic efficiency (Fig. 20i). Further investiga-
tion will be needed to find more efficient materials which will be
easy to deposit and can have a profound impact on the photo-
catalytic efficiency of the Cu,O nanocrystals with enhanced
photostability.

5938 | J Mater. Chem. A, 2021, 9, 5915-595]

The second strategy includes the introduction of suitable hole
scavengers in the reaction medium. The hole scavengers are
efficiently oxidized by the photogenerated holes in Cu,O
nanocrystals, which in turn prevents the self-photooxidation
process. An interesting study showed that when no hole scav-
engers were added and Cu,O nanocubes were exposed to pure
water in the presence of air and light for a certain period of
time, an overall destruction of morphology occurred, as shown

This journal is © The Royal Society of Chemistry 2021
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in Fig. 20j."** The XPS analysis confirmed the Cu,O self-
photooxidation by holes with the formation of CuO and
Cu(OH), species (Fig. 20k). Most surprisingly, when ethanol was
introduced as a hole scavenger into the system, under the same
photocatalytic conditions, the morphology and chemical
composition remained almost unchanged (Fig. 201 and m). Due
to the favorable redox potential of Na,SO3, it acts as a more
effective hole scavenger than ethanol, resulting in a high pho-
tocatalytic hydrogen evolution rate in the presence of Cu,O
nanocrystals with considerable photostability.**

The third strategy is the successful establishment of a Z-
scheme mechanism that efficiently neutralizes the photo-
generated hole accumulation in Cu,O, thus preventing its
photooxidation.****”* The Liu group developed a hybrid photo-
catalyst where 2 nm Cu,O nanocrystals were uniformly photo-
deposited on oxygen vacancy containing 101-faceted octahedral
TiO, nanocrystals (referred to as Cu,0/T1-Vo; Fig. 21a and b)."”
Under AM 1.5G irradiation, this hybrid catalyst showed
32.6 mmol g ' h™' hydrogen production rate from 10 vol%
aqueous methanol solution, which is still the highest reported
rate for Cu,O/TiO, hybrid systems to date (Fig. 21c). It also
ensured high photostability over the long-term recyclable
experiments (Fig. 21d). No oxidized CuO species were detected
in the recycled photocatalyst, which confirmed the efficient
neutralization of holes in the Cu,O counterpart via a successful
Z-scheme mechanism, as shown in Fig. 21le. An optimum
number of surface defects and homogenous distribution of
2 nm Cu,O nanoclusters, along with 101-faceted TiO, octa-
hedra, acted synergistically, which resulted in high photo-
activity and enhanced photostability of Cu,O nanoclusters.
Based on these findings, further development will be needed to
obtain a highly efficient, low cost and stable Cu,O-based pho-
tocatalyst for solar H, production.

This journal is © The Royal Society of Chemistry 2021

The fourth strategy is the modification of the Cu,O nano-
crystal surface by carbon-based materials.'®>'717417%18¢ Carbon
quantum dots (CQDs),**® nanodiamonds (NDs),'*® reduced
graphene oxide (rGO),"® and nitrogen-doped carbons'* are
widely used to enhance the photocatalytic activity and photo-
stability of Cu,O nanocrystals. Yang et al. showed that the
decoration of 50 nm spherical Cu,O nanocrystals with 3 nm
NDs enabled a H, production rate of 1597 pmol g~ * h™* under
simulated solar light irradiation (AM 1.5G, 100 mW cm 2, 1
Sun) with a solar-to-hydrogen conversion efficiency of 0.85%."%
This composite also showed considerable photocatalytic
stability. Due to the highly conductive nature of ND and its
strong light absorbing properties from UV to NIR regions, the
photoexcited electrons from the ND surface were efficiently
injected into the Cu,O and simultaneously, the photogenerated
holes from Cu,O were injected to ND. The excess holes on the
ND surface carried out the photooxidation of ethanol, whereas
the excess electrons in Cu,O carried out the photoreduction of
H" to H,. Such effective separation and consumption of
photoexcited electrons and holes were the main reasons for the
enhanced photostability of ND decorated Cu,O hybrid systems.
In another study, glucose was used as the carbon precursor to
form a protective 20 nm thick carbon layer coated on a Cu,O
nanowire, which resulted in enhanced photostability and water
splitting performance.”® The photoexcited electrons were easily
transported to the reaction medium via this carbon layer,
whereas, because of its hydrophobic nature, it protected Cu,O
from H,0. However, organic molecules such as ethanol or
methanol make their passage to the Cu,O surface through this
carbon layer where they become easily oxidized by photo-
generated holes, resulting in enhanced photostability. Such an
approach is highly cost-effective and easily scalable; the only
thing that needs to be taken into account is how to achieve the
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Comparison of photocatalytic H, evolution over different HNCs. Reproduced with permission from ref. 176, Copyright 2016 American Chemical
Society. (c) An overall schematic diagram of a hot-dog like Au nanorod@Cu,O@TiO, heteronanostructure with comparison to hydrogen
production activity. Reproduced with permission from ref. 177, Copyright 2017 Elsevier.

optimum thickness of the carbon layer on the Cu,O
nanocrystals.

A fifth strategy foresees the formation of heterostructures
with plasmonic nanocrystals including sharp vertices and
edges.””>"”® In this regard, the Han group used hexoctahedral
(HOH) Au nanocrystals enclosed by 48 triangular high-index
{321} facets as plasmonic antenna and selective overgrowth of
Cu,O (reactive site) was achieved on the vertices of the HOH Au
NCs with the help of facet-selective adsorption behavior of PVP
surfactant (Fig. 22a)."”® Such hetero-nanocrystals showed
a higher photocatalytic H, production rate than core-shell
nanostructures (Fig. 22b). Such an enhanced rate for Auyerex—
Cu,O HNCs could be attributed to the LSPR-induced hot elec-
tron transfer from HOH Au nanocrystals to Cu,O. FDTD simu-
lations confirmed that strong electromagnetic field
enhancements were mainly localized at the vertices of HNCs
where Cu,O nanoclusters were present, and efficient hot elec-
tron transfer took place, facilitating the proton reduction
process. Due to the formation of a suitable Schottky junction
between the Au and Cu,O, the photogenerated holes from the
Cu,O nanoclusters efficiently migrated to Au nanocrystals
where methanol scavenged the holes due to the availability of
the exposed Au surfaces in Auyerex—Cu,O HNCs.'”® These kinds
of HNCs also contribute to increasing the photostability of
Cu,O. Different exotic structures such as hot-dog like Au
nanorod@Cu,O@TiO, (Fig. 22¢) nanocrystals and other hybrid

5940 | J Mater. Chem. A, 2021, 9, 5915-5951

systems showed enhanced photocatalytic activity with increased
photostability‘177,178,1877189

Finally, the sixth strategy is based on the careful selection of
reagents used during the photocatalytic process. As we have
discussed earlier in Section 2.3, the presence of HCl, NH;, or
other strong bases such as S~ or S,05>~ anions, and dissolved
0,, can seriously cause distortion or etching of the Cu,O
nanocrystals. Therefore, they should be avoided along with the
use of short reaction times and low temperatures in order to
increase the photostability of Cu,O nanocrystals. Dang et al.
recently showed that in the presence of Na,SO; as a hole scav-
enger, Cu,O@Cu,S, core@shell nanocubes showed efficient
photocatalytic hydrogen production with enhanced photo-
stability.”® To summarize, studies of different hybrid photo-
catalysts and their electron transfer mechanisms provide
a fundamental understanding of how to enhance the photo-
catalytic efficiency and photostability of Cu,O by suppressing its
self-photooxidation under light illumination.

4.4 Photocatalytic CO, reduction reaction

The photocatalytic reduction of CO, with H,O to solar fuels is
considered an artificial photosynthesis reaction. It attracted
huge attention due to the recent global warming problems, and
motivated the attempt to reduce our dependence on fossil
fuels.****** Using water as the source of H, instead of pure H,
gas during this photoreduction process is the most desirable

This journal is © The Royal Society of Chemistry 2021
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(a) Role of carbon residues in the catalyst: DRIFT spectra showing the distribution of products under different photoreduction conditions.

Reproduced with permission from ref. 12, Copyright 2010 American Chemical Society. (b) Different binding mode of CO,"" radicals on the
catalytic site. Reproduced with permission from ref. 190, Copyright 2019 American Chemical Society.

and challenging task. If we can develop such an energy-efficient
system, it may be the most sustainable and environmentally
green process to complete the carbon cycle.****** Major diffi-
culties associated with this photoreduction process are the
complex reaction mechanism, which involves different modes
of adsorption of CO, molecules on the catalyst surface and the
multi electron-multi protonation coupling-decoupling steps
with high activation energy barriers for different intermedi-
ates. These reaction steps make this reaction photocatalyti-
cally less efficient and also lead to generation of a wide variety of
products such as CO, CH3;OH, HCHO, HCOOH, and CH,
(generally termed C1 products). Complex in situ C-C coupling
and further modification of C1 products generate compounds
with two carbons (C2 products) such as C,Hg, C,H,, CH3CH,-
OH, CH;CHO, and CH;COOH."* " Due to the high activation
energy barrier, C2 products are more difficult to form, as
compared to C1 products, during the photocatalytic reduction
reaction. However, C2 products are of higher importance in the
fields of chemical, fuel, and polymer industries. Further
coupling of C1 and C2 products can lead to the formation of C3
products, which is rarely formed via a photocatalysed reaction
over Cu-based catalysts, but it can be achieved via an electro-
reduction reaction.'?* Therefore, a better understanding of
the reaction mechanism is necessary in order to improve the
product selectivity along with achieving high conversion rates.
In this regard, Mul et al. showed that photocatalysts prepared
with high molecular weight carbon containing precursors or
solvents were contaminated with small quantities of carbon
residues even after high temperature calcination.”” These
carbon impurities have a profound impact on the photocatalytic
water activation and CO, reduction reaction. Fig. 23a shows in
situ DRIFT spectra of the cuprous oxide/TiO, catalyst after
80 min of photoirradiation under different gaseous atmo-
spheres. When isotopically labeled *CO, and H,O were used,
the ratio CO : >CO was surprisingly 6 : 1, which indicated

This journal is © The Royal Society of Chemistry 2021

that the carbon residues on the catalyst surface were involved in
the reactions with **CO and H,O molecules in the presence of
light, and produced "*>CO in excess. This is not coming from the
artificial photosynthesis reaction, as shown in the following
equation:

13CO2 + 12C N 13CO + 12CO (3)

H,O + '°C — '2CO + H, (4)

Many recent studies report a high activity with product
selectivity for different photocatalysts. Nevertheless, in the
future, authors should pay extra attention, before publishing
their data, to ruling out any overestimation of the reaction rate
coming from carbon contamination present in the photo-
catalyst surface. This overestimation can be caught by simply
carrying out a blank photocatalytic test in the absence of CO,
but in the presence of H,0." In addition, photoreduction
should also need to be carried out using isotope labeled *CO,
for further confirmation of the product selectivity and reaction
rate. And lastly, it is also necessary to follow the previously
described surfactant removal steps (Section 2.3) during the
synthesis of the photocatalyst in order to get rid of any
unwanted carbon contamination.

The photoreduction of CO, with H,O to these products is
a thermodynamically uphill conversion with a positive Gibbs
free energy, AG, which makes it difficult to proceed at room
temperature and without any supply of high external energies.
Therefore, it is of great importance to develop efficient
semiconductor-based photocatalysts to achieve a desirable
photocatalytic conversion rate with high product selectivity.
Different ways have been considered to modify these semi-
conductors by the fine tuning of the band gap, morphology, and
size, and with addition of suitable co-catalysts.*****®* Under
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Fig. 24 Crystal structures of three low-index surface planes of Cu,O in their most stable configuration along with different binding modes of
CO, molecules and corresponding adsorption energy: (al) {111}, (b1) {001}, and (c1) {110}. Black and green spheres represent carbon and oxygen
atoms in a CO, molecule. Reproduced with permission from ref. 204, Copyright 2016 American Institute of Physics.

suitable light illumination, photoexcited electrons present on
the reduction site in a hybrid catalyst typically reduce CO, to
solar fuels, whereas the photoexcited holes present on oxidation
sites react with water to produce O,. The determination of
a precise mass balance between reagents and products is
a critical tool to understand the mechanism of reaction and the
intermediates forming over Cu,O photocatalysts. The formation
of O,, during CO, photoreduction in the presence of H,O,
represents the first of many redox steps, which ultimately result
in H,, CO, CH,, CH;0H, or multi-carbon products. The quan-
tification of O, therefore may be useful to understand the
reaction mechanism, but should be supported by a precise
quantification of reaction intermediates/products and by
isotopic labelling experiments, which are crucial to unveil the
origin of atomic building blocks forming the final molecular
products. For an optimum performance, the CB position of the
hybrid catalyst must be much higher than the proton-assisted
multielectron reduction potentials of CO, to different prod-
ucts, whereas the VB edge must be much more positive than the
water oxidation potential (Fig. 2).****** Apart from optimum
control of the semiconductor band gap and energy alignment,
a right choice of the co-catalyst is also necessary for enhancing
the adsorption and activation of CO, molecules on the active
sites, which in turn accelerates the photoreduction of CO, with
high product selectivity."*® As shown in Fig. 2, the photoreduc-
tion of CO, to the CO," ™~ radical has a large reduction potential
(—1.49 V versus NHE, pH = 0) and also its geometry changes
from linear to a bent shape; an increase in steric hindrance will
make this preliminary one electron reduction step highly
unfavorable. The formation of a destabilized bent CO," " radical
is the most important step for initiating multistep photore-
duction of CO, and it can be stabilized on the surface active
sites via three different coordination modes, as shown in
Fig. 23b.*" Different chemical compositions, morphologies,
electronic band structures, and the exposed crystal planes have

5942 | J Mater. Chem. A, 2021, 9, 5915-5951

a significant impact on these different kinds of coordination
modes, which in turn have a direct effect on the CO, photore-
duction rate and product selectivity. Extensive theoretical work
by the Carter group shows that Cu,O is a promising photo-
catalyst for photoconversion of CO, to methanol.>**** Leeuw
et al. performed in-depth DFT calculations for different binding
modes of CO, molecules on three low-index Cu,O crystal planes
and their corresponding adsorption energy.*** As shown in
Fig. 24, the Cu,O (110) : Cu-O crystal plane shows the strongest
chemisorption of the CO, molecule, releasing ~170 kJ mol
energy, which supports the formation of the bent CO," ™ radical
most efficiently. On the other hand, the Cu,O (111) : O surface
shows the weakest adsorption, and, therefore, the CO, molecule
remains linear.>”* The activation of the CO, molecule is directly
proportional to the adsorption energy. The more negative is the
adsorption energy of a CO, molecule on a particular facet of the
Cu,O nanocrystal, the more favorite will be the formation of the
bent CO,"~ radical anion. These different adsorption energies
and their conformation can directly influence the reaction rate
and product selectivity.

Cubic, octahedral, and rhombic dodecahedral Cu,O crystals
decorated with reduced graphene oxide (rGO) nanosheets were
recently synthesized, and their photoreduction of CO, in
aqueous solution was compared.>® It is interesting to note that
all of these hybrid photocatalysts exclusively produced CH;OH,
and other possible products such as HCHO and HCOOH were
not detected in the system. The methanol production rate fol-
lowed the order: cube-Cu,O/rGO < octahedral-Cu,O/rGO <
rhombic dodecahedral-Cu,O/rGO. Considering Fig. 18 and 24,
the highest photo-conversion of CO, to MeOH for RD could be
explained by: (1) an improved accumulation of photoexcited
electrons on the {110} surface and (2) facilitated formation of
the bent CO,’~ radical anion. Wrapping with rGO provided
higher stability for the Cu,O nanocrystals during the course of
the reaction and also better electron-hole separation. Recently,

This journal is © The Royal Society of Chemistry 2021
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Fig. 25 TEM images of (a) ZnO spheres, (b) Cu,O nanocubes, (c) ZnO-Cu,O hybrid nanoparticles, (d) HRTEM, (e) STEM image, and (f) elemental
map of an individual ZnO-Cu,O nanoparticle. (g) Comparison of photoreduction of CO, using the three different catalysts. (h) Band alignment
and proposed electron transfer mechanism of the ZnO-Cu,O hybrid catalyst. Reproduced with permission from ref. 211, Copyright 2017

Springer Nature.

Rajh et al. used in-depth characterization techniques such as
correlated scanning fluorescence X-ray microscopy, EPR, and
environmental TEM at atmospheric pressure to prove that the
(110) facet of Cu,O was more active in the photoreduction of
CO, with H,O to methanol, while the (100) facet was inert
during this process.”*® Methanol was produced exclusively as
the main product, which could be correlated with the fast
desorption of methanol from the (110) facet. No other oxidized
products such as HCHO and HCOOH were found in the system.
This further emphasizes that the facet-dependent photoreduc-
tion of CO, requires precise control of the shape and size of the
nanocrystal to achieve a high photoreduction rate and product
selectivity, even more than in the case of H, production.

In addition to pristine Cu,O nanocrystals, different hybrid
systems have also been developed in order to enhance their
better charge separation and product selectivity during the
photoreduction of CO,.'****">'* A novel carbon quantum dot
(CQD) decorated Cu,O heterostructure was synthesized via
a one-pot procedure, where ~5 nm CQDs were homogeneously
decorated on the surface of an ~2 um spherical crystalline Cu,O

This journal is © The Royal Society of Chemistry 2021

particle.'®*® This hybrid nanostructure showed strong absorption
in the complete solar spectrum range with a band gap 1.96 eV,
much lower than that of pure bulk Cu,O (2.2 eV). The photo-
excited electrons in the Cu,O microsphere selectively reduced
CO, into CH30H, whereas the holes were transferred to CQDs
and oxidized H,O to O,. Thus, the CQD co-catalyst enhanced
both the photocatalytic performance and the stability of Cu,O
microspheres. Recently, 4.4 nm Cu,O nanocrystals supported
on defective graphene were used as an efficient photocatalyst
for gas-phase methanation of CO, in the presence of H, at high
temperature, also known as the Sabatier reaction.**” This hybrid
photocatalyst showed exclusive CH, production with an AQY at
250 °C of 7.84% in the 250-360 nm wavelength range. In the
third cycle of the reaction, the photocatalytic activity decreased
significantly because of the complete conversion of Cu,0O-gra-
phene to Cu-graphene. This conversion was not probably due to
the photocatalytic process itself but it was related to the high
temperature reductive environment. Doping has also been used
as an important tool to tune the band gap of a semiconductor
and to enhance the photocatalytic performance and product
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Reproduced with permission from ref. 214, Copyright 2020 Wiley-VCH.

selectivity. For instance, Cl-doping of Cu,O nanorods has been
used to shift the band structure of Cu,O to a more positive
valence-band position, which facilitates water oxidation.>*® The
Cl-doped Cu,O nanorods showed excellent photoreduction of
CO, in the presence of H,O under visible-light irradiation with
selective formation of CO.

Another possible way to increase the photoreduction
performance of cuprous oxide is the suitable formation of Z
scheme-based hybrids by coupling the p-type Cu,O semi-
conductor with n-type wide bandgap semiconductors such as
TiO,, ZnO and W,;50,,.2'%?'"219222 precise control of the
morphology and size can efficiently increase the photoreduc-
tion rate and product selectivity. A Z-scheme heterojunction can
limit the issue of recombination of the charge carriers,
improving the stability of the photocatalyst.

Grela et al. used octahedral Cu,O microcrystals and deco-
rated their 8 {111} crystal planes with TiO, nanocrystals
uniformly.”*® When this octahedral Cu,O-TiO, hybrid photo-
catalyst was irradiated with UV-visible light (A = 305 nm) in the
presence of water vapor and CO,, the photoreduction reaction

5944 | J Mater. Chem. A, 2021, 9, 5915-5951

proceeded with selective formation of CO. The role of carbon
contamination in the catalyst surface was not properly investi-
gated in this study. In addition to this, the octahedral Cu,O-
TiO, hybrid system also showed enhanced photo-stability in
comparison with pure Cu,O, which was due to the efficient
transfer of photoexcited CB electrons to the photoexcited VB
holes of Cu,O. Thus, TiO, also protected Cu,O from photo-
corrosion during the course of reaction. These results provided
direct evidence of an efficient Z-scheme, which was further
confirmed by an in situ analysis of the photocatalyst using XPS
and EPR techniques. In addition, Song et al. also developed
a hybrid photocatalyst where 40 nm ZnO nanospheres were
decorated with multiple 18 nm cubic Cu,O nanocrystals, as
shown in Fig. 25c¢.>"* These ZnO-Cu,O hybrid photocatalysts
showed a selective CH, formation with an estimated quantum
efficiency (QE) of 1.5% using the 200 to 540 nm wavelength
region. A synergistic charge transfer between the ZnO and Cu,O
counterparts led to an enhanced CO, photoreduction rate
(Fig. 25g). To understand the enhanced photocatalytic activity,
an identical reaction performed under visible light (UV cutoff

This journal is © The Royal Society of Chemistry 2021
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filter A > 420 nm) was performed, and a negligible amount of
CH, was obtained. When the cutoff filter was removed, the
formation rate for CH, was similar to that observed for the
original reaction, which proved that the operational Z-scheme
mechanism under UV-visible light illumination (as shown in
Fig. 25h) had caused the hybrid photocatalyst to outperform its
individual components. More diverse combinations of hybrid
catalysts with different shapes and sizes need to be developed so
that they can operate via the Z-scheme mechanism, thus
improving the photostability of the Cu,O counterpart with
enhanced photoreduction rate and product selectivity. Chen
et al. used a simple self-assembly strategy to decorate Tiz;C, QDs
onto Cu,O nanowires to achieve selective formation of meth-
anol.””* The photoexcited CB electrons of Cu,O were readily
transferred to the attached Ti;C, QDs, as the latter is a highly
conductive material having a Er less negative than the CB of
Cu,0, which enhances the charge separation. Similarly, as the
Er of TizC, QD is more negative than the redox potential of CO,
to methanol, the accumulated electrons efficiently performed
the photoreduction reaction.

This journal is © The Royal Society of Chemistry 2021

Apart from the Z-scheme mechanism, the construction of
hybrid ‘antenna-reactor’ photocatalysts also attracted huge
attraction due to their enhanced photocatalytic performance
compared to their individual components.'>>*'3?14223 n this
system, generally plasmonic materials (such as Au, Ag, Cu, TiN,
and Al) act as an ‘antenna’, which mainly absorbs the light and
generates hot electrons (and eventually heat). These hot elec-
trons are then transferred to the ‘reactor’ site (usually formed by
transition metals such as Pt, Pd, Rh, Ru), which is mostly
responsible for performing the photocatalytic reaction.

Halas et al. developed a Al-Cu,O core-shell hybrid photo-
catalyst where Al was used as a low cost and earth abundant
plasmonic core, while the polycrystalline Cu,O shell acted as
a catalyst for the reverse water-gas shift (rWGS) reaction (CO, +
H, < CO + H,0).*” Interestingly, at higher illumination
intensities, the Al-Cu,O core-shell hybrid photocatalyst showed
a much higher CO formation rate than the individual Cu,O and
the Al counterparts. Most surprisingly, under a light driven
rWGS reaction, a highly selective formation of CO took place,
whereas a purely thermal-driven reaction lost the product
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selectivity as both CH, and CO were found in the product
mixture. Zhang et al. used a three hetero-compartment hybrid
photocatalytic system where the Cu,O hemisphere selectively
covered the CdSe part of a plasmonic Au/CdSe nanodumbbell,
as shown in Fig. 26a-c.”** It is interesting to note that the use of
PEG, methyl ether, and hydrazine as reducing agents led to the
formation of these exotic kinds of hybrid nanostructures.
Fig. 26d demonstrates that when the photoreduction of CO, was
carried out in a mixed organic solvent (CH;CN : TEOA = 9: 1)
without adding any water under visible light illumination, the
Au/CdSe nanodumbbell generated only H, without any detect-
able CO or CH,. The protons for hydrogen production might
come from a trace of water in CH;CN. However, when Cu,O fully
covered the CdSe hemisphere, a 100% CO selectivity was found
without any H,. The addition of different amounts of H,O to the
catalytic system systematically increased the production of both
CO and CH, (Fig. 26d). The addition of H,O to the mixture of
the CH;CN and TEOA solvents catalyzed the formation of CH, (a
8e”/8H' pathway) and CO (a 2e /2H" pathway), by providing
more protons and electrons into the reaction mixture. The exact
electron transfer mechanism for this enhanced photocatalytic
preformation is still under investigation.

As discussed above, hydrogen evolution appears as
a competitive reduction reaction during the photoreduction of
CO,. Thus, is it necessary to suppress the H, evolution so that
we can use the photoexcited electrons more efficiently for the
generation of other liquid or gaseous carbon-based solar fuels.
The most studied TiO, (Degussa P25), loaded with Pt, leads to
hydrogen evolution during the photoreduction of CO, in the
presence of water, with small fractions of CO and CH,.**
Interestingly, Wang and his co-workers found that when a Cu,O
shell was selectively photodeposited on the Pt nanocrystals, it
enhanced the production of CH, and CO over H, (Fig. 27a). By
systematically increasing the Cu content in the catalyst, the
selectivity for CO, reduction increased from 30% to 85%
(Fig. 27b). As no high-molecular-weight organic surfactant or
solvent was used during the photodeposition process, no
carbon contamination was detected on the surface of the final
catalyst, and the product selectivity purely came from the pho-
tocatalytic conversion of CO,."

Inspired by this work, Yan's group demonstrated a facet-
dependent Schottky heterojunction by coupling a BiVO, trun-
cated octahedron with a hemispherical Au@Cu,O core-shell
cocatalyst.”” The truncated octahedron consists of anisotropic
facets such as {010} and {110}. Photoexcited electrons can be
selectively accumulated on the {010} facets, whereas holes
accumulate on the {110} facets. Therefore, Au nanocrystals can
be selectively deposited on the {010} facets by photoreduction.
By contrast, before Au nanocrystal deposition only on the {110}
facets, PVP surfactant is needed to block the {010} facets by
preferential adsorption. The Cu,O shell layer was subsequently
deposited on Au via a simple chemical reduction, forming three
different heterostructures namely BiVO,{010}-Au-Cu,O,
BiVO,{110}-Au-Cu,0 and BiVO,{010}-Cu,O (as shown in
Fig. 27c). Such synthetic strategies are very challenging and
need special attention.
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An efficient Schottky junction was formed in the BivO,{010}-
Au interface, facilitating the extraction of the photogenerated
electrons from BiVO, and their successful transfer to Cu,O, thus
improving the charge separation of the system (Fig. 27c).
BivO,4{010}-Au-Cu,O showed a CH, production rate equal to
3.14 umol g.o *h™" (1 pmol m ™2 h™! in terms of surface area),
which was three and five times higher than that of BiVO,{110}-
Au-Cu,O0 and BivVO,{010}-Cu,O, respectively. The Schottky
junction between BiVO, and Au not only facilitated better
charge separation but also prevented the photocorrosion of
Cu,O by neutralizing the holes, which resulted in a high pho-
tostability of the entire system. Despite the good results, it is
worth mentioning that such low CH, and CO production rates
can be associated with surface carbon contamination. Isotope
labeled *CO, photoreduction was not reported either in this
study, and thus some doubts remain on the origin of the
detected products. Recently, Lee et al. showed that different
surface ligands on the Cu,0/TiO, photocatalyst surface alter the
binding strength of reaction intermediates resulting in different
product selectivities during the gas-phase photocatalytic CO,
reduction.”® Therefore, authors should consider any over-
estimation of the activity for photoreduction of CO,. As dis-
cussed previously in Section 4.3, the photostability of Cu,O
during photoreduction of CO, in the presence of H,O can be
enhanced following the same approaches employed for H,
production from aqueous solutions: (i) by coating Cu,O nano-
structures with an ultrathin conducting and transparent layer,
(ii) by forming a successful Z-scheme system, and lastly (iii) by
forming a thin carbon layer.”>?******?2¢ In general, previous case
studies provided an alternative strategy for developing hybrid
photocatalytic systems, which can reduce the H, evolution
reduction while improving the formation of solar fuels with
suppressed photocorrosion.

5 Conclusion and remarks

Substantial progress in the understanding of synthetic proce-
dures and growth mechanisms of faceted Cu,O crystals opens
the door to studying their facet-dependent properties. New
physicochemical properties have been discovered by studying
the facet-dependent properties of Cu,O crystals, which are
different from traditional viewpoints. In particular, facet-
engineering of Cu,O nanocrystals provides the opportunity to
tune their surface atomic arrangements and light absorbing
properties and induce an increased separation of charge
carriers on different anisotropic facets, which will result in an
enhanced photocatalytic activity.

Comparison of the surface energies of Cu,O crystallographic
facets reveals that the order is as follows: y {1 00} <y {111} <«
{1 1 0} < v {h k I}. Preparation of 1D, 2D, and 3D Cu,O nano-
structures has been reviewed while highlighting the role of
a surfactant, solution pH, and different inorganic ions in
various synthetic chemical methods. Although obtaining such
well-defined morphologies requires the use of templating and
capping agents, their careful removal is crucial for guaranteeing
the subsequent photocatalytic activity. Clean surfaces must be
obtained, and they proved to not only maximize the activity but

This journal is © The Royal Society of Chemistry 2021
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also ensure the absence of contaminants which can be released
during the reaction and may alter the product distribution or
can be involved as sacrificial electron donors leading to arte-
facts. Afterward, suitable steps have been suggested for effi-
ciently removing the surfactant without distorting the facet and
chemical composition of the Cu,O nanocrystals.

This precise control of the facet enables unique properties
such as facet-selective adsorption of capping agents and facet-
selective photodeposition of oxidation and reduction co-cata-
lysts. It was also identified that pure Cu,O nanocrystals showed
facet-dependent optical properties. Furthermore, when core-
shell nanocrystals were formed with a plasmonic core and Cu,O
shell, a large red-shift for the SPR peak of the plasmonic core
was observed, which was due to the differently exposed facets of
the shell and their corresponding refractive indices and
dielectric constants. Such interesting tuning of the optical
properties of hybrid core-shell nanocrystals can provide
a highly efficient photocatalyst, absorbing from the UV-vis to
NIR region of the solar spectrum.

Discussions on the necessary figures of merit in photo-
catalysis were also reviewed in order to avoid any mistakes
during the demonstration of the photocatalytic performance.
We discussed the direct relation of the enhanced photocatalytic
activity to: (1) efficient adsorption and activation of reactants on
the catalyst surface, (2) upon exposure of light, efficient sepa-
ration of photogenerated electron-hole pairs and their migra-
tion to the active catalytic sites via the exposed crystal facet to
carry out the photo-redox reaction. Then special emphasis was
put on well-defined hybrid Cu,O-based nanostructures, which
showed enhanced photocatalytic performance for dye degra-
dation, organic reactions, CO, reduction, and H, production,
compared to the pristine Cu,O nanostructures. The possible
charge transfer mechanisms and the product selectivity were
also illustrated for different cases. We particularly emphasized
the potential strategies for efficient consumption of photo-
generated holes for oxidation reactions, thus reducing the self-
photooxidation of Cu,O counterparts, which, in turn, increased
the photostability. We hope that the presented in-depth
discussion and suggestions will contribute to the discovery of
new synthetic strategies to enable the preparation of diverse
hybrid Cu,O nanostructures and the fundamental investigation
of facet-dependent properties on the nanoscale. This may finally
enable the design of low cost and more efficient Cu,O-
nanostructures for solar to fuel conversion technologies.
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