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Ultra-small metal particles having band gaps are regarded as a new
class of functional materials. We investigated the size dependencies
of the band-edge energies on Cu quantum-dots in the size range of
0.7-2.1 nm. The extremely high conduction band-edge energies
owing to the strong quantum-size effects were observed for sizes
below 1 nm.

A shiny luster, which originates from the light reflection by
their free electrons, is one of the most common characteristics
of metals." The continuous energy band of metals around their
Fermi level allows the presence of free electrons. When the
particle sizes are reduced to a few tens of nanometers, the
collective oscillation of the free electrons resonates with visible
light and displays brilliant colors, which is called localized
surface plasmon resonance (LSPR) (Fig. 1a).”> Upon further
reduction of the particle size to near their Fermi wavelength
(~0.5 nm for Au), their optical and electronic properties
change dramatically.® In this size region, the electronic struc-
ture changes from a metallic to a molecule-like state (Fig. 1c).
LSPR absorption is no longer observable due to the absence of
free electrons and new absorption edges that originate from the
electronic transition across the energy-gap.* In the earlier
studies, these tiny particles, mostly called “metal clusters,”
were only formed as a cluster ion beam in a vacuum chamber.*”
Since these metal clusters are formed and exist only for a short
time in the chamber, their research has been limited to the field
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of fundamental physical chemistry.””” Recently, metal clusters
were regarded as practical materials owing to the development of
large-scale synthetic routes via solution processes.® Thus, these tiny
metal clusters are now gathering interest in the field of materials
chemistry as a new class of fluorophores and photocatalysts. For
example, thiol-protected Au clusters are one of the most studied
species.®*” They show size-dependent photoluminescence in
the UV and near-infrared regions. For Au, the transition from the
metallic to the molecule-like state occurs at a size of ~1.6-1.8 nm
(Auys—Auyg,).” Thus, the appearance of energy-gap states is not
only the case for 2-dimensional clusters having a few-atoms, but
also occurs for much larger 3-dimensional particles having a few
tens to a few hundreds of atoms. These particles were recognized as
metal quantum-dots (QDs) (Fig. 1b).*

From the viewpoint of solid-state physics, the formation of
electronic gap states with the size reduction of the metal
particles is ascribed to quantum size effects, which have been
well studied in the field of semiconductors.® When the sizes of
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Fig. 1 Schematic illustration of Cu nanoparticles (Cu NPs), Cu quantum
dots (Cu QDs) and Cu clusters.
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the semiconductor particles are similar to their exciton Bohr
radius, their band gap energies (E,s) increase with the size
reduction. Therefore, the E, of QDs is controlled by changing
their particle sizes. Semiconductor QDs show size-dependent
functionalities, such as color-tunable bright luminescence.’™*?

In the field of photocatalysis, valence and conduction band-edge
energies (E,, and Eg,) are important because the photocatalytic
activity strongly depends on the alignment of their energies and
the redox potential of the target reactions.®”** Therefore, the photo-
catalytic reactivities are controllable by changing the sizes of the
QDs. For example, the E,;, and E, of WO; QDs were optimized by
controlling their sizes below 1 nm to improve the photocatalytic
hydroxylation of benzene."* The size dependency of Ey, and Eg,
owing to the quantum size effect is theoretically calculated using an
effective mass approximation (EMA) method and shows good
agreement with experimental values."

The aim of the present study is to determine the size
dependency of the E,}, and E;, of Cu QDs by using spectroscopic
approaches. Different from Au and Pt, Cu has a relatively high
Fermi level in its bulk state.'® Thus, Cu QDs smaller than 1 nm
are excellent candidates for photocatalysts having a high E,
level. Although the size dependency of the E,;, and E.;, of Cu
QDs has been theoretically investigated,"” experimental work
was lacking because of the difficulty of the size-selective synth-
esis. Previously, our research group found a large expansion of
E, for CuO QDs with sizes below 1 nm, which were synthesized
by using pores of porous silicas (PSs) as templates.'® In the
present study, we synthesized Cu QDs through the reduction of
CuO QDs and then unveiled the size dependency of the E,;, and
E.p, of the Cu QDs (Fig. 1). In particular, for the 1 nm Cu QDs, an
extremely high E ., was observed, which corresponded to the
high photocatalytic reduction ability of the Cu QDs expected
from the theoretical study.’® Furthermore, we found that the
band expansion of the metal QDs was explainable via the EMA
method by taking into account the physical quantities obtained
from a recent spectroscopic study of Cu.?®

Here, four kinds of PSs with different pore sizes were used as
templates for the production of CuO QDs (see Section S2 in the
ESIt for the synthesis and analyses of the PSs).>! CuO QDs were
prepared in the PSs using a simple impregnation method
(see Section S3 in the ESIT for the experimental details). As
shown in the typical transmission electron microscopy (TEM)
images (Fig. 2a, and Fig. S3 in the ESIY), fine particles were
prepared in the pores of PSs, and the particle size was well
controlled in a range from 0.6 to 2.1 nm. The presence of CuO
was confirmed by observing a lattice fringe image and a fast
Fourier transform (FFT) pattern corresponding to the (111)
plane of monoclinic CuO (inset in Fig. 2a-i). From UV-visible
(UV-vis) absorption spectra, we observed a broad absorption of
Cu*" d-d transition around 800 nm and size-dependent absorp-
tion edges around 300 to 500 nm for CuO QDs (see Fig. 2c,
Fig. S8 and S9 in the ESIt). As described in our previous study,*®
the band gap energy of the CuO QDs increased remarkably
owing to the strong quantum size effect expressed below 2 nm.
The detailed band structure analyses of the CuO QDs are
described in Section 6 in the ESI. ¥
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Fig. 2 Typical TEM images (a) and (b), UV-vis spectra (c) and (d), and PYSA
(e) and (f) of CuO QDs, (a), (c) and (e) and Cu QDs (b), (d) and (f) prepared (i)
in C18PS with 5 M solution, (i) in C18PS with 0.2 M solution, and (iii) in
C6PS with 0.05 M solution.

This journal is © The Royal Society of Chemistry 2024
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For the Cu QD preparation, a reductant solution of NaBH,
was injected into the pores of PSs containing CuO QDs. Fig. 2b
and Fig. S4 in the ESIT show typical TEM images of Cu QDs. In
particular, for Cu QDs, the aggregation and growth of the
particles occurred during the high magnitude TEM observa-
tions (Fig. S5 in the ESIt). We analyzed the particle size
distribution profiles by deconvoluting the primal and large
particles formed by electron beam exposure to determine the
average size and dispersity of the primal particles from TEM
images. The primal particle size of the Cu QDs was well
controlled in the range from 0.7 to 2.1 nm. As shown in the
inset of Fig. 2b-i, we observed a lattice fringe image and an FFT
pattern corresponding to the (200) planes of fcc Cu for the
sample after the reduction. This clearly indicates the successful
formation of Cu QDs. The presence of Cu QDs was also
confirmed by the X-ray absorption near-edge structure (XANES)
spectra of the samples before and after the reduction (Fig. S7 in
the ESIT). The present Cu QDs show no fluorescence due to the
absence of surface passivation agents.

The UV-vis spectra indicate that the absorption energy shifts
due to the quantum size effect (Fig. 2d and Fig. S10a in the
ESIt). After the reduction, the absorption of the Cu®>" d-d
transition disappeared, and the absorption edges shifted to a
lower-energy side. These changes in the UV-vis spectra also
indicate the reduction of CuO QDs to Cu QDs. The size
dependency of the band gap energies of the Cu QDs was
calculated using Tauc plots® (Fig. S10b in the ESIt) as shown
in Fig. 3a. The dotted curve in Fig. 3a represents the theoretical
fitting of the present experimental data using an EMA method
(see Section S7 in the ESIt for detailed analyses using the EMA
method). Adopting a value of p = 1.15 m, as a reduced mass of
Cu, the present experimental data were well fitted using the
EMA method. For the 2.1 nm Cu particles, the absorption peak
assigned to the LSPR was observed at 580 nm (Fig. S11 in the
ESIT).?® Based on this result, the transition from the metallic
state (= LSPR active) to the semiconductor-like state occurs at
around 2 nm. This threshold diameter is slightly larger than
that of the thiolate-protected Au QDs (1.6-1.8 nm).”

For the band-structure analysis of the Cu QDs, their E,;, was
measured using photoemission yield spectroscopy in air (PYSA)
(Fig. 2f and Fig. S13 in the ESIY) (Fig. 2e and Fig. S12 in the ESI{
show the PYSA spectra for CuO QDs).>* PYSA is a powerful tool
for investigating the E,};, for semiconductors and the Fermi level
for metals. The PYSA stimulation with very weak UV light
(10-100 nW, 4.0-7.0 eV) under ambient conditions is a suitable
method to determine the E,;, of QDs, which is sensitive to the
measurement conditions.”*” By combining the E, obtained
from UV-vis spectra and the E,;, obtained from PYSA, the size
dependency of the E,;, and E., of Cu QDs was obtained and is
summarized in Fig. 3b (see Section S6 in the ESIf for detailed
analyses). Both the E,, and E., show dramatic shifts below
1 nm. The energy shift of the E, is larger than that of the E,,.
This is in contrast to the case of CuO QDs (Fig. S14 in the ESIt).
The present experimental values were fitted via EMA separately
for the E,;, and E.,. Since the electronic configuration of a
Cu atom is described as 1s® 2s® 2p® 3s® 3p® 3d'° 4s* 4p°, the
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Fig. 3 Size dependency of (a) Eg, (b) E,p, and E¢p, for Cu QDs. The dotted
curves represent calculation data using an EMA method. Several redox
potentials of photocatalytic reactions are represented with horizontal
lines. The error bars represent the FWHM of the particle size distribution
profiles shown in Fig. S4 (ESIt).

partially filled 4s orbitals mainly contribute to the occupied
energy state around the Fermi level.'”” When the quantum size
effect became significant, this orbital shifts to the lower-energy
side and forms a valence band. On the other hand, unoccupied
energy states, which are mainly formed by 4p orbitals, exist
above the Fermi level. Recently, Sonoda found that the lowest
unoccupied bulk electronic state of Cu lies 1.24 eV above the
Fermi level (structure D in the article) by using angle-resolved
two-photon photoemission spectroscopy.’® This energy state
shifts to the higher-energy side and constructs the conduction-
band edge owing to the quantum size effect. The effective mass
of the electron in this state was estimated to be 1.67 my,.
Therefore, we used the following physical quantities for
the EMA fitting: Ecppui) = —1.03 Vsug, Evbpulk) = 10.21 Vspg,
Me =1.67 my, u=1.15 my, and my, = 3.69 my (see Section S7 in the
ESIT for details of the EMA method). Using these values, the
present experimental data were well fitted with EMA (Fig. 3b).
Therefore, similar to the semiconductor QDs, the formation of

Chem. Commun., 2024, 60, 4419-4422 | 4421
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the band gap states and their expansion due to the size
reduction of metal QDs are explainable with a theory based
on the quantum size effects of nanoparticles. The present
results show a similar tendency with previous studies.*”**?

Here, the E, for 1 nm QDs exceeds —2.0 Vgyg and shifts to
—3.0 Vgug for 0.7 nm Cu QDs. These E., values are higher
than those of the single-electron reduction potential of O,
(—0.35 Vgyg)®® and CO, (—1.90 Vgyg).2° Thus, as described in
the previous molecular orbital calculations, Cu QDs are effi-
cient photocatalysts, especially for the reduction reaction.
Cysteine-capped Cu;, was reported to have high photocatalytic
activity for the degradation of an organic dye.'”” This is
probably due to the high E.,, which produces highly active
superoxide radicals. The Cu,, also has high stability against
aerobic oxidation owing to its low HOMO level expected in the
previous study.’®” In the present study, we experimentally
observed the low E,;, levels (+ 1.26 Vgyg), which were located
below the reduction potential of molecular oxygen for 0.7 nm
Cu QDs.”® Taking the relationship between the E,, and the
particle sizes into account, oxidative stability is expected for Cu
QDs smaller than 2 nm. However, the E,;, levels of the Cu QDs
were only slightly lower than the oxidation potential of water.>*
Thus, relatively low efficiency is expected for the photocatalytic
water oxidation. The construction of a Z-scheme hetero-
junction®” with oxide semiconductors is required for the best
photocatalytic performance of the Cu QDs.

In summary, we produced Cu QDs of various sizes, ranging
from 0.7 to 2.1 nm, by reducing CuO QDs synthesized in the
pores of PSs. The size dependency of their E,;, and E., was
investigated experimentally using UV-vis and PYSA techniques.
We observed a significant shift in the E,;, and E.,, which was
due to strong quantum size effects when the particle sizes were
below 1 nm. Since the E}, for 0.7 nm Cu QDs exceeds the single-
electron reduction potentials of O, and CO,, Cu QDs would be
potential candidates for efficient photocatalysts for the
reduction reactions.
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