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Synthesis of Highly Stable Surfactant-free Cu; Clusters in Water
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ABSTRACT: We report the synthesis, for the first time, of
small, highly monodisperse Cug clusters in water without any
surfactant or protective agent. For this purpose, we used a new
approach based on the kinetic control of the reaction, which is
achieved with an electrochemical method and using a solution
with almost no conductivity (ie., without added electrolytes
commonly used in electrochemical methods). This allows the
application of extremely small current densities needed to focus
the reaction to synthesize only one selected cluster size. Clusters
were characterized by ultraviolet—visible (UV—vis) and fluo-
rescence spectroscopies, atomic force microscopy, electrospray
ionization time-of-flight mass spectrometry, X-ray photoelectron
spectroscopy, extended X-ray absorption fine structure, and X-
ray absorption near-edge spectroscopy, showing the presence of only Cu clusters with five atoms. Contrary to what should be
expected, such clusters are very stable and remain unaltered in solution, for at least one year, because of their huge band gap
(4.07 eV). Moreover, such Cus clusters are extremely stable to UV irradiation, temperature, and pH.
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B INTRODUCTION reaction.” Although less studied, recently Cu clusters have also
been found to be the active species in some Cu-catalyzed
reactions, such as selective hydrogenations” and methylene blue
reduction.'’

It is interesting to note that, in general, a particular window
of cluster sizes has been found to be the active species for a
particular reaction®''™'* because of the strong dependence of
the geometric and electronic structure on cluster size.

One of the main drawbacks for the use of clusters in catalysis
is the availability of simple synthetic protocols for producing
monodisperse clusters without using strong binding ligands,
which will negatively affect the catalytic properties by not only
blocking the adsorption of reactants but also altering the cluster
electronic structure.””'> Therefore, the development of
synthetic protocols to produce clusters without strong binding
ligands is a very important matter in catalysis. At the same time,
such achievement could provide new insights into the stability
of clusters without strong ligands, which is a very controversial
matter.

We report here the electrochemical synthesis, for the first
time, of small, highly monodisperse Cus clusters in water
without any surfactant or protective agent. In recent years,

The discovery of highly efficient and stable catalysts is
nowadays one of the most important topics in research because
of their importance in industrial processes, affecting not only
the economy but also the environment. Nanoparticles have
been widely studied in the last decades because of the increase
of catalytic efficiency with the surface/volume ratio. However,
this increase in efficiency has reached a limit mainly due to two
factors: (1) intrinsic limitations of the material because the
chemistry of NPs is the same as the bulk and (2) decreasing
stability of NPs with decreasing size."” These two limitations
could be overcome by using subnanometric clusters, also called
atomic quantum clusters (AQCs). On one hand, clusters seem
to display stabilities that are greater than those of nanoparticles,
as can be deduced by the fact that nanoparticles are etched in
the presence of strong binding ligands to produce stable
clusters.” On the other hand, clusters display a chemistry
(highly dependent on cluster size) that is different than that of
bulk or nanomaterials due to their different geometrical and
electronic structure.”” Indeed, in recent years many examples
of metal clusters being much more efficient catalysts than
nanoparticles for different types of chemical reactions have
been reported.”* Some representative examples are, for
instance, Ag; clusters for the propylene epoxidation by

Special Issue: Kohei Uosaki Festschrift

molecular oxygen,5 two-dimensional (2D) Au clusters for CO Received: December 14, 2015
oxidation,” Au clusters for aerobic oxidation of thiols reaching Revised:  January 14, 2016
enzymatic activities,” and Pt clusters for the oxygen reduction Published: January 20, 2016
ACS Publications  © 2016 American Chemical Society 15902 DOI: 10.1021/acs jpcc.5b12227
4 J. Phys. Chem. C 2016, 120, 15902—15908


pubs.acs.org/JPCC
http://dx.doi.org/10.1021/acs.jpcc.5b12227

The Journal of Physical Chemistry C

copper clusters have been successfully synthesized by other
methods with different surfactants.'®”"® Previously we have
shown the electrochemical synthesis of Cu clusters of different
sizes using tetrabutyl ammonium (TBA) as protecting agent.19
In the present work we propose a new approach to produce
naked clusters based on the kinetic control of the reaction.”’
This is achieved by using a solution with almost no conductivity
(i.e., Milli-Q water with no added electrolytes), which allows
applying extremely small current densities. Contrary to what
should be expected, such clusters are very stable and remain
unaltered in solution because of their huge band gap. Moreover,
such Cug clusters are extremely stable to ultraviolet (UV)
irradiation, temperature, and pH.

B MATERIALS AND METHODS

Materials. Copper sheet (99%) and platinum sheet
(99.95%) were purchased from Goodfellow. Alumina nano-
particles (average size, #50 nm) and cloth pads were purchased
from Buehler. Sand paper (600 grit) was supplied by Wolfcraft.
All water solutions were prepared with Milli-Q_ grade water
using a Direct-Q8UV system from Millipore. MeOH, NaOH,
HCIO,, and H,SO, were purchased from Sigma-Aldrich.

CuAQCs Synthesis. Copper clusters were obtained by
using an electrochemical method with an Autolab PGSTAT 20
potentiostat. A Methrom thermostated-3 electrode electro-
chemical cell was used, with a copper sheet of 2.5 cm?® as
working electrode, platinum sheet of 2.5 cm’ as counter
electrode, and a hydrogen electrode as reference. The working
and counter electrodes were placed vertically face to face at a
distance of 1 cm. Pure Milli-Q water (conductivity, 26.26 u€)/
cm®) without any added electrolyte was used, and N, was
bubbled for 30 min to deaerate the solution. The synthesis was
carried out at constant temperature (12 °C) and potential (1
V) during 1000 s under a N, atmosphere and strong magnetic
stirring. Both the Cu sheet and the Pt sheet were carefully
cleaned before synthesis; the copper electrode was polished
with sand paper (600 grit) followed by alumina (x50 nm),
washed thoroughly with MiliQ water, and sonicated. The
platinum electrode was polished only with alumina and then
was electrochemically cleaned by cyclic voltammetry in 1 M
MeOH/1 M NaOH solution followed by cyclic voltammetry in
1 M H,SO,. After the synthesis, the remaining Cu** ions where
precipitated by NaOH and subsequent filtration, and finally the
pH was adjusted to 7 by addition of HCIO, A typical
concentration of clusters obtained after purification is in the
range 3—5 mg/L. The typical yield of cluster synthesis, taking
into account the current—time curve (not shown here) and the
Cu content obtained by flame atomic absorption spectroscopy,
is around 50%.

CuAQCs Characterization. The total Cu content in the
cluster samples was analyzed by flame atomic absorption
spectroscopy performed with a PerkinElmer 3110 with a Cu
hollow cathode lamp of 324.8 nm and a wavelength of 0.5 nm.

Both ultraviolet—visible (UV—vis) and fluorescence spec-
troscopy were carried out at room temperature using 1 cm
path-length Hellma quartz cuvettes. UV—vis spectra were
recorded with a Thermo Evolution 300 UV—visible spec-
trophotometer, and Fluorescence spectra were recorded with a
Cary Eclipse Varian fluorimeter.

Atomic force microscopy (AFM) measurements were
conducted under normal ambient conditions using an XE-100
instrument (Park Systems) in noncontact mode. The AFM tips
were aluminum-coated silicon ACTA from Park Systems with a

resonance frequency of 325 kHz. For AFM imaging, a drop of a
diluted sample of CuAQCs was deposited onto a freshly
cleaved mica sheet (SPI Supplies, grade V-1 Muscovite), which
was thoroughly washed with Milli-Q water and dried under
nitrogen flow.

Electrospray ionization time-of flight (ESI-TOF) mass
spectrometry measurements were performed using a Bruker
MicroTOF mass-spectrometer operating in negative ionization
mode. Temperature control and nitrogen drying gas (1 uL/
min) in ESI source were employed to assist the ionization
process. All spectra were acquired in reflectron mode of the
TOF mass spectrometer equipped with multistep detection to
obtain maximum sensitivity, 15 000 (fwhm); isotopic resolution
was observed throughout the entire mass range detected.
Spectra were recorded in negative ion mode and averaged from
300 measurements. For full MS scan analysis, the spectra were
recorded in the 100 to 1000 m/z range. Calibration was
performed employing reserpine (609 m/z) in FIA 10 pg (100:1
S/N 200 p L/min). For the detection of clusters, 10 uL of the
CuAQCs samples were employed at 0.1 mL/min flow rate in
MeOH/H,0 (1:1), using 0.1% formic acid and NaCl (10 mM).

Photoelectron spectra were recorded using a VG Escalab
250iXL spectrometer (VG Scientific) equipped with a hemi-
spherical analyzer and Al KR X-ray monochromated source. An
X-ray spot of S00 ym was used to generate photoelectrons,
which were collected from a takeoff angle of 90°. The argon
partial pressure in the analysis chamber was maintained at 3 X
107® mbar during data acquisition by turbomolecular differ-
ential pumping. The measurement was done in a constant
analyzer energy mode (CAE) with a 100 eV pass energy for
survey spectra and 20 eV pass energy for high-resolution
spectra. The intensities were estimated by calculating the area
under each peak after subtraction of the S-shaped background.
Binding energies (BEs) of Cu 2p could be determined by
referencing to the adventitious C 1s peak at 285.0 eV. Atomic
ratios were computed from peak intensity ratios and Schofield
atomic sensitivity factors. Samples for X-ray photoelectron
spectroscopy (XPS) analysis were prepared by leaving a drop of
solution containing CuAQCs in water on a piece of silicon
wafer mirror finish polished, quickly evaporating the solvent,
and immediately introducing the sample into the XPS
prechamber under high-vacuum conditions. Ar* ions (1.5
keV, 60 s) were employed to remove adventitious carbon,
which comes from the surface sample exposure to the
atmosphere, and to remove also possible oxides at the sample
surface. The amount of material removed is a function of the
incident energy and sputtering time. Samples were kept
rotating to avoid a shadow effect. The efficiency of the
sputtering process was checked by the disappearance of the Si
oxide native layer from the silicon wafer substrate. Bombard-
ment was performed using an EXOS ion gun incorporated into
the equipment, provided with a scanning unit to raster the ion
beam, operating at a voltage of 1.5 kV and a scan size of 2 mm,
producing a sample current of 0.3 pA during 60 s of
bombardment. The higher oxidation state of copper(Il) can
be identified by a shakeup satellite at ~10 eV from the Cu 2p;,
main peak. This satellite peak is not present for other chemical
species of copper, such as Cu(0) or Cu(I).

X-ray absoprtion spectroscopy (XAS) measurements were
performed at the XAFS2 beamline of the LNLS (Laboratorio
Nacional de Luz Sincrotron), Campinas, Brazil. X-ray
absorption near-edge spectroscopy (XANES) and extended
X-ray absorption fine structure (EXAFS) spectra at the Cu K-
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edge (8979 eV) were recorded at room temperature using a
Si(111) single channel-cut crystal monochromator. Cug clusters
in water solution were placed in a liquid cell with kapton
windows, and XAS measurements were performed in
fluorescence mode using a 16-element Ge detector. To increase
the signal-to-noise ratio, six scans were averaged. Cu references
were measured in transmission mode with two ion chambers as
detectors. XANES spectra normalization, EXAFS oscillations
extraction, and fitting procedure were performed using the
“IFEFFIT” software package.”'

B RESULTS AND DISCUSSION

CuAQCs Characterization. Figure la shows the UV—vis
spectrum of the synthesized clusters, with an absorption band
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Figure 1. (a) UV—vis spectrum and (b) emission (A, = 224 nm, red)
and excitation (Ao, = 305 nm, black) spectra of small Cu clusters in
water with no surfactant.

located at ~220 nm, without the presence of the Cu Plasmon
band (around 560 nm).** Although absorption of Cu clusters
has been previously reported in the UV range, in the present
case the energies are higher, indicating that cluster band gaps
are bigger; thus, clusters are smaller.'””*~*° In general, clusters
are known for their photoluminescent properties,'”*>** with
emission wavelengths depending on the cluster size. Figure 1b
shows the excitation and emission spectra of the synthesized
Cu clusters, with an excitation band at 224 nm and an emission
band at 305 nm.

Cluster size can be calculated from spectroscopic data by
using the simple spherical Jellium model, following the
expression N = (Ep/Eg)®, where N is the number of atoms of
the cluster, E; the Fermi level of the metal, and E the band
gap.”**” Within this approach, large absorption or emission

energies are associated with large band gaps, which in turn are
associated with small cluster sizes. This model has been proven
to be a very good approximation, with values comparable to
those obtained by density functional theory or experimen-
tally;”” the agreement is much better for naked clusters (or
capped with weak bounded ligands) because of the influence of
ligands in their electronic and geometric structure.'> Within
this approach the observed emission energy at A = 305 nm
should correspond to a cluster band gap of 4.07 eV. Using the
Jellium model, one can deduce that the obtained clusters
should contain only five atoms. Moreover, the observation of a
simple band in both UV—vis and fluorescence spectroscopies
indicates the high monodispersity of the obtained clusters.
Small clusters have low melting points; therefore, techniques
like high-resolution transmission electron microscopy or high-
resolution scanning transmission electron microscopy are not
very useful to characterize them because of the high-energy
electron beam.”® On the other hand AFM, because of its high Z
resolution, is a convenient technique for investigating the
synthesized CuAQCs because, if they have less than 7 atoms,
they should present a 2D geometry.'* Figure 2 shows AFM
images of the synthesized Cu clusters deposited over a mica
substrate. AFM results show the presence of CuAQC islands of
~300 pm in height, suggesting a 2D geometry and confirming
the presence of clusters with less than 7 atoms, in accordance
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Figure 2. (Top panel) AFM image of CuAQCs deposited on mica
(mean square roughness ~2150 pm) and (bottom panels) AFM height
profiles measured through the red and green lines (plotting distance

(x-axis) against height (y-axis)).
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with the results deduced above from the UV-—vis and
luminescence spectroscopies.

To obtain a more precise characterization, ESI-TOF mass
spectrometry was carried out, and the results can be seen in
Figure 3. Because this technique uses very soft ionization,
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Figure 3. ESI-TOF mass spectrum of CuAQCs detected in negative
mode at m/z = 436.70 [Cus(OH),(H,O)HCOONa]™: (a) exper-
imental and (b) theoretical.

fragmentation can be avoided, which is ideal for the
characterization of small metal clusters.””*° One main peak at
436.70 was obtained in the negative mode, assigned to [Cu;
(OH),(H,0)HCOONa] ™, confirmed by the isotopic distri-
bution of Cu. Mass spectrometry conclusively confirms the
previous characterization methods, indicating the presence of
only Cug AQCs.

Additionally, XPS analysis was performed with the aim of
studying the oxidation state of the copper atoms in the
synthesized clusters. One can distinguish between zero and
higher oxidation states of Cu atoms by a shift in the Cu 2p;/,
core level peak to higher binding energies and the appearance
of shakeup satellite peaks around 945 eV (Cu 2p;/,) and 965
eV (Cu 2p,),)."” XPS of our CuAQCs samples can be seen in
Figure 4, showing that Cu 2p;, has a binding energy at 932.86
eV and Cu 2p,/, at 952.79 eV, disregarding the presence of
Cu(II) in the samples. It can be also seen that no clear satellite
peak is observed in the marked region, indicating that clusters
are most probably formed by Cu(0); however, due to the poor
resolution in the satellite peak area, this aspect needs further
clarification. In any case, the obtained results are similar to
those previously reported for TBA-stabilized Cu clusters."”

To examine in more detail the oxidation state of the clusters,
XANES spectra were measured for the first time for such small
size Cu clusters. Figure Sa shows the XANES spectra at the Cu
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Figure 4. (Top panel) High-resolution XPS spectrum fitted of
CuAQCs and (bottom panel) Cu 2p elemental ID and quantification.

K-edge of Cug clusters and reference compounds. The analysis
of the electronic state of Cu atoms considering the energy of
the absorption edge and the shape of the spectra indicate the
average oxidation state of Cu atoms in Cuy clusters; although
the value cannot be exactly established by this technique, it
confirms that it could be between Cu’ and Cu'*. Moreover,
structural information can be obtained from the EXAFS
spectra. Figure Sb compares the EXAFS oscillations of Cug
clusters and Cu foil. Although the cluster signal presents a very
weak EXAFS oscillation, it is observed that the main
characteristics of the signal of the foil are also present in
clusters, indicating that the main contribution to the EXAFS
oscillations around the absorbing Cu atom is produced by a
shell of Cu atoms at a similar distance to that of the foil. The
strong difference in the amplitude between both oscillations is a
proof of a big reduction of the coordination number in the Cug
clusters. In effect, if we perform a fit of the EXAFS signal
proposing a Cu—Cu shell, we obtain a coordination number
between 2 and 3, which ideally corresponds to a Cu cluster with
less than 10 atoms independent of their geometry.’" All these
results nicely agree with the above-mentioned results obtained
by other techniques.

It is interesting to note that the experimental conditions used
in this work for the synthesis of Cu; AQCs are very similar to
those previously used for the synthesis of Ag; AQCs.”> The
small difference in size can be explained by the difference in the
reduction potentials of both metals in accordance with the
kinetic control model.”’

CuAQCs Stability. The synthesized Cu clusters were stable
while stored at room temperature for at least 2 years, as can be
seen in Figure 6a in which no appreciable change in UV—vis or
fluorescence spectra is observed. The stability of CuAQCs was
tested against UV irradiation, temperature, and pH. The results
of the stability experiments are shown in Figure 6.

Photobleaching experiments were carried out by irradiating
the CuAQCs at 220 nm for 24h. Both UV—vis and fluorescence
spectra showed no change whatsoever, indicating the good
photobleaching resistance of the synthesized clusters.
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Figure S. (a) Normalized XANES spectra at the Cu K-edge of Cu,
clusters and reference compounds and (b) normalized EXAFS spectra
(weighted by k to the first power) at the Cu K-edge of the Cus clusters
(red line) and reference Cu foil (black line).

To determine the resistance toward temperature of the
synthesized CuAQCs, one sample was stored at 60 °C for
several days. Similar to the photobleaching experiments, neither
the UV—vis nor the fluorescence spectrum changed at all after
this period.

The last stability test of CuAQCs was done against pH. As
can be seen in Figure 6d, CuAQCs are stable in the whole pH
range (1 to 14, achieved by addition of HCIO, or NaOH). This
result is similar to {Jrevious experiments carried out with
protected Cu clusters, ” but in this case, the pH range is larger,
once again confirming the great stability of the synthesized
clusters in comparison to bulk metal or nanoparticles.

Figure 7 shows a scheme of the expected positions of the
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecualr orbital (LUMO) levels for Cug clusters,
considering the previous estimation of their band gap (~4.1
eV) and the change in the Fermi level with the cluster size
reported before (Ex (CuAQCs) = —Eg (Cuyy) + N7/3). It can
be seen that oxidation of clusters can occur only at huge
oxidation potentials (greater than ~3.8 V) indicating that
clusters can hardly be oxidized. Therefore, the reason for the
large stability displayed by the synthesized small Cuy clusters is
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Figure 6. Emission spectra of CuAQCs (a) stored at room
temperature for two years, (b) heated at 60 °C for 3 days, (c) before
and after irradiation at 220 nm for 24 h, and (d) at different pH
between 1 and 14.

their huge band gap, which in contrast to larger clusters or
small metal particles makes them highly resistant to oxidation.

In the case of metal particles, aggregation is driven by the
decrease of the surface energy. Therefore, there is a need to use
capping protecting agents, which are more important as the size
of the particle is reduced because of the increase of the surface/
volume ratio. However, the synthesized 2D-Cuj clusters have to
break and form new Cu—Cu bonds to aggregate and give 3D-
Cuyg clusters, which have a completely different geometric and
electronic structure.'* Due to such differences in structure,
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Figure 7. Scheme of the expected positions of the HOMO and
LUMO levels for Cug clusters.

contrary to what occurs with metal nanoparticles, the
aggregation (fusion) of clusters needs to overcome an energy
barrier, similar to any other chemical reaction. The above-
mentioned experiments with temperature show that such
activation energy for unsupported clusters should be much
higher than 2.8 kJmol ™.

In conclusion, we have shown the synthesis of small 2D-Cus
clusters without binding ligands, which are very stable because
of their high HOMO—LUMO gap (4.07 eV) and are stable for
years in water at temperatures up to 60 °C, under UV
irradiation, and even exposed to extreme pH conditions.
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