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We report an easily scalable synthesis method for the preparation of cysteine-capped Cu.jo clusters
through the reduction of Cu(i) ions with NaBH,4, using Cus clusters as catalysts. The presence of such
catalytic clusters allows controlling the formation of the larger Cuyjio clusters and prevents the
production of copper oxides or Cu(l)-cysteine complexes, which are formed when Cus is absent or at
lower concentrations, respectively. These results indicate that small catalytic clusters could be involved,
as precursor species before the reduction step, in the different methods developed for the synthesis of
clusters. The visible light-absorbing Cu. 1o clusters, obtained by the cluster-catalysed method, display
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1. Introduction

Metal clusters represent one of most exciting examples of the
novel properties that can be found at the bottom of the
nanoscale.’™ Due to their small size there is a strong quantum
confinement of the free electrons introducing a splitting at the
Fermi level. The discretization of the energy levels implies that
clusters can be viewed as atomic-scale semiconductors, with
increasing band gap as cluster size decreases.®® Metal clusters
have been applied in the last decade mainly as fluorescence sensors
(cluster-dots)"* but also in catalysis,”"" photocatalysis,">™* etc.
However, the main challenge is to develop synthesis methods
providing a precise control of their size. At the moment, there are
three main methods to synthesize metal clusters by soft chemical
methods without templates: (1) the most established and studied
one is the use of strong binding ligands (mainly thiols and
phosphines) to inhibit the growth during the cluster formation,
from which the initial proposed Brust-Schiffrin method"® and the
posterior multiple modifications warrant special mention."® Using
such methods, in 2007, the group of R. Kornberg could synthesize
very monodisperse Auy, clusters,'” and resolved their structure by
Xray diffraction of a single crystal sample. Theoretical models
allowed the understanding of the electronic structure and stability
of this cluster, as well as other so-called magic clusters, which are
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high photocatalytic activities for the decomposition of methyl orange with visible light.

clusters with a closed-shell configuration.'® (2) Etching of very
small nanoparticles with strong binding ligands was estab-
lished by Nie’s group in 2007,'° based on previous works of
cluster etching initiated by Wilcoxon.?° (3) Kinetic control can
be used for the synthesis of clusters even without surfactants
and capping ligands.>"** Although not too much explored, this
last method has the advantage that the un-protected clusters
avoid the negative effect of ligands in catalytic applications, an
area of large importance from both theoretical and application
points of view. However, until now, only very small-unprotected
clusters (below ~ 6 atoms) could be synthesized by this
method. One of the main reasons precluding the synthesis of
larger clusters is the largely unknown underlying formation
mechanisms, a matter which is also common - although to a
lower extent - to the other synthetic methods mentioned
above."® Therefore, studies contributing to the unraveling of such
mechanisms are very important for the development of new
scalable methods to produce monodisperse clusters of different
materials.

Small metal clusters have been shown to be good catalysts
for the formation of different anisotropic structures,”® and
seem to play an important role in the nucleation and growth of
nanoparticles.”* Here we demonstrate that small Cu; clusters
can also be used as catalysts to control the formation of larger
cysteine-capped Cu . clusters, which cannot be formed in the
absence of the catalyst. The results clearly show that the small
catalytic Cus clusters not only prevent the formation of nano-
particles (mainly of copper oxides) or Cu(i)-cysteine complexes,
but also may provide new insights into the intricate formation
mechanisms of metal clusters. Finally, we show that the
synthesized clusters display high catalytic efficiencies for the
photocatalytic degradation of methyl orange by visible light.
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2. Experimental methods

2.1. Materials

Copper sheet (99%) and platinum sheet (99.95%) were purchased
from Goodfellow. Alumina nanoparticles (average size ~ 50 nm)
and cloth pads were purchased from Buehler. 600 grit sandpaper
was supplied by Wolfcraft. All water solutions were prepared with
MilliQ grade water using a Direct-Q8UV system from Millipore.
CuNOg;, 1-Cysteine, NaBH,, NaOH, HCIO, and H,SO, were pur-
chased from Sigma-Aldrich.

2.2. Cu cluster synthesis

The first step was the synthesis of naked Cus clusters (to be used
as catalysts for the medium size cluster formation), via an
electrochemical process previously reported.”” Then, 1 mL of
a freshly prepared Cus sample (12 mg L™ ') was added to 500 mL
of deoxygenated MiliQ water (bubbling N, for at least 45 min)
and the Cu®" ion concentration was adjusted to 25 mg L™" with
CuNO;. To this solution 900 pL of r-Cysteine (50 mM) and
200 pL NaBH, (112 mM) were added and stirred for 1 hin a N,
atmosphere followed by 12 h with no stirring. After this time,
sample was characterized and stored at room temperature in an
air atmosphere. The presence of ions in the final cluster
samples was checked observing the presence/absence of pre-
cipitation after adding NaOH.

2.3. Cu cluster characterization

The cluster samples were characterized by UV-Vis and Fluores-
cence Spectroscopy, Atomic Force Microscopy and X-ray Absorp-
tion Spectroscopy.

Both UV-Vis and Fluorescence Spectroscopy were carried out
at room temperature using 1 cm path-length Hellma quartz
cuvettes. UV-vis spectra were recorded on a Thermo Evolution
300 UV-Visible spectrometer and fluorescence spectra were
recorded using a Cary Eclipse Varian fluorimeter.

Atomic Force Microscopy (AFM) measurements were con-
ducted under normal ambient conditions using a XE-100
instrument (Park Systems) in non-contact 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 Cu clusters 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.

X-Ray Absorption Spectroscopy (XAS) measurements were
performed at the XAFS2 beamline of the LNLS (Laboratorio
Nacional de Luz Sincrotron), Campinas, Brazil. XANES and
EXAFS spectra at the Cu K-edge (8979 eV) were recorded at
room temperature using a Si (111) single channel-cut crystal
monochromator. Cu-cysteine clusters in water solution were
placed in a liquid cell with Kapton windows and measurements
were performed in fluorescence mode using a 16-element Ge
detector. In order to increase the signal-to-noise ratio, 6 scans
were averaged. Cu references were measured in transmission
mode with two ion chambers as detectors. XANES spectra
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normalization and EXAFS oscillation extraction and fitting were
performed using the “IFEFFIT” software package.>

2.4. Photocatalytic activity

For the photocatalytic experiments two solutions were prepared:
an aqueous solution of methyl orange (20.5 x 10> M, 8 uL)
mixed with Cu-cys (1.25 mg L', 3 mL) and a blank of methyl
orange of the same final concentration (5.5 x 107> M, 3 mL).
Samples were irradiated with a 60 W visible light bulb at 10 cm
distance. The UV-Vis spectra of the solutions were recorded to
follow up the reactions on a Hewlett-Packard 8452A Diode Array
spectrophotometer (190-800 nm). When photooxidized by the
Cu-cys, the MO was introduced again into the solution to study
catalyst recyclability.

3. Results and discussion

Fig. 1a shows the UV-Vis spectrum of the Cu-capped cysteine
clusters (Cu-cys) compared to that of naked Cus clusters
obtained before.”” The Cu plasmon band (around 560 nm)>®
cannot be observed indicating the non-metallic character of the
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Fig. 1 (a) UV-Vis absorption spectrum of the Cu-cys sample and Cus

clusters (for comparison). (b) Photoluminescence spectra of the Cu-cys
sample. Red line: emission spectrum at Aeycitation = 330 nm; black line:
excitation spectrum at Aemission = 410 nm.
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Cu-cys clusters. Cu-cys shows an absorption band at higher
wavelengths than Cus, and also a continuous decrease when
increasing the wavelength, which reminds the absorption of
medium size clusters, as we have reported before for Cu and Ag
clusters.””?® This is the first indication that larger Cu clusters
(> Cus) are produced.

Clusters are known to show florescence depending on their
size, the emission wavelengths increasing with the cluster
size.>** The emission can be used to estimate the size of
clusters by the simple quantum mechanical Jellium model,*!
which was developed for clusters in the gas phase,*” and states
in which N = (Eg/Eer)®, where N is the number of atoms of the
cluster, Er the kinetic Fermi energy of bulk metal (B¢ ~ 6.5 eV,
for Cu)’ and Een the cluster’s emission energy (Note: in
quantum dots, E., is usually used to calculate the band gap,
Ey = Ecm, which can be also estimated from the absorption
energy through the Tauc plot, but absorption cannot be used in
clusters due to the presence of isomers with different absorp-
tion properties, but with only one preferred emission, see e.g.
ref. 33). This equation describes accurately the size-dependent
electronic structure and electronic transitions of small clusters,
as was firstly demonstrated by R. M. Dickson®*" for Au clusters
in dendrimers. Many other experimental®"*>**3*3> and theo-
retical calculations®*! show that this relationship between the
emission and the number of atoms can be extended to Ag and
Cu clusters (i.e. clusters of highly polarizable metals) protected
by weak ligands. Such results suggest nearly spherical electro-
nic cluster structures with electrons bound by an approximately
harmonic potential, at least until N ~ 20 (see ref. 29 for
details).

Fig. 1b shows the emission and excitation spectra of Cu-cys
clusters, with the emission peak located at E.,, ~ 410 nm
(~3.0 eV). With this value, from the Jellium scaling law, one
can deduce that the Cu-cys clusters would contain &~ 10 atoms.
It is interesting to note that there is an excitation dependent
emission (EDE) with a red shift of around 40 nm (see Fig. 1 in
ESIt). The simplest explanation for this red shift could be the
presence of larger clusters in the approximate range of 10-14
atoms, but the presence of such large clusters can be disre-
garded by the EXAFS results, as we will show below. It must be
noted that EDE has been reported in different nanoparticle
materials.***’

As for the other previously synthesized copper clusters,
non-contact AFM was used to calculate the average cluster size.
Cu-cys clusters were deposited on mica substrates with an average
roughness of 149 pm. The results can be seen in Fig. 2, indicating
an average size of 1.2 £ 0.1 nm, which is in very good agreement
with previously reported medium size Cu clusters.?®*® This result
also indicates that, contrary to Cus, this cluster has a 3D geometry,
which is in agreement with the theoretical geometry predictions
for Cu clusters with above x5 atoms.***°

Fig. 3 shows the Cu-K XANES spectra of the Cu-cys sample in
water and different Cu reference compounds and the Fourier
Transform of the EXAFS oscillation of the Cu-cys sample as well
as the corresponding fit (the obtained parameters are shown in
Table 1). XANES is a powerful tool for chemically selective
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Fig. 2 AFM picture of Cu-cys deposited on mica (mean square roughness ~
149 pm) (up) and profiles throughout the red and green lines depicted on the
AFM picture (down).

determination of the oxidation state and local symmetry of the
absorbing atom while EXAFS provides information of the num-
ber, distance, and nature of the first neighbors of the absorbing
atom. Therefore, these experiments were performed to precisely
determine the average oxidation states of the Cys-capped Cu
clusters and to help in the determination of their size.

As shown in Fig. 3, the energy edge shift of Cu-cys spectrum
is null with respect to a metallic reference, which indicates
that the sample has a majority presence of Cu'®. This can be
also confirmed by EXAFS results, which show the existence of a
Cu-Cu shell with the same interatomic distance of metallic Cu
(see Table 1). Consistently, the nonappearance of species with
Cu(1) or Cu(n) oxidation states in the XANES results implies the
absence of Cu-cysteine complexes. In effect, different XANES
features and average oxidation states, were already reported for
Cu/(C165),, and the Cu/(C44S), crystals.*" Additionally, Cu(r)****
and Cu(u)-cysteine complexes,*® prepared from CuSO, and
L-cysteine hydrochloride according to the protocol outlined by
Dokken et al,** were already characterized as model com-
pounds by XANES and EXAFS.

As mentioned before, the Cu-Cu fitted coordination shell
(see Table 1) represents direct experimental evidence of the

Phys. Chem. Chem. Phys., 2023, 25, 6025-6031 | 6027
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Fig. 3 Left: Cu-K XANES spectra of a Cu-cys sample in water and
different reference compounds. Right: Fourier Transforms of the k?y
(A=%) of (a) metallic Cu obtained from a Cu foil (black dots) and (b) Cu-
sys sample (black dots). Solid red line corresponds to the fitted function
(the parameters obtained from the fit are shown in Table 1). Note: distance
is not phase corrected.

Table 1 Fitted Cu-K EXAFS parameters for Cu-cys sample. N is the
average coordination number, R the interatomic distance and ¢ the
Debye-Waller factor

Shell N R (A) o* (A%
Cu-N 0.9 + 0.2 1.99 + 0.03 0.003 + 0.001
Cu-Cu 3.6 £ 0.8 2.55 4 0.02 0.010 + 0.002

formation of Cu clusters. The Cu-Cu fitted interatomic distance
corresponds to the metallic Cu (2.5527 A,**) and the small
average coordination number of 3.6 would correspond, in
principle, to a cluster with < =~10 atoms (a spherical-shaped
cluster with 13 atoms would have a coordination number
of 5.5).

In respect to the protecting agent of the Cu-cys clusters,
EXAFS fitted parameters admit one type of linkage, via N
interaction between the Cu atoms of the clusters and the
cysteine molecules. Indeed, it has been reported that cysteine
molecules could bind to the metal surface via -SH or -NH,
linkage, as well as electrostatically via the carboxylic acid group
in aqueous solution.*®*” Cysteine can coordinate to the copper
surface with more than one donor point forming most stable
particles like metal chelates,*® which is consistent with our
EXAFS analysis. Additionally, the reported values for bond
length in copper complexes of bidentate ligands containing
nitrogen and sulfur donors are also in agreement with our
experiments.*’

With the described synthesis method one can produce up to
roughly a gram of cysteine-capped Cu o (Cu-cys) clusters per
day in an easy way. It has to be noticed that the amounts of
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clusters produced are of the order of the Cu ions present in the
samples before reduction and are much higher (by around
3 orders of magnitude) than the used Cu; clusters, demonstrating
that Cus acts as a catalyst for the formation of the larger clusters.
It is interesting to note that the synthesis only takes place when
Cu;s is present in the reaction media. When the reaction is
performed under the same conditions without Cus clusters, a
mixture of different copper oxides was obtained (results not
shown). These results clearly indicate that Cus clusters should
be directed and focused on in the reaction for the production of
Cu 11 clusters. It was also found that the [Cus]/[Cu ions] ratio (R)
is critical (R & 0.005) for the formation of such larger Cuxqo
clusters, because when this ratio is diminished the formation of
Cu(1)-cysteine complexes begins to compete with the formation of
clusters. Fig. 4 shows a scheme summarizing all these results.

As we said above, although Brust-Schiffrin reactions have
been extensively studied, the detailed reaction mechanisms are
unknown, especially the precursor species present in solution
before the reduction step. The results obtained here (see
scheme) point to the idea that small catalytic clusters may be
the precursor species needed for the formation of clusters in
such methods, and that the precise control of the concentration
of such catalytic clusters is pivotal for the cluster synthesis,
opening new possibilities for understanding and exploring
novel and more efficient cluster production methods.

Cu-cys clusters remain stable for more than 1 year at room
temperature with no appreciable changes in their optical
properties (see Fig. 5). In order to further examine the Cu-cys
cluster stability we performed several experiments against
temperature (up to 60 °C for 24 h), pH (between 3 and 14)
and photobleaching experiments (irradiation at 220 nm for
24 h) (see ESLT Fig. S2-54). As previously observed with other
Cu clusters,”>”® no changes were detected, thus making clear
the great stability of the synthesized Cu-cys clusters, especially
compared to bulk copper or Cu nanoparticles. This high
stability can be associated with the position of the HOMO level
(—(Pcu + 2 Ey) ® —(4.7 + 1.5) = —6.2 €V with respect to the
vacuum level i.e. &~ +1.7 V RHE; being @ the work function of
bulk Cu, and using E, = E.y,), indicating that the oxidation of
such Cu clusters is extremely difficult, as was previously
reported.>>>8

Cuoxides
cys
0% + Cu?*+ NaBH, L Cu-cys compl
N
cu)

Cuy, clusters
25
Re = [Cus] / [Cu?*] = 0.005 = [%S']cm

Fig. 4 Scheme representing the products obtained after reaction of
CuNOg3, cysteine and NaBH,4 using different amounts of catalytic Cus
clusters.
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The photocatalytic activity of metal clusters is already
known.®'%3%3! yery small clusters with large bandgaps show
activity in the UV range while larger size clusters, with smaller
bandgaps, show activity in the visible range. It was previously
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Fig. 6 (a) UV-Vis absorption spectrum of MO solution with Cu-cys

clusters before and after irradiation with visible light during two hours.
Pictures represent the sample color before and after irradiation. (b) UV-Vis
absorption spectrum of MO blank solution before and after irradiation with
visible light during two hours. Pictures represent the sample color before
and after irradiation.
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shown that Cu clusters, due to their atomic size, are very
efficient photooxidants because the oxidation seems to be
carried out directly by the photogenerated holes, in contrast
to classical semiconductors.’®> Taking this into account we
explore the use of Cu-cys clusters for the photooxidation of
methyl orange (a dye used as a contaminant model). The results
shown in Fig. 6 are very exciting. With a normal visible light bulb
of 60 W, 1.25 mg L ™" of Cu-cys clusters degrade 0.018 g L *
(5.5 x 10> M) of MO in 120 min, which implies a TOR of 7.2 h "
(the evolution of the photodegradation process can be seen in
the ESI, T Fig. S5, as well as the corresponding exponential fitting,
Fig. S6 (ESI}), giving a rate constant = 0.03 min~ ). Moreover,
this photocatalytic activity is maintained for, at least, four
continuous additions of MO. For comparison purposes, using
a 400 W high pressure mercury vapor lamp, 2 g L™ " of N/Mn co-
doped TiO, nanoparticles degrade 5 mg L™ " of MO in 90 min,?
which implies a TOR of 1.7 x 10> h™', and using a 400 W
Osram lamp; 1g L™ of Cu/S-codoped TiO, nanoparticles degrade
10 mg L' of MO in 240 min,>* which results in a TOR of 2.5 x
10~% h™". A more recent study using ZnO assisted with Ag metal
plasmons®® shows that, even with such new strategies, the
obtained TOR is 1072 h™'. We can see that the TOR using
clusters is ~3 orders of magnitude larger than the one using
common semiconductors, which further support the idea that
the photooxidation mechanism with clusters is much more
efficient, probably since each cluster works as a very localized
(~1 nm) photocatalytic center and the produced hole is highly
oxidant (~+1.7 V RHE). This clearly demonstrates the potential
of medium size copper clusters to act as highly efficient photo-
catalysts in the visible range. Their characteristics of being
highly stable, cheap, and now easy to synthetize in the range
of grams/day, put them in the lead of possible common SC relief,
but also open new opportunities for applications in catalysis.

4. Conclusions

We have shown that small Cus clusters can be conveniently used to
direct and focus the formation of larger Cu .4, clusters when Cu(x) is
reduced with NaBH, using cysteine as a capping agent. The concen-
tration of Cus clusters is critical (R.ric = [Cus]ei/[Cu ions] & 0.005) for
the synthesis of cysteine-capped Cu.4, clusters, because for small
ratios a competing reaction with the formation of Cu(i)-cysteine
complexes is favored. These results point to the idea that catalytic
small clusters could be plausible candidates for the unknown
precursor species present in solution before the reduction step,
which are involved in the different methods developed for the
synthesis of clusters. Finally, the synthesized medium size cysteine-
capped Cu .4 clusters show excellent photocatalytic activities for the
decomposition of MO using a very low power visible light.
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