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ABSTRACT: The development of thermally stable nanoparticles is of
utmost importance for applications like catalysis. In particular, Cu
nanoparticles supported on metal oxides are easily deactivated under thermal
treatments at low temperatures by sintering of the Cu nanoparticles. The
formation of thermally stable nanoparticles is typically obtained with
secondary drawbacks. In this study, an alternative method for avoiding
sintering of Cu nanoparticles is proposed. The method is based on the
impregnation of dithiol molecules at the metal oxide support before
supporting the Cu nanoparticles. The dithiol molecules are able to avoid
the Cu nanoparticle diffusion, thus decreasing the coalescence rate.
Furthermore, the Cu nanoparticles are not poisoned during thermal
treatments. A simple model is proposed and numerically studied to estimate the minimal concentration of dithiol necessary to
avoid sintering of the nanoparticles. The method is not complex, and there is no interference on the original Cu nanoparticles
properties. It opens possibilities for widening the lifespan of metal nanoparticles supported on metal oxides.

KEYWORDS: sintering, Cu nanoparticles, poisoning, catalysis, dithiol

B INTRODUCTION catalytic activity in some cases,” it may also deteriorate it,'’ and
this strategy is not widely applied. Alternatively, it is possible to
design porous supports for confining the nanoparticles.'' In
this case, some issues like pore collapse and the appearance of
interconnectivity between pores are prone to happen at high
temperatures, and they enable cluster and atomic migration.
A recent development was the use of nanoparticles fixed in
zeolites."” It is a promising method for creating thermally
stable nanoparticles, but the fixation of the nanoparticles in the
porous support is currently restricted to noble-metal nano-
particles, and the application to other nanoparticles is still
challenging."* Finally, alloying the nanoparticles with a second
metal may increase the melting point, then increase the
thermal stability, and, consequently, prevent sintering."> Cao
and Veser synthesized a thermally stable nanocatalyst with a
PtRh alloy.'® The authors showed that the thermal stability of
these nanoparticles depends critically on the Pt/Rh ratio, with
higher Rh contents leading to increased thermal stability."®
However, it changes the chemical and physical properties of
the nanoparticles, and, in some cases, a thermally induced de-

The wide use of nanoparticles nowadays is mainly driven by
the size and shape dependence of the physical, electronic, and
chemical properties.”” In heterogeneous catalysis, the activity
and selectivity of metallic nanoparticles supported on metal
oxides have a strong dependence on the nanoparticle size” with
a specific size for optimal performance. It occurs because the
smaller the size, the higher the amount of low coordination
sites, but, on the other hand, it induces a change in the orbital
hybridization and charge transfer between nanoparticles and
molecules, sometimes impairing the activity."

The main drawback in applications using high temperatures
(like catalysis) is the occurrence of sintering of the nano-
particles, then dramatically influencing the nanoparticle
properties. For this reason, sintering is the predominant
cause of catalyst deactivation,” shorting their lifespan to a few
cycles or even to a single cycle. Sintering effects restrict the use
of Cu nanoparticles in catalysis even for a low temperature of
300 °C.° A long and tedious search for a solution brought
alternatives for this issue like coating of nanoparticles with
oxide shells.” Recently, some authors made profit of the oxide
capping layer coming from the support during the activation
step of catalysts, traditionally known as the strong metal—
support interaction effect, to immobilize the nanoparticles.®
However, this inevitably covers part of the available surface,
which is critical for catalysis applications. Even considering that
the oxide capping layer from the support may improve the
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alloying process occurs.'” In summary, simple and widely
applied methods with no interference on the metallic
nanoparticle properties are still missing. In this study, a new
proposal to avoid sintering of nanoparticles, free of interference
on the nanoparticle surface, and of easy preparation, is
reported and successfully applied to Cu nanoparticles that are
widely used in catalysis. A possible mechanism whereby the
method prevents sintering is proposed.

B EXPERIMENTAL SECTION

The Cu nanoparticles were synthesized according to the method
described previously.'® CuCl,-2H,0 (Sigma-Aldrich, 99.99%) was
used with 134 mg and 0.79 mmol, dissolved in 3 mL of BMI-BF, ionic
liquid (prepared in accordance with the literature'®), and stirred at
room temperature for 15 min. After this, a solution of NaBH, (Sigma-
Aldrich, >98%) with 296 mg and 7.9 mmol was dissolved in 3 mL of
methanol (Sigma-Aldrich, >99.8%) and added to the mixture. The
mixture turned black due to the formation of Cu nanoparticles, which
were washed 3 times with methanol (Sigma-Aldrich, >99.8%) and 3
times with dichloromethane (Sigma-Aldrich, >99.8%). The nano-
particles were isolated by centrifugation (3500 rpm) and dried under
reduced pressure.

The proposed strategy to avoid sintering consists of impregnating
the clean surface of the MgO (Sigma-Aldrich, 99.99%) support with
1,5-pentanedithiol (Sigma-Aldrich, 96%) molecules with 9 mol %.
The dithiol was impregnated by dissolving it in dichloromethane
(Sigma-Aldrich, >99.8%) and dripping this solution on MgO (without
Cu) under ultrasound bath for 30 s. The sample was left at room
temperature during 48 h for the evaporation of dichloromethane.
After this period, the Cu nanoparticles were supported with 12 wt %
in relation to the MgO support, impregnated with dithiol (Cu/MgO
+ DT;) or not (Cu/MgO), as shown in Figure 1.

The XRD data were acquired in a Siemens 500D conventional
diffractometer operating at 40 kV and 17 mA with Cu Ka
characteristic radiation (4 = 1.5405 A). The measurements were
carried out in a Bragg—Brentano geometry, with a range of 20—90°,

a. S——o

Figure 1. Illustration of the procedure used to avoid sintering of Cu
nanoparticles. (a) Non-supported Cu nanoparticles, (b) Cu nano-
particles supported on MgO previously impregnated with 1,5-
pentanedithiol (Cu/(MgO + DT;)), and (c) Cu nanoparticles
supported on MgO without dithiol impregnation (Cu/MgO).
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0.05° step size, and 0.4 s by point. The powder was sieved to a 48 ym
grain size before the measurements.

The TEM images were acquired at CMM-UFRGS using a JEOL
JEM 1200 Exll microscope operated at 80 kV and at Centro de
Microscopia-UFMG using a Tecnai G2-12—SpiritBioTwin FEI
operated at 120 kV. The nanoparticle powder was diluted in ethanol
and dispersed using an ultrasound bath during 30 min. A drop of this
solution was placed over a Cu grid coated by a thin C film.

In situ XAS measurements were performed at the Brazilian
Synchrotron Light Source (LNLS) aiming the investigation of the
local atomic order around Cu atoms and the time evolution of the
oxidation state of Cu atoms of the Cu/MgO nanoparticles during the
activation treatment. 55 mg of the nanoparticles powder was
compacted to make a homogeneous S mm diameter pellet before
introduction into the tubular furnace existing at the beamline. The
gaseous atmosphere was introduced into the tubular furnace and went
through the pellet, exiting at the opposite side to the exhaust system.
The pellets are heated by a resistive heating system. The temperature
at the sample holder is measured by a Chromel-Alumel thermocouple
positioned at around 2 mm from the sample position. A power supply
controls the sample temperature during the experiments with an
accuracy of +1 °C. The furnace has two external Kapton foil windows,
allowing the in situ XAS measurements. This is valid for both in situ
time-resolved XANES and in situ EXAFS measurements.

In situ time-resolved XANES measurements were carried out at the
DXAS beamline at LNLS.** The measurements were performed at the
Cu K edge (8979 eV) in a transmission mode. At the beginning, the
Cu/MgO nanoparticles were exposed to 100 mL/min 5% H, + 95%
He atmosphere. Then, the samples were heated subsequently to
selected temperatures of 100, 200, 300, 400, and 500 °C with 10 °C/
min heating rate. For each temperature, the sample was kept under H,
atmosphere during 60 min. At the end, the H, atmosphere was
removed, and the sample was exposed to 200 mL/min N, atmosphere
and cooled to room temperature. The measurements made use of a
curved Si(111) crystal (dispersive polychromator), which focuses the
beam in the horizontal plane down to about 200 ym, a mirror that
focuses it on the vertical plane to about S00 um, and a position-
sensitive CCD detector. The tubular furnace was placed in the
beamline, taking care to place the pellet at the X-ray focal point. The
time resolution of the measurements was around 100 ms.

In situ EXAFS measurements were carried out at the XAFS2
beamline at LNLS.*' The measurements were conducted at the Cu K
edge (8979 eV) in a transmission mode. The Cu/MgO nanoparticles
were exposed to 100 mL/min 5% H, + 95% He atmosphere and
heated to 300 °C with 10 °C/min heating rate. The nanoparticles
remained at 300 °C with the H, atmosphere during S0 min. At the
end, the H, atmosphere was removed, and the sample was exposed to
200 mL/min N, atmosphere and cooled to room temperature. The
spectra were collected before and during reduction treatment at 300
°C using a Si(111) crystal and three ionization chambers. The
samples were measured at room temperature and also at 300 °C, with
the sample exposed to the reduction atmosphere. In this last case,
measurement at 300 °C, the spectra were acquired after 50 min of
sample exposure to the H, atmosphere at 300 °C in order to ensure
the achievement of a steady state of the sample. A standard Cu foil
was used to calibrate the Si(111) monochromator. Two to four scans
were collected in order to improve the signal-to-noise ratio.

The XPS measurements were performed at the LNNano-CNPEM
using a Thermo Scientific K-Alpha X-ray photoelectron spectrometer
with an operating voltage of 12 kV and an Al Ka radiation source
(1486.68 eV). The samples were measured before and after the
reduction treatment at 300 °C performed during the in situ EXAFS
measurements previously described. For the XPS measurements, a
thin layer of powder was dispersed on a carbon tape. The base
pressure used during the measurements was around 1 X 107 mbar.
The photoelectrons were collected in the exit angle of 45° by a double
focusing hemispherical analyzer operating in the CAE mode. To
perform low- and high-resolution measurements, the pass energies
used were 200 and S0 eV, while the energy steps were 1 and 0.1 eV,
respectively, with a dwell time of 0.5 s. The measurements were
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Figure 2. Typical TEM image of (a) non-supported Cu nanoparticles, (b) Cu/(MgO + DT;), and (c) Cu/MgO nanoparticles after reducing
treatment. The histogram of size distribution is shown in the inset. (d) XRD patterns of the as-prepared Cu (green), Cu/(MgO + DT;) (red), and
Cu/MgO (blue) nanoparticles after reducing treatment. The black and gray solid lines represent the Rietveld refinement result and the difference
between data and fit, respectively. (e) In situ EXAFS oscillations and (f) corresponding Fourier transform of Cu standard (yellow), Cu/(MgO +

DT;) (red), and Cu/MgO (blue) during reducing treatment.

conducted in the long scan Cu 2p, S 2p, Mg 1s, O 1s, and C Is
electronic regions. The analyzer’s energy calibration was performed
using a standard Au foil (Au 4f;/, peak at 84.0 eV). Charging effects in
the samples were corrected using the C 1s position of adventitious
carbon at 285.0 eV.

For the Fourier transform infrared spectroscopy (FTIR) measure-
ments, about 1 mg of the nanoparticle powder was mixed with 100 mg
of KBr powder, and this mixture was compacted to produce
homogeneous pellets. The measurements were performed at room
temperature using a FTIR spectrophotometer (Hartmann & Braun-
Bomen) in a transmittance mode to obtain the FTIR spectra in the
wavenumber range from 6500 to 450 cm ™.

Data Analysis. The XRD patterns were indexed using the
Crystallographica Search-Match software and the International Centre
for Diffraction Data (ICDD) database. The FullProf software was
used to conduct the Rietveld Refinement.”” The background was
modeled using a linear interpolation with adjustable parameters. As a
peak profile, the Thompson—Cox—Hastings pseudo-Voigt convoluted
with an axial divergence asymmetry function was used. Some
parameters were fixed in the refinement: the atomic positions in the
primitive cell, the occupation number, and the angle between the
primitive vectors for each phase. Material anisotropy and preferential
orientation were not included.

The TEM images were analyzed using the ImageJ software.”® For
each discernible cluster in an image, the mean Feret diameter was
measured. To generate size distributions, around 2000 mean Feret
diameters were used.

The in situ XAS data were analyzed in accordance with the
standard procedure of data reduction®® with the IFEFFIT package.*®
The analysis of the in situ time-resolved XANES spectra at the Cu K
edge was performed using the linear combination of the Cu standard
spectra measured in the energy range between —20 and +30 eV
around the absorption edge. For the fit procedure, the XANES spectra
of Cu’, Cu,0, CuOQ, and CuSO, standards were used. The weight of
each component was constrained to positive values, and the sum of all
contributions was set equal to 1.0.

The in situ EXAFS data were analyzed in accordance with the
standard procedure of data reduction®* with the IFEFFIT package.”®

6437

The EXAFS signal y(k) was extracted and then Fourier-transformed
using a k*-weighted y(k) and a Kaiser—Bessel window with a k range
of 9.0 A™". The phase shift and amplitudes were obtained with the
FEFF6 code. For the fit of the EXAFS oscillations, the amplitude
reduction factor (S,*) was fixed at 0.85, as obtained from the Cu’
standard fit. The R-factor obtained from the analysis was always lower
than 0.03, which demonstrates the excellent agreement between the
proposed model and the experimental result.

The XPS spectra were analyzed using the XPSPeak software. A
Shirley-type background was used. The Au 4f region of an Au
standard was analyzed in order to determine the pseudo-Voigt profile
with $5% Lorentzian and 45% Gaussian contribution. The FWHM of
a given chemical component and the relative binding energy of
different components were constrained to be the same in all samples.
Furthermore, the doublets, originating from spin orbit coupling, have
their distances and area ratios fixed.

Numerical Section. We propose a mechanism to better
understand the sintering process and a simplified model to predict
how much dithiol compared to Cu nanoparticles is necessary to avoid
sintering. In the model, Cu nanoparticles are supposed to diffuse in a
surface which has fixed dithiol molecules.

Due to the presence of the obstacles, the nanoparticle diffusion
coefficient D is affected by the pair coalescence to form more massive
particles.”®”” To simulate this mechanism, the nanoparticles were
modeled as spherical random walkers constrained to walk over a 2D
flat and inert surface that represents the MgO support. The dithiol
molecules are represented by hard spheres that are randomly affixed at
the support area and hereafter referred to as “obstacles”. Nano-
partigles( jump lengths are sampled from an exponential distribu-
tion.™

1
p\s) = —e !
& A; (1)

where s is the jump size and 4; is a parameter that can be related to the
particle size and the temperature. The nanoparticle jump is denied
when the displacement results in a superposition with an obstacle,
whereas if there is a superposition of two nanoparticles, they merge,
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Table 1. Comparison between the Mean Diameters Obtained from Different Experimental Techniques

TEM as-prepared (nm) TEM after H, reduction (nm) XRD as-prepared (nm) XRD after H, reduction (nm) EXAFS in situ (nm)

Cu nanoparticles (5+3)
Cu/(MgO + DTy) (5+2) (4+3)
Cu/MgO (84 + 53)

(25 £ 15)
(26 = 12)
(83 + 26)

(1.0 £ 02)
(2.1 £ 06)

conserving the mass and density. It follows from eq 1 that the average
jump size of a particle is ;.
In the simulation we use 4; = %, where K = 1 is a constant and

R, is the radius of the ith particle. To evaluate a time scale for the

simulation, the Einstein—Smoluchowski relation®® D = ZA;T was used,
where A is the jump size, d is the number of dimensions, and 7 the
time step. Setting A = Ay, d = 2, and D = D, where 4, and D, are,
respectively, the typical jump size and the diffusion coefficient of
W K
TDO - 4R,°Dy’
where R stands for the mean nanoparticle radius at the beginning of
the simulation.

A relevant parameter is the fraction of the substrate that is occupied
by the projection of the initial number of nanoparticles Nyp and the
number of obstacles N, called the initial occupation fraction ¢, and

defined as

particles at the beginning of the simulation, gives 7 =

T
¢0 = F(NNPRNPZ + NOROZ) (2)
where Ryp is the nanoparticle initial radius, Ry is the obstacle radius,
and L? is the total area of the substrate in the simulation. The
experimental value of ¢ in the samples was estimated to be around
0.2—0.4, with the N, adsorption—desorption isotherm measurements
and the nanoparticle and dithiol masses in each sample.

B RESULTS AND DISCUSSION

Figure 2a shows a typical TEM image of the Cu nanoparticles
synthesized. The Cu nanoparticles are spherical and present a
mean diameter of 5 + 3 nm. A TEM image of the MgO
support is shown in Figure S1 of the Supporting Information,
where particles in the micrometer range are observed. The
impregnation of Cu nanoparticles on the MgO support does
not change the mean Cu nanoparticle size for both Cu/MgO
and Cu/(MgO + DTS) nanoparticles, as demonstrated in
Figure S2 of the Supporting Information. After thermal
treatment (Figure 2b), the Cu/(MgO + DTs) sample shows
an increase of the nanoparticle density, however without
changes in their shape and mean size in comparison to the as-
prepared Cu nanoparticles. On the other hand, the same
thermal treatment induces a strong sintering effect of the Cu
nanoparticles (Table 1) with an increase of almost 17 times in
the mean size in the sample without impregnation of dithiol
molecules (Figure 2c). This result shows that the impregnation
of dithiol in the support successfully prevents the sintering of
Cu/(MgO + DT;) nanoparticles.

The XRD pattern (Figure 2d) of the as-prepared Cu
nanoparticles presents the CuO and Cu,O phases, as
expected.'® The reducing treatment induces the presence of
the metallic Cu phase, but the Cu,O phase is still present due
to atmosphere exposition. Since Cu,O is the only phase of the
Cu nanoparticles existing in both cases, this phase was used for
comparison purposes of the crystallite size of the Cu
nanoparticles obtained from Rietveld refinement. Again, the
sample without dithiol impregnation presents a drastic growth
of the mean diameter (see Table 1) after thermal treatment,
corroborating the sintering behavior observed from TEM
images. The Cu/(MgO + DT;) nanoparticles maintain the
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same mean diameter of the Cu nanoparticles before thermal
treatment, confirming sintering prevention.

Figure 2ef shows the in situ EXAFS oscillations and the
corresponding Fourier transform (FT) at the Cu K edge (8979
eV). The EXAFS oscillations of the samples during reduction
treatment are clearly damped in comparison to the Cu
standard measured at room temperature. It occurs due to the
small size of the Cu nanoparticles and the high temperature of
the measurements. Moreover, it is possible to observe damped
EXAFS oscillations of the Cu/(MgO + DT;) sample in
comparison to the Cu/MgO one. Since both measurements
were conducted at the same temperature (300 °C), it is further
evidence of sintering prevention in the sample impregnated
with dithiol. The same qualitative conclusion is obtained by
analyzing the height of the Cu—Cu component from the
coordination shell at FT. The average coordination number of
the coordination shell is directly related to the nanoparticle
size.”’ Using Calvin’s model,”" the nanoparticles size was
estimated from in situ EXAFS analysis in Table 1. The results
from all techniques follow the same size trend, corroborating
that sintering occurred in the Cu/MgO sample, while it was
prevented in the Cu/(MgO + DT;) sample.

The differences found in the mean diameter values obtained
from XRD and EXAFS in situ analysis in comparison to the
TEM analysis occur because it is well known that the EXAFS
technique is more sensitive to small crystallites, whereas XRD
analysis is more sensitive to large crystallites.”’ Therefore, the
diameters obtained from EXAFS represent an inferior limit in
the mean size, while the diameters obtained by XRD point to a
superior limit. For the nanoparticle size distribution from
TEM, most of the counts are indeed inside these boundaries.
As shown in Table 1, for all measurements, the Cu/MgO
nanoparticles present the larger mean size after thermal
treatment, clearly indicating sintering. Although EXAFS
analysis does not give a size before the reducing treatment
for comparison purposes due to the initial complex
composition of the nanoparticles (see the XANES analysis
discussion below), it shows that the Cu/(MgO + DTj)
nanoparticles have about half the size of the Cu/MgO
nanoparticles during reduction treatment.

The strategy to avoid sintering of Cu nanoparticles was
verified by three independent experimental techniques. This
strategy greatly works for avoiding sintering due to the
coalescence mechanism (nanoparticles weakly adhered to the
support), but the same cannot be affirmed for sintering effects
due to the Ostwald ripening mechanism (nanoparticles
strongly adhered to the support).’> For the coalescence
mechanism, the method should be independent on the ligand
used in the synthesis of the nanoparticles whether the intended
application is catalysis since the ligands are removed before the
catalytic reaction in the activation step. For other applications,
it is expected that the presence of ligands at the nanoparticle
surface would even help to avoid sintering of the nanoparticles
since they are used as stabilizing agents.

Cu/(MgO + DT;) nanoparticles were also prepared using
half amount of dithiol and subjected to the same thermal
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Figure 3. (a) In situ time-resolved XANES spectra at the Cu K edge of Cu/MgO and Cu/(MgO + DT;) nanoparticles. The color scale represents
the temperature during treatment. (b) Typical linear combination fit of a XANES spectrum of the Cu/(MgO + DTj) sample at 300 °C. The solid
lines represent the components used in the fit, and the dashed line represents the component with no contribution. (c) Time variation of Cu, CuO,
and Cu,O fractions during reduction treatment for Cu/(MgO + DT;) (open circles) and Cu/MgO (open stars) nanoparticles obtained from in
situ time-resolved XANES measurements. The solid gray step-like region describes the temperature variation, given by the right vertical axis.

treatment. TEM measurements (see Figure S3 of the
Supporting Information) show almost the same mean particle
size, demonstrating that half the amount of dithiol is enough to
avoid sintering. Furthermore, the experiment was repeated
using MgO impregnated with 1,3-propanedithiol or 1,4-
butanedithiol molecules, and the same qualitative results
were obtained, showing the robustness of the method (see
Figures S4—S6 and Table S1 of the Supporting Information).

This proposal is useful even when no S poisoning of the
nanoparticles is observed. A detailed in situ time-resolved
XANES analysis was conducted aiming to identify a possible S
poisoning and the time and temperature needed to poison the
Cu nanoparticles. Figure 3a shows the in situ time-resolved
XANES spectra during heating to 500 °C under H,
atmosphere for both samples. Using a linear combination fit
of several standards for the XANES spectra every S min
(Figure 3b), the fractional composition of the samples as a
function of time and temperature was obtained (Figure 3c).
The XANES fingerprints of the as-prepared nanoparticles are
consistent with the presence of mainly Cu(I) oxidation state.”
During the reaction, the edge contribution becomes smaller,
showing the reduction of Cu(I) to metallic Cu. At the end of
the reduction treatment, the Cu nanoparticles are mainly in the
metallic state (75%) with a Cu,O contribution as well (25%).
The CuSO, component shows very distinctive features that are
not observed in the XANES spectra. The XANES spectra of
CuS and Cu,S show fingerprints different than those shown in
Figure 3a.** Furthermore, there is no difference between the
final XANES spectra of the Cu/MgO and Cu/MgO + DT;
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nanoparticles at 500 °C, besides the same signatures in the
EXAFS oscillations (Figure 2e) and FT (Figure 2f) data. It
shows the absence of sulfur poisoning of the Cu nanoparticles
during reduction treatment. The change in the reduction
kinetics of the Cu nanoparticles between both samples (Figure
3c) is probably associated with the preferential reduction of
dithiol molecules at the MgO surface, which occurs before the
Cu nanoparticle reduction, retarding the reduction of Cu
nanoparticles in the Cu/(MgO + DTS) sample.

The Cu 2p;,, XPS region (Figure 4a) exhibits two
components at 932.8 and 934.5 eV, which are characteristic
of Cu,0* and CuO,* respectively. The presence of CuOQ after
reduction treatment comes from oxidation due to atmosphere
exposition. A CuSO, component is discarded since it is
associated with a binding energy of 936.0 eV.”” On the other
hand, the Cu sulfide (Cu,S) component is located at 932.5
eV,*® overlapping with that of Cu,O. However, if the Cu,S
component exists, it should appear in the S 2p XPS region as
well.

Figure 4b shows the S 2p XPS region, where it is possible to
observe the background noise for the Cu/MgO sample, as
expected. The as-prepared Cu/(MgO + DT;) sample presents
two main components at 162.5 and 163.5 eV. The first one can
be assigned to either Cu,S or Mng39 or can be even related to
a Mg-SR* complex.”” However, the S 2p binding energy in
MgS, (1 < x <2) covers a wide range of possible values, from
163.5 eV for x = 2 to 161.5 €V for x = 1.*"** On the other
hand, the S 2p binding energy of Cu,S (1 < x < 2) typically
does not vary so much with the oxidation state (<0.4 eV).*
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Figure 4. (a) Cu 2ps/,, (b) S 2p, and (c) Mg 1s XPS spectra of Cu/
MgO (blue points) and Cu/(MgO + DT;) (red points) nanoparticles
before and after reducing treatment. The solid black lines represent

the best fit found.

Thus, the large shift of 0.7 eV to smaller binding energy values
of this component after reduction treatment suggests that it is
not associated with a Cu,S bond. In fact, the corresponding
shift at Cu 2p;,, is not observed. The possibility of S—§
formation, which would have similar S 2p binding energy, is
unlikely since at high temperatures, S—S cleaves in contact
with transition metals.** On the other hand, a Mg surface
interacting with S species typically contains multiple oxidation
states;" therefore, both slightly and partially reduced S in

MgS, are probable. The component at 163.5 eV is associated
with a thiol bond with a metal oxide** or even to unbounded
thiol complexes.46 After the reduction treatment, a new
component was found at 169.0 eV, which was assigned to
either sulfonate®*® or MgSO,.*" Tt is well known from the
literature that thiol complexes oxidize to sulfonate when
exposed to ambient atmosphere.*”*® Therefore, the XPS
spectra after reduction treatment suggest that a fraction of the
dithiol molecules cleaved at high temperatures forming thiol
complexes. Then the thiol complexes oxidize to sulfonate after
exposure to ambient atmosphere and/or react forming MgSO,.

These results are corroborated by the XPS analysis in the
Mg 1s region (Figure 4c). The component at 1303.5 eV is
associated with Mg(OH), and/or MgO.* The component at
1304.5 €V is related to MgCO;>* and/or MgS,."” It is usually
the detection of MgO, MgCO;, and Mg(OH), simultaneously
in the XPS analysis of MgO samples that is exposed to ambient
atmosphere.”” After the thermal treatment, a shift to a higher
binding energy by 0.4 eV is observed for the MgS, component.
The energy shift direction agrees with the reducing of S atoms
in MgS, (Figure 3b). Then, the S bonding with the MgO
support is clear instead of the poisoning of the Cu
nanoparticles, where no binding energy shift in the Cu 2p
region is observed (Figure 4a). It is important to stress out that
Cu sulfides are stable under air exposition and only oxidation
treatments at 350 °C are able to induce desorption of sulfide
species;”" then, a possible Cu sulfide formation is detected by
XPS even after exposition of the sample to the atmosphere
(prior to the XPS measurements). Furthermore, FTIR
measurements were conducted, and, again, no Cu—S bonds
were found in the nanoparticles (Figure S7 of the Supporting
Information). A possible S poisoning of the Cu nanoparticles
was also investigated for MgO impregnated with 1,3-propane-
dithiol or 1,4-butanedithiol molecules, but no evidence was
found (Figures S8—S11 of the Supporting Information). The
existing methods in the literature for avoiding sintering include
(i) modification of the nanoparticle surface through the
formation of a capping layer, which may impair the catalytic
activity;” (i) incorporation of nanoparticles inside pores,

C.
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[ - —————._.fullsintering
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Figure S. (a) Illustration of the sintering preventing mechanism. The dithiol molecules act as obstacles for the Cu nanoparticle diffusion. (b) Points
represent the average particle sizes (R) (in units of Ryp), and bars represent the standard deviation as a function of the obstacle concentration N/
Nyp for a simulation starting with ¢ = 0.55. “Full sintering” happens when there are no obstacles, and “null sintering” happens when coalescence is
completely avoided. In between these two extremes, we set a “sintering limit” when (R) = 2Ryp. (c) Diagram of the average particle size as a
function of ¢y and obstacle concentration N/Nyp. The black line indicates the sintering limit, separating a region where sintering is avoided from a
region where nanoparticles coalesce. The white dashed line represents the experimental initial occupation fraction with its uncertainty given by the
whitened zone around it. On the right there are two snapshots of the final configuration in the simulation for No/Nyp = 1 (triangle) and S (cross).
The black dots represent Cu nanoparticles, and the orange dots represent dithiol molecules.
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which is either complex or not widely applied for different
systems;'" and (iii) alloying the metal nanoparticle with a
second metal, forming a bimetallic system with higher melting
temperatures, which may also impair the catalytic activity since
the surface is also changed.14 The present study shows, in a
pioneer way, a simple method for avoiding giant sintering
effects without changes on the surface of the nanoparticles.

We now introduce a simplified model which allows us to
estimate the proportion of dithiol molecules necessary to
prevent the sintering of the nanoparticles. The model is based
on the idea that the impregnation of dithiol molecules at the
support decreases the Cu nanoparticle diffusion, preventing
their sintering. The decrease in the diffusion of the
nanoparticles is probably due to the presence of the dithiol
that locally raises the activation energy for migration. Here, we
mimic this mechanism by proposing the following model
illustrated in Figure Sa: Nanoparticles are supposed to diffuse
in a surface impregnated with fixed dithiol molecules that act as
obstacles to the diffusion of the nanoparticles. We simulate this
model numerically as explained in the “Numerical Section”.

Figure 5 shows the results of the model. To study the
influence of the dithiol in avoiding the nanoparticle
coalescence, we vary systematically the concentration of
obstacles, No/Nyp.

Figure Sb shows the average nanoparticle sizes (R) (in units
of Ryp) as a function of No/Nyp for a simulation with ¢, =
0.55. When there are no obstacles (No/Nyp = 0) and the time
is long enough, all nanoparticles coalesce and form a unique
sphere, indicated by the dashed line, called “full sintering”. As
the concentration of obstacles increases, (R) decreases
monotonically until it reaches (R) = 1Ry, when Ng/Nyp =
S. This limit is identified as null sintering. We define that
sintering happens when (R) = 2Ryp, called the “sintering
limit”, which agrees with the experimental result (see Figure S3
of the Supporting Information). We then extend this analysis
for all values of ¢, (Figure Sc), showing a black line that
divides two regimes: above the line, the concentration of
obstacles is enough to avoid sintering. On the left of the
diagram, snapshots of the system are presented with ¢, = 0.3
and two situations: the situation below the dashed line where
there are few obstacles (No/Nyp = 1) and sintering is not
avoided. Black discs represent the Cu nanoparticles with an
average radius of (R) = 2.8 Ryp, and orange points represent
dithiol molecules. The snapshot above the dashed line shows
an example where there are 5 times more dithiol particles
compared to nanoparticles (No/Nyp = S) which prevents its
sintering. In this situation, (R) = 1.5 Ryp. In these figures, Nyp
= 1000, Ryp = 2.5 nm, and Ry = Ryp/10. In the Supporting
Information we show that our results are robust when we
simulate bigger system sizes. The total simulation time is 10°
Monte Carlo steps, which corresponds to 1 s when the typical
diffusion coefficient for Cu nanoparticles in the literature is
considered.”> ™"

For ¢, = 0.3, which is in the range of the value estimated
experimentally for our samples, the model predicts that two
times more obstacles than nanoparticles (Ng/Nyp~ 2) would
be required to avoid sintering. In the sample Cu/(MgO +
DT;), we estimate the concentration of dithiol molecules to be
S times higher than the nanoparticles, suggesting that it has a
concentration of dithiol well above the minimum concen-
tration necessary to avoid coalescence of the nanoparticles,
thus justifying why the present proposal is efficient in avoiding
sintering.

In view of the above, it is proposed that the dithiol
molecules bind to the MgO support through the formation of
MgS, bondings, as observed by XPS (Figure 4) and FTIR
(Figure S7) analyses. It is important to stress out that the
dithiol molecules were impregnated into the MgO support
before the supporting process of Cu nanoparticles, which are
not poisoned by the dithiol during thermal treatment, as
determined from in situ XAS (Figures 2 and 3), XPS (Figure
4), and FTIR (Figure S7) analyses. The formation of MgS,
bondings allows the prevention of the sintering of Cu
nanoparticles. The specific nature of the interaction that
makes a dithiol molecule obstructing the migration path of a
Cu nanoparticle is based on changing the local chemical
environment of the support surface, which decreases nano-
particle diffusion by raising the activation energy for migration.
In fact, it was already reported in the literature that the
insertion of adatoms in fullerenes promotes its coalescence
through a decrease of the activation energy.”> On the other
hand, this study reports on the dithiol molecules promoting
the thermal stability of Cu nanoparticles by increasing the
activation energy for coalescence and without poisoning the
nanoparticles.

B CONCLUSIONS

In this work, one of the greatest issues for nanoparticle
applications was fixed using a pioneer proposal. The sintering
of Cu nanoparticles is avoided using a simple preparation
method and without covering the Cu nanoparticle surface or
changing the physical—chemical properties of the nano-
particles. The impregnation of dithiol molecules at the support
prevents sintering by hindering the Cu nanoparticle diffusion,
probably by locally raising the activation energy for migration.
Based on this mechanism, we proposed a simple model to
estimate the minimal concentration of dithiol necessary to
avoid sintering. Finally, the Cu nanoparticles are not poisoned
by the dithiol molecules during high temperature thermal
treatments, enabling their use in applications involving high
temperature-like catalysis.
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