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Introduction

High entropy alloys (HEAs) are distinct from conventional

Visualizing formation of high entropy alloy
nanoparticles with liquid phase transmission
electron microscopyT™

Jiayue Sun,? Asher Leff,?¢ Yue Li (22 and Taylor J. Woehl (2 *¢

High entropy alloy (HEA) nanoparticles hold promise as active and durable (electro)catalysts.
Understanding their formation mechanism will enable rational control over composition and atomic
arrangement of multimetallic catalytic surface sites to maximize their activity. While prior reports have
attributed HEA nanoparticle formation to nucleation and growth, there is a dearth of detailed mechanistic
investigations. Here we utilize liquid phase transmission electron microscopy (LPTEM), systematic syn-
thesis, and mass spectrometry (MS) to demonstrate that HEA nanoparticles form by aggregation of metal
cluster intermediates. AuAgCuPtPd HEA nanoparticles are synthesized by aqueous co-reduction of metal
salts with sodium borohydride in the presence of thiolated polymer ligands. Varying the metal : ligand
ratio during synthesis showed that alloyed HEA nanoparticles formed only above a threshold ligand con-
centration. Interestingly, stable single metal atoms and sub-nanometer clusters are observed by TEM and
MS in the final HEA nanoparticle solution, suggesting nucleation and growth is not the dominant mecha-
nism. Increasing supersaturation ratio increased particle size, which together with observations of stable
single metal atoms and clusters, supported an aggregative growth mechanism. Direct real-time obser-
vation with LPTEM imaging showed aggregation of HEA nanoparticles during synthesis. Quantitative ana-
lyses of the nanoparticle growth kinetics and particle size distribution from LPTEM movies were consistent
with a theoretical model for aggregative growth. Taken together, these results are consistent with a reac-
tion mechanism involving rapid reduction of metal ions into sub-nanometer clusters followed by cluster
aggregation driven by borohydride ion induced thiol ligand desorption. This work demonstrates the
importance of cluster species as potential synthetic handles for rational control over HEA nanoparticle
atomic structure.

recent discovery of HEA nanoparticles has led to demon-
strations of their great potential for catalysis,® energy storage
and conversion,!%"!2 and mechanical property enhancement.'3

dilute alloys containing minor fractions of metal dopants as
they contain near equimolar amounts of five or more metals
stabilized by high mixing entropy.!”® Initial work on bulk
HEAs demonstrated enhanced functional properties compared
to dilute alloys, including high strength and melting tempera-
ture due to sluggish atomic diffusion and lattice strain.*> The
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However, synthesis of nanoscale HEAs containing immiscible
metals is challenging due to the thermodynamic driving force
for phase separation due to differing crystal structure, atomic
size, valence electron configuration, and electronegativity.'*
Seminal work by the Hu group circumvented this challenge by
utilizing rapid solid-state synthesis, termed carbothermal
shock synthesis, which involved millisecond heating of metal
precursor salt mixtures followed by rapid temperature quench-
ing.!> In recent years, a number of solid state synthesis
methods for HEA nanoparticles made their debut such as
1617 fast-moving bed pyrolysis,'® laser

2! and microwave heating syn-

electrosynthesis,
ablation,!%2?% aerosol synthesis,
thesis.>?> In general, these prior synthesis routes used high
temperature and rapid temperature quenching to generate
kinetically trapped HEA nanostructures. Previous researchers
have suggested that HEA nanoparticles form by classical
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nucleation and growth mechanism during thermal synthesis.
Gao et al. described HEA nanoparticle formation during rapid
pyrolysis using Lamer’s burst nucleation model, where the
high synthesis temperature decreased critical nuclei size and
free energy barrier to nucleation.!® Recent work has shown
that the formation of HEAs is in part driven by energetically
favorable short-range order, which forms metal cluster species
with different atomic arrangements.?3

Solution phase HEA nanoparticle synthesis methods
include solvothermal synthesis,”*’ thermal annealing of
core-shell nanoparticles,?® sonochemical synthesis,? and oil-

30 solid-state

phase synthesis. Similar to the synthesis
approaches, these methods used strong chemical reductants
or high temperature to rapidly convert metal precursors into
HEA nanoparticles and are thought to involve classical nuclea-
tion and growth. For instance, Broge et al. concluded for-
mation of HEA nanoparticles during solvothermal synthesis
occurred via nucleation and autocatalytic growth.?> Despite
some success in forming HEA nanoparticles, solution phase
co-reduction often leads to phase separation of metals and
must be carefully optimized to produce fully alloyed nano-
particles, which is a slow empirical process. Rational solution
phase synthesis of HEA nanoparticles with tailored compo-
sition and highly active multimetallic catalytic sites in a timely
manner will require enhanced fundamental understanding of
the formation mechanisms of HEA nanoparticles.

While prior work has suggested classical nucleation and
growth mediate metal nanoparticle formation during syn-
thesis, there is a growing body of literature suggesting alterna-
tive particle attachment-based mechanisms. Among these
prior works, many researchers have emphasized the existence
and importance of nanoclusters as key intermediates during
nanoparticle synthesis.’'*? Liquid phase transmission elec-
tron microscopy (LPTEM) has been indispensable in unravel-
ing non-classical nanoparticle formation mechanisms as it
allows direct real time visualization of reaction intermediates
and their interactions by processes such as aggregation and
coalescence. Prior LPTEM work has directly visualized a
number of nonclassical nanoparticle growth pathways, such as

3737 aggregative growth,>®

oriented attachment, precursor-
dense liquid phase mediated growth,**™*? and multistage
mechanisms involving coalescence, Ostwald ripening, and
monomer attachment.**** Here we utilize synchronous solu-
tion chemistry and LPTEM to uncover the formation mecha-
nism for HEA nanoparticles synthesized by rapid aqueous
phase co-reduction. Specifically, we interrogate the growth
mechanism of HEA nanoparticles during co-reduction of
aqueous metal salts with sodium borohydride (NaBH4) in the
presence of thiolated polymer ligands. While thiol ligands are
known to strongly bind nanoparticle surfaces, borohydride
anions have been demonstrated to readily displace thiolated
molecules from metal surfaces and cause nanoparticle aggre-
gation.*> Our results demonstrate that borohydride induced
desorption of thiol ligands destabilizes intermediate clusters,
which causes cluster—cluster aggregation that forms HEA nano-

particles. In contrast to all prior studies on the formation
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mechanisms of HEA nanoparticles, this work indicates that in
this case HEA nanoparticles did not form by a nucleation and
growth mechanism but instead by aggregative growth. This work
emphasizes the importance of intermediate clusters as synthetic
handles for the controlled synthesis of HEA nanoparticles.*?

Experimental section

Chemicals

Chloroauric acid trihydrate (HAuCl,-3H,O, 299.9% trace
metals basis), silver nitrate (AgNOs, ACS reagent, 299.0%),
copper(n) sulfate pentahydrate (CuSO4 5H>O, ACS reagent,
298.0%), potassium tetrachloroplatinate (K,PtCly, 299.9%
trace metals basis), potassium tetrachloropalladate (K>PdCla,
299.9% trace metals basis), poly(ethylene glycol) methyl ether
thiol (mPEG-SH, average molecular weight of 1000 g mol™!),
and sodium borohydride (NaBH4, powder, 298.0%) were pur-
chased from Sigma Aldrich and used as received. Type II DI
water (18.2 MQ cm) was used for all experiments.

Solution chemistry synthesis

Briefly, HEA particles were synthesized by first mixing metal
salts specified in the previous section in equimolar concen-
trations with mPEG-SH ligands at the specified concentration.
The precursor was reduced under vigorous magnetic stirring
with NaBH, in water. For example, a sample with 1:1 molar
ratio of metal ions to mPEG-SH ligands was prepared by
adding 36 pL of a 20 mM stock solution of each metal salt to
4 mL DI water with stirring, followed by 180 pL of 20 mM
PEG-SH. This yielded a total metal ion concentration of
0.86 mM, with each metal ion present in equimolar concen-
tration. When varying the metal : ligand ratio or the reducing
agent : metal ratio, the total metal ion concentration and com-
position were held constant at this value and the ligand or
reducing agent concentration adjusted accordingly. The reac-
tion solution was then reduced immediately by addition of
450 uL 20 mM NaBH4, which gave a concentration of 1.94 mM
NaBH, in the final reaction solution. The reaction was stirred
in air at room temperature for 1 hour to allow NaBH, to fully
react and hydrolyze. HEA particles were washed by water at
7500 rpm for 10 min three times by using VWR® centrifugal
filters (molecular weight cut-off 10 kDa).

TEM characterization

5 uL of HEA nanoparticle solution was drop cast onto carbon-
coated aluminum TEM grids (Ted Pella 01844A). Excess liquid
in the droplet was removed by wicking with a Kimwipe to
encourage uniform coverage of nanoparticles on the carbon
after drying. Samples were plasma cleaned in an air plasma for
30 seconds prior to imaging. High resolution scanning trans-
mission electron microscopy (HR-STEM) and energy dispersive
X-ray spectroscopy (EDS) were performed on a JEOL ARM200F
TEM operating at 200 kV acceleration voltage and equipped
with an Oxford XMAX TLE 100 windowless EDS spectrometer.
EDS spectra and maps were quantified using the Cliff-Lorimer
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equation. STEM imaging for particle size distribution measure-
ments was performed on a JEOL JEM-2100F TEM operating at
200 kV acceleration voltage. Nanoparticle size distributions
were measured from hundreds of nanoparticles for each
sample using an automated image analysis algorithm written
in MATLAB.

MALDI-TOF mass spectrometry

HEA nanoparticle reaction solutions were characterized by
matrix assisted laser desorption ionization time of flight mass
spectrometry (MALDI-TOF MS, Bruker AutoFlex). Mass spectra
were acquired in negative linear TOF mode over a detection
range of m/z = 100-2000. A 10 uL HEA sample solution was
mixed with 10 pL 2’,6'-dihydroxyacetophenone (DHA) (97%,
Sigma Aldrich) matrix (10 mg mL™") and 2 pL of the mixture
was drop cast on the MALDI target plate (MTP 384 ground
steel BC) without further purification and dilution. The
MALDI-TOF MS was equipped with smartbeam-II solid state
laser and the laser power was set to reach 100% with a laser
frequency of 500 Hz.

LPTEM experiments

LPTEM experiments were performed in a MEMS-based micro-
fluidic sample holder (Protochips, USA). The sample cell
creates an electron transparent liquid sample by sandwiching
a thin liquid film between two free-standing 50 nm silicon
nitride films supported on silicon chips.*® Before assembling
the sample cell, both silicon chips were rinsed in acetone and
methanol followed by drying with compressed gas and air
plasma treatment (Harrick Plasma, PDC-32G) for 3 minutes to
remove residual organic contamination and render them
hydrophilic. A small droplet of sample precursor (80.5 pL) was
sandwiched between the two chips and hermetically sealed in
the sample holder tip by a series of o-rings, creating an elec-
tron transparent window that was 50 x 50 pym in size. Flow
spacers with a thickness of 500 nm defined the liquid flow
channel, but silicon nitride film bulging leads to a nominal
liquid thickness of @750 nm as measured by electron energy
loss spectroscopy in a previous study.*’ After the cell was
assembled, precursor solution was flowed through the micro-
fluidic lines in the sample holder for B30 minutes at a flow
rate of 300 uL h™' to remove any bubbles.

The precursor solution for LPTEM was a dilute version of
the flask synthesis recipe.*® 2.4 uL of 20 mM metal salt precur-
sor solutions of each metal were added to 8 mL water and
gently vortexed for 5 seconds followed by addition of 18 pL (1:
1.5 metal :ligand) or 24 pL (1:2 metal:ligand) of 20 mM
mPEG-SH ligand solution followed by vortexing. The final
metal concentration in the precursor was 0.03 mM and the
ligand concentration varied from 0.045 mM to 0.050 mM. All
water used for precursor preparation for LPTEM was degassed
for 1 h by sonication (Branson, CPX2800H), followed by
30 minutes of nitrogen purging to minimize oxygen content
and bubbling during experiments. LPTEM experiments were
performed on a JEOL JEM-2100F TEM operating at 200 kV
accelerating voltage in STEM mode. The dose rate d, a measure
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of the amount of energy deposited in the liquid sample, was
. . . 1S
documented for each in situ movie, defined as d % ;—A, where

i (C/s) is the electron beam current, e is electron charge, s is
the density normalized stopping power of water (s = 2.798 x
10° eV m? kg™") at 200 kV and Ais the STEM image area.*”#>>°
The dose rate (MGy s™! = 10° ] kg™! s7!) is indicated for each
LPTEM experiment in the article. After LPTEM experiments
the liquid cell was disassembled and the reaction solution was
air dried onto the silicon nitride surface. The nanoparticles
and metal clusters were characterized by HR-STEM and EDS
using a JEOL ARM200F operating at 200 kV. Tracking individ-
ual nanoparticle growth kinetics was performed manually in
Imagel (Fig. S11) while particle size distribution (PSD) tracking
was performed using a custom MATLAB script that used stan-
dard image segmentation to track particle area and number of
particles as a function of time.

Results and discussion

HEA nanoparticles were synthesized by NaBH4 reduction of
AuCly~, Ag", Cu®', PtCl,>", PdCl4* ions in the presence of
mPEG-SH ligands. Polymers with thiol anchoring groups are
well-known strongly binding metal nanoparticle ligands that
have been used to synthesize monometallic silver,’! gold,>?
copper,”>*  platinum,’>*® and palladium nanoparticles.’’
Further, thiol ligands are well known to stabilize metal
nanoclusters,’®°® which prior works have indicated can be
essential intermediates to the formation of alloyed
nanoparticles.*®°! The rapid reduction of all metal precursors
by NaBHj, is anticipated to minimize internal electron transfer
and mitigate preferential reduction of metal ions with high
reduction potential.'® Fig. 1a—c shows representative HR-STEM
images of HEA nanoparticles formed by co-reduction of Au,
Ag, Cu, Pt, and Pd metal salts. The resulting nanoparticles
ranged in diameter from 0.5-3 nm and were both single and
polycrystalline (Fig. la, inset). High angle annular dark field
(HAADF) STEM images, which display atomic number (Z)
image contrast proportional to Z> showed random variations
in the atomic column intensity in the nanoparticles that are
indicative of a random alloy. Some nanoparticles showed sub-
nanometer scale phase separation, denoted by locally lower
image contrast corresponding to lower average atomic number
(red arrow in Fig. 1c). HEA nanoparticles formed by solvo-
thermal synthesis showed similar nanoscale phase separ-
ation.?® Interestingly, the nanoparticles co-existed with sub-
nanometer, non-crystalline metal clusters (Fig. 1d, Fig. S2 and
S3t). Similar to the HEA nanoparticles showing variations in
the HAADF-STEM intensity, the variable intensities of single
atoms and atoms in small clusters indicated they contained
different elements. The range of HAADF-STEM atom intensi-
ties in the clusters were consistent with the expected range for
Z-contrast imaging of the five metals (Fig. S37).

Fig. le shows a MALDI-TOF MS spectra of the reaction solu-
tion taken immediately after nanoparticle synthesis, which
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Fig. 1 HR-STEM and MALDI-TOF MS characterization of HEA nano-
particles synthesized by aqueous phase co-reduction. (a) HAADF-STEM
image of HEA nanoparticles synthesized with a metal :ligand ratio of 1:
1. The inset in (a) shows the PSD of the nanoparticles measured from
HAADF-STEM images. (b) Bright field STEM image of the same nano-
particle. (c) HAADF-STEM image of HEA nanoparticles showing phase
separation. The red arrow points to a sub-nanometer phase separated
domain. (d) HAADF-STEM image of an HEA nanoparticle surrounded by
sub-nanometer clusters and free atoms. The image is false colored and
contrast adjusted to highlight the clusters and atoms (yellow arrows). (e)
MALDI-TOF MS spectrum of metal clusters in an HEA nanoparticle solu-
tion prepared with a metal : ligand ratio of 1:1.

showed species with molecular weights in the expected range
for few atom multimetallic clusters. MS simulations showed
that several peaks in the spectra were consistent with multime-
tallic clusters adducts containing either hydrogen or boron
(Fig. S47). Despite the affinity of mPEG-SH to metals, we did
not observe any mPEG-SH protected metal clusters with
MALDI-TOF or electrospray ionization mass spectrometry
(ESI-MS). However, we infer that the clusters observed by
MALDI-TOF and HAADF-STEM were initially ligated by mPEG-
SH due to their stability in colloidal solution. It is likely
mPEG-SH protected metallic clusters were either not efficien-
tly ionized or the laser desorption ionization destroyed the
complex; prior work has shown that MALDI-TOF can desorb
thiol ligands from nanoparticle surfaces.®> We could not
characterize the oxidation state of the clusters independent of
the nanoparticle phase, but prior X-ray characterization and
modeling has shown similar thiol ligand capped clusters are

metallic in nature.®!-%3
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The metal : ligand ratio during nanoparticle synthesis was
systematically varied to explore the effect on alloying and size.
Fig. 2 shows representative atomic resolution HAADF-STEM
and STEM energy dispersive X-ray (STEM-EDS) compositional
maps for nanoparticles produced with 1:1, 2.5:1, and 5:
1 metal:ligand molar ratios. HAADF-STEM images showed
that nanoparticles formed with 1:1 and 2.5:1 metal : ligand
ratios were a mixture of polycrystalline and single crystal nano-
particles (Fig. 2a and b). Conversely, some nanoparticles
formed with a 5:1 metal:ligand ratio were not HEAs and
exhibited aggregation and phase separation into core—shell
nanoparticles (Fig. 2c). Additional images showing the range
of particle types formed are included in Fig. S5.¥ STEM-EDS of
nanoparticles synthesized with 1:1 (Fig. 2d) and 2.5:1
(Fig. 2e) metal : ligand ratios showed that the five metals were
uniformly distributed in the HEA nanoparticles within the
spatial resolution of EDS mapping (0.5 nm). EDS quantifi-
cation of HEA compositions for 1:1 and 2.5:1 ratios revealed
the nanoparticles contained (by mass) 31.7 = 2.9% Au, 6.1 +
2.1% Ag, 14.4 + 1.2% Cu, 29 + 2.7% Pt, 18.7 + 2.2% Pd and
62.2+22% Au, 1 £1.0% Ag, 17 + 1.1% Cu, 6.3 + 1.6% Pt, and
13.5 £ 1.4% Pd, respectively (additional EDS quantifications of
HEA particles are shown in Table S1t). Together with
HAADF-STEM images, the EDS mapping and composition
measurements showed that the 1:1 metal:ligand ratio
formed nanoparticles containing all five metals, consistent
with HEA nanoparticles formed by synthesis
methods.'®?® The 2.5: 1 metal : ligand ratio contained four of
the metals with a nearly negligible silver concentration. We
note that some metals were deficient in the nanoparticles com-
pared to the initial precursor composition due to preferential
metal reduction. STEM-EDS showed that some nanoparticles
synthesized with 5:1 metal:ligand ratio were a mixture of
phase separated particles, with Au, Cu, and Pt preferentially
segregated to the nanoparticle cores, and small nanoparticles
containing only Pd and Ag (Fig. 2f). As such, we did not clas-
sify these nanoparticles as HEAs.

From the particle size distributions (PSD) in Fig. 3, we
noticed an increase in the average particle size with decreasing

other

ligand concentration (see Fig. S6t for STEM images used to
measure the PSD). Prior work has shown that decreasing the
thiol ligand concentration leads to more rapid aggregation and
growth due to low surface ligand coverage at early reaction
times.®* The ligand concentration also impacts metal
reduction rate and alloying. Prior work showed that sulfur
ligand coordination to metal ions during co-reduction
encourages alloying by effecting simultaneous reduction of
each metal ion type.®' Thiol ligands react with metal ions to
form metal thiolates, which reduce at a similar rate across all
metals; if insufficient thiol ligand is present, some metal ions
remain coordinated with water or halides, leading to disparate
reduction rates. This phenomenon likely explains the for-
mation of phase separated particles at high metal to ligand
ratios in this work.

HEA nanoparticle formation was directly visualized in real
time with in situ LPTEM synthesis using aqueous eclectrons

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Atomic structure and elemental mapping of HEA nanoparticles. (a—c) HAADF-STEM images of HEA particles synthesized with metal : ligand
ratios of (a) 1:1, (b) 2.5:1, and (c) 5:1. (d-f) HAADF-STEM images (first column) and EDS elemental maps of HEA nanoparticles synthesized with

metal : ligand ratios of (d) 1:1, (e) 2.5:1, and (f) 5:1.

1.5
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Metal : Ligand =3 1
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> 17 ®
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c \
) ‘
=]
=3
2
wo05f
0
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Fig. 3 PSD of nanoparticles synthesized with different metal : ligand
ratios.

(eaq ) as the reducing agent. While there are chemical differ-
ences between the redox properties of aqueous electrons and
NaBH,, prior work by Wang et al. showed that LPTEM can
visualize formation of alloyed metal nanoparticles with thio-
lated polymer ligands with similar reaction kinetics compared
to solution chemical synthesis with NaBH,.*® The present
work utilizes a different precursor solution containing 5 metal
ions instead of gold and copper ions only, but we expect the
electron beam chemistry to be qualitatively similar to the prior
work on AuCu nanoparticles. This prior study showed that
AuCu nanoparticles synthesized by electron dose controlled
aqueous electron reduction and NaBH, reduction had statisti-
cally similar size distribution, morphology, and composition.
Notwithstanding, there are several differences between these
two reduction methods that bear mentioning. The standard

This journal is © The Royal Society of Chemistry 2023

reduction potential of the aqueous electron is more negative
(E° =-2.3 V) than borohydride ions (E° = -0.48 V), resulting in
a thermodynamic driving force for silver ion reduction by
aqueous electrons that is about three times larger than for
NaBH4.*® Accordingly, prior work showed that diluting the
metal ion concentration by a factor of @30 led to growth of
individual nanoparticles at a similar rate during LPTEM and
NaBH, reduction.*® Similar to the previous work, we utilized
lower metal : ligand ratios than solution chemical synthesis to
scavenge hydroxyl radicals that can oxidize metals and desorb
ligands via oxidative elimination.*®>%¢ Solution pH can be
affected by the electron beam due to production of hydronium
ions; however, prior models have shown the pH is not signifi-
cantly reduced for the low pH of the precursor solution (pH =
4).57 Despite these differences, the qualitative processes that
occur during reduction by NaBH, and aqueous electrons are
expected to be similar. Most importantly, both strong reducing
agents rapidly reduce all available metal ions to metal atoms
within seconds, which suggests similar chemical processes
will control subsequent nanoparticle formation.

Fig. 4a and b show time-lapsed LPTEM images of HEA
nanoparticle formation with 1:1.5 and 1:2 metal:ligand
ratios, respectively. While sub-nanometer clusters are certainly
important for the nanoparticle formation mechanism, they are
not directly visualized here as the spatial resolution is limited
to @1 nm. Prior work in our lab showed that imaging alloyed
nanoparticle formation at uncontrolled dose rate led to prefer-
ential reduction of certain metals and particle destabilization
by electron beam damage,*® so the magnification and spatial
resolution in these experiments was intentionally lower to reduce
these effects. The in situ image frames shown in Fig. 4a and b
were acquired at dose rates of 362 MGy s™' and 212 MGy s™,
which yielded similar aqueous electron concentrations of
5.77 uM and 4.39 uM as determined by the radiolysis model by

Nanoscale, 2023, 15, 10447-10457 | 10451
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Fig. 4 LPTEM visualization of HEA nanoparticle formation dynamics. (a and b) Time-lapsed LPTEM images of HEA nanoparticle growth (a) at a mag-
nification of 2000 000x (beam current = 23 pA, dose rate = 362 MGy s™*) with a metal : ligand ratio of 1: 1.5, and (b) 1500 000x (beam current = 23 pA,
dose rate = 212 MGy s™!) with a metal : ligand ratio of 1: 2. The images have been cropped to enhance particle visibility. (c) Double logarithmic plot
of the particle diameter (d) as a function of time (t). The particles are denoted by numbers 1 to 4 in a and b. Particle size vs. time data for par-ticles
denoted by numbers 5-10 are shown in Fig. S7.T (d) Schematic of HAADF-STEM and STEM-EDS on the disassembled and dried liquid cell window.
(e) Dry state HAADF-STEM image of an HEA particle formed by LPTEM synthesis. (f) False colored dry state HAADF-STEM image of an HEA particle

formed by LPTEM synthesis surrounded by sub-nanometer clusters. (g) Dry state HAADF-STEM image and EDS elemental maps of an HEA
nanoparticle synthesized by LPTEM.

Bl Ag Cu [Bfl Pd

Schneider et al. (see ESI Videos 1 and 271 for full data sets, see observed to form over times of 30-60 seconds. Nanoparticles
Table S2t for aqueous electron concentrations corresponding in each sample grew individually separated by a few nano-
to all dose rates used in this work).®” In each experiment, meters within larger agglomerates of 10-20 nanoparticles.
nearly spherical nanoparticles with sizes of 5-10 nm were While particles exhibited more aggregation in Fig. 4b, they still
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grew isotropically and individually from each other with clear
interparticle separation. We tracked the size of ten particles as
a function of time between two experiments at nearly the same
dose rate. Four of the tracked particles are denoted by arrows
in Fig. 4a and b and their growth trajectories are shown in log
space in Fig. 4c (additional trajectories are shown in Fig. S7t).
The nanoparticle diameters (d) were observed to increase with
a d @ t'® power law after about 10 s, which could be consistent
with either diffusion limited growth®® or aggregative growth.®
Growth trajectory measurements absent other supporting
experiments cannot conclusively determine the growth mecha-
nism.*>® We compared the PSD of the resulting HEA nano-
particles shown in Fig. 4b and those prepared by solution
chemistry with theoretical PSD models for diffusion limited
growth, reaction limited growth, and aggregative growth and
found that in each case, the aggregative growth PSD had the
smallest statistical deviation from the experimental PSDs
(Fig. S8 and Table S3).

Following LPTEM synthesis, we disassembled and dried the
liquid cell for HAADF-STEM and STEM-EDS characterization
(Fig. 4d). While EDS is possible in the liquid phase, there is
not sufficient X-ray signal to the EDS detector to characterize
such small particles. To increase the EDS signal, the reaction
solutions was dried on the microchip surface followed by
gentle rinsing with water; nanoparticles and clusters remained
attached to the dried silicon nitride surface after rinsing
because the nanoparticles formed on the membrane surface.®’
Similar to the HEA nanoparticles synthesized by NaBH4
reduction, HAADF-STEM characterization displayed that the
in situ synthesized HEA particles were crystalline (Fig. 4¢) and
co-existed with sub-nanometer sized clusters (Fig. 4f).
STEM-EDS elemental mapping revealed the in situ synthesized
HEA particles contained all five elements with similar compo-
sition as the 1:1 metal : ligand ratio prepared by NaBH4
reduction (65 + 1.5% Au, 10 £ 0.8% Ag, 16 + 0.5% Cu, 5 £ 1.2%
Pt, and 4 £ 0.8% Pd) (Fig. 4g).

LPTEM synthesis using precursors containing a higher
metal : ligand ratio of 1.5: 1 (less ligand than in Fig. 4) showed
significant aggregation as opposed to growth of individual
nanoparticles (Fig. 5). Nanoparticles did not display clear
interparticle spacing and instead large agglomerates grew as
single monoliths (Fig. 5a) or by nanoparticle attachment to
their surfaces (Fig. 5b). Prior work in our lab showed that
excessive aggregation of alloyed nanoparticles as seen here was
due to large hydroxyl radicals concentration, which caused
ligand desorption or intermolecular crosslinking.***® Taken
together, the results of the LPTEM experiments were qualitat-
ively consistent with the solution phase synthesis, where small
individual nanoparticles formed at relatively higher ligand
concentration and aggregated nanoparticles formed as the
ligand concentration was decreased.

Based on the experimental results so far, we consider
potential formation mechanisms for HEA nanoparticles
during rapid chemical reduction in aqueous solution. Prior
work has suggested that HEA nanoparticles formed during
solid state synthesis by Lamer’s model of burst nucleation fol-

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 LPTEM visualization of HEA nanoparticle aggregation dynamics. (a
and b) Time-lapsed LPTEM images of HEA nanoparticle aggregation and
growth with a metal : ligand ratio of 1.5:1 at (a) a magnification of 1500
000x (beam current = 23 pA, dose rate = 212 MGy s™!) and (b) at a
magnification of 800 000x (beam current = 74 pA, dose rate = 205 MGy
s71). Blue circles in (b) denote an example of particle aggregation.
Images have been cropped to enhance visibility of dynamics.

lowed by monomer attachment.'® In Lamer’s model, particle
formation is initiated by rapid nucleation following a rapid
transient spike in metal atom supersaturation ratio.’® Classical
nucleation theory is typically used to describe the nucleation
step, where the positive free energy associated with creating a
new solid-liquid interface creates a nucleation free energy
barrier and critical nuclei size. Aggregates of metal atoms with
sizes below the critical nuclei size spontaneously dissolve
while clusters above the critical nuclei size grow via monomer
attachment. Once nucleation is initiated and the growth phase
occurs, single metal atoms or clusters are unstable and will
spontaneously grow into nanoparticles. Two testable predic-
tions emerge from classical nucleation theory and Lamer’s
model: (1) single atoms should not be stable or exist in the
final reaction solution because they are inherently unstable
once nanoparticle growth is initiated and (2) particle size
should decrease with increasing supersaturation ratio due to
formation of more and smaller nuclei.”! Our observation of
stable single atoms and clusters after synthesis is inconsistent
with the first prediction, suggesting that nucleation does not
govern the initial phase of nanoparticle formation.

Synthesis experiments varying the NaBH4 concentration as
a proxy for supersaturation ratio tested the effect of supersa-
turation on particle size against the second prediction of
Lamer’s model (Fig. 6; images used to generate the PSDs are
shown in Fig. S9t). Increasing the NaBH4 concentration
increases the metal atom supply rate to solution and therefore
the initial supersaturation ratio.”” Particle size and size disper-
sity increased as a function of NaBH4 concentration for a con-
stant metal : ligand ratio with average particle size increasing
from 1.2 nm to 1.7 nm when increasing NaBH4 concentration
from 0.42 mM to 7.0 mM (Fig. 6a). Measurements of the par-
ticle eccentricity (€ = 1 for a circle, € =0 for a line, 0 <e <1 are
ellipses), indicated that particles became less circular with
increasing NaBH4 concentration due to particle aggregation
(Fig. 6b).*® Taken together, the increase in particle size with

Nanoscale, 2023, 15, 10447-10457 | 10453
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Systematic HEA nanoparticle synthesis and LPTEM observation of nanoparticle aggregation are consistent with an aggregative growth

mechanism. (a) PSDs and (b) eccentricity distributions of HEA particles synthesized with different NaBH,; concentrations. (c) PSD of preformed HEA
particles before and after addition of 1.93 mM NaBH,. (d) Bright field STEM image showing a sub-nanometer cluster in a LPTEM image. The inset
shows the intensity profile across the yellow line drawn along the metal cluster. (e) Time-lapsed LPTEM images showing growth and aggregation of
preformed HEA nanoparticles (1:1 metal:ligand ratio) with no metal precursor present at a magnification of 1500000x (beam current = 74 pA, dose
rate = 682 MGy s7). The images have been cropped and false colored to highlight aggregation of small nanoparticles and clusters. (f) PSD of the
nanoparticles in (e) as a function of time. The inset shows the number of particles in the image as a function of time.

increasing reducing agent concentration and supersaturation
ratio is inconsistent with Lamer’s model and nucleation as the
rate limiting step for nanoparticle formation, indicating an
alternate mechanism is at play.

The observation of increased particle aggregation and size
with increasing NaBH4 concentration suggests that the redu-
cing agent plays a role aside from simply reducing the metal
ions during nanoparticle formation here. Indeed, prior density
functional theory calculations showed that the hydride-gold
surface bond energy is about 50% larger than a gold thiolate
bond.* Prior work has reported that borohydride ions can dis-
place ligands including thiolated polymers (PEG-SH),” 4-ami-
nothiophenol (4-ATP),”* polyvinylpyrrolidone (PVP),”>’® and oley-
lamine (OAm).”® Ligand removal from nanoparticles by hydride
ions led to nanoparticle aggregation in most literature obser-
vations. The small size of hydride ligands allows nanoparticles to
closely approach each other, where attractive van der Waals inter-
actions cause irreversible nanoparticle attachment. Polte et al.
suggested that borohydride ion induced ligand desorption led to
secondary aggregation after initial metal cluster formation.”® To
further test whether NaBH4 induces aggregation we measured
the PSD of preformed HEA nanoparticles before and after
addition of NaBH,; (Fig. 6¢). The average nanoparticle size
increased by a factor of nearly two after NaBH,4 addition, which is
consistent with borohydride and hydride ions displacing mPEG-
SH ligands during nanoparticle synthesis to drive aggregation.

Companion LPTEM experiments were performed to directly
observe the aggregation of preformed HEA nanoparticles due
to ligand desorption. Here HEA nanoparticles dispersed in

10454 | Nanoscale, 2023, 15, 10447-10457

water with no metal ions in solution were imaged by LPTEM.
Hydroxyl radicals generated by radiolysis caused mPEG-SH
ligand displacement via oxidative elimination,®® which desta-
bilized nanoparticles similar to NaBH4 addition. Fig. 6f shows
that continuous LPTEM imaging of pre-formed nanoparticles
caused additional nanoparticles to appear in the image area
and drove their growth and aggregation over time (see ESI
Videos 3 and 4%). The nanoparticle PSD at early times showed
high concentrations of Bl nm clusters and nanoparticles
ranging up to 6 nm in size (Fig. 6g). Particles continuously
accumulated in the image area, likely due to the presence of
strong electric fields generated by the electron beam (Fig. 6g,
inset).”” Time dependent PSDs showed that Bl nm clusters
were consumed over time to form larger particles. Some nano-
particles were observed to increase their size by self-growth
(yellow arrows, Fig. 6f), which absent metal ion precursors
must result from attachment of metal clusters below the
B1 nm spatial resolution of LPTEM. Aggregation of 21 nm
clusters and nanoparticles was observed in several instances,
where clusters attached to larger nanoparticles or each other
(arrows in Fig. 6f). While LPTEM imaging here has a resolu-
tion limited to about 1 nm and could not directly resolve the
clusters as shown by dry state HAADF-STEM imaging, the con-
tinuous aggregation and growth of nanoparticles provides
strong supporting evidence for cluster aggregation during syn-
thesis. These data, complemented by solution chemistry, mass
spectrometry, and LPTEM growth rate and PSD analysis,
provide strong evidence for a mechanism involving ligand de-
sorption induced cluster aggregation.

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Reaction mechanism for HEA nanoparticle formation.

Scheme 1 summarizes the mechanism for the formation
of HEA nanoparticles. First, metal ions complexed by mPEG-
SH ligands were rapidly reduced by NaBH4 to form metal
atoms and metal clusters ligated by mPEG-SH. Interestingly,
these single atoms and sub-nanometer clusters were
observed in the nanoparticle solution, indicating that absent
NaBH, the clusters were stable for at least several days. In
the next step, excess borohydride and hydride ions competed
for binding sites on the sub-nanometer clusters with mPEG—
SH. Borohydride and hydride displaced mPEG-SH
ligands on single atoms and clusters and caused growth by
aggregation. Over time, the colloidal stability of the metal
clusters increased with their increasing size and at the same

time the borohydride ion concentration decreased due to

ions

hydrolysis and oxidation.”® Eventually, a steady state distri-
bution of nanoparticles, metal clusters, and single metal
atoms stabilized by mPEG-SH
Experiments showed that metal nanocluster intermediates
did not contain all five metals; however, random aggregation
of these clusters resulted in HEA nanoparticles containing
all the metals. Increasing the NaBH4 concentration relative
to the mPEG-SH concentration led to increased binding
rates of borohydride and hydride ions to the nanoparticles
and thus enhanced aggregation, leading to larger particle
sizes. Likewise, increasing the metal:ligand ratio (e.g., 5:
1 metal : ligand) created a large concentration of metal ions
that were not complexed to thiol ligands, which led to pre-
ferential reduction of certain metals and phase separation.
Instead of nucleation acting as the kinetically limiting step
for nanoparticle formation the rate limiting step for nano-
particle formation here was cluster aggregation mediated by

ligands was established.

desorption of mPEG-SH ligands from the nanoparticle
surface by borohydride and hydride ions.

Conclusions

This work combined systematic synthesis, particle size ana-
lysis, MS, and advanced LPTEM characterization to explore the

This journal is © The Royal Society of Chemistry 2023

formation mechanism of HEA nanoparticles during aqueous
phase co-reduction. While prior work has suggested that clas-
sical nucleation theory and Lamer’s model explain HEA nano-
particle formation, our experiments pointed to a growth
mechanism involving ligand desorption induced aggregation
of metal clusters together with monomer attachment. We
demonstrated a threshold ligand concentration was required
to form HEA nanoparticles, which was likely due to the need
to convert all metal ions to metal thiolates, which reduce at
similar rates. Quantitative analysis of LPTEM nanoparticle
growth kinetics and PSD shape and direct LPTEM observations
of nanoparticle aggregation were broadly consistent with an
aggregative growth mechanism. These results suggest future
avenues for rational synthesis of HEA nanoparticles by control-
ling the composition and molecular structure of intermediate
metal clusters. One potential avenue could involve controlling
the composition and molecular makeup of metal cluster inter-
mediates and their aggregation during synthesis to enrich the
surface of HEA nanoparticle catalysts with multimetallic active
sites.>® Another approach, which has been demonstrated for
quantum dots,*' could involve synthesizing HEA nanoparticles
using intermediate metal clusters as precursors to enhance
control over alloy composition.
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