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ABSTRACT

Nanoparticles are an indispensable part of our lives. From electronic devices to drug delivery to catalysis and energy storage,
nanoparticles have found various important applications. Out of the many synthetic strategies to generate nanoparticles, elec-
trodeposition has stood out due to its cost effectiveness, low time consumption and simplicity. However, traditional electrodepo-
sition techniques have suffered from controlling the size, shape, morphology and microstructure of nanoparticles. Here, we use a
technique called nanodroplet-mediated electrodeposition, where nanodroplets carrying the metal salt precursor collide with a
negatively-biased electrode. In this work, we use this nanodroplet-mediated electrodeposition technique along with transmission
electron microscopy, selected-area electron diffraction and high-angle-annular dark-field scanning transmission electron micros-
copy to show control over the microstructure of single nanoparticles. Along with that, we use X-ray photoelectron spectroscopy to
get mechanistic insights behind the alteration of microstructure observed. Having achieved a control over the microstructure, we
show the application by synthesising polycrystalline alloys at room temperature and evaluating the electrocatalytic behavior of the
different microstructures towards the hydrogen evolution reaction. This fundamental work of controlling microstructures of sin-
gle nanoparticles and its applications in alloy synthesis and electrocatalysis opens a new avenue of tuning nanoparticles for
various applications.

1 | Introduction in catalysis and sensing applications [5-12]. On the same note,

understanding the microstructure of single nanoparticles is

Nanoparticles possess unique properties that are quite different
from bulk materials. They can exhibit high surface area-to-
volume ratio, enhanced optical properties and quantum effects
at the nanoscale [1, 2]. For example, the colour of gold nanopar-
ticles depends on their shape and size. Smaller Au nanoparticles
(10nm-20 nm in size) appear red while larger particles shift
towards a violet color [3, 4]. Thus, no two nanoparticles are
the same. Therefore, studying fundamental properties of single
nanoparticles is vital to realize the potential of nanoparticles

important [9, 13-15]. Having an in-depth knowledge of the
microstructure and how it is influenced by different parameters
can guide us in utilizing these nanoparticles in a much more effi-
cient way in the fields of catalysis [16, 17], energy storage devices
[18] and biomedical applications [19].

Many synthetic pathways exist for nanomaterials of various
shapes and sizes [20-22]. Electrodeposition is a very simple,
less time-consuming and cost-effective way to produce single
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nanoparticles. However, due to diffusion layer overlap where the
growing nucleus competes with neighbouring nuclei for metal
salt precursor, it often leads to the formation of aggregate par-
ticles and thus lacks control over the microstructure of nanopar-
ticles [23]. Nanodroplet-mediated electrodeposition has been on
the rise due to its ability to overcome this issue and easily form
single nanoparticles [24-26].

In nanodroplet-mediated electrodeposition, metal precursor
salts are confined in a water droplet, which is suspended in
an organic phase. As the droplets collide on the electrode sur-
face, which is biased sufficiently negative to drive an electro-
chemical process, nanoparticles are formed. The contents of
these droplets are electrolysed in milliseconds, and due to the
fast mass transfer of this process, single-nucleation sites gener-
ally yield single particles. Previously, nanodroplet-mediated
electrodeposition has been used to generate metal nanopar-
ticles [24] and study their growth [25], morphology [24],
porosity [24, 26] and other fundamental properties [26-30].
Glasscott et al. reported the formation of high-entropy alloys,
which are amorphous in nature and obtained at high potentials
(=1.5V) [31]. Ahn’s group has also reported the formation of
metal oxides and hydroxides via aqueous nanodroplets at higher
potentials due to interference with water reduction [32]. This
blurs the line between electrodeposition and electroprecipita-
tion, the process where an oxyhydroxide will precipitate
because of a pH gradient. Thus, the question arises of whether
we can tune the microstructure and composition of nanopar-
ticles and their alloys based on the applied potential, and
how would that tunability go on to affect the application of
these nanoparticles in various domains. This knowledge gap
is the focus of our work here.

In this work, we electrodeposit single-Pt nanoparticles using
aqueous nanodroplets and demonstrate microstructure tunabil-
ity by tuning the electrodeposition potential. We use high-angle-
annular dark-field scanning transmission electron microscopy
(HAADF-STEM), selected-area electron diffraction (SAED)
and X-ray photoelectron spectroscopy (XPS) to analyze the
microstructure of single nanoparticles at different applied poten-
tials. This work gains a mechanistic insight via XPS into the
change in microstructure observed as a function of potential,

and sheds light on the differentiation between electrodeposition
and electroprecipitation.

We specifically probe the microstructure of the singular nanopar-
ticles at different potentials to investigate the effect of side
reactions (specifically water reduction in our case) on the electro-
deposited nanoparticles. With the understanding gained, we
show its application in the synthesis of polycrystalline alloys
at room temperature and demonstrate the different electrocata-
lytic properties observed with the alteration of microstructure.
Thus, we start from a fundamental viewpoint of tuning and
understanding the alteration of microstructures in a single
nanoparticle and go on to apply our understanding in different
domains.

2 | Results and Discussion

Our primary objective was to elucidate the intricacies of nano-
particle microstructure and its modulation in response to varying
electrochemical potentials. The electrode material used here is a
glassy carbon electrode and was polished mechanically by alu-
mina beads (of sizes typically varying from 5 to 0.05 pm) sus-
pended in water (termed alumina slurry) to have a clean and
smooth surface. We have used 0.1 M tetrabutylammonium per-
chlorate (TBAP) in dichloroethane (DCE) as our organic phase.
Generally, we use a higher amount of electrolyte concentration
compared to the analyte under study to reduce solution resis-
tance and maintain electroneutrality via ion transfer, which
can likely affect the deposition process. Our group has previously
shown how different electrolytes like LiClO, can result in more
spherical nanoparticle-like morphology [23].

Figure 1 illustrates our methodology, wherein we employed
aqueous nanodroplets to deposit the nanoparticles. Specifically,
we introduced 25 pL of the aqueous phase, containing the Pt pre-
cursor salt (H,PtCly), into 5 mL of the organic phase, which was
subsequently sonicated to yield aqueous nanodroplets. These
nanodroplets, upon collision with the electrode, were subjected
to different potentials to facilitate Pt nanoparticle deposition and
microstructural examination.
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Electrode

Orientation of Atoms
Crystalline
Structure

versus
HiEher Posential

© ® g Amorphous
® QQ Structure

® "o

FIGURE1 | Schematic representing the system of nanodroplet-mediated electrodeposition to form single nanoparticles, illustrating the microstruc-

tural variation of these nanoparticles with applied potential.
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Guided by the linear sweep voltammetry (LSV) profile of Pt
(Figure S1), we opted to apply a potential of —0.5 V, a choice sub-
stantiated by the LSV analysis to ensure adequate Pt deposition.
Additionally, we explored Pt microstructures at —1.2'V, a potential
where Pt deposition may interact with water reduction, potentially
influencing microstructural attributes. The deposition process was
conducted via amperometry for a duration of 240s (Figure S2).

To scrutinize the microstructural variations at distinct potentials,
we conducted TEM-SAED analyses. Figure 2a portrays a TEM
image of a singular-Pt nanoparticle fabricated at —0.5V, with
Figure 2b showcasing its corresponding SAED pattern. The
SAED pattern exhibits distinct rings with conspicuous bright spots,
indicative of the material’s polycrystalline nature. Conversely,
Figure 2c displays a TEM image of a Pt nanoparticle synthesized
at —1.2'V, accompanied by its SAED pattern in Figure 2d. Notably,
the SAED pattern reveals a solitary ring devoid of any bright spots,
signalling the amorphous character of these particles. Thus, dis-
cernible disparities in microstructure attributable to applied poten-
tial are evident. Multiple TEM-SAED results were considered
(Figure S5) to come to this conclusion. In the upcoming discus-
sion, we will also see how our TEM-SAED results match with
our STEM-HAADF data.

Further investigations utilising HAADF-STEM were conducted to
scrutinize the microstructure of Pt nanoparticles under varying
potentials. In Figure 2e, we look at the nanoparticles at —0.5 V.
Atomic lattices spanning the nanoparticle are discernible (high-
lighted by red lines), indicative of lattice ordering and thereby
implying crystallinity. Conversely, at —1.2V (Figure S4), the
absence of discernible crystal lattices was seen- underscoring the
amorphous nature of these nanoparticles. It is also important to
note that the Miller indices extracted from the polycrystalline
SAED pattern exhibit strong correlation with the d-spacing
achieved from the HAADF image. The d-spacing achieved
for the 101 planes in Figure 2d were 0.275 nm, which is close to
the d-spacing of 0.265 nm achieved from HAADF. The calculations
of these planes and d-spacing are given in Table S1. The findings
from both TEM-SAED and HAADF-STEM analyses com-
plement each other, collectively illustrating the observations of

microstructural alterations observed by inducing the applied poten-
tial. At —0.5 V, a more crystalline microstructure is observed, con-
trasting with the amorphous microstructure evident at —1.2'V.
Furthermore, energy-dispersive X-ray (EDX) analyses (Figure S3)
revealed a notable increase in oxygen content at —1.2'V compared
to —0.5V, indicative of Pt oxide or hydroxide species formation
potentially stemming from electroprecipitation. In that respect, to
deepen our understanding of these systems, we employed XPS
for further investigation and analysis.

We performed XPS of the nanoparticles deposited at the two dif-
ferent potentials to get mechanistic insights for the results
obtained. Figure 3a,b shows the fitted XPS peaks for Pt nanopar-
ticles deposited at —0.5 and —1.2'V, respectively [33-35]. The
peaks are assigned based on standard values (see Materials
and Methods). In Figure 3a, we observe a higher amount of
Pt (0) compared to Figure 3b. On the other hand, in Figure 3b,
we observe a higher amount of Pt (II) than in Figure 3a. As the
experiment is carried out in ambient conditions (presence of oxy-
gen) and also due to the possibility of oxygen reduction reaction
around —0.5V, we do observe an appreciable amount of Pt (II)
even at —0.5 V [36-38]. Nevertheless, we see a greater generation
of Pt metal nanoparticles (Pt (0)) at —0.5V and a higher amount
of Pt oxyhydroxide species (Pt (II)) at —1.2V which can be
ascribed to the electroprecipitation of metal hydroxide species
at higher potentials due to interference with water reduction
[23, 31, 32]. Thus, the XPS data gives us a mechanistic insight
in understanding the change in microstructure (amorphous to
polycrystalline as shown before) observed at different potentials.
This work sheds more light onto previous works done by Jeun
[32], and Glasscott [31], by trying to separate electrodeposition
from electroprecipitation at higher potentials. We have recently
demonstrated that concurrent oxygen reduction with metal
reduction can affect the morphology and composition of the
resulting nanoparticles. Moreover, current work is being done
by our group to understand the effect of oxygen and oxygen
reduction on the morphology, microstructure and composition
during electrodeposition of different nanoparticles [29]. Using
the knowledge obtained, we extend our system to alloys and eval-
uate the electrocatalytic behavior of our material.

FIGURE 2 | (a,c) TEM image of a single nanoparticle electrodeposited at applied potentials of —0.5V and —1.2V versus Ag/AgCl, respectively.

(b,d) Corresponding SAED pattern of a single nanoparticle depicted in (a,c), respectively. (¢) HAADF-STEM image of nanoparticle electrodeposited at
—0.5V in (a) with 10nm scale bar. (scale bar of TEM image: 100 nm (for both a and c); scale bar of SAED: 5 1/nm (for b); and 10 1/nm (for d) and 10 nm for
(e)). SAED = selected-area electron diffraction; TEM = transmission electron microscopy; HAADF-STEM = high-angle-annular dark-field scanning

transmission electron microscopy.
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FIGURE 3 | (a,b) XPS data for Pt electrodeposited at —0.5 V and —1.2'V versus Ag/AgCl, respectively. XPS = X-ray photoelectron spectroscopy.

Having achieved an understanding of the alteration of the micro-
structures achieved at different potentials, we extended our system
to alloys of Pt. Here, we considered CuPt alloys. We were able to
achieve different microstructures of these alloys at different poten-
tials. We used the same synthetic strategy of nanodroplet-mediated
electrodeposition to synthesize alloys at —0.5 V and at —1.2'V.

Figure 4a (i) shows the HAADF-STEM image achieved at
—0.5V, (ii) shows its zoomed version and (iii) shows the SAED pat-
tern of it. The HAADF-STEM image shows ordering of the crystals
facets in different directions indicating polycrystallinity. The
SAED pattern shows bright spots along with rings, which is also
an indication of the polycrystalline nature of the alloy. Figure 4b
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FIGURE 4 | (a) The electrodeposition of CuPt alloy at —0.5V: (i) HAADF-STEM image, (ii) higher magnification HAADF-STEM image and
(iii) corresponding SAED pattern; (b) (i) EDX mapping and (ii) EDX linescan of the CuPt alloy. (c) (i) TEM image of an amorphous alloy and (ii)
the SAED pattern of it. (d) Circuit diagram differentiating deposition from side reactions. (scale bar: 50 nm for TEM image in a (i) and c (i); 5nm
in a (ii); SAED patterns for a (iii) and c (ii) are 5 1/nm; b (i) is 5nm). EDX = energy-dispersive X-ray; HAADF = high-angle-annular dark field;
STEM = scanning transmission electron microscopy; SAED = selected-area electron diffraction; TEM = transmission electron microscopy.
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(i) shows the EDX mapping of the CuPt alloy and (ii) shows the
linescan across the white arrow in the mapping image. The map-
ping depicts a very homogeneous distribution of the CuPt alloy
and the linescan shows that almost every crest of Cu/Pt is met with
a trough of Pt/Cu, indicating the homogeneous nature of the alloy.
This indicates the formation of a solid solution alloy. The fast mass
transfer of the nanodroplet-mediated electrodeposition process
(electrolysis in milliseconds) and the similar electrodeposition
onset potential for both Cu and Pt (Figure S8) help in achieving
this solid solution-like structure. In Figure 4c (i), we see a TEM
image at —1.2'V and its consequent SAED pattern in (ii). SAED
pattern lacks the presence of any bright spots and only shows dif-
fused rings, an indication of the amorphous nature of the alloys.
TEM-SAED and HAADF-STEM of other nanoparticles at these
potentials are provided in Figures S6 and S7.

Thus, we observe the separation of polycrystalline and amorphous
alloys based on the potentials applied. It again hints at the inter-
ference of water reduction reaction at higher potentials which
brings about this change in crystallinity. To explain this phenom-
enon, we drew a schematic in Figure 4d which shows the distri-
bution of charge to different reactions based on the potential
applied. At lower potentials, most of the charge is used for the elec-
trodeposition process of the nanoparticles/alloys, but at higher
potentials, a part of it may be used by other side reactions (in
our case, water reduction reaction). This distribution of charge
to different reactions and their consequent interference in the elec-
trodeposition process seems to be the reason behind the difference
in crystallinity that we are observing. It is also important to note
here that by understanding this phenomenon, we are able to syn-
thesize polycrystalline alloys at room temperature. Generally,
polycrystalline alloys are synthesized at high temperatures via
methods like chemical vapor deposition, physical vapor deposi-
tion, sol-gel or other thermal methods [39]. But here, taking
advantage of the nanodroplet mediated electrodeposition method
and being able to have control over the microstructure of the nano-
particles, we are able to synthesize polycrystalline alloys at room
temperature. Not only that but these polycrystalline alloys also
went on to show solid solution like features, as discussed before.
After understanding the effect of side reactions and the distribu-
tion of potential in the alteration of the microstructure observed
both for single nanoparticles and their alloys, we go on to probe
how this affects their electrocatalytic behavior.

Investigations towards the hydrogen evolution reaction (HER)
are in great demand as it is believed to be at the center of renew-
able energy. Pt is seen as the best catalyst for HER [40, 41]. Here,
we depict the effect of the crystallinity of Pt as well as of its alloys
on their electrocatalytic activity towards HER. To compare the
electrocatalytic behavior, we set a baseline at 10 mA/cm? and
see the corresponding overpotential observed. This method of
comparing overpotential of different materials to see their elec-
trocatalytic property has been benchmarked before [42]. From
Figure 5 we observe that polycrystalline Pt nanoparticles (green)
give an overpotential of —0.56 V compared to an overpotential of
—0.63 V for amorphous Pt nanoparticles (blue). Similarly, we also
observe that polycrystalline alloy nanoparticles of CuPt (black)
performed slightly better with an overpotential of —0.76 V com-
pared to that of amorphous CuPt alloy nanoparticles (red) which
shows an overpotential of —0.78 V. The purple line denotes bare
glassy carbon electrode without any deposition performed as a

10 " 1 " 1 " 1
Polycrystalline Pt
—— Amorphous Pt

8 Polycrystalline Alloy B
E ——— Amorphous Alloy
% Bare Carbon
z ] I
)
[
[
[a]
£ 47 -
2
S
3
(8]

2 -l -

0 T - = T T B

0.0 -0.2 -04 -0.6 -0.8

E-iR (V vs. Ag/AgCl)

FIGURE 5 | The electrocatalytic behaviour towards the HER for
polycrystalline and amorphous nanoparticles as well as polycrystalline
and amorphous nanoparticle alloys against a reference of glassy carbon
electrode. HER = hydrogen evolution reaction.

control. The performance of the alloy nanoparticles is worse than
that of Pt nanoparticles. As Pt is the best-performing electroca-
talytic material, any alloy is expected to be subpar with respect to
pure Pt. The reason for the polycrystalline alloy nanoparticles
performing better than amorphous alloy nanoparticles might
be attributed to the higher generation of Pt oxide or hydroxide
(Pt (II)) nanoparticles at elevated potentials than Pt metal (Pt
(0)) nanoparticles as seen from the XPS data before. These
oxide/hydroxide materials generated as a result of the water
reduction reaction have a detrimental effect towards HER as
compared to Pt metal nanoparticles [43]. Moreover, it has also
been observed in literature that polycrystalline alloys have grain
boundaries which help in promoting electrocatalytic behaviour
[44-46]. This is an interesting electrocatalytic result we have
observed as a function of crystallinity, which can be used later
to tune nanoparticles to our needs. Leading from this, we find
that one potentially exciting avenue of inquiry will be under-
standing how the multiphase microenvironment [47-49] influen-
ces metal electrodeposition [50-53].

3 | Conclusion

Nanodroplet-mediated electrodeposition has emerged as a prom-
ising technique for fabricating nanoparticles and probing
their fundamental characteristics. In this study, we leveraged
nanodroplet-mediated electrodeposition to investigate the evolu-
tion of microstructural properties in a singular nanoparticle
under different applied potentials. Employing TEM-SAED and
HAADF-STEM, we discerned a transition from a predominantly
crystalline structure at lower potentials to a more amorphous
configuration at higher potentials. Complementary insights into
the underlying mechanisms were gleaned through XPS, elucidat-
ing the formation of Pt oxide or hydroxide species reminiscent of
electroprecipitation, induced by interference with water reduc-
tion at elevated potentials. Having gained an understanding of
the crystallinity difference observed at different potentials, we
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went on to synthesize polycrystalline and amorphous alloys at
room temperature and observed that the crystalline nanopar-
ticles performed better than their amorphous counterparts.
These studies highlight the potential of using nanodroplet-
mediated electrodeposition to fine tune nanoparticles and their
alloys for various applications.
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