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Andrew D. Pendergast a and Jeffrey E. Dick *ab

Copper nanoparticles have emerged as promising electrocatalysts for energy storage and conversion.

Generally, homogenous nanoparticle synthesis requires a stabilizing ligand, which may influence the

electrocatalysis. Ligands can be avoided by direct nanoparticle electrodeposition. Here, we extend

nanodroplet-mediated electrodeposition to the electrodeposition of copper nanoparticles from aqueous

nanodroplets suspended in 0.1 M tetrabutylammonium hexafluorophosphate ([TBA][PF6]) and 1,2-

dichloroethane. Stochastic electrochemistry on microelectrodes was used to elucidate nanoparticle

growth kinetics for various solution conditions and substrate materials. A study on the effect of

surfactants on nanoparticle morphology and growth kinetics demonstrated the surfactant's role as an

avenue for morphological control. Nanoparticle morphology was studied by Scanning Electron

Microscopy (SEM) and Transmission Electron Microscopy (TEM). Energy-dispersive X-ray Spectroscopy

(EDX) confirmed the presence of copper nanoparticles. TEM and Selected Area Electron Diffraction

(SAED) confirmed nanoparticle size, morphology, and polycrystallinity. We demonstrate tunable

nanoparticle size using cyclic voltammetry on single aqueous nanodroplets by altering the voltammetric

sweeping potentials of copper electroreduction. Finite element simulations validate the voltammetric

response and ability to control the nanoparticle size with nanometer resolution during a voltammetric

sweep. These results inform the electrodeposition of copper nanoparticles from aqueous nanodroplets

for important applications, such as the conversion of CO2 to hydrocarbon fuels.
Introduction

One of the greatest issues facing society is the production of
carbon dioxide (CO2) gas, a thermodynamically stable product
of energy generation and transportation processes.1 As the
world's energy consumption grows, the accumulation of atmo-
spheric CO2 increases, contributing to deleterious environ-
mental and economic effects.2,3 To combat these issues, there is
an urgent need to convert CO2 into useful chemicals and
hydrocarbon fuels.4,5 To-date, one of the most promising
materials to achieve this goal is copper,6–13 with copper
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nanoparticles having displayed remarkable CO2 reduction
capabilities.1,14–17

A great challenge is that synthetic methods used to produce
nanoparticles yield a distribution of shapes and sizes,18

making mechanistic investigations on ensembles of nano-
particles difficult to interpret since ensemble measurements
report values on the average morphology and surface structure
of the nanomaterial. By studying single nanostructures,
heterogeneities can be accounted for and differences in size
and morphology can be rigorously evaluated.19 A detailed
understanding of, and therefore ability to control, these
heterogeneities would further improve the design of next
generation nanomaterials. Studying the fundamental reac-
tivity and thermodynamics behind nanomaterial formation
would allow for the precise and efficient engineering of
nanostructures. Nanoparticle synthesis oen also necessitates
a stabilizing ligand or surfactant, which oen must be
removed before electrocatalysis can occur.20 A detailed
understanding of the reactivity as well as the electrodeposition
and oxidation of ligand-free copper nanoparticles would be
useful to direct synthetic methods for nanoparticles with
a desired property in the conversion of CO2 to useful fuels.
Knowledge of these fundamental behaviors will enable precise
control over nanoparticle morphology and size.5
This journal is © The Royal Society of Chemistry 2021
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Scheme 1 Representation of the electrodeposition and anodic strip-
ping of a copper nanoparticle deposited using aqueous nanodroplets
filled with 50 mM CuCl2 on a Pt microelectrode (UME, r � 5 mm).
Showing (A) the aqueous Cu2+ containing reactor diffusing in solution
(B) the reactor initially colliding with the Pt UME (C) the Cu2+ being
reduced to a Cu0 nanoparticle and its corresponding reaction before
(D) experiencing nanoparticle dissolution.
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To understand reactivity of single nanoparticles, methods
have been developed to observe the electrocatalysis of single
nanoparticles and isolated atoms and clusters.21–28 These
methods are based on allowing single nanoparticles to collide
with a microelectrode, where their properties can then be
measured at the single nanoparticle level. Percival and Zhang
used fast-scan cyclic voltammetry (FSCV) to study the voltam-
metric response of single, ligand-stabilized nanoparticles on
microelectrodes to determine electron-transfer kinetics and
electrocatalytic activity.29,30 Compton and co-workers have
developed methods to study the anodic oxidation of single
nanoparticles in real-time as they collide with a positively-
biased electrode surface.31–33 Zamborini's group has per-
formed ensemble experiments to probe how nanoparticle size
inuences the anodic stripping peak potential, Ep, by synthe-
sizing monodisperse ligand-stabilized nanoparticles, adsorbing
them to a relatively inert electrode, and performing anodic
stripping voltammetry to observe nanoparticle oxidation.34–36

Electrodeposition can be used as a tool to synthesize nano-
particles without stabilizing ligands;37–39 however, the electro-
deposition of a single nanoparticle and control over its size is
difficult without the use of very small (radius < 100 nm) nano-
electrodes.40,41 Our group has been studying the electrodeposi-
tion of nanoparticles from aqueous nanodroplets39 suspended
in 1,2-dichloroethane. We have termed this technique
nanodroplet-mediated electrodeposition. An alkylammonium
salt is also dissolved into the continuous phase to facilitate
charge balance during the reduction of a metal salt precursor to
its zero-valent state. Using this system, we have demonstrated
the ability to electrodeposit nanoparticles on a variety of
substrates without diffusion layer overlap;39 control nano-
particle porosity;42 electrodeposit high entropy metallic glass
materials for designer, multifunctional electrocatalysis;37,43 and
develop a quantitative model that describes both the electro-
kinetic and diffusion-limited growth of a single nanoparticle to
quantify growth kinetics.44 In many of these experiments,
nanoparticle formation was tracked by amperometry, where the
collision of single nanodroplets lled with a metal salt could be
observed as a transient current spike above the background.
When the nanodroplet irreversibly collides with a properly
biased microelectrode, a contact radius45,46 drives reactivity
within the nanodroplets. This contact radius is effectively
a nanoelectrode, and modern electrochemical instrumentation
is sufficiently sensitive to measure reactivity within sub-
femtoliter volumes. These experiments allow one to study the
reactivity of metal salts in sub-femtoliter environments.

Here, we report the electrodeposition of copper nano-
particles from an inverse emulsion comprised of a cupric
chloride (CuCl2) aqueous phase suspended in a 1,2-dichloro-
ethane (1,2-DCE) and 0.1 M tetrabutylammonium hexa-
uorophosphate [TBA][PF6] oil continuous phase. When
a nanodroplet loaded with CuCl2 irreversibly collides with the
sufficiently biased microelectrode, the electrodeposition of
copper can be observed in amperometry and voltammetry.
Scheme 1 shows a representation of this experiment, demon-
strating (1A and B) the diffusion and initial collision of an
aqueous nanodroplet, (1C) the electrodeposition of a copper
This journal is © The Royal Society of Chemistry 2021
nanoparticle at cathodic potentials, and (1D) the subsequent
electrodissolution of the nanoparticle at sufficiently positive
potentials. Given the structure-sensitive nature of electro-
catalysis reactions, such as those initially suggested by Hori
et al. for CO2 reduction on copper,47 the dependence of selec-
tivity on nanomaterial size,16,48 and the importance placed on
the reactivity of nanostructures,4,5 an in-depth study on each of
these variables is necessary to better direct synthesis methods
for electrocatalysts. Here, the effect of substrate material and
added surfactants on copper nanoparticles' resultant
morphology and growth kinetics is studied using amperometry
before a robust method to control nanoparticle size for a poly-
disperse solution is introduced using cyclic voltammetry. Using
these different electrochemical techniques allows for
a comprehensive study on the morphological characteristics
and reactivity of copper nanoparticles.
Results and discussion
Substrate effects on morphology

The surface structure and morphology of nanostructures are
crucial factors to take into account when tuning the selectivity
of an electrocatalyst and obtaining high faradaic efficien-
cies.4,5,16 Therefore, studying the morphological effects brought
about by using different substrates is an important avenue of
inquiry.

Electrodeposition can be used on a variety of conductive
substrates with amperometry being the method of choice for
their deposition. The effect that different substrate materials
have on the morphology of copper nanoparticles deposited
using amperometry was probed using Scanning Electron
Microscopy (SEM) to image the nanoparticles and Energy-
dispersive X-ray spectroscopy (EDX) to conrm the presence
of copper. Each of the nanoparticles was deposited from
a water-in-oil emulsion consisting of 50 mM CuCl2 lled
J. Mater. Chem. A, 2021, 9, 20048–20057 | 20049
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Fig. 1 SEM images and representative EDX spectra showing the morphologies of copper nanoparticles (NPs) deposited on a variety of substrates
such as: platinum foil, highly oriented pyrolytic graphite (HOPG), and gold. Nanoparticles were deposited from aqueous nanodroplets containing
50 mM CuCl2 in a continuous phase of 0.1 M [TBA][PF6] in 1,2-DCE.
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aqueous nanodroplets suspended in a continuous phase of
1,2-dichloroethane with 0.1 M [TBA][PF6] as the supporting
electrolyte. Three substrates were chosen – platinum, highly
oriented pyrolytic graphite (HOPG), and gold – due to the EDX
spectra of copper being easily distinguished from the back-
ground. As seen in Fig. 1, there are similarities between the
observed morphologies of the nanoparticles on each of the
different substrates. The nanoparticles appear dendritic in
nature, which may be caused by the agglomeration of smaller
nanoparticles during the initial moments of electro-
crystallization. A detailed mechanism of the morphological
growth will be the topic of a future investigation. The size of
the copper nanoparticles on each substrate were similar as
well: r ¼ 29 nm � 7 nm, 29 nm � 9 nm, and 28 nm � 13 nm,
respectively, and were not statistically different when an
analysis of variance (ANOVA) test was performed. Histograms
showing the SEM data of the nanoparticle size distributions on
each of the different substrates can be found in the ESI le
(Fig. S1†). Given these results, it is likely that the substrate
material does not have a large effect on the morphology of
copper nanoparticles at this concentration.
Kinetics analysis

Elucidation of the kinetics of nanoparticle growth can yield
signicant knowledge on the inuence that surfactant
20050 | J. Mater. Chem. A, 2021, 9, 20048–20057
molecules may have on the electrodeposition mechanism. In
particular, such studies can indicate whether or not surfactant
molecules play a role in the rate determining step. Reaction
kinetics and mass transfer already play a large role when
studying how to produce the most efficient copper nano-
materials for CO2 reduction;4,5 therefore, studying the initial
growth kinetics of copper nanoparticles will better direct
nanoparticle synthesis for the most productive catalysts.

We have previously demonstrated the ability to quantify the
growth kinetics of single platinum nanoparticles using amper-
ometry with our nanodroplet-mediated electrodeposition
system.44 Here, we have determined the apparent heteroge-
neous rate constants, k, for single copper nanoparticle growth
using a variety of solutions and potentials (Table 1) under
conditions of electrokinetically controlled growth. Parameters
tested included different viscosities and added surfactants,
such as Triton X-100 and sodium dodecyl sulfate (SDS). There is
good agreement between the theoretical model and experi-
mental results, as shown in ESI le Fig. S2,† demonstrating the
reliability of the model. Representative amperograms of each
solution makeup can be found in the ESI le (Fig. S3†).

We found the heterogeneous rate constants for the growth of
copper nanoparticles deposited from aqueous nanodroplets con-
taining exclusively 50mMCuCl2 to be 0.0092� 0.0062 cm s�1 and
0.0040� 0.0019 cm s�1 when using a platinummicroelectrode (Pt
This journal is © The Royal Society of Chemistry 2021
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Table 1 Quantified heterogeneous rate constants, k, using the following solution compositions, substrates, and potentials

Nanodroplet solution

Pt microelectrode Au microelectrode

k (cm s�1) Potential (V) k (cm s�1) Potential (V)

50 mM CuCl2 0.0092 � 0.0062 �0.30 0.0040 � 0.0019 �0.25
50 mM CuCl2 : glycerol (50%, v/v) 0.0059 � 0.0026 �0.30 0.0037 � 0.0012 �0.25
50 mM CuCl2 with 0.016% Triton X-100 (w/v) 0.0069 � 0.0036 �0.15 0.0040 � 0.0018 �0.19
50 mM CuCl2 with 6 mM SDS 0.0064 � 0.0042 �0.23 0.0049 � 0.0019 �0.18
25 mM CuCl2 : glycerol (50%, v/v) 0.0029 � 0.0007 �0.25
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UME, r� 5 mm) and a goldmicroelectrode (Au UME, r� 6.25 mm),
respectively. The summarized data for each of the different vari-
ables tested on the platinum and gold substrates can be found in
Table 1 and Fig. S4.† To the best of our knowledge, this is the rst
time heterogeneous rate constants have been determined for the
electrodeposition of single copper nanoparticles at these electrode
sizes, materials, and solution conditions.

Statistical comparison of the apparent heterogeneous rate
constants for Cu nanoparticle growth on Pt and Au substrates
were statistically signicant when using a one-way ANOVA test,
indicating the dependence of kinetics on the substrate material,
with platinum displaying faster kinetics. Using our model, the
effect of nanodroplet size on heterogeneous rate kinetics was
studied and revealed that the kinetics are independent of
nanodroplet size, shown in Fig. 2, where there is a large spread
of data points instead of a dened trend. The nanodroplet sizes
were determined by integrating under the collision transient to
obtain the charge (Q), which can then yield the nanodroplet size
using Faraday's Law by:

Q ¼ nFCCuCl2
Vnanodroplet (1)

where n is the number of electrons transferred (for the oxidation
of Cu to Cu2+, n ¼ 2), F is Faraday's constant, CCuCl2 is the
concentration of CuCl2 in the nanodroplets, and Vnanodroplet is
the volume of the nanodroplet. From eqn (1), the nanodroplet
radius (rnanodroplet) is given by:

rnanodroplet ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:75Q

nFpCCuCl2

3

s
(2)
Fig. 2 Plots demonstrating the effect that aqueous nanodroplet size, fille
rate kinetics on a Pt and Au microelectrode. The large spread in the dat
droplet size.

This journal is © The Royal Society of Chemistry 2021
Dynamic Light Scattering (DLS) was also used to determine
the nanodroplet size for each of the above solutions and can be
found in the ESI le (Fig. S5†).

When determining the effect surfactants and viscosity have
on the heterogeneous rate kinetics, there was no statistical
difference found for the platinum microelectrode data accord-
ing to an ANOVA test. Therefore, the different surfactants and
viscosities in their present concentrations do not appreciably
affect the heterogeneous rate kinetics of copper nanoparticle
formation on a platinum substrate. We therefore conclude that
surfactants do not play a signicant role in the heterogeneous
reaction rate. When performing the ANOVA test of signicance
for the solutions tested on the gold microelectrode, a statistical
difference was observed. Yet, when the data from the 6 mM SDS
solution were excluded, there was no statistical difference. This
likely implies that electron transfer kinetics are affected by SDS
in its present concentration and potential on a gold substrate.
We note kinetics are dependent on the applied potential and to
best determine whether surfactants do not play a role in
determining rate kinetics, these experiments must be per-
formed at the same potential. In this manuscript, potentials
(Table 1) were chosen because they yielded the greatest amount
of collision transients that most closely resembled electro-
kinetically controlled growth.

The rather large standard deviations for each of the calcu-
lated rate constants can likely be explained by one of the
assumptions behind the model44 – that the deposited nano-
particles are hemispherical. As seen in Fig. 1 and 3, regardless
of the substrate and solution conditions, the particles are not
perfectly hemispherical, instead they are more dendritic (vide
infra). Most importantly, however, this technique can easily be
d with 50 mM CuCl2 and glycerol (50%, v/v), has on the heterogeneous
a without an observed trend indicates they are independent of nano-

J. Mater. Chem. A, 2021, 9, 20048–20057 | 20051
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Fig. 3 SEM images and representative EDX spectra showing the
morphologies of copper nanoparticles (NPs) deposited on platinum
foil from aqueous nanodroplets containing 50 mM CuCl2 with added
surfactants in a continuous phase of 0.1 M [TBA][PF6] in 1,2-DCE. (A–D)
SEM data and corresponding EDX using an added surfactant of 0.016%
w/v Triton X-100. (E–H) SEM data using an added surfactant of 6 mM
SDS (r ¼ 28 nm � 11 nm).

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
6 

 1
40

0.
 D

ow
nl

oa
de

d 
on

 0
3/

11
/1

40
4 

12
:4

3:
21

 ..
 

View Article Online
extended to other substrates or nanomaterials composed of
different metals, making it a widely applicable technique to
study the reactivity of nanoparticles for electrocatalytic
applications.
Fig. 4 Representative cyclic voltammogram of the electrodeposition
and anodic stripping of a copper nanoparticle deposited from aqueous
nanodroplets filled with 50 mM CuCl2 suspended in a 0.1 M [TBA][PF]6
in 1,2-DCE continuous phase on a Pt microelectrode (UME, r � 5 mm).
Showing (A) the aqueous Cu2+ containing reactor diffusing in solution
(B) the reactor initially colliding with the Pt UME (C) the Cu2+ being
reduced to a Cu0 nanoparticle at sufficiently negative potentials before
(D) undergoing anodic stripping.
Surfactant effects on morphology

While the previous sections indicate that kinetics are not gov-
erned by the surfactants used and morphology is not greatly
affected by substrate material, surfactants do play a role in the
resulting morphology of copper nanoparticles. SEM was used to
image copper nanoparticles formed by nanodroplet-mediated
electrodeposition on platinum foil when surfactants were
included in the nanodroplet with EDX being used to verify the
presence of copper. As seen in Fig. 3, nanoparticles formed from
aqueous nanodroplets with 0.016% Triton X-100 were much
more dendritic than the nanoparticles formed from nano-
droplets containing 6 mM SDS or no added surfactant. Given
the relatively spherical shape of the nanoparticles formed using
6 mM SDS (Fig. 3), a size analysis was performed with the
20052 | J. Mater. Chem. A, 2021, 9, 20048–20057
average nanoparticle radius being 28 nm � 11 nm, approxi-
mately the same size as those seen from nanodroplets
comprised of only 50 mM CuCl2 (r ¼ 29 nm � 7 nm). No
statistical difference was observed between the two according to
a Student's t-test at the 95% condence interval. The differences
in observed morphologies support the hypothesis that while
electron transport kinetics are not governed by these surfac-
tants, it is likely the template of the surfactant that is governing
the morphology of the nanoparticles.
Controlling nanoparticle size using switching potential

Controlling the size of catalytically active nanoparticles has
shown itself to be a successful method for tuning the activity
and selectivity of catalysts.16,48 However, in our experiments, the
nanodroplets are polydisperse in size. This means that tuning
the concentration of CuCl2 in the nanodroplets is not a reliable
method to homogenously control nanoparticle size. Although
surfactants decrease nanodroplet size polydispersity, we have
demonstrated and previously observed that they alter nano-
particle morphology.39 Furthermore, surfactants may affect the
electrodeposition mechanism, and their removal is oen
required before nanoparticles can be used for catalytic
purposes.49–51 Therefore, a reliable and reproduceable method
This journal is © The Royal Society of Chemistry 2021
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was developed to control nanoparticle size for a polydisperse
system without the use of surfactants using voltammetry, single
nanodroplet isolation, and controlling the switching potential
of the electrodeposition process.

Fig. 4 shows a representative electrodeposition experiment
consisting of 50 mM CuCl2 aqueous nanodroplets in a contin-
uous phase of 1,2-dichloroethane with 0.1 M [TBA][PF6].
Initially, there is a background current due to the double layer
on the microelectrode surface (Fig. 4). When a nanodroplet
adsorbs to the electrode and once the potential is cycled nega-
tive enough to reduce copper(II), a cathodic current is observed.
Upon cycling to more positive potentials, an anodic stripping
peak is observed, shown in the red voltammogram of Fig. 4.

Control experiments using nanodroplets containing only
water, no copper precursor, did not show the characteristics of
electrodeposition and anodic stripping; however, some faradaic
current due to oxygen reduction at sufficiently negative poten-
tials (�0.2 V vs. Ag/AgCl) was observed (Fig. S6 and S7†). While
the reduction of oxygen would make the droplet more alkaline
and potentially precipitate copper hydroxide,52 we would expect
to observe this effect on peak potential and magnitude during
voltammetric cycling. In our experiments, we observe very
robust and reproducible voltammetric behavior over many
cycles, indicating oxygen reduction likely does not have a large
effect (Fig. 4).

While we can determine nanodroplet size by integrating
under the anodic stripping peak and using eqn (1) and (2) above,
we note that it is not possible to relate the integrated charge
under the anodic stripping peak to the nanoparticle size since the
nanoparticle is dendritic in nature (Fig. 1). In the stochastic
Scheme 2 Representation of the single nanodroplet isolation experimen
0.1 M [TBA][PF6] first diffusing to the Pt UME (r� 5 mm) before being electr
stopped and the Pt UMEwith the single droplet is placed in a solution of w
reactor repeatedly going through oxidative stripping and electrodeposit

This journal is © The Royal Society of Chemistry 2021
electrochemistry literature, amperometry has been used exten-
sively as a way to use charge to determine reactor size.39,42,45,53,54

Therefore, we compared the nanodroplet size results from
amperometry (r ¼ 844 nm � 366 nm) with those obtained by
voltammetry (r¼ 811 nm� 244 nm) and dynamic light scattering
(r ¼ 738 nm� 76 nm, Fig. S5†). Aer performing an ANOVA test,
the data displayed no statistical difference between the tech-
niques used. However, it is important to note that the electro-
chemical techniques use data from single reactors, making it
easy to detect outliers, while the scattering technique uses an
ensemble average from light scattering patterns and has shown
discrepancies in past literature, especially for polydisperse
samples.45,53–56

These experiments suffer since another nanodroplet may
collide and convolute the signal. Thus, in Fig. 4, it is possible
that more than one nanoparticle is being analyzed. To mitigate
these issues, we designed an experiment that allows for unin-
terrupted interrogation within a single reactor. When a nano-
droplet irreversibly collides with the microelectrode in the
emulsion, it is then transferred to a solution of water saturated
1,2-dichloroethane without reactors. These ‘shing experi-
ments’ allow for robust interrogation of the reactivity within
a single nanodroplet. Further experimental details are given in
the Methods section in the ESI le.†

Scheme 2A shows a schematic of the nanodroplet being
captured from an inverse emulsion. Scheme 2B shows the
subsequent voltammetric experiments performed on the single
nanodroplet and the single nanoparticle. The voltammogram in
Scheme 2B shows data that are representative of the reduction
and stripping of a single nanoparticle. Because there is a lack of
t. (A) A 50 mM CuCl2 aqueous nanodroplet suspended in 1,2-DCE with
odeposited at a scan rate of 0.2 V s�1. The cyclic voltammogram is then
ater saturated 1,2-DCE. (B) Schematic and voltammogram of the single
ion at a scan rate of 0.025 V s�1 and switching potential of �0.35 V.

J. Mater. Chem. A, 2021, 9, 20048–20057 | 20053
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variation observed in the charge of the oxidation peak for the
single isolated nanodroplet, we can infer that these voltam-
mograms are likely attributed to a single nanoparticle since the
electrode was removed from the emulsion solution upon
nanodroplet collision aer the observation of a featureless (i.e.,
capacitance-only) voltammetric background. This type of
experiment allows one to interrogate the voltammetric reduc-
tion and oxidation of single nanoparticles hundreds of times
without the need to fabricate a nanoelectrode.

To validate the reliability of the method and ensure nano-
droplets are stable in the fresh solution over the time course of
the experiment, we correlated this experiment with optical
bright eld microscopy57 (Fig. S8 in the ESI†). Due to the reso-
lution of the microscope and nature of the measurement, this
experiment favors larger droplets (>1 mm in radius). As seen in
Fig. S8,† an aqueous nanodroplet with 50 mM CuCl2 was
imaged and analyzed electrochemically throughout all stages of
the transfer process. This indicates that a single nanodroplet
can be isolated from a solution full of nanodroplets, and it is
stable enough to be interrogated repeatedly by electrochemical
methods over the timecourse of our experiments.

Given the efficacy of this method, we hypothesized that
controlling the switching potential will enable control over the
nanoparticle size, allowing for the tunability of an essential vari-
able in electrocatalysis. If this hypothesis is correct and the anodic
stripping peak potential depends on the nanoparticle size, we
should observe a change in the anodic stripping peak potential as
a function of switching potential. Fig. 5 shows voltammograms of
a single, isolated nanodroplet at various switching potentials.
From these voltammograms, as the switching potential becomes
more negative, the anodic stripping potential becomes more
positive and the overall charge under the stripping wave increases.
These observations indicate that controlling the switching
potential is a robust means by which one can control the size of
a nanoparticle. Fig. 5D shows the quantication of charge as
a function of the switching potential. As the switching potential
becomes more negative by a value of 10 mV, the charge under the
stripping curve increases from an average of 11 pC� 3 pC to 34 pC
� 15 pC and, lastly, to 49 pC� 13 pC. Statistical analyses revealed
the difference in charge as a function of switching potential was
signicant using an ANOVA test. Cyclic voltammograms using
Fig. 5 Cyclic voltammograms and overall trend of a single 50mMCuCl2
mm) versus Ag/AgCl at a scan rate of 0.025 V s�1 showing a distinct increa
�0.33 V to (B)�0.34 V to (C)�0.35 V. (D) Overall trend of the integrated c
with each point including data from >20 stripping peaks.

20054 | J. Mater. Chem. A, 2021, 9, 20048–20057
this method were also obtained that yielded larger droplets which
can be found in the ESI le (Fig. S9 and S10†). Droplet aggregation
could explain voltammograms yielding high charge values;
however, the trend of an increase in charge with more negative
switching potentials was still observed.

To conrm our experimental results in using the switching
potential to control the nanoparticle size, we performed nite
element simulations using COMSOL multiphysics. Simulation
details can be found in the ESI le.† Fig. 6A and B show
simulated cyclic voltammograms for the reversible electrode-
position and electrodissolution of a single hemispherical
copper nanoparticle from a 1.3 mm radius aqueous nanodroplet.
By tuning the scan rate and the switching potentials, the vol-
tammetric prole of complete (Fig. 6A) and incomplete (Fig. 6B)
electrodissolution can be observed, demonstrating a potential
method to control nanoparticle size by partial electro-
dissolution. Fig. 6C presents simulated nanoparticle radii
following a single cathodic sweep over a range of different scan
rates and switching potentials, showing that at a constant scan
rate, the resultant nanoparticle radius is observed to increase
with the switching potential. Furthermore, for a given switching
potential, the predicted nanoparticle radius is observed to
increase at slower scan rates. This behavior can be explained
due to the system being exposed to conditions sufficient for
nanoparticle growth for increasing timeframes at slower scan
rates and higher switching potentials.

Importantly, one can vary the scan rate to adjust the sensi-
tivity by which a nanoparticle might grow (e.g. what switching
potential should one choose such that the nanoparticle has only
grown 2 nm in radius). This is especially important for elec-
trocatalysis given the catalytic particle size effect,51 and the fact
that tuning the size of copper nanoparticles by a few nanome-
ters can inuence the selectivity of the CO2 reduction reaction
from CO evolution to hydrocarbon production.16

The slopes of the linear regions of the rst four data points
within each curve are given in Table 2. Notably, these values
indicate that a change in the switching potential on the order of
1 mV will change the nanoparticle by only a few nanometers. To
exact control over nanoparticle size within a given nanodroplet,
the initial volume of the nanodroplet must still be known,
which can be calculated by integrating under the stripping peak
nanodroplet in a solution of water saturated 1,2-DCE on a Pt UME (r� 5
se in charge as the switching potential is made more negative from (A)
harge of the oxidative stripping peak as a function of switching potential

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (A) Simulated cyclic voltammogram of a 1.3 mm aqueous
nanodroplet with 50 mM Cu2+ precursor ion demonstrating hemi-
spherical nanoparticle electrodeposition and oxidative stripping. The
nanoparticle growth curve is presented below, demonstrating an
initially rapid complete nanoparticle growth under sufficient cathodic
potentials and gradual complete nanoparticle dissolution under
sufficiently anodic conditions. (B) Representative simulated cyclic
voltammogram with hemispherical nanoparticle electrodeposition
(vide supra) under different voltammetric conditions, revealing signif-
icant changes in the i–E profile and nanoparticle growth profile
including a rapid complete growth and a gradual incomplete disso-
lution. (C) Simulated hemispherical Cu nanoparticle radii at a range of
voltammetric switching potentials and scan rates during the cathodic
electrodeposition sweep, allowing both complete and incomplete
precursor electrolysis in the reactor.

Table 2 Slope of linear region from Fig. 6C

Scan rate (mV s�1) 25 50 100 200
Slope (nm/mV) 3.12 3.07 2.94 2.73
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and using eqn (1) above. The power behind the technique pre-
sented here lies in its ability to continuously interrogate a single
nanoparticle's electrodeposition and stripping, allowing for the
ability to control the size of nanoparticles by merely tuning one
parameter.
This journal is © The Royal Society of Chemistry 2021
Conclusion

We have demonstrated the ability to deposit ligand-free copper
nanoparticles onto a variety of substrates including platinum,
highly oriented pyrolytic graphite (HOPG), and gold by
nanodroplet-mediated electrodeposition. By using these
different substrate materials and tuning experimental parame-
ters, such as the addition of surfactant species, we have shown
the effect that these variables have on the heterogeneous
kinetics and the nanoparticle's overall morphology. For
example, we have demonstrated that surfactants do not play
a substantial role in the growth kinetics of copper nanoparticle
formation; however, they do impact morphology while substrate
material does not have a large effect. We have also developed
a method that not only allows for the uninterrupted interroga-
tion of a single nanodroplet, but is a reliable technique to
control nanoparticle size in a polydisperse solution without the
need for surfactants. We also performed transmission electron
microscopy imaging to further validate nanoparticle size,
morphology, and crystal structure. TEM and Selected Area
Electron Diffraction (SAED) validate the size and morphology,
and indicate the nanoparticles are polycrystalline. These data
are given in the ESI Fig. S15.† These results create a foundation
to use nanodroplet-mediated electrodeposition to form copper
nanoparticles for a variety of uses in energy storage and
conversion.
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