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ABSTRACT. Well-ordered nanoparticle arrays are attractive platforms for a variety of analytical
applications, but the fabrication of such arrays is generally challenging. Here, it is demonstrated
that Scanning Electrochemical Cell Microscopy (SECCM) can be used as a powerful, instantly
reconfigurable tool for the fabrication of ordered nanoparticle arrays. Using SECCM, Ag
nanoparticle arrays were straightforwardly fabricated via electrodeposition at the interface
between a substrate electrode and an electrolyte-filled pipet. By dynamically monitoring the
currents flowing in an SECCM cell, individual nucleation and growth events could be detected
and controlled to yield individual nanoparticles of controlled size. Characterization of the resulting
arrays demonstrate that this SECCM-based approach enables spatial control of nanoparticle
location comparable with the terminal diameter of the pipet employed and straightforward control

over the volume of material deposited at each site within an array. These results provide further



evidence for the utility of probe-based electrochemical techniques such as SECCM as tools for

surface modification in addition to analysis.
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Introduction

The distinctive plasmonic, catalytic, chemical, optical, and electronic properties of nanoparticles
(NPs) make them attractive platforms for a variety of sensing technologies.!”” In most practical
applications, NPs must be immobilized on substrates to perform effectively, but commonly
employed attachment methods such as dropcasting or spincoating often yield random, disordered

films.®® The random nature of these films has a negative impact on reproducibility due to NP-to-

NP variations in surface accessibility or optical properties arising from interparticle coupling.!®!3

Well-ordered arrays of NPs retain the favorable properties of NPs for sensing applications while
minimizing the reproducibility issues associated with randomly fabricated surfaces. Their

fabrication is not trivial, however, and most approaches reported to date require expensive

14,15

lithographic techniques like optical printing, plasma etching,'® photo lithography,!” self-

18,19 21-23 24,25

assembly,'®!° electron beam lithography,?® atomic layer deposition, soft lithography,”** nano

27-30

sphere lithography,?® nano imprint lithography, and scanning probe lithography.®! Here, we

demonstrate that Scanning Electrochemical Cell Microscopy (SECCM)*?~38 can be utilized to form
well-ordered NP arrays in a powerful, instantly reconfigurable manner. In SECCM, electrolyte-

filled pipets are utilized to define nm-scale electrochemical interfaces which enable the high-

39-44 45,46

resolution analysis of chemical processes spanning electrocatalysis, anodic dissolution,

photoelectrochemistry,*”~>? jonic transport,>® and crystallization.>*

Here, SECCM was utilized to synthesize ordered arrays of isolated Ag NPs via electrodeposition

from pipets containing metal salt precursors. Direct growth is considered more reproducible and



stable compared to more commonly employed drop-casting methods,® and the use of SECCM
allows the localized direct growth of nanoparticles in a controlled manner for patterning. While
NP synthesis is known to follow a stochastic nucleation and growth process, the reproducible
synthesis of individual NPs of controlled size via SECCM was enabled by controlling the charge
flowing during an individual synthesis event. The kinetics and spatial control of the growth process
were analyzed as a function of applied potential, and finite element simulations were carried out
to provide theoretical context for these observations. These results demonstrate SECCM can be
straightforwardly adapted as a powerful tool for on-demand nanofabrication for a variety of

potential applications.

Results and Discussion

NP Array Synthesis via SECCM. The NP array fabrication strategy employed in these
experiments is illustrated in Figure 1. A pipet with sub-micron terminal dimensions was prepared
via laser-based pipet pulling, filled with an electrolyte solution containing a metal precursor
(AgNO;s in the present experiments), and a metal wire (Ag) was inserted to complete the probe.
The Ag wire served as a quasireference-counter electrode (QRCE), its potential set by the Ag"/Ag
redox couple.

The probe was brought into contact with a sample substrate (indium tin oxide, ITO), creating a
miniaturized electrochemical cell where the working electrode surface is defined by the
electrolyte-substrate interface. A cathodic potential could then be applied to drive the reduction of
Ag" ions to Ag on the substrate surface:

Aglaq) + €™ — Ag(s 1

A cyclic voltammogram depicting Ag electrodeposition at a bulk (0.5 mm diameter) ITO

electrode can be found in Figure 2a. As potentials are swept towards cathodic potentials, cathodic
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Figure 1. Schematic illustration of nanoparticle array fabrication via scanning electrochemical cell microscopy
(SECCM).

currents begin to be observed at ca. -0.2 V vs. Ag'/Ag, corresponding to the electrodeposition of
Ag. During the subsequent anodic sweep, cathodic currents continue to be observed until ca. -0.05
V vs. Ag'/Ag. This “nucleation loop” is commonly observed in the voltammetry of
electrodeposition processes, arising from the larger overpotentials needed to drive the formation
of thermodynamically-stable nuclei on the electrode surface than to drive electrodeposition of the
bulk material.*>*® This nucleation-and-growth process will typically involve the formation and
growth of millions of individual nuclei across mm?-scale interfaces.

Here, the ability of SECCM to define electrochemical interfaces with sub-um dimensions is
leveraged to systematically electrodeposit individual metal NPs at desired locations on a substrate.
The general approach employed is illustrated in Figure 2b. An anodic bias is applied between the
ITO substrate and the Ag QRCE while the probe is translated towards the substrate surface. Probe
movement is stopped upon observation of an anodic current spike resulting from probe-substrate
contact. A cathodic potential is then applied to the ITO substrate, which results in a quickly
decaying charging transient. The current flowing through the system is then monitored until
another cathodic current transient is observed. This second transient is associated with the

nucleation and growth of a NP on the ITO substrate. Because the initial formation of a
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Figure 2. Electrodeposition of Ag NP Arrays. (a) Cyclic voltammogram obtained at a bulk ITO electrode (0.5 mm
diameter) in an aqueous solution containing 0.25 mM AgNOs3 and 250 mM KNOs. (b) Schematic depicting the probe
position, applied potential, and current during a single deposition cycle. Red dashed lines highlight important events
during the cycle: (1) detection of probe-sample contact, (2) application of a cathodic potential, (3) NP nucleation, and
(4) probe retraction and growth termination. (c) Example deposition transients observed during array fabrication with
5 pC of charge deposited at each location. Electrodeposition was carried out using a ~1 pum pipette filled with an
aqueous solution of 0.25 mM AgNOs and 0.25 mM KNOs. Note the negative of the current is plotted for clarity. (d)
A magnified view of the transient indicated in (¢). Optical and Scanning Electron Microscopy images of the fabricated
array are provided in (e) and (f).

thermodynamically stable nuclei is a stochastic process,””*® the “waiting time” between the
cathodic transients is highly variable from NP-to-NP. Upon nucleation, the current flowing
through the SECCM cell can be integrated to track the total charge passed, and therefore volume

of material deposited via Faraday’s law:

Vn@Q
V= F 2
where V,,, is the molar volume, Q is the charge passed, n is the number of electrons passed in the
reaction, and F is Faraday’s constant. Example i-f curves obtained during the deposition ofa 5 pC
(-0.5 V) Ag NP array are provided in Figure 2¢-d.

As can be seen in Figure 2¢, there is a large variability in the waiting time required for each

deposition event to occur. As described above, this is expected due to the stochastic nature of the



nucleation and growth process and would also be impacted by site-to-site variability in the surface
energy of the ITO substrate. A detailed view of an individual deposition transient is given in
Figure 2d. At short times following nucleation (< 50 ms), the current follows the t'/? dependence
expected for the diffusion-limited electrodeposition of NPs on pm-scale electrodes.’® % At longer
times, however, the transient adopts a steady-state value which results from mass transport
limitations imposed by the pipet geometry. A more detailed discussion of these effects are given
below. NPs could be visualized at the vast majority of points in the resulting arrays via optical and
scanning electron microscopies, clearly confirming the successful electrodeposition of NPs.
Missing NPs can be attributed to a lack of nucleation during the finite timescale spent at each
location (no deposition transients are observed experimentally at these locations).

Success Rate of NP Fabrication. The probability of successfully synthesizing at least 1 NP at n
locations within an array of N points can be described by a binomial distribution:

p - Nip"(1—p)N"
" (N =n)!

where p is the probability of synthesizing at least 1 particle. If NP nucleation is assumed to be a
random, stochastic process describable by a static nucleation rate, k,,, this probability is:
p=1—eFnt 4
where t is the time spent at each point in the array. The number of non-vacant array locations
should thus exhibit a sigmoidal dependence on the nucleation rate. This dependence was
experimentally interrogated by examining the number of vacant points in arrays fabricated with
different applied potentials and typical results are provided in Figure 3a (see SI for further
discussion and details on error estimation). As can be seen, the number of fabricated NPs exhibited

a sigmoidal-type dependence on the applied potential, reflecting an expected increase in nucleation
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Figure 3. Statistical analysis of nucleation as a function of applied potential. (a) Nucleation probability. (b) Nucleation
rate. Data was obtained from the electrodeposition of 25-point Ag NP arrays carried out using a ~1 pm pipette filled
with an aqueous solution of 0.25 mM AgNOs3 and 0.25 mM KNOs. Error bars denote 95% confidence intervals and
lines represent fits to different nucleation models (see text for details).

rate at increasingly cathodic potentials. This behavior can be explained by assuming a simple
Butler-Volmer type expression for the nucleation rate:

k, = kO¢ RTEE) 5
The observed nucleation probability can be fit well to this simple model, yielding a k° value of
5% 10*s! and an a of 0.3.

A statistical analysis of the experimentally determined nucleation rate, calculated as the inverse
of the average nucleation time, is provided in Figure 3b. Surprisingly, the experimental nucleation
rate does not vary significantly with applied potential, seemingly at odds with the large potential
dependence observed for the probability of NP nucleation discussed above. This behavior suggests
that a minority of locations on the ITO surface contain nucleation sites which exhibit fast, yet
potential-independent nucleation kinetics. This “two-site” model can quantitatively reproduce the

behavior observed experimentally (see SI for further discussion).
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Figure 4. Spatial accuracy of NP electrodeposition. (a) Dark field scattering image of an electrodeposited Ag NP
array on ITO. (b) Greyscale image of the same array with grid denoting pipet landing points. (¢) Magnified view of
scattering profile from an individual Ag NP. (d) 2D Gaussian fit of the same profile used in determining particle offset
from pipet landing point. (e) Scatter plot illustrating particle offsets measured for 147 NPs electrodeposited with a
single pipet filled with an aqueous solution of 0.25 mM AgNO; and 0.25 mM KNOs. Histograms for the observed
offsets (Ax, Ay) are also shown with semicircular fits.

Spatial Precision of NP Arrays. The spatial precision of the fabricated NP arrays could play a
critical role in practical applications in sensing or catalysis.®’ Because NP nucleation will occur at
high energy sites within the substrate-electrolyte interface, the geometry of the nm- to um-scale
cell created in SECCM is expected to play a critical role in determining the precision of the
resulting NP arrays. To investigate this, optical analyses of fabricated arrays were carried out as
illustrated in Figure 4. Images of the electrodeposited NP arrays were obtained using dark field
imaging. As the deposited NPs are significantly smaller than the diffraction limit of the optical
system (~500 nm), individual NPs appear as discrete spots with roughly gaussian intensity profiles.
By fitting these profiles to gaussian functions, the spatial locations of individual NPs (taken as the
centroid of the gaussian fit) can be determined to a high degree of accuracy (~10 nm).536¢

Here, this approach was employed to determine the centroid locations for a series of

electrodeposited NPs and the resulting locations were compared to the pipet landing locations
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Figure 5. NP Volume Control. (a) AFM image of an electrodeposited Ag NP array on ITO. The charge passed during
deposition was varied at each point. (b) NP height, (c) NP area, and (d) NP volume determined from AFM imaging
as a function of the deposited charge.

controlled via SECCM (see Figure 4a-d). The resulting offsets (Ax and Ay) were determined for
>140 NPs deposited with an individual pipet and are plotted in Figure 4e. It can be seen that NPs
are uniformly distributed across an elliptical area with axes of ~1.0 and ~0.8 um, which is
consistent with the expected meniscus size for the pipets employed in these studies. These results
show that NP deposition occurs in a uniform manner across the SECCM interface and probe size
is a determining factor in the spatial precision of the fabricated arrays.

NP Geometry Control. The volume of material electrodeposited in a given experiment will be
proportional to the charge passed via Faraday’s law. As a result, the size of each NP in the SECCM-
fabricated arrays described here can be controlled independently by terminating the applied
potential once a desired amount of charge has passed. This approach is illustrated in Figure 5,
which depicts an electrodeposited Ag NP array where the charge passed was varied between 5 and
45 pC. The deposited NPs were characterized using a combination of atomic force microscopy

(AFM, Figure S5a) and scanning electrochemical microscopy (SEM) and the results are



summarized in Figure Sb-d. Interestingly, the height (z) of the deposited NPs did not exhibit a
clear relationship with the charge passed, whereas the area exhibited a strong linear relationship.
This anisotropic growth behavior may be attributable to preferential mass transport of Ag" ions to
the ITO-Ag NP interface (vide supra).

The volume of the deposited particles exhibited a clear linear relationship with the charge passed
with a slope (V,,/nF) of ca. 0.0005 pm?/pC. This value would correspond to a molar volume of
50 cm®/mol, which is roughly five times the known value for Ag. This discrepancy suggests the
electrodeposited NPs possess a porous structure which lowers their effective density.

Influence of Mass Transport on Deposition Kinetics. Given the fast kinetics of the Ag"/Ag redox
couple,®’ the current transients observed following a nucleation event will be influenced primarily
by the mass transfer of Ag" ions to the NP surface. The current transient resulting from the
diffusion-limited growth of a hemispherical NP is classically described via the following
equation:>”-6

i = 23/2gnF(DC*)3/2y 2% ¢1/2 6
Here, D is the diffusion constant of the NP precursor and C* is the bulk concentration. The
experimental results (see Figure 2) shown here deviate from this classical model in two significant
ways. First, the transients adopt a steady-state value after a few seconds, which can be attributed
to the mass-transport limitations imposed by the SECCM geometry.’*® Second, the currents are
much larger than those predicted by Eq. 3 on similar timescales. This is due to these experiments
being carried out using solutions of relatively low ionic strength to avoid complications related to
crystallization, and as a result, the transport of Ag” will be impacted to a significant degree by

migration.

10



Finite element simulations were thus employed to model mass transport in these SECCM
experiments in order to explain the observed experimental behavior. Two types of NP
electrodeposition transients could be identified in these experiments based on their behavior at
short timescales, as illustrated in Figure 6a. Transients with increasing currents at short timescales
were observed in some experiments, while transients with decaying currents at short timescales
were observed in others, particularly experiments carried out at more cathodic potentials. To
explain these observations, a series of simulations treating the transport of Ag” via diffusion and
migration in the SECCM geometry were carried out, varying the applied potential vs. the potential
of zero charge (Ey,.). In these simulations, solutions to the concentration of each ion and the
potential were found as a function of time, with a specified potential imposed across the Ag/ITO
surface and the concentration of Ag" set to 0 at the Ag surface, which was translated based on the
local current density to model NP growth (see Supporting Information for more details).

Results from these simulations are summarized in Figure 6b-d. When E = E,,., the
predicted current transients match those predicted by classical nucleation and growth theory due
to the absence of migration effects. At increasing cathodic potentials, however, the currents
increase in magnitude and the behavior at short timescales changes drastically, shifting from the
traditional t/2-type behavior to transients which initially decay to a steady-state value. These
changes can be attributed to the increased impact of migration-driven transport in the system.
Further insights can be drawn from the Ag" concentration and potential profiles depicted in Figure
6¢. At this potential (E — Ep,. =-0.2 V), the double layer formed near the electrode surface results
in an interesting concentration profile, wherein Ag” is depleted in the immediate vicinity of the NP
but is present at high concentrations near the substrate surface. Even so, these simulations did not

predict significant deviations from a traditional hemispherical geometry would occur under these

11
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Figure 6. Analysis of current transient profiles in the SECCM geometry. (a) Example current transients observed for
the electrodeposition of individual Ag NPs with differing profiles. (b) Simulated current transients from finite element
simulations of NP electrodeposition in the SECCM geometry. Simulations were carried out at different applied
potentials with respect to the potential of zero charge (E.c), ranging from 0.0 V (black) to -0.2 V (red) in 50 mV
increments. Simulations were carried out for a 1.3 pm diameter pipet filled with an aqueous solution containing 0.25
mM AgNO; and 0.25 mM KNOs All diffusion constants were assumed to be 1.6 x 10 ¢cm? s™\. More details are
provided in the SI. (¢) Normalized Ag" concentration profile and potential profile at t= 0.1 s from the FEM simulations
for an applied potential of -0.2 V vs. Ec. C* denotes the bulk concentration of 0.25 mM and ¢, the potential at the
electrode interface, -0.2 V. (d) Comparison of predicted and experimental growth times for particles electrodeposited
using a total charge of 5 pC.

conditions (see SI). These simulations were quantitatively compared to experimental results by
calculating the time necessary to pass 5 pC of charge, mimicking the experiments depicted in
Figure 2 above. As seen in Figure 6d, these simulations reach good agreement with the
experimental data, where shorter growth times are observed for increasing cathodic potentials
between potential ranges of ca. -0.35 and -0.6 V vs. Ag'/Ag (the discrepancy observed at -0.3 V
is likely attributable to poor statistics due to the low likelihood of nucleation).

On-Demand Electrodeposition of Complex Array Patterns. A major potential advantage of
SECCM for NP array fabrication is the on-demand nature with which complex array patterns can
be generated, not achievable using conventional lithographic techniques. This flexibility is
demonstrated in Figure 7, which includes optical and scanning electron microscopy images of Ag

NP arrays fabricated in well-defined patterns. Such patterns can be incorporated in a relatively

12



Figure 7. Generating Complex Array Patterns via SECCM. Optical dark field scattering and scanning electron
microscopy images of Ag NP arrays on ITO substrates fabricated via SECCM. Electrodeposition was carried out using
a ~1 um pipette filled with an aqueous solution of 0.25 mM AgNO3 and 0.25 mM KNOs, passing 10 pC of cathodic
charge while holding the ITO potential at -0.5 V vs. Ag"/Ag.

trivial manner, requiring only an additional numerical array to be included as an input to the
instrumental control software which contains the charge to be deposited at each point. These results
demonstrate the high reproducibility of this approach, enabling 100’s of individual NPs to be
fabricated in succession without the fouling of probes. A current limitation, however, is the non-
ideal, fractal-like NP geometry obtained in some cases (see SEM images in Figure 7). Experiments
are currently underway to address this issue by controlling the electrolyte chemistry utilized for

deposition.

Conclusions

In this report, the fabrication of well-ordered arrays of metal NPs using SECCM was
demonstrated. By actively monitoring the currents flowing in small, nm- to pm-scale
electrochemical cells, individual NPs can be reproducibly synthesized in an on-demand fashion

via electrodeposition. This approach enables high degree of control over NP size and spatial

13



positioning, directly comparable to the probe dimensions employed. These results show how
SECCM can serve as a powerful tool for the study of fundamental nucleation and growth processes

and a practical approach for the fabrication of well-ordered, nanostructured systems.

Experimental Methods

Chemicals and Materials. AgNO3 (99.95%, Salt Lake Metals) and KNO3 (ACS Reagent Grade,
EM Science) were obtained from the indicated sources and used without further purification. Ag
wire (0.25 mm diameter, 99.99%, Goodfellow) was used as received in the construction of
SECCM probes. ITO substrates (22 x 22 mm, #1.5, 30-60 Q sq.”!, SPI) were cleaned via sequential
sonication in deionized water, isopropanol, and again in deionized water for 10 min each before
being utilized in electrodeposition experiments.

Fabrication and Characterization of SECCM Probes. Single barrel SECCM probes were
fabricated from quartz capillary tubes (1.2 mm OD, 0.9 mm ID, Sutter) using a laser-assisted pipet
puller (Sutter P-2000). The following two-line program was employed for the fabrication of all
probes used in these studies: HEAT = 740, FIL =4, VEL =30, DEL = 150, PULL =35/ HEAT =
710, FIL =3, VEL =30, DEL = 135, PULL = 125. A fabricated pipet was filled with an electrolyte
solution of interest using a glass syringe (Microfil 34G) and a Ag wire was inserted in the open
end of the pipet to yield a complete probe. Pipet dimensions were characterized using scanning
electron microscopy (JEOL 5800 LV SEM, 5 kV accelerating voltage).

SECCM Electrodeposition Procedure. SECCM electrodeposition experiments were carried out
using a home-built SECCM apparatus which has been described in detail elsewhere.”’®> An
indium tin oxide (ITO) substrate served as the working electrode. SECCM probes were mounted

to a 3-axis piezo system (PI Nanocube 611.3S and E-727 controller). During one electrodeposition

14



cycle, an initial potential (E1) was applied between the ITO substrate and the Ag QRCE in the
SECCM probe using an electrometer (Dagan CHEM-CLAMP) while the probe was moved
towards the ITO surface (2 um/s). The current flowing in the system was monitored during the
approach procedure and probe-sample contact was recognized as a sudden spike in the current.
Probe movement was then ceased and a cathodic deposition potential (E2) was then applied to
drive NP formation, recording the current flowing during the deposition process. Once a desired
total cathodic charge was passed, the probe was retracted and move to a new sample location. This
procedure was controlled using custom Labview software and a data acquisition interface
(National Instruments cDAQ-9174).

Characterization of Nanoparticle Arrays. After electrodeposition, the NP arrays were
characterized through a combination of scanning electron microscopy (FEI Quanta FEG 450, 10
keV) and atomic force microscopy (AFM). AFM imaging was carried out using a Cypher ES AFM
in tapping mode with standard probes (Nanosensors, PPP-NCHR-20, n-Si, 0.01-0.02 Q cm). Dark
field microscopy images were acquired using a custom optical setup employing a long working
distance microscope objective (Olympus LMPlanFL N 50x, 0.5 NA), a broadband light source

(Energetiq EQ-99X), and a microscope eyepiece camera (OMAX A3RDF50/A3590U).
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