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Electrode surfaces functionalized with gold nanoparticles (AuNP) are widely used in electroanalysis, electro-
catalysis, and electrochemical biosensing due to their increased surface area and conductivity.
Electrochemical deposition of AuNPs offers advantages over chemical synthesis, including better control
over AuNP size, dispersion, and morphology. This study examines the electrodeposition of AuNPs on carbon
ultramicroelectrode arrays (CUAs) focusing on electrodeposition parameters, such as deposition potential,
deposition time, and gold ion concentration. Detailed analysis based on scanning electron microscopy
revealed that higher reductive potentials and shorter deposition times result in smaller AUNP particle sizes
and greater particle counts. Unlike previous studies using planar, macro-sized electrodes and millimolar con-
centrations of gold ion, as well as longer deposition times (e.g., 100-300 s), this research employed micro-
molar concentration ranges (25-50 pM) of gold ion solution and shorter deposition times (5-60 s) for suc-
cessful electrodeposition of AuNPs on the array-based CUAs. This is attributed to the physical properties of
the ultramicroelectrodes in the array geometry and the distinct material composition of the CUAs. The gold
_2)

amounts deposited on the CUA electrodes were determined (88.73 + 0.06 nmol cm™), which were in cor-
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relation with the electrocatalytic responses for the hydrogen evolution reaction (HER) measured on AuNP-
modified CUAs. Overall, the array-based geometry, nanometer-scale electrode sizes, and unique material
composition of the CUAs significantly influence AuNP electrodeposition. This study underscores the impor-

rsc.li/nanoscale tance of systematically characterizing the electrodeposition parameters on novel electrode surfaces.
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Introduction
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Nanoparticles (NPs) are materials characterized by their
dimensions in the nanoscale (1-100 nm) and can be com-
prised of various materials, including metals, inorganic semi-
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conductor molecules, natural or artificial polymers, and
carbon.' Given that they are made up of only a few atoms,
NPs exhibit unique chemical and physical properties, different
than their parent bulk material, which can be attributed to
their increased surface area-to-volume ratio (SA/V).>*”
Specifically, metal NPs are associated with desirable properties
for applications in catalysis,>'' drug delivery and gene
systems,'>'? environmental remediation,'* electroanalysis,">"®
as well as the development of optical and electrochemical
sensors and biosensors for health monitoring or medical
analysis,"”” ! fuel cells,>*’ and batteries.>® In the area of
electrochemistry and electroanalysis, electrode surfaces are
often decorated with NPs to enhance catalytic activity toward
redox-active analytes due to the greater SA/V and higher con-
ductivity of these nano-sized materials.'>***° Namely, gold
nanoparticles (AuNPs) are frequently utilized in the fabrication
of electrochemical sensing devices due to the chemical inert-
ness and conductivity of the metal.>?°7*
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AuNPs are traditionally synthesized by chemical means,
which involves particle formation in a colloidal solution upon
the addition of reducing agents and capping agents, which are
steps performed under high-temperature conditions.?*3>3¢
Although these chemical synthesis methods have proven to be
effective in achieving particle formation, these approaches
require extensive sample preparation and involve usage of
toxic solvents, contamination from precursor chemicals,
and production of hazardous derivatives.'*>?” Furthermore,
chemical AuNP syntheses have limitations in the control of NP
size, morphology, and dispersion on the electrode surface.
On the other hand, electrochemical means of AuNP formation
via electrodeposition represent an attractive alternative to the
chemical-based approaches, addressing the challenges of syn-
thetic steps. In electrodeposition methods, the reduction of
gold ions in an electrolyte solution is initiated by applying a
reductive potential to the working electrode, resulting in the
formation of solid AuNPs on the electrode surface. In general,
the electrodeposition of AuNPs utilizes a solution of (1) tetra-
chloroaurate ion (AuCl,”), usually in the form of chloroauric
acid (HAuCl,), as the gold ion (Au*") source and (2) a support-
ing electrolyte, such as sulfuric acid (H,SO,), perchloric acid
(HClO3), nitric acid (HNOs), or citric acid (C¢HgO;), to allow
for ion mobility in the electrochemical cell and establish elec-
trical conductivity in solution.*®*! Electrodeposition enables
the control of NP physical properties through the variance of
experimental parameters, including electrode material,
deposition time, deposition potential, tetrachloroaurate ion
concentration, and supporting electrolyte composition and
concentration.>?%?®

Several fundamental studies on the effects of electro-
chemical deposition parameters on AuNP formation have been
previously reported. These research works have reported a
wide variety of electrode materials and modifications, includ-
ing single-walled carbon nanotube (SWNT)-modified electro-
des,*® platinum electrodes,”* glassy carbon electrodes,**®
graphite electrodes,*” boron-doped diamond electrodes,® fluo-
rine-doped tin oxide electrodes,*® and indium tin oxide (ITO)
electrodes.’”® Namely, Zamborini and co-workers reported
several results on the electrodeposition of NPs, including a
specific study analyzing the effects of particle size on oxidation
potential in brominated supporting electrolyte solution.*® It
was observed that applying more reductive potentials resulted
in the formation of a larger collection of smaller AuNPs on
planar ITO electrodes. Furthermore, the authors reported that
increasing particle diameter yielded a positive shift in oxi-
dation potential, which was in agreement with theoretical pre-
dictions.?® Dudin et al. discussed the influence of both electro-
chemical driving force (e.g., deposition potential), and depo-
sition time on AuNP formation on SWNTs via microcapillary
electrodeposition. The authors found that a higher driving
force (ie., more reductive deposition potential), yielded
increased particle density. Additionally, this study revealed
that longer time regimes produced particles of larger size
with a broader size distribution. This phenomenon was
attributed to Ostwald ripening, in which the growth of
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smaller particles is hindered and overtaken by larger-sized
particles.”®** More recently, Zakaria and co-workers pre-
sented new insights on the effects of supporting electrolyte
composition on AuNP morphology and formation. Their
findings indicated that sodium nitrate (NaNOj3) produced the
most uniform, homogenous AuNPs of approximately 50 nm
in diameter.?® Although these studies provide valuable fun-
damental insight into how supporting electrolyte compo-
sition, deposition time, and deposition potential affect AuNP
formation, each of the aforementioned studies utilizes
planar, macro-sized electrodes. To date, there are few reports
of AuNP electrodeposition on electrodes and ultramicroelec-
trodes with an array-based geometry, which have appli-
cations in environmental trace analysis, electrophoresis
detectors, and chemical and biological sensors.*>™*” Hariri
et al. reported the electrodeposition mechanism of gold
nanowires and nanotubes by analyzing the system in a
recessed cylindrical ultramicroelectrode diffusional model.*®
While Hariri’s work presented relevant information on the
transition from radial to planar diffusion upon deposition of
the cylindrical gold components in an array-based geometry,
it is limited with regard to the discussion of gold nano-
material deposition on ultramicroelectrodes fashioned in an
array design.

Herein, we demonstrate a fundamental electrochemical
study on the electrodeposition of AuNPs on a novel, array-
based electrode platform, based on carbon ultramicroelec-
trode arrays (CUAs). CUAs consist of a unique combination of
carbon and metal oxide materials, resulting in an array-based
geometry of carbon nanometer-sized electrodes (~90 nm
radius) encircled by a metal oxide layer of aluminum oxide
(Al,05).*°7% The carbon material employed in these electro-
des is a pyrolyzed photoresist film (PPF), which exhibits
similar electrochemical behavior to glassy carbon.*®*® This
PPF material is highly conductive, hard, and inert with a wide
window of electrochemical stability.>® The individual electro-
des in the array are wired in a parallel circuit, yielding the
advantages of improved signal-to-noise ratio for the detection
of electrochemical events (amplified currents).’® Most of the
exposed electrode surface is the Al,O; layer, which also
limits adsorption on the overall carbon surface.*®>%%%3
Furthermore, the combination of carbon and alumina
material contributes to significantly lowering the background
current responses at the electrode surface.’® Most of the total
capacitance (proportional to noise) on the CUA electrodes is
a result of the Al,0; metal oxide layer, which acts as a dielec-
tric that stores and reorganizes charge. On the other hand, a
Macro electrode consisting of only PPF film and composed
entirely of carbon material has capacitance associated with
double-layer charging on the electrode surface. The Al,O;
layer on the CUA array-based electrodes greatly diminishes
the double-layer capacitance, thereby resulting in signifi-
cantly lower noise and improved S/N ratios compared to the
Macro electrodes. As a result, CUAs offer highly sensitive
analyte detection with fast response times and have been suc-
cessfully employed for electrochemical detection of various
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analytes in complex biological matrices with adequate
analytical figures of merit.>'”>® These electrodes are fabri-
cated using facile and highly reproducible methods reported
previously.**®>> Although photoresist-derived carbon is
used for CUA fabrication in this study, it should be noted
that this versatile process could be adapted to design ultrami-
croelectrode arrays on other conductive materials, such as
gold and platinum, allowing for the creation of customizable
electrode platforms suited for wvarious electrochemical
methods. Moreover, the CUA electrodes can be made trans-
parent, making them particularly valuable for spectro-electro-
chemical studies. Finally, CUAs can also be easily modified
with nanomaterials, such as AuNPs, for desired electro-
chemical applications,®® ranging from electroanalytical (bio)
sensors to electrocatalysis to energy storage and conversion
devices.

To the best of our knowledge, this work provides, for the
first time, a detailed fundamental understanding and charac-
terization of AuNP electrodeposition on CUAs. This study
establishes experimental electrodeposition parameters to
achieve optimal AuNP formation with small, narrow size dis-
tribution and consistent dispersion across each individual
electrode in the CUA electrode platform. Cyclic voltammetry
was employed to evaluate the redox activity of gold across a
wide range of potentials at the CUA surface. AuNPs were elec-
trodeposited on CUAs via amperometric methods under
specific experimental conditions of varying deposition poten-
tial, deposition time, and AuCl,” concentration. The AuNP-
modified CUA samples were characterized with scanning elec-
tron microscopy (SEM), providing information on AuNP par-
ticle size and dispersion, as well as the average number of
particles per individual electrode within the CUA for quanti-
tative comparison of the experimental parameters. As a proof-
of-concept study, we demonstrate the electrocatalytic activity
of the AuNP-modified CUAs for the hydrogen evolution reac-
tion (HER). Control studies were performed with carbon
Macro electrodes (planar electrodes comprised of PPF elec-
trode surface without the array), displaying the CUA advan-
tages of array-based geometry and the insulating alumina
layer. Our experimental results indicate that each experi-
mental electrodeposition parameter, including the electro-
chemical driving force (i.e., applied potential), electrodeposi-
tion time regime, and gold ion source concentration, signifi-
cantly impacts the formation of AuNPs on the CUAs.
Furthermore, the physical characteristics resulting from the
unique carbon-based CUA array shape and electrode material
composition influence the concentration of the gold ion solu-
tion and deposition times necessary to yield consistent par-
ticle formation across the electrode surface. Namely, com-
pared to previous studies performed on planar, macro-sized
electrodes employing minute-long deposition times and
millimolar gold source concentration ranges for AuNP
electrodeposition,®*?**>738 gur results show that we can suc-
cessfully electrodeposit AuNPs on CUA surfaces with seconds-
long deposition times and lower, micromolar concentrations
of gold ion solution.
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2. Experimental methods
2.1 Chemicals and materials

All chemicals and materials were used as received. Polystyrene
spheres (Polybead®) with a diameter of 1.54 pm were pur-
chased from Polysciences, Inc. Photoresist AZ1518 from
Integrated Micro Materials (iMicromaterials). Quartz micro-
scopic slides (with an area of 6.45 cm® and thickness of 1 mm)
for electrode fabrication were acquired from Technical Glass
Products. Gold(m) chloride solution (HAuCl,), and sulfuric
acid (H,SO,) were purchased from Sigma-Aldrich. The water
for all experiments was dispensed from a Millipore Sigma
Milli-Q® EQ 7000 ultrapure water purification system (resis-
tivity of 18.2 MQ cm at 25 °C).

2.2 Electrochemical deposition and characterization of gold
nanoparticles (AuNPs)

All electrochemical experimentation utilized a three-electrode
cell setup with either carbon ultramicroelectrode arrays (CUAs)
or Macro electrodes as the working electrode (WE), platinum
mesh (Pt) as the counter electrode (CE), and a saturated
calomel electrode (SCE) as the reference electrode (RE). CUAs
were fabricated according to previously established procedures
from the Stevenson Research Group.*°~>° Briefly, quartz sub-
strates were cleaned with piranha solution (3:1 H,SO,:30%
H,0,) to remove organic contamination and residual organics.
Undiluted AZ1518 photoresist was spun on the piranha-
cleaner quartz slides at 6000 rpm for 1 min (WS-650Mz-
23NPPB spin coater, Laurell Technologies), which was then
pyrolyzed via tube furnace procedures detailed elsewhere.>* %
Namely, after purging for 15 s with forming gas consisting of
5% H,:95% N, (~100 mL min~"), the photoresist quartz
slides were pyrolyzed by heating to 1000 °C at 5 °C min™" and
holding at that temp for 1 h before allowing them to cool
slowly back to room temperature at 5 °C min~". Following this
tube furnace procedure, pyrolyzed photoresist film (PPF)
formed, yielding the carbon Macro electrode (carbon electrode
without the array). The PPFs were then stored for 3 days prior
to use to allow for the oxide layer to stabilize.®* As reported
previously, the PPFs prepared by this approach have a thick-
ness of 250 + 20 nm, roughness of 0.39 + 0.07 nm, and sheet
resistance of 97 + 3 Q O *.% Following the pyrolysis step, poly-
styrene spheres (PSSs) with 1.54 pm diameter were then drop
cast onto the PPF film, and a 10 nm-layer of alumina (Al,0O3)
was deposited onto the PSS via atomic layer deposition (ALD)
(AT410 bench-top ALD system, Anric Technologies). Following
the ALD step, the PSSs were removed via a series of sonication
steps in methanol, acetone, ethanol, and water, leaving an
ordered array of individual carbon ultramicroelectrodes where
the spheres contacted the PPF, forming the CUAs. In the final
step, the electrodes were dried using a stream of N, gas prior
to experimentation.

All electrochemical experiments were performed on
CH650E, CH660E, and CH440C potentiostats (CH
Instruments). Gold nanoparticle (AuNP) electrochemical depo-
sition experiments employed single-potential-step chronoam-
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perometry to reduce gold cations in solution to solid gold at
the surface of the CUA WE. The potential was held at an initial
value of 0.75 V vs. SCE for 1 s, then stepped to the associated
cathodic deposition potential (0.25, 0, —0.25, or —0.5 V vs.
SCE) and held at this electrodeposition potential for a speci-
fied deposition time. The sample interval was 0.001 s with a
sensitivity of 0.001 A V™', Cyclic voltammetric characterization
studies were conducted at a scan rate of 0.1 V s™' with a
sample interval of 0.001 V, quiet time of 2 s, and sensitivity of
0.001 A V™', Experimental data was plotted and analyzed in
Excel and OriginLab Graphing and Analysis Software. All
electrochemical results were plotted using the classic (or
polarographic, Texas) convention, with oxidation potentials
plotted in the negative “x-axis” direction and reduction poten-
tials plotted in the positive “x-axis” direction, with cathodic
currents in the positive “y-axis” direction and anodic currents
in the negative “y-axis” direction.

2.3 Scanning electron microscopy (SEM) imaging and sample
preparation

Following amperometric electrochemical deposition, the
AuNP-modified CUA and Macro electrode samples were pre-
pared for SEM by rinsing with MilliQ ultrapure water and
drying with nitrogen. SEM experiments were performed in the
Electron Microscopy Center, a shared facility at the University
of South Carolina. A Zeiss Gemini500 FESEM model was used
for all gold nanoparticle (AuNP) imaging experiments. Image]
software was then utilized to analyze the obtained SEM images
and perform AuNP size measurements. For SEM analysis, each
SEM image was imported and analyzed in Image] software by
first setting and defining the scale (known scale bar in nano-
meters). The area option was selected as the analysis object to
measure the square of the particles. For the Image] analysis of
certain irregularly shaped nanoparticles, Feret’s diameter was
used to obtain a solid value for nanoparticle diameter. Each
SEM image was prepared by enhancing the contrast and
thresholding to improve the nanoparticle visibility and ensure
that nanoparticles are highlighted, respectively. Following
these Image] steps, nanoparticle analyses were performed.

3. Results and discussion

3.1 Fundamental understanding of gold nanoparticle (AuNP)
electrodeposition on carbon ultramicroelectrode arrays (CUASs)

The electrochemical behavior of gold nanoparticle (AuNP) for-
mation has been well-characterized in previous research
studies.?>***>*! The complete, three-electron redox mecha-
nism of gold reduction is displayed in eqn (1). In this reaction,
tetrachloroaurate ion (AuCl,”) is reduced to solid gold at the
electrode surface. Previous reports indicate that the full reac-
tion mechanism for gold reduction is a three-step CEE
process, involving a rate-determining chemical step (C) fol-
lowed by two successive electron transfer steps (E, E).*!
Goolsby and co-workers previously proposed that the first,
chemical step converts AuCl,” to the cationic, intermediate
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species AuCl,". This initial step is followed by a two-electron
transfer reaction, resulting in an anionic intermediate species
of AuCl,”. The final step is suggested to be a single-electron
transfer reaction, forming the product of solid gold (Au®). The
majority of studies pertaining to mechanistic analysis of Au
electrodeposition have been performed in organic media
because Au'" is stable in these organic solvents via solvent
interactions. However, in aqueous environments, gold tends to
form Au® or Au®*" and intermediate species, such as AuCl,”,
which are extremely short-lived and unstable.*' In aqueous
environments, it is likely that these reaction steps occur simul-
taneously, explaining the single cathodic peak observed in the
cyclic voltammogram (CV) in Fig. 1, demonstrating typical
behaviors for an irreversible electrochemical system.*®

AuClyaq)” +3e” — Aug)® +4Clq)~  E° =0.994 V vs. NHE

(1)

Voltammetric studies were performed to obtain fundamen-
tal information on the electrochemical behavior of AuCl,~ on
the carbon ultramicroelectrode arrays (CUAs), specifically, over
a wide range of potentials (1.3 V to —0.1 V vs. SCE). The
unique CV shape (Fig. 1) is governed by the diffusion of the
redox-active analyte towards the working electrode, or CUA,
surface resulting from applied potential. The CV trace began at
an initial potential of 0.75 V vs. SCE (Fig. 1A), associated with
minimal faradaic current response. The potential was then
swept in the negative direction, initiating the three-electron
reduction of gold according to eqn (1), with the cathodic
current peaking at approximately 0.25 V vs. SCE (Fig. 1B). At
—0.1 V vs. SCE, the potential polarity changes, initiating the
positive potential sweep. The cycle does not extend beyond
this potential to avoid inducing the hydrogen evolution reac-
tion (HER) at the electrode surface (Fig. 1C and Fig. S1).*%*®
Further discussion of electrode material influence on HER is
included in subsequent sections. As the potential is swept in
the positive direction, a looped region is formed in the cyclic
voltammogram in a potential window ranging from 0.3 to 0.75
V vs. SCE (Fig. 1D). This is a well-understood AuNP electro-
chemical deposition phenomenon, previously described as the
“nucleation loop” or “current loop”.>>** The nucleation loop is
the result of current response differences at the same potential
values between the negative and positive sweep. In the negative
sweep, more thermodynamic driving force, with regard to the
electrochemical potential, is needed for the formation of AuNP
nucleation sites on the carbon electrode surface. Once these
sites are formed, the deposition of Au-on-Au is more favorable
than Au-on-carbon. Because of this difference in substrate
surface energy, less overpotential is required to deposit Au on
other AuNPs, rather than on the carbon electrode surface,
yielding higher electrical current responses on the reverse
sweep. This growth mechanism is also known as Volmer-
Weber growth, in which atom-to-atom interaction is more
favorable than atom-to-substrate interaction, inducing the for-
mation of three-dimensional particles, rather than a thin gold
film at the electrode surface.>>** The CV trace continues in the
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Fig. 1 Cyclic voltammogram (CV) of 50 uM HAuCLl, in 0.5 M H,SO,4 under nitrogen (oxygen-free) conditions at a scan rate of 100 mV s on the
carbon ultramicroelectrode arrays (CUAs). The potential was swept from 0.75 V to —0.1V, then to 1.3 V, and back to 0.75 V vs. SCE, as indicated by
the arrows on the CV plot. Points A—E on the CV trace represent various potential-dependent gold redox processes occurring throughout the

sweep, as briefly outlined on the right side.

positive direction, reaching the peak anodic current at approxi-
mately 1.2 V vs. SCE (Fig. 1E). Any associated oxidative current
for this reaction can be attributed to two processes, specifi-
cally, either (1) the dissolution of the solid gold particles back
into solution as gold ions (stripping) or (2) the formation of a
gold oxide film on the NP surfaces. The oxidative peak in
Fig. 1 is most likely associated with the latter of the two pro-
cesses, given that the gold oxide formation occurs at more oxi-
dative potentials than AuNP stripping.>>*® Furthermore, most
anodic stripping studies of AuNPs have been performed in
bromide-containing solutions.*®> This voltammetric data
reveals that gold exhibits similar electrochemical behavior on
CUAs in comparison to planar, macro-sized electrodes of
carbon and other materials.>?**

3.2 Impact of electrodeposition parameters on gold
nanoparticle (AuNP) formation on carbon ultramicroelectrode
arrays (CUAs)

A significant advantage of utilizing electrochemical methods
for nanoparticle deposition is the control over multiple experi-
mental parameters, including deposition time, deposition
potential, metal ion concentration, electrode material, as well
as supporting electrolyte composition and concentration. This
study employed single-step chronoamperometry for AuNP elec-
trodeposition this electrochemical technique enables control
of the electrodeposition potential by holding it at a single
value over a specified time period while measuring the associ-
ated current response.®®®” Herein, several values of three main
parameters were tested in the electrodeposition of AuNPs on
CUAs, namely (1) deposition times of 5, 15, 30, and 60 s, (2)
electrodeposition potentials of 0.25, 0, —0.25, and —0.5 V vs.
SCE, and (3) AuCl,~ concentrations of 25, 50, and 100 pM.
Combinations of the values for each electrodeposition para-
meter resulted in extensive scanning electron microscopy
(SEM) imaging and analysis of the AuNPs electrodeposited on
the CUA electrodes. Energy dispersive X-ray spectroscopy (EDX)
was utilized to confirm the presence of gold metal (Au) on the

16208 | Nanoscale, 2024, 16,16204-16217

surface of the CUAs (Fig. S2t). The AuNP particle size data is
displayed in Fig. 2 and Fig. S3, S4,T organized by deposition
time and potential for gold ion solution concentrations of 50,
25, and 100 pM, respectively. These figures contain representa-
tive SEM images with the associated particle size histogram
measurements for direct comparison between parameters. For
particle count, Fig. 3 displays the average number of AuNPs on
each individual electrode, organized by parameter. Due to the
array-based CUA electrode geometry, AuNPs from n = 9 individ-
ual ultramicroelectrodes were measured and plotted to main-
tain consistency for both particle size and count. It should be
noted that certain nanoparticles demonstrate irregular shapes.
The mechanism of these irregularities in the nanoparticle
shapes should be investigated in a future study by using
several microscopy approaches, such as transmission electron
microscopy (TEM) and calcite-assisted localization and kine-
tics (CLocK) microscopy.®®
In terms of AuNP sizes, the SEM and histogram data exhibit
clear trends for all electrodeposition parameters. For the
single-potential step chronoamperometry electrodeposition
methods, the cyclic voltammetry data in Fig. 1 was utilized to
establish the deposition potentials. As previously explained,
the gold reduction on CUAs is initiated at approximately 0.25
V vs. SCE, thus establishing the least reductive deposition
potential used in this study. The determination of the most
reductive potential value of —0.5 V vs. SCE required further
cyclic voltammetry tests, given the prevalence of HER at the
electrode surface in acid-containing analyte solutions (here,
0.5 M H,S0,). This known reaction occurs at reductive poten-
tials in acidic conditions, where protons in solution are
reduced to form hydrogen gas bubbles (H,) at the electrode
surface (eqn (2)).°°7*
2Haq)" +2¢” < Hyy E°=0.000Vvs. NHE  (2)
The HER reaction should be avoided in the electrodeposi-
tion of AuNPs due to the hindering of mass transport to the

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr02326a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 09 August 2024. Downloaded on 12/6/2025 4:47:11 AM.

(cc)

-0.5

-0.25

Deposition Potential | V (vs. SCE)

@

z?
§
H

°

g
H
H

8

50 uM/-05V/5s

Deposition Timels

50 uM/-05V/15s

50uM/-05V/30s

50 uM/-0.5V/60s

Dlamnlorl nm

m .
3

50uM/-025V/5s

50 yM/-0.25V/15s

-

2

50
Dllmalu! /nm

50 uM/-0.25V/30s

9

g

Count

~

Diameter | nm

2
Diameter | nm

50 100 150
Diameter | nm

200

8
S S
0 0

100
Diameter | nm

300

Count

Diameter | nm

50uM/0V/60s

300

Count

Diameter | nm

View Article Online

Paper

50uM/0.25V/60s

" 50uM/0V/5s 50uM/0V/15s 50uM/0V/30s
5 5 5
8 8 I I 8 I
0 0 0
50 100 150 200 250 500 100
Diameter | nm Diameter | nm Diameter | nm
N 3 50uM/0.25V/5s 50uM/0.25V/15s 50 uM/0.25V/30s
.

Count
Count

Count
Count
- ~

1
| I I I
0 0

500 150

250 300 450
Diameter | nm Diameter | nm

I ° II 0
600 500

150 300 450 600

250
Diameter | nm Diameter | nm

Fig. 2 Scanning electron microscopy (SEM) images and particle size distribution histograms for all time and potential parameters for the electrode-
position of gold nanoparticles (AuNPs) on carbon ultramicroelectrode arrays (CUAs) in 50 uM HAuCl, and 0.5 M H,SO,4 solution. The SEM micro-
graphs and histogram plots are arranged in order of increasing deposition time (from left to right) and decreasing reductive potential (from top to
bottom). The scale bars represent 1 um for all SEM images. Particle diameter measurements were taken from nine individual electrodes in the CUA

of the same area as shown in the respective SEM images for each.

CUA working electrode, resulting from H, bubble generation
on the electrode surface.**’? The data in Fig. S11 shows cyclic
voltammograms of the supporting electrolyte solution, namely
0.5 M H,S0y, on the CUA electrode surface before AuNP depo-
sition (i.e., bare CUA) and after AuNP deposition (ie.,
AuNP-CUA). Upon the comparison of these cyclic voltammo-

This journal is © The Royal Society of Chemistry 2024

grams in the presence and absence of AuCl,”, significant
differences in HER current response and associated potential
are observed (Fig. S17). This change in kinetics (relating to the
electrical current) can be attributed to the formation of AuNPs
on the carbon CUA electrode surface in a solution of gold ions
at reductive potentials. Fig. S1At displays the CV data in a
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Fig. 3 Gold nanoparticle (AuNP) count per individual electrode within
the carbon ultramicroelectrode array (CUA) at various deposition times
and potentials in solutions of (A) 25 puM, (B) 50 yM, and (C) 100 uM
HAuCl, in 0.5 M H,SO,, displayed in pink, purple, and green, respect-
ively. Particles were counted from nine individual electrodes (n = 9)
within the CUA.

wide potential window, revealing a large increase in the result-
ing current signal on the AuNP-modified CUA compared to the
current signal on the bare CUA. Gold, in the form of nano-
particles, on the CUA electrode platform acts as an electrocata-
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lyst for HER.®® This catalytic phenomenon will be further
explored in AuNP characterization studies in a subsequent
section. In addition to the greater current response, the
electrocatalytic properties of AuNPs also result in a positive
shift in the onset HER potential, due to the lower driving force
required to initiate this reaction (Fig. S1Bf). The onset of HER
occurs at about —0.1 V vs. SCE on the AuNP-modified CUAs,
which is over 400 mV more positive than the potential of HER
onset on the bare CUAs (beyond —0.5 V vs. SCE). Overall, the
cyclic voltammograms in Fig. S11 indicate that the HER exhi-
bits sluggish kinetics on the bare carbon CUA electrode
surface, thus requiring greater applied potential to drive the
reaction. In contrast, the AuNP-modified CUA shows greater
current, indicative of enhanced HER kinetics, and requires a
smaller applied potential, as evidenced by the potential shift
to more positive values. Considering the results of this voltam-
metric experiment on bare and AuNP-modified CUAs, the
most reductive deposition potential chosen for this study was
—0.5 Vvs. SCE.

Based on the SEM and histogram results shown in Fig. 2
and Fig. S3, S4,T there is a clear trend in the AuNP sizes with
regard to the deposition potentials. Namely, the electrodeposi-
tion of AuNPs on CUAs performed at more reductive values
(=0.5 V vs. SCE) yields smaller particle sizes for all deposition
times and gold ion solution concentrations. In contrast, larger
particle sizes were observed at less reductive potential values
(0.25 V vs. SCE) for all deposition periods and AuCl,” concen-
trations. These electrodeposition trends well-agree with find-
ings from previous studies,>>?®?%*3*% indicating that more
reductive potentials result in the formation of higher amounts
of smaller AuNPs.***® At more reductive potentials, a greater
electrochemical driving force is applied to the working elec-
trode, rendering the deposition of gold onto the carbon elec-
trode surface more favorable, producing more nucleation sites
and smaller particle sizes. In contrast, at less reductive poten-
tials, less thermodynamic driving force is applied to the
working electrode, resulting in limited nucleation and more
particle growth, yielding a smaller number of larger-sized par-
ticles with a lower surface area. Furthermore, this trend is also
displayed in the lower-magnitude SEM images of AuNP-modi-
fied CUAs showing particle surface coverage. Fig. S5t shows
the effects of deposition potentials on the AuNP coverage on
the electrode surfaces, with more reductive potentials resulting
in particle nucleation on every individual electrode and less
reductive potentials yielding sparse, stochastic particle growth
on the CUA surfaces. In summary, a greater driving force,
achieved by applying a more negative potential, enhances the
nucleation kinetics, resulting in more nucleation sites and
smaller nanoparticle sizes.

For the deposition times, longer deposition times (30-60
seconds) result in the formation of larger-sized nanoparticles
due to prolonged AuNP growth periods.”® In contrast, shorter
times (5-15 seconds) employed for AuNP electrodeposition
yield smaller nanoparticle sizes. These deposition time trends,
observed in Fig. 2 and Fig. S3, S4,T suggest that longer depo-
sition times result in increased particle growth, which is con-

This journal is © The Royal Society of Chemistry 2024
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sistent with observations from previous studies.>®***® In
addition to individual AuNP size, deposition time also influ-
ences nanoparticle size distribution. For instance, the histo-
gram data of several CUA samples demonstrate bimodal particle
size distributions at the longest deposition time of 60 seconds.
This broad nanoparticle size distribution could be attributed to
Ostwald ripening, a well-known phenomenon in which larger
particles grow at the expense of smaller NPs.** Furthermore,
longer deposition times could lead to broader nanoparticle size
distribution from the Ostwald ripening phenomenon, causing
particles to grow at different rates.** Future work needs to focus
on studying and characterizing the ripening effects on CUAs to
provide mechanistic insights into this phenomenon.

The trends shown in Fig. 2 and Fig. S3, S41 indicate that
the average AuNP count per individual electrode agrees with
particle size data. Overall, more negative potentials and
shorter deposition times yield higher particle counts on each
CUA electrode. The particle number is also influenced by
AuNP nucleation, with more nucleation sites resulting in
higher counts of smaller-sized particles, due to limited growth.
The opposite is true for less reductive potentials and longer
deposition times. Under these conditions, fewer AuNP nuclea-
tion sites are formed, yielding lower particle counts. Although
the particle numbers in Fig. 2, 3 and Fig. S3, S4 apply to nine
individual ultramicroelectrodes in the array, the CUA surface
(with a total exposed carbon area of 1.4%, resulting in a CUA
electrode area of 0.0071 cm?) consists of approximately 3 x 10°
ultramicroelectrodes per cm?, which was calculated from SEM
images of CUA electrodes. Based on exhaustive SEM analysis,
one electrode in the CUA array was determined an average
radius of 91 + 7 nm, which agrees with previous works using
CUAs."*® Therefore, assuming nearly perfect and uniform AuNP
distribution on all individual CUA wells in the electrode array,
the total number of AuNPs deposited for each set of electrode-
position parameters can be estimated by multiplying the
average particle count by the total number of individual ultra-
microelectrodes in the CUA array.

Differences in AuCl,” concentration also impact the electro-
deposition of AuNPs on CUAs. Considering the particle size,
the median solution concentration of 50 uM AuCl,~ yields
small-sized particles at more reductive potentials and short
deposition times (Fig. 2 and 3). The slightly lower concen-
tration of 25 pM displayed similar results (Fig. S3t), indicating
there is a range of acceptable working concentrations for the
electrodeposition on CUAs (25-50 puM). At higher concen-
trations (100 pM and greater), the AuNP growth is more pro-
nounced, producing larger-sized particles and aggregates, due
to the greater availability of gold ions in solution. Previous
studies employing planar, macro-sized electrodes for AuNP
electrodeposition have used gold ion concentrations in the
millimolar range from 1 to 5 mM.>**%*® Compared to these
previous studies, the electrodeposition of gold nanoparticles
on CUA surfaces requires significantly lower gold ion concen-
trations (25-100 pM) for adequate AuNP formation, which is
both advantageous and cost-effective. These micromolar con-
centration ranges result from the array-based geometry and

This journal is © The Royal Society of Chemistry 2024
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the unique combination of carbon and Al,O; materials in the
design of the CUA surface.

To illustrate the differences in gold ion concentration for
the electrodeposition of AuNPs on CUAs, control studies were
performed with the planar Macro electrodes. The CUA elec-
trode surface is only 1.4% PPF carbon film as the majority of
the electrode area encircling the individual electrodes in the
array consists of the 10 nm Al,O, layer,*® which acts as an insu-
lating material to store charge.’® On the other hand, the planar
Macro electrodes consist of 100% PPF carbon film (Fig. 4).
Furthermore, a control AuNP electrodeposition experiment was
performed with samples with the 10 nm Al,O; layer only. To
compare the effects of electrode geometry and material on par-
ticle size, count, and surface coverage, AuNPs were deposited
with the same parameters on each electrode surface in a solu-
tion of 25 pM AuCl,". Fig. 4 displays the resulting SEM micro-
graphs and representative schematics of each electrode surface,
revealing significant differences in particle coverage between
the CUA electrode, the planar Macro electrode, and the surface
consisting of the 10 nm Al,O; layer. The representative SEM
image for the array-based CUA electrode displays desirable
AuNP coverage across nine individual electrodes in the array
(shown in the SEM window), with high counts of small-size par-
ticles. Contrastingly, SEM data for the planar Macro electrode
under the same electrodeposition conditions shows poor par-
ticle coverage, with a low number of small particles randomly
dispersed across the electrode surface. This data also suggests
that for a more desirable AuNP electrodeposition on the planar
Macro electrode, higher AuCl,” concentrations are necessary.
The SEM image for the Al,O; layer shows no gold nanoparticles
electrodeposited on the surface.

The differences in AuNP formation at AuCl,” concentration
of 25 pM between the planar electrodes and the CUAs can be
attributed to several physical properties and electrode surface
processes. Specifically, there are differences in the electrode
geometry and size between the planar macro-sized electrode
with respect to the array-based configuration and the nano-
meter size of the CUA electrode. This array-based geometry of
the CUA electrodes results in radial diffusion profiles
(Fig. S6A1),***>7* characteristic of ultramicroelectrodes.*’ It is
well-known that increasing the hemispherical radial diffusion
via decreasing the electrode size results in enhanced rates of
mass transport, and therefore increased flux of species toward
the electrode surface. On the other hand, the planar Macro
electrode has characteristic linear diffusion profiles
(Fig. S6BT). These differences in diffusion-based mass trans-
port profiles on the CUA electrodes compared to the Macro
electrodes result in greater AuNP surface coverage on the CUAs
with enhanced flux of species. In addition, the unique combi-
nation of electrode materials comprising the CUA electrode
surface influences AuNP electrodeposition with regard to the
gold ion concentration needed for successful AuNP electrode-
position. Namely, the insulating metal oxide layer consisting
of 10 nm Al,O; and the conductive PPF electrode material
exhibit different electrochemical properties, including the
potential of zero charge (Epyzc) value. The Ep,¢ corresponds to
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Fig. 4 Representative scanning electron microscopy (SEM) images of gold nanoparticle (AuNP) electrodeposition on the (A) carbon ultramicroelec-
trode array (AuNP-CUA), (B) the carbon Macro electrode (AuNP-Macro), and (C) the aluminum oxide (AuNP-Al,Oz) surfaces. The Al,O3 layer surface
is a control surface, as 10 nm Al,Os is used for the fabrication of the CUA electrodes. Deposition times, potentials, and HAuCl, concentrations were
the same for all three samples at 15 s, —0.5 V vs. SCE, and 25 pM, respectively. Scale bars represent 1 um for all SEM images.

the potential at which there is no surface free charge on the
electrode.®®”*”> The electrodeposition potential to the
working electrode (Eqcp) influences the charge established on
the electrode surface, which is dictated by the Ep;¢ of the elec-
trode material. In the case of CUAs, the Ep;c for Al,O; is sig-
nificantly more negative (e.g., more reductive) compared to the
Epyc of the carbon PPF film.”*”%7% When the electrodeposition
potential is applied to the CUA, with respect to the SCE refer-
ence electrode, the Ep;c of Al,O; is more negative than the
applied electrodeposition potential (—0.5 V vs. SCE), resulting
in a positively charged Al,O; layer on the CUAs. On the other
hand, the Ep;c of carbon is more positive with respect to the
applied electrodeposition potential (—0.5 V vs. SCE), yielding a
negatively charged electrode surface for the planar Macro elec-
trode. The tetrachloroaurate anion is attracted to the positively
charged Al,O; surface, due to coulombic attraction, on the
CUAs, creating pre-concentration AuCl,” zones on the CUA
surface. These phenomena combined with the radial diffusion
profiles allow for facile mass transport, which ultimately
results in successful electrodeposition of AuNPs on the CUAs
at lower gold ion concentrations (Fig. 5). In contrast, for the
planar Macro electrode, the negative charge established on the
carbon surface repels the AuCl,” species, hindering diffusion
to the electrode surface. Fig. 5 graphically illustrates these pro-
cesses. Therefore, both the diffusional mass transport and
electrode material can theoretically be attributed to the differ-
ences in AuNP formation on CUAs in comparison to planar
Macro electrodes. In the context of CUA electrode materials,
the metal oxide Al,O; layer could play a role in lowering the
barrier for Au nucleation and increasing nucleation kinetics,
resulting in greater Au deposition. Other aspects, such as
nucleation kinetics changes in more confined regions, charge
effects, and/or AuCl,” concentrations, need to also be con-
sidered in future studies. However, further modeling and

16212 | Nanoscale, 2024, 16, 16204-16217

theoretical studies are necessary to confirm these phenom-
ena.”” With regard to the diffusion mass transport processes,
it is crucial to note that the CUA electrode platform is rather
complex. Namely, the diffusion over the CUAs can be categor-
ized into several types: (1) planar diffusion over individual
ultramicroelectrodes, (2) a mixed diffusion layer over individ-
ual ultramicroelectrodes with a transition between planar and
hemispherical diffusion layers, (3) hemispherical diffusion
layers over individual ultramicroelectrodes, and (4) a mixed
diffusion layer resulting from overlapping individual diffusion
layers.”® Thus, studying mass transport in the recessed ultra-
microelectrodes in an array requires the numerical simulation
of diffusional processes and the development of accurate
simulation models, similar to previous models on microelec-
trode arrays.”>”°"®! These intriguing aspects will be modeled
and examined in future studies.

Overall, these results demonstrate the importance of meth-
odically establishing electrodeposition potentials on novel
electrode surfaces to obtain ideal deposition of AuNP size,
surface coverage, and dispersion. This favorable AuNP for-
mation involves a larger number of well-dispersed, smaller-
sized particles, covering each individual electrode in the array
to maximize Au surface area. Based on the extensive analysis
of SEM micrographs on AuNPs on various electrodeposition
parameters, the described AuNP deposition on the CUA elec-
trodes can be achieved using a reductive deposition potential
of —0.5 vs. SCE, a deposition time of 15 s, and AuCl,” concen-
tration of 25 uM (Fig. 4A and Fig. S37).

3.3 Amount of gold deposited on the gold nanoparticle-
modified carbon ultramicroelectrode arrays (AuNP-CUAs)

The amount of electrodeposited gold (in moles) was deter-
mined from the electrodeposition chronoamperograms

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Representative scanning electron microscopy (SEM) images of gold nanoparticle (AuNP) electrodeposition on the carbon ultramicroelec-
trode array (AuNP-CUA, left) and the Macro carbon electrode (AuNP-Macro, right). Deposition times, potentials, and HAuCl, concentrations were
the same for all three samples at 15 s, —0.5 V vs. SCE, and 25 pM, respectively. Below the SEM images is a schematic showing the effects of potential
of zero charge (Epzc) on the electrodeposition of AuNPs on the CUA in comparison to the Macro electrode. Scale bars represent 1 pm for both SEM

images.

obtained with the optimal electrodeposition parameters. Upon
comparison of the chronoamperometric trace obtained at a
greater reductive deposition potential (—0.5 V vs. SCE) com-
pared to the one obtained at a less reductive potential (0.25 V
vs. SCE), distinct differences in the area under the responding
current-time (i-t) curves were observed (Fig. S7f). The total
charge passed through the system was calculated via inte-
gration of the area under each chronoamperometric trace
ranging from 0.5 s to 5 s. The total amount of gold deposited
on the CUAs was then estimated from the charge using
Faraday’s law (eqn (S1)1).°®°” Table 1 summarizes the deter-
mined values for the gold amounts electrodeposited on both
the AuNP-modified CUAs, as well as the carbon Macro elec-
trode. Furthermore, the amount of deposited gold was normal-

Table 1 Values for the total charge passed through the system during
electrodeposition using deposition time of 5's, 50 pM HAuCl, concen-
tration, and deposition potentials of 0.25 and —0.5 V vs. SCE on carbon
ultramicroelectrodes (CUA) and planar Macro electrodes. The total
amounts of gold deposited per electrode area, determined from the
total charged passed, represent averages of three replicate measure-
ments (n = 3)

Amount
Deposition Amount of gold per
potential Charge of gold electrode area
Electrode (Vvs. SCE)  (nC) (nmol) (nmol em™?)
AuNP-CUA 0.25 22+2 0.075 +0.008 10.6 +0.1
AuNP-CUA —0.5 180 +11 0.63 +0.04 88.73 £ 0.06
AuNP-Macro -0.5 520+11 1.80 +0.04 3.64 £ 0.02

This journal is © The Royal Society of Chemistry 2024

ized to the exposed carbon electrode area for the CUA and
planar Macro electrodes (0.0071 cm? for the CUA vs. 0.495 cm?
for the carbon Macro electrode), providing comparative infor-
mation regarding the AuNP density at each electrode surface.
Namely, using an electrodeposition potential of —0.5 V vs.
SCE, the gold amount deposited on the CUA surface per elec-
trode area was determined to be 88.73 + 0.06 nmol cm™. In
contrast, the electrodeposition of AuNPs using a more positive,
oxidative potential of 0.25 V vs. SCE yielded 10.6 + 0.1 nmol of
gold per electrode area (cm™?). These results indicate that the
amount of gold electrodeposited on CUAs using more reduc-
tive electrodeposition potential is approximately nine times
higher compared to the amount of gold deposited on the CUA
surfaces at more oxidative electrodeposition potential. Thus,
our data suggests that the amount of gold electrodeposited on
CUAs is governed and greatly affected by deposition potential,
reiterating the importance of establishing optimal electrodepo-
sition methodology prior to experimentation. Furthermore, a
control experiment was performed using the planar carbon
Macro electrode, lacking the array-based electrode geometry,
where AuNPs were electrodeposited at the more reductive
potential of —0.5 V vs. SCE (Fig. S8). The amount of gold per
electrode area for the planar Macro electrode was estimated to
be 3.64 + 0.02 nmol cm™2, which is almost 24 times less com-
pared to the gold electrodeposited on the CUAs under the
same electrodeposition parameters. Further work is needed to
mathematically determine the theoretical values of gold
amount electrodeposited on the recessed cylindrical ultrami-
croelectrodes in the CUA array and the planar Macro electro-
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des, allowing for comparison with the quantitative experi-
mental values reported here.

As discussed in the previous section, these differences in
gold amounts electrodeposited on the CUAs vs. the planar
Macro electrodes are due to the differences in physical pro-
perties, electrode material, and electrode geometry, all of
which govern the diffusion profiles, and charges established
on the electrode surfaces relating to the potential of zero
charge. Overall, our results demonstrate that the electrodeposi-
tion potential, as well as the electrode material, size, and geo-
metry, greatly influence the amount of gold deposited on the
electrode surfaces.

3.4 Gold nanoparticle-modified carbon ultramicroelectrode
arrays for the catalytic enhancement of the hydrogen evolution
reaction (HER)

AuNP-modified electrodes have been shown to display increased
catalytic activity for various electrochemical applications."’
Specifically, AuNP-modified electrodes have been implemented
in enhancing the HER reaction towards applications in green
energy production and storage.®®’® AuNP size, shape, count,
and dispersion affect electrode catalytic performance, with
higher particle surface area yielding increased current
responses.” To further characterize AuNP electrodeposition on
CUAs, cyclic voltammograms of 0.5 M H,SO, were performed to
induce the HER on the electrode surface. Two sets of AuNP-
modified CUA samples were compared, namely one with desir-
able AuNP formation obtained at more reductive electrodeposi-
tion potential (—0.5 V vs. SCE), and the other with sparse AuNP
deposition due to less reductive applied potential (0.25 V vs.
SCE). In addition, a control study was performed with the
planar Macro electrodes at the same electrodeposition para-
meters, namely deposition time of 5 s and HAuCl, concentration
of 50 uM, as the desirable AuNP-modified CUA (0.5 V vs. SCE).
Fig. 6 and Fig. S91 display the cyclic voltammetry results of
the HER proof-of-concept studies, comparing the resulting
current responses of the AuNP-modified CUAs and AuNP-
modified Macro electrodes to bare electrodes of the same type.
The associated voltammetric peak cathodic currents for the
HER at a potential of —1 V vs. SCE are summarized in Table 2.
The resulting peak cathodic currents from Fig. 6 and Fig. S9t
divided by the exposed carbon areas of each electrode
(0.0071 ecm? for the CUA vs. 0.495 cm® for the carbon Macro
electrode)®® to obtain the catalytic current densities, thus
allowing for comparison of catalytic HER activity on each
AuNP-functionalized electrode and also a comparison with the
bare electrodes (without any AuNPs). Based on the cyclic vol-
tammograms in Fig. 6, the HER current density at the
AuNP-CUA obtained with more reductive electrodeposition
potential (—=0.5 V vs. SCE) yielded approximately a 90-fold
increase in the current density response compared to the HER
current density at a potential of —1 V vs. SCE for the bare CUA
not modified with AuNPs (4.8 + 0.1 mA cm™?). In contrast, the
AuNP-decorated CUAs obtained with the less reductive electro-
deposition potential (0.25 V vs. SCE) produced only a 20-fold
increase in the catalytic current in comparison with the bare
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Fig. 6 Cyclic voltammetric current—potential traces of the hydrogen
evolution reaction (HER) in 0.5 M H,SO,4. The bare CUA (gray trace) does
not contain AuNPs. For the AuNP-modified CUAs, both deposition times
and HAuCl, concentrations were 5 s and 50 pM, respectively.
Differences in the deposition potential contribute to HER catalytic
current increase, with the red trace representing AuNPs deposition at
—0.5 V vs. SCE and the green trace electrodeposition at 0.25 V vs. SCE.
The voltammograms are one representative plot from n = 3 replicates.

CUAs. The planar Macro electrode modified with AuNPs
resulted in HER current density of 18.38 + 0.02 mA cm™>
(Fig. S971), which is only a 25-fold increase compared to the
catalytic cathodic current density obtained at the non-modi-
fied, bare, Macro electrode (0.7 + 0.1 mA cm™2).

Using the cyclic voltammograms in Fig. 6, the HER catalytic
current density for the CUAs with AuNPs deposited at the less
reductive deposition potential (0.25 V vs. SCE) was estimated
to be 100.0 + 0.1 mA cm™2. On the other hand, the AuNP-func-
tionalized CUAs using the more reductive deposition potential
(=0.5 V vs. SCE) resulted in a catalytic current density of 422.5
+ 0.7 mA ecm ™ for the HER (Fig. 6), which is a 4-fold increase
compared to the CUA decorated with AuNPs at deposition
potential of 0.25 V vs. SCE. Additionally, the AuNP-functiona-
lized CUA and planar Macro electrodes using an electrodeposi-

Table 2 The HER cathodic catalytic current densities using AuNP-
modified CUAs and planar Macro electrodes with electrodeposition time
of 55, 50 uM HAuCl, concentration, and deposition potentials of 0.25
and —0.5 V vs. SCE. The HER cathodic catalytic current densities, deter-
mined at a potential of —1 V vs. SCE, are averages of three replicate
measurements (n = 3)

Deposition HER cathodic

potential HER cathodic current density
Electrode (V vs. SCE) current (mA) (mA cm™?)
CUA N/A 0.034 + 0.004 4.8 +£0.1
Macro N/A 0.36 + 0.05 0.7+ 0.1
AuNP-CUA 0.25 0.71 + 0.04 100.0 £ 0.1
AuNP-CUA -0.5 3£2 422.5+0.7
AuNP-Macro -0.5 9.1+0.3 18.38 £ 0.02

This journal is © The Royal Society of Chemistry 2024
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tion potential of —0.5 V vs. SCE were compared. The HER cata-
lytic current density at the AuNP-modified Macro electrode was
measured to be 18.38 + 0.02 mA cm ™2, which is 23 times lower
than the catalytic current density obtained for the HER on the
AuNP-CUA electrodes (Table 2). These results are also in agree-
ment with the amounts of gold electrodeposited on the CUA
and Macro electrode surfaces (Table 1). Comparison of the
resulting current densities between these AuNP-decorated elec-
trodes demonstrates that the AuNP-modified CUA with the
more reductive electrodeposition potential of —0.5 V vs. SCE
results in a significant enhancement of the rate of electron
transfer for the HER reaction as observed by the resulting cata-
lytic current responses in the cyclic voltammetry data. This
improved catalytic performance is associated with the larger
number of smaller particles formed at the CUA electrode
surface, resulting in greater surface area with higher conduc-
tivity. It is important to note that the values of Au deposited at
—0.5 V vs. SCE may be overestimated due to potential inter-
ference from the HER. Our cyclic voltammetry data in Fig. S17
shows a minimal current response of approximately 3 pA at
—0.5 Vvs. SCE with bare CUA, which is significantly lower than
the expected current for the HER. Although the current is
minimal, the possibility of HER interference during Au depo-
sition at this potential cannot be excluded. This interesting
aspect will be examined in future work. Generally, our results
show that the electrodeposition potential critically impacts the
AuNPs size, dispersion, and distribution on the CUA surfaces,
which consequently affects both the amount of gold deposited,
and thus, the catalytic activity for the HER reaction.

4. Conclusions

To summarize, we reported the electrodeposition and charac-
terization of gold nanoparticles (AuNPs) on carbon ultrami-
croelectrode arrays (CUAs). Specific electrodeposition para-
meters, including deposition time, potential, and gold ion
concentration were varied to show the effects on AuNP particle
formation. Based on extensive analysis of scanning electron
micrographs, electrodeposition parameters were established to
yield desirable AuNP sizes, count, and electrode surface cover-
age. Our results demonstrate that more reductive electrodepo-
sition potentials and shorter deposition times yielded higher
AuNP particle counts with smaller sizes. Furthermore, com-
pared to previous AuNP electrodeposition studies utilizing
millimolar concentrations of gold ion solution, this study
employed lower gold ion concentrations in the micromolar
ranges to successfully deposit and form AuNPs the CUAs,
which was attributed to the physical properties governing the
nanometer-sized electrodes organized in the array-based geo-
metry and the distinct material composition of the CUA sur-
faces. Additionally, the amount of gold deposited was deter-
mined at AuNP-functionalized CUAs at electrodeposition
potentials of —0.5 V and 0.25 V vs. SCE, giving 88.73 =
0.06 nmol cm ™2 and 10.6 + 0.1 nmol cm >, respectively, result-
ing in higher particle density for deposition performed at
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more reductive potentials. The control experiments performed
with a planar Macro electrode decorated with AuNPs at an elec-
trodeposition potential of —0.5 V vs. SCE resulted in 3.64 *
0.02 nmol cm > gold deposited on the electrode surface. These
results show that the amount of gold deposited on the elec-
trode surfaces is a function of not only the electrodeposition
potential but also the electrode size, geometry, and material.
Furthermore, we demonstrated a proof-of-concept to character-
ize the electrocatalytic responses for the HER reaction on the
AuNP-modified CUAs. The AuNP-functionalized CUA electrodes
show an HER catalytic current density of 422.5 + 0.7 mA cm 2,
which is 23 times higher than the electrocatalytic current
density obtained on the AuNP-modified planar Macro electro-
des. These results are consistent with the determined amounts
of gold deposited on each electrode surface. Overall, the array-
based geometry, nanometer electrode sizes, and unique elec-
trode material combination of the CUAs greatly impact the
physical processes on the electrode surface for AuNP electrode-
position. As such, this fundamental study highlights the need to
methodically characterize the impacts of AuNP electrodeposition
parameters on novel electrode surfaces. Future studies need to
focus on examining Ostwalt ripening at the CUA surface during
longer deposition time regimes. Additional electrodeposition
parameters, including capping agent composition and
concentration, and supporting electrolyte composition and con-
centration, need to be examined in the AuNP formation on
CUAs.
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