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pulSED: pulsed sonoelectrodeposition of fractal
nanoplatinum for enhancing amperometric
biosensor performance†

M. Taguchi,a N. Schwalb,a Y. Rong,a D. C. Vanegas,a,b N. Garland,c M. Tan,d

H. Yamaguchi,d J. C. Claussenc and E. S. McLamore*a

For the first time, we combine pulsed electrodeposition with out-of-phase pulsed sonication for con-

trolled synthesis of fractal nanoplatinum structures as the transducer layer in electrochemical sensing. We

develop and test this technique, called bimodal pulsed sonoelectrodeposition (pulSED), as a simple

approach for creating highly conductive transducer nanometals for use in sensing and biosensing. We first

compared the efficiency of pulSED nanoplatinum to other pulsed electrodeposition techniques, and then

explored the effect of duty cycle and plating time on electroactive surface area and nanoparticle size/

morphology. The developed pulSED nanoplatinum displayed fractal features with a relatively homogenous

size distribution (26.31 ± 1.3 nm) and extremely high electroactive surface (0.28 ± 0.04 cm2) relative to

other electroplating techniques (up to one order of magnitude higher). A high duty cycle (900 mHz) pro-

motes formation of stable nanostructures (including fractal nanostructures) and reduces amorphous

structure formation due to bubble cavitation and enhanced mass transport of metal ions to the electrode

surface. To demonstrate the applicability of the pulSED technique, non-enzymatic and enzymatic sensors

were developed for measuring hydrogen peroxide and glucose. The sensitivity for non-enzymatic per-

oxide sensing (3335 ± 305 µA cm−2 mM−1), non-enzymatic glucose sensing (73 ± 14 µA cm−2 mM−1) and

enzymatic glucose biosensing (155 ± 25 µA cm−2 mM−1) was higher than, or similar to, other nano-

material-mediated amperometric sensors reported in the literature. The pulSED technique is a one pot

method for tunable synthesis of nanometal structures as a transducer layer in electrochemical sensing

and biosensing that requires no precursors or capping agents, and can be carried out at room tempera-

ture with inexpensive hardware.

Introduction

Metal nanostructures are commonly used as transducer
materials for improving performance of electrochemical
sensors and biosensors.1–5 Among the many examples, some
of the most common nanometal work has focused on the
deposition of palladium,6 platinum,7,8 gold,9,10 nickel,11 and
copper12 via templated and non-templated deposition tech-
niques.13 These and other nanometals have been deposited on
a variety of surfaces, including noble metal electrodes,14 glassy

carbon,15 nanocarbon (e.g., multilayered graphene, carbon
nanotubes),6–8 and silicon,16 and used as a transducer layer in
electrochemical sensing.

Within the various morphologies of nanometal, many
groups have recently focused on the development of fractal, or
self-similar, nanostructures. The impetus in development of
fractal nanostructures is a form of biomimicry; natural systems
have evolved fractal patterns that optimize mass transfer, heat
transfer, and structural integrity.17,18 As noted by Banavar,19

any fractal pattern is the result of transport optimization,
where the energy represents a functional component that
is minimized for the transport of system fluxes. Nano-
platinum fractal structures have been developed which
resemble flowers,20–22 nanocorals, urchins,23,24 mulberries,25

raspberries,26 and cauliflowers.27 Many other metals have been
used to prepare suspended and surface-deposited structures
(wires, cages, etc.). In this manuscript we focus on the use of
surface-deposited nanometal as the transducer layer for
electrochemical sensing.
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Common nanometal deposition methods include chemical
vapor deposition (CVD),23 sputtering,28 galvanic displace-
ment,16,29,30 and electrodeposition.31 Although CVD and sput-
tering are industry standards, electrodeposition (ED) persists
as a competitive fabrication technique due to the simplicity,
relatively low cost, and formation of thin films or nano-
structures with high electroactive surface area. Platinum, and
in particular nanoplatinum, is one of the most widely studied
structures formed by electrodeposition due to its favorable
electrocatalytic properties that are well-suited for many appli-
cations such as sensing,32 fuel cell development,33,34 and
aqueous micro propulsion systems,24,35,36 to name a few. One
of the most exciting applications of nanoplatinum is the devel-
opment of non-enzymatic sensors for measuring glucose, so-
called third generation glucose sensors (reviewed by Park et al.37).

Kloke et al. and other groups have reviewed ED methods for
controlling platinum size and shape for use in preparation of
suspended or surface-deposited nanoplatinum.3 ED methods
for deposition of nanoplatinum generally involve careful regu-
lation of temperature and precursor concentration, addition of
exogenous reducing agents, or addition of capping agents to
stop metal nucleation. In general, nanoparticle size decreases
with increasing nucleation rate in relation to the crystal growth
rate; thus higher temperature or concentration of reducing
agents increases nucleation rate and leads to smaller nano-
particle size. However, ED in bulk solution using standard
potentiostatic or galvanostatic methods produces an array of
nanoparticle sizes and morphologies due to the progressive
generation (rather than instantaneous formation) of nuclea-
tion sites. Since ED is often diffusion limited, control of nano-
metal morphology is particularly challenging, which has
resulted in a bottleneck in terms of engineering highly stable
transducer layers. Due to the close proximity of biorecognition
elements (e.g., proteins, DNA, etc.) and nanometal structures
in biosensing, the ability to exhibit control over the mor-
phology and size of nanometal structures is vital for fabricat-
ing efficient biosensors.

Pulsed electrodeposition (PED) is a technique that has
recently gained much attention for deposition of nanometals
onto conductive surfaces or nanocarbon defect sites.38 With
PED, a high overvoltage (high current density) is used in the
same fashion as classic ED, but the driving potential is
applied for short time periods (typically less than 1 s). During
the relaxation period (i.e., non-plating time period), dissolved
metal ions migrate to the surface where ion consumption is
highest (i.e., high local current density), resulting in a more
uniform distribution of metal compared to standard potentio-
static or galvanostatic ED.39 As reviewed by Kloke et al., PED
has advantages over traditional ED, namely the relatively high
localized concentration of dissolved metal species during the
relaxation time results in a higher crystal grain and electro-
active surface area.3 If the duty cycles are controlled properly,
diffusion limitations can be reduced using PED.40 One of the
most common problems with ED is uncontrolled “overgrowth”
of dendritic structures beyond the working diameter of the
electrode.

Another technique used to synthesize metal nanoparticles
is sonochemical electrodeposition (SED). SED combines galvano-
static or potentiostatic ED with sonication. SED has primarily
been used for synthesizing suspended nanoparticles,41

including platinum,42 copper,43 gold,44 CdSe nanotubes,45 and
conductive polymers such as polyaniline.46 SED reduces
diffusion limitations by facilitating acoustic cavitation and
microjetting effects at the surface of the nucleating metal
structure, destabilizing bubbles formed during the deposition
process and also providing some convective mixing of dis-
solved metal ions within the mass boundary layer.41,47

However, like PED, SED is hampered by diffusion limitations
to the surface and control over nanoparticle size has not yet
been demonstrated.

To date, no previous methodologies have combined PED
and SED using a bimodal pulsing strategy for deposition of
nanometal onto electrodes. Here, we develop this technique,
called pulsed sonoelectrodeposition (pulSED), and demon-
strate deposition of fractal nanoplatinum structures for
electrochemical sensing and biosensing (see ESI Fig. S1†).
We have recently shown the diverse applicability of the
pulSED technique by depositing nanoplatinum on reduced
graphene oxide30 or nanoceria,29 but this is the first time the
technique has been studied in detail beyond proof of prin-
ciple demonstrations. We first compare the electroactive
surface area, nanoparticle size, and morphology of nano-
metals formed using pulSED and four other published
techniques. Next, we explore the effect of total plating time
and duty cycle (i.e., deposition/relaxation rate) on nanometal
morphology and electrochemical behavior using the pulSED
technique. Finally, we demonstrate the development of
non-enzymatic sensors (hydrogen peroxide and glucose) as
well as an enzymatic biosensor (glucose) based on a fractal
nanoplatinum transducer layer fabricated using the pulSED
system.

Materials and methods
Chemicals, reagents, and components

Platinum/iridium electrodes (Pt/Ir, BASi MF-2013, 1.6 mm dia-
meter, 7.5 cm length, 6 mm shaft diameter, CTFE plastic
body) were purchased from BASi Inc. (West Lafayette, IN). Pt
wire (99.95% Pt, 1.2 mm dia, 2 cm length) for counter electro-
des was obtained from Alfa Aesar (Ward Hill, MA). Polycrystal-
line diamond suspensions (1 µm and 3 µm) and alumina
slurry (0.05 µm) were obtained from Buehler (Lake Bluff, IL).
Lead acetate (30% w/v) was purchased from Fisher Scientific
(Pittsburgh, PA). Chloroplatinic acid (8 wt%), glucose oxidase,
glucose, ascorbic acid, 4-aceaminophen, uric acid and hydro-
gen peroxide (35% wt%) were procured from Sigma-Aldrich
(St Louis, MO). Potassium ferrocyanide trihydrate (K3FE(CN)6)
was purchased from EMD chemicals (Billerica, USA).
Potassium nitrate (KNO3) was purchased from Acros Organics
(New Jersey, USA). Phosphate buffer saline (PBS) was pur-
chased from Mediatech, Inc. (Manassas, USA).
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A power supply was purchased from Guangzhou Yihua Elec-
tronic Equipment Co., Ltd (China). A commercial bath sonica-
tor (42 kHz) was purchased from Chicago Electric (Carol
Stream, IL). Electric relays were purchased from Ningbo Songle
Relay Co., Ltd (China). An Arduino Uno microcontroller was
purchased from Spark Fun Electronics (Niwot, CO).

Sonoelectrodeposition system

The pulSED system consisted of a DC potential source (power
supply) combined with a bath sonicator. To control the duty
cycle (on/off timing and duration of the power supply and the
sonicator), both components were outfitted with a relay that
was controlled by an Arduino Uno microcontroller (see ESI
Fig. S2†). A custom MatLab program was used to specify duty
cycle parameters, (plating time, sonication time) and cycle
numbers for all experiments (contact corresponding author to
request Arduino code).

Four different plating schemes were compared in this
study: (1) simultaneous sonoelectrodeposition (SED), in which
neither the ultrasonic or plating potential were pulsed; (2)
pulsed electrodeposition (PED), where the plating potential is
pulsed, but no sonication is applied; (3) PED with constant
sonication (SPED), where the plating potential is pulsed and
the ultrasonic stimulus is not pulsed; and (4) pulsed sonoelectro-
deposition (pulSED), in which the ultrasonic and plating
potentials are pulsed out of phase. The parameters used to
calculate duty cycle were the plating pulse time (TON), the ultra-
sonic pulse time (TUS) and the total number of pulse cycles
(NCYCLE). A visual schematic of these deposition treatments
can be seen in ESI Fig. S3.† In the treatments that required
pulsing, the plating pulse time (TON) and sonication pulse
time (TUS) were each 1 s, and the frequency of the duty cycle
was varied as noted. As a control, platinum was also deposited
with no pulsing of potential or sonication.

Nanoplatinum electrodeposition

Prior to nanomaterial deposition, the Pt/Ir electrodes were
cleaned using 3 µm and subsequently 1 µm diamond suspen-
sions, rinsed with methanol, and finally polished using an
alumina slurry (0.05 µm). For all experiments fresh plating
solutions were prepared with 0.72% chloroplatinic acid and
0.001% lead acetate in DI water at 20 °C. A polyethylene tere-
phthalate cup (0.23 mm thick) containing a 20 mL aliquot of
the plating solution was placed in the sonicator bath and the
bath was filled with DI water. To minimize dissipation of the
ultrasonic wave, the surface meniscus of the external water
bath depth and the plating solution in the polyethylene tere-
phthalate cup were maintained at the same height. In prelimi-
nary studies, the acoustic wave was measured to have a
frequency of 29 kHz within the polyethylene cup. For electro-
deposition, the Pt/Ir electrode and a platinum wire were con-
nected to the cathode and anode of the power supply,
respectively; and then immersed into the plating solution. A
constant overpotential of 10 V (25 mA) was used for all electro-
deposition during the plating cycle.

Electrode functionalization

For enzymatic glucose biosensors, a base layer of Nafion was
formed on the nanoplatinum following the procedures in our
previous manuscripts,48,50,51 and an enzyme layer of glucose
oxidase (GOx) and chitosan was then deposited. For glucose
deposition, a solution was prepared by combining 5 mg of
GOx per 50 µL of 1× PBS, and the solution was mixed at a 1 : 1
ratio with 0.05% chitosan solution. Then, a 2 µL aliquot of the
enzyme–chitosan solution was drop cast onto the electrode
and allowed to dry for 5 minutes at room temperature before
testing.49

Electrochemical analysis

Electroactive surface area (ESA) was determined using cyclic
voltammetry (CV) in ferrocyanide. CVs were performed with a
3 electrode electrochemical cell stand using a Ag/AgCl refer-
ence electrode and a platinum reference electrode at room
temperature and pH 7.1. The CVs were conducted with a quiet
time of 10 s, a switching potential of 650 mV and scan rates of
50, 100, 150, and 200 mV s−1 with 4 mM Fe(CN)6

3−/1 M KNO3.
The ESA of each electrode was calculated using the Randles–
Sevcik equation:

ip ¼ 2:69� 103 � n32 � A � D1
2 � C � ν12 ð1Þ

where: ip is the reduction peak (A), n is the number of trans-
ferred electrons from the redox couple (n = 1), A is the electro-
active surface area (cm2), D is the diffusion coefficient (6.7 ×
10−6 cm2 s−1), C is the concentration of the working solution
(4 mol cm−3), and ν1/2 is the scan rate (V s−1).

DC potential amperometry (DCPA) was conducted using a
BASi cell stand with PBS (pH = 7.1) at a working potential of
+250 mV vs. a Ag/AgCl reference electrode for the non-
enzymatic glucose biosensor, or +500 mV for the hydrogen per-
oxide and enzymatic glucose biosensors. Working electrodes
were polarized for at least 30 minutes before successive
additions of the appropriate analyte into the electrochemical
cell. Sensitivity was determined by calculating the slope of the
linear region of calibration curves, and the lower limit of detec-
tion (LOD) was calculated using the 3σ method. Response
times (t95) were calculated using the method described in
Vanegas et al.8 Selectivity was calculated in the presence of
organic acids such as ascorbic acid (AA ≈ 0.1 mM), 4-aceamino-
phen (AP ≈ 0.1 mM) uric acid (UA ≈ 0.02 mM), which are
commonly found in biological samples.

Imaging and material analysis

Scanning electron microscopy (JEOL 5600 LV, JEOL Ltd,
Akishima, Japan) and scanning white light intereferometery
(Zygo Newview 7200, Zygo Corporation, Middlefield, CT) were
used to determine nanometal morphology and surface rough-
ness, respectively using the methods in Vanegas et al.8 and
Burrs et al.49 A solid state energy dispersive X-ray spectroscopy
(EDS) detector (20kX) on a SEM 6400 was used for elemental
analysis. The SEM images were taken at a magnification of 100
kX and with an acceleration voltage of 10.0 kV or 15.0 kV.
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Particle size analysis was conducted using the particle analyzer
function in Image J.

Statistical analysis

All measurements were conducted in triplicate and analyzed
using ANOVA to test for significance. Individual effects were
determined using a Bonferroni multiple comparison test.

Results and discussion
Comparison of various electrodeposition methods

In order to determine the effect of duty cycle and also tease
out the contribution of pulsing versus sonication on ESA of
nanoplatinum modified electrodes, four different treatments
were tested: (i) sonochemical electrodeposition (SED), (ii) a
combination of sonochemical and pulsed deposition that is
not pulsed out of phase with (SPED), (iii) pulsed electrodeposi-
tion (PED), and (iv) biphasic pulsed sonication and electro-
deposition (pulSED). As a control all treatments were compared
to a bare Pt/Ir electrode and an electrode that was plated
(potentiostatic) with magnetic stirring for agitation at a con-
stant overpotential of 10 V.

Representative SEM images for each of the four treatments
are shown in Fig. 1. Each of the four treatments produced den-
dritic-like platinum nanostructures, with some subtle differ-
ences in morphology and nanoparticle size. All platinum
nanostructures in this work contained large base structures
(600 to 900 nm in diameter; see ESI Fig. S4† for lower magnifi-
cation images) that were decorated with smaller nano-
structures, most of which were self-similar and fractal. All of
the nanoplatinum consisted of fractal structures that resemble

the influorescent region of romanesco broccoli and other
similar members of the Brassica genus, which is similar to the
hierarchical nanostructures developed by Liu et al.27 The
average size of surface features for SED and SPED nano-
structures was 45.28 ± 1.7 nm and 33.67 ± 1.3 nm, respectively.
The pulSED treatment formed the smallest surface features
(26.31 ± 1.3 nm) and consisted of dendritic fractal structures
as small as 5 nm. Similar Romanesco-like morphologies have
been developed with other metals, including gold,52,53

copper,54 zinc oxide,55 cadmium sulfide,56 and indium tin
oxide.54 Nanoplatinum formed by PED (Fig. 1c) had an average
nanoparticle size of 46.54 ± 1.9 nm, with unique features
among the four treatments that were similar to nanocorals.
Nanocoral morphologies with this characteristic morphology
have been synthesized with gold57 and platinum.8 These
fractal patterns are known to maximize transport in natural
and synthetic systems, which is of great importance in sensing
applications.

The mean nanoparticle size for each of the four treatments
was significantly different based on ANOVA (p < 0.05; α = 0.05).
A multiple comparison test (Bonferroni) indicated that nano-
particle size for SPED and pulSED treatments was significantly
lower than PED and SED. The pulSED treatment had the
lowest individual particle sizes relative to the other treatments
and Fig. 1d shows that the distribution of the nanoparticles
was in smaller aggregate structures, relative to the other treat-
ments. Additionally, the pulSED and SPED treatments pro-
duced nanostructures with lower variability than the other two
treatments. Although the SPED technique produced relatively
homogenous fractal nanostructures, the SEM images indicate
a higher degree of aggregation, which is likely the source of
the relatively high mean nanoparticle diameter. Other studies

Fig. 1 Scanning electron micrographs for various treatments (a) SED (45.28 ± 1.7 nm), (b) SPED (33.67 ± 1.3 nm), (c) PED (46.54 ± 1.9 nm), (d)
pulSED (26.31 ± 1.3 nm). The individual deposited surface particles were significantly smaller for the pulSED and the SPED treatment, though the
SPED particles aggregated into larger structures compared to pulSED.
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using PED have shown nanoparticle sizes near 70 nm, and
studies using SED have produced nanoparticles as large as
960 nm.38,58 For pulSED fractal nanoplatinum, the significant
reduction in nanoparticle size is likely due to enhanced
migration of dissolved metal ions to the electrode surface
during the relaxation phase due to cavitation caused by the
ultrasound wave. This cavitation deters formation of structures
that aggregate into amorphous or unstable nanostructures.

EDS data (see ESI Table S1† for details) indicate that the
fractal structures observed in Fig. 1 had various amounts of
oxygen, platinum, and lead surface groups. In general, pulSED
and PED treatments formed more stable structures that
promote oxidation of glucose or hydrogen peroxide, with the
pulSED treatment forming the most efficient structure (dis-
cussed in Fig. 3–6). Surface oxygen content was higher for SED
and SPED treatments relative to the PED and pulSED depo-
sition, which is likely platinum oxide. Guo et al.83 found that
electrodeposition of platinum onto carbon nanotubes first
results in formation of platinum oxide (specifically octahedral
Pt(IV) complexes), followed by formation of stable platinum
nanoparticles; the platinum oxide complexes are thus a precur-
sor of nanoplatinum. Thus, the PED and pulSED treatments
contained more nanoplatinum than platinum oxide groups
relative to the SED and SPED treatments based on EDS. Plati-
num oxide is known to oxidize glucose at overpotential greater
than 1.0 V, although this was not studied in detail here since
the selectivity of platinum oxide over organic acids is poor.37

The surface-bound Pb was at least 8 times higher for the
pulSED treatment than SED and SPED, and twice as high as
the PED treatment. For non-enzymatic glucose sensing, this is
important since Pt–Pb nanostructures are known to improve
selectivity over interfering species such as AA, UA, and AP by
lowering the overpotential for glucose oxidation. Both PtM
(edge energy = 3.3 keV) and PtLα (edge energy = 9.4 keV) peaks
were detected for each of the four treatments (see ESI Fig. S5
and S6† for details). Only a small fraction of L band electrons
were destabilized relative to M band electrons, indicating the

metal nanostructures were stable up to the X-ray emission
depth (which is approximately 1–2 μm). Based on EDS, the
SED and SPED techniques did not form stable nanoplatinum
structures as quickly/efficiently as the PED/pulSED treatments
(deposition time was the same for all treatments). As discussed
below, the results are validated by cyclic volammetry and DC
potential amperometry (Fig. 2). The pulSED method uses con-
siderably less platinum in the overall structure compared to
the other techniques and forms more stable nanoplatinum
structures. Nanoplatinum formed using SPED and PED con-
tained significantly higher levels of platinum metal (approxi-
mately 10–20% more metal on a percent weight basis and a
percent atomic mass basis than pulSED). This is an important
finding since the cost of platinum has more than tripled
since 2010.

Cyclic voltammetry and oxidative amperometry

All CVs showed reversible redox behavior for each treatment
in ferrocyanide solutions (representative CVs shown in
Fig. 2a). Peak oxidative and reductive current for the pulSED
treatment was significantly higher (p < 0.0001, α = 0.05) than
all the other treatments, followed by PED, SED, and SPED in
order of decreasing peak potential. Fig. 2b shows the average
ESA for each of the electrode treatments, which followed the
same trend as the representative CV in Fig. 2a. The ESA for all
four treatments in Fig. 2 were significantly higher than a bare
Pt/Ir electrode (0.016 ± 0.001 cm2) and an electrode platinized
at 10 V with magnetic stirring for the same plating time
(0.032 ± 0.001 cm2). This trend was expected, as traditional
galvanostatic and potentiostatic electrochemical plating is
subject to diffusion limitations and formation of gaseous
hydrogen byproducts at the deposition site.59,60 The formation
of hydrogen bubbles on the electrode significantly reduces the
accessible surface sites for nucleation of metal ions and
diminishes the effect of applying a higher overpotential.31

Among the various treatments, the average ESA for pulSED
(0.28 ± 0.04 cm2) and PED (0.27 ± 0.03 cm2) was significantly

Fig. 2 (a) Representative cyclic voltammograms for the four treatments (scan rate = 200 mV s−1). (b) Average electroactive surface area for all
plating treatments. The single asterisk (*) indicates treatments that were significantly higher (p < 0.05) than the other treatments. The error bars
denote the standard error (n = 3). (c) Average sensitivity toward H2O2 for all plating treatments. In the treatments that required pulsing for panels b
and c, the plating pulse and sonication pulse were each 1 s in length. The duty cycle was 500 mHz and all treatments had a total plating time of 90 s.
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higher than SED (0.06 ± 0.01) and SPED (0.05 ± 0.01 cm2) (p =
0.01, α = 0.05; one way ANOVA). Sensitivity towards H2O2 was
assessed for each electrode treatment to directly compare the
Faradaic current under oxidative potential (Fig. 2c). The
trends for peroxide sensitivity were nearly identical to those
observed for electroactive surface area (see ESI Fig. S7†), with
one key difference: the nanoplatinum formed using the
pulSED technique had a significantly higher sensitivity
(54.6 ± 6.4 μA mM−1) than all the other treatments (p < 0.001,
α = 0.05).

Together, these results indicate that the primary contribut-
ing parameter to enhancing ESA is the pulsing of applied
potential, but that continuous sonication destabilized for-
mation of nanometal on the electrode surface. Although there
was no significant difference in ESA for pulSED versus PED at
500 mHz and a total plating time of 90 s, there was a signifi-
cant increase in H2O2 sensitivity and a change in metal mor-
phology/particle size. As discussed in Fig. 4 and the related
section, increasing the pulSED duty cycle to 990 mHz
increased ESA by an additional 30%, and resulted in an
additional improvement in sensing performance. To further
explore the effect of sonication on the deposition of nanoplati-
num, an additional one-way ANOVA (α = 0.05) was performed
only considering the SED and SPED treatments. Surprisingly,
SED (constant sonication and electrodeposition) had a signifi-
cantly higher ESA than SPED (p < 0.05), lower surface oxygen
content, and higher platinum content. This was not expected
since previous studies have indicated that use of SED (i.e., the
presence of a continuous ultrasonic wave) results in formation
of amorphous platinum clusters, leading to the formation of
loosely packed (unstable) aggregate structures with relatively
low ESA.41,61,62 Since the SPED treatment used a pulsed poten-
tial, we expected this treatment to produce a higher average
ESA than SED. We presume that the underlying mechanism
for this finding is the destabilization of nanostructures by the
ultrasound wave, which then caused detachment and for-
mation of amorphous clusters in suspension during the relax-
ation phase.

Fig. 3 shows the relationship between average nanoparticle
size and ESA for this work and similar nanoplatinum struc-
tures in the recent literature. All of the materials in Fig. 3
were prepared by electrodeposition of nanoplatinum onto
platinum electrodes. An empirical (non-deterministic) expo-
nential model (solid line) with a 3SD confidence interval
(dashed line) is shown. As expected, there is an exponential
relationship between deposited nanoparticle size and ESA for
electrodes prepared using similar techniques. Other research-
ers predict a similar trend using deterministic models describ-
ing conductivity of nanosilver,63 nanoalumina,64 nanogold,65

fractal nanofilms66 and nanosilica.67 For the data in Fig. 3,
the highest previously reported ESA was reported by Vanegas
et al., where average nPt size was 4 ± 1 nm for a homogenous
“graphene sandwich” structure.8 Chaturvedi et al.48 used
pulSED (500 mHz) to deposit homogenous nanoplatinum
films on nanoceria modified electrodes to promote dismutase
reactions in detection of purines (average nPt size was 60 ±

10 nm). The average ESA for the nanoceria hybrid material
was relatively low (0.06 ± .01 cm2), although this was due to
inclusion of nanoceria in the film as discussed in detail.48

Burrs et al. used pulSED deposition at 500 mHz to deposit
nanoplatinum on reduced graphene oxide (average ESA was
0.21 ± 0.02 cm2), although the data is not included in Fig. 3
since no SEM micrographs were published with this work.49

Shi et al. used standard ED to form amorphous nanoplatinum
islands and aggregate structures with an average particle size
ranging from 250 to 600 nm, and an ESA of approximately
0.04 cm2.68,69

The ESA of the SED and SPED nanoplatinum were within
the expected range based on the empirical model developed
with previously published work on similar nanoplatinum.
However, the PED and pulSED nanoplatinum were five to six
times higher than expected.

The pulSED current density in this work was relatively low
(0.5 mA cm−2), which is well below the upper limit for PED; in
previous studies the ESA did not increase when current density
was higher than 200 mA cm−2 due to the evolution of hydro-
gen gas at the surface of the electrode.70,71 The data in Fig. 2
and 3 indicate that the pulsing effect is the main parameter
for enhancing ESA for nanoplatinum-modified electrodes.

Based on particle size analysis, ESA, and peroxide sensi-
tivity, use of pulSED or PED results in formation of fractal
nanometal structures with relatively small/homogenous nano-
particles, excellent ESA, and high sensitivity to peroxide due to
collapse of bubbles during the relaxation phase by acoustic
cavitation. As shown in the following section, changing the
duty cycle and total plating time can improve nanometal depo-
sition for the pulSED treatments relative to PED.

Fig. 3 Electroactive surface area as a function of nanoplatinum size. As
expected, smaller nanoparticles significantly increase electroactive
surface area. PED and pulSED nanoplatinum were five to six times
higher than expected based on previous work with nPt electrodeposi-
tion (noted on the graph). An empirical (non-deterministic) model is rep-
resented by the solid line, and the confidence interval at 3SD is shown
as a dotted line for the upper and lower bounds. ESA for SED and SPED
treatments can be approximated by the model, but the PED and pulSED
nanoplatinum were five to six times higher than predicted by the model.

Paper Analyst

Analyst This journal is © The Royal Society of Chemistry 2016

Pu
bl

is
he

d 
on

 2
0 

A
pr

il 
20

16
. D

ow
nl

oa
de

d 
by

 B
ro

w
n 

U
ni

ve
rs

ity
 o

n 
30

/0
4/

20
16

 1
1:

12
:0

7.
 

View Article Online

http://dx.doi.org/10.1039/c6an00069j


Effect total plating time and duty cycle on pulSED nanometal

The effect of total plating time on ESA was first studied at a
constant pulSED duty cycle of 500 mHz while varying the
number of total cycles. Fig. 4a shows that as total plating time
is increased the ESA also increases, as expected. Increasing
total plating time results in the deposition of more metal onto
the electrode (see ESI eqn (S1) and (S2)†). To test the upper
limits of the pulSED technique in terms of plating time, plati-
num was deposited at 500 mHz with a total plating time of
720 s. The ESA (3.64 ± 0.78 cm2), was 10 times higher than all
conditions shown in Fig. 4a, but the platinum was not reliable
for fabricating biosensors because the deposited metal
extended beyond the geometrical surface of the electrode (over-
growth) and was not stable; the material flaked off when
immersed in solution. Thus, the data for a pulSED plating
time of 720 s is not discussed in detail.

The effect of duty cycle on pulSED nanometal (total plating
time of 20 s and relaxation time of 1 s for each experiment) is
shown in Fig. 4b. As duty cycle increases from 166 mHz
(average ESA was 0.034 ± 0.015 cm2) to 500 mHz (ESA was
0.048 ± 0.008 cm2), there is an increase in ESA of approxi-
mately 30% (also see ESI Fig. S8† for CVs). Further increasing
the duty cycle to 667 mHz increased the ESA by an additional
80% (ESA was 0.282 ± 0.038 cm2). A duty cycle of 990 mHz
(ESA was 0.40 ± 0.09 cm2) resulted in an order of magnitude
improvement in ESA when compared to 166 mHz, and two
orders of magnitude higher than bare Pt/Ir. We attribute this
effect to mixing of the dissolved metal ions within the bound-
ary layer at the sensor surface due to microjetting of gas
bubbles and convection of ions within the double layer. For
low duty cycles, there is longer deposition time and thus the
process depletes more metal ions and is subject to diffusion
limitations. This result shows similar trends as what has been
shown for galvanostatic PED70 and potentiostatic PED,71 where
the duty cycle also strongly influences ESA. Low duty cycle
causes diffusion limitations that hinder metal deposition; too
high of a duty cycle leads to current limitations at the electrode

surface and less dendritic growth. It should be noted that
the trends observed here are somewhat different than those
involving SPED for the production of suspended particles at
lower sonication frequencies. In suspensions, others have
shown that high duty cycle produces fewer nucleation sites
available for nanometal formation.42,72 In suspension, metal
ions are destabilized and disperse from the nanoparticle
via acoustic wave action before they can bond and form
nanoparticles.

To study the trends observed in Fig. 4 related to nanoplati-
num morphology, scanning white light interferometry (SWLI)
was used to characterize the surface roughness over the entire
electrode surface area. Representative SWLI images for various
duty cycles are shown in Fig. 5a–c. As expected, surface rough-
ness increases with increasing duty cycle, and the highest RMS
surface roughness (2236 nm) was measured for a duty cycle of
990 mHz (see ESI Fig. S9† for details). Even at the lowest duty
cycle tested (500 mHz), the surface roughness (286 nm) was a
six-fold improvement over previously reported RMS values
using SED (51 nm).62 The SWLI images below, on the other
hand, are an area of approximately 4 × 10−2 mm2, which is the
approximate size of the Pt/Ir electrode.

Amperometric sensors based on pulSED nanoplatinum

To demonstrate the utility of the technique for fabrication of
highly efficient electrochemical sensors, pulSED nanoplatinum
was used as a transducer platform for development of non-
enzymatic and enzymatic sensors for detecting hydrogen per-
oxide or glucose. A duty cycle of 990 mHz was used to deposit
nanoplatinum onto a Pt/Ir electrode for all sensors.

For the non-enzymatic glucose sensor, characteristic CVs
(see ESI Fig. S10†) show anodic and cathodic peaks at −0.38 V,
−0.1 V, and +0.25 V. The anodic peak at −0.38 V is attributed
to the adsorption of intermediate byproducts, while the anodic
peak beginning at +0.25 V and the cathodic peak at −0.1 V are
the direct oxidation of glucose as other studies have also
shown.73,74

Fig. 4 (a) Effect of total plating time on electroactive surface area at a constant duty cycle of 500 mHz for pulSED. (b) Effect of duty cycle on the
average electroactive surface area. The single asterisk (*) indicates treatments that were significantly higher (p < 0.05) than the other treatment with
no asterisk, the double asterisk (**) indicates treatments that were significantly higher (p < 0.05) than all other treatments. The error bars denote the
standard error (n = 3).
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Representative DCPA time series plots for non-enzymatic
detection of hydrogen peroxide (Fig. 6a) and glucose (Fig. 6b)
indicate a classic steady state response after addition of the
target analyte (vertical arrows indicate injection of target
analyte). The characteristic spikes seen in panels a and b after
injection of analyte are due to diffusion of analyte to the surface
followed by oxidation of target species.75 DCPA for enzymatic
detection of glucose (Fig. 6c) did not contain these “spikes” in
oxidative current after injection of analyte, which is due to
diffusion of target analyte through the enzyme membrane prior
to transport of Faradaic current. Calibration plots for each
sensor (Fig. 6d) show that all sensors exhibited a linear
response within a concentration range of 40 μM to 1 mM (R2 >
0.99). The LOD varied for each sensor from 4 to 40 μM and the
sensitivity also varied as discussed in Table 1. The GOx bio-
sensor sensitivity decreased significantly above concentrations

of 2 mM due to enzyme saturation and diffusion limitations
(the enzyme was encapsulated in a chitosan membrane), while
the non-enzymatic sensors were linear up to 6 mM. Sensitivity
towards peroxide was twice as high for concentrations below
1 mM, which has been shown in similar work for low over-
potential. For all sensors, the response time was from 1–2 s
within the linear range (see ESI Fig. S11† for details).

The performance characteristics of the three sensors in
Fig. 6 relative to other devices in the current literature are
shown in Table 1. Overall, the pulSED nanoplatinum trans-
ducer layer in this work had the high sensitivity to hydrogen
peroxide compared to similar electrodes. This high sensitivity
is attributed to the fact that the normalized ESA of the pulSED
modified electrode is approximately 14 times larger than an
unmodified electrode, which allows for more effective charge
transfer following the degradation of peroxide. The underlying
mechanism of this increased electroactivity is the morphology
of the fractal metals, which is an optical transport network
based on minimization of energy required for system fluxes.
The LOD for peroxide (7.1 ± 6.9 μM) was slightly higher than
most of the reported peroxide sensors in literature. While
Chakraborty and Raj76 report an extremely low LOD for their
peroxide sensor, there is no reported error and the reproduci-
bility is not known.76 The average t95 for peroxide sensing was
1.7 ± 0.4 s, which was faster than previously reported values
using similar nanomaterials. While sensors such as the nano-
material hybrids are higher than we report here (see Chen
et al.77 for review), our method is a one pot, single material
electrode which does not require any expensive/complicated
instrumentation and is competitive with more cumbersome
deposition techniques/hybrid materials when accounting for
the batch to batch error.

Non-enzymatic detection of glucose at +0.25 V was studied
at pH 7.1 in PBS. The sensitivity (73 ± 14 µA cm−2 mM−1) is
comparable to other platinum electrodes, and higher than all
sensors to date that used the same overpotential. The Pt–Ni
nanotubes by Sun et al.73 had a higher sensitivity, but the over-
potential was significantly higher (+350 mV). The LOD for non-
enzymatic glucose detection is comparable to other electrodes
in the recent literature (when accounting for sensor-to-sensor
variability), and the average response time is better than other
sensors published to date. Although hysteresis was not tested
in this study, sensor poisoning by intermediates of glucose oxi-
dation and chloride ions is a known problem for non-enzy-
matic platinum electrodes and should be considered.37

To our surprise, the pulSED nanoplatinum biosensor (with
GOx) had a higher average sensitivity than most recent devices
based on nanocarbon,68 and nanoceria/nanocarbon,48 despite
being composed solely of nanoplatinum. The LOD of the
glucose sensor (3.8 ± 1.2 μM) was lower than most other
reported values for nano-carbon-metal composites as shown in
Table 1. The t95 of the glucose biosensor was 2.0 ± 0.6 s, which
is slightly faster than the other reported sensors, though a
number of studies using similar materials did not report a t95.

The selectivity of each glucose sensor over AA (0.1 mM), UA
(0.05 mM), and AP (0.1 mM) was analyzed in PBS (see ESI

Fig. 5 Scanning white light interferometry (SWLI) images for pulSED
nanoplatinum formed at various duty cycles. (a) 500 mHz (RMS =
286 nm), (b) 667 mHz (RMS = 1425 nm), and (c) 990 mHz (RMS =
2236 nm). RMS surface roughness increases with increasing duty cycle
for all conditions tested.
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Fig. 6 Performance of hydrogen peroxide and glucose sensors based on pulSED nanoplatinum as a transducer layer. Non-enzymatic sensing of (a)
hydrogen peroxide at +500 mV in PBS at pH 7.4, or (b) glucose at +250 mV in PBS at pH 7.1. (c) Enzymatic sensing of glucose at +500 mV in PBS at
pH 7.4. The vertical arrows in panel c indicates time points when analyte was added to the electrochemical cell. (d) Average calibration plots for all
three sensors shown in panels a–c (n = 3 electrodes, error bars denote standard error).

Table 1 Comparison of performance characteristics for recent hydrogen peroxide and glucose sensors

Sensor Platform
Sensitivity
[μA cm2 mM−1]

Detection limit
[μM]

Response time
[s] Ref.

Non-enzymatic hydrogen
peroxide sensing

pulSED nPt 3335 ± 305 7.1 ± 6.9 1.65 ± 0.42 This work
Pt/Ir-MWCNT-nPt 2450 ± 750 0.43 ± 32 3 ± 22 Vanegas et al.8

Pt/Ir-nPt-GO-nPt 2250 ± 350 0.14 ± 28 3 ± 14 Vanegas et al.8

Pt hierarchical nanoflowers 1150 ± NR 1.05 ± NR NR Heli et al.62

nPt-RGO-nCe-nPt 555 ± 190 0.5 ± 0.3 NR Chaturvedi et al.48

Nano-Pt 460 ± NR 5 × 10−4 ± NR NR Chakraborty & Raj76

Mesoporous Pt 140 ± NR 4.5 ± NR NR Evans et al.81

Non-Enzymatic glucose
sensing

pulSED nPt (+250 mV) 72.9 ± 13.8 (pH = 7.1) 65 ± 28 1.6 ± 0.5 This work
Pt–Ni nanotubes (−350 mV) 124.2 ± NR (pH = 7.0) 32 ± NR 3.5 ± NR Sun et al.73

nPt on gold coated wafer
(+400 mV)

66.5 ± NR (pH = xx) 40 ± NR NR Roh & Kim80

nPt clusters on graphene
(+500 mV)

1.21 ± NR (pH = 7.4) 30 ± NR 3 ± NR Chang et al.78

Pt–Pd nanocubes on graphene
(+250 mV)

1.4 ± NR (pH = 7.4) NR NR Chen et al.77

Enzymatic glucose biosensing pulSED nPt/chitosan-Gox 155 ± 25 3.8 ± 1.2 2.03 ± 0.58 This work
nPt/RGO/nCe/nPt/TEOS-Sol-Gox 65 ± 5 1.3 ± 0.6 6.3 ± 3.4 Chaturvedi et al.48

TEOS/GOx 60 ± 15 2.0 ± NR <8.0 Shi et al.68

SWNT/nPt/GCE/GOx 105 ± NR 0.5 ± NR NR Hrapovic et al.32

Au/MWNT/GOx 85 ± NR 10.0 ± NR NR Wang et al.34

Au/nAu/Chitosan/Gox 5 ± NR 2.7 ± NR NR Luo et al.82

NR indicates values that were not reported.
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Fig. S12†). For each sensor, the selectivity for 1 mM glucose
over all interferents was ≥95%. For non-enzymatic sensing,
Chang et al.78 reported similar selectivity for a nPt-graphene
modified electrode at pH 7.4 and Sun et al.73 prepared Pt–Ni
nanotubes with similar selectivity at pH 7.0. No percent selecti-
vity was reported in these previous studies, thus selectivity
data cannot be directly compared. The selectivity of the GOx
biosensor was higher than the non-enzymatic sensor (≥99.2%)
which is attributed to the inclusion of a Nafion layer at the
electrode surface. Although GOx indeed possesses a higher
affinity for glucose than the nanoplatinum, the innate selecti-
vity is relatively poor because the sensor must be operated at a
high overpotential (+500 mV). Thus, we attribute the selectivity
over organic acids to the Nafion layer. Further studies are
needed to compare GOx biosensors to non-enzymatic sensors
regarding sensor poisoning by chloride ions and oxidation
byproducts, as these are major limitations for non-enzymatic
glucose sensors.

In future studies, the pulSED system can be combined with
other semiconductor and nanomaterial platforms such as gra-
phene oxide, multi-walled nanotubes, or nanoceria6,7,79 to
produce reliable hybrid materials with excellent conductivity
for sensing. Although we did not use the technique to grow
nPt on electrode arrays, we did repeat the pulSED procedure
and test in triplicate, which provides insight into sensor-to-
sensor variability as shown in Table 1. This work shows that
the technique does have promise for electrodeposition of mul-
tiple electrodies such as in a biochip microarray. Furthermore,
this study compares enzymatic and non-enzymatic glucose
sensing on nanoplatinum and provides insight into the role
of nanoplatinum morphology and size on the oxidation of
target analyte.

Conclusion

A wide variety of deposition methods exist for the formation of
nanostructures based on noble and non-noble metals, and
these structures have been used as a transducer material for
electrochemical sensing. This study investigated the benefits
of combining two known deposition techniques, pulse electro-
deposition and sonoelectrodeposition (i.e. pulsed sonoelectro-
deposition or pulSED), and the parameters that are used to
control duty cycle. We showed that a high duty cycle resulted
in higher electroactive surface area, with key differences in
fractal morphology (resembling Romanesco broccoli). This can
be attributed to the stabilization of nanostructures due to the
uniformity in deposition offered by pulsed electrodeposition
together with the reduction of gaseous byproducts by soni-
cation, resulting in increased mass transfer to the electrode
surface. The technique facilitates enhanced control of nano-
metal particle size and uniformity for development of fractal
structures without the addition of capping agents. For the first
time, we demonstrate use of this facile method for synthesis of
fractal nanoplatinum structures as the transducer layer in
amperometric sensing for enzymatic and non-enzymatic

electrodes. The simple one pot, single material technique is
competitive with (or superior to) other nanoplatinum materials
in the current literature.
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