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Abstract

Boron-doped diamond (BDD) microelectrodes were prepared to
investigate the correlation of hydrazine oxidation current responses with
Pt nanoparticle (Pt NP) size distribution. The BDD film was grown on the
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size of around 5 pm BDD crystalline was successfully synthesized using a
microwave plasma-assisted chemical vapor deposition technique. The
Raman spectrum confirmed the presence of diamond formation as
indicated by peaks corresponding to C-C sp3 bonds, while X-ray
photoelectron spectroscopy spectrum showed the presence of C-H and C-
OH bonds on the surface of the BDD microelectrode. Meanwhile the Pt
nanoparticles was synthesized through reduction reaction of PtCle2-
solution using NaBH4 with citric acid as the capping agent. Particles size
between 4.46 to 4.78 nm were observed by using TEM measurements. The
BDD microelectrodes were utilized to investigate the relationship between
Pt nanoparticle size distribution and the current generated from the
oxidation reaction of 15 mM hydrazine in a 50 mM phosphate buffer
solution pH 7.4 in the presence of 1.0 mL nanoparticle solutions. A current
range of 5 and 6 nA with a noise level of 0.15 nA was observed showing a
good correlation with the particle sizes of Pt NPs. Comparison was also
performed with the measurements using Au microelectrodes, indicated
that the prepared BDD microelectrodes is promising for the measurements
of nanoparticle sizes distribution, especially Pt NPs.

Keywords: boron-doped diamond (BDD); chronoamperometry;
microelectrodes; platinum nanoparticles; size distribution

1. Introduction

Nanotechnology has emerged as a prominent field of study in science and engineering,
captivating great attention in recent years. A pivotal moment in the history of
nanotechnology can be traced back to Richard Feynman's influential lecture titled "There is
Plenty Room at the Bottom," delivered in 1959. In this lecture, Feynman emphasized the
vast potential of working at the micro- or nanoscale and addressed the challenges
associated with manipulating and controlling matter on a small scale (Kuhlbusch et al,,
2011). Since then, the utilization of nanoparticles has gained considerable popularity.
Nanoparticles (NPs) are characterized as particles that are either dispersed or solid and
possess sizes ranging from approximately 10 to 100 nm (Kuhlbusch et al., 2004). Owing to
their small dimensions, nanoparticles demonstrate distinctive physical and chemical
properties, making them highly desirable for a wide range of applications in scientific and
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engineering disciplines(Jamkhande et al., 2019; Ndolomingo et al., 2020; Xia et al., 2013).
To achieve a comprehensive understanding of their fundamental properties and optimize
their performance for various applications, it is crucial to accurately characterize
nanoparticles in terms of size, shape, and composition. Currently, methods like
transmission electron microscopy (TEM), scanning electron microscopy (SEM), and particle
size analyzers (PSA) are commonly used for nanoparticle size characterization (Wei et al,,
2023). However, these techniques are expensive and require extensive maintenance
(Navalén & Garcia, 2016). Therefore, there is a need to develop new, affordable methods for
nanoparticle size characterization that are easy to use and provide quick results.

Several electrochemical approaches for detecting single NPs by measuring their
impact with the conducting surface of the microelectrode have been extensively
investigated (Qiu et al., 2022; Sardesai et al.,, 2013; Zhou et al., 2012). For instance, in a
significant study by Xiao et al. (2008) was found that the collision of single Pt NPs with the
surface of the electrode could be observed by amplifying the electrocatalytic oxidation of
hydrazine (Castafieda et al., 2015). Furthermore, the kinetic reactions on platinum, carbon,
and gold electrodes exhibited distinct characteristics. A distinct profile of current versus
time, representing the interaction between Pt NPs and the microelectrode surface, was
observed (Fig. 1). Upon contact with the electrode, electrons flowed into or out of the
nanoparticles, sustaining catalytic reactions on its surface. Consequently, these particle
collisions produced individual current steps. The amplitude of these current steps, which
occurred at the mass transfer limiting current, was determined by the following equation:

I = 4n(In 2)InFDCr (D

where D represents the diffusion coefficient of reactants at concentration C, and r
corresponds to the radius of a single nanoparticle (Dery et al, 2023). Therefore, the
amplitude of each current step is directly correlated to the size of the nanoparticle (Kellon
et al.,, 2019). By plotting the current amplitudes against the frequency of peak occurrence, a
strong correlation was observed with the particle size distribution as determined by TEM.
This electrochemical approach offers a rapid screening method for nanoparticle dispersions
(Kellon et al.,, 2019; Suzuki et al., 2007).

Metal electrodes are known to have limitations, including susceptibility to
oxidation, high background current, and significant noise during measurements. To address
these challenges, boron-doped diamond (BDD) electrodes have been developed for
electrochemical sensors. BDD electrodes offer several advantages, such as low charging
current, chemical inertness, mechanical durability, a wide potential window, and low
background current(Asai et al, 2016; Ivandini & Einaga, 2013; Ivandini et al., 2015;
Muharam etal., 2019; Pino et al., 2015; Suzuki et al., 2007). Given these favorable properties,
BDD electrodes hold great capability for effectively assessing the size distribution of Pt NPs.
In this study, we propose a simple electrochemical method using BDD microelectrode in
comparison with Au and Pt microelectrode to accurately determine the size of single

nanoparticles.
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Figure 1. Illustration of nanoparticle collision on the microelectrode surface
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2. Methods

2. Experimental Section

2.1. Chemicals

All chemicals were in analytical grade and used without further purification.
Hexachloroplatinic acid hexahydrate (H:PtCle.6H:0, Pt 37.5%), chloroauric acid
tetrahydrate (HAuCl4.4H;0), trisodium citrate dihydrate (Na3CsHs07.2H20, 99%), sodium
borohydride (NaBHs =98%), dipotassium hydrogen phosphate (K ;HPO4), potassium
dihydrogen phosphate (KH.PO.), hydrazine (N;Hs'H.0, 64-65%), methanol, acetone,
trimethoxyborane, epoxide, and 2-propanol were purchased from WAKO. Nanodiamond
was obtained from Kemet Co. and all substance was diluted using double-distilled water
produced by Millipore Direct-Q® 5 UV.

2.2. Fabrication of The Microelectrodes

The BDD microelectrode was prepared using tungsten needles (20 pm diameter). The
needles were initially seeded by ultrasonicated in a suspension of nanodiamond particles in
2-propanol for 1.5 h. Then, the polycrystalline BDD particles was deposited onto the
needle's surface using microwave plasma-assisted chemical vapor deposition (MPACVD)
(ASTeX Corp.) with a plasma power of 2500 W for 10 h. A mixture of acetone and
trimethoxyborane in a 50 : 4 (v/v) ratio was used as the precursor solution. The BDD
microelectrode was insulated by filling a pre-pulled glass capillary (Narishige, Tokyo, Japan)
and packed with epoxy. The film quality of the electrodes was assessed using Raman
spectroscopy (Renishaw System 2000), while the surface termination was examined using
XPS (Thermo Fisher Scientific Co.). The surface morphology of the electrode was
investigated using a scanning electron microscope (SEM, JEOL JSM 5400). The resulting
microelectrodes were then insulated by filling fine tip pipet tips with epoxy and incubating
them at 60 °C overnight. Meanwhile, Au and Pt microelectrodes were fabricated by twisting
Au wire (25 pm, Nilaco Corp.) and Pt wire (20 pm, Nilaco Corp.) into Cu wire using carbon
tape.

2.3. Preparation of Pt Nanoparticles

The Pt nanoparticles (Pt NPs) solutions were prepared by reducing H,PtCls (2 mM) using
sodium borohydride (NaBH4) in the presence of sodium citrate. Specifically, 15 mL of 2 mM
H,PtCls was mixed with 0.75 mL of 50 mM Na3CsH509, followed by the dropwise addition of
0.3 mL of fresh 60 mM and 90 mM NaBH, under vigorous magnetic stirring for 30 min. The
resulting nanoparticles were characterized using UV-Vis (Thermo Fisher Scientific 1510)
and TEM-EDX (FEI Tecnai G2 SuperTwin).

2.4. Electrochemical Measurements

Electrochemical measurements were carried out using a potentiostat (ALS/HCH
Instruments) with the cyclic voltammetry (CV) and chronoamperometry (CA) techniques.
The measurements were performed in a three-electrode cell containing 25 mL of
electrolyte. The reference electrode Ag/AgCl was used, and a Pt spiral served as the counter
electrode. To minimize external interference, the electrochemical cell was operated within
a specific potential range (0 until +1.3 V) for the faradaic reaction. The electrolyte solution
consisted of 15 mM hydrazine on 50 mM phosphate buffer solution (PBS) pH 7.4. The CV
method was utilized to identify the optimum potential oxidation of hydrazine, while the CA
method was used to investigate the electrocatalytic current amplifications caused by the
collision phenomenon of Pt-NPs at the microelectrode surface in the presence of hydrazine.
The CA measurement was chosen due to its suitability for observing the Pt-NPs collision
phenomenon, as it minimizes the interference from reduction processes compared to the
CV method. For each measurement, a volume of 1.0 mL of Pt NPs was injected.
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3. Results and Discussion

3.1. Characterization of the Microelectrodes

The Raman spectrum of the BDD microelectrode (Fig. 2a) exhibited a sharp peak at around
1300 cm! corresponds to the C-C sp3 bond characteristic of diamond (Ivandini & Einaga,
2021; Watanabe et al., 2006). Additionally, peaks at 500 and 1200 cm-?, attributed to the
Fano effect. This phenomenon is caused by the intricate coupling between phonons and
electrons and it is closely associated with the presence of boron doping (Ivandini et al,,
2012; Suzuki et al,, 2007). Notably, the absence of a peak at 1500 cm, indicating neither
graphite nor amorphous carbon structures are formed.

20000

(a)

15000 -

10000 -

Intensity

5000 g B
C-Csp?

100 1100 2100
V/cm?

b
20000 - s O1s ( )

5000 ]

T T T T T T T
200 250 300 350 400 450 500 550 600
Binding Energy / eV

Figure 2. Typical Raman (a) and XPS (b) spectrum of BDD microelectrodes together with the related
SEM Images in different magnifications (c-d)

The XPS spectrum of the BDD microelectrode (Fig. 2b) revealed a peak at 287.5 eV
corresponding to C 1s. This peak is attributed to the presence of C-C and C-H bonds at the
BDD terminal. The formation of C-H bonds can be attributed to the use of hydrogen gas as
the carrier gas during the deposition process. Additionally, a peak at 532.9 eV was observed
in the O 1s region, indicating the presence of C-O and O-H bonds. These bonds revealed that
a portion of the C-H bonds has been replaced with C-0 bonds, suggesting oxidation of the
surface when exposed to the oxygen gas in the ambient air (Smith et al. 2016). The ratio of
C 1sto O 1s was 6:5 calculated based on their respective peak intensities. The SEM analysis
(Fig. 2c-d) at a magnification of 3500 times, shows the diameter of the electrode at around
25 pm, homogeneously covered with the diamond particles at around 5 pm size.

3.2. Characterization of Pt Nanoparticle

The H,PtCl¢ solution exhibits a pale-yellow color prior to the reduction process and displays
absorption at 265 nm in the UV-Vis spectrum, attributed to the ligand-to-metal charge-
transfer transition of [PtCl¢]? ions (Fig. 3a) (Jiang et al,, 2011; Qiu et al., 2022). Following
the reduction reaction by NaBHj, the absorption peak at 265 nm vanishes, indicating the
complete reduction of [PtCl¢]?- ions (Wu et al., 2014; You et al., 2017). Meanwhile, the color
of the solution changes to a dark brown hue upon reduction process. The use of citrate ion
as a capping agent was to facilitate the formation of stable Pt NPs in the colloidal solution.
The presence of citrate is expected to initiate the Pt-O bonding and slowing the growth of
particle, these coordination controlled makes the nanoparticle sizes by the position of
citrate molecules (Jiang et al., 2011; Wu et al,, 2014; You et al., 2017)
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Figure 3. UV-Vis spectrum of Pt nanoparticle (a), TEM Images of Pt Nps produced from the
reduction reaction using NaBH4 at the concentrations of 60 mM (b) and 90 mM (c)

Characterization of the synthesized of Pt NPs using TEM-EDX depicted in Figs. 3b-c
illustrate the formation of Pt NPs from the H,PtCls solution with sizes ranging from
approximately 1 to 9 nm. Different concentrations of NaBH4 were used. Interestingly, the
distribution of Pt NPs sizes using either 60 mM or 90 mM NaBH4 was found to be similar.
The average diameter of Pt NPs produced from 60 mM NaBH4 was approximately 4.78 nm,
while with 90 mM NaBH, it was approximately 4.46 nm. It was observed that increasing the
NaBH4 concentration initiated the agglomeration process (Fig. 3c), despite the similarity in
the major particle size compared to the lower NaBH4 concentration. This phenomenon
occurred due to the insufficient stabilization of the aggregate initiation by citric acid, which
acted as a capping agent during the nanoparticle formation (Xiao & Bard, 2007).

The nanoparticle concentration is typically calculated based on the Pt precursor
concentration divided by the average number of Pt atoms within each particle (Xiao et al.,
2008; Xiao & Bard, 2007; Xu et al,, 2019). Assuming an average diameter of 4.46 nm, the Pt
NPs were estimated to contain 1734 atoms, resulting in a concentration of approximately
1.153 pM. Similarly, assuming an average diameter of about 4.78 nm, the Pt NPs were
estimated to contain 1859 atoms, with a concentration of approximately 1.08 uM. These
colloidal Pt NPs were employed for screening the size distribution of nanoparticles using an
electrochemical method. These data confirmed the using of higher concentration of reducing
agent will produce more particle on the nanoparticle formation process.

3.3. Screening Pt nanoparticle size distribution by using microelectrodes

CV was utilized to investigate the potential oxidation of Pt NPs and to determine the optimal
potential window for observing collision events of single Pt NPs. The CV measurement was
performed at Pt, Au, and BDD microelectrodes in the presence and absence of hydrazine,
focusing on their electrocatalytic abilities. Fig. 4a illustrates the expected steady-state
response of three different microelectrodes in a PBS electrolyte in the absence of hydrazine,
which significantly differs in the presence of hydrazine (Fig. 4b). Particularly, the BDD
microelectrodes show very low current levels, possibly due to the slower kinetics of the
BDD material (Ivandini et al.,, 2012; Suzuki et al., 2007). Moreover, CV measurements of the
BDD microelectrode indicated a narrower potential window compared to the other
electrodes. This could be attributed to the presence of sp? carbon, suggesting that the
increased sp? bond content limits the potential range of BDD electrodes. However, these
conditions did not significantly affect the background current response depicted in Figure
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4. In fact, the BDD electrode exhibited a lower background current compared to the Pt and
Au electrodes (Xu & Einaga, 2020).

Furthermore, no peak was observed in the voltammograms of BDD (red line) in the
presence of hydrazine. However, the voltammogram with the addition of hydrazine
exhibited an oxidation peak at around +0.4 V and +0.8 V at Pt microelectrodes (black line),
while a peak at around +0.4 V and +0.9 V was observed at the Au microelectrode (blue line).
The peak at +0.9 V is not related to gold oxidation (Aliyah et al,, 2022). Therefore, the peak
at +0.4 V was confirmed to oxidation reaction of hydrazine into N; and H+ at neutral pH at
both Pt and Au microelectrodes. The results also confirmed the superiority of Pt
microelectrode (represented by black lines) for the hydrazine oxidation reaction compared
to Au and BDD microelectrodes (Miao & Compton, 2021). Based on the results, the potential
of +0.4 V was selected to study the correlation between the current transient of Pt NPs due
to hydrazine oxidation with the size distribution of the prepared nanoparticles using
chronoamperometry on Au and BDD microelectrodes, taking advantage of the collision and
adhesion of Pt NPs to the microelectrode surface (Jung et al., 2019). It was expected that
this effect is likely acted to contribute in the electrocatalytic oxidation of hydrazine at the
microelectrodes (Jung et al., 2019; Wei et al., 2023).
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Figure 4. Voltammograms of 50 mM PBS solution using Au, BDD and Pt microelectrodes in the
absence (a) and in the presence (b) of 15 mM hydrazine, and their related chronoamperograms (c)
at a potential applied of +0.4 V (vs. Ag/AgCl). Interval sampling of 25 ms with the measurements
time of 120 s was used. Inset in (c) magnifying the amperometric noises generated at Au and BDD
microelectrode due to the collision of Pt Nps at the surface of microelectrodes

Chronoamperometry was performed by immersing each microelectrode in a 25 mL
solution of hydrazine (15 mM) in PBS (50 mM) pH 7.4 to investigate the noise of hydrazine
oxidation currents. The amperomograms show that the noise level of the BDD
microelectrode was approximately 0.15 nA that siginificantly lower compared to the Au
microelectrode at around 1 nA. The lower current response of the BDD microelectrode in
the presence of hydrazine is related to the semiconductor properties of the BDD material,
in which the diamond crystal structure provides excellent stability and minimizes noise
during electrochemical reactions. This characteristic results in a lower background current
for the BDD microelectrode, making it advantageous for electrochemical analysis (Ivandini
etal, 2006, 2012; Suzuki et al., 2007).

The chronoamperometry measurements at BDD and Au microelectrode were then
conducted in the presence of hydrazine in 50 mM PBS with and without Pt NPs (Fig.5). A 1
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mL sample of Pt NPs, produced through the reduction of 60 mM NaBH,, was injected into
the electrochemical cell, and the measurement was carried out for approximately 2 min. To
clearly observe the amplitude of the current steps, the chronoamperogram was zoomed in
every 5 s for 20 s duration. It should be noted that the large noise observed during the first
20 s of the measurement was caused by the opening and closing of the Faraday cage door
while the Pt NPs solution was injected. After this period, the current experienced a slight
offset, possibly due to one or a few particle collisions during that time period. Consequently,
the current transient was monitored after the initial 20 s to distinguish the noise resulting
from the injection and the closing of the Faraday cage (Alligrant et al., 2013; Xiao & Bard,
2007; Xu et al,, 2019). In conclusion from Fig. 5, the chronoamperogram at both BDD and
Au microelectrodes (Fig. 5(a) and (b), respectively) revealed the absence of any current
transients. Thus, in the absence of an oxidizing agent, the amplitude of the current steps
cannot be catalyzed on the surface of the microelectrode.

4 Chronoamperogram of BDD Chronoamperogram of Au
6
—— PBS — PBS
3 4 PBS + Pt NPs (a) PBS + Pt NPs (b)
-0.20 4 - :::_
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Figure 5. Chronoamperogram of 50 mM PBS with the addition of 1.0 mL colloidal Pt NPs produced
by the reduction 60 mM NaBH4 using BDD (a) and Au (b) microelectrode

Furthermore, the correlation between the oxidation current of hydrazine in the
presence of Pt NPs at the and their size distribution (as determined by TEM) was studied at
BDD microelectrode in comparison with at Au microelectrode. Two types of the colloidal
nanoparticles, synthesized by 60 mM and 90 mM NaBHs; were utilized for the
measurements. The chronoamperometry results demonstrated an increase interval current
when using the microelectrodes (Fig. 6). In contrast to the measurements conducted in the
absence of hydrazine, the chronoamperogram in 50 mM PBS pH 7.4 in the presence of 15
mM hydrazine exhibited current transients that exceeded the noise level of the
microelectrode.

The chronoamperogram obtained using the BDD microelectrode exhibited the
increase of current transients (Fig. 6a-c), depicting the current transients during the
measurement of 1.0 mL of Pt NPs synthesized using 60 mM NaBH4. These current transients
range from 3 to 18 nA within that time interval, surpassing the noise level of the BDD
microelectrode at 0.15 nA. Meanwhile, Fig. 6(d) illustrates the current transients observed
using an Au microelectrode. The current transients at 65 - 70 s range from 4 to 24 nA Fig.
6(e,f), surpassing the noise levels of the Au microelectrode at 1.0 nA. These current
transients can be attributed to the oxidation reaction of hydrazine in the presence of Pt NPs.
Comparison between BDD and Au microelectrodes showed that the utilization of carbon-
based material in the BDD microelectrode contributed to a lower current transient
response, allowing the greater stability in the oxidation reaction of hydrazine. The
application of the BDD microelectrode exhibited not only lower current transients but also
reduced the noise responses, resulted from the less adsorption properties of the sp3
bonding. This result indicated that the proposed electrodes is promising for accurately
measuring the size distribution of nanoparticle species.
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Figure 6. Chronoamperogram of 50 mM PBS containing hydrazine in the presence of 1.0 mL
colloidal Pt NPs solution synthesized by reduction reaction with 60 mM and 90 mM NaBHj4,
measured using BDD (a, b, c) and Au microelectrode (d, e, f) in the certain interval time

Furthermore, the current transients obtained during the measurements using both
the gold and BDD microelectrodes were compared with the size distribution results
obtained from TEM. It was observed that the sizes of the nanoparticles predominantly
present in the colloidal solution often collided with the microelectrode surface, resulting in
the occurrence of current transients during the measurements. The current transients
primarily appeared in good correlation with the sizes of the nanoparticles that were most
frequently observed in the TEM distribution results.
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Figure 7. Distributions of the current transients generated in chromatogram in Fig. 6 at BDD
microelectrode (a), using Au microelectrode (b), and the size distribution by TEM (c)
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The chronoamperometry of 1.0 mL of colloidal Pt NPs produced from 60 mM NaBH.
using the BDD microelectrode observed the current transients at around 6 nA as shown in
the plots in Fig. 7a (orange chart), while the measurements using Au microelectrode
generated the current transient in approximately of 20 nA (Fig.7b orangechart). Comparing
these results with the size distribution obtained from TEM (Fig. 7c), it can be inferred that
the current transient of 20 nA from the gold microelectrode and 6 nA obtained from BDD
microelectrode reflects nanoparticles with an average size of 5.17 nm. Meanwhile, TEM
images of the Pt NPs colloidal nanoparticles solution produced from 90 mM NaBH4 showed
that nanoparticles with an average size of 3.45 nm were frequently observed.
Correspondingly, the frequently observed current transients in this colloidal solution were
approximately 5 nA with the BDD microelectrode (Fig. 7a, blue chart) and 8 nA with the gold
microelectrode (Fig. 7(b), bluechart). Therefore, it can be assumed that the both current
transients reflect nanoparticles with an average size of 3.45 nm. As previously mentioned,
according to the Equation 1, there is a decrease in nanoparticle size results in a lower
current response. These phenomena proclaim that the suitable performance of BDD
microelectrode compared to the Au microelectrode as screening distribution size of
nanoparticle. The origin catalytic performance of BDD was promising which demonstrated
by the current transient response of BDD electrode is much lower than the Au
microelectrode and also followed by smaller noise current response.

4. Conclusions

In conclusion, BDD polycrystalline was successfully synthesized at a tungsten wire using
microwave plasma-assisted chemical vapor deposition methods. The microelectrode with
the diameters of 25 um could be prepared with an average partiile size of 25 pm. Meanwhile,
Pt NPs synthesized through the reduction reaction using NaBH4 with citric acid as the
capping agent produced nanoparticles with an approximately sizes of 4.78 nm and 4.46 nm
with the Pt concentrations of 1.076 uM and 1.153 pM, respectively. The use of the BDD
microelectrodes for hydrazine oxidation in the presences of 1.0 mL solution of the prepared
nanoparticles Pt, exhibited an average transient current response of 5 and 6 nA,
respectively, while the measurements using Au microelectrodes conducted for the
comparison showed the transient currents of 11 and 20 nA, respectively. Overall, the
experiments concluded that the BDD microelectrodes, with its stable current transients and
lower noises of current response, was good suited to the TEM results of Pt NPs. The results
indicate that the prepared BDD microelectrode is promising for screening the size
distribution of nanoparticles.
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