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Electrochemical preparation of monodisperse Pt
nanoparticles on a grafted 4-aminothiophenol

supporting layer for improving the MOR reaction
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The methanol oxidation reaction (MOR) has recently gained a lot of attention due to its application in fuel
cells and electrochemical sensors. To enhance the MOR, noble metal nanoparticles should be
homogeneously dispersed on the electrode surface with the aid of one suitable support. In this work, 4-

aminothiophenol (4-ATP) molecules which contain simultaneously amine and thiol groups were electro-

grafted onto the electrode surface to provide anchoring sites, limit aggregation and ensure good
dispersion of metal nanoparticles. The results showed a high density of platinum nanoparticles (PtNPs)
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with an average size of 25 nm on the glassy electrode modified with a 4-ATP supporting layer.

Consequently, the MOR was improved by 2.1 times with the aid of the grafted 4-ATP layer. The
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1. Introduction

Pt is an important catalyst for the methanol oxidation reaction
(MOR) in direct methanol fuel cells (DMFC)"* and methanol
sensors.® To maximize the catalytic activity of Pt, it is essential
to disperse homogeneously distinct metal nanoparticles (size of
several to tens of nanometers) on suitable supports. Carbon
materials and conducting polymers are of special interest
during the last two decades for their prevention of particle
aggregation and good mechanical stability.>* Several conduct-
ing polymers such as poly-o-aminophenol,* polyaniline (PANI),?
polypyrrole (PPy),>” poly(3,4-ethylenedioxythiophene)
(PEDOT),® etc. have been demonstrated to provide large
surface areas for deposition of metal nanoparticles and be able
to cover surface defects which are harmful for dispersion of
metal particles.* Furthermore, the presence of such a support-
ing matrix might also promote the nucleation of a high density
of small particles,® increase the electrical percolation of metal
nanoparticles, and possibly increase the electrical conductivity
in the composite via synergistic transport with Pt
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electrochemical sensor based on PtNPs/4-ATP/GCE is able to detect MeOH in a linear range from 1.26
to 21.42 mM with a detection limit of 1.21 mM.

nanoparticles.® More importantly, the presence of these organic
matrices can also enhance the oxidation rate of undesired
oxidative intermediates (known as CO,q,) which are considered
to be the origin of the CO poisoning effect.? It is worthy to notice
that there is always an abundant number of S or N atoms in the
above polymeric films. It was also reported that the presence of
S or N heteroatoms in carbon supports might also enhance
stability of Pt nanoparticles since they can provide more
binding sites to firmly immobilize metal particles.>*® Evenly, the
introduction of such heteroatoms probably increase local
charge and spin density of carbon atoms in the carbon sup-
porting layer and make them become an alternative catalyst'*
which sometime might be comparable with Pt.'> Otherwise, it
was also found that thiolization of carbon supports*® might be
able to shift binding energy of Pt to higher values which are
favorable for electro-catalytic reactions; whereas hydroxylation
of carbon supports** enables CO anti-poisoning property by
facilitating oxidative removal of intermediates in MOR.
Currently, (4-aminothiophenol) (4-ATP) - an aromatic
compound containing both amine and thiol functional groups —
has first been utilized to generate monodisperse Pd nanoparticles
for ethanol oxidation reaction.'® It was suggested that the high
density of locally adsorbed OH™ on grafted 4-ATP supporting
layers is responsible for promoting anti-poisoning behavior and
catalytic activity at electrode surfaces. Historically, 4-ATP was
often used as a bi-functional ligand to construct hybrid nano-
structures® or fix biomolecules (i.e., antibodies, cells) onto elec-
trode surfaces.” The electrodeposited 4-ATP film has also been
utilized as a matrix for immobilization of biomolecules in bio-
sensing applications."” Monodisperse gold nanoparticles can be
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achieved by combining electro-polymerization of self-assembled
4-ATP molecules on gold electrodes with electrodeposition of
metal particles.” Deposition of a thin 4-ATP layer on top of gold
nanostructures might help to improve peak separation in elec-
trochemical simultaneous detection of redox species.”® The 4-ATP
material if co-electrodeposited with gold nanoparticles was
demonstrated to be a good matrix to disperse them with very
limited aggregation due to presence of thiol group.***

Electrochemical deposition is an effective method for the
preparation of metal nanoparticles with controllable
morphology and density which are crucial for their good
dispersion and high catalytic activity. Direct electro-deposition
generally leads to three-dimensional growth of Pt nano-
particles on electrode surfaces,***** but also possibly create
metallic monolayer or controllable multilayer films if
needed.>*” Especially, alloying Pt with other metals (Au, Ni Co,
Cu) can be easily and quickly achieved via electrochemical
approach without using hazardous agents.*®

In this work, we have prepared monodisperse Pt nano-
particles on a very thin 4-ATP supporting layer using electro-
chemical approach for further applications in MOR reaction.
The effect of synthesis conditions on MOR signal was investi-
gated. The growth mechanism of 4-ATP film and its role in
enhanced MOR effect will be also discussed.

2. Experimental

2.1. Materials and apparatus

4-Aminothiophenol (4-ATP, 97%), chloroplatinic acid (H,PtCle-
-xH,0), Lithium perchlorate (LiClO,, 98%), methanol (MeOH,
anhydrous, 99.8%) were purchased from Sigma-Aldrich. All
electrochemical experiments were conducted on an Autolab
potentiostat (Metrohm, Netherland) by using three-electrode cell
in which (modified) glassy carbon electrodes (GCE) were used as
working electrode, Ag/AgCl electrode as reference electrode and
Pt wire as counter electrode. The morphology of all samples were
visualized under scanning electron microscopy (SEM) (Hitachi S-
4800) operated at 5 kV acceleration voltage.

2.2. Preparation of clean glassy carbon electrode

The cleaning step is essential for eliminating the contamination
on the surface of working electrode. This preparation was per-
formed by gentle polishing glassy carbon electrode (GCE) on
a polishing pad impregnating with 0.3 um alumina/water slurry
followed by thoroughly washing with distilled water. The proce-
dure is repeated until a mirror-look electrode surface is obtained.
The electrode surface was then verified by sweeping the potential
from —1.2 Vto 1.2 Vvs. Ag/AgCl electrode for several cycles in 0.5 M
H,S0, solution by means of cyclic voltammetry (in which redox
signals of Pt and p-ATP might occur). The GCE was finally rinsed
with distilled water and dried at room temperature until use.

2.3. Electro-grafting 4-ATP on GCE

The electrochemical deposition of 4-ATP was realized by per-
forming 2 consecutive cyclic cycles with a staircase from —0.1 to
1.25 V at a scan rate of 50 mV s ' in deaerated 0.1 M LiClO,
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ethanolic solution containing 5 mM 4-ATP. After the electro-
deposition process, the 4-ATP/GCE electrode was rinsed gently
with distilled water and dried at room temperature. We have
chosen ethanol as solvent for deposition of 4-ATP layer to
ensure the solubility of 4-ATP molecules.

2.4. Electrodeposition of PtNPs on 4-ATP/GCE

The electrodeposition of Pt nanoparticles was performed by
sweeping 4-ATP/GCE electrode in deaerated aqueous solution
containing 1 mM H,PtCls and 0.1 M KCl with staircase of 0.1 V
to —1.25 V for 2 cycles at a scan rate of 50 mV s~ *. The modified
electrode was rinsed with distilled water and dried naturally at
ambient conditions.

2.5. MOR test

Methanol oxidation reaction (MOR) in alkaline condition (0.5 M
NaOH) was tested by cyclic voltammetry method. The cyclic
voltammograms were recorded for 1 cycle at potentials from
—0.8 to 0.2 V at scan rate of 50 mV s '. The forward and
backward currents were calculated to investigate catalytic
activity of modified electrode.

3. Results and discussions

3.1. Electro-grafting of thin 4-ATP supporting layer on GCE

The cyclic voltammogram recorded during electro-grafting of 4-
ATP layer was shown in Fig. 1. In the first cycle, an anodic peak
appeared at +920 mV (vs. Ag/AgCl) is probably attributed to the
oxidation of 4-ATP molecules into aminyl radicals which are
rapidly attached into electrode surface.”>** In the second cycle,
one redox pair relevant to grafted 4-ATP material occurred at
+340 mV/+520 mV which are in agreement with observations
obtained in previously reported works."®** By increasing the
number of CV cycles, the peak current decreases as well as the
peak-to-peak separation increases, thus, blocking effect was
also observed as the thickness of the film increases. In absence
of mobile proton in the medium, the electro-polymerization of
4-ATP could have hardly occurred after only several scan cycles,
leading to the formation of thin film of this compound. After-
wards, the deposition conditions are optimal at precursor
concentration of 5 mM, scan rate of 50 mV s~ ', and number of
scans of 2. The deposition mechanism of 4-ATP thin film can be
proposed as follows. The precursor molecules are initially
attracted towards electrode surface, and then spontaneously
grafted on the electrode surface through oxidation of amine
functional group to form their corresponding cationic radicals
which subsequently make linkage with carbon atoms on elec-
trode surface.”

According to cumulated charges deliver during deposition,
the surface concentration of resulted layer is calculated about
2.8 nmol cm ™2 which corresponds to a thickness of 4.5 nm by
assuming that the 4-ATP layer is fully compacted (I'monolayer
~0.5 nmol cm~2) and the thickness of the monolayer is 8 A>3
With increasing in deposition cycles, the thickness of the film
reaches 9 nm after 10 cycles.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Cyclic voltammograms recorded during electro-grafting 4-ATP
on GCE. Scan rate: 50 mV s~ Electrolyte: 100 mM LiClO, in EtOH. C,4.
ATP = 5 mM.

3.2. Electrochemical preparation of monodisperse PtNPs on
4-ATP/GCE

Fig. 2 represents cyclic voltammograms recorded during elec-
trodeposition of PtNPs on 4-ATP/GCE. It can be seen that the
intensity of reduction peak is relatively weak in the first cycle
but becomes significant in the second one. As aforementioned,
the presence of 4-ATP layer provokes a blocking effect towards
electron transfer of the redox species at the vicinity of the
electrode surface, leading to a lowering in nucleation and
growth of Pt NPs as displayed for the first cycle, resulting to
formation of smaller and well-structured particles. Neverthe-
less, an oxidation peak was also observed at the reverse scan,
which is corresponding to the oxidation of deposited metallic
Pt. The onset potential for the deposition of Pt NPs using
modified electrode is determined at —0.28 V (vs. Ag/AgCl) which
is 40 mV more positive than the onset potential of bare GCE.
Once the Pt seeds were formed, the Pt NPs are obviously grown
from the 2" cycle, resulting from a reduction peak at —0.59 V.

The overall reduction reaction of PtCls>~ is a four-electron
process:

PtCle> +4e¢” —Pt°+6 Cl™

The reduction charge can be deduced from the area of

reduction peak as:

fidV
QPt =
v
40,
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Fig. 2 Electrodeposition of PtNPs on GCE (A) and 4-ATP/GCE (B).
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where v is the scan rate (Vs ') and [ idV is the area of reduction
peak.
The amount of deposited Pt (mp) is obtained as follows:

oM
M= TE

where M is the atomic weight of Pt (195.09 ¢ mol ') and F is the
Faraday constant (96 485.309 C mol %).

The deposition charge observed on 4-ATP modified electrode
and bare electrode were estimated to be 288 uC and 286 pC,
respectively. Thus, the amount of Pt loaded onto bare and
modified electrodes are nearly the same and estimated to be
0.15 pg.

The deposition of PtNPs on electrode surface is basically
initiated by nucleation process, and then followed by the
growth of metal nuclei. It was reported that the 3D progressive
nucleation model is more suitable for the growth of PtNPs on
carbon supports (i.e., glassy carbon electrode, mesoporous
carbon) or almost organic films.** Consequently, the metal
particles deposited onto 4-ATP modified electrode should be
in spherical shape and distributed throughout the entire
electrode surface.

3.3. Electrochemical behaviour

Electrochemical behaviour of PtNPs/4-ATP modified elec-
trode was evaluated by cyclic voltammetry (CV) in nitrogen-
saturated 0.5 M H,SO, solution at scan rate of 50 mV s *.
An oxidation peak related to hydrogen desorption process on
the surface of PtNPs (Fig. 3) was identified at —0.1 V on both
PtNPs/GCE and PtNPs/4-ATP/GCE while hydrogen adsorption
peak is not clearly observed. In literature, the hydrogen
adsorption-desorption process recorded on crystalline Pt
nanostructures generally exhibits multiple peaks.*** The
reason behind this might be due to the fact that the prefer-
able faces for hydrogen adsorption were not fully exposed to
the environment. Consequently, the adsorption kinetics on
those facets is relatively low, thus hindered by hydrogen
evolution reaction.

The electrochemical active surface area (ECSA) can be
deduced from the hydrogen adsorption-desorption process on
cyclic voltammogram recorded in acidic solution (Fig. 3).

30

10k —— PtNPs/GCE
—— PtNPs/4-ATP/GCE
_20 .
L

02 00 02 04 06 08 10 12
Voltage (V, vs Ag/AgCl)

In 0.5 M H,SO,

Current (uA)

Fig. 3 Electrochemical characterization. Cyclic voltammograms of
PtNPs/GCE and PtNPs/4-ATP/GCE recorded in 0.5 M H,SO4.
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Indeed, the Pt-O stripping peak at higher potentials might be
also useful for this but generally less accurate.

It was assumed that 1 cm” of smooth Pt required 210 puC for
the adsorption of one electron per Pt site.*** Thus:

Ou

Sk =310 uC cm>

where Qy is estimated from the area of H adsorption-desorp-
tion peak as follows:
[idv

v

On =

with v is the scan rate (V s~') and [idV is the area of hydrogen

adsorption-desorption peak.

The charge of hydrogen adsorption-desorption process (Qy)
and the active surface area (Sp;) were determined to be 69 pC and
0.327 cm?, respectively. These values are three times higher than
those obtained on PtNPs modified GCE (23.1 pC and 0.111 cm?).

Electrochemical impedance spectra (EIS) of bare and modi-
fied GCE electrodes were also investigated (Fig. 4). For bare GCE,
one semicircle was obtained at high frequency region whereas
a linear line was observed at lower frequencies.**** The diameter
of this semicircle is indeed related to the electron transfer
resistance at electrolyte-electrode interface. The charge transfer
resistance was estimated to be 400 Ohm for bare GCE (fitted
using Randles equivalent circuit). Obviously, the diameter of this
semicircle was decreased once PtNPs was deposited onto elec-
trode surface and the charge transfer was 70 Ohm for GCE
electrode modified with only PtNPs. When the 4-ATP organic
layer was grafted onto electrode surface, the EIS spectrum shows
avery large semicircle which is a clear evidence for blocking effect
(as discussed in Section 3.1). On the other hand, it seems that
a monolayer of 4-ATP has been grafted onto electrode surface®
instead of a thick polymer film as reported in several previous
works.'*?! The charge transfer resistance was about 1500 Ohm
for PtNPs/4-ATP/GCE electrode. It means that the metal nano-
particles have successfully grown with the aid of 4-ATP support-
ing layer despite of the low transfer rate at electrode surface.
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Fig. 4 EIS spectra recorded in 5 mM Fe(CN)*~/* in 100 mM KCl
solution.
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3.4. SEM images and EDX analysis

SEM images of PtNPs grown on 4-ATP film was captured on
flat FTO (fluorine doped tin oxide) electrode for conve-
nience. It can be seen that the metal nanoparticles have
been deposited onto 4-ATP modified electrode with higher
density and homogeneity (Fig. 5). It seems that the number
of nucleation sites was increased whereas the accumulation
of grown nanoparticle is significantly limited with the aid of
organic supporting film. As suggested, the free thiol func-
tional groups in anchoring layer might have provided more
nucleation sites, thus leads to homogeneous distribution of
metal nanoparticles on electrode surface.>*"** Also, the
entire supporting layer itself is actually a good dam to
restrict diffusion of metal ions to electrode surface, slow
down their reduction, thus allows us to have a better control
in growth process of metal nanoparticles. Similar results
were obtained when conventional polymers or carbon
supports were used to disperse metal nanoparticles in
previously reported works.>® The average size of PtNPs
grown on bare FTO electrode and 4-ATP modified FTO
electrode is 60 nm and 25 nm, respectively. These results
have confirmed again the reduction in particle size in
presence of 4-ATP layer as calculated hydrogen adsorption-
desorption process.

EDX analysis was also conducted to evaluate the amount of
metal nanoparticles. The weight percentage and atomic
percentage of platinum element was increased from 0.87% and
0.5% for PtNPs grown on bare FTO to 1.17% and 0.18% for
PtNPs grown on 4-ATP modified FTO electrode (Fig. 5). EDX
mapping results have shown a homogeneous distribution of S
atoms in 4-ATP grafted layer and Pt atoms over the electrode
surface (Fig. 5).

JFTO |
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PtNPs/4-ATP/FTO

Pt 1.17%

PtNPs/FTO

Pt 0.87%

138 338 538 7.38 938 11.38 1338 134 334 534 734 934
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11.34

PtLal SKal

PtLal
Fig. 5 SEM images and EDX analysis of PtNPs and PtNPs/4-ATP.
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3.5. MOR test

The relatively low activation energy (35 k] mol ") for electro-
sorption of methanol on Pt makes this metal becomes the
most effective catalyst for MOR effect." It has been evidenced
that the catalytic activity of PtNPs towards MOR is strongly
affected by their shape and size, and it was found that the active
sites for catalytic activity are normally located at surface defects
(steps, kinks).?*3®

The mechanism of MOR with using Pt as a catalyst has been
well-documented (Fig. 6). Typically, the oxidation of methanol
is consisted of electro-sorption of methanol on the active sites at
the platinum surface® followed by its dissociation into different
intermediates.® These latter are further converted themselves
into more firmly adsorbed species, ie. transformation of
CHO,q4s to CO,4s. As the electron transfer kinetic of this reaction
is relatively high, this process is the main cause of active site's
blocking at the surface of platinum, which is so-called
poisoning phenomena.*** Therefore, the crutical step in the
reaction pathway is the oxidation of adsorbed formyl group as
this elemental step could be considered as active precursor for
both MOR and poisoning process. It is widely accepted that the
oxidation of CHO,qs in presence of adsorbed hydroxyl group
(HO,q4s) would lead to the formation of carbon dioxide.* Indeed,
the high surface coverage of HO,4s becomes crucial to prioritize
MOR pathway. In order to enable CO tolerance and promote
MOR, many efforts have been made to control the crystallo-
graphic structure of platinum by alloying PtNPs with other
metals (Ru, Au, Pd, Ni, Co, Cu, Fe)*** or dispersing them on
various supports (activated carbon, conducting polymers, or
carbonaceous materials).>"**

MOR on PtNPs/4-ATP modified GCE was recorded using
cyclic voltammetry technique in 0.5 M NaOH solution con-
taining 0.1 M MeOH (Fig. 6). It can be seen that there is one
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Fig. 6 MOR mechanism and enhanced MOR signal on PtNPs/4-ATP
film. CV curves were recorded in 0.5 M NaOH containing 0.1 M MeOH
at scan rate of 50 mV s,
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anodic peak in forwards scan (If) at higher potentials (—250 mV)
and another anodic peak in backward scan (I,) at lower poten-
tials (—360 mV). It is supposed that the first one is related to
oxidation of methanol whereas the second one is attributed to
the oxidation of carbonaceous intermediates, thus regeneration
of active sites. As seen from Fig. 6, the peak current was
increased by nearly 30% when 4-ATP supporting layer was
present. In the same time, the ratio Iy/I;, was estimated to be 21
which is 2.1 times higher than that on PtNPs modified GCE.
Salma Jadali has also reported an increase in Iy, ratio by 50%
on electrode surface modified with Pd/4-ATP/MWCNT/GCE."
Otherwise, the position of oxidation peak was also shifted by
60 mV towards more positive potentials. These results indicated
that a better CO tolerance and a higher catalytic activity were
obtained when 4-ATP supporting layer was introduced. It must
be paid attention that no oxidation peak was observed on 4-ATP
layer without PtNPs on top (Fig. 6). These observations are in
accordance with those obtained when introducing PEDOT® or
PANI-Ppy** as dispersion matrix for PtNPs.

The thickness of 4-ATP supporting layer and size distribution
of PtNPs which are critical for MOR are strongly affected by
deposition conditions. A thick organic film will probably restrict
electrical conductivity of the electrode surface and decrease
MOR signals, while a low coverage of 4-ATP on electrode surface
will not provide enough binding sites for subsequent dispersion
of metal nanoparticles.

The growth of big metal particles accompanied with their
aggregation is not favourable, but probably it is needed to load
metal nanoparticles at enough amount on surface to ensure
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Fig. 7 Effect of grafting conditions of 4-ATP layer on MOR test. Peak
current was recorded using CV technique in 0.5 M NaOH containing
0.01 M MeOH at scan rate of 50 mV s™%,
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Fig. 8 MOR effect on PtNPs/4-ATP/GCE at different concentrations:
(A) cyclic voltammetry curves recorded in 0.5 M NaOH solution con-
taining MeOH at different concentrations; (B) the increase in peak
current with increasing MeOH concentration.
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Table 1 Comparison on MeOH sensing performances

Sensing platform LOD (uM) Linear range (mM) Reference
PtNPs/4-ATP/GCE 1210 1.26-21.42 This work
PtNPs/GCE 0.6 250-1500 24
Polythiophene + o-Fe,03/GCE 1590 0-1000 43
PtAuAg nanotubes/GCE 20 0.05-1.8 44

their catalytic activity. Generally, the size exceeds 30 nm is not
good for catalytic activity of PtNPs.***

It must be emphasized that 4-ATP supporting layer using in
this work is extremely thin compared with other conducting
polymer films (hundreds of nanometers).*® It is expected that
the electrode surface is totally covered by a thin 4-ATP sup-
porting layer rather than by a highly porous, thick conducting
polymer film. By that way, PtNPs had opportunity to anchor and
grow on a flat and adhesive substrate made of 4-ATP in order to
achieve a more uniform size distribution and a higher disper-
sion density on electrode surface. As seen in Fig. 7, MOR test
was optimized at 4-ATP concentration of 5 mM and number of
scans of 2.

The onset point at which MOR starts was determined to be
—495 mV. In principle, this value is related to the capability of
breaking C-H bonds and the subsequent removal of interme-
diates generated by incomplete oxidation of methanol such as
CO. The catalytic activity of a catalyst is defined as the
maximum current obtained during the cyclic cycle of the
methanol oxidation per weight of Pt. This value was estimated
to be 200 mA mg ™" for PtNPs/4-ATP/GCE, which is higher than
that obtained on PtNPs/GCE (133.34 mA mg~ ') and commercial
Pt/C (169 mA mg ™ ').*®

It is obvious that the peak current in MOR test is increased
with increasing MeOH concentration (Fig. 8B). The calibration
curve was built at concentrations ranging from 1.26 to
21.42 mM. A linear relationship between MOR signal and
MeOH concentration was obtained with regression equation: I
(1A) = 0.48908 + 0.12476 x C (mM) (Fig. 8B). The detection limit
(LOD = 3 x S,/b on which b is the slope of regression curve and
S, is the standard deviation) was found to be 1.21 mM which is
comparable with those obtained in previous works (Table 1).

3.6. Mechanism for improved MOR

The possible mechanisms for improved CO tolerance and MOR
reaction is proposed as follows. The presence of free thiol
groups in grafted 4-ATP supporting layer might have provided
anchoring sites for high dispersion of monodisperse metal
nanoparticles. In the same time, the reduction of metal salt
might somehow be slowed down due to this organic barrier, and
thus the particle aggregation can be avoided.® Besides, the
adsorbed water molecules on polymeric layer might be accom-
panied with formation of more hydroxyl radicals which are
needed to accelerate oxidation of intermediate products.®® It
was suggested that the organic supporting layer can be
responsible to weaken Pt-CO bond either through modifying
electronic structure of Pt (due to coordination between PtNPs
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and thiol groups) or by acting as a sink for CO due to its lip-
ophilicity.®* Lastly, the repulsive interaction between CO
molecules and sulfur atoms in 4-ATP supporting layer might
have limited the adsorption of CO molecules onto electrode
surface, thus improved anti-poisoning activity."*"

4. Conclusions

We have demonstrated an easy approach to prepare well-
dispersed platinum nanoparticles with using 4-ATP thin film
as supporting layer. It was found that the ratio between forward
and backward current was increased by 2.1 times when 4-ATP
film was introduced. The current response recorded in MOR
was improved by 30% and the detection limit was as low as
1.21 mM. In our near future work, some transition metals (i.e.,
Ni, Co) will be employed to tune electronic behavior of metal
catalyst, thus enables selective detection of methanol in alco-
holic mixture. Several adherent layers based on aromatic
compounds containing various functional groups (thiol,
hydroxyl, amine, carboxylic) will be also developed for enrich-
ment of certain biomolecules (i.e., circulating tumor cells) for
bio-sensing applications.
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