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Abstract

Well-defined silver dendrite nanostructures with primary and secondary branches on a glassy
carbon electrode (GCE) surface are first demonstrated using a simple wet chemical
electroless deposition method without any aid of a surfactant. The properties of dendrite
structures were characterized using scanning electron microscopy (SEM), energy-dispersive
X-ray spectroscopy (EDX), X-ray powder diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), cyclic voltammetry (CV), and electrochemical impedance spectroscopy
(EIS). Results of XPS and XRD indicated that most of the silver particles were not oxidized.

The obtained silver dendrite GCE (Ag/GCE) showed high electrochemical activity towards



catalytic oxidation for ascorbic acid (AA). The oxidation process followed a stepwise
mechanism at slower scan rates (v < 0.15 V s!) and a concerted mechanism at faster scan
rates (v > 0.15 V s!). The silver nanostructures are highly stable on the GCE surface and

could be employed as an anode for an AA fuel cell.

Keywords: electroless deposition, electrocatalysis, ascorbic acid, electron transfer kinetics,

dendrite structure.

1. Introduction

Metallic nanoparticles have become a potential candidate for use in an enormous range of
applications. The use of metal nanoparticles for electrochemical techniques is attributable to
good catalytic activity and high surface area, which are suitable for increasing
electrochemical current density.! Silver has unique electrical, chemical, and optical
properties that can be selected as potential candidates for electrocatalytic applications.?”
The attractive hierarchical silver dendrite structure has been studied because for use as a
catalyst® and chemical sensor.” Hierarchical fractal and dendritic structures can grow under
nonequilibrium growth conditions. Fractals and dendrites can be grown under diffusion-
limited aggregation and an oriented attachment mechanism.® The growth and structural
formation process must be elucidated further. Silver nitrate (AgNO3) is used widely as a
precursor for dendrite structure formation. Actually, researchers have developed different
methods via photochemistry,” sonochemistry,'® and electrochemistry' "2 to synthesize the

silver dendrite structure. Reductants, high temperature, and surfactants are the main driving



forces, but some reductants such as sodium borohydride are harmful to humans and also to
the environment.!> A simple method of achieving environmental-friendliness is highly
desired.

Alternative power sources are highly desirable for building a sustainable and
environmentally friendly future. Direct liquid fuel cells (DLFCs) having a simple design and
cell operation are suitable as an alternative portable energy source. Recently, researchers are
particularly addressing the use of ascorbic acid (AA) as a DLFC fuel because of its natural
abundance and because it produces non-toxic by-products.'*'® Various techniques such as
chromatography,!” HPLC,!®!® spectroscopic,?’ and electrochemical methods®! reportedly
elucidate the catalytic activity of AA oxidation reactions. Because of high sensitivity,
simplicity, and low cost, electrochemical methods are believed to be among the best potential
approaches.?? However, building an energy efficient DLFC, reaction mechanism, and kinetic
order must be considered carefully. In this context, several studies of the reaction
mechanisms of AA oxidation have been documented.”>?° In fact, AA, an influential
antioxidant, is normally oxidized to dehydroascorbic acid (DHA) by the release of two

electrons as shown in Scheme 1.!72*2627 During this electrochemical reaction, DHA opens

Scheme 1. Oxidation of AA.
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its lactone ring. The formation of electro-inactive 2,3-diketogulonic acid?*?>8-30

causes
electrode fouling.?'*? Researchers have used silver metal as an electrochemical catalyst to
overcome this shortcoming.>”

Several reports have described that the carbon-based electrode is quite suitable for AA
electro-oxidation because of its high corrosion-resistance and excellent mechanical
stability.*** Among the various forms of carbon, glassy carbon (GC) has a distinctive
property of combining glassy and Scheme 2. Electroless deposition mechanism of

ceramic properties with those of silver particles onto a GCE.
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This report describes simple electroless deposition of silver particles onto a GCE surface
with no capping agent or external force such as current, pressure, or temperature, as shown
in Scheme 2. In the basic condition, the surface of the glassy carbon electrode (GCE) is

negatively charged. The silver ions move to the GCE surface and reduced to form silver



nanoparticles (AgNPs). These AgNPs are acting as seed and the dendrite nanostructure is a
result of rapid nucleation and growth of AgNPs. This report is the first describing a study of
simple adsorption techniques in the synthesis of the silver dendrite structure on to the GCE
surface. Our silver dendrite was fully grown to have a primary and secondary nanostructure
with leaves. This framework was considerably stable on the GCE surface. It exhibited high
catalytic performance. We also discussed the kinetic reaction pathway of AA oxidation. The

oxidized Ag" promotes AA oxidation and produces oxidized product DHA per the following

reactions.
Ag’ > Agh+e (1)
Agh+ AA— Ag0 + DHA (2)

2. Experimental

2.1 Chemicals and Instruments

Analytical grade AA, AgNOs, sodium chloride (NaCl), disodium hydrogen phosphate
(NaHPOg4), dipotassium hydrogen phosphate (K:HPOs4), sulfuric acid (H2SOs), sodium
hydroxide (NaOH), and hydrochloric acid (HCI) (Fujifilm Wako Pure Chemical Corp.) were
used. Potassium chloride (KCl) was purchased from Kanto Chemical Ltd. Milli-Q™ water
was used to prepare all the necessary solutions. All the experiments were conducted in
phosphate buffer solution (0.1 M PBS) having pH 7, under deaeration and at room

temperature (25°C £0.5°C). The PBS solution was prepared by mixing NaCl (4 g), KC1 (0.1



g), Na,HPO4 (0.72 g) and KoHPO4 (0.12 g) with 500 mL Milli-Q™ water. To control the

solution pH, NaOHaq and HClaq were applied.

2.2 Electroless deposition of silver particles on GCE

After the GCE surface was cleaned by polishing with alumina (0.05 um diameter), it was
sonicated with ethanol and water separately for 10 min. The GCE surface was treated by
potential cycling in argon (Ar) gas saturated 0.1 M H2SO4 from 0 V to +1.0 V at a scan rate
100 mV s! and was dried at room temperature. Next, equal volumes of 0.1 M AgNOs and
0.1 M NaOH solution were taken into a glass cell. The cleaned GCE (¢= 3mm) was then
dipped into the solution without applying voltage. The glass cell was kept for 24 hr at room
temperature under dark conditions. This led to the spontaneous deposition of silver particles
onto the GCE surface. The GCE was then removed from the glass cell and washed several

times with a solution containing ethanol and water (1:1, v/v).

2.3 Characterizations

The silver dendrite structure was observed through a scanning electron microscope (SEM)
coupled with energy dispersive x-ray spectroscopy (EDX, TM3030Plus miniscope; Hitachi
Ltd.) and field-emission scanning electron microscopy (FE-SEM, S4100; Hitachi Ltd.). Also,
x-ray photoelectron spectroscopy (XPS) measurements were taken on a delay-line detector
(DLD) spectrometer (Kratos Axis-Ultra; Kratos Analytical Ltd.) with an Al Ka radiation
source (1486.6 eV). Powder x-ray diffractometer (XRD) patterns were recorded on a fully

automatic horizontal multi-purpose x-ray diffractometer (Rigaku Smartlab; Rigku Corp.) as



a 20 range from 20° to 90°. Electrochemical measurements were taken using a CHI 760
potentiostat. The electrochemical impedance spectra (EIS) were recorded using a
potentiostat (Autolab PGSTST 128N, The Netherlands) in a conventional three-electrode
cell. GCE of 3 mm diameter coated with polychlorotrifluoroethylene was used as a working
electrode. At the same time, Ag/AgCl (sat. KCI) and Pt wire were used respectively as

reference and counter electrodes.

3. Results and Discussion

3.1 Morphological and elemental analysis

Figure 1 displays FE-SEM images of the as-prepared silver nanoparticles deposited on the
GCE surface. Several reports describing the silver dendrite structure have demonstrated the
morphological structure having central trunks combined with secondary branches.?®4
Figure la presents an overall image of electrolessly deposited silver particles on the GCE
surface. The obtained SEM images show that well-dispersed multiple branches of silver
particles were deposited on the GCE having dendrite structure. Figures 1b and 1c revealed
secondary branches of the silver dendrite. Figure 1d shows one part of the full-grown
dendrites. Higher-order branches as leaves were observed with the central trunk and
secondary branches. The scale of the branches was in the range of a hundred nanometers.
The trunk was almost straight, with secondary branches developed at an approximately 60°

angle with respect to the central trunk. This dendrite structure was a result of rapid nucleation

and further growth from AgNPs *> “? shown in Figures le and 1f.
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Figure 1. SEM images of the silver dendrite structure onto the GCE surface (a-f).



EDX technique can reveal the elemental distribution as a 2D map, as shown in Figure 2.
The EDX data show that the dendrite structure comprises silver particles only. The carbon
element is derived from the GCE surface. A small amount of oxygen was detected. XPS is
a suitable technique to distinguish metallic silver and silver oxide. Silver metal has unique
properties: Silver adsorbs oxygen dissociatively instead of forming bulk oxide in the
presence of O; at room temperatures and pressures. Also, metal oxide has higher binding

energy (BE) compared with the metallic state because of the lower valence electron charge

Ag Lal
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Figure 2. EDX data of as synthesized silver dendrite onto the GCE surface.



density.*? Unlike other metals, the silver—silver oxide system has a negative BE shift of metal
cations as the increasing oxidation state.** Figure 3a presents the XPS data of the silver
dendrite structure. Two major peaks were observed at binding energies of 368.1 eV and
374.1 eV, respectively representing Ag®(3ds») and Ag’(3dsr). The difference of binding
energy for the peak splitting was 6 eV, which signifies the metallic silver formation.**
Satellite peaks at binding energy of 371.8 eV further prove the presence of the metallic

silver.** The existence of metallic silver can also be supported by XRD results shown in

Figure 3b.%’
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Figure 3. (a) Ag 3d XPS spectra of silver dendrite on the GCE surface. (b) XRD pattern
of silver dendrite onto the GCE surface.
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3.2. Electrochemical characterization

Figure 4 shows the cyclic voltammograms of 0.1 M PBS at a scan rate of 0.1 V s! using
GCE and silver-deposited GCE between -0.3 and 0.8 V. With reference to Ag/GCE, the
cyclic voltammogram response shows redox peaks. During the positive scan starting from —
0.3 V, silver particles on GCE oxidize at +0.11 V. Also, the oxidized particles revert to the
original state (Ag") during the reverse scan at a potential of —0.06 V. This feature is consistent
with those reported in the literature.*’*® However, such features were absent when a cleaned
GCE alone was used as the working electrode. This observation demonstrates that the
electroless deposition of silver particles onto the GCE surface took place successfully.

Electrochemical impedance spectroscopic (EIS) analysis was conducted next to unveil the

0.2
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Figure 4. Cyclic voltammograms of 0.1M PBS (pH 7.0) using GCE (dotted line) and

Ag/GCE (solid line).
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relative electronic properties of the GCE and Ag/GCE surface. The EIS spectra for AA in
0.1 M PBS (pH 7) are recorded by adjusting the excitation potential of 0.25 V within the
frequency range of 0.1 Hz to 0.1 MHz. Figure 5 portrays complex plane plots recorded with
a bare GCE and a Ag/GCE surface in 0.1 M PBS containing 2.9 mM AA. The complex plane
plots presented in Figure 5 show that a semicircle at the high-frequency region and a diagonal

line with a slope of 45° at low-frequency region appeared in the cases of both electrodes.
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Figure 5. Nyquist plots (a), bode module plots (b) and (c) bode phase plots of 2.9
mM AA in 0.1 M PBS (pH~7.0) at bare GCE and Ag/GCE. The dotted lines
represent experimental data and the solid lines represent fitted data. (inset: relevant

equivalent circuit)
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This observation suggests that a diffusional process was coupled with a charge transfer
process at the lower frequency region. For this process, the equivalent circuit consists of a
series of the solution resistance (Rs), and a parallel combination of charge transfer resistance
(Rct), double-layer capacitance (Car), and Warburg impedance (#).*>* The smaller diameter
of the semicircle in the case of Ag/GCE in contrast to that of bare GCE implies the
enhancement of AA electro-oxidation reactions. However, the Bode module plots shown in
Figure 5b reveal more explicitly about the charge transfer behavior by the two electrodes.
Note that both electrodes exhibited two breakpoints, whereas the breakpoint shown by GCE-
Ag is sharper than that shown by a GCE. In the order of decreasing frequency, two

breakpoints correspond time constants 71, and 72, respectively, defining Rs, R and Cqr as

follows.>!
— 1 _RsRetCar
= w1 Rs+Ret (1)
2= - ReiCal (2)

Omax

It is to denote that the Bode phase plots (see Figure 10c) also express the similar
significance to those of Bode magnitude plots for the simplified Randle’s circuit. The EIS
properties according to the modeled circuit are explained in Table 1. According to the data
provided in the table, the charge transfer resistance (R.;) of Ag/GCE was only about one-
third (4.1 kQ) of that exhibited by bare GCE (12.7 kQ) pertaining to oxidation of AA
molecules. The double-layer capacitance also increased significantly in the case of Ag/GCE
(468 nF) compared to that of bare GCE (221 nF). This result implies the formation of local

charge layers with increasing area at the modified electrode surface as the double layer
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capacitance increases with active area.’> All these observations present a clear indication
that Ag/GCE surface can enhance AA oxidation reactions effectively.

Table 1 Modeled EIS properties of bare GCE and Ag/GCE surfaces

Electrode Rs [Q] Rt [kQ] Ca [nF]
GCE 103 12.7 221
Ag/GCE 113 4.1 468

Condition, 0.1 M PBS (pH 7); 2.9 mM AA; Excitation potential, 0.25 V

Determining the surface concentration of catalytic species is an important
characterization to discuss the relation between the concentration of electro-active material
and electro-catalytic activities. For this purpose, the scan-rate-dependent cyclic
voltammograms of 0.1 M PBS using Ag/GCE were recorded. The surface concentrations of
electroactive species were calculated from the slope of the /, vs. scan rate relation according

to the following equation.>*>*

n2F2vAr
I, = 4RT 3)

Therein, I, is the peak current (LA), I" denotes surface concentration of electroactive species
(mol cm™), n stands for number of electron transfer, F is the Faraday constant (C mol™), v
is the scan rate (mV s™!), 4 represents the electrode area (cm?), R is the gas constant (J K!
mol™), and 7 stands for the temperature (K). The calculated surface coverage from the slope

is 1.5 x 10 mol cm™.
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3.3 Catalytic performance for AA electro-oxidation

To elucidate details of the electrocatalytic oxidation reaction of AA molecules using the
Ag/GCE surface, cyclic voltammograms were recorded under different experimental
conditions. Figure 6a portrays cyclic voltammograms of 2.9 mM AA molecules using
Ag/GCE recorded between -0.3 V and 0.7 V in the presence and absence of AA molecules
in 0.1 M PBS at a scan rate of 50 mV s’!. In the presence of AA molecules, a well-defined
wave attributable to the oxidation reaction appears at +0.20 V. To prove the improved
catalytic ability of AA oxidation reaction, cyclic voltammograms of AA molecules using the
bare GCE were also recorded as shown in Figure 6b. The bare GCE exhibited lower AA
oxidation current than that of the Ag/GCE. This observation is consistent with those obtained
from EIS studies described in the earlier section. Consequently, the voltammetric

investigations were performed using Ag/GCE. Figure 7a presents the concentration (1.47—

0.8 0.8
(a) (b)
0.6 0.6
o o
E 04 £ 04
£ :
0.2 = 0.2
- - / /
(] —_— 0 ———v/
-0.2 -0.2
-0.2 0 0.2 0.4 0.6 -0.2 0 0.2 0.4 0.6
E/V vs. Ag/AgCI (sat. KCI) E /V vs. Ag/AgCI (sat. KCI)

Figure 6. (a) Cyclic voltammograms of Ag/GCE in the absence (blue line) and presence
of 2.9 mM AA (red line) in 0.1 M PBS at pH 7.0. (b) Relative catalytic activity bare GCE

(orange line) and Ag/GCE (green line) for 2.9 mM AA in PBS having pH 7 at 50 mV s™!.
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8.25 mM) effect of AA oxidation reactions using the Ag/GCE at a scan rate of 50 mV s\
With increasing concentration of AA, the oxidation current also increased; also, the peak
potential shifted positively. The current attributable to oxidation of Ag’ particles at +0.11 V
decreased as the AA concentration increased, indicating that AA molecules are adsorbed
onto the electrode surface inhibiting Ag’ oxidation process. Figure 7b presents current
potential behaviors at different scan rates pertaining to oxidation of 2.9 mM AA molecules.
Oxidation peaks of both Ag and AA increased concomitantly with the increasing scan rate.
The value of log peak current (/) varied with log (scan rate) linearly (Figure 8) with a slope
of 0.48, which is close to 0.5, indicating that the AA oxidation at the Ag/GCE surface is
controlled by the solution to the electrode surface mass transfer step.>

However, if the AA oxidation process obeys an ideal irreversible electron transfer, then
the reaction ratio (Q) between I, and C x v'? is expected to remain constant with the scan

rate, according to the following equations 4 and 5.°!

1.2

(b)

500 mV s /-
0.8 ]
10mvst |
0.4 :%
<7

-0.5 -04
0 0.2 04 0.6 0 0.2 0.4 0.6

E /V vs. Ag/AgClI (sat. KCI) E /V vs. Ag/AgCI (sat. KCI)

J/mA cm'2
J/ mAcm™2

Figure 7. (a) Concentration effect of AA at 50 mV s\, (b) Scan rate effect of 2.9 mM AA

in PBS having pH 7 using Ag/GCE catalyst.
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I, = (2.99 x 10°)n A C pY/2D*/?y1/2 4)

Q=—2r 5)
In those equations, C denotes the concentration of AA, and D stands for the diffusion
coefficient of AA. As might be apparent from Figure 9, O shows no constant value at the
lower scan rate. The electron transfer (ET) kinetics is scan-rate-dependent because the
charge transfer coefficient changed with the scan rate. To understand the details of ET
kinetics further, we investigated the effects of AE, (the difference between peak potential

E, and half peak potential £},2) on the scan rate. As shown in Figure 10a, AE,» was observed

15

0.1 0.2 0.3 0.4
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Figure 9. I,/ (C x v'"?) vs scan rate for 2.9 mM AA in PBS having pH 7 using Ag/GCE.
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to shift positively with the increase of the scan rate. The charge transfer coefficient (P) is
expected to remain constant as the function of the scan rate for a straightforward irreversible

oxidation reaction. The relation between B and AE, is definable by the following equation.!

B = 1.86RT
F|Ep—Ep2|

(6)

Results show that that AE,» increased concomitantly with the scan rate (Figure 10a).
Therefore, the charge transfer coefficient (B) value shifts negatively (Figure 10b).
Analytically, B decreased from 0.62 to 0.39 as the scan rate increased from 0.01 to 0.5 V s
!, The charge transfer coefficient higher than 0.5 indicates a step-wise mechanism. Smaller
55,56

values than this indicate that an electron transfer is concerted with a chemical step.

Therefore, we concluded that the electro-oxidation of AA follows a stepwise reaction

-4.2
()

-4.4
2 (]
= -4.6
(=2}
k)

-4.8

-5.0 , : :

1.6 1.2 -0.8 -0.4 0

log (scan rate/ V s'1)

Figure 8. Log (/) vs. log (scan rate) plots. Experimental conditions are the same as those

shown in Figure 7b.

18



mechanism at the slower scan rates (v <0.15 V s™!). A mixed mechanism is followed while
the scan rate was 0.15 V s™!. A concerted mechanism was observed at the faster scan rates
while an AA molecule is converted into DHA species on the Ag/GCE surface. The
intermediate step is the formation of a radical anion by dissociation of one electron.>’ Then
undergoes one-electron oxidation to DHA. In the slow scan, radical formation occurs
followed by a stepwise process. But in the faster scan, this radical formation does not occur
followed by a concerted process. Chronoamperometry is an excellent tool to check the
electrochemical stability of the electrode.’® For stability check of Ag/GCE electrode,
chronoamperometry test was performed for 1000 s applying a working potential of 0.25V (a
potential nearly peak potential of AA oxidation, see Figure 7) is shown in Figure 11. The
modified electrode was stable as there was no sharp change of current. The FE-SEM image
of the Ag/GCE after the chronoamperometry test performed for 1000 s at a peak potential of

AA oxidation is shown in supporting information (Figure S1). The silver dendrite

0.14 0.7
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Figure 10. (a) Dependence of AEp» and (b) corresponding  on scan rate using Ag/GCE.

Experimental conditions are the same as those described for Figure 7b.
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nanostructure was stabled even after the chronoamperometry test. The XPS data of silver
dendrite nanostructure after the chronoamperometry test is exhibited in Figure S2. There was
no change of the two major peaks of Ag’(3ds2) and Ag’(3dsn2) prove that the silver dendrite
nanostructure remained as metallic silver state after the chronoamperometry test. The Open
circuit potential (OCP) for Ag/GCE and GCE is shown in Figure S3. The OCP value is -0.07
and -0.09 for Ag/GCE and GCE respectively. The OCP value of the Ag/GCE shifted to
positive potential indicating that the electrode gets positive behavior, which is indicative of
enhancing the oxidation reaction of AA compared to GCE. The Comparison of catalytic
performance of AA electro-oxidation based on silver modified electrode shown in Table 2.

Table 2 Comparison of catalytic performance of AA electro-oxidation based on the silver
modified electrode

Sensitivity
Electrode Reference
(LA mM! cm™)

Ag/GCE 254.3 This work
Ag/CPE 67.2 39
Ag/CNT-CPE 37.65 34

20
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Figure 11. Chronoamperometry of 4.8 mM of AA at Ag/GCE electrode.

The electron transfer process in the AA oxidation is strongly dependent on the scan speed.
The different electron transfer pathways can elucidate the AA oxidation process broadly.
Because the metallic form of silver dendrite onto GCE improves the catalytic activity of AA
oxidation, silver dendrite modified GCE exhibits good potential for application in an AA

fuel cell.

4. Conclusion

We developed a simple electroless deposition technique for the stable silver dendrite
structure onto a GCE surface. Results of testing demonstrated that the silver dendrite
modified GCE exhibits high catalytic activity for AA oxidation. The surface concentration

of the silver dendrite was 1.5 x 10 mol cm?, which was quite a high value with
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homogeneous coverage. Results of the kinetic study revealed that the oxidation process is a
stepwise process at slower scan rates but concerted at faster scan rates. This new synthetic
method for the silver dendrite form can play a crucially important role in the field of catalysis

and for constructing the AA-based DLFC in the near future.
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