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Electrochemical oxidation of L-ascorbic acid on polycrystalline silver in alkaline aqueous solutions is stud-
ied by cyclic voltammetry (CV), chronoamperometry (CA) and impedance spectroscopy (IS). The anodic
electro-oxidation starts at —500mV versus SCE and shows continued anodic oxidation in the cathodic
half cycle in the CV regime signifying slowly oxidizing adsorbates. Diffusion coefficient of ascorbate ion
measured under both voltammetric regimes is around 1.4 x 10> cm? s~ 1. Impedance spectroscopy mea-
sures the capacitances associated with double layer and adsorption around 50 wFcm~2 and 4 mFcm~—2 as
well as the adsorption and decomposition resistances (rates).

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Direct L-ascorbic acid fuel cells (DAAFCs) were introduced by
Fujiwara et al. [1] to overcome a number of limitations of direct
methanol fuel cells (DMFCs), namely, the large overvoltage toward
the electro-oxidation of methanol [2], large methanol crossover
through the polymer membrane [3] and the toxicity of methanol
and its products, formaldehyde and formic acid, formed in the
course of fuel cell operation.

L-Ascorbic acid, well known as vitamin C, offers some interest-
ing characteristics as a fuel. It is environmentally and biologically
friendly and can be obtained by the fermentation or chemical con-
version of D-glucose [1]. L-Ascorbic acid is a famous reducing agent
and its oxidation does not release any toxic product. In addition, it
is proven that a membrane crossover phenomenon is not a problem
in DAAFCs [4].

Some efforts have been done in order to introduce new anodes
for DAAFCs, including, platinum group metals (PGMs) [4,5], Au [5]
and carbon [5-7]. However due to the high cost of PGMs, discovery
of a new metallic anode for DAAFCs is necessary. The purpose of
this study is to investigate the activity of silver as anode material
for L-ascorbic acid electro-oxidation. Due to the anodic dissolu-
tion of silver in acidic media, all the experiments were carried
out in alkaline solutions. Cyclic voltammetry, chronoamperome-
try and electrochemical impedance spectroscopy were employed
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in this study. Electrocatalytic activity of silver was compared with
the previously studied metallic anodes of DAAFCs [4,5].

2. Experimental

L-Ascorbic acid and sodium hydroxide used in this study were
analytical grade of Merck origin and used without further purifi-
cation. All solutions were prepared by distillated water and were
purged with N, prior to experiments to prevent L-ascorbic acid
oxidation by ambient oxygen. Electrochemical techniques includ-
ing cyclic voltammetry, chronoamperometry, and electrochemical
impedance spectroscopy were employed. All the electrochemi-
cal studies were performed in a conventional three-electrode cell
powered by Voltalab model PGZ100 potentiostat/galvanostat. The
system was run by a PC through VoltaMaster 4 and Zplot/Zview
commercial software. The frequency range of 100 KHz to 1.5 Hz and
the modulation amplitude of 10 mV were employed for impedance
studies. A saturated calomel electrode (SCE) and a Pt foil were used
as the reference and counter electrodes, respectively. Silver foil with
the purity of 99.9% having geometric area of 15 mm? was used as the
working electrode. Silver surface was cleaned with 2-propanol in
order to remove oil and dirt and then rinsed with distillated water.

3. Results and discussion
3.1. Cyclic voltammetry

Typical cyclic voltammogram of silver in 1M NaOH solution,
in the potential range of —1800 to 900 mV versus SCE is shown
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Fig. 1. Cyclic voltammograms on silver electrode in potential range of (a) —1800 to 900 mV, in 1M NaOH, (b) —1800 to 900 mV, in 1M NaOH +0.25M L-ascorbic acid, (c)
—1800 to 0mV, in 1M NaOH +0.25 M L-ascorbic acid, (d) —1800 to 0mV, in NaOH solutions. Potential scan rate is 100 mVs~!.

in Fig. 1a, where potential sweep rate of 100mVs~! has been
employed. This voltammogram is in good agreement with those
reported in the literature [8]. Comparing with the literature, a num-
ber of well defined anodic and cathodic peaks can be identified. The
first small anodic peak (A1) is related to the electrodissolution of
Ag to [Ag(OH),]~ through adsorption of OH~ and desorption and
diffusion of soluble [Ag(OH), ] ~. The anodic peak A2 can be ascribed
to the electroformation of multilayer of Ag,O. This process has been
reported to occur according to:

2Ag + 20H™ < Agy0 + H,0 + 2e~ (1)

The anodic peak A3 is due to the electro-oxidation of Ag,0 and the
formation of AgO according to the overall chemical reaction:

Ag,0 + 20H™ < 2Ag0 + H,0 + 2e~ (2)

The direct electro-oxidation of Ag to AgO may also occur [8] within
the potential range of peak A3:

Ag + 20H™ < AgO + H,0 + 2e- (3)

The existence of anodic peak A4 at the reverse scan in the potential
range of peak A2 could be attributed to continuous nucleation and
growth of Ag,0 film as a result of direct electro-oxidation of Ag
metal. The cathodic peak C1 is due to the electroreduction of AgO
to Ag,0, indicating that the peak is conjugated to the peak A3. The
more negative cathodic peak C2 could be related to the processes
involved in the electro-reduction of Ag, 0 to Ag [8]. Previous studies
[8] also show that if the potential is reversed before any oxidation
peak appears, the reverse potential scan retraces itself and does
not display any cathodic peak, which is confirmed experimentally
(Fig. 1d), indicating that the anode surface is free of any passive
layers. This key point assures us that ascorbate is electro-oxidized
on pure silver surface and not on any of its oxides.

Cyclic voltammogram of silver electrode in 1M NaOH solution
containing 0.25 M L-ascorbic acid in the potential range of —1800 to
900 mV versus SCE is presented in Fig. 1b. The same expected pat-
tern of silver redox processes are accompanied by a new large peak
at —94 mV versus SCE which is due to ascorbate electro-oxidation.
Fig. 1c presents the voltammogram where the anodic half cycle is
terminated at 0 mV versus SCE. The same large anodic peak due to
the oxidation of ascorbate ions appears at —90 mV versus SCE while
in the cathodic half cycle a large anodic peak which is due to the
slowly oxidized surface residues is observed at —60 mV versus SCE.
The pattern is the well known behavior observed in the course of the
electro-oxidation of many organics [9] on a variety of surfaces. No
reduction peak has been observed in reverse potential scan, indicat-
ing the irreversible nature of ascorbate electro-oxidation on silver
electrode.

The onset potential of ascorbate electro-oxidation on silver
anode is —500mV versus SCE which is significantly negative in
comparison to those reported in the literature for other metals.
For instance, it is reported that on Pt, Ru, Rh, Ir, Pd, PtRu, Au and
also glassy carbon electrodes in acidic media, anodic current starts
to increase around 500 mV versus RHE [5] which is nearly 700 mV

higher than that observed in the present work. Also, the anodic
peak current density of ascorbate electro-oxidation obtained in this
study is considerably larger than anodic current density of the same
process on other electrodes at the same L-ascorbic acid concentra-
tions previously reported in the literature [5], confirming superior
electrocatalytic activity of silver metal toward ascorbate electro-
oxidation.

Fig. 2 presents cyclic voltammograms of silver electrode,
recorded in 1 M NaOH solutions containing different concentrations
of L-ascorbic acid, while the variation of peak current with con-
centration is presented in Fig. 3a. A very good linear dependency
below 0.065M has been witnessed. Fig. 3b presents the variation
of anodic peak current against potential sweep rate. Fairly good
linear dependency below 150 mVs~! sweep rates and at the con-
centrations below 0.065 M has been observed. Diffusion coefficient
of ascorbate is calculated through Randles-Sevcik equation [10]:

ip = (2.69 x 10°)n3/2AD1/2C*y1/2 "

where i, is the anodic peak current (A), v is the scan rate (Vs~1),
n is the number of electrons produced in oxidation process, A is
the electrode geometric area (cm?), D is the diffusion coefficient
(cm?s1) and C" is the bulk concentration of electroactive species
(mol cm~3). Similar ranges of potential sweep rates and concentra-
tions as those of this work have been used in the literature [11-14]
in conjunction with Eq. (4) for derivation of diffusion coefficients.
On this basis the diffusion coefficient of ascorbate ion was found to
be 1.4 x 107> cm? s~ 1.

3.2. Chronoamperometry study

Two step chronoamperometry technique has been employed
for the investigation of L-ascorbic acid oxidation process. The
chronoamperograms of silver electrode in the absence (Fig. 4A(a))
and presence of various concentrations of L-ascorbic acid
(Fig. 4A(b-e)) in 1M NaOH at the oxidation potential step of
—100 mV versus SCE and reduction potential step of —900 mV ver-
sus SCE, are presented in Fig. 4A. No current has been observed in
the absence of L-ascorbic acid and in the presence of ascorbate the
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Fig. 2. Cyclic voltammograms on silver electrode in potential range of —1800 to 0,
in 1M NaOH solutions containing (a) 0 M, (b) 0.015M, (c) 0.035 M, (d) 0.065 M, (e)
0.25 M L-ascorbic acid. Potential scan rate is 100 mVs~1.
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Fig. 3. (a) Dependency of the anodic peak current density on L-ascorbic acid concentration (from Fig. 2). (b) Dependency of the anodic peak current density on square root

of potential scan rate. L-Ascorbic acid concentration is 0.01 M.

entire net current is thus due to the oxidation of this entity. The plot
of net current versus t~%5 at 0.15 M L-ascorbic acid solution gives a
straight line (Fig. 4B) which means that Cottrell equation (Eq. (5)) is
obeyed in concentrations under 0.15M of L-ascorbic acid and that
the transient current is controlled by diffusion [9]:

nFAD/2C*
T1/2¢1/2

Ig = (5)
Here, i; is the transient current (A), n is the number of electrons pro-
duced during oxidation process, F is Faraday constant (Cmol-1),
A is the electrode geometric area (cm?), D is the diffusion coeffi-
cient(cm? s~1), C*is the bulk concentrate on of electroactive species
(molcm~3) and t is time (s). The concentration range used in this
work (<0.15 M) is similar to those reported in the literature in such
measurements [ 11-14]. The value of diffusion coefficient derived in
this method was 1.42 x 10-5 cm? s~ and in good agreement with
our CV results. No significant cathodic current is observed when
the electrolysis potential is stepped to —900 V versus SCE indicating
the irreversible nature of the oxidation of ascorbate. The stability
of the system was monitored by running the chronoamperometry
for more extended periods of time where highly stable constant
currents with no signs of instability, oscillation, etc. were observed

(Fig. 5).
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Fig. 4. (A) Double steps chronoamperograms of silver electrode in 1M NaOH solu-
tion containing L-ascorbic acid with different concentrations of 0M (a), 0.1 M (b),
0.15M (c), 0.25M (d), 0.5 M (e), respectively. Potential steps were —300 mV for oxi-
dation and —900 mV for reduction. (B) Plot of net current of chronoamperogram of
silver electrode in 0.15 M L-ascorbic acid versus t=0-3.
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Fig. 5. Double steps chronoamperogram of silver electrode in 1M NaOH +0.15 M L-
ascorbic acid recorded for 2 min. Potential steps were —300 mV for oxidation and
—900mV for reduction.
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Fig. 6. Nyquist diagram of silver electrode in the 1 M NaOH solution. d.c.—potential
is =300 mV versus SCE.
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Fig. 7. Nyquist diagrams of silver electrode in (a) 0.05, (b) 0.15, (c) 0.25, (d) 0.5
L-ascorbic acid and 1M NaOH solutions and the corresponding fitted curves. d.c.
potential is —300 mV versus SCE.
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Table 1

Fit values of the electrical elements in the electrical equivalent circuit presented in Fig. 8 obtained by fitting the complex-plane plots demonstrated in Fig. 6 and the

corresponding relative errors.

Rs (Q71) Rags (271) Qq Ree (Q71) Qqas Cn (M~1)
A(x10% Q-1s%) o A (x103 Q- 1s5%) o
8.243 (1.67%) = 0.40 (2.44%) 0.90 (0.48%) 15313.00 (0.87%) = = 0
4.080 (1.25%) 28.90 (1.27%) 8.21 (0.38%) 0.87 (1.20%) 73.89 (0.71%) 7.04 (3.81%) 0.76 (0.82%) 0.05
4,024 (0.22%) 15.09 (0.37%) 5.50 (0.48%) 0.95 (0.41%) 21.15 (1.40%) 3.48 (2.21%) 0.76 (0.65%) 0.15
4.018 (0.51%) 11.59 (0.61%) 4.92 (0.80%) 0.93 (0.73%) 19.28 (0.41%) 2.61 (1.24%) 0.75 (0.31%) 0.25
4.502 (0.53%) 5.890 (1.75%) 4.81 (1.05%) 0.94 (1.20%) 2.10 (1.91%) 1.95 (1.17%) 0.76 (0.88%) 0.50
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Fig. 8. Bode plot of silver electrode in 1 M NaOH and 0.15 M L-ascorbic acid. d.c. potential is —300 mV versus SCE. Symbols are experimental data and continuous line is fitted

data.
3.3. Electrochemical impedance measurements

Fig. 6 presents the Nyquist plot of silver electrode recorded at
—300mV versus SCE d.c. offset potential, in 1M NaOH solution.
A slightly depressed semicircle signifying double layer capacitor
charging which slightly leaks has been observed. The quantitative
results are presented in Table 1 and are in agreement with the
expectations [15].

The Nyquist diagrams of silver electrode recorded at —300 mV
versus SCE d.c. offset, at various concentrations of L-ascorbic acid
in 1M NaOH solutions, are shown in Fig. 7. These consist of two
slightly depressed semicircles at high and low frequency domains.
The presence of two semicircles in the Nyquist diagrams are con-
firmed by Bode presentation, Fig. 8, which has also been recorded at
—300mV versus SCE and corresponds to the Nyquist plot presented
in Fig. 7b. In this Bode plot, two peaks at 103 and 1.5 Hz frequencies
signifying two time constants are observed.

Fig. 9 presents the equivalent circuit compatible with impedance
results. While R; is the electrolyte resistance, the semicircle in the
low frequency end of the spectrum is associated with the forma-
tion and decomposition of adsorbed layer (charging of Q4 through
the resistance R,y and its discharge via the resistance Ry ). The
semicircle in high frequency side of the spectrum is associated
with interfacial double layer charging and its leak through resis-
tance Ry, for charging the adsorption capacitor and its subsequent

35
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Fig. 9. The equivalent circuit that is used to simulate the electrode processes.

leakage through R.. In the equivalent circuit, ideal capacitors had
to be replaced by constant phase elements (CPEs) to account for
the experimentally observed squashed semicircles [15]. Table 1
presents the results of derivation of equivalent circuit elements
based on a non-linear least square fit at various concentrations
of L-ascorbic acid. Values around 50 wFcm—2 for double layer and
4 mF cm~2 for adsorption capacitances have been found.

The frequency dependence of total impedance can be repre-
sented by Eq. (6):

Ret + Rads[‘1 + A,(jw)a/ Rct]
[1+AG@)*Rags] x [1 +A'(jo)* Ret] + A(jo)* Ree

Z(jw) =Rs + (6)
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Fig. 10. Nyquist diagrams of silver electrode in 0.25 M L-ascorbic acid and 1 M NaOH solution recorded at (a) —100 mV, (b) —300 mV, (c) —350 mV, (d) —390 mV d.c. potentials

versus SCE, and the corresponding fitted curves.
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Table 2

169

Fit values of the electrical elements in the electrical equivalent circuit presented in Fig. 8 obtained by fitting the complex-plane plots demonstrated in Fig. 9 and the

corresponding relative errors.

Rs (271) Rogs (271) Qi Ree (271) Quds Vi (mV)
A(x105 Q-15%) o A (x103 Q-15%) o

5.844 (0.71%) 69.72 (0.67%) 5.14 (0.69%) 0.88 (0.66%) 30.02 (3.47%) 4.38 (5.30%) 0.83 (0.96%) -390

5.860 (1.38%) 23.44 (1.79%) 4.94(2.69%) 0.85 (2.02%) 20.81 (3.04%) 2.86 (2.20%) 0.71 0.33%) 350

4.018 (0.51%) 11.59 (0.61%) 4.42 (2.80%) 0.93 (0.73%) 19.28 (0.41%) 2.13 (4.24%) 0.75 (0.31%) —-300

6.095 (1.49%) 5.07 (113%) 3.82 (3.30%) 0.94 (0.30%) 6.64 (3.14%) 1.63 (4.17%) 0.70 (1.52%) -100

where A and « are related to double layer while A’ and o are adsorp- Acknowledgment

tion CPE parameters. w is the frequency and other symbols have
their usual and mentioned meanings. Fig. 10 presents the Nyquist
plots recorded at different d.c. offset potentials at the L-ascorbic
acid concentration of 0.25 M. Very good fits based on the proposed
equivalent circuit (or Eq. (6)) have been achieved. The results of
derivation of circuit elements are presented in Table 2. Perfectly
justifiable trends as well as good consistencies between the val-
ues in Tables 1 and 2 have been witnessed. Both R’s decrease upon
increasing the anodic potential and reflect the speeding up of both
adsorption and oxidative removal of the adsorbed species. Although
the inverse of the R’s values reflect the rates of the corresponding
processes the derivation of the rates constants requires detailed
knowledge of the mechanism and has not been attempted at this
stage of this study. Adsorption rate seems to be more influenced by
the applied potential, Table 2, and exceeds the rate of the removal of
adsorbed species as the potential is made more anodic. The findings
are in agreement with the pattern observed in cyclic voltammo-
grams (Fig. 2).

4. Conclusions

On the basis of this work it is concluded that: (i) polycrystalline
silver is a good electro-catalyst for the anodic oxidation of ascor-
bate ion with the oxidation onset around —500mV versus SCE,
(ii) the oxidation goes through the formation and decomposition
of adsorbed intermediates and (iii) impedance spectroscopy was
capable of providing the values of double layer and adsorption
capacitances as well as resolving adsorption and decomposition
resistances (rates).

The authors wish to express thanks to the office of vice chancel-
lor of research of Sharif University of Technology for the financial
support.
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