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Voltammetric investigations of mechanistic aspects and estimation of thermo-chemical parameters

of nitrate ion reduction at silver electrode, in alkaline medium are reported. The activation barrier
determined from cyclic voltammetry fits a quadratic relation rather than the expected Butler-
Volmer kinetics. Intrinsic barrier calculations show that the reduction of nitrate ion on silver

follows a concerted mechanism, involving electron transfer initiated bond cleavage, followed by
chemical reaction. The bond dissociation energy for the O-NO, ™ bond was estimated to be
48.40 kcal mol~!, which matches well with the reported value of 47.5 kcal mol™!, determined

from photodissociation experiments.

1. Introduction

The high water solubility of nitrate ions is responsible for its
virtual presence everywhere. Serious clinical symptoms have
been reported to be caused by their ingestion,' > which neces-
sitates effective monitoring and development of sensing tools
for this ion. For its detection and estimation, a series of
methods have been proposed in refs. 4-8. Among them, the
electrochemical methods have proved to be advantageous in
terms of reproducibility, accuracy, time response and durability.’
The voltammetric detection is based on the irreversible two-
electron transfer process shown in eqn (1):!°

O-NO, + 2e + H,0 - NO,™ + 20H" (1)

Using conventional voltammetry,”’12 in combination with

electrochemical scanning tunneling microscopy, surface
enhanced Raman spectroscopy,’> and differential electro-
chemical mass spectrometry,'* it is reported that the nitrate
ion reduction is very sensitive to the solution conditions, pH
and the nature of the electrode material. For example, on
polycrystalline platinum electrode, it proceeds through a dis-
sociative adsorption pathway,'> albeit with slow kinetics.
Similar results have been also reported for palladium electro-
des,'® while on Cu, the reduction is found to be very facile
and proceeds through the formation of NO,  in alkaline
medium.'® Dima er al.'* have reported varying activity of
transition and coinage metals and proposed a probable general
scheme for the nitrate ion reduction process. In general, nitrate
reduction is understood to be a multistep process with the first
electron transfer as the rate determining step.'*'* Among
all the metals studied, silver shows highest sensitivity for
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nitrate ion reduction, and is thus strongly advocated for
their electrochemical sensing.'®!7!® For better understanding
and development of Ag as a nitrate ion sensor, it is of utmost
importance to have knowledge about the mechanism of this
reduction—especially with respect to the rate determining
step. To our knowledge, these aspects have not been con-
sidered so far. Thus, it was of our immense interest to study the
mechanism of this reaction on Ag-electrode, voltammetrically.
With this aim, the kinetic investigations of nitrate ion
reduction in alkaline media were undertaken through cyclic
voltammetry. Our analysis for the first time revealed that the
nitrate ion reduction on Ag follows a dissociative electron
transfer mechanism. Besides, the related calculations led
to the quantification of thermo-chemical parameters, such
as bond dissociation energy of the O-NO,~ bond, which is
otherwise estimated through thermal- and photo-dissociation
measurements. '

2. Experimental

Potassium nitrate and sodium hydroxide were purchased from
Merck. Ag-bulk electrode was prepared by sealing a 2 mm
diameter Ag (99.9%) wire in a glass tube, with the help of
epoxy adhesive. The electrode surface was exposed by grinding
it on emery paper. It was polished with commercially available
silver cleaner, followed by 0.2 pm alumina powder. Ag/AgCl,
KCI1 (3.0 M), and a Pt rod from Metrohm devices were used as
reference and counter electrodes, respectively. Cyclic voltam-
metric (CV) investigations were performed using Metrohm
PGSTAT 100 POTENTIOSTAT/GALVANOSTAT in a
three-electrode setup. All the measurements were performed
under an argon atmosphere. Prior to measurements, the Ag
electrode was electrochemically activated by cycling the
potential twenty times (scan rate 1 V s™!) in the potential
range —1.3 to 1.0 V, followed by ten potential steps
(of 1 s duration) in increasing order of potential, ranging from
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—0.25t0 0.9 Vin 2.0 M NaOH. CVs used for analysis were
background corrected for the charging current. In view of the
reported complications observed during nitrate ion reduction
at Ag-electrode,'” every scan used for the analysis was re-
corded on a freshly polished and electrochemically cleaned
electrode surface. All the measurements were carried out in
thermostatted condition at 298 + 0.1 K.

3. Results and discussion

A typical CV recorded using the Ag electrode in 10 mM KNO;3
and 2 M NaOH (pH = 12) at the scan rate of 10 mV s~ ' is
shown in Fig. 1. High pH helps to shift hydrogen evolution
towards more negative potential in comparison to the nitrate
ion reduction. A cathodic peak at —0.94 V is assigned to the
reduction of nitrate ions. The linear relationship between i,
and the square root of scan rate (+'/%) (Fig. 1, inset) indicates
that the process is diffusion controlled.?® The scan rate depen-
dent shift in peak potential (E,), as shown in Fig. 2, is
attributed to the irreversibility in the electron transfer process.
The magnitude of E, — E,, was in the range 47 to 96 mV,
which is an indication of electron transfer being the rate
determining step.?! Interestingly, ip/z/”2 (Fig. 3) and E, —
Ey» (Table 1) were found to be scan rate dependent. Addi-
tionally, peak broadening with increase in scan rate is ob-
served (Fig. 2). Prima facie, both these observations could
be attributed to the uncompensated iR drop and charging
current contributions. However, the electrolyte used was
highly conducting and moreover, we had subtracted back-
ground charging current. Therefore, the contributions of iR
drop and the capacitance are ruled out. Thus, the shift in
the potential and E, — E;, with the scan rate are attributed
to the potential dependent electron transfer coefficient (o)
for the reaction® and nitrate ion reduction does not follow
a normal Butler-Volmer kinetics. Since the i, vs. V' plot
shows that the process is diffusion controlled, it also suggests
that the potential dependent free energy of activation for the
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Fig. 2 Cyclic voltammograms recorded on Ag electrode in 10 mM
KNOj; and 2 M NaOH, at varying scan rates from 10 to 500 mV s~ .
Inset shows peak potential vs. scan rate, which indicates that the
reduction is irreversible.
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Fig. 3 il[,/ul"2 vs. scan rate for NO;3 reduction on Ag electrode in
alkaline medium, indicating a deviation from Butler-Volmer kinetics.

Table 1 Analysis of cyclic voltammetric (CV) data obtained for
nitrate ion reduction (10 mM) at an Ag electrode in 2 M NaOH at

0.0 298 K

-2.0x10°; - AG
Scan rate/V s~ 10°,/A  Ey/V (E, — Eyp)/V kcal mol™

-4.0x10° s0x10°4 0.01 0.891  —0.944 0.060 19.97

sonto’] 0.02 1.40 ~0.920  0.065 19.56

< ¢ 0x10°A 0.04 2.01 ~0.926 0.072 19.66

- < s0x10'] 0.08 2.70 —0.932  0.078 19.77

5 - 0.1 2.80 —~0.934  0.083 19.80

-8.0x10™ 201079 0.2 3.74 ~0.944  0.085 19.97

10610"Y 0.3 427 —0.948  0.087 20.04

1.0x10™- ] 0.4 4.77 ~0.958  0.089 20.22

Y 0.5 5.03 ~0.962  0.094 20.28

-1.2x10* :

44 12 40 -08 06 -04 -02
E/V vs Ag/AgCl, (3.0 N KCI)

Fig. 1 Typical cyclic voltammogram recorded on Ag electrode in
10 mM KNO; and 2 M NaOH, at a scan rate of 10 mV s~'. Inset
shows a linear fit of the peak current (i,) vs. square root of scan rate
('), which indicates diffusion controlled reaction.

reaction is a quadratic function of electrode potential, as per
eqn (2):%

AG° \?
AGH = AG} (1+4AG61) (2)
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where,
AG® = F(E — E”) 3)

in which E°’ is the formal potential for overall reaction and
has a value of 0.01 V** and AG,*, is the intrinsic energy barrier
for the reduction reaction.

The potential dependent rate constant (k(E)) is given by

eqn (4):
k(E) = Z.exp Fﬁgl 4)

where, Z (= (RT/2nM)"?, M is the molecular mass of NO; ") =
2521.79 em s~ .

Such dissociative redox reactions initiated with electron
transfer can occur through two plausible mechanisms, namely
stepwise (eqn (5) and (6)) and concerted (eqn (7)):

A-B+e — A-B 5)
A-B*~ - A*-B~ (6)
A-B+e — A* + B~ (7)

Products formed through both these mechanisms can un-
dergo further electron transfer or chemical reactions, which
affect the thermodynamic and kinetic aspects of the overall
process. Theory as well as experimental predictions associated
with these mechanisms for alkyl halides,>® peroxides®**® and
other analytes>”?® have been well documented in the literature.
The two mechanisms can be differentiated on the basis of
difference in the value of intrinsic energy barrier, as given
below (eqn (8) and (9)):

Ao+ i

AG }(stepwise) = ) (8)

/ /i + BDFE
AG }(concerted) = % 9)
where, BDFE is the bond dissociation free energy, and Ao, the
solvent reorganization energy, which is calculated through the
Marcus equation (10):

e 1 1
A= ——— 1
0 8meya, <£O ss) (10)

Here, &, and & are the optical and static dielectric constants of
the solvent, respectively and a,, the effective radius of the
analyte, which is calculated using eqn (11):

) _
o = an (M) ()
aAB
where aap = ano; = 2.64 A and ag = ao- = 1.76 A are as

reported previously.”® 4; is regarded as the internal reorgani-
zation energy and can be neglected due to its comparatively
small magnitude. 1o was calculated using reported values for
optical and static dielectric constants for water.’® Use of
convolutive analysis of CVs has been reported for the calcula-
tion of intrinsic barriers and other mechanistic details of such
electron transfer reactions. Though, the method has many
advantages, its use is limited due to the requirement of
information regarding the double layer structure. Except for

mercury, such information is not available for other metal
electrodes. We used another simple approach for calculation
of the barrier using cyclic voltammetry, without any convolu-
tion analysis, which is as follows.

The free energy of activation at peak potentials obtained in
cyclic voltammograms is given by eqn (12):%!

RT

Knowing the value of « calculated from E}, — E,», where E,,
is the peak potential and E;, is the potential where the current
is at half the peak value (Table 1), through eqn (13):2°

1.86RT )

o= (i
FIE, — Eyl

_RT

AG 7

(12)

(13)

and D (1.9 x 107> cm? s™'), AGp! values for the various scan
rates were calculated. These values were substituted in eqn (2)
and the resulting quadratic equation was solved for AG,* with
the help of the FORTRAN program, written specifically for
this purpose. Among the two roots obtained, the negative root
was not considered as the value emerged out to be less than
that obtained from eqn (8), which is the bare minimum value
expected for the overall reaction. The positive root, gives a
value of AG,* much greater than that expected for a stepwise
mechanism (eqn (5) and (6)) and hence negating the possibility
that the reduction follows a stepwise mechanism. Therefore,
the reaction occurring through the concerted mechanism as
shown in eqn (7) is inferred. Preference of a concerted
mechanism over a stepwise one is also realized by considering
the resonance structure of nitrate ion and the nitrite ion as
against the open shell structure of NO;*>* "—an intermediate
which would be formed in a stepwise mechanism.

The bond dissociation energy was calculated by substituting
the value of AG,' (from the above procedure) and A,
(from eqn (10)) in eqn (9) and found to be ca. 48.4 kcal mol ™',
which matches well with the value of 47.5 kcal mol ™!, reported
from photodissociation measurements.'® The small difference
is attributed to the neglecting the value of /; in the calculations
as a first approximation.

Based on our experimental findings and earlier re-
ports,' 14323 we conclude that, electron transfer to the
nitrate ion is the rate determining step, similar to the process
reported for Cu, and following the overall reaction scheme
given by eqn (14) and (15):

NO3;™ + e7 - NO,” + O° (rate determining step) (14)
O +¢ + H,O - 20H" (15)

Results published recently by Broder ef al.** also suggest the
formation of O®™ as an intermediate in reduction of nitrate ion
at Pt electrode in room-temperature ionic liquids.

4. Conclusion

For the first time, we have used a simple procedure for
analyzing the cyclic voltammetric data for nitrate ion reduc-
tion at a silver electrode. Data fits very well in the dissociative
electron transfer concerted mechanism. Besides, the value of
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the bond dissociation energy, ca. 48.4 kcal mol™!, calculated
from these investigations, matches with 47.5 kcal mol~! the
value obtained from photodissociation measurements. This
knowledge of mechanistic and thermo-chemical parameters is
believed to be useful in designing Ag electrodes as nitrate ion
Sensors.
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