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Abstract
Although hydrazine (N,H,4) oxidation in an electrochemical environment has been of
great interest for years its intrinsic electron transfer kinetics remain uncertain. We
report that the phenomenological Butler-Volmer (BV) theory is not appropriate for
interpreting the process of hydrazine oxidation for which an astonishingly wide range
of transfer coefficients, Tafel slopes and diffusion coefficient have been previously
reported. Rather Tafel analysis for voltammetry recorded at Glassy Carbon (GC)
electrodes reveals a strong potential dependence of the anodic transfer coefficient,
consistent with the symmetric Marcus-Hush (sMH) theory. According to the

AFE, F
> : —EE , the reorganization energy (0.35 = 0.07 eV) and an

relationship S =

approximate formal potential of the rate-determining first electron transfer were

successfully extracted from the voltammetric responses.

Keywords: Hydrazine; Electrode kinetics; Transfer coefficient; Butler-Volmer theory;

Marcus-Hush theory
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1. Introduction

Whilst the chemical oxidation of hydrazine, N,Hy, historically helped to launch the V-
2 rockets developed in Peenemunde by Wernher von Braun[ 1], the electro-oxidation of
hydrazine has considerable modern interest in the form of a valuable anodic reaction
for use in some practical fuel cells[2-4]. Accordingly, the latter has received extensive
attention especially from the applications perspective. Of underpinning fundamental
interest and importance is the rate of the heterogeneous electron transfer involved in
the electro-oxidation, thought to display a high over-potential, and hence
electrochemically irreversible kinetics implying that the latter are slow compared to
prevailing rates of mass transport on many electrodes made of diverse materials. This
has led to the design and use of surfaces that catalyse the oxidation notably through the
adsorptive stabilisation of reactive intermediates on the formation of di-nitrogen from
hydrazine, involving the loss of four electrons and four protons from the latter.

In this context it is of interest to consider the intrinsic electron transfer behaviour of
N,H, on surfaces where adsorption effects are reported to be minimal[5]. Accordingly,
we have investigated the electron transfer kinetics of hydrazine at carbon electrodes as
an essential prerequisite underpinning any mechanistic study of active electro-catalysts.
The oxidation of hydrazine at carbon electrodes has mostly, been studied from the
perspective of developing the chemical sensors demanded by society because of the
high toxicity of hydrazine and where amperometric approaches to sensing are sought
for reasons for sensitivity and cost effectiveness[6, 7].

Hydrazine is protonated in aqueous solution at pH values below ca. 8 since the pK, is
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reported as 8.1 at 25 °C[8-10] where the electrochemical oxidation likely requires
deprotonation to take place in a chemical step preceding the electron transfer. As the

first electron transfer is rate-determining[11, 12], the reaction mechanism is generally

given as
N,H: =—=N,H,+H" (1)
N,H, — s N.H," +e 2)
N,H}— L s N, +4H* +3e (3)

and in which the chemical step contributes additional over-potential to the electrode
process and in which the possibility of concerted electron and proton transfer cannot be
excluded.

Accordingly, for electrochemical applications hydrazine is generally used and studied
under conditions of high pH where it is deprotonated in bulk solution. Perusal of the
literature[13-15] shows that on Glassy Carbon (GC) whilst clearly defined and
reproducible voltammetric oxidation waves are seen they have a characteristically
exceptionally ‘drawn out’ shape even beyond that expected for a typical
electrochemically highly irreversible process. Moreover, the literature shows a startling
and unusual diversity of values reported for the diffusion coefficient of hydrazine when
measured electrochemically and typically inferred from the magnitude of the
voltammetric currents flowing. Table S1 in the SI Section 1 summarises some of the
reported values, which span the range from 7.82 x 107 to 4.10 x 10~ cm?/s much greater
than typically expected for quantitative electrochemistry.

Hitherto the voltammetry of hydrazine, as often attempted, has been interpreted as a 4-
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electron oxidation in which the first electron transfer is slow and rate-determining and
governed by phenomenological Butler-Volmer (BV) kinetics[16] usually with a
transfer coefficient below the value of 0.5 although Table S1 shows a wide range of
reported values. However in this paper we show that analysis of the measured
voltammetric wave-shapes reveals a strong potential dependence of the observed
anodic transfer coefficient with the value decreasing linearly with increasingly positive
overpotential. Accordingly the data is further and successfully analysed using Marcus-
Hush (MH) theory[17, 18] revealing a rather low value for the re-organisation energy
associated with the first electron transfer as compared to many in the literature. Whilst
the equivalence - and hence indistinguishability - of BV and MH theories of electron
transfer from solution phase species is established for large reorganisation energies
significant differences can appear for lower values[19]. Under the latter conditions a
reduced limiting current governed by the rate of electron transfer kinetics and not the
rate of diffusion is seen at microelectrodes[19]; in the present work an analogous
observation is made in respect of the voltammetric peak currents resulting from the
oxidation of hydrazine at carbon macro-electrodes and the results quantified. These
observations may explain the varying diffusion coefficients (and Tafel slopes) reported
in the literature (see Table S1) as well as explaining the intrinsically slow kinetics of
hydrazine oxidation in the absence of adsorptive catalysis.

2. Experimental

Chemicals

Potassium monohydrogen phosphate (K,HPO,, 98%), potassium dihydrogen phosphate
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(KH,POy4, 99%), potassium chloride (KCI, 99%), potassium hydroxide (KOH, 85%)
and hydrazine (N,H4, 99%) were obtained from Sigma-Aldrich and used without
further purification. Phosphate buffer solutions (PBS) of different concentrations (0.1,
0.3 and 0.5 M) were prepared by mixing aqueous K,;HPO, and KH,PO, solutions.
Nitrogen gas (N;) was supplied from BOC, U.K. All solutions were prepared with
deionised water of resistivity 18.2 MQ cm (25 °C, Millipore).

Cyclic voltammetry of hydrazine oxidation at a GC electrode

A three-electrode system in a Faraday cage was employed for cyclic voltammetry (CV)
experiments at 25 °C, measured using a pAutolab II potentiostat (Metrohm-Autolab
BV, Netherlands). The working electrode was a GC electrode of diameter 3 mm (CH
Instruments Inc., USA), which was polished with alumina slurries of decreasing particle
sizes: 1.0, 0.3 and 0.05 pm (Buehler Ltd., USA) before use. The reference electrode
was a standard saturated calomel electrode SCE (BASi Inc., Japan) and the counter
electrode was a graphite rod of diameter 6 mm (Sigma-Aldrich Ltd., UK). The aqueous
electrolyte used was 1.5 mM N,H, supported by 0.1 M PBS (pH 9). Before the
electrochemical measurement, the electrolyte was thoroughly out-gassed and saturated
with high-purity N, for 15 mins to remove the dissolved O, fully and then maintained
under a N, atmosphere during the measurement. The control experiment was conducted
without N Hy. A series of analogous experiments were conducted in various supporting
electrolytes (0.3 M PBS, 0.5 M PBS as well as 0.5 M PBS with the addition of 0.2 M
KCI) at pH 9.

3. Theory
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Heterogeneous electron transfer processes in electrochemistry are typically interpreted
in terms of the Butler-Volmer[20, 21] and/or Marcus-Hush (symmetric and
asymmetric)[18, 19, 22] models. These are summarised in the following before
subsequently being applied to hydrazine oxidation.
The rate of an interfacial electrochemical reaction can be expressed as:
j= k(n) [reactant]z (4)
where j is the flux of reactant undergoing electrolysis, n the order of the reactant
and [reactant] , the surface concentration of the reactant.
For a one-electron redox reaction
A—e#B (5)
where k, and £k, aretherate constants for the oxidation and reduction respectively.
Thus, the flux can be written for the net process:
J =k, [A]o — Ko [B]o (6)
where [A] and [B], are the surface concentrations of the species A and B
respectively. The rate constants can be described by either the phenomenological
Butler-Volmer equation or the microscopic Marcus-Hush approach as summarised
below.
The Butler-Volmer (BV) model
The best established theoretical model is the phenomenological Butler-Volmer (BV)
theory, developed independently by Butler and by Volmer in the early 1930s[23, 24].
The commonly adopted BV formalism, and applied to countless redox systems, is

parameterised in terms of the standard heterogeneous rate constant (%, ), the formal
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potential (E‘?) and the transfer coefficients (¢ and ) that typically take potential-
independent values close to 0.5, for a simple one-electron transfer process. Thus, the
well-known expressions based on BV for the reductive and oxidative rate constants
(k27 k") are given by:

aF

k2" =k, ex
red 0 p_ RT

< (pg) %)

kffzkoexp ii (E- E°) (8)

where F’is the Faraday constant, R the gas constant, 7 the absolute temperature
and E the applied potential.
However, the macroscopic BV model is of limited use for prediction due to its

empiricism, notwithstanding its easy implementation and ubiquity of application

especially in terms of parameterising voltammetry. On one hand, the transfer coefficient,

indicating the ‘position’ of the transition state as ‘reactant-like’ or ‘product-like’[25,
26], is not quantitative but qualitative, which precludes further physical insight into the
molecular process under study. On the other, the electron transfer rate constant
increases exponentially with the over-potential boundlessly - a prediction that deviates
from experimental observations. The latter can reflect both diffusional limitation of the
surface concentrations leading to apparent deviations and/or also, most importantly, a
genuine potential dependence of the transfer coefficient as best seen for surface bound
species where diffusional effects do not operate as well as limitations resulting from
finite electron transfer kinetics even at high over-potentials. The latter requires the

adoption of Marcus-Hush kinetics.
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The Marcus-Hush (MH) model

In the 1950s, Marcus[27] developed his famous microscopic model for the analysis of
electron transfer kinetics in outer-sphere homogeneous reactions, where the molecular
nature of the system was characterized in terms of the reorganization energy (A ) and
the reaction Gibbs energy change (AG). The reorganization energy is defined as the
Gibbs energy required to distort the atomic positions of the reactant molecule and its
solvation shell to those of the product in its relaxed nuclear configuration[28]. It is
reflected in intramolecular vibrations leading to changes in bond lengths and angles
(the inner-sphere reorganization energy, A.) as well as the changes in the polarization
of solvent molecules (the outer-sphere reorganization energy, A, ).

The Marcus theory was developed and extended by Hush especially from a chemical
perspective[29, 30], whilst in the 1990s, Chidsey’s work[17] clarified the symmetry
and thermodynamic consistency of the Marcus-Hush model, conditional on the metal
electrode having a continuum of electronic states. Thus, the well-known symmetric
Marcus-Hush (sMH) model was established and widely employed, assuming the Gibbs
energy parabolae of the reductants and oxidants to have equal curvature. Hence, the
Gibbs energy of activation, AG' is given by:

. (A+AG)

VI )

The electrons in the electrode are thought to form a continuum of states (&) in the
heterogeneous electron transfer reactions in accordance with the Fermi-Dirac
distribution. The electrochemical rate constants based on sMH (k™ ka) are given

red °

by:
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St (1, A)
kMH =k red 10
red 0 Smd (O,A) ( )
k;‘;IH =k0 Sax (U’A) (11)
S(,X(O,A)

where £ is dependent on the standard rate constant &, , the dimensionless potential

red/ox

17 as well as the dimensionless reorganization A,and S, . (7,A) are integrals:

weXp| —AG! 0 (X)/ RT
L

and where AG], ... (x) is the activation Gibbs energy of the electro-

reduction/oxidation process for each electronic level:

AGH ?
AG) et _ A (1 iﬂ_ﬂj (13)
RT 4 A
where
F 0
UZE(E_EJ‘) (14
F
F 15
RT( ) (15)
F
At 16
RT 1

The upper signin m or + involved in the above formulas refers to reduction, while
the lower one refers to oxidation.

The sMH model, unlike the BV theory predicts a potential dependence of the transfer
coefficient leading to curved Tafel plots[31-33]. The predictions can be linked to the
BV theory as follows. From the analysis of the electrochemically irreversible Butler-

Volmer kinetics for an oxidation process,
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RT Ol|I,| RT Olnk;”
p=—m = a7
F OF F OF
where according to the Arrhenius equation,
:
el =Aexp(—%j (18)

in which A4 is the pre-exponential factor.

Together with Eq. (9), the link between Butler-Volmer kinetics and symmetric Marcus-

Hush theory is given by:
1 AG
=—|1+— 19
p 5 [ F J (19)
where for the electrode process,
AG=-F(E-E}) (20)
Hence,
A+FE’ |
= L -—F 1)
24 24

This relationship in principle enables the extraction of values for A4 and E? from
experimental voltammograms[34]. Note that Eq. (19) is derived assuming the
symmetric form of the MH theory which is reflected in the limiting value of 0.5 for the
transfer coefficient as the reorganization energy increases to a large value or when
E= E? .

Hitherto, numerous systems have been successfully interpreted by the sMH model[17,
35-37] and surface bound couples in particular. The application for solution phase
processes is more limited largely since diffusional effects take over with increasing

over-potential before significant Marcusian behaviour becomes apparent. Accordingly
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the difference between sSsMH and BV theory is not great although often BV gives a
slightly better fit with experiment[38-41]. However if the assumption that the reactant
and product Gibbs energy parabolae have the same curvature is relaxed - leading to
asymmetric MH (aMH) theory then the superiority of the latter is apparent[22, 42].
Modelling of voltammetry

We next see how the different theories are reflected in predicted voltammograms
recorded at macro-electrodes. It is assumed that the following is limited to diffusion-
controlled charge transfer processes so giving the transport equations for the species A

and B according to Fick’s law:

ol4]_,, 214] o)
ot 1 ox?
o[8]_, 2'[7] o)
ot Poox?

where [A4] and [B] are the concentrations of A and B respectively, D, and D,
the diffusion coefficients of A and B respectively, ¢ the time and x the distance
normal to the electrode.

Digisim[43], a commercial finite difference based simulation software, was employed
for modelling the cyclic voltammetry. This is based on the symmetric Marcus-Hush
theory. Our aim was to explore the extent to which the peak current in cyclic
voltammetry might be limited by finite electron transfer kinetics in the same way that
micro-disc limiting currents can be so influenced[19]. The one-electron redox reaction
(A—e=B) is considered to take place at the surface of a planar macrodisc electrode

(diameter: 3.0 mm), where the mass-transport limited flux is mainly contributed by
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linear diffusion. The concentrations [A] and [B] were set as 1.5 mM and 0
respectively, and the diffusion coefficients D, and D, were both 1 x 10~ cm?/s. A
value for the formal potential E? of 0 was assumed and a value of 1 eV for the
reorganization energy A .
Figure 1 shows the effect of changing the electrochemical rate constant k, keeping
the other parameters. For fast k&, the electrochemically reversible limit is reached with
a peak current consistent with the Randles-Sevcik equation:
I,=2.69x10°S[4]D,"*v"* (24)
where given the geometric area S of the electrode and the applied scan rate v, the
peak current 7, only depends on the bulk concentration and diffusional properties of
the reactant. Moreover the peak-to-peak potential separation of 57 mV observed is
again consistent with the established analytical theory[44, 45]. On decreasing the value
of k, the wave becomes irreversible and the peak current decreases with the forward

peak shifting anodically as over-potential develops.

20+ La—ke=10" &1 & 10 cm/s
[\ Kko=102 cm/s
=~ k=10 cm/s

- k,=10" cm/s

104

|/ uA

-1.0 -05 0.0 05 1.0
E/V

Figure 1. Theoretical voltammetry of the oxidation of A to B at a planar macrodisc electrode

(diameter: 3 mm) using symmetric Marcus-Hush model for studying the effect of ko . Parameters:

EO

7 =0 A =1eV: ky=10%10% .. 10cm/s; [A] =1.5mMand [B] =0; D, = D, =
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1 x10% cm?/s; v =50 mV/s.

Next the effect of the reorganization energy A on the typical cyclic voltammetry was
studied. Figure 2 shows how the voltammetry responds to different values of the
reorganization energy, 4 =0.2, 0.4 and 1 eV, for various values of k, in the range
10 to 10 cm/s. In general it is apparent that for low k,, A has the same influence on
both oxidative and reductive peaks which are decreased in size significantly and
broadened with a decrease of A. This reflects the asymptotic behaviour of sMH
kinetics that as A decreases, the rate constants tends to level off at smaller
overpotentials and give rise to smaller limiting current values[46]. For a fixed

reorganization energy an increase in k, causes the voltammetric shape to become

increasingly independent of A, as the system becomes electrochemically reversible.

" 20
(@ ) ] k=10° omvs © k=107 emss () k=10" & 1 8 10 omis
| —x0zev —— =02V 207 =02 eV]
1o 04 eV =04 eV ey
1 — =tV 101 ——h=tev
< 4
T

4
= 1 —

0

k=10 cris
—A=0.2eV|
1 ——A=04eV
—— k=T eV

1/ uA

54

]
104
]

_— v .
00 0.5 1.0 -1.0 -05 oo 0.5 1.0 -1.0 -0.5 00 0.5 10
E/V E/V E/V

10 05

Figure 2. Theoretical voltammetry of the oxidation of A to B at a planar macrodisc electrode

(diameter: 3 mm) using symmetric Marcus-Hush model for studying the effect of A . Parameters:

EO

;=0 A =02,04and 1eV; [A] = 1.5 mM and [B] =0; D, = D; =1x10° cm?s;

v =50mV/s; k, =(a) 104, (b) 103, (c) 102, (d) 10!, 1 and 10 cmys.

Then the disparity between the sSMH and BV models in the variation of A with E
was explored. Figure 3a presents the simulated voltammograms for the fully
irreversible limit based on the BV (dotted) and sMH (dashed: 4 = 0.5 eV and solid:
A =1 ¢eV) models with identical parameters, respectively, except for the choice of the

reorganization energy and the transfer coefficient. The values of 1 eV and 0.5 were
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selected for comparison. The analysis over the current range of 1% to 99% of the peak
current, namely the highlighted red parts of the figure, was conducted to give a plot of
B with E as shown in Figure 3b, where B was obtained from the derivative of

) ) RT dInl
In/ with E according to f=— n
F dE

. For BV, at very low currents, the

measured anodic transfer coefficient B approaches the input value of 0.5 in the case
of BV kinetics and the expected limit for sMH kinetics. A gradual deviation from the
limit of 0.5 with the rise of overpotential is seen, especially from 0.3 to 0.45 V, on
account of the depletion of the reactant at the electrode surface, reflecting an increasing
mass transport effect. Hence, for practical analysis, usually the 10%~30% of the peak
current is taken for Tafel analysis where the mass transport effect is minimal compared
to the electrode kinetics since the diffusion layer is thin. Close to the peak current, S
approaches zero. For sMH (both 4 = 0.5 and 1 eV), B was observed to decrease
almost linearly with the increasingly positive overpotential, even under conditions
where diffusional effects are expected to be negligible (on the basis of the BV
simulations) in accordance with the linear relationship described in Eq. (21). This

observation contrasts markedly from the BV model for a fully irreversible process.

0.5 1
— — sMH-A=05eV — — sMH-1=05¢eV
sMH-%.=1.0eV sMH-A=10eV

(a) --- BV-p=05 R (b) ‘ BV-B=05

0.4 4

0.3 1

|/ pA

0.2+

0.1

0.0

-10 T T T 1 T T T T T T T 1
-1.0 -0.5 0.0 0.5 1.0 0.1 0.2 03 04 05 06 07 08

E/V E/V

Figure 3. (a) Theoretical voltammetry of the oxidation of A to B at a planar macrodisc electrode
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(diameter: 3 mm) for studying the variation of B with E in the fully irreversible limit using the
Butler-Volmer model with £ = 0.5 (dotted) and symmetric Marcus-Hush model with A =05
(dashed) and 1 eV (solid). (b) Plot of B versus E analysed from the highlighted red parts of the
voltammograms. Parameters: E? =0; ko =10"° cm/s; [A] = 1.5 mM and [B] =0; DA =
Dy =1x105cm¥s; v =50mVi/s.

4. Results and discussion

The electro-oxidation of hydrazine (N,H,4) was studied via cyclic voltammetry (CV) at
a Glassy Carbon electrode to probe the intrinsic electron transfer kinetics of hydrazine.
Figure 4a presents the voltammograms obtained at 50 mV/s in a 1.5 mM aqueous
solution of N,H, supported by 0.1 M PBS (pH 9). A fully irreversible wave with a
peculiarly elongated shape was observed in the presence of N,H, (solid) at 0.68 V vs
SCE corresponding to four-electron hydrazine oxidation[5, 47], whereas no
voltammetric features were shown in the absence of N,H, (dashed). The effect of scan
rate was investigated where an increase in the oxidative peak current was observed as
shown in Figure 4b. The inset clearly indicates that the corresponding peak current was
in direct proportion to the square root of scan rate, suggesting a diffusion-controlled

Process.
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(a) 50 mV/s
30

(b) D iryon

90 60

204 0 /
00 01 02 03 04 05 06 07 /
Sqrt scan rate / (V s')1? /

I/ uA
Ty

—

T
02 00 02 04 08 08 10 02 00 02 04 06 08 10
E/V E/V

Figure 4. (a) Voltammograms on a GC electrode at 50 mV/s in 0.1 M PBS (pH 9) with 1.5 M
hydrazine (solid) and without hydrazine (dashed). (b) Voltammograms recorded at different scan

rates of 25, 50, 100, 200 and 400 mV/s (from a to e). The start of the voltammetric scans is indicated.

Tafel analysis was then applied for further exploring the electron transfer kinetics of
the hydrazine oxidation. The region from 10% to 30% of the peak current was taken for
analysis in order to avoid any influence from background currents (especially at very
low overpotentials) or reactant depletion effects due to the limitation of mass

transport.[48]. The local Tafel slopes at each potential were found by evaluating the

RT 0In|l
0

derivative =—
P F

. The Tafel plots (black) and the part of the voltammogram

selected for fitting (red) for each scan rate are shown in Figure 5 where the anodic
transfer coefficient B was observed to be strongly dependent on the potential £ in
a linearly negative relationship. This is exactly consistent with the symmetric Marcus-
Hush (sMH) theory as depicted in Figure 3. Table 1 shows the evaluation of the formal
potential and the reorganization energy for each of the scan rates studied. There is no
systematic variation with scan rate of either parameter, thus A4 is ca. 0.35 eV and Ej(,’
is ca. 0.14 V, consistent with the absence of concentration depletion effects. Analogous

experiments were conducted for different concentrations of hydrazine, for different
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buffer capacities and for different levels of supporting electrolytes as summarised in
Table 2 where again a potential dependent transfer coefficient and a similar

reorganization energy was observed.

(a) 0% 2B miis (1)
——y=-155x+073

R?=0.98

400 mVis
y=-168%+079)
R?=085

somys (2 237 100 mVis (g) 200 mvis (8) 04
0T | —y=-135:+088 o ——y=-1.08x+ 060
R%=0.00 R'=088 Ri=091

o o3 0% 03 0% 03 038 030 032 oM 03 034 0 0z 01 03 03 o0l 03
E/VvsSCE E/VvsSCE E/Vvs SCE

26 028 030 032
E/Vvs SCE

Figure 5. Plots of the measured anodic transfer coefficient A and the potential E in the range

from 10% to 30% of the voltammetric peak current.

Table 1 Measured values of reorganization energy and formal potential for hydrazine oxidation at
each scan rate on 0.1 M PBS

v/mV s! 25 50 100 200 400 Average
A/eV 0.32 0.32 0.37 0.46 0.30 0.35+0.07
EL/V 0.15 0.14 0.13 0.09 0.17 0.14 £0.03

Table 2 Measured average values of reorganization energy and formal potential for hydrazine
oxidation in various electrolytes

Electrolyte Initial concentration of N,H, / mM AleV EL/V
0.1 M PBS 1.5 0.35+£0.07 0.14+0.03
0.3 M PBS 1 0.44+0.08 0.10+£0.04
0.5 M PBS 1 0.47+0.06 0.08+0.04
0.5 M PBS +0.2 M KCl 1 0.44+0.08  0.09+0.05

Clearly the oxidation of hydrazine is not controlled by the Butler-Volmer (BV) kinetics
but the sMH. This is primarily due to the fact that the reorganisation energy is
sufficiently small that the differences between BV and sMH become apparent; this low

value in turn might arise if the hydrazine molecule and the corresponding radical cation
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have a similar structure (bond lengths and angles) and solvation. Note that the formal
potential applies to the thermodynamics of the first electron transfer assumed to be rate-
determining, and not the overall 4 electron process. Note also that the inferred formal
potential is highly approximate not least since it assumes that symmetric MH theory
operates and that the transfer coefficient at zero over-potential is exactly 0.5.

It is also noteworthy that the re-organisation energy is rather low as compared to some
outer sphere redox couples as analysed via the MH theory, as summarised in the Table
S2 in the SI Section 2. Perusal of Eq. (21) shows that it is this low value, which
amplifies the Marcusian effects and leads to the drawn out behaviour of the observed
voltammetric waves. Moreover the inappropriate application of BV kinetics explains
the diversity of the values of the oxidative transfer coefficient reported in the literature
and highlighted in the Table S1. It was also highlighted that the literatures report a wide
diversity of diffusion coefficients, however the method of data analysis used to infer
the MH character of the electron transfer is independent of any value for the diffusion
coefficient. Furthermore the range of literature values can be appreciated by exploring,
via simulation, the effect of the reorganization energy for a fixed diffusion coefficient
on the peak current for a slow k&, value of 10-° cm/s. An arbitrary value of 10~ cm?/s
was selected for the diffusion coefficient given the large range of literature values (see
Table S1). As depicted in Figure 6, the magnitude of the peak current significantly
increases with the rise of the reorganization energy, and the linearity between the peak
current and square scan rate is strongly associated with A4 due to the asymptotic

behaviour of sMH kinetics. As A increases, the SMH theory tends to collapse into the

http://chem.scichina.com/english



oNOYTULT D WN =

Science China Chemistry

BV. However for the value of the reorganization energy inferred above for the
hydrazine oxidation system it is evident that plots of limiting current versus the square
root of scan rate cannot be expected to quantitatively follow the Randles-Sevcik
equation: [, =2.99x10°nf"?S[A]1D,"*v"*. In this equation 7 is the number of
electrons transferred[49], and is derived for a fully irreversible process following
Butler-Volmer kinetics with a potential independent value of the transfer coefficient.
This inapplicability in part explains the range of diffusion coefficients in the literature
as well as the range of single transfer coefficient values reported. Note that if sMH
rather than BV kinetics operates then a rigorous linear dependence of the peak current
in the square root of scan rate is not expected[40] although the deviation is typically not

great.

0 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Sqrt scan rate / (V s™)"2

Figure 6. Plots of theoretical oxidative peak current and square root of scan rate from the simulation
at a planar macrodisc electrode (diameter: 3 mm) using symmetric Marcus-Hush model for studying
the effect of A on the peak current. Reaction mechanism: A—4e = B . Parameters: EJ? =0V;
A =0.45,0.55 and 0.65 eV; k,= 10 cr/s for the rate-determining electron transfer step; [A]

=1.5mMand [B] =0; D, = Dy =1x10%cm¥s; v =100 mVJs.
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5. Conclusions

In this work, the intrinsic electron transfer kinetics of the hydrazine oxidation reaction
was investigated on the Glassy Carbon electrode in 0.1 M PBS (pH 9). Tafel analysis
for the voltammetry on the GC electrode reveals a negatively linear correlation between
the anodic transfer coefficient and the potential, deviating distinctly from the well-
recognized Butler-Volmer theory. The symmetric Marcus-Hush theory was adopted to
describe the voltammetry. The reorganization energy was estimated to be 0.35 + 0.07

AFE; F :
> : —EE . The potential dependence of the transfer

eV from the relationship S =

coefficient and the inapplicability of the Randles-Sevcik equation in the fully
irreversible Butler-Volmer limit may explain in part the diversity of values for the

transfer and diffusion coefficients present in the literature.
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Supporting Information

Section 1: Literature data reported for the hydrazine oxidation

Table S1 Literature data reported for the hydrazine oxidation

Electrode Electrolyte pH Electrochemical Method D (cm?/s) P Ref.
Pt microdisc electrode 0.1 M HCIO,4 1 RDE voltammetry 1.40E-5 / [1]
Pd nanoparticles decorated poly-3,4-ethylenedioxythiophene 0.2 M PBS 6.9 RDE voltammetry 1.20E-5  0.27 [2]
Pd nanoparticles decorated poly-3,4-ethylenedioxythiophene 0.2 M PBS 6.9 RDE voltammetry 1.20E-5  0.28 [3]
Pd nanoparticles decorated gaur gum 0.1 M PBS 7 Chronoamperometry 2.83E-6  0.67 [4]
Pd nanoparticles decorated ethylenediamine cellulose 0.1 M PBS 7 Chronoamperometry 2.30E-5 / [5]
Pd-Au nanoparticles 0.1 M PBS 7 Chronoamperometry 2.61E-5 046 [6]
Pd nanoparticles decorated multiwalled carbon nanotubes 0.1 M PBS 7 Chronoamperometry 1.10E-5  0.55 [7]
Au nanoparticles decorated polypyrrole nanowire 0.1 M PBS 7 Chronoamperometry 2.50E-5 048 [8]
Au nanoparticles decorated TiO, nanotubes 0.1 M PBS 7 Chronoamperometry 4.10E-5 021 [9]
Au nanoparticles decorated multiwalled carbon nanotubes 0.1 M PBS 7 Chronoamperometry 2.05E-5 0.59 [10]
Hematoxylin multi-wall carbon nanotubes 0.1 M PBS 7 Chronoamperometry 4.58E-6  0.55 [l11]
Co(II) complex multi-wall carbon nanotube 0.1 M PBS 7 Chronoamperometry 4.50E-6  0.53 [12]
p-aminophenol-modified multiwall carbon nanotubes 0.1 M PBS 7 Chronoamperometry 9.50E-6  0.30 [13]
rGO-Co3;04@Au nanocomposite 0.1 M PBS 7.2 Chronoamperometry 7.82E-7 / [14]
Au nanoparticles decorated choline film 0.1 M PBS 7.4 Chronoamperometry 2.46E-5 0.50 [15]
Au nanoparticles decorated single-walled carbon nanohorns film 0.1 M PBS 7.4 Chronoamperometry 4.43E-6 / [16]
Au nanocage decorated graphene 0.1 M PBS 7.4 Chronoamperometry 2.32E-6  0.54 [17]
Chlorogenic acid 0.15 M PBS 7.5 Chronoamperometry 820E-6 045 [18]
Curcumin multi-wall carbon nanotubes 0.5 M PBS 8 Chronoamperometry 245E-6 045 [19]
Carbon nanotubes and terpyridine manganese(Il) complex 0.1 M PBS 8 RDE voltammetry 1.54E-6  0.60 [20]
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Pt rotating disk electrode

Porous Au membranes
Overoxidized polypyrrole (OPPy) modified glassy carbon

Reduced graphene sheets
Copper nanotubes on graphene paper
Copper (hydr)oxide modified copper electrode
Ni(II)-baicalein complex modified multi-wall carbon nanotube paste electrode
(5,10,15,20-tetra(4-sulfophenyl) porphyrin-nickel
Ni-based ternary alloy electrode (G/NiCuCo)

0.05 PBS
0.1 M PBS
0.1 M ammonium
buffer solution

0.1 M KOH
0.1 M KOH
0.1 M NaOH
0.1 M NaOH
0.1 M NaOH
0.1 M NaOH

8
8.5

13
13
13
13
13
13

RDE voltammetry
Chronoamperometry

Chronoamperometry

Chronoamperometry
Chronocoulometry
Chronoamperometry
Chronoamperometry
Chronoamperometry
Chronoamperometry

6.40E-6
1.65E-5

3.10E-5

2.20E-5
2.10E-5
3.00E-5
3.58E-5
4.19E-6
6.28E-6

0.46

0.48
0.50
0.51
0.35

[21]
[22]

(23]

[24]
[25]
[26]
[27]
(28]
[29]
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Section 2: Literature values of the outer-sphere reorganization energy values

Table S2 Literature values of the outer-sphere reorganization energy for redox couples

Redox species 02'/02 03/03' N3/N3' COQ/COQ' SOQ/SOQ' CIOQ/CIO[ NO*/NO N02+/N02 Fe2t/3+ Crz/3*
Aouter / €V 2.30 2.02 1.93 2.22 2.20 2.01 2.11 1.55 1.50 1.52
Ref. [30] [30] [30] [30] [30] [30] [31] [32] [33] [33]

Redox species ~ Mn2*/3*  V273*  Co?*A*  Fe(phen)***  Ru(bpy);*”3*  Ru(en);*"** Ru(NH;)¢>"3"  Fe(CN)s*3  Ru(H,0)¢>3"  Cr(OH,)s*"3*

Mouter / €V 1.51 1.49 1.52 0.57 0.57 0.92 1.16 0.86 1.20 1.04
Ref. [33] [33] [33] [34] [34] [34] [34] [34] [34] [35]
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