The Electro-Oxidation of Hydrazine: A Self-Inhibiting Reaction
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Abstract
The electro-oxidation of hydrazine to form di-nitrogen is reported over a wide range of
both pH and of unbuffered conditions at glassy carbon electrodes. It is shown that
hydrazine molecules are only electro-active in their un-protonated form, NoHa, whereas
the protonated species NoHs™ is electro-inactive. The oxidation of N>Hs releases four
protons per molecule which are diffusing away from the electrode rapidly (on the
voltammetric timescale) protonate unreacted NoHs molecules diffusing to the electrode
converting them into the electro-inactive form, NoHs'; the reaction is self-inhibiting and
the currents flowing are significantly reduced compared to those expected for a simple
electrolytic conversion to an extent reflecting the pH and buffer content of the solution
local to the electrode. The local pH in turn is controlled partly by the quantity of protons
released electrolytically. The self-inhibition is modelled by solving the relevant
transport equations with coupled homogeneous chemical kinetics, utilising Marcus-
Hush electron transfer, giving predicted reduced currents reflecting the pK. and kinetics
of the NoH4/N,Hs" equilibrium in excellent agreement with experimental voltammetric

waveshapes.
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The oxidation of hydrazine at the glassy carbon surface is self-inhibited that the protons
released from the oxidation combine with the hydrazine diffusing towards the surface

to form the inactive protonated hydrazine.



The fundamental electrochemistry of hydrazine is fascinating since it presents two
challenges. The first of these relates to the unusual voltammetry seen, even in carbon
electrodes,' in which the voltammetric waves increase only gradually with potential in
contrast to the predictions of the semi-empirical Butler-Volmer theory®? widely used to
interpret electrode kinetic data.* Note that there is either zero or only very weak
adsorption of hydrazine molecules at carbon surfaces.” The second relates to the
magnitude of the currents flowing which, at first sight, suggest either the passage of
less than four electrons per molecule of hydrazine or that the latter has a pathologically
low diffusion coefficient in aqueous solution. Indeed a review of the literature of the
electrochemically determined diffusion coefficients of hydrazine showed values
ranging for different media implausibly over a factor of ca. 35 with many values much
lower than expected for a molecule of the size of hydrazine.5!!

In a recent paper the first of these challenges, namely the voltammetric wave shape,
was addressed' under conditions where N>Hy is the sole solution phase species and the
effect shown to originate in a potential dependent transfer coefficient which in turn was
shown to result from the operation of Marcus-Hush (as opposed to Butler-Volmer)

electron transfer kinetics!?!3

with a rather low re-organisation energy and controlling
the first electron transfer and which was seen to be rate determining, at least at carbon
electrodes.

In the present paper we address the second and greater challenge noting that the

oxidation of hydrazine produces protons which on account of the basicity of the

molecule may protonate NoH4 forming N>Hs"™ in aqueous solution. Thus we hypothesise



that the protons released in the electro-oxidation can interfere with the electrode
reaction by altering the chemical speciation adjacent to the electrode by altering the
local solution pH. Specifically we suggest that the local formation of increased
quantities of acid and hence of the N>Hs" cation changes the voltammetric response
because of the contrasting electrochemical activity of the cation in comparison with the
precursor NoHy. In particular, on the basis of the voltammetry over a range of pH values
and buffer compositions, the former is shown not to be electroactive at carbon
electrodes in contrast to the latter. Detailed modelling, based on Marcusian electron
transfer kinetics, and the homogeneous chemistry of the N>Hs/N>Hs" acid-base
equilibrium, both thermodynamic and kinetic, are shown to validate this hypothesis.
The experimental details are provided in the Supporting Information (SI) Section 1.

In the following we consider the voltammetry of hydrazine in aqueous solutions of
different pH. It is helpful therefore to consider first the speciation of hydrazine noting
the pKai value of ca. 8.0'*!7 and the pKa2 of ca. -1.0'32° at 298 K which correspond to
the following chemical equilibria

N,Hs" == N,H, +H" (1)

NoHe™ &= N,H"+H™ (2)

The speciation of hydrazine as a function of pH in pure water is shown in the SI Section
2, Figure S1. In practice the exact speciation at any pH may likely also reflect to some
small extent the total electrolyte concentration in the solution, the so-called salt

t;21—22

effec this is considered further below.

The oxidation of hydrazine was first studied electrochemically at a glassy carbon



electrode (GCE) in solutions of 1.5 mM hydrazine supported by 0.1 M KNO3 which
had been adjusted to pH 2.0 or pH 7.0 by the addition of tiny amounts of 1 M HNOs.
Note that the dominant species in the solution of pH 2.0 is almost 100% hydrazinium
cation NoHs" as shown in Figure S1. As depicted in Figure 1A (pH 2.0), there are no
additional oxidative features seen in the voltammogram (solid line) as compared to the
also featureless control experiment conducted in the absence of hydrazine (dash line).
This clearly shows that there is no direct oxidation of NoHs" on the surface of the GCE.
In contrast, Figure 1B (pH 7.0) shows a fully electrochemically irreversible wave with
apeak at ca. 0.36 V vs SCE of a current of 2.0 pA (solid line); no voltammetric features
were observed in the absence of hydrazine (dash line). It is deduced that the anodic
current results from the oxidation of the unprotonated hydrazine N>H4 given the
‘inactivity’ of NoHs" and the negligible concentration of N2He>" in solution (Figure S1).
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Figure 1. Cyclic voltammetry (solid line) at a GCE of 1.5 mM hydrazine supported by the
electrolytes: (A) 0.1 M KNOs, pH 2 (see text), (B) 0.1 M KNOs3 of pH 7 (see text) and (C) 0.1 M
PBS of pH 7. The control experiments without hydrazine are shown as the dash lines in each case.
Scan rate: 50 mV/s. The arrows indicate the start potential of the voltammetric scans and the
direction of sweep. The voltammograms at different scan rates (25 - 400 mV/s) are provided in the
Supporting Information (SI) Section 3.

It is widely recognized that the oxidation of N2H4 is a four-electron transfer process
with the release of protons and forming nitrogen N».2*2° The expulsion of protons

necessarily changes the local pH (of the solution close to the surface of the GCE). To



investigate the effect of the local pH variation on the reaction process, 1.5 mM
hydrazine supported by phosphate buffer solution (PBS) with a total concentration of
0.1 M was utilized as the electrolyte for comparison and contrast. The voltammograms
were recorded and are presented in Figure 1C where a clear oxidative peak is observed
at ca. 0.85 V vs SCE with a current of ca. 28 pA. Note that there is a dramatic increase
in peak current compared to that in Figure 1B, when, as in Figure 1C, the local proton
concentration is largely fixed by the buffer which can combine with the protons released
from the electrolysis. The observed potential shift is likely ascribed to the change in the
local composition and hence of mass transport of the analyte as the buffer system is
introduced. It is inferred that in the KNOs electrolyte, the protons released from the
oxidation of NoH4 and diffusing away from the electrode likely combine with the
incoming N>H4 molecules diffusing to the electrode to form the ‘inactive’ NoHs" that,
as shown above, is not oxidised at the GCE. This gives rise to the very small anodic
current seen in the unbuffered solution (Figure 1B) resulting from the NoH4 which does
not become protonated as it diffuses to the electrode. In other words, the process of
hydrazine oxidation on the surface of the GCE is limited to a great extent by the
synchronous self-inhibition effect from the combination of N>Hs molecules and
oxidation-produced H'. This finding is of great significance to all practical uses
employing the electro-oxidation of hydrazine, for example and especially in

amperometric sensors for this toxic material?’-?

as well as the correct quantitative
interpretation of hydrazine electrochemistry at all electrodes of any chemical

composition.
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Figure 2. Cyclic voltammetry (solid line) at a GCE of 1.5 mM hydrazine supported by 0.1 M KNO3
of pH 9.7. The control experiment without hydrazine is presented as the dash line. Scan rate: 50
mV/s. The arrow indicates the start potential and direction of the voltammetric scan. The
voltammograms at different scan rates (25 - 400 mV/s) are provided in the SI Section 4.

To probe into the intrinsic electron transfer of hydrazine oxidation and the
homogeneous dynamics between the redox active NoHy and the redox inactive NoHs”,
cyclic voltammetry was conducted at a GCE in a system where 1.5 mM hydrazine was
solely supported by 0.1 M KNOs, without the addition of any mineral acid or of buffer
solution. The pH was determined to be 9.7 as mentioned above. This value implies a
pKa value of 8.3 which compares with the reported value of ~8.0 for pure water at the

same temperature (298K)!#!7

implying a small thermodynamic salt effect due to the
dissolved KNOs. The recorded anodic current, as displayed in Figure 2, is distinctly
larger than that seen for (the acid adjusted) pH 7.0 (0.1 M KNOs3) in Figure 1B. The
increase mainly results from the enhanced concentration of the electro-active NoHs in
bulk solution as seen in Figure S1. The current is however less than that expected for a
simple diffusion-controlled oxidation of hydrazine reflecting the self-inhibition effect
noted above.

DIGISIM is a well-respected commercial simulation software (BASI, West Lafayette,

USA) for cyclic voltammetry based on the fast implicit finite difference method



invented by M Rudolph.?*~** This was utilized to facilitate the analysis of the hydrazine
electro-oxidation reaction mechanism and to quantify the associated kinetics on the
voltammetric waveshape, the peak currents and the inferred potential dependent
transfer coefficient. A planar geometry was adopted in the simulation corresponding to
the experimentally deployed macrodisc GCE of 3.0 mm in diameter under a transport
regime dominated by linear diffusion.?! The first electron transfer of the NoHa oxidation
process at pH 2 - 11 was found in our recent work? to be rate-determining via the
nanoimpact technique. This rate determining step (rds) involves no release of protons,
which are expelled in subsequent steps. Thus the rds was inferred in the case of carbon
electrodes to involve the formation of the transient radical cation NoHs™* on the surface
of the electrode or in the solution. The hydrazinium cation NoHs" is not oxidised as
mentioned above. Hence, the mechanism was proposed as follows:

N,H,"&——=N,H, +H"

N,H, —% 5 N,H,™ +e

N,H,™ —B 5N, +4H" +3e

where the equilibrium constant for the homogeneous chemical reaction was adopted
from the experimentally determined pKa. value for 0.1 M KNOs aqueous solution as
mentioned above and the homogeneous second order rate constant (M™! s™) for reaction
of protons with hydrazine was optimised to give the best fit between experiment and
simulation. Independently measured?? diffusion coefficients for NoHs and NoHs" were
used together with a literature value for the proton diffusion coefficient.*** Note that

fixing the K, value and the second order rate constant necessarily defines the first order



rate constant for the dissociation of the hydrazinium cation. The electron transfer
kinetics were assumed to be governed by Marcus-Hush theory in the light of the data
presented in the SI Section 5 and our previous work! which demonstrated that the

Marcus-Hush theory!? !

was required to describe the hydrazine oxidation, instead of
the potential independent transfer coefficient as assumed in the phenomenological
Butler-Volmer kinetics?> ¥, The reorganization energy in the more physically based
Marcus-Hush formalism reflects both solvent polarisation and internal molecular
vibration. Accordingly the Marcusian kinetics was selected as the mathematical model

in DIGISIM and the previously measured value of 0.35 eV used as the reorganisation

energy. The details of the simulation are provided in the SI Section 6.
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Figure 3. The comparison between the experimental and DIGISIM-simulated voltammetry at a
GCE of 1.5 mM hydrazine supported by 0.1 M KNOs of pH 9.7: (A) the voltammograms (solid for
experiment, dash for simulation); (B) the plot of I, versus v'/?; (C) the plot of E, versus Inv and (D)
Ein versus Inv (black for experiment, red for simulation). Note that the experimental

voltammograms are baseline-corrected. The transverse arrow indicates the start potential and

10



direction of the voltammetric scan. The vertical arrow indicates increasing scan rates. Simulation
parameters: initial concentrations of NoHa, NoHs" and H* are 1.44 mM, 0.06 mM and 2 x 1071 M
respectively; formal potential of NoH4/N,Hs ™ is 0.14 V; reorganization energy is 0.35 eV;
equilibrium constant of NoHa/N,Hs" is 5.0 x 10 M; diffusion coefficients of NoH4 and NoHs" are
7.1 x 10 cm?/s and 2.8 x 10°° cm?/s respectively; standard rate constant of the rds step is 4.5 x 10-
3 cm/s; second order rate constant for the protonation of hydrazine is 1.1 x 10° M s%; scan rates
are 25/50/100/200/400 mV/s.

Figure 3A shows the favourable comparison between the experimental voltammograms
and the simulated predictions of the above model (using exactly the same parameters)
at scan rates in the range of 25 - 400 mV/s. A satisfactory fitting for the studied oxidative
peak in terms of shape, size and position is observed for each scan rate. In particular
the simulation captures the unusual ‘drawn out’ shape of the voltammetry which arises
from the decrease of the transfer coefficient with potential; simulation using Butler-
Volmer kinetics was unable to reproduce this feature. Note that the ‘drawn out’ shape
(indicated in Figure S3) is distinguished from the typical electrochemically highly
irreversible processes which display a much higher rate of increase of the current with
potential.! Numerical information about current and potential are presented in the plots
of I, against v'’? (Figure 3B) as well as E, (Figure 3C) and E1, (Figure 3D) against Inv.
Overall good consistency between experiment and theory is attained as is evident from
the totality of the data presented in Figure 3. Finally the simulations allow the inference
of a value of 0.14 V vs SCE for the standard electrode potential where this relates to
the first and rate determining electron transfer

N,H, —% 5 N,H,™ +e

This in turn allows an approximate estimation of the associated standard rate constant
ko of (4.5 +1.0) x 10° cm/s for the rate-determining step. Note that these numerical

inferences presume the validity of the symmetric form of Marcus Hush theory and hence
11



are subject to that important caveat. The slow ko conforms to the full electrochemical

irreversibility of hydrazine oxidation under the mass transport conditions prevailing.®

37

In conclusion, the oxidation of hydrazine in solutions of around neutral pH and more
generally in unbuffered media is shown to be an intrinsically self-inhibiting reaction in
which the protons released in the course of the oxidation combine with the reactant to
form cations of protonated hydrazine which are not electroactive at carbon electrodes.
The reaction has been modelled using Marcus-Hush theory which quantitatively and
fully accounts for the observed voltammetry provided the thermodynamics and kinetics

of the protonation are considered.
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