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Section 1: Experimental

Chemicals

Hydrazine hydrate (N,H4-xH,0, 98%), potassium nitrate (KNO;, 99.99%), potassium
monohydrogen phosphate (K,HPO,, 98%), potassium dihydrogen phosphate (KH,PO,,
99%) and nitric acid (HNOs, 70%) were purchased from Sigma-Aldrich, Dorset, UK,
and used as received. An aqueous solution of 1.5 mM hydrazine supported by 0.1 M
KNO; was prepared, of which the pH was measured to be 9.7. Analogous hydrazine
solutions of pH 2.0 and pH 7.0 were prepared via the addition of tiny amounts of HNO;
to adjust the pH. A phosphate buffer solution (0.1 M PBS, pH 7.0) with 1.5 mM
hydrazine was used for further studies. Note that all solutions were prepared using
ultrapure water (Milli-Q 18.2 MQ cm, Millipore System Inc., 298 K). A digital
sensION™+ PH31 pH meter (HACH, Colorado, USA) was used for pH measurements
and calibrated before each measurement. Nitrogen (N;, 99.998%) was supplied from
BOC, Surrey, UK.

Electrochemical measurements

An Autolab II potentiostat (Metrohm Autolab, B.V., Netherlands) was employed for all
voltammetric measurements which were conducted in a Faraday cage (thermostated at
298 + 0.5 K), with a three-electrode system comprising a glassy carbon electrode (GCE,
of diameter 3 mm, as the working electrode), a saturated calomel electrode (SCE, as
the reference electrode) and a graphite rod (as the counter electrode). The surface of the
GCE was renewed via regular mechanical polishing with alumina slurry pastes of

decreasing particle sizes (1.0, 0.3 and 0.05 um), followed by rinsing with deionised
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water. Cyclic voltammetry (CV) measurements were then performed in the prepared
solutions after degassing with a N, stream for 15 minutes. Control experiments were

conducted without hydrazine.

Section 2: Speciation of hydrazine as a function of pH in pure water
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Figure S1. The speciation of hydrazine as a function of pH in pure water.



Section 3: Voltammograms in 0.1 M KNO; (pH 2.0), 0.1 M KNO;

(pH 7.0) and 0.1 M PBS (pH 7.0)
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Figure S2. Cyclic voltammetry (solid line) at a GCE of 1.5 mM hydrazine supported by the
electrolytes: (A) 0.1 M KNO; of pH 2, (B) 0.1 M KNO; of pH 7 and (C) 0.1 M PBS of pH 7. The
control experiments without hydrazine are presented as the dash lines in each case. Scan rates:
25/50/100/200/400 mV/s. The transverse arrow indicates the start potential and direction of the

voltammetric scan. The vertical arrow indicates increasing scan rates.

Section 4: Voltammograms in 0.1 M KNO; (pH 9.7)
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Figure S3. Cyclic voltammetry (solid line) at a GCE of 1.5 mM hydrazine supported by 0.1 M
KNO; of pH 9.7. The control experiments without hydrazine are presented as the dash lines. Scan
rates: 25/50/100/200/400 mV/s. The transverse arrow indicates the start potential and direction of
the voltammetric scan. The vertical arrow indicates increasing scan rates. The dotted circle indicates

the ‘drawn out’ regions of the voltammograms.



Section S: Tafel analysis

Tafel analysis was conducted for the oxidative voltammetric wave in Figure 2 (solid
line) to extract transfer coefficient information. Notably, the reactant depletion effect
from the limitation of mass transport is minimal in the region from 10% to 30% of the
oxidative peak current.! Consequently this region was taken for analysis. The resulting
plot of the anodic transfer coefficient § versus the applied potential E is presented in
Figure S4 where, following IUPAC,?? the transfer coefficient is defined as
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where R is the gas constant, 7 the absolute temperature, F' the Faraday constant, /,, the
oxidative current. The data clearly shows that the trasnfer coefficeint is potential
dependent signalling that the electron transfer, as noted previously* is likely governed
by Marcus-Hush electron transfer kinetics rather than Butler-Volmer kinetics. In the
case of a simple electron transfer in the absence of any coupled homogeneous chemistry,
such as hydrazine oxdiation at high pH and under buffered conditions (but not to the
conditions of interest in the present study), then the expected behaviour is governed by

the equation*
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where A is the reorganization energy and E{ the formal potential.
The use of the equation under conditions where protonation and deprotonation kinetics

are important is inappropriate. Accordingly in the following modelling we use the re-
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organisation energy and standard electrode potential inferred from high, well-buffered
pH conditions.* Note that the influence of preceding and following coupled chemical
kinetics on the measurement of Tafel slopes and hence transfer coefficients has been

noted in the context of Butler-Volmer kinetics.>
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Figure S4. Plot of the experimentally measured apparent anodic transfer coefficient  versus the
applied potential E in the region of 10% to 30% of the oxidative peak current.



Section 6: DIGISIM Modelling

The first electron transfer was assumed to be the rate-determining step (rds) for the
oxidation of hydrazine which involves four electrons overall. Our recent work® reported
that H or OH- are not engaged in the rds which likely corresponds to the formation of
a very short-lived radical cation N,H; ™. A scheme that incorporates these facts was
modelled in the DIGISIM:

N,H,'&——N,H,+H"

N,H,—* > N,H% +e¢

N,H,® — L 5 N, +4H" +3e

The Marcus-Hush model was employed for the simulation, with the formal potential
E{ for the redox couple N,H4/N,Hy™" (0.14 V) and its reorganization energy A (0.35
eV), as indicated above. A planar geometry of an area of 0.0707 cm? was selected with
a semi-infinite diffusion mode. The initial concentrations of N,H,4, NoHs" and H" were
set as Figure S1 indicates: [N,H] = 1.44 mM, [N,Hs"] = 0.06 mM and [H*] =2 x 10-1°
M. The equilibrium constant was calculated be 5.0 x 10 M corresponding to the
experimentally determined pK, value of 8.3. The diffusion coefficients of N,H, and
N,Hs* were 7.1 x 106 cm?/s and 2.8 x 10-% cm?/s respectively which were measured
precisely in our previous work at the nano-electrodes where the mass transport is well
understood and free of the complications of coupled homogeneous kinetics on the
timescale of the voltammetry conducted.® The diffusion coefficient of H' in the
potassium electrolyte was set as 7.9 x 10 cm?/s.”® A hypothetical value of 1 x 10*

cm/s was used for the standard rate constant of the fast step to ensure its being fully
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driven. The simulation was conducted in a potential range (-0.2 ~ 1.3 V) with the scan
rates of 25/50/100/200/400 mV/s. The fitting result between the experimental and
simulated voltammetry is presented in Figure 3 (main text). The excellent consistency
at each scan rate results in the values for the two important kinetic parameters: the
standard rate constant ki of the rate-determining step subject to the assumption of
symmetric Marcus Hush theory as discussed in the main text ((4.5 = 1.0) x 107 cm/s)
and the rate constant k¢ of the dissociation from N,Hs" to NoHy ((5.5 £ 2.0) x 104 s71).
Note that the latter value implies a value of 1.1 x 105 M-! s! for the second order rate
constant for the protonation of hydrazine which is fast but less than diffusion control to

the extent that its value controls in part the magnitude of the voltammetric peak current.
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