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HIGHLIGHTS
e Metallic Ni catalyzes the HHOR below the reversible hydrogen electrode potential.
o Ni catalyzes 4-electron HHOR, suggesting complete hydrazine oxidation.
e OH and OHads are the reactive species for the HHOR on Ni.

e Strongly adsorbed NHy species formed during the HHOR partially block Ni surface.



ABSTRACT

Metallic Ni surface was examined as a catalyst for the hydrazine hydrate oxidation reaction
(HHOR) by cyclic voltammetry, chronoamperometry, and on-line differential electrochemical mass-
spectrometry (DEMS). It was found that N2 is a sole gaseous product formed during the HHOR on Ni
and 4 electrons are transferred in the process, which corresponds to a complete oxidation of the
hydrazine molecule. The mechanism of the HHOR on the Ni surfaceinvolves OH and adsorbed OHads
intermediate, the latter improving the rate of the HHOR. Ni catalysts were found to be poisoned
during the HHOR, the extent of poisoning depending on the number of surface sites, hydrazine
concentration, and the a-Ni(OH)2 coverage. Ex situ X-ray photoelectron spectroscopy (XPS)

measurements were performed to characterize the species poisoning Ni surface.



1 INTRODUCTION

Society faces major challenges of resource depletion, environmental pollution and greenhouse
effect, as a result of continuous growth of the fossil fuel (oil, natural gas and coal) consumption, the
latter producing giganticamounts of CO». Electrochemical energy production from carbon-free fuels
has recently attracted significant attention. Nowadays the most technologically-advanced fuel cells
(FCs) are proton-exchange membrane fuel cells (PEMFCs) running on hydrogen. However, using
hydrogen as a fuel causes safety issues, since it is stored under high pressure in heavy tanks, the
weight of the tank also reducing the overall specific energy of the stored fuel. Moreover, PEMFCs
operate in acidic media, narrowing the number of metals that can be used as catalysts for hydrogen
oxidation (HOR) and oxygen reduction (ORR) reactions down to (almost) only Pt-based catalysts [1].
Direct liquid fuel cells (DLFCs) that run on liquid fuel are considered promising alternatives to
PEMFCs, for example, for portable and mobile applications. Such a concept simplifies fuel storage
and transportation and allows the use of non-noble metal catalysts since fuels in DLFCs are typically
dissolved in alkaline solutions. Hydrazine is one of the most promising fuels because the hydrazine
hydrate oxidation reaction (HHOR, forward step of eq. 1) has a low standard potential compared to
the HOR (forward step of eq. 2). Furthermore, full HHOR leads to production of environmentally-

friendly N2 and H20, and transfer of 4 electrons, while only 2 are produced during the HOR:

N2Hs + 40H 2 N2 + 4H20 + 4e (E°=-0.32 V vs. RHE, eq. 1)

Hy + 20H 2 H,0 + 2e° (E°=0V vs. RHE, eq. 2)



However, the number of electrons transferred in the HHOR can be reduced due to the occurrence

of side hydrazine decomposition reactions (egs. 3, 4):

3N2Hs = 4NH3 + N2 (eq. 3)

N2Hs = N2 + 2H> (eq. 4)

Ni is recognized as a good catalyst for the HHOR, notably due to its low cost and stability in
alkaline media. However, to the best of the authors' knowledge, until now the products of the HHOR
on Ni have not been studied. Furthermore, published data regarding the catalytic activity of Ni in
the HHOR are contradictory, some studies reporting HHOR at potentials close to [2—5] or even below
[6-9] 0 V vs. RHE, the other reporting very high HHOR “onset”! potentials (E > 0.6 V vs. RHE) [10-
12]. The presence of a second element in the catalyst composition [3,7,9-16] further complicates
the analysis, due to its possible involvement in the HHOR, as was shown, for example, for Co [17].
Besides, the second element can affect the Ni surface state, thus indirectly affecting its reactivity
[18]. Indeed, Jeon et al. [5] found that after heat-treatment in the hydrogen atmosphere (at 400°C
for 4 h under a flow of 5 vol.% Hz and 95 vol.% N), the Ni activity in the HHOR increases along with
the metallic Ni° fraction on the surface, thus pointing to the importance of the Ni surface state for
the HHOR. It was also suggested that high coverages of surface a-Ni(OH), cause a decrease of the

Ni activity in the HHOR [17]; however, the a-Ni(OH)2 coverage influence on the HHOR mechanism

I Albeit the term “onset potential” is often misused in the literature, here and in what follows is
used for simplicity to semi-quantify the potential at which currents become experimentally
observable. It should be noted however that along with the hydrazine oxidation other anodic and
cathodic (e.g. hydrogen evolution reaction, HER) processes may contribute to the measuredcurrent.

5



has not been studied in detail yet. Besides, itis widely accepted that hydrazine does not involve any
poisoning effect, due to the absence of the carbon atom in the structure and therefore inability to
produce poisoning species such as CO or C2-molecules [19-22]. However, those are not the only
species that can poison the catalyst surface; the fact that poisoning of the Ni surface during the

HHOR has never been explored systematically is a clear lack in the literature.

In this study, to fill the gaps in the current understanding of the HHOR mentioned above, Ni
catalysts are investigated for the HHOR in low potential window, paying special attention to keep
its surface in the metallic state. For the first time, products of the HHOR on metallic Ni are
determined by differential  electrochemical mass-spectrometry  (DEMS).  Cyclic
voltammetry/chronoamperometry experiments are performed up to/at different potentials to shed
light on the role of Ni-OHags and a-Ni(OH)2 in the HHOR. Finally, the presence of adsorbates
poisoning the Ni surface during the HHOR is evaluated with the help of ex situ X-ray photoelectron

spectroscopy (XPS), taking into account the effect of a-Ni(OH), formation on this process.

2 EXPERIMENTAL

2.1 Materials

NiSO4-6H20 (99.99% Aldrich), (NH4)2S04 (99,95%, Aldrich), NaHs (64-65 wt.%, 99%, Sigma-
Aldrich), HNO3 (67-69%, Fisher Chemical), and NaOH (50 wt.% in water, Aldrich) were used as
received. For electrochemical experiments, all solutions were prepared using purified water (18.2

MQ cm, TOC < 2 ppb) and purged with high-purity gases (N2 99.99%, Ar 99.999%). Prior to each



experiment, the Teflon- and glassware was cleaned by soaking in a H2S04:H202 (1:1v/v) mixture and

then thoroughly washed with ultrapure water.

2.2 Preparation of Ni electrodes

2.2.1 Ninanoparticles on carbon

To prepare carbon suspension, 3.25 mL of isopropanol was added to 5 mg of Vulcan XC-72R
(Cabot) carbon black, followed by ultrasonication of the mixture in the ice-cooled water bath for 15
min. Then, 1.75 mL of purified water was added to the suspension and the mixture was again
ultrasonicated in the ice-cooled water bath for an additional 15 min. A glassy carbon (GC) disk (@ 5
mm, geometric surface area Sgeom = 0.196 cm?, Sigradur G) was polished with Al,03 powder (0.3 um)
for 5 minutes, then ultrasonicated in ethanol, acetone and purified water (5 min in each solvent).
After that 4 pL of the carbon suspension was applied on the surface of the GC disk and dried under
N> flow for 3 min, the procedure was repeated 5 times to attain carbon loading of ~ 100 ug cm on
the GCdisk (C/GC). Ni nanoparticles (Ni/C) were electrodeposited on C/GC at room temperature (22
+ 2°C) from aqueous solutions of 0.1 M (NH4)2S04 + 0.01 M NiSO4 with pH equal to 4.4 under the
rotation rate of 400 rpm in a three-electrode glass cell with the three compartments for counter
electrode (Au wire), working electrode (C/GC) and reference electrode (mercury-mercurous sulfate
electrode, MSE, Ewvse = 0.96 V vs. RHE) by applying E =-1.45 V vs. MSE until charge of 150 mC was

reached.

2.2.2 Polycrystalline Nirod



Ni rod (polycrystalline Ni) was polished with Al.O3 powder (0.3 um) for 15 minutes, then
ultrasonicated in water for 30 s and quickly (< 20 s) transferred to the electrochemical cell with a

drop of water to minimize oxidation of the Ni surface by oxygen from air.

2.3 Electrochemical measurements

Electrochemical measurements were carried out in a three-electrode Teflon cell at room
temperature (22 + 2°C) with the gold wire as a counter electrode and Hg/HgO/1 M NaOH as a
reference electrode (Eng/mgo = 0.93 V vs. RHE). Cyclic voltammograms (CVs) were recorded for Ni
catalysts (Ni/C and polycrystalline Ni) in 1 M NaOH purged with N2 in the potential intervals from -
0.2 to 0.4 V vs. RHE (3 scans), and from -0.06 to 0.4 V vs. RHE (3 scans) at the scan rate (v) of 20
mV s, The latter CVs were used for the estimation of the electrochemically active surface area
(ECSA) of Ni, determined from the anodic charge and the conversion coefficient (0.514 mC cm)
[23]. Then the electrode was cycled between -0.2 and 0.4 V vs. RHE (3 scans) at v=20 mV s to
ensure the metallic state of Ni surface before testing its activity in the HHOR. For the HHOR
measurements, a calculated volume of 5 M N2Hs + 1 M NaOH solution was added directly into the

Teflon cell to obtain the desired N2H4 concentration.

For the chronoamperometry measurements in N2-purged 1 M NaOH + 5 mM N2Ha electrolyte, -
0.25, -0.20, -0.15, -0.10, -0.05, 0, 0.05, 0.10, 0.15, 0.20 and 0.25 V vs. RHE potentials were

sequentially applied, each for 5 min, and the electrode was rotated at a speed (w) of 1600 rpm.

To perform the XPS measurements, a polycrystalline Ni disk was carefully washed with water and

fixed on the sample holder immediately after the electrochemical treatment with a drop of purified
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water on its top surface (aiming to minimize contact with the ambient atmosphere). After that, the
sample was quickly (within 5 min) placed into the entry chamber of the XP spectrometer, degassed

down to P = 107> Pa, and then transferred to the main chamber of the XP spectrometer.

2.4 Materials characterization

The morphology of Ni/C samples was studied by transmission electron microscopy (TEM) using

JEOL 2100F microscope operating at accelerating voltage of 200 kV.

The XPS measurements were performed in VSW Scientific spectrometer equipped with a
hemispherical electron analyzer. The Al Ka hv = 1486.6 eV monochromatic X-ray source was used
as incident radiation. The constant pass energy mode was used to record both survey and high-
resolution spectra, with pass energies of 90 and 44 eV respectively. The charging effect arising in
the process of photoemission of electrons was considered by correcting the spectra with respect to
Cls of the carbon line set at 284.6 eV. XP spectra were curve-fitted after Shirley background
subtraction, following the procedure described in Ref. [24].

2.5 On-line DEMS measurements

On-line DEMS measurements were carried out with a Pfeiffer Vacuum QMA 200 quadrupole mass
spectrometer using two differentially pumping chambers. A three-electrode glass cell was used for
the simultaneous electrochemical measurements with a Ni electrode, a Au wire and the RHE as the
working, counter, and reference electrodes, respectively. The Ni electrode was prepared by
electrodeposition of Ni particles on top of the PTFE membrane pre-covered with a thin layer of

sputtered Ni (Ni/Nispt, Sgeom = 1.13 cm?). The deposition was performed from 0.1 M (NH4)2504 + 0.01
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M NiSO4 solution at-1.45 Vvs. MSE by passing 8 mC charge. The hydrazine electrooxidation products
were monitored at mass/charge ratios of m/z = 28 (N2), 2 (H2), 17 (NH3), 30 (NO), 46 (NO3), and
44 (N20). During the measurements, the 1 M NaOH + 5 mM NzHa electrolyte was purged with Ar to

deoxygenate the solution and ensure its agitation.
3 RESULTS AND DISCUSSION

3.1. Niactivity inthe HHOR
TEM analysis of Ni/C samples (Fig. 1) revealed a wide particle size distribution from 10 to 50 nm
with the highest fraction of particles in the size interval from 20 to 30 nm (Fig. 1d). In addition, TEM
images at high resolution clearly indicate that 20 — 50 nm Ni particles comprise of smaller

interconnected crystallites (see e.g. Fig. 1c). The particles are therefore essentially polycrystalline.
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Fig. 1. (a, b) Low- and (c) high-resolution TEM images of a Ni/C sample and (d) the Ni particles
size distribution.

Fig. 2a shows typical CVs recorded for metallic Ni/C in alkaline media, demonstrating
characteristic features of metallic Ni with well-defined anodic (between 0 and 0.4 V vs. RHE) and
cathodic (between -0.15 and 0.2 Vvs. RHE) peaks. The shape of CV being very sensitive to the surface
state, special efforts have been made in this work to keep Ni in its metallic state (by minimizing
contact of sampleswith the atmosphere, and avoiding application of potentials above 0.4 V vs. RHE).

Based on the microkinetic modeling, it has been suggested [24-26] that several electrochemical
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steps contribute to the peaks observed on the CV curves, namely H adsorption/desorption (eq. 5),

OH adsorption/desorption (eq. 6), and formation of a monolayer of a-Ni(OH)2 (eq. 7).

Hads+ OH 2 H0 + é (eq. 5)
Ni + OH 2 Ni-OHags + & (eq. 6)
Ni-OHads + OH 2 Ni(OH)2 + & (eq. 7)

On the anodic scan (Fig. 2b) Ni-OHads formation (eq. 6) occurs above 0 V vs. RHE after
electrochemical desorption of hydrogen (eq. 5), which is strongly adsorbed on metallic Ni [24,27].
At E> 0.1V vs. RHE, formation of a-Ni(OH)2 proceeds (eq. 7), the latter being fully reduced on the
cathodic scan (at least if the anodic potential limitis kept below 0.5 V vs. RHE [28]). As one may
notice, in the case of cycling Ni/C between -0.25 and 0.3 V vs. RHE (Fig. 2a), the Ni surfaceis not fully

covered with a-Ni(OH)2, which leads to the smaller cathodic peak on the backward (cathodic) scan.
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Fig. 2. (a, c) Cyclic voltammograms for a Ni/C sample in Nz-saturated (a) 1 M NaOH atv=20mV's
Tand (c) 1 M NaOH +5 mM Nz2Ha at v = 20 mV s and different rotation rates indicated on the plot.
The inset in panel (c) shows Levich plot at 0.2 V vs. RHE for the anodic scan; (b) Simulated cyclic
voltammogram (solid curve) and the coverage (dashed curves) of the electrode surface by various
adsorbates for metallic polycrystalline Ni in 0.1 M NaOH at v =20 mV s1. The curves are plotted
using the parameters taken from Ref. [25]; (d) DEMS measurements for a Ni/Nispt sample in Ar-
saturated 1 M NaOH + 5 mM NzHa at v =20 mV s™. lonic currents (H2 and N2) are recalculated into
the faradaic ones (leq,H2, and leg,n2) using the calibration constants (Kuz2 = 2.2*10%°, Kn2 = 1.8*1011)
determined from the HER potential interval for H> and the HHOR taking place from -0.05 to 0.1V

vs. RHE for Na.

The RDE CVs recorded in 5 mM N2Has solution for Ni/C (Fig. 2c) show that the HHOR “onset”
potential lies at E =-0.05 V vs. RHE, and diffusion-limited currents are reached at E > 0.10 V vs. RHE.

The slight increase of the oxidation currents in the anodic scan at potentials between 0.2 and 0.3
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V vs. RHE is due to the overlap of the HHOR currents and a-Ni(OH)2 formation currents. The obtained
RDE CVs were further analyzed using Levich equation (one may notice a non-zero intercept of the

Levich plot, which may result from contribution of non-stationary currents):

j=0.62 n F D2/3 w!/2 v1/6 C(N3Ha) = B w!/? (eq. 8)

with n — number of transferred electrons, F = 96485 C mol™* — Faraday constant, D = 1.39*10~
cm? s1[29] - diffusion coefficient of N2Ha, w [rad s] — rotation rate, v [cm? s1] — kinematic viscosity

of 1 M NaOH, and C(N2H4) =5 mM — concentration of N2Ha.

v=n/p (eq.9)
where n=1.129 mPa s and p = 1.039 g cm= are the dynamic viscosity and density of 1 M NaOH,

respectively [30].

Based on the slope of Levich plot at 0.2 V vs. RHE, the number of transferred electrons during the
HHOR was estimated to be close to 4, suggesting that the main process is the complete
electrooxidation reaction of N2Hs with the formation of N2 (eq. 1). This conclusion was confirmed
by DEMSexperiments (Fig. 2d), as no gaseous products except N2 were detected at potentials where
the HHOR currents are observed (Fig. S1). H2 was detected at E <0V vs. RHE and is attributed to the
hydrogen evolution reaction (HER). One cannotice that N2> formation starts below the HHOR “onset”
potential on the Ni/Nisp: electrode. This partially arises from the inclined CV shape (likely due to
imperfectisolation of the connection between the sample and current collector) as well as oxygen
traces in the electrochemical cell, resulting in reduction currents (see Fig. S2). However these

experimental drawbacks cannot fully explain the apparent difference between Ir and leq,n2. Besides,
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the leq,n2 signal in the interval from -0.1 to 0.1 V vs. RHE is higher on the anodic scan than on the
cathodic one. Note also that NHs, which could be formed as a product of the N-N bond breaking in
N2H4, was not detected by DEMS. All of the above points at the occurrence of non-faradaicreactions
in this potential interval, resulting in formation of adsorbates that can be oxidized only at E >-0.05
V vs. RHE. Based on the reasoning described above, one can assume that at on some Ni sites N-H
bonds of N2H4 break already at E = -0.1 V vs. RHE, releasing N2 and forming adsorbed hydrogen

atoms (Hads), as will be further discussed in Section 3.3.

Two waves are observed on the anodic scan of the CV recorded for Ni/Nispt (Fig. 2d): (i) between
0 and 0.15 V vs. RHE and (ii) between 0.15 and 0.3 V vs. RHE. Considering the DEMS results, and
literature data evidencing that Hads is oxidized on Ni at E >0 V vs. RHE [25], the authors assume that
the first oxidation wave is due to overlapping HHOR (eq. 1) and Hads oxidation currents (eq. 5), while
the second one can be explained by overlapping HHOR (eqg. 1) and a-Ni(OH); formation (eq. 7)
currents. It should also be noted that the shape of CVs of Ni/Nispt in the DEMS setup is different from
the one measured on Ni/C in the RDE configuration, with currents being much inferior to the
diffusion-limited ones. This difference can be explained by a smaller ECSA of the Ni electrode used
in DEMS experiments (cf. 10 times smaller than that of Ni/C), and absence of the electrode rotation
in our DEMS setup (albeit some “stirring” was provided by permanently bubbling the solution with

Ar).

To further access the role of various adsorbates in the HHOR, CVs of Ni/C in an N2Ha solution
were measured in an RDE setup with variable anodic limit(Fig. 3a). One may notice that the cathodic

scan is strongly affected by the anodic potential limit. Setting the anodic limit at 0.1 V vs. RHE,
15



currents on the anodic and cathodic scan are almost identical, while increasing it to 0.2 V vs. RHE
results in “crossing” of the anodic and cathodic scans, HHOR currents in the potential interval
between -0.1 and 0.05 V vs. RHE on the cathodic scan being significantly higher than on the anodic
one. This observation implies that the HHOR is significantly improved in the presence of Ni-OHags
species, the amount of which is expected to be larger on the cathodic scan according to the results

of microkinetic modeling (Fig. 2b).

Chronoamperometry measurements were performed to access the temporal evolution of the
HHOR currents (Figs. 3b, c). Notably, the crossing of the anodic and cathodic currents is absent in
the chronoamperometry mode, independent on the point taken on the timeline (Fig. 3b). This
indicates the similarityin the state of Ni surface on the anodic and cathodic plots under steady-state
conditions, likely due to the absence of accumulated OHags/(OH)2,ads Species in potentiostatic mode,
these species being present on the surface under dynamic conditions. The observed difference
further strengthens the hypothesis about the need of OHags-species for the HHOR current

enhancement on Ni.
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Fig. 3. (a) Cyclic voltammograms for a Ni/C sample in N2-saturated 1 M NaOH + 5 mM NzHg at
v =20 mVs!and w = 1600 rpm with different anodic limits equal to 0, 0.1, 0.2 V vs. RHE; (b) Current-
potential curves for Ni/C plotted at different times from (c) chronoamperometry measurements in
N2-saturated 1 M NaOH +5 mM N2Hs at w = 1600 rpm with 50 mV step and 5 min total polarization
time.

3.2 Poisoning of metallic Ni by hydrazine
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1 MNaOH + 5, 10, 50 mM NzHs with currents normalized by the N:Hsz concentration; (b)
polycrystalline Niin N2-saturated 1 M NaOH + 5 mM N2Has.

Utilization of hydrazine as a fuel in fuel cell configuration requires stable anode and cathode
operation. The objective of this section is to detect eventual Ni surface poisoning in the presence of
hydrazine. To that goal, the influence of the hydrazine concentration on the performance of Ni/C
electrodes is firstly explored. Fig. 4a shows CVs acquired for a Ni/C at different N2H4 concentrations
(from 5 to 50 mM). To facilitate the analysis, currents are divided by the hydrazine concentration.
One may see that an increase of the concentration leads to a decrease of the normalized oxidation
currents at E < 0.05 V vs. RHE, both on the anodic and cathodic scans (Fig. 4a); this shifts the CVs to
more positive potentials, implying formation of some strongly-adsorbed species that cover the Ni
surface and inhibit its catalytic activity. In addition, the width of the hysteretic potential region
decreases when the hydrazine concentration increases, confirming faster poisoning of the Ni

surface during the cathodic scan in 50 mM hydrazine.
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Secondly, the stability of the CVs to continuous potential cyclingis analyzed. CVs for Ni/Cin5 mM
N2Has solution recorded in the interval from -0.25 to 0.3 V vs. RHE are relatively stable (Fig. S3). In
the meantime, while recording 20 CVs for a polycrystalline Ni electrode (having 20 times less ECSA
than Ni/C, Fig. S4) in the solution with N2Hs concentration of 5 mM, the “onset” potential shifts to
positive potentials and HHOR currents are constantly decreasing (Fig. 4b). The latter indicates
formation of adsorbates that progressively cover the surface of a polycrystalline Ni with a lower
number of Ni sites compared to Ni/C. Analysis of the chronoamperometry measurements (Fig. 3c)
further confirms this statement. Indeed, the current decay observed on the ascending curves is
followed by the decrease of the HHOR currents on CVs registered right after applying a certain
potential (Fig. S5). Besides, we note that the absolute currents measured at E <-0.05V vs. RHE in
the presence of hydrazine are slightly lower compared to the blank electrolyte (Fig. S6), which likely

points to attenuation of the HER currents due to the surface blockage at low potential.

To shed more light on the surface poisoning and explore its dependence on the electrode
potential, additional measurements were performed, consisting of the following steps: (i) firstly,
CVs were recorded for metallic polycrystalline Ni in 1 M NaOH solution; (ii) then the circuit was
open, and the OCP started to be recorded in 1 M NaOH; (iii) after that, a certain volume of
concentrated N2Ha-H20 was added directly into the cell to obtain a 5 mM NzHa solution (this action
causes a drop of the potential, as one may see in Fig. 5a), and the OCP was recorded for another 5
min; (iv) finally, the electrode was pulled out from the electrolyte containing N2Hs and put into the
second cell with 1 M NaOH electrolyte (hydrazine-free), where CVs were recorded to

electrochemically characterize the Ni surface (Fig. 5b). Fig. 5a shows two typical OCP transients: in
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the first one (sample Ne1) the OCP reached before hydrazine injection was around 0.25 V vs. RHE
(similar results were obtained at lower OCP), in the second case (sample N22) it was let to attain
0.37 V vs. RHE. Comparing OCP transients for samples Nel and N22, one may notice that the OCP
for the sample Nel drops to O V vs. RHE after N2H4 addition, while OCP for the sample Ne2 drops
slightly to reach 0.34 V vs. RHE, and then experiences further growth. This behavior is consistent
with the assumption that hydrazine adsorption is very sensitive to the Ni surface state, and cannot
proceed on the surface fully covered by a-Ni(OH),. Indeed, according to the previous modeling
studies [24-26], at E > 0.3 V vs. RHE, the surface of Ni electrode is fully covered by a-Ni(OH)2, while
at E = 0.25V vs. RHE, OHads is present on the surface along with a-Ni(OH)2 (Fig. 2b). The fact that
sample Nol experiences drop of the OCP to E = -0.05 V vs. RHE, while sample N22 does not, strongly
suggests that (adsorbed) hydrazine reacts with OHads species but not with a-Ni(OH)2. Comparing CVs
recorded for these two samples after the contact with the N2Ha solution (Fig. 5b), one can see that
the a-Ni(OH)2 formation peak is suppressed for the sample Nel but not for the sample Ne2 (CVs for

both samples are stable)

block-the-Ni-surface-for OHadsformation-and-therefore-a-Ni{OH}2-This confirms that the poisoning

species are not formed if the surface was initially almost fully covered with a-Ni(OH)2. Moreover,
this is in agreement with stronger adsorption of hydroxides compared to hydrazine at potentials

above 0.3 V vs. RHE, leading to the drop of the HHOR current (Fig. S7).

Analysis of the experimental data suggests that surface poisoning is site-demanding, requiring
several surface sites for hydrazine adsorption. Indeed, long cycling of polycrystalline Ni in 5 mM

N2Has solution leads firstto a decrease of the HHOR current (Fig. 4b), followed by its stabilization or
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even termination of the poisoning. However, if the surface is covered with a-Ni(OH)2 or with
poisoning species occupying a significant fraction of surface sites, the poisoning slows down or even
stops. The latter explains the stabilization of the currents during chronoamperometry experiments
(Fig. 3c) at E > 0.15 V vs. RHE on the forward scan, and absence of the HHOR and HER currents

decrease at E< 0.1 V vs. RHE on the backward scan.
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Fig. 5. (a) OCP recorded for polycrystalline Ni in1 M NaOH + 5 mM NzHas, 1600 rpm, t =5 min; (b)
CVs recorded the polycrystalline Ni before and after contact with N2Has solution in 1M NaOH at a
scan rate (v) of 20 mV/s

To characterize the poisoning species, XPS measurements were made for polycrystalline Ni that
was in contact with N2H4 for different time: 6 s (Figs. 6a, d), 40 s (Figs. 6b, e) and 100 s (Figs. 6c, f):
increasing the time from 6 s to 40 s leads to an increase in the relative N/Ni atomic fraction from
0.04 to 0.20, the latter not experiencing further growth at longer time (Fig. S8). The data thus
confirm the increase and then stabilization of the surface coverage by N-containing poisoning
species with time. This increase of the N/Ni atomic fraction is accompanied by the decrease of the

metallic Ni fraction in the analyzed samples, as shown in Figs. 6d-f. Two N1s peaks observed in Figs.
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6a,b at low (400.0+ 0.5 eV) and high (406.8+ 0.2 eV) binding energy can be attributed to

N2Hy,ads/NHx,ads [31—-34] and some oxidized nitrogen species NOx species (e.g. nitrates), respectively

[35]. The formation of nitrates can explain the decrease of the Ni° fraction; however, since the

standard potential of nitrate formation from N2Hs (E° = 0.69 V vs. RHE) is much higher than the one

established during the measurements (OCP <0 V vs. RHE), it can be suggested that only NHy,ads and

N2Hyx,ads are present at the electrode surface exposed to hydrazine. These species may be further

oxidized ex situ by oxygen from air during the transfer of the sample from the electrochemical cell

to the XPS chamber. More precise analysis requires performing in situ XPS measurements, which

arecurrently in progress and will be reported elsewhere. Finally, it is noted that N-containing species

were absent in the controlled XPS measurements made for polycrystalline Ni held at-0.06 V vs. RHE

(similar to OCPin Fig. 6) for 5 minin 1 M NaOH (Fig. S9).
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Fig. 6. Ex situ N 1s (a, b, c) and Ni 2p3/2 (d, e, f) XP spectra obtained for polycrystalline Ni after

recording OCPin 1 M NaOH + 5mM NxHa for different time: (a, d) 6 s; (b, €) 40 sand (c, f) 100 s.
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3.3. Tentative mechanism of the HHOR on Ni electrodes in alkaline media
This section aims to propose a tentative mechanism of the HHOR on Ni in alkaline media, based
on the experimental data and analyses presented in sections 3.1 and 3.2; this mechanism is
schematically shown in Fig. 7.

OH' H,0
_/

OH,ss H;0
A4

OH =—OH_, +¢
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N2H4_.hN2H4,ads?N2L4-x,adsTvN2 Hogs # OH == H,0 + &
H.4s 2 E<0Vvs.RHE
Hags H,g + H,0 + & == H, + OH
NHx,ads

Fig. 7. Tentative HHOR mechanism on metallic Ni electrodes. Black, blue and red lines represent
electrochemical, chemical and poisoning steps, respectively.

Considering joint evidence provided by DEMS, electrochemical measurements and ex situ XPS,
the authors assume that hydrazine, at first, molecularlyadsorbs on Ni surface and then decomposes
chemically (eg. 10) or electrochemically (eq. 11) forming NzHaxads intermediates. It must be
admitted that distinguishing between the latter steps is hardly possible based on the presented

data, and advance in the microkinetic modelling of the HHOR (currently in progress) will surely help.

N2Ha,ads @ N2Hax,ads + X Hads (eq. 10)

N2Ha,ads + X OH" 2 N2Hax,ads + X H20 +x @ - (eq. 11)
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The N2Hax,ads intermediate can dissociate, further releasing N2 (eq.12), that is detected with

DEMS at potentials where the HHOR currents are not clearly observed yet:

N2Ha-x,ads = N2 + (4-x) Hads (eq. 12)

Alternatively, evidences provided by this work, notably the “crossing” of the anodic and cathodic
scans in CVs (Figs. 2c, 4a, b) and the OCP transient for sample N°1, suggest that the HHOR is strongly
enhanced in the presence of OHads, formed in step 6 at E > 0 V vs. RHE, its surface coverage being
larger on the cathodic scan compared to the anodic one (see Fig. 2b). This allows the authors to
propose that OHags either directly reacts with N2Ha ads following step 13 or affects the reactivity of
the hydrazine molecule, leading to the complete oxidation (forming N2) following step 11. Indeed,
the DFT calculations show stabilization of more reactive N2Ha cis-conformer in the presence of co-

adsorbed OH species via electronic interaction [36].

N2Hax,ads + X OHads 2 N2 + (4-x) H20 (eq. 13)

However, transformation of OHags into surface a-Ni(OH)2 in step 7 slows down the HHOR,
suggesting that a-Ni(OH)2 does not react with hydrazine but rather blocks the surface, hindering

hydrazine adsorption into reactive N2Hax species.

The adsorbed Hads species, produced in steps 10, 12 can be either ionized (at E> 0 V vs. RHE)
following forward step of the equation 5 (Volmer step), or released (at E < 0 V vs. RHE) with the

formation of H; through the Heyrovsky step 14 of the HER:

Hads+ H2O + e 2 Hz + OH" (eq. 14)
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The HER competes with the hydrazine adsorption and hence the HHOR at potentials below 0 V

vs. RHE.

Finally, along with reactive N2Ha,adsintermediates, formation of surface poisons occurs following

step 15, likely NHy,ads Species:

N2Ha,ads = 2 NHy,ads + (4-2x) Hads (poison formation, eq. 15)

This poisoning step depends on the electrode potential, concentration of hydrazine, ECSA, and
fraction of other adsorbates on the Ni surface, and is site-demanding, likely requiring larger number

of surface sites than steps leading to N2Haxformation (egs. 10, 11).

CONCLUSIONS

Ni nanoparticles as well as polycrystalline Ni were studied in the HHOR by paying special
attention to keep Ni surface metallic. Metallic Ni exhibits excellent activity, catalyzing the HHOR
from -0.05 V vs. RHE onwards and releasing 4 electrons. No gaseous products except N2 were
detected during the HHOR by DEMS. However, the “onset” potential as well as HHOR currents in
the interval from -0.05 and 0.15 V vs. RHE strongly depend on the reaction conditions (ECSA of Ni,
hydrazine hydrate concentration) and coverage of Ni surface by other adsorbed species.

Experimental data suggest that hydrazine dissociative adsorption leads to various surface
species, notably reactive intermediates (likely N2H4-x,ads) and surface poisons. DEMS data provide

evidence for N-H bond dissociation occurring at potential as low as -0.1 V vs. RHE, resulting in a
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release of molecular nitrogen and likely Hads, the latter being ionized above O V vs. RHE. XPS
measurements have shown that most likely the poisoning species are NHyads; however, further
studies are required to reveal their exact nature. The extent of surface poisoning strongly depends
on the ECSA of Ni (and hence the number of catalytic sites), hydrazine concentration, and presence
of other adsorbates on the Ni surface.

O-containing species on the Ni surface strongly affect hydrazine adsorption and reaction, OHags
being favorable (enhancing the HHOR), while surface a-Ni(OH)2 - unfavorable (blocking the surface

and hindering either the HHOR or the surface poisoning).
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