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Abstract

A new methodology was developed to fabricate solid molybdenum nitride microdisc
electrodes for the first time. The MoN microrods were produced by heating Mo microwires in
dry NHz atmosphere for several hours. They were characterised by scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD). The
latter revealed the samples had crystallised in the 63-MoN phase with a core of y-MozN. Their
electrochemical behaviour was probed for the reduction of Ru(NH3)s*. For this fast electron
transfer the MoN microdisc electrodes returned similar voltammetric features to Pt
microelectrodes. Their amperometric response was further tested with the reduction of
peroxodisulfate. In contrast with other electrode materials, the reduction of S;0s? on MoN
microdiscs delivered steady state voltammograms with well-defined diffusion controlled
plateau. At low sweep rates, the limiting current was consistent with hemispherical diffusion
and stable for at least 500 s. The diffusion coefficient of S;0s? derived from these results,
9.5x10% cm? 5%, is in excellent agreement with previous work. At high sweep rates, the
reduction of peroxodisulfate was found to be complicated by the simultaneous reduction of
adsorbates. The results indicate that MoN is an ideal electrode material to monitor the

concentration of peroxodisulfate under steady state conditions.
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1.0 Introduction

The electrochemical behaviour of metal nitrides, MoN included, has not been widely
studied. Amorphous films of CoN have been found to have good properties for the oxygen
reduction reaction (ORR) but are unfortunately unstable near the ORR onset potential [1, 2].
MoN materials are typically prepared as thin films [3, 4] with thicknesses ranging from 0.5 to
20 um and are usually made via physical vapour deposition [5, 6] or chemical vapour
deposition [7, 8]. Thin film MoN electrodes have been examined by a few groups [8-11] but
in most cases the electrodes were used as capacitors or as electrocatalysts for the oxygen
reduction reaction (ORR) [7, 9, 12]. During fabrication and use these films often crack and
delaminate [13] thereby producing higher surface areas and exposing the underlying
substrate. In this paper, we demonstrate the viability of producing solid MoN microelectrodes
which do not suffer these limitations. In brief, we prepare MoN microelectrodes from Mo
microwires via ammonolysis and after characterisation we exploit them for electroanalytical
purposes. In particular we investigate the electroreduction of peroxodisulfate (S20s?) which
has complicated voltammetry on common electrode materials [14, 15]. We show that on
MoN microdiscs the reduction of S,0s> can be diffusion-controlled without having to modify

the electrode surface.

Molybdenum nitride exists in many structural forms. a-MoNyx is Mo metal with small
amounts of interstitial N [16]. y-Mo2N adopts the cubic rocksalt structure with around 50%
vacancies on the anion sites, and 3-MoN is a tetragonal distortion of the y-Mo2N with N
atoms displacements [16, 17]. Different phase constituents can be obtained by controlling
parameters including the temperature during the synthesis [3]. For example, 3-MoN is stable
at low temperature and y-MoN is stable at high temperature [17]. There are several types of
hexagonal (3-) MoN [17]. 6:.-MoN consists of a WC-type crystal lattice with stacking faults

of the N atoms layers along the c-axis. 5.-MoN has a NiAs type structure and d3-MoN can be



described as a slightly distorted NiAs superstructure. MosNe is the outcome of coalescence of
WC- and NiAs-type building blocks with vacancies on Mo sites. In this work, several

characterisations were performed on the MoN samples before recording their electrochemical
response. Little is known about their electrochemistry but Cao et al. reported that 3-MoN is a

better ORR catalyst than the y-Mo2N phase [12].

Peroxodisulfate, also known as peroxydisulfate and persulfate, is a strong oxidising
agent which has been used to decompose organic compounds [18], particularly in
wastewaters. According to Botukhova and Petrii, the peculiar voltammetry of S;0s? was first
reported in 1949 [15]. Many electrode materials have been employed over the years, either
pristine or modified surfaces, to further understand the electrochemical behaviour of S,0s%".
Some of the materials include polycrystalline Au [14], single crystals of Au [19, 20],
roughened Au [21], Pt [15], bismuth modified Pt [15, 22], cadmium and lead modified Pt
[23], thallium modified Pt [24], Prussian blue modified Pt [25], modified carbon nanotubes
[26], and boron-doped diamond [27]. Most of the studies were conducted using rotating disc
electrodes (RDE). In this work, we have employed microelectrodes which are known to have

high mass transfer coefficient, low ohmic drop, and low double layer charging current [28].

Although the diffusion-controlled reduction of S,0g> has been reported, in most cases
the RDE voltammograms are poorly-defined and only reach a limiting current in a narrow
potential window. To the best of our knowledge, the only materials that demonstrate
sigmoidal shape RDE voltammograms are the bismuth and lead-modified Pt electrodes [15,

22, 23]. In all cases the stability of the amperometric response is not mentioned.
Overall the reduction of S;0s> is a two-electron process [21]:

S;08% +2 e — 2 S04~ (Eq. 1)



However the reaction mechanisms proposed to explain its voltammetry are complex and
generally involve dissociative chemisorption of an intermediate. For example the mechanism
proposed by Samec and co-workers for the reduction of S;0s> on gold involves two
pathways [14]. The first occurs at more positive potentials and involves the fast dissociative

chemisorption of intermediates followed by their reduction in a slow one-electron process:
S,08% — (SZOBZ_)ads — 2(SO47)ads (Eq. 2)
(SO4)ads + €~ — (SO42')ads — SO4* (Eq. 3)

while the second occurs at more negative potentials and involves two consecutive one-

electron transfers:
S,08% + e~ — SO4* + SO« (Eq. 4)
SO4 + e — SO4* (Eq. 5)

Whatever the electrode material, it is clear that the adsorption process complicates the
mechanism and it is of interest to find a material that can promote the mass transport

controlled reduction of peroxodisulfate.

We first report the fabrication and characterisation of the MoN microdisc electrodes
then present their electrochemical behaviour with a model redox compound before discussing

the electrochemistry of peroxodisulfate.

2.0 Experimental

A 25 pum diameter Mo wire (99.95%, Advent Research Materials) was cut into several
5 mm long pieces. The wires were then laid in between two alumina tiles to prevent them
from bending or curling during the ammonolysis. The tiles were placed in the middle of a

silica tube located inside a programmable tube furnace (Lenton Thermal Designs Limited).



Dry ammonia gas (BOC anhydrous grade, further dried with molecular sieves) was flowed
through the sample tube during the entire nitridation process. The temperature was raised (10
°C min™) to 800 °C, held at this value for 60 hours, raised (10 °C min™) to 1100 °C, held at
this value for 30 hours, decreased (10 °C min™) to 800 °C and held at this value for a further
15 hours. The sample was left to cool to room temperature under ammonia then flushed with
nitrogen for 15 min to remove excess ammonia. The SEM images and the EDS spectra of the
samples were acquired using a Phillips XL 30 ESEM with a Thermofisher Ultradry detector.
The XRD analysis was performed using a Rigaku SmartLab diffractometer with Cu-K,
radiation and a DTex-250 1D detector. XRD patterns were collected in transmission mode
with a 0.2 mm line beam and the samples glued to a Scotch Magic tape (3M), or with a 0.1
mm spot on a polished microelectrode cross-section. The XRD data was analysed and treated
using the PDXL2 software. Rietveld refinement was carried out using the GSAS package

[29] with model structures from the Inorganic Crystal Structure Database [30].

To fabricate the MoN microdisc electrodes, one end of the MoN wire was connected
to a copper wire (RS Components) using silver epoxy (RS Components). A 1 mL pipette tip
(Diamond) was bisected and covered with Teflon tape then used as a mould for the electrode
fabrication. A small amount of epoxy resin (Araldite) was deposited inside the mould. The
wire was laid on top of the epoxy resin before adding more epoxy resin to completely cover
the wire. The epoxy was allowed to harden overnight thus providing a solid insulating sheath
to the otherwise brittle MoN wires. The hardened epoxy was polished with silicon carbide
papers (Starke) of different grades (200, 600, and 1200) to expose the MoN microdisc. The
electrode was then polished with alumina lapping films (3M) of different grades (5, 1 and, 0.3
um) to obtain a mirror finished surface. The electrode surface was cleaned using a wetted

microcloth (Buehler) and deionised water.



All chemicals were used as received without further purification. The K2S20s (> 99
%) and KCI (> 99 %) were obtained from Fluka and Fisher Scientific respectively. The
Ru(NH3)6Cl3z (98 %) and KCIO4 (>99.99%) were both obtained from Aldrich. The deionised
water (resistivity 18.2 MQ cm) was acquired from a Purite Select water purification system to
prepare the aqueous solutions and to clean the glassware. The glassware was soaked in Decon
90 (BDH) overnight. It was then rinsed with copious amounts of deionised water before
being dried in an oven (LTE Scientific) at 40 - 50 °C before use. Five-neck cells were used to
hold the test solutions. The electrochemical experiments were conducted inside a grounded
Faraday cage to reduce the electromagnetic noise and performed using an Autolab
PGSTAT101 controlled with NOVA 1.10, both from EcoChemie. The experiments were
conducted at room temperature (19 — 23 °C). The test solutions were thoroughly
deoxygenated with Ar gas (BOC) for 30 min, then for 15 min before recording the
voltammetric responses. To maintain reproducibility, the electrode was polished for 10 min

with 0.3 um alumina lapping film to expose a pristine MoN surface before each experiment.

3.0 Results and discussion
3.1 Material characterisation

XRD was performed on the MoN samples to determine the phase produced during
ammonolysis. Figure 1 shows a Rietveld fit to a typical diffraction pattern obtained with the
MoN wires in transmission mode. The broad background arises from the Scotch tape used to
mount the fragile wires in the beam (see figure SI1 for a spectrum of the background). The
d3-MoN phase (lattice parameters a = 0.574(3) and ¢ = 0.563(3) nm) accounts for most of the
observed intensity, with a small fraction of y- Mo2N also observed. The lattice parameters of
the d3-MoN phase are very close to the literature values of 0.574 and 0.562 nm for that
phase[31]. It is common to observe some cubic y-Mo2N in hexagonal 63-MoN [31], however

here the hexagonal 33-MoN phase clearly dominates. Using a microfocus beam to collect a



pattern on a polished cross-section, figure SI2, the contribution from the y-MozN phase is
stronger, showing that this phase is present mainly in the core of the wires, with 63-MoN
dominant in the shell. Of course, by polishing through the wires to make microelectrodes we

are exposing both regions.

80000
70000
60000
50000
40000
30000
20000 A
10000 -

Intensity

Figure 1: Rietveld fit (Rwp = 1.8 %, Rp = 1.2 %) to the XRD pattern of a MoN microwire. Crosses mark the data
points, the red line the fit, the green line the background and the blue line the difference (data-model). Tick marks
show the allowed reflection positions for the 83-MoN (cyan, space group P6smc) and y-MoN (pink, space group
Fm-3m). A small peak at 44.8° could not be accounted for, and was excluded from the fit.

Figure 2 shows the SEM images obtained on the MoN and Mo wires. Typical EDS
spectra are shown in figure SI3. The Mo wires were originally striated, figure 2, but the
nitridation process caused their surface to become grainy and rougher. This is probably what
led to the rough edges seen on the microdiscs, figure SI4. Kim et al. [13] reported that this
was due to the volumetric enlargement of the crystal grains throughout the ammonolysis.
Strong Mo and N peaks can be seen on the EDS spectrum of the MoN wire, figure SI3. The
ratio of Mo to N obtained is 1:0.7. As expected, the N peak is absent from the EDS spectrum
of the Mo wire. The strong carbon peaks are due to the carbon tab used to mount the sample.

Although some surface oxidation can also be expected [5], the oxygen peak is mainly due to



the wet SEM mode (a low vapour pressure of water) used to collect the data; this imaging

mode is needed because of the large area of epoxy.

Figure 2: SEM images taken on the side of 83-MoN (left) and Mo (right) wires. The EDS analysis was conducted at
five different and random locations (numbered spots) on the wires. The representative EDS spectra (blue spots) are
shown in fig. SI3. Conditions: 5000x magnification, 5 kV, gaseous secondary electron detector, and wet mode.

3.2 Voltammetry

The electrochemical behaviour of the freshly polished MoN microdisc electrode was
first probed with the reduction of Ru(NHas)s®", a simple redox process known to be a fast
outer sphere electron transfer. The cyclic voltammogram of the MoN microdisc electrode was

then compared to that recorded with a similar size Pt microdisc, figure 3.
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Figure 3: Cyclic voltammograms recorded at 2 mV st with a 26 pm @ MoN (red) and a 25 pm @ Pt (black) microdisc
in deoxygenated 1 mM Ru(NH3)eCl3 + 0.5 M KCI.



Matching sigmoidal steady state cyclic voltammograms consistent with hemispherical
diffusion were obtained with both electrodes. The redox wave occurs at the same potential in
both cases; this indicates that the reduction of Ru(NHs)e>* is not affected by the MoN surface.
The hysteresis between the forward and reverse scans of the voltammogram obtained with the
MoN microdisc is noticeably small; this suggests that the MoN surface was very clean. The
limiting current taken at -0.4 V vs. SCE is in very good agreement with the theoretical value

estimated from the following equation [32]:
lim = 4nFDCa (EqQ. 6)

where n is the number of electrons transferred (1), F the Faraday constant, D the diffusion
coefficient of Ru(NH3)e®" in this medium (8.4x10° cm? s1) [33], C its concentration in the
bulk, and a the radius of the electrode. The shape of the voltammogram recorded with the
MoN electrode was examined by plotting E vs. In (lim — 1) / 1 with the potential and current
values taken from the declining part of the wave (figure SI5 left). The plot, figure SI5 (right),
yields a straight line, which was analysed with the equation for the steady state voltammetry

of reversible processes [32]:
RT lim —{

where E is the applied potential, E1» the half-wave potential, iim the limiting current, and i
the experimental current at E. R, T and F have their usual meaning. In both cases the fitted
slope, Table 1, is very close to RT /F. This confirms that the reaction is reversible with both
electrodes and implies that the MoN electrode behaves like Pt for the reduction of

Ru(NH3)e>*.



Table 1: Comparison of the voltammetric features obtained with the MoN and Pt microdisc electrodes for the
reduction of Ru(NHs)s%*.

Voltammetric feature
Electrode material

Slope / V Ew/V
Pt 0.026 -0.199
MoN 0.026 -0.203

To assess the electrochemical properties of MoN further we chose to investigate the
reduction of the peroxodisulfate anion. On most common electrode materials [14, 15, 20-22,
27] this reaction yields very poor voltammetry. The voltammograms have complicated
hysteresis and the current barely reaches diffusion control, figure S16. The MoN microdisc
electrodes were polished with a 0.3 micron alumina lapping film and thoroughly cleaned
before each experiment. Figure 4 shows the voltammetric response obtained with the MoN

microdisc electrode in presence and absence of K2S,0s.
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Figure 4: Cyclic voltammograms recorded at 10 mV s with a 26 pm @ MoN microdisc electrode in deoxygenated 0.1
M KCIO4 without (black) and with (red) 2 mM K2S,0Os.

The reduction starts near the onset of solvent oxidation, +0.35 V, and no attempt was

made to start the sweep from higher potentials. The wave is drawn out but it reaches a clear

10



plateau in both scan directions and its limiting current is close to the theoretical value (-19.5
nA) estimated with eq. 6 taking the diffusion coefficient of S;0s% as 9.7x10° cm? s [14]. A
crossover point can be seen on the cyclic voltammogram recorded in the presence of S,0s*
and a 2" cross over point is expected circa +0.4 V. Between -0.5 and +0.35 V the reaction
visibly runs a lot faster on the reverse scan than on the forward scan. This behaviour is also
observed for the reduction of S,0s> on Au [14, 21, 34], Ni [21], and Pt [15]. Such hysteresis
is typically seen for the oxygen reduction reaction [35, 36] and is characteristic of processes
where adsorbed intermediates compete with other adsorbates for the adsorption sites. The
voltammogram therefore suggests that the MoN surface had more vacant sites on the reverse
sweep than on the forward sweep. This presumably results from the removal of Mo oxides
during the negative scan, although there is no obvious voltammetric feature on the

background voltammogram, figure 4, even when recorded at high sweep rate, figure 5.
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Figure 5: Cyclic voltammograms (1st cycle) recorded at 100 mV s with a 27 pm @ (black) and a 28 pm @ (red) MoN
microdisc in deoxygenated 0.5 M KCI. The potential was swept negatively starting at -0.1 (black) & 0.02 (red) V.

The reduction of peroxodisulfate was recorded over a range of sweep rates, figure
SI7. Between 10 and 100 mV s the voltammograms retain a sigmoidal shape. This shape

disappears above 100 mV s and a reduction peak whose magnitude increases with scan rate
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appears circa -0.6 V. Between 100 mV st and 1 V s the hysteresis between the forward and
reverse sweeps increases but the crossover points are visible up to 2 V s. At higher scan
rates the reduction peak increases systematically but there is no corresponding oxidation peak
on the reverse sweep. Furthermore the reduction peak does not present the characteristic
shape of a diffusion controlled process. The influence of sweep rates on the shape of
microdisc voltammograms is complicated because of the transition from hemispherical
diffusion at low sweep rates to planar diffusion at high sweep rates. To analyse the reduction
of peroxodisulfate we plotted the maximum current measured on the forward sweep against
the square root of sweep rate, figure 6. Initially the maximum current is independent of the
sweep rate and this is consistent with hemispherical diffusion. As mentioned previously this
current matches the theoretical limiting current calculated with equation 6. The maximum
current starts to increase above 20 mV s and above 2 V s it appears proportional to the
square root of the sweep rate. In principle this should be consistent with planar diffusion
however the currents obtained at high sweep rates are much larger than expected for a purely
diffusion controlled current as estimated using the equation derived by Aoki et al. [37] for a
microdisc, figure 6. This suggests the presence of an additional current arising from another
process. Because this extra current is only visible at short time scales we speculate that it
arises from the reduction of adsorbed species which bound to the surface upon exposure to
peroxodisulfate. This is supported by the following observation: a voltammogram recorded in
KCIO4 with an electrode previously immersed in K2S,Og shows significant extra current on
the first cycle compared to the same experiment conducted with a pristine electrode not
exposed to the peroxodisulfate solution, figure 7. The extra current appears below -0.5 V, the
same potential region as the peroxodisulfate reduction plateau. Interestingly, the extra current
decreases on subsequent cycles but does not disappear completely even though the

voltammogram is recorded in a solution devoid of K>S.Og. Further analysis of the data in

12



figure 6 reveals that the extra current (the difference between the maximum current recorded
and the theoretical value expected under diffusion control) increases linearly with scan rate
and not with its square root (insert in figure 6). This therefore rules out the involvement of a
diffusing species and supports the assignment of the extra current to the reduction of a
surface bound species. So the overall current observed is not proportional to the square root
of the scan rate as may seem at first glance. Hence exposure of the MoN surface to a solution
of peroxodisulfate leaves strongly bound adsorbates which can only be removed by polishing
the electrode, figure 7. These adsorbates can be reduced during potential cycling but not
electrochemically removed from the surface. For this reason the reduction of peroxodisulfate
only appears diffusion controlled at sweep rates sufficiently low for the reduction current of

the adsorbed species to be negligible.
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Figure 6: Scan rate dependence of the maximum currents (black symbols) taken on the forward sweeps of the
voltammograms shown in figure SI17. They were recorded with a 26 pm @ MoN microdisc electrode in 2 mM K2S,0g

+ deoxygenated 0.1 M KCIOa4. The red line corresponds to the theoretical maximum current calculated with equation
10in [37] using n =2, D = 9.5x10¢ cm? s, ¢ =2 mM and a = 13 pm. The insert shows the scan rate dependence of the
difference between experimental and theoretical maximum currents (symbols) and the line of best fit (dashed line).
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Figure 7: Voltammograms (a: 1%t cycle, b: 3™ cycle) recorded with a 26 pm @ MoN disc at 5 V s in 0.1 M KCIOsa.
The sweeps started at the OCP, ~0.1 V. (black) recorded before immersing the electrode in K2S20s. (red) obtained
after immersing the electrode in 2 mM KzS20s for 25 min. (blue) recorded after repolishing for 10 min.

Cyclic voltammograms were also recorded in different concentrations of S;0s% to

assess whether the limiting current was proportional to concentration as predicted by eq. 6.

Above 20 uM the limiting currents show a linear relationship with the concentrations of

S,0s%, figure 8. Below 20 uM the current increases with the concentration but there is no

obvious linear response. From the linear region in figure 8 the diffusion coefficient of

peroxodisulfate is estimated to be 9.5x10° cm? s which is in excellent agreement with the

literature [14]. Chronoamperometry, figure 9, reveals that the limiting current is remarkably

stable for a long time.
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Figure 8: Limiting currents taken at -0.6 V vs. SCE as a function of the concentration of K2S>Og in deoxygenated 0.1
M KCIO4 from voltammograms recorded at 10 mV s with a 26 pm @ MoN microdisc, Figure SI8.

The results suggest that the MoN surface promotes the reduction of peroxodisulfate
over a wide potential window. Although non-ideal, the steady state voltammograms do not
suffer the distortions observed with macro- and microelectrodes made with other materials
and steady state conditions can be exploited to monitor the concentration of peroxodisulfate.
Here the solid MoN microdiscs have a key advantage in that their surface does not need
modification or pre-treatment except for polishing before experiments. At short times
however, complications arise from the reduction of irreversibly adsorbed peroxodisulfate

anions (or other species resulting from their dissociative adsorption).
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Figure 9: Chronoamperogram recorded with a 29 pm @ MoN microdisc electrode in 2 mM K2S20s + deoxygenated
0.1 M KCIOa. The potential was stepped from 0.3 V to -0.8 V vs. SCE and held there for 500 s. The inset shows the
same chronoamperogram but between -30 and -20 nA.

4. Conclusion

Solid MoN microwires were successfully prepared via nitridation. Their surface
appears rough under SEM but the microdiscs produced by exposing their cross section after
sealing in epoxy were sufficiently robust to be polished repeatedly. EDS spectra showed
strong Mo and N peaks while XRD analysis indicated the wires were consistent with solid ds-
MoN with some y-MozN at the core. When tested in presence of a fast redox couple the discs
produced diffusion controlled voltammograms similar to that at a Pt microdisc of comparable
size. Unlike Pt and all other materials tested the MoN microdiscs produced diffusion
controlled limiting currents for the reduction of S,0g> over a wide potential window. Steady
state voltammograms consistent with hemispherical diffusion of S;0s? were obtained at low
scan rates but at higher scan rates the voltammetry was complicated by the reduction of
adsorbed species and the currents recorded were much larger than predicted assuming a pure

16



diffusion controlled process. The limiting current was found to be stable and proportional to
S,0s% concentrations above a few micromoles. Solid MoN is the only material we found that
produced a stable and diffusion controlled limiting current to monitor the reduction of S;0s>
with a bare microelectrode. In contrast to thin films, the solid electrode can be reliably
polished to expose a fresh surface of MoN before each experiment. We are investigating

whether solid MoN microelectrodes can be exploited for other redox processes.
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