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ARTICLE INFO ABSTRACT

Metal nitride materials are garnering interest in many fields including electrochemistry, although they are still at
an early stage of investigation and underexplored. This mini review provides insights on the latest advancements
in the field of electroanalytical chemistry based on metal nitride materials, specifically focusing on the best
performing transition metal nitride sensors published between 2017 and 2020 for important targets such as
glucose, hydrogen peroxide and dissolved oxygen. Nickel cobalt nitride electrodes demonstrate electrocatalytic
behaviours toward glucose oxidation and hydrogen peroxide reduction processes. Meanwhile, zirconium nitride
electrodes could replace platinum/carbon electrodes for oxygen reduction reaction. This article also introduces
solid molybdenum nitride microdisk electrodes, which can easily be prepared and maintained and show diffu-
sion-control voltammetric responses for the complex peroxodisulfate reduction reaction. This mini review will
benefit researchers who would like to delve into the potential of metal nitride electrodes as electrochemical
sensors.
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electrosensors, so this mini review will not cover carbon nitride elec-
trodes. Herein, a number of transition metal nitride materials, specifi-
cally those that are developed for the purpose of chemical detection, are
reviewed in depth. This article is divided into two parts, i) nitrided

1. Introduction

Metal nitride materials gaining increased research attention, as in-
dicated by the growing number of publications with the keyword ‘metal

nitride’ over the past decade reported by Web of Knowledge, refer to
Fig. 1. In particular, transition metal nitride materials are of interest
mainly because they have high biocompatibility, electrical con-
ductivity, chemical and thermal stability, and resemblance to precious
metals in terms of their electronic structure [1-4]. Metal nitride ma-
terials have been studied as supercapacitors, batteries, electrocatalysts,
and photocatalysts [5-8]. In 2018, Rasaki et al. [9] superficially re-
viewed several metal nitride and carbide materials mostly for various
electrochemical applications. Apart from metal nitride, carbon nitride
materials have been studied extensively for electrochemical purposes.
Chen and Song [10], Wang et al. [11], Magesa et al. [12], and Xavier
et al. [13] recently published comprehensive reviews on carbon nitride

metals that exhibit the best electrocatalytic behaviour for several im-
portant reactions and ii) the advancement of metal nitride electrodes.

2. Studies on several popular redox processes using metal nitride
electrodes

2.1. Non-enzymatic glucose sensors

In 2018, Hwang and colleagues [14] published a review paper re-
garding a vast array of electrochemical direct glucose sensors, including
Fe,NiyN, FesN-CooN, CosN, NisN, and CusN. The authors compared the
values for the sensitivity, selectivity, stability, repeatability,
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Fig. 1. Number of articles with the word ‘metal nitride’ as the keyword which have been published over the past decade.

reproducibility, limit of detection, and linear range of the electrodes for
glucose oxidation, but did not consider the onset potentials of the redox
reaction. Dhara and co-workers [15] reviewed Co,Ng g7 and CosN as
non-enzymatic glucose sensors. The authors compared the values for
the sensitivity, limit of detection, linear range, and the peak potential
for glucose oxidation, although discussions only covered these two
materials. For this article, the onset potentials obtained using various
metal nitride electrodes for glucose oxidation were compared to select
an electrode material that exhibits the highest electrocatalytic activity
towards this redox reaction; this indicates that less overpotential is
needed to drive the electrochemical process. All potentials were con-
verted to the scale of Ag/AgCl reference electrode (saturated KCI) for
easier comparison. We also compared the values for the sensitivity,
limit of detection, and linear range of the electrodes for glucose oxi-
dation to choose the best electrochemical sensor for this electro-
chemical reaction.

Based on a comprehensive literature search, nickel cobalt nitride
(NiCo,N) in the form of core shell nanohybrid modified on nitrogen
(N)-doped graphene electrodes demonstrates the highest electro-
catalytic activity towards glucose oxidation [16]. To fabricate the
electrode, Ni(NOs3),-6H,0, Co(NO3),6H,0, and NH,CN were added
into a solution of graphene oxide whilst stirring overnight at 80 °C.
Then, the mixture was freeze-dried at —50 °C to give a grey powder.
The powder was ground and annealed in two steps, which includes
polymerisation at around 450 °C. The powder was then heated at ap-
proximately 800 °C in a nitrogen atmosphere for 2 h. These heat
treatment processes are usually performed to modify the properties of
materials of interest [17]. Weakly bounded metal nitride and metal
oxide materials were removed from the powder by treating it with 1 M
H,S0, at around 80 °C overnight. The treated powder was then washed
with ethanol and water repeatedly before being dried at ~60 °C for
overnight in a vacuum oven.

The foot of the glucose oxidation wave recorded using NiCo,N core
electrodes starts at approximately 0.2 V vs. Ag/AgCl, see Fig. 2 [16].
This is important to ensure that the electrochemical sensor has high
selectivity towards glucose; more positive potentials (> 0.7 V vs. Ag/
AgCl) drive the oxidation of other electroactive species that are found in
blood samples, such as L-ascorbic acid, uric acid, and dopamine hy-
drochloride, which would interfere with the electrochemical results
[16]. Deepalaskhmi et al. [16] reported that the sensitivity and the limit
of detection of their electrodes toward glucose oxidation are 1803 pA
mM ™! ecm ™2 and 50 nM (signal-to-noise ratio; S/N = 3) respectively.
Their electrodes also offer a wide linear range between 2.008 pM and
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Fig. 2. Cyclic voltammograms recorded using a N-doped graphene/glassy
carbon electrode (curve 1 and 2) and a nickel cobalt nitride/N-doped graphene/
glassy carbon electrode (curve 3 and 4) in 0.1 M NaOH with the absence (curve
1 and 3) and in the presence (curve 2 and 4) of 1 mM glucose with at

50 mV s~ '. This graph was taken from [16] with permission from ACS Pub-
lications.

7.15 mM.

Other metal nitride electrodes, such as nickel nitride (Ni3N) in dif-
ferent forms [18,19], offer a higher sensitivity for glucose detection
than the NiCosN electrodes. However, the onset potentials obtained
using the other electrodes are more positive than that acquired by the
NiCo,N electrodes. This means that a greater driving force is needed for
glucose oxidation to proceed when employing those electrodes com-
pared to when utilising NiCo,N electrodes.

Deepalakshmi et al. provided insights into the electrochemical be-
haviour of NiCO,N electrodes using cyclic voltammetry (Fig. 2). A
couple of redox peaks can be seen at around 0.3 V and 0.4 V vs. Ag/
AgCl in alkaline NaOH solutions even in the absence of glucose, which
are attributed to Ni?*/3* and Co®*/3* redox processes occurring
within the NiCo,N/N-doped graphene hybrid electrodes [16]. These
surface reactions are thought to be key for the glucose oxidation where,
Ni?* and Co®" are initially oxidised to Ni** and Co**. Glucose is
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Table 1
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A comparison between the voltammetric features for glucose oxidation obtained using NiCo,N/N-doped graphene nanocore hybrid electrodes, NizN/N-doped carbon

microspheres, and Ni3N nanosheet in 0.1 M NaOH solutions.

Electrode material Onset/V vs. Ag/AgCl  Peak/V vs. Ag/AgCl

Scan rate/mV s~

! Linear range/yM  Limit of detection/uM  Sensitivity/uA mM~' cm~2  Ref.

NiCo,N/N-doped graphene 0.2 0.45 50
Ni3N N-doped C spheres 0.51 0.63 50
Ni3N nanosheets 0.37 0.57 30

2-7150 0.05 1803 [16]
1-3000 0.1 2024.1 [18]
3000-7000 0.35 1256.9

0.2-1500 0.06 7688 [19]

converted to gluconolactone by the oxidised metal sites, which are re-
duced back to Ni®* and Co?*.

Dai et al. [20] reported the electrocatalytic activity of NisN-CosN
nanowires on titanium electrodes towards glucose oxidation. They also
observed a pair of redox peaks on their cyclic voltammograms at
around 0.46 and 0.28 V vs. Hg/HgO in the absence of glucose. From the
X-ray photoelectron spectroscopy (XPS) analysis, they suggested an
alternative mechanism, where Ni%" is oxidised to Ni** and Co?™* is
oxidised first to Co®* then further to Co**. The highly oxidised Ni**
and Co** are then responsible for oxidising glucose to gluconolactone,
returning the metal sites back to Ni>* and Co®* respectively. Deepa-
lakshmi and co-workers [16] should conduct the same analysis to
confirm their proposed mechanism.

Insights into key reaction intermediates at NiCo,N surfaces can be
inferred from XPS investigations at related nickel-metal nitrides, such
as NiMoN or NiFeN. Reactions at these catalytic metal nitrides begin
with the formation of metal hydroxide at the catalyst surface. The route
to glucose oxidation can then be expressed in terms of a charge transfer
from the electrode to catalytic sites to form the corresponding oxy
(hydroxide), followed by a subsequent oxidation of glucose to gluco-
nolactone, as shown in Reactions 1-3 [21].

Ni2+ + 20H- = Nill(OH), (Reaction 1)

Ni''(OH), + OH~ = Ni'"O(OH) + e~ + H,0 (Reaction 2)

2Ni"O(OH) + glucose — 2Ni"'(OH), + gluconolactone (Reaction 3)

Reactions 1-3 show the mechanism in terms of catalytic Ni sites,
although the same reaction is possible with the corresponding Co hy-
droxide and oxy(hydroxide). The catalytic regeneration of a stable
metal hydroxide is supported by scanning electron microscopy and
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Fig. 3. Voltammetric responses acquired using a N-doped graphene/glassy
carbon electrode (curve 1 and 2) and a nickel cobalt nitride/N-doped graphene/
glassy carbon electrode (curve 3 and 4) in 0.1 M PBS without (curve 1 and 3)
and with (curve 2 and 4) 1 mM H,0, at 50 mV s~ '. This graph was obtained
from [16] with the permission from ACS Publications.

transmission electron microscopy images, which show no morphology
changes after operations [16].

Table 1 compares the voltammetric properties of the electrode
materials reviewed in this paper for glucose oxidation. It is better to
compare the onsets and peaks of glucose oxidation at the same scan rate
as they might shift at different scan rates. Unfortunately, Xie and col-

leagues [19] did not record voltammetric responses at 50 mV s™L

2.2. Hydrogen peroxide (H;0,) sensors

H,0, reduction has also been studied using several metal nitride
materials. Based on our literature search, NiCo,N core shell nanohybrid
on N-doped graphene electrodes developed by Deepalakshmi and co-
workers [16] also exhibits the highest electrocatalytic activity towards
hydrogen peroxide reduction amongst reported metal nitride elec-
trodes. Here, the onset potentials for H,O, reduction obtained using
different metal nitride electrodes were compared in order to identify
the best electrode material. The onset potential for the H,O5 reduction
on a NiCo,N electrode is at around 0.3 V vs. Ag/AgCl and the reduction
peak can be observed at approximately 0 V vs. Ag/AgCl as shown in
Fig. 3.

The cyclic voltammogram recorded at NiCo,N in the absence of
H,0, does not exhibit an oxidation peak that can be ascribed to the
Ni2*/3* and Co?*/3* redox processes, as was previously seen in the
absence of glucose (Fig. 2). Nonetheless, a reduction peak is still seen in
Fig. 3 at ~0 V vs. Ag/AgCl, which the authors assigned it to the re-
duction processes involving Ni**/?* and Go®*/2*. The absence of the
oxidation peak for Ni?*/3* and Co®*/®* redox processes was not dis-
cussed by the authors [16]. It can also be observed that the reduction
peak potential for Ni®*/2* and Co®*/2 reactions in the absence of H,0,
(~0 V vs. Ag/AgCl; Fig. 3) is shifted to more negative values compared
to that in the absence of glucose (~0.3 V vs. Ag/AgCl). This difference
can likely be ascribed to a change in electrolyte (0.1 M NaOH for glu-
cose, 0.1 M phosphate buffer solutions (PBS) for H,0,). Changes to the
pH could impact the Ni?*”3* and Co?*”3* redox potential, or phos-
phate molecules may block the electrode surface hindering the redox
processes of Ni**/3* and Co®*/3* similar to the passivation of iron in
phosphate solutions [22,23]. The electrode surface could have been re-
activated when the potential is swept to more negative values, which
enables the reduction peak to be observed on the cyclic voltammograms
recorded in the absence of hydrogen peroxide.

The values for the sensitivity and the limit of detection for hydrogen
peroxide reduction on NiCo,N electrodes are 2848.73 pA mM ™! ¢cm ™2
and 0.2 pM (S/N = 3) respectively. The linear ranges are found to be
between 0.2 and 68.5 uM as well as from 198.5 to 3948.5 pM. Assuming
the same key intermediates as for glucose oxidation, the mechanism
could be expected to proceed via an initial electron transfer from cat-
alytic metal sites to the hydrogen peroxide. The catalytic sites would
then be recovered through charge transfer from the electrode.

Ni* + 20H- = Ni"'(OH), (Reaction 4)

1
Ni''(OH), + —H 0, = Ni"O(OH) + H,0 .
i(OH), 2 5 2 ro(om) 2 (Reaction 5)

Ni''O(OH) + H,0 + e~ — Ni'/(OH), + OH"~ (Reaction 6)
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Fig. 4. (a) Linear sweep voltammograms of a ZrN/glassy carbon electrode, a Pt/C (XC-72 as the carbon support), a bare XC-72 electrode, and a bare glassy carbon
electrode (blank) rotated at 1,600 r.p.m at the scan rate of 10 mV s~ 1 in O,-saturated 0.1 M KOH solutions. The solutions were bubbled with O, gas for 30 mins. (b)
Polarisation curves before (solid curves) and after (dashed curves) the accelerated durability tests. A graphite counter electrode was employed during the accelerated
durability tests instead of a Pt wire to avoid the redeposition of Pt on the working electrode. The inset shows the chronoamperograms recorded during accelerated
durability tests where the potential was fixed at a value which is not disclosed by Yuan et al. [25] but most probably at the diffusion-controlled region. These graphs

were taken with permission from Springer Nature Limited [25].

However, as previously discussed, there is no evidence from the
cyclic voltammetry that Ni2*/3* and Co?*/®* redox processes are
occurring within the electrode material, so it is difficult to draw a solid
conclusion. At this point, we strongly suggest that a further surface
analysis to determine the oxidation states of the electrode materials
must be performed. Deepalakshmi and co-workers [16] have char-
acterised the surface after the material fabrication using an XPS. This
revealed the chemical states of their sample surface, which include a
few relevant core line spectra such as Ni 2p, C 1s, N 1s, and Co 2p.

Deepalakshmi and colleagues [16] mentioned that the intensity
peaks of the Ni** state is higher than the Ni?* state for the Ni 2p core
line spectra. They speculated that this is due to the homogeneous
doping of nitrogen, which may prevent a further surface oxidation
process in the metal nitride species. However, there is a high possibility
that their samples may undergo a surface oxidation process when they
make contact with air or during voltammetric measurements. Van Bui
and colleagues [24] mentioned that the surface of titanium nitride thin
films may readily be oxidised to titanium oxynitride when exposed to
air even at room temperature; this may also be the case for the metal
nitride samples prepared by Deepalakshmi and colleagues [16]. Thus,
Deepalakshmi and co-workers [16] should conduct XPS studies on their
samples periodically.

Unfortunately, peaks that are attributed to oxygen can always be
seen on most XPS spectra. Therefore, the authors should analyse the
spectra carefully. One way to analyse the oxygen content in a sample is
to observe the binding energy of other elements, in this case C 1s, O 1s,
and Co 2p. The binding energy of these elements can be affected when
surface oxidation occurs. The destruction of chemical states will lead to
the shifting in the binding energy of these elements. Therefore, if the
incorporation of nitrogen prevents the surface oxidation of their sam-
ples as claimed, there should not be a shift in the binding energy of
these elements.

Deepalakshmi et al. [16] also stated that the presence of the core
line spectrum of N 1s proved the incorporation of nitrogen into the
electrode surface. However, we found that this statement needs more
concrete evidence where they should collect Ni and Co 2p core line
spectra before integrating nitrogen into the samples apart from pre-
senting the XPS data after the incorporation of nitrogen. It is also

necessary to conduct XPS studies for the graphene before and after
decorating it with metal particles. Based on only the experimental data
presented therein, it is difficult to make a solid conclusion on the oxi-
dation states of Ni and Co in their samples.

The paper also did not show the effect of exposing the electrode
material to either glucose or H,O,, which is highly important to show
the stability of electrodes for continued electrochemical sensing. It is
well understood that the products or by-products of glucose and H,0,
reduction may contaminate the electrode surface, but it is still possible
to remove the contamination prior to conducting the XPS analysis.
These additional data may enable researchers to make firm conclusions
on the electrochemical processes and the oxidation states of Ni and Co
in their samples.

2.3. Dissolved oxygen sensors

Recently, Yuan and colleagues [25] reported that zirconium nitride
(ZrN) nanoparticles could be an alternative to platinum/carbon (Pt/C)
electrodes for oxygen reduction reaction (ORR). This is a key research
area given the urgent need to find a substitute for Pt, since noble metals
are expensive. The ZrN nanoparticles were produced via an urea-glass
route using zirconium chloride (ZrCl,) as the metal source. In brief, ZrN
powder was dispersed in ethanol. Subsequently, urea was added into
the solution and the mixture was stirred. The solution was stored for
12 h before being heated in argon environment using a tubular furnace
at 800 °C for 3 h. The ZrN nanoparticles were decorated on glassy
carbon disk electrodes for ORR applications.

The onset potentials for the ORR obtained using ZrN and Pt/C
electrodes are 0.89 V and 0.93 V vs. reversible hydrogen electrode
(RHE) respectively (Fig. 4(a)). This means that the ZrN electrodes are
more electrocatalytically active towards ORR than Pt/C. However, they
both display the same value of half-wave potential (E;,5) at 0.8 V vs.
RHE. Yuan et al. [25] also demonstrated that the ZrN electrodes are
more stable than the Pt/C electrodes for the ORR even after 1000 cycles
as shown in Fig. 4(b). Importantly, the number of electrons transferred
for the ORR at ZrN is four. This implies that oxygen is completely re-
duced to water with no observable two-electron reduction to H,0s,
which is highly desirable for fuel cell applications. This is also
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Fig. 5. ORR waves recorded using x-MoN/N-doped graphene electrodes (x = 0,
1, 2, 3, and 4) where x is the different amounts of H,O, in mL used to prepare
the MoN materials as well as commercial 20 wt% Pt/C catalysts at 5 mV s~ * at
1,600 r.p.m in O,-saturated 0.1 M KOH solutions. Permission was obtained
from Wiley VCH to display the graph from Liu et al. [27].

important for dissolved oxygen sensors, since the number of electrons
must be well known to calculate a concentration from electrochemical
data, and a larger charge per unit O, will give a lower limit of detection
[26].

Liu and colleagues [27] investigated molybdenum nitride (MoN) on
N-doped graphene as an alternative ORR catalyst. They reported that
the electrocatalytic current for the ORR at one of their MoN electrodes
(3-MoN@N-PG) is higher than that recorded with Pt/C (Fig. 5). How-
ever, recorded currents are also determined by the electrode area and
the catalytst loading, so it is not recommended to compare the currents
acquired using different materials without adequate normalisation by
geometry or mass loading. Additionally, the onset potential for the ORR
acquired by their MoN electrodes is more positive (0.93 V vs. RHE) than
that recorded using the ZrN electrodes (0.89 V vs. RHE). This suggests
that MoN at N-doped graphene may be the superior ORR catalyst, al-
though only a 40 mV difference in overpotential should not rule out
either material. Table 2 summarises the voltammetric features de-
termined using the electrode materials reviewed in this article for easier
comparison. The next section introduces MoN solid microdisk elec-
trodes.

2.4. Advancement for metal nitride materials as electrosensors

For this section, MoN microdisk electrodes prepared by Shafiee
et al. [28] were chosen because their electrodes are easy to fabricate,
robust, and convenient since they just need to be polished to gain a
fresh electrode surface. Shafiee et al. [28] fabricated solid molybdenum
nitride microdisk electrodes from MoN wires. The wires were first
prepared via nitridation process from commercially available 25 pm
diameter Mo wires, which were cut into small pieces. Most of the metal
nitride electrodes prepared by other groups were in the form of either
thin films or powders [16,25]. Unfortunately, thin films have the ten-
dency to blister, delaminate, or form cracks during sample preparation

Electrochemistry Communications 120 (2020) 106828

or usage [29]. This exposes the underlying substrate and increases the
surface area, which introduces significant error into electrochemical
sensing data. Their solid molybdenum nitride microdisk electrodes
address this problem, and exhibit a diffusion-controlled cyclic voltam-
mogram for the reduction of peroxodisulphate at a slow scan rate
(Fig. 6(a)), which has never been achieved with other bare electrodes
[30-33]. The presence of N atoms in the metal may have a role in
making the peroxodisulphate reduction diffusion-controlled. It is also
possible that the act of polishing the electrode surface activated the
MoN surface; the activation of solid MoN by mechanical polishing could
be akin to that of Pt electrode surface as reported by Lee and colleagues
[34]. It would be interesting to use solid MoN microdisk electrodes to
investigate other complicated redox processes. Unfortunately, the
upper potential limit for this electrode is ~0.3 V vs. saturated calomel
electrode (SCE), i.e. where oxygen evolution reaction starts to occur
(Fig. 6(b)). Nevertheless, this shows that solid MoN microdisk elec-
trodes could be used to probe other species where the redox potentials
are within this potential window.

3. Conclusion

Metal nitride materials are promising candidates for electro-
chemical applications thanks to their high conductivity, thermal sta-
bility, hardness and corrosion resistance [35]. Incorporating nano-
particulate metal nitrides into active supports such as 3D N-doped
carbons, metallic meshes or hybrid metal nitrides enhances electron
transfer, facilitates product and react diffusion and exposes additional
catalytic sites, providing further improvements to their electrochemical
performance [36]. Newly developed materials often focus on bimetallic
nitrides, which tend to outperform their component nitride by opti-
mising reactant binding to the catalyst surface, or through the sy-
nergistic activity of neighbouring metal sites [37,38].

The origin of their catalytic activity has been proposed to be the in
situ formation of metal oxides and oxy(hydroxide), which give high
oxidation state metal sites. The fact that these are generated in situ
results in a thin film oxide/oxy(hydroxide) film on a metal nitride core,
which facilitates charge transfer from/to the material and favours
overall catalyst stability by hindering overall dissolution of the catalysts
[21].

NiCo,N electrodes seemed to be the best sensor for both glucose and
H>0,. Meanwhile, ZrN or MoN materials could replace Pt/C for ORR.
This interesting finding has offered a new candidate for dissolved
oxygen sensors. It is possible to fabricate solid metal nitride electrodes
that can be mechanically polished, which could enhance the electro-
chemical responses for complicated electrochemical reactions. Metal
nitride materials have applications for various fields, especially as
electrochemical sensors. Further efforts are needed to explore the full
potential of metal nitride electrodes.
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Table 2

An overview of the voltammetric features and experimental conditions for the ORR for ZrN nanoparticles and MoN N-doped graphene. NP is an abbreviation for

nanoparticles.
Electrode material Onset/V vs. RHE Peak/V vs. RHE Scan rate/mV s~ ! Solution Apparent number of electrons transferred Ref.
ZrN NP 0.89 0.7 10 0O, saturated 0.1 M KOH 4 [25]
MoN N-doped graphene 0.93 0.7 O, saturated 0.1 M KOH 4 [27]
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Fig. 6. (a) Cyclic voltammograms recorded using a 26 pm @ solid MoN microdisk electrode in a deoxygenated 0.1 M KClO, solution in the presence (red) and in the
absence (black) of 2 mM K,S,0g at 10 mV s~ 1. (b) Voltammetric responses acquired using a 27 um (black) and a 28 pym (red) @ MoN microdisk electrodes in a
deaerated 0.5 M KCl solution. These graphs were taken from Shafiee and co-workers [28] with the permission from Elsevier. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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