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Abstract—Electrode materials design is the most significant aspect in constructing a supercapacitor device. The evolu-
tion of metal nitrides/oxynitrides as supercapacitor electrode is strikingly noticeable today besides prevailing carbon or
2D materials, metal oxides/hydroxides and conducting polymers electrode materials. The theoretically estimated spe-
cific capacitance of a nitride-based supercapacitor is 1,560 F g . These nanostructures exhibit an excellent capacitive
behavior with a specific capacitance of 15-951.3 mF cm™ or 82-990 F g, high energy density (16.5-162 Wh Kg ') and
power density (7.3-54,000 W Kg'). On this account, supercapacitor performance of metal nitrides/oxynitrides is
reviewed exclusively. The major focus of the present review is directed towards state-of-art progress in supercapacitor
performance of nitrides/oxynitrides, underlying charge-storage mechanism, important outcomes and their limitations.

Finally, we conclude with challenges and prospects of metal nitrides/oxynitrides for supercapacitor electrodes.
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INTRODUCTION

Increasing impetus in renewable energy sources and the identi-
fication of the prosperity of green energy development of sustain-
able energy storage device has gained much attention. The elec-
trochemical supercapacitor, a promising energy storage device, is
expecting an escalation in energy research to meet the energy chal-
lenges in the twenty-first century. In-particular, supercapacitors have
foremost advantages like moderate energy density; high power den-
sity; fast charge-discharge (order of 10 sec), and prolonged cycle-
life (around 107 cycles). They even can bridge the gap between con-

ventional high-energy batteries and high-power capacitors (Fig.
1(a)) [1]. Hence, a rapid growth in worldwide research interest for
realizing the supercapacitor devices in day-to-day applications in-
cludes hybrid electric vehicle, emergency doors of aircraft, mem-
ory back-up systems as well as portable electronic devices such as
digital telecommunication systems, cellular phones, uninterruptable
power supplies, bio-medical devices and various micro-devices [2-4].
Nevertheless, the bottleneck of the supercapacitor is low energy
density compared to conventional batteries and fuel cells (Fig. 1(b)).
To overcome the problem, designing suitable electroactive materi-
als and selecting a suitable electrolyte combination are crucial in
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Fig. 1. (a) Ragone plot of energy storage devices, (b) schematic of key parameters, source of energy and role of supercapacitor.
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boosting the energy harvesting. The electrolyte may be aqueous or
organic, where the former one enables the device to operate within
a thermodynamic potential window of 1.23 V; while maximum of
a4V potential window can be achieved using an organic electro-
lyte. However, the organic electrolyte is toxic, moisture-sensitive
and costly compared to its aqueous counterpart. Additionally; the
electronic/ionic mobility and conductivity are lower for the organic
electrolyte [5]. Therefore, designing an asymmetric supercapacitor
has been found to be a potential alternative. On the other hand,
constructing the high-performance electrode materials is a crucial
challenge in realizing the desired goal of enhancing energy den-
sity without sacrificing their power density and cycle-life. Herein,
the present review concentrates on the supercapacitive properties
of electrode materials.

Supercapacitors are basically categorized into two classes on the
basis of their charge storage mechanism: electric double layer capaci-
tors and pseudocapacitors. The formation of an electric double layer
at the electrode/electrolyte interface is responsible for the charge
storage in double layer capacitance and hence specific capacitance.
Carbon-based materials primarily fall into this category due to their
high surface area, electronic conductivity, stability and so on [6-
10]. The idea behind the charge storage of a pseudocapacitor is the
chain of fast reversible redox kinetics. The state-of-art pseudoca-
pacitor materials are transition metal oxides/hydroxides or con-
ducting polymers [11,12]. Eventually, these materials can store a
charge of the order of ten to hundred times higher than carbon-
based double layer capacitors [12,13]. Hence, designing the car-
bon and metal oxides/hydroxides hybrid structure is the subject of
intense research [14-18].

In spite of continuous progress in supercapacitor performance,
metal oxides suffer from poor stability and electrical conductivity.
Hence, there is an urgent need to exploit alternative electrode mate-
rials for pseudocapacitors. In view of this, metal nitrides have received
an excellent opportunity as a promising substitute for the oxides.
In particular, oxygen-deficient metal oxides have shown enhanced
supercapacitor performance due to their improved electrical con-
ductivity and increased pseudo-capacitance [19]. On the other hand,
nitrogen doping in metal oxides or conversion of an oxide to a
nitride provides an enhanced capacitance due to the inclusion of
electron donor features as well as increases the overpotential of
both hydrogen and oxygen evolution [20]. Hence, nitrogen substi-
tution by replacing oxides/hydroxides completely can result in promi-
nent electrochemical capacitive properties [21]. Additionally, metal
nitrides possess excellent physico-chemical features, such as intrin-
sic electrical conductivity (%10°Q 'm™), corrosion resistance to
chemical attack, excellent electrochemical stability, catalytic activ-
ity, and faster charge-discharge ability. For example, the electrical
conductivity of titanium nitride (TiIN) is 4.5x10°S m™', whereas
electrical conductivity of TiO, is 10°*S m™" [22]. Such a huge dif-
ference in electrical conductivity and deficiencies of metal oxides
has certainly motivated tremendous research attention on metal
nitrides-based supercapacitors [23-26]. However, all metal nitrides
cannot be used as electrodes, owing to their poor physical prop-
erty [27]. For example, tantalum nitride (Ta;N,) as electrode mate-
rial does not show promising capacitive properties due to poor
electrical conductivity [27]. Therefore, it is of interest to review the
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metal nitrides for supercapacitor aspects considering the continu-
ous energy demand.

The charge storage performance of metal nitrides is based on
the interactions of surface oxide/oxynitride phase or surface redox
reaction and double-layer mechanism. Not only the electrode mate-
rial, but also the type of electrolyte plays a significant role in the
charge storage properties [28]. The morphology and structures also
highly influence the capacitive properties of the materials. Diverse
morphologies of metal nitrides have been explored, for example,
those in nanopowder, thin film, zero to three-dimensional struc-
tures (nanowire, nanotube, nanowalls, nanobelt, core-shell struc-
ture). To prepare those architectures, various techniques including
chemical vapor deposition, hydrothermal method, chemical bath
deposition technique, and sputtering have been employed in the
existing studies.

This review comprises three main categories along with conclu-
sion and challenges. In the first part, we discuss the supercapacitive
properties of metal nitrides compared to metal oxide counterpart.
The second part is based on the electrochemical properties of metal
oxynitrides as supercapacitor electrode. Considering the advan-
tages of two-dissimilar electrodes towards enhancing energy den-
sity, a discussion on metal nitride/oxynitride-based asymmetric
supercapacitor is provided in third part. The critical aspects, key
parameters, advantages and loopholes of the obtained electrode
materials as well as their capacitive properties are discussed in the
following sections. Finally, the conclusion includes a summary and
future challenges for the supercapacitive performance of metal
nitrides/oxy-nitrides based materials.

NITRIDES AND THEIR SUPERCAPACITOR
PERFORMANCES

A variety of metal nitrides have been employed as supercapaci-
tor electrodes. These include, molybdenum nitride (MoN, Mo,N),
titanium nitride (TiN), vanadium nitride (VN), niobium nitride
(NDN, Nb,N:), ruthenium nitride (RuN), chromium nitride (CrN),
cobalt nitride (CoN), lanthanum nitride (LaN), nickel nitride
(Ni;N), gallium nitride (GaN), iron nitride (Fe,N) and tungsten
nitride (WN, W,N). They not only serve as electrode but also as a
mechanical backbone to other nanoarchitectures for use in super-
capacitor application. The general strategy to prepare metal nitrides
is either via metal oxide preparation and followed by nitridation or
vapor deposition (chemical or physical). Fig. 2 illustrates the widely
adopted synthesis methods for the metal nitride preparation. The
supercapacitor performance of metal nitride-based material is sum-
marized in Table 1.

1. Molybdenum Nitride

Molybdenum nitride is a promising material by virtue of its
lower leakage current in alkaline aqueous medium, easy fabrica-
tion and high conductivity of 0.206 S m™". Another key factor is the
wettability of molybdenum nitride. Eventually, MoN/Mo,N
have emerged as the first materials in nitride family for superca-
pacitor electrodes [23]. A significant reduction in contact angle from
55.2° to 24.3° as MoO; transformed MoN has been reported, which
in turn enhanced linear capacitance from 7.6 to 13.7mF cm™'
[90]. Around 200 times enhancement in capacitance was obtained
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Fig. 2. Schematic of general strategies to synthesize the metal nitride/oxynitride nanostructure.

Table 1. Supercapacitance performance of metal nitride-based electrode (Highest sp. Capacitance of the materials are listed from the cited lit-

erature)
Materials Capacitance i;illvei:hr:yl;mber Electrolyte Energy density Power density Ref.
7Mo,N 380F g 0.1 M H,SO, [28]
Mo,N nanobelt 160F g 91%, 1000 1 M H,S0, [29]
?Ai?llff}l/ﬂ;ecMOZN z,lsti _11 100%, 10000 1 M H,SO, 16.5 Whkg ™' 8000 W kg ' [30]
7-Mo,N/Co;Mo;N 1099F g 0.1 M HCL [31]
Mesoporous Mo;N, NW 20F g 1M KOH [32]
Mo,N//rtGO 468F g’ 100%, 10000 1 M H,SO, [30]
TiN NTA 11.8 mF/cm’ 1M H,S0, 359 mWs cm™ 8.15mW cm’
TiN nanopore arrays 99.7 mF/cm’ 98.5%, 100 1M H,S0, or 900 mWs cm™  or 204 mW cm™ 22l
Corn-like TiN (symmetric) 20.7 F/em’® 95%, 20000 1 M LiClO, 1.5mWh cm™ 150 W em™ [33]
Mesoporous TiN spheres 144Fg'in2E 1 M LiPF, 45.0 Whkg ' 150 W kg™ [34]
Porous TiN on CNT, micro-SC ~ 18.3 mF cm™” 90%, 20000 0.5 M K,SO, [35]
TiN on CNT 81 mF cm ™ 1 M KOH [36]
TiN/rGO 415F g 93%, 10000 1M Na,SO, [37]
MnO,-TiN NTA 853.3 F/g 91.7%, 1000 1M KOH 1.81 mWh cm™® 328mWem”®  [38]
4.01 Fem™ SSC
TiN-Li, Ti;0,, NTA 14383F g’ 82.4%, 1000 2 M LiOH 32.36 Wh kg 0.6 kW kg™ [39]
40.45F g for SSC
TIN@Ni(OH), core-shell NWA 2680 F g ' ~20%, 250 2M KOH [40]
Ni,Co,,(OH);, coated TIN NTA  2543F g 93.75%, 5000 KOH+KCl [41]
Core (TIN NW)-Carbon(shell) 1245F g‘1 95%, 15000 1M KOH [42]
PANI/TiN NTA 242 mF cm™ 83%, 3000 1M HCI [43]
PANI/TIN NWA 1064F g 95%, 200 1M H,S0, [44]
Polypyrrole/TiN 1265F g 72.6%,2000 1M H,SO, 160-39 Wh kg™ 90-1350 Wkg ' [45]
PANTI/carbon/TiN 1093F g 98%, 2000 1M H,S0, [46]
Polypyrrole/TiN/PANI NT 10774F g 78%, 200 1 M H,S0, 129.8 Wh kg™ 0.9kW kg [47]
288.4F g ' device
PM,,/PANI/TIN NWA 469F g 65%, 1000 1 M H,S0, 21.6 Whkg™ 375W kg (48]
69F g' SSC 0.54 Wh cm™® 7.5mW cm™
PANI/MnO,/TiN NWA 674F g [49]
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Table 1. Continued
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ility,
Materials Capacitance f;il;e Kmber Electrolyte Energy density Power density Ref.
MoN,/TiN NTA 121 mF cm™ 93.8%, 1000 1M LiOH [50]
Si/TiN/MnO, taper nanorods 81.6 mF cm™ 95.7%, 5000 1M Na,SO, [51]
TiN//TiN@MnO, 11Fcem™ 98.3, 5000 LiCl-PVA 0.55 mWh cm™ 1.53 W cm™ [52]
TiN/Porous Si 15Fcm™ 13000 1 M NaCl 1.3mWhcm™ 214W cm™ [100]
Fe,N-Ti,N core-shell 82Fg" 99%, 20,000  LiCl-PVA 485 Whkg 2700 Wkg ™! [21]
Fe,N//TiN 58Fg! 98%, 20000  LiCl-PVA 0.6l mWh cm™ 529mWhem™ 53]
VN 234F g 0.1 M KOH [28]
Nanocrystalline VN 413F g 60%, 1000 1 M KOH [54]
VN nanopowder 850F g 1M KOH [55]
VN thin film 40Fg! 69%, 1000 1M KOH 001 Wh cm™ 125W cm™® [56]
Porous VN hollow NF 115F g’1 54%, 1000 2M KOH [57]
Porous VN nanowires 2985 F g’1 95.3%,10000  LiCI-PVA [58]
VN Nanords 186F g 1M KOH (59]
Mesoporous VN 598F g 83%, 5000 6 M KOH [60]
VN QD/N-doped CNF 4065F g 75.3%, 1000 6 M KOH [61]
VN-carbon fiber 800F g 6 M KOH [62]
VN@N-doped carbon NW 282 mF cm™” 91.8%, 12000 6 M KOH 0.97 mWh cm™ 272W cm™ [63]
VN nanotrees on CNT 37.5mF cm™ 85%, 20000 0.5 M Na,SO, [64]
Co,0,//CNS@VN 300F g’ 77.3%, 5000 6 M KOH 188 Whkg™ 800 W kg’ [65]
(CNS@VN)
Core (VN NW)-Carbon(shell) 469F g1 88.4%, 15000 1 M KOH [42]
VN/N-doped graphene 445F g 98.6%, 10000 6 M KOH 81.73 Whkg ' 28.82 kW kg [66]
Mesoporous VN NW/NC 282 mF cm™ 91.8%, 12000 6 M KOH [63]
VN/CNT 79F cm” 82%, 10000  H;PO/PVA 054 mWh cm™® 04Wcm™ (116]
3D porous VN NW- 73F g’ 83%, 1000 1 M LiPF, 162 Whkg™' 200 W kg™ [67]
Graphene//APDC for LIC (EC/DEC) 64 Whkg' 10kW kg™
VN//NiO 1.85mF cm™” 10,000 1 M KOH 1.0 uWhem™ 40 mWem™ [68]
VO, NW//VN NW 1.35Fcm™ 87.5%, 10000  LiCl-PVA 0.61 mWh cm™ 0.85W cm™ (58]
Co(OH),//VN 624F g 2M KOH 22Wh kg™ 0.16 kW kg™ [69]
CF@VN//AC 2328F g 82%, 1000 2MNaNO, 824 Whkg' 400 W kg [120]
VN/CF//Ni(OH), 188F g’ 96.4%, 10000 6 M KOH 53-36 Wh kg ' 27-54kWkg"  [62]
VNQD/PC//Ni(OH), 1225F g 68.6%, 4000 6 M KOH 472 Whkg™ 828.7 W kg [70]
MnO,-CNT//VN-CNT 43Fcm™ 80%, 1000 0.5M Na,SO, 38.7Whkg 73Wkg! [71]
194 mWh cm™ 3.7mW cm™
VTiN/C NF 430.7F g 37%, 600 1M KOH [72]
(TL,V)N 15mF cm™ 99%, 10000 1M KOH (73]
Ni NP@Ni-Mo-N 4892F cm™ 80.1%, 6000 6 M KOH 409 Wh kg™ 773 W kg [74]
Nb,N; 2258 mF cm™ 70.9%, 2000 1M H,S0, 4.66 mWh cm™ 2456 W cm™ [75]
NbN/NG for LIC ~30mAh g 81.7%, 1000 1M LiPF,- 122.7-984Whkg' 100-2000W kg™ [119]
EC/DMC

CoN//AC 37Fg! 27%, 100 1 M LiPF 44 Wh kg™ (76]
CiN//AC 75 Fg' 100%, 120 (EC/DEC) 30 Whkg™
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Table 1. Continued

Materials Capacitance S;illjei:hr:ﬁmber Electrolyte Energy density Power density Ref.
Fe,N-activated carbon 507 F g’1 6 M KOH [77]
Fe,N-OMC 547F g 76%, 1000 6 M KOH (78]
GaN NW 227 mF cm™” 98%, 10000 1 M H,SO, 030mWhcm™ 1000mW cm™  [79]
RuN 37 g 1 M LiPF [80]
LaN 951.3F cm™ 999%, 5000 Na,SO, ~10°Wh L™ ~3x10*W L™ [81]
Ni;N 990F g 50%, 2000 6 M KOH [82]
Ni;N/graphene 20875F g 6 M KOH

rGO//Ni;N-G 1421Fg! 80%, 5000 50.5Wh kg™ 800 W kg™ 183}
W,N 100F g’ 73%, 500 1M KOH [84]
MON micropillar 0.74F cm™ 80%, 4000 1M KOH [85]
Nanoporous/nanotubular 250F g >80%, 1000 6 M KOH [86]

VO,N,

W(ON) 85Fg" 1M H,50, (87
Ti(O,N) 953F g 72%, 2000 1 M KOH (88]
MOW(O,N) 124F g’ 46%, 5000 1 M H,S0, (89]
Cellulose nanofibril-rGO-MON 680 F g 114 Wh kg 442 Wkg! [123]
TiN-MON//TiN-MnO, 75.1 mF cm™ 84.5%, 8000  PVA-KOH 23.7 yWh cm™ 8.84mW cm (85]
WON NW//MnO, 2.73Fcm” 95.2%, 10000  PVA-LiCl 1.27 mWh cm™ 0.62W cm™ [125]

NTA: Nanotube arrays; NWA: Nanowire Arrays; NF: Nanofibers; 2E: two-electrode system; NG: nitrogen doped graphene; APDC: activated
polyaniline derived carbon; PC: porous carbon; LIC: Lithium-ion capacitor; EC/DEC: ethylene carbonate/diethyl carbonate; //: asymmetric

configuration; OMC: ordered mesopore carbon
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Fig. 3. (a) Phases of Mo,N; (b) cyclic voltammogram (CV) of Mo,N derived from chlorimide in 0.5 M H,SO, (left) and 0.5 M K,SO, (right);
(c) CV of imide-derived Mo,N in 0.5 M H,SO, (left) and 0.5 M K,SO, (right) (reproduced with permission from Ref. [92] Copyright

2014; Elsevier).

after nitridation of Mo films over its prior nitridation state or as-
deposited Mo oxide [91]. It also exists in several phases like o-
Mo,N, f-Mo,N, cubic Mo,N or hexagonal &-Mo,N, but most
studied nitrides were - and J-phase (Fig. 3(a)) [92]. Additionally,
Molybdenum nitride with various shapes such as »Mo,N [28],
hunk-like Mo,N [30], mesoporous Mo,N, nanowire [32], porous
Mo,N nanobelts [29], mesoporous Mo,N nanobelts [93] have

been explored in this aspect. Precisely, (111) orientated y-Mo,N
was demonstrated for its outstanding supercapacitive characteris-
tics with a volumetric capacitance of 722 F cm™, stability of 100%
after 2,000 cycles and relaxation time constant of 200 ms [94].

The charge-storage mechanism of molybdenum nitride relies
on both electric double layer capacitance and Faradic pseudoca-
pacitance, depending on the nature of electrolyte as well as the

Korean J. Chem. Eng.(Vol. 35, No. 7)
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phase [23,92]. For example, Mo,N derived from MoCl; exhibited
mainly a double layer capacitive behavior, whereas those obtained
from Mo(NMe,), provided a strong signature of redox reaction
and higher capacitance in both H,SO, and K,SO, electrolytes (Fig.
3(b)-(c)) [92]. It has also been reported that the charge storage
mechanism of molybdenum nitride in H,SO, medium follows two
steps: proton involvement in Mo reduction (Eq. (1)) and oxy/hydroxy
redox coupling in hydrolyzed Mo (Eq. (2)) [23].

Mo™+N* +H'+¢ 2Mo™ +NH> 1)
Mo™-O*-OH +H'+¢ 2Mo™ (OH '), @)

Nevertheless, it has been reported that the pseudocapacitance of »
Mo,N is dominated by H" species in 1 M H,SO, medium [28].
About two-electrons transfer for every H' ion involvement for the

(e)

(ay—TiN
(b—TiO»

LS

y )

Current density (mA em™)

02 01 00 01 02 03 04
Potential (V)

S. Ghosh et al.

#Mo,N in H,SO,, and a stable operating window was found in
the range of —1.2 to 0V vs Hg/HgSO, [95]. The maximum theo-
retical capacitance was estimated to be 1,560 F g ' [95]. However,
experimentally obtained values were far beyond the theoretical
values, which was attributed to the suppressed adsorption of pro-
tons by the oxygen-rich passivation layer [95]. However, the prob-
lem associated with poor rate capability, non-ideal cycle behavior
and lower specific capacitance has to be overcome by designing
suitable structures. Loading tantalum oxide [96] or Co,MO;N [31]
on »»Mo,N was adopted as a promising approach for enhancing
the supercapacitor behavior. However, an excessive amount of Co
loading can lead to a distorted and defective »Mo,N structure,
which results in reduced charge storage capacitance [31].
2. Titanium Nitride (TiN)

Besides its oxide counterpart, TIN has attracted tremendous at-
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Fig. 4. Morphology and cyclic voltammogram of (A)-(B) ALD-TiN on CNT, (Reproduced with permission from Ref. [36]. Copyright 2016;
Elsevier). Morphology of (C) TiN nanotube arrays and (D) TiN nanopore arrays (Reproduced with permission from Ref. [22] Copy-
right 2013; Elsevier). Cyclic voltammogram of (E) TiN and TiO, nanotube arrays (Reproduced with permission from Ref. [45] Copy-
right 2014; Royal Society of Chemistry), and (F) TiN nanopore and nanotube arrays (Reproduced with permission from Ref. [22]

Copyright 2013; Elsevier).
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tention as a supercapacitor electrode material. Moreover, controlling
the surface area and particle size of TIN by a metathesis reaction,
which are significant parameters for electrodes, resulted in a nota-
bly higher capacitance and 100% Coulombic efficiency [97]. To
increase the surface area for easy ion-diffusion and electronic trans-
port, synthesizing TIN nanotube arrays is promising. Strikingly,
well-aligned TiN nanotube arrays outperformed with capacitance
of 83 mF cm ™ compared to planar TiN (0.3 mF cm ) (Fig. 4(A)-
(B)) [36]. Furthermore, better charge storage properties have been
observed in TiN nanotube arrays compared to TiO, nanotube arrays
[45]. The morphology of TiN nanotube and nanopore arrays are
shown in Fig. 4(C) and 4(D), respectively. The cyclic performance
of TiN nanotube array compared to its oxide counterpart is de-
picted in Fig. 4(E). However, the issue of poor capacitance reten-
tion in TiN nanotubes was observed and attributed to the surface
oxidation and structural pulverization. The issue was tackled by
implementing a PVA-KOH gel electrolyte instead of KOH electro-
lyte [98]. The performance was further enhanced by architecting
nanopore arrays instead of nanotube arrays, because they offer

1395

more accessible surface area (Fig. 4(F)) [22]. However, the nitrida-
tion temperature to prepare TiN nanowire arrays from TiO, nanow-
ire arrays was found to be influential obtaining improved electrical
conductivity and higher capacitance [98]. In addition, it has been
claimed that a proton acidic electrolyte is more suitable for TiN
electrode in terms of capacitance, electrolyte resistance and charge-
transfer resistance [22]. Although TiN is envisioned as a promis-
ing benchmark for pseudocapacitor electrodes in the nitride fam-
ily, it has a tendency to be oxidized in an aqueous solution via the
following reaction [99];

TiN+2H,0—-TiO,+1/2 N,+4H" +4e" 3)

TiN+3H,0—Ti(OH);+N,+3H"+3¢e" 4)

Fabricating a composite with carbon nanostructures or designing
a core-shell structure is highly promising. The geometry of the elec-
trode materials also has a significant impact on the charge storage
properties [36,100]. This has proven by a conformal coating of TIN
on CNT [36] or a porous silicon matrix [100]. The TiN coating on

Ti2p Nis
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b

Ti03.4+4 yickd o (n-y) Vo
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Fig. 5. High resolution X-ray photoelectron spectra of (A) Ti 2p and (B) N1s, (C) Mechanism for the electrode stability over electrochemical
cycle test (Reproduced with permission from Ref. [35] Copyright 2014; Elsevier).
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CNTs demonstrated a capacitance of around 400 times higher than
the planar TiN electrode [36]. While around a 360-fold enhance-
ment has been observed for the cauliflower TiN structure on vert-
cal CNT [35]. The high performance of TiN on CNTs was attributed
to the higher accessible surface area, increased oxygen vacancies
on the TiN surface and high nitrogen concentration (Fig. 5(A)-
(Q)) [35,36]. Detailed investigation revealed that the high stability
of this composite structure during numerous charge-discharge
cycling was due to the balance between oxygen vacancies (#N)
and substitutional nitrogen, while the total number of oxygen vacan-
cies remained the same (Fig. 5) [35]. Later, a three-fold enhance-
ment in capacitance was demonstrated by diffusing the excess
amount of /N dopant via vacuum annealing [101].

Since then, several attempts have been implemented consider-
ing the advantages of TiN electrode materials. One direction for
improving supercapacitor performance was via surface oxidation.
Electrochemical oxidation was found to be effective to increase the
capacitance rather than the thermal oxidation [102]. The coating
of MoN, on TiN nanotube arrays, by electrochemical deposition
and subsequent one-step nitridation process, was found to enhance
the capacitance by nearly two-times [50]. The improvement was
accomplished with increased surface area, high electrical conduc-
tivity and low solubility of MoN, in an alkaline medium, after the
coating. In this case reversible ion adsorption/desorption takes place
at the interface and the TIN nanotube array contributes to the double
layer capacitance. However, the author claimed that the double layer
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capacitance was fully responsible for the charge storage mecha-
nism of MoN,/TiN nanotube arrays instead of pseudocapacitance
mechanism [50]. But, the point to be noticed here is that the MoN,
was peeled out from the top surface of the TiN nanotube arrays
after 1400 charge-discharge cycles [50]. The electroactivity and con-
ductivity of the TiN electrode was further enhanced by designing a
hybrid with a coaxial coating of MnO, [38], polyaniline [44], poly-
aniline/carbon [46], phosphomolybdic acid/polyaniline [48], poly-
aniline/MnQO, [49] and Ni(OH), [40] on TiN. Even further en-
hancement was achieved by phosphomolybdic acid (PM,,,) incor-
poration to PANI/TiN composite because PMy,, promotes the
doping-dedoping of PANI [48]. In the case of MnO,/TiN co-axial
electrode, a two-step reduction process of MnO, occurred in an
alkaline medium via Mn** to Mn™ electrochemically followed by
Mn™ to Mn** and the pseudocapacitor contribution of MnO,-TiN
dominated over the double layer contribution. However, an in-
creased amount of MnO, loading could reduce the electrochemi-
cal performance, since the pores get filled by MnQO, resulting in
lower capacitance [38]. Although the obtained specific capacitance
of 2,680 F/g was attractive for a core-shell TIN@Ni(OH), nanowire
arrays, almost 80% capacitance loss within 250 cycles compelled to
focus on finding an alternative strategy [40]. It is noticeable that
TiN has poor electrochemical stability in an aqueous medium
(Egs. (3) and (4)). To circumvent this issue, carbon nanostructure
was coated on the TIN nanowire, followed by subsequent PANI
decoration. With the advantageous features of high conductivity,
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structural stability and excellent conducting pathways, core-shell
structures have drawn significant attention [21]. In the shell-shell-
core nanostructure of PANI/carbon/TiN nanowire arrays, the TIN
core with a carbon shell provides an excellent electron transport
path, the carbon shell protects the TiN from corrosion and the
PANI shell contributes a high pseudocapacitance [46]. Moreover,
the carbon shell formation via glucose-assisted hydrothermal method
results in an increase of the capacitance retention from 9.1% to
95% after 15,000 cycles [42].

Eventually, TiN nanotube/nanowire arrays were also imple-
mented as a more suitable substrate than its oxide counterpart to
obtain high capacitance performance of Ni,Co,,(OH)g, [41], poly-
aniline [43], polypyrrole [45], porous silicon [100] and so on (Fig.
6(A)-(D)). The superiority of self-standing nanotube/nanowire arrays
includes (i) a highly accessible surface area to an electrolyte, (ii) a
conductive framework for feasible electron transport, (iii) binder-
free and conductive agent-free electrode material, and (iv) excel-
lent rate capability of bimetallic hydroxides or conducting poly-
mers. The importance of nanotube arrays as substrate was also
proven by comparing an experimental investigation with TiN film
[41]. Impressively, TIN improved the wettability, electrical conduc-
tivity and electrochemical stability in electrolyte media when coated
on porous silicon matrix [100]. Moreover, TIN modified lithium
titanate has been explored as lithium-ion-capacitor electrode, and
the performance was found to depend on the degree of nitrogen
doping as well as the TIN coating thickness [39]. Remarkably, the
ability of a TIN modified lithium titanate electrode can operate at a
higher potential window of up to 2.4 V in an aqueous LiOH elec-
trolyte [39]. To increase the energy density further, protic ionic lig-
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uid electrolytes have been implemented. The potential window
was extended up to 2V using an ionic electrolyte, but a higher
equivalent series resistance and almost similar capacitance was
obtained compared to H,SO, electrolyte [103]. Moreover to im-
prove the energy density, an asymmetric device, made of Fe,N-
Ti,N core shell, was demonstrated to operate at a higher potential
window of 2.0 V. The Ti,N shell played dual role in the core-shell
structure: shape-preserved conversation from FeOOH to Fe,N con-
version and excellent retention of a nanorod structure over repeated
charge-discharge cycles. The authors also anticipated the pioneer-
ing can be extended to other metal nitrides, namely, SnN, AIN,
Zn;N, and Mg;N, [21].
3. Vanadium Nitride

Vanadium nitride is another promising nitride that opens up
new prospects as supercapacitor electrode material, owing to its
various oxidation states (II-V), good electrical conductivity (1.7x
10°Q 'm™), high melting point (2,300 K), good thermal stability
and wide operation window in negative potential (Fig. 7(A)) [104].
Hence, a great deal of attention has been paid to a VN-based
supercapacitor electrode due to its high capacitance of 1,340 F g*
[105]. The material itself acts as a core-shell composite [59]. How-
ever, the practical value is far from the experimentally obtained
capacitance, and hence significant research attention is being given
to this material. Nanostructured VN powders, prepared by two-
step ammonolysis reaction at 1,000 °C, showed an electrode-elec-
trolyte interfacial charge density of 6.65, which is much higher
than that of a carbon-based double layer capacitor (0.17-0.2). In
addition, the obtained high bulk charge density of 0.691 indicates
that more than a half of vanadium metals experience redox reac-
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Fig.7. (A) CV of VN powder electrode (Reproduced with permission from Ref. [112] Copyright 2018; Elsevier), (B) Charge storage at elec-
trolyte-semiconductor interface for the VN thin film (Reproduced with permission from Ref. [108] Copyright 2016; Elsevier), (C)
position of the electrode’s Fermi level w.r.t. the redox potential of electrolyte as film thickness varies (Reproduced with permission
from Ref. [108] Copyright 2016; Elsevier), (D) Charge storage mechanism of VN and VN-carbon fiber composite (Reproduced with
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tion [55]. Increasing the surface area and pore size in a nanometer
regime was found to be effective towards enhancing the capaci-
tance of materials. However, the capacitance of VN was inversely
related to the particle size [106,107]. It is unfortunate that the nano-
crystalline VN suffers from cycle-induced capacitance loss due to
formation of oxide layer at the surface [54,105]. Conversely, the
capacitance of VN thin film had an increased cycling performance
due to surface impregnation by the electrolyte with time. An oppo-
site trend was observed for the powder samples because they got
dissolved in the electrolyte [56]. The film thickness of 60 nm was
found to be crucial in this study. Below this thickness, film was
insufficient to promote the electron transfer and was affected by
oxidation [56]. It has been reported that the space charge accumu-
lation mechanism takes place in the oxygen-free VN film instead
of reduction in vanadium cations by the hydroxyl group [108]. The
study on film thickness dependent capacitance showed an active
subsurface layer with a charge-accumulating effective thickness of
up to 100 nm, as shown in Fig. 7(B)-(C), where the charge screen-
ing length was about 30 nm [108]. To increase the surface area,
shorten the diffusion path of the electrolyte ions and in-turn en-
hancement in the specific capacitance, VN was grown on graph-
ite foam [109]. However, the planar structure and agglomeration
of the materials after several charge-discharge cycles created an
unfavorable performance in the supercapacitor. Hence, the self-
supported vertical structure can mitigate the above-mentioned defi-
ciencies. Encouragingly; electrospun porous VN hollow nanofibers
were realized as a better electrode by virtue of their 1D texture and
the presence of numerous porous particles [57]. Nevertheless, the
process temperature in electrospinning method needs be opti-
mized. Regrettably, there was around 46% capacitance fading after
1,000 cycles due to a thick oxide layer formation on the surface
[57]. Porous VN nanowires also suffered from the same instabil-
ity after cycling measurement in an aqueous electrolyte (LiCl). It
was ascribed to the irreversible oxidation reaction, irreversible
phase change and nanowire detachment from the substrate during
process [58].

The limited rate capacitance and the problem associated with
oxide layer formation were encountered by combining VN with
carbon structures (Fig. 7(D)) [64-66,110]. The VN-nitrogen doped
carbon with a high surface area of 2,400 m’ g ' was prepared by
adding cesium acetate and zinc acetate as porogens [111]. Interest-
ingly, VN quantum dot/nitrogen-doped microporous carbon com-
posites, prepared by electrospun method, exhibited a higher cap-
acitance of 403.5F g' along with a capacitance retention of 75.3%
after 1,000 cycles [61]. The in-situ preparation of core(carbon)-
shell(VN) nanosphere using metal-organic self-assemblies also
showed outstanding supercapacitive behavior. The optimized load-
ing of VN into the core-shell structure is essential to obtain the
best capacitive properties in terms of specific capacitance, electro-
chemical efficiency and diffusion ability [65]. The charge storage
of this core-shell structure was 28% from reversible redox reac-
tion of vanadium oxidation states (II, III, IV and V) as well as 72%
from the double layer formation due to hydroxyl absorption through
the following equation (Fig. 7(E)) [65]:

VN,0,+OH 2VN,0,[|OH +VN,0,~OH )
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VN,0,+&OH 2VN,0,, H ®)

In addition to the capacitance retention, the rate performance of
the materials is also another key factor for the supercapacitor. Yet,
a serious problem with the VN electrode is its poor rate capaci-
tance, although it can provide excellent chare storage capacitance.
The capacitance retention was found to depend on the range of
potential window. It was also reported that the capacitance reten-
tion improved with a reduction in potential from (—1.2 to 0 V) to
(—12 to —0.3V) as well as with change in pH of the electrolyte
from 14 to 12 [105]. It has also been suggested that VN should be
cycled between —0.4 to —1.0 V vs Hg/HgO to avoid the degrada-
tion of the electrode as well as the electrolyte [104]. The electrode
material was found to unstable and self-discharged by dissolved
oxygen in electrolyte above —0.4 V [104]. On the other hand, the
absence of V** oxidation state in VN, synthesized by milling induced
mechano-chemical reactions in Ref. [107], exhibited an excellent
cycling performance even though the capacitance was very low
(25-60 F/g). The poor rate performance in most of the VN-based
supercapacitor studies was overcome by adopting another growth
strategy. It has been shown that VN nanorods produced by NH,
reduction of V,0;5 exhibited a weak dependence of mass loading
on the current collector as well as excellent rate capabilities [59].
The fact was accomplished by the crystalline structure of nitride
[59]. Whereas, a fast and reversible redox reaction was considered
to be the dominating factor for an improved rate capacitance of
VN produced by calcining a vanadium oxide aerogel in NH; [113].

The choice of an electrolyte and its concentration plays a deci-
sive role in the performance of supercapacitors [56,114,115]. Even
a suitable potential window range was found to vary with respect
to the choice of aqueous electrolyte [59]. Indeed, a higher electro-
lyte concentration was found to lower the overpotential for V** to
V** transformation, decrease the charge transfer resistance and
electrolyte solution resistance as well as promote the charge stor-
age kinetics and hence better charge storage performance [115].
The report [28] provided evidence for the pseudocapacitance of
VN in 1 M KOH, which mainly relies on the OH" species and K*
plays a minor role. The reversible redox reactions were clearly ob-
served from the cyclic voltammogram [112]. On the other hand,
the redox reaction of oxy-nitride passivated with OH- along with
the double layer formation was proposed based on the post-
cycling IR and XPS investigation [105]. The result of quartz crys-
tal microbalance studies evidenced the involvement of an oxyni-
tride surface in a neutral electrolyte for the charge storage mechanism
of the VN structures [71]. The thickness of oxide layer formation
also played a pivotal role in charge storage. The reduction in oxide
layer thickness during cycling can lead to a reduction in capaci-
tance. Hence, stabilizing the oxide layer is crucial, and the result
showed that K,SO, can be used as an electrolyte to obtain higher
cyclic stability compared to an alkaline electrolyte [64]. However,
an electrochemical investigation of oxygen-free pure VN thin film
revealed no role of the OH™ species in charge storage behavior. On
the other hand, studies revealed that compatibility of an organic
electrolyte for the VN-based supercapacitor obtained a potential
window of 25V [109]. Although composite structures of VN
could show enhanced capacitance, the core-shell VN-carbon com-
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posite failed to retain its capacitance of about 60% after 5000 from dissolution by minimizing water content and holding the
charge-discharge cycles [65]. We owe thanks to the research group active material with the current collector (Fig. 7(F)). They showed
for showing a novel strategy of using a LiCl/PVA gel electrolyte that porous VN nanowires in the LiCl/PVA gel electrolyte (i)
rather than the aqueous electrolyte, which protected the structure retained 95.3% of its initial capacitance even after 10,000 cycles
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Fig. 8. Schematic and morphology of VN-carbon composite design by (A) DC-sputtering (Reproduced with permission from Ref. [64] Copy-
right 2017; Elsevier), (B) electrospinning method (Reproduced with permission from Ref. [62] Copyright 2017; Royal Society of Chem-
istry), and (C) simple chemistry with carbonization method (Reproduced with permission from Ref. [65] Copyright 2018; Elsevier).
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without sacrificing capacitive behavior, (ii) had a rapid frequency
response (0.27 s for gel electrolyte, while 0.38 s for LiCl) and (iii)
preserved the morphology better than in aqueous electrolyte [58].
Moreover, capacitance retention of a VN nanowire//VO, nanow-
ire asymmetric device was found to depend on the operating poten-
tial window. Capacitance retention of the system was 87.5%, 61%
and 84% for the potential windows of 1.8, 2 and 2.2 V, respectively.

Significant advances in improving capacitive properties of VN-
based materials have been made by integrating the materials into
carbon matrix. Some of the strategies and performances are depicted
in Fig. 8(A)-(C). A recent effort was made to design a lightweight,
flexible and free-standing mesoporous VN nanowires/carbon elec-
trode (Fig. 9(A)-(B)) [63,116]. A fabricated symmetric device exhib-
ited a high-performance supercapacitor with a volumetric capacitance
of 79F cm™ and a capacitance retention of 82% even after 10000
charge-discharge cycles [116]. The capacitance performance of
VN was further improved by designing a heterostructure like
Co(OH),. Note that, as exhibited in Fig. 9(C), the mass loading of
Co(OH), has a strong influence on the charge storage performance
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[69]. Finally, the different specific capacitance values of VN nitride-
based materials are due to compositional variation in the surface
layer.
4. Niobium Nitride

Niobium nitride, another impressive material in the nitride fam-
ily, has been considered as a promising contender for high-perfor-
mance supercapacitor applications. In particular, porous NbN was
employed as a suitable anode material for a Li-ion hybrid capaci-
tor [117]. Excellent stability was observed for NbN in 1 M KOH,
which is notable in comparison to other nitrides [118]. Indeed,
NbN nanoparticles served not only as an electrode but also as a
preventer of the agglomeration of graphene, which, in turn, im-
proved the charge storage behavior of the composite [119]. Capac-
itance retention was further improved to 100% after 2000 cycles
by integrating the nanochannel structure with a thin carbon coat-
ing. On the other hand, NbN/nitrogen-doped graphene compos-
ite was also chosen as a suitable anode material to balance the Li*
intercalation/deintercalation rate at the cathode and the adsorp-
tion/desorption rate at the anode [119]. However, NbN has a lower
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Fig. 10. (A) Electrochemical performance and (B) Ni2p X-ray photoelectron (XP) spectra of Ni;N, electrode (Reproduced with permission
from Ref. [83] Copyright 2015; Royal Society of Chemistry), (C) high resolution XP spectra of Ga and N1s (Reproduced with per-
mission from Ref. [79] Copyright 2017; Wiley), (D) charge storage mechanism of GaN electrode (Reproduced with permission from

Ref. [79] Copyright 2017; Wiley).
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Ni foam (NF) Ni-Mo precursor/NF

NiMoO, NR/NF

Fig. 11. Schematic of Ni nanoparticle decorated Ni,,Mo,sN arrays and NiMoO, nanorods electrode fabrication and their corresponding
scanning electron micrographs (Reproduced with permission from Ref. [74] Copyright 2017; Royall Society of Chemistry).

oxidation state (+3) with a lower pseudocapacitance of NbN (73 F
g ). For instance, the nitrogen-rich Nb,N; phase with high oxida-
tion state of +5 exhibits an impressive areal capacitance of 225.8
mF cm ™, capacitance retention of 70.9% after 2000 cycles and
60.8% rate capability from 0.5 to 10mA cm . The Nb,N; nano-
channel was reported to be a promising contender for the super-
capacitor electrode (Fig. 10) [75].
5. Other Nitrides

Apart from the above-mentioned popular nitrides, other nitrides
like RuN [80], CrN [76], CoN [76], LaN [81], Ni;N [82,83], GaN
[79], Fe,N [21,77], WN [27], W,N [84] have captured the research
interest as electrode materials for high-performance supercapaci-
tor applications. Here, we have only highlighted the significant
aspects of nitrides while explored as supercapacitor. Impressively,
the CrN//AC and CoN//AC asymmetric device made it possible
to operate up to a 3V potential window in 1 M LiPF dissolved in
ethylene carbonate/diethyl carbonate [76]. Meanwhile, this study
presented a novel strategy of preparing a metal nitride/carbon fiber
composite from the waste metal jon-adsorbed cigarette, and it
demonstrated an excellent charge storage behavior. Integrated metal
nitrides included in the study were VN, Fe,N, Cos,N and Ni;N
[120]. Even incorporating Ni;N with graphene not only enhanced
the charge storage capacity, indeed it also assisted in improving the
cycle stability [83]. This fact was attributed to the smaller size of
Ni;N particles in the graphene matrix, which created a higher
accessible surface for a Faradic reaction and minimal volume
change [83]. Another well-known nitride in the electronic indus-
try, gallium nitride (GaN) has also been explored as supercapaci-
tor electrode. The electrochemical performance and charge storage
mechanism of GaN is illustrated in Fig. 10(C)-(D). The authors of
that study believed that the oxynitride layer on nitride surface pos-
sessed higher electrical conductivity and enhanced pseudocapaci-
tance [79]. They interpreted the pseudocapacitive charge storage
mechanism of the mesoporous GaN membrane was based on the
redox kinetics between nitride and oxy-nitride layer via the follow-
ing reaction [79]:

GaN,_ O, +2H +2)¢ 2GaN,_, ,0, ,+2/H,0 @)

Considering the synergetic effect, binary nitrides also came into
the limelight as a high-performance supercapacitor electrode. Binary

TiVN [73], Fe,N-TiN [121] and VTiN/C nanofibers [72] are exam-
ples of that. However, the atomic ratio of two nitrides is crucial to
obtain higher performance. For example, TIVN with a 1: 1 atomic
ratio of Ti/V exhibited the highest capacitance of 15mF cm™
along with high cycling ability of the TiN and the high areal capac-
itance of the VN [73]. Substantial improvement in the capacitive
performance has been observed for VIiN coated on carbon fiber
with a specific capacitance of 430.7 F g ' and a higher rate capabil-
ity compared to the binary counterpart, where the respective spe-
cific capacitance of VN/C and TiN/Cis 291.5F g ' and 1088 F g '
[72]. Moreover, Ni nanoparticles incorporated in Ni-Mo nitride
enhanced the areal capacitance to 4.892F cm™ and it could be
adopted as a strategy to obtain high-performance supercapacitor
devices [74]. A schematic of fabricating this hybrid structure is
displayed in Fig. 11.

OXY-NITRIDES (O,N) AND THEIR SUPERCAPACITOR
PERFORMANCES

Inspired by the metal nitride-based supercapacitor performance,
the metal-oxide nitride has also attracted considerable attention
towards supercapacitor electrode applications. Although the metal
nitride-based supercapacitors are promising, their potential is lim-
ited due to poor rate performance and cycle-life. On the other
hand, surface oxidation of the nitride materials exhibited better
capacitive properties [102]. Note that the presence of oxynitrides
on the surface of VN contributes to a redox reaction [62]. Since
the wettability of the electrode material is one of the key aspects,
materials with hydrophilic nature are well-appreciated for superca-
pacitor devices. Interestingly, metal oxynitrides possess higher
wetting compared to their nitride counterpart [85]. The above-
mentioned features bring in a significant research attention on the
metal-oxynitride based materials to be used as supercapacitor elec-
trode. A general schematic to prepare metal oxynitride is shown in
Fig. 2. In addition, supercapacitive performance of these materials
is summarized in Table 1. Till now; molybdenum, titanium, vana-
dium and tungsten oxynitrides, as well as, bi-metallic oxynitrides
have been extensively studied as a supercapacitor electrode [85-
89,122-124]. The charge storage of oxynitrides relied on either dou-
ble layer mechanism or redox kinetics, depending upon the kind
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Fig. 12. (A) Ragone plots of cellulose nanofibril-reduced graphene oxide-MoO,N, aerogel in H,SO,-PVA electrolyte compared to other mate-

rials (Reproduced with permission from Ref. [123] Copyright

2017; Royal Society of Chemistry), (B)-(C) Cyclic performance of

VO,N, and VO,N,-carbon composite with different potential window in 1 M KOH vs Hg/HgO (Reproduced with permission from
Ref. [124] Copyright 2014; Elsevier), (D) wettability, volumetric capacitance and cycle performance of WON (Reproduced with per-

mission from Ref. [125] Copyright 2015; Wiley).

of metal used [122]. Although existing reports on the oxynitride-
based supercapacitor are limited, the state-of-art is covered in the
following paragraphs.

Taking advantage of the presence of both oxygen and nitrogen, a
facile synthesis process to fabricate molybdenum oxynitride (MON)
micropillar was demonstrated [85]. Another key finding of the
report [85] is the utilization of MON as an anode material for super-
capacitor, where carbon materials are conventionally and exten-
sively used. The obtained specific capacitance in this case was of
about 736.6 mF cm . Noteworthy is that the capacitance was higher
than that of Mo,N/TiN due to higher conductivity and higher
wettability of MON brought about by nitridation [85]. In most of
the cases, metal oxides were undergoing nitridation process for
transforming the metal oxides to metal nitride. The nitridation
process involves annealing steps at high temperature under NH;
atmosphere. However, usage of NH; is very unlikely in terms of
safety as well as when the cost of material preparation is concerned.
In this scenario, using N, gas for nitridation is an appropriate
alternative. Additionally, the nitridation of MoQ; in a N, environ-
ment resulted in a lower percentage of conversion from oxide to
nitride with a better charge storage behavior compared to the nitri-
dation in a NH; environment [20]. However, the nitridation tem-
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perature played a pivotal role determining the electrode performance
[20]. The partial conversion of oxide to nitride also was well-sup-
ported from the electrochemical investigation of dual nitrogen-
doped MoO;. It has been shown that the linear capacitance of
MoO;, N-MoO;_, and MoN nanowires was 7.6, 31.6 and 13.7 mF
cm™' [90]. Recently, a porous and free-standing cellulose nanofi-
bril-reduced graphene oxide-MoO,N, aerogel was fabricated by
freeze-drying and in-situ hydrazine reduction to obtain ultra-high
energy density (Fig. 12(A)) [123]. An excellent performance was
exhibited by aerogel-based solid-sate supercapacitor compared to
the energy density and cycle life of Li-ion battery [123].
Considerable attention has also been devoted to the nanoporous/
nanotubular vanadium oxynitrides [86,122]. Point to be noted here
is that a binder-free, current collector free and conducting addi-
tive-free electrode was synthesized via simple anodization of vana-
dium foil in a [BE,]" electrolyte [86]. The charge-storage mechanism
here relied upon the redox kinetics in KOH medium [122]. How-
ever, like VN, the VO,N, also suffered from an undesirable capaci-
tance retention owing to an increase in oxide layer, irreversible
oxidation of the electrode material and its dissolution in electro-
lyte [124]. It has been reported that choosing an operation poten-
tial range in the KOH medium can eliminate the negative effect of
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retention (Fig. 12(B)-(C)). In particular, both the VO,N, and VO,N,-
carbon composites exhibited excellent cycle performance within
the potential range of 1.2V to —0.4 V in KOH medium with respect
to the Hg/HgO [124].

Owing to the maximum valence electrons as occupied by nitro-
gen and oxygen in interstitial sites of tungsten oxynitrides, W(O,N),
it was recognized as an another promising supercapacitor electrode
material [87,125]. Apart from these, the W(O,N) also has excellent
electrical conductivity, thermal stability, high melting point, bio-
compatibility and chemical inertness. Eventually, holey W(O,N)
nanowires exhibited better wettability (contact angle of 32°) than
their oxide counterpart (71°) (Fig. 12(D)). Noteworthy is that the
electrode materials exhibited excellent chemical and mechanical
stability even after 10000 charge-discharge cycles, as evidenced
from XPS investigation [125]. The electrochemical investigation
on mesoporous W(O,N) indicated that the H,SO, electrolyte pro-
vides highest capacitance, while maximum stability of the mate-
rial was found in KOH medium among the range of aqueous
electrolytes (1 M H,SO,, 1 M KOH, 3 M KCl, 3 M NaCl, 1 M LiCl
and 1 M CaCl,) [87]. The result of lower stability in H,SO, was
evidenced from the XPS investigation that the progressive oxidized
layer formation occurred on the surface while H,SO, was used as
an electrolyte [87]. A detailed XRD investigation demonstrated that
the charge storage mechanism of W5(N,0) was due to the pseudo-
capacitive adsorption of cations rather than the bulk intercalation
(87].

In spite of the significant advances in capacitive performance of
oxy-nitride materials, the important factors, which can affect their
electrochemical capacitance performance, are ageing and passiva-
tion [126]. The redox peak has been observed in the cyclic voltam-
mogram for the passivated W(O,N), which is a feature of amorphous
mesoporous WO;. In spite of a decrease in Coulombic efficiency,
an increase in capacitance has been observed. Additionally, the
intrinsic conductivity and rate performance were not influenced
by the ageing process. This result was attributed to the water split-
ting and hydrogen evolution around —0.4V vs. Ag/AgCl. Unlike
W(O,N), aged Mo(O,N) exhibited better rate performance (17.2%
capacitance retained upon increasing current density from 0.5 to
20A g) and reduced IR drop in discharge profile while com-
pared with fresh sample (2.7% at 20 A g ') [126]. On the other

hand, surface area was reduced and the ratio of W*/W*" was also
increased for the passivated W(O,N) upon ageing time. The com-
plete investigation concluded the effect of passivation and ageing
depends on the material itself [126]. One should also be careful in
controlling the surface area, porosity, surface state and miscella-
neous physical properties of the electrode material [88]. With a
goal of enhancing the energy density; researchers adopted the con-
cept of developing bimetallic oxynitride materials. Interestingly,
MoW(O,N) had a higher capacitance performance than W(O,N)
and Mo(O,N) (Fig. 13) [89].

ASYMMETRIC DEVICE FABRICATION

As mentioned, an aqueous-based supercapacitor device is more
desirable from the technological point of view once cost, safety,
environment-friendliness are concerned. In an aqueous-based super-
capacitor device, the electrodes generally can be operated at maxi-
mum to 2V while assembled in a symmetric configuration [36].
However, this problem can be circumvented by designing two dif-
ferent electrode materials as positive and negative electrodes in an
asymmetric device, and it can operate at more than 2V in an
aqueous electrolyte. Impressively, a maximum potential window of
32V has been achieved using aqueous electrolytes [127]. More
details about the construction of asymmetric device can be found
from the existing reviews [128,129]. However, the operating poten-
tial window also depends upon the electrode material and also
their interaction with electrolyte. As mentioned, VN and V(O,N)
are the examples where the cyclic stability is dependent on the
range of potential window applied during the charge storage pro-
cess [58,124]. Several attempts have been considered to assemble
an asymmetric device using metal nitrides and oxynitrides as elec-
trode materials [30,53,68,125]. Both of the electrode materials can
be from the nitride family [53], the combination of nitride and
oxide [58,68] or else nitride and carbon-based materials [30]. How-
ever, one must pay attention to the mass ratio of both the electrode
and the operation voltage window while designing an asymmet-
ric device [69,116]. A recent study on a graphene nanosheet-sup-
ported Fe,N//TIN asymmetric supercapacitor assembly showed
such promise (Fig. 14). The Faradic reaction mechanism responsi-
ble for such a pseudocapacitor device is as follows [53]:

Korean J. Chem. Eng.(Vol. 35, No. 7)
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The valence state of Ti changed from +2 to +4 while that of Fe
was from +2 to +3. However, there was also a slight aggregation in
Fe,N. Even a wearable asymmetric device made of TiIN-MON//
TiN-MnO, demonstrated a superior charge storage performance
with a specific capacitance of 75.1 mF cm ™ and with 84.5% capac-
itance retention after 8,000 cycles [85]. An excellent rate capability
of 69.6% while current density was increased by 20-fold, more
than 95% coulombic efficiency, 95.2% capacitance retention after
10,000 cycles and less than 2% variation in capacitance upon dif-
ferent bending condition have been observed from the W(O,N)
based asymmetric device [125]. However, the stable potential win-
dow for the W(O,N)//MnO, was only 1.8 V (Fig. 15). The operat-
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ing voltage limit in aqueous based asymmetric device compelled
considerable research to be conducted in order to improve the
energy density [125].

SUMMARY AND OUTLOOK

We have highlighted the energy storage performance of various
metal nitride/oxynitrides materials that are in the limelight of super-
capacitor applications. The supercapacitance performance of metal
oxides/oxynitrides was summarized in comparison with other
nanostructures in Table 2. These nanostructures not only demon-
strate remarkable supercapacitive behavior, but also can be used as
bridging element for other nanostructure to enhance their electro-
chemical properties. In addition, metal nitride/oxynitrides are
promising as anode materials for asymmetric supercapacitor, where
carbon nanostructures are extensively used. Although their super-
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Table 2. Supercapacitance performance of metal nitride/oxynitride-based electrode in comparison with other electrodes (parameters for
metal nitride/oxynitride is taken from Table 1, parameters for other materials are taken from the cited review article)

Carbon materials 2D materials Conducting . Metal . . Metal. .
polymers oxides/hydroxides nitride/oxynitrides

Specific capacitance

areal (mF cm?) 02-1350 [131,132] 2.8 -70 [134-136] 12-115k [12, 140,141] 11.8-740

Volumetric (F cm™) 12-611 [133] 6.2-900 [134] 4.7-305 [140,141] 15-951.3

Gravimetric (F g) 17-556 [131,133]  2.57-811 [134,137,138]  30-3000 [139] 9-2827 [12,140] 82-990
Energy density

In unit of Wh kgfl 5.5-230 [132, 140] 7.37-186 [142] 17.2-300 [139, 141]  0.5-188 [12, 140,143] 16.5-162

In unit of Wh L™ 2.5-450 [133] 22 [140] ~10°

In unit of mWh cm™ 16k-110k [134] 1k-6.16k [139] 1-194k
Power density

In unit of W kg™ 1k-776.8k [140]  284-106k [138, 142] 12.1-922 [139]  1.16-400k [12,140,141] 7.3-54k

In unit of W L™ ~3x10*

In unit of MW cm™ 11.6- 51k [134, 144] 40-270 [139] 8-328k

capacitor performance is quite satisfactory, it is still insufficient for
realizing their full-phase utilization in commercial appliances. The
advantages and challenges are highlighted in Fig. 16. The major
shortcomings are a troublesome process, high cost, serious agglom-
eration during charge-discharge cycling, low yield and so-forth.
Considerable research is still needed to bring the nitride-based
supercapacitor to a mature level.

(i) Designing a self-supported vertical metal nitride/oxynitride
nanostructure via an easy and scalable technique, without use of a
binder, conducting additives or a current collector is of great tech-
nological interest.

(i) Based on the existing literature, supercapacitor performance
is limited to Ti, V; Mo, Ga, Ru, Cr, Fe, Ni and Co nitrides and Mo,
V, Ti and W in oxynitride family. Importantly, all nitrides like

Ta;N, cannot be used as supercapacitor electrode. The research
attention should be on other nitrides like Zn, Al, In, Cu, Mn.

(iif) Since electrolytes play a critical role in the electrochemical
behavior of nitrides/oxynitrides, considerable research should be
carried out to establish a preferred electrode material and electro-
lyte combination. The cyclic stability of these structures was im-
proved by aqueous gel type electrolyte instead of aqueous electro-
lytes. In addition, little attention has been given towards the usage
of organic and ionic electrolytes. The investigation on these nano-
structures in organic and ionic electrolytes is still a subject of future
research.

(iv) The activation process to remove the oxygen-rich passiva-
tion layer from the surface can be adopted globally to improve the
physical and electrochemical properties [130]. In the context of

Korean J. Chem. Eng.(Vol. 35, No. 7)
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Fig. 16. Advantages and challenges of metal nitride/oxynitride based
supercapacitor electrode material (ASC: Asymmetric Super-
capacitor).

enhancing energy density, doping heteroatoms like S, B, P and
nanoparticles can be an effective strategy.

(v) An asymmetric supercapacitor device can provide higher
energy density owing to its ability to operate in a high potential
window. Proper selection of a pair of cathode and anode materi-
als with a large work function difference, an optimized mass ratio
and potential window can further solve the issue of achieving a
supercapacitor with high energy density.

With the progress in current materials science research and tech-
nological advances, we anticipate the bright prospect of metal
nitrides/oxynitrides-based supercapacitor device in near future.
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