iScience

Cell

Molybdenum Nitride Nanocrystals Anchored on
Phosphorus-Incorporated Carbon Fabric as a
Negative Electrode for High-Performance
Asymmetric Pseudocapacitor

Nitridation
[os—————-]
NH; gas
 H3PMo,,0,40 MoN@P-CF
“"100 cycles RuO,@CF
i RuCly,  H,0+H,0,
“eessssssssssseneennend Laver by layer method i

AL L

e 20 ]
: gwa g g

2 \104 A
E*] 12

T >

é‘ 04 1% 04 )
S ]

2%-201 h :2_10.4

=) ] o :
Y 4 MoN@P-CF 8301 RuO,@CF {i
360 :

“Botenitial (V. AgiRgelf . *°

Dﬁotengigl (v ‘olf g/AgOCﬁ)

1.0

..........

Deepak P. Dubal,
Safwat Abdel-
Azeim, Nilesh R.
Chodankar,
Young-Kyu Han

dubaldeepak2@gmail.com

HIGHLIGHTS

MoN nanocrystals coated
on P-doped CF are used
as high-performance
pseudocapacitors

DFT simulations explain
the origin of the good
performance of MoN@P-
CF electrode

MoN@P-CF and
RuO,@CF serve as
negative and positive
electrodes, in asymmetric

5@

All-pseudocapacitive ASC
delivers high power
density with long cycling
stability

Dubal et al., iScience 16, 50—
62

June 28, 2019 © 2019 The
Author(s).
https://doi.org/10.1016/
j.isci.2019.05.018



mailto:dubaldeepak2@gmail.com
https://doi.org/10.1016/j.isci.2019.05.018
https://doi.org/10.1016/j.isci.2019.05.018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2019.05.018&domain=pdf

iIScience

Cell

Molybdenum Nitride Nanocrystals Anchored on
Phosphorus-Incorporated Carbon Fabric as a
Negative Electrode for High-Performance

Asymmetric Pseudocapacitor

Deepak P. Dubal,’#* Safwat Abdel-Azeim,? Nilesh R. Chodankar,® and Young-Kyu Han?

SUMMARY

Pseudocapacitors hold great promise to provide high energy-storing capacity; however, their capac-
itances are still far below their theoretical values and they deliver much lower power than the tradi-
tional electric double-layer capacitors due to poor ionic accessibility. Here, we have engineered
MoN nanoparticles as pseudocapacitive material on phosphorus-incorporated carbon fabric with
enhanced ionic affinity and thermodynamic stability. This nanocomposite boosts surface redox ki-
netics, leading to pseudocapacitance of 400 mF/cm? (2-fold higher than that of molybdenum
nitride-based electrodes) with rapid charge-discharge rates. Density functional theory simulations
are used to explain the origin of the good performance of MoN@P-CF in proton-based aqueous elec-
trolytes. Finally, an all-pseudocapacitive solid-state asymmetric cell was assembled using MoN@P-CF
and RuO, (RuO,@CF) as negative and positive electrodes, respectively, which delivered good energy
density with low relaxation time constant (7o) of 13 ms (significantly lower than that of carbon-based
supercapacitors).

INTRODUCTION

Electrochemical energy storage (EES) devices such as supercapacitors (SCs) and Li-ion batteries are the pri-
mary choices for the majority of advanced applications ranging from implantable medical devices to elec-
trical and hybrid vehicles (Dubal et al., 2015, 2018; Ko et al., 2017; Nam et al., 2006). The energy and power
densities of EES systems define their utility in commercial applications, and these parameters are associ-
ated with charge-storing mechanisms. For instance, battery system offers high energy density due to the
reversible redox reactions associated with the intercalation of alkali metal ions in the bulk of electrode;
however, it is limited by very slow discharge-charge rates (Nitta et al., 2015; Yuan et al., 2017). Conversely,
SCs (mainly conventional electric double-layer capacitor [EDLC] based) provide high power density, robust
lifetimes, and safe operation, but are restricted by the low energy storage capacity (Salanne et al., 201¢;
Borenstein et al., 2017). Apart from them, pseudocapacitors, a subclass of SCs can be considered as a
promising device, which exhibit high energy and high power densities in a single system, thus bridging
the gap between batteries and SCs (Augustyn et al., 2014; Eftekhari and Mohamedi, 2015). Principally,
pseudocapacitors store charges through fast and reversible surface redox reactions or intercalation
pseudocapacitance. Typically, transition metal oxide or hydroxides, sulfides, and conducting polymers
show pseudocapacitive behavior. Nevertheless, the poor electrical conductivity and the cycling stability
of current pseudocapacitive materials hamper their practical applications (Wang et al., 2012; Yu and
Lou, 2018). Therefore new pseudocapacitive materials with new cell designs need to be explored to
achieve high energy and high power densities with good cycling stability to satisfy the increasing demands
of energy storage systems.

Transition metal nitrides have recently attracted great attention as a potential electrode material for SCs
due to their pseudocapacitive behavior, high reversibility, metallic electrical conductivity, and high chem-
ical stability (Balogun et al., 2017; Yang et al., 2016). For example, the electrical conductivity of titanium
nitride is in the range of 10% to 10* S/cm, which is close to that of metal and thus, beneficial for SCs (Lu
et al., 2012). In the past, different metal nitrides such as TiN, VN, Mo,N, and FeN have been explored as
promising electrode materials for SCs (Balogun et al., 2015). Among these metal nitrides, molybdenum
nitride (MoN) is one of the most promising pseudocapacitive material as it shows electrochemical features
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similar to those of ruthenium oxide (Liu et al., 1998). However, the smaller electrochemical potential win-
dow (~0.6 V) and low capacitance of MoN-based pseudocapacitors limits their commercial utilization.
Certainly, it is crucial to develop an adequate method to engineer MoN-based electrodes to achieve
the desired electrochemical features.

An emerging strategy to extend the operational voltage of SCs is the fabrication of asymmetric SCs (ASCs),
wherein the positive electrode is of a faradaic or pseudocapacitive nature and the negative electrode is
made of non-faradaic materials (Chodankar et al., 2017; Dubal et al., 2017). Generally, carbonaceous ma-
terial is utilized as the negative electrode with oxide- or conducting polymer-based positive electrode to
engineer ASCs. However, the low capacitance of carbon-based negative electrode limits the overall per-
formance of ASCs, which fosters the requirement of an alternative for carbon-based negative electrode.
Molybdenum nitride (MoN) can provide high capacitance due to pseudocapacitive behavior and is able
to work in the negative potential window, which makes it a promising alternative to carbon-based negative
electrode. Thus by coupling MoN negative electrode with another pseudocapacitive positive electrode, a
high-performance ASC can be assembled (Liu et al., 2016; Shah et al., 2014). To provide proof of concept,
we have selected ruthenium oxide (RuO,) as the positive pseudocapacitive electrode because of its high
capacitance and large overpotential for oxygen evolution in acidic electrolytes (Hu et al., 2006, Wang
etal., 2014). So far, few reports are available on ASCs using RuO, and carbon as positive and negative elec-
trodes, respectively (Shen et al., 2016; Choi et al., 2012).

In the present work, we have engineered a solid-state asymmetric pseudocapacitor using RuO, on carbon
fabrics (RuO,@CF) as the positive electrode and MoN nanoparticles coated on phosphorous-doped car-
bon fabrics (MoN@P-CF) as the negative electrode in 1 M H,SO, electrolyte. Briefly, ultra-small MoN par-
ticles were uniformly decorated on P-doped carbon fabric (MoN@P-CF) using phosphomolybdic acid
(H3PMo1,040, PMo1,) as a single source of Mo and P, followed by ammonia annealing at the desired tem-
perature. On the other hand, pseudocapacitive RuO, was grown on CF using a simple layer-by-layer (LBL)
deposition method. Both the electrodes were initially tested in three-electrode configuration to evaluate
their individual performances. The origin of improved electrochemical performances of MoN@P-CF in
aqueous acidic electrolyte is unveiled by density functional theory (DFT) simulations.

RESULTS

Figure 1A shows the steps involved in the fabrication of all-pseudocapacitive solid-state ASCs along with
synthesis methods used to develop phosphorus-doped carbon fabric cloth decorated with MoN nanocrys-
tals (MoN@P-CF) and RuO, nanoparticles coated on flexible carbon fabric (RuO,@CF). To prepare
MoN@P-CF, initially PMo4, nanoclusters (phosphomolybdic acid, PMo1,) were anchored over the carbon
fabric (CF) by the facile hydrothermal method, which will act as a single source of P and Mo. Later,
PMo+,-coated CF (PMo,@CF) undergoes heat treatment in ammonia (NH3) atmosphere at a desired tem-
perature to obtain MoN@P-CF. On the other hand, RuO, nanoparticles were directly grown over the CF
using simple, low-cost, and scalable LBL method. Finally, using optimized MoN@P-CF as negative and
RuO,@CF as positive electrodes, all-pseudocapacitive solid-state asymmetric cell was assembled as shown
in Figure TA.

Design and Engineering of MoN@P-CF Negative Electrodes

The full-range X-ray photoelectron spectroscopic (XPS) spectrum of MoN@P-CF confirms the presence of
carbon, molybdenum, nitrogen, and phosphorous. The core-level XPS spectra for C1s can be deconvo-
luted into four peaks as shown in Figure 1B. The peak observed at a binding energy (BE) of 284.8 eV
can be assigned to graphitic carbon with C-C, whereas the other low-intensity peaks at 285.2, 285.8,
and 286.2 eV may correspond to C bonding with phosphorous (C-P), nitrogen (C-N), and oxygen (C-O-
C), respectively (Yan et al., 2015; Zhang et al., 2014a). The presence of C-P bond confirms the incorpora-
tion of P (from PMoyy) in carbon fabric. High-magnification XPS spectra of Mo3d exhibits a pair of
Gaussian peaks at BEs of 228.8 and 232.2 eV (Figure 1C), which can be assigned to Mo3ds,; and
Mo3ds/, of Mo-N bond (Yan et al., 2018). The N1s spectra shown in Figure 1D can be fitted in two major
peaks where the peak at BE of 396.7 eV can be indexed to Mo-N bond from MoN, whereas the peak at
399.8 eV corresponds to the pyrrolic N (Zhang et al., 2014b). The high-resolution P2p spectrum shows a
prominent peak at BE of 133.8 eV, which can be assigned to the boding between carbon and phospho-
rous, confirming the incorporation of P into CF (Figure 1E). The content of P in CF was determined to be
1.58 at %. Detailed analysis of samples unambiguously confirms the formation of P-doped CF coated with
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Figure 1. Schematic and XPS Analysis of MoN@P-CF

(A-E) (A) Schematic illustration of design and engineering of all-pseudocapacitive solid-state asymmetric supercapacitors. The steps involved in the
synthesis of pseudocapacitive MoN@P-CF and RuO,@CF are presented. XPS analysis of MoN@P-CF-900 sample: core-level XPS spectra with deconvoluted
peaks (B) C1s, (C) Mo3d, (D) N1s, and (E) P2p.

MoN nanoparticles (MoN@P-CF). Thus we have provided a single-step method to accommodate adatom
(P) in carbon structure and deposit ultra-small MoN nanoparticles on carbon fabric, which is expected to
significantly improve the electrochemical performances. Figure 2A presents X-ray diffraction (XRD) pat-
terns for the MoN@P-CF samples prepared at different nitridation temperatures. The XRD patterns
exhibit six prominent diffraction peaks at 31.8°, 36.2°, 49.1°, 65.1°, 74.3°, 78.3°, which can be indexed
to (002), (200), (202), (220), (222), and (204) planes, respectively, suggesting the formation of hexagonal
MoN (JCPDS: 25-1367). The increase in peak intensity with nitridation temperature suggests the
improved crystallinity of MoN nanocrystals. Thus the high nitridation temperature is favorable for com-
plete conversion of PMo; clusters into MoN nanocrystals. The inset of Figure 2A shows the typical
hexagonal crystal structure of the MoN with layered configuration where the Mo atoms are sandwiched
between the nitrogen atoms in the center of individual monolayers (Xie et al., 2014). To get further
insights about the chemical bonding in MoN@P-CF, Raman analysis was performed and presented in
Figure S1. Two major bands are observed at 1,350 ecm~'and 1,572 cm™" (known as D and G band, respec-
tively), which can be associated to the characteristic carbon peaks originating from carbon fabric (CF).
The intensity ratio of D and G bands (Ip/lg) presents the disorder degree of carbon materials. A small
increase in the Ip/lg ratio was found with temperature (0.94-0.99), which can be partly associated with
the decoration of MoN nanocrystals and partly to the incorporation of phosphorous (P) in carbon frame-
work during the nitridation process.

The scanning electron microscopic (SEM) analysis shows the uniform coating of MoN tiny nanoparticles on
the surface of carbon fabric (Figure 2B). It is further observed that the size of MoN nanoparticles increases
with annealing temperature (see Figure S1). The direct coating of MoN nanoparticles over the heteroatom-
doped carbon fabric not only provides conducting scaffold but also avoids the use of unnecessary binders
that will minimize the charge transfer resistance. The transmission electron microscopic (TEM) images re-
vealed the formation of high-density ultra-small nanoparticles with sizes less than 10 nm (Figures 2C and

52 iScience 16, 50-62, June 28, 2019



iIScience Cell

>

Intensity (a.u.)

JCPDS:25-1367

R .
0 40 50 60

26 (Degree)

Figure 2. Characterizations of MoN@P-CF Samples

(A and B) (A) XRD patterns of MoN@P-CF samples prepared at different nitridation temperatures. Surface morphological analysis of MoN@P-CF-900 sample.
(B) SEM images of bare carbon fabric (inset) and P-doped carbon fabric with ultra-small MoN particles.

(C-E) (C and D) TEM images and (E) HRTEM image with corresponding fast Fourier transform spectrum.

(F) Large-area SEM-EDS mapping images, confirming the presence of C, Mo, N, and P.

2D). Such tiny nanoparticles provide highly accessible surface for the electrochemical reactions and short
diffusion lengths for ionic transportation. To investigate the crystallinity of ultra-small MoN nanocrystals,
high-resolution (HR) TEM images are recorded and shown in Figure 2E. An HRTEM image and fast Fourier
transform reveals the lattice fringes with a d spacing of 2.4 A, corresponding to the (200) plane of MoN.
Moreover, the selected area electron diffraction (SAED) pattern confirms the polycrystalline nature of
the as-prepared MoN nanocrystals (Figure S2). The different spots in the SAED pattern can be assigned
to the hexagonal MoN structure. Energy-dispersive X-ray spectroscopic (EDX) analysis revealed the uni-
form distribution of the C, Mo, N, and P over the CF surface (Figure 2F). Thus it should be emphasized
that the uniform coating of MoN nanodots in this hybrid material is a model for electrode or electrolyte
surface polarization, as pseudocapacitive energy storage is based on surface redox processes. Indeed,
this unique MoN@P-CF hybrid combines a heteroatom-doped (P) conducting porous CF with pseudoca-
pacitive MoN nanocrystals, thus providing an optimal starting point from a structural point of view for
high energy storage.

The electrochemical performances of MoN@P-CF electrodes were evaluated in standard three-electrode
setup with 1 M H,SO, electrolyte. The comparative cyclic voltammetry (CV) and charge/discharge curves
(CD) curves for the MoN@P-CF electrodes prepared at different nitridation temperatures are shown in
Figure S3. It is revealed that the sample prepared at 900°C (abbreviated as MoN@P-CF-900) shows higher
integrated area under the CV curves with well-defined redox peaks, representing the best pseudocapaci-
tive features. Moreover, the redox peaks can be retained at a high scanning rate of 100 mV/s, representing
good rate capability of the prepared MoN@P-CF-900 electrode (Figure 3A). The charge storage mecha-
nism of the as-prepared MoN@P-CF electrode was uncovered using the previous literature (Wang et al.,
2007). Typically, the total charge storage in the electrode is the sum of surface capacitive (Q,) and diffu-
sion-controlled (Qq) contributions. The capacitive contribution corresponds to the electrostatic adsorption
of the electrolyte ions as well as surface redox reactions (pseudocapacitance), whereas diffusion-controlled
contributions are associated with the surface and bulk electrochemical reactions. To quantify these
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Figure 3. Electrochemical Characterizations of MoN@P-CF-900 with Three-Electrode Cell Design

(A) CV profiles recorded at different scanning rates in 1 M H,SO, electrolyte.

(B) Variation of b-values with anodic potential scan. Inset shows power law dependence of peak current density at scan rates from 5-100 mV/s.

(C) Voltammetric response at a scan rate of 100 mV/s. The capacitive contribution to the total current is shown by the shaded region (86% of total charge
contribution).

(D) Galvanostatic charge-discharge curves measured at different current densities from 2 to 20 mA/cm?.

(E) Plot of areal capacitances as a function of current densities.

(F) Cycling stability was tested for 10,000 cycles at a current density of 6 mA/cm?. Inset shows Nyquist plots for MON@P-CF samples prepared at different
nitridation temperatures.

contributions, the CV curves for MoN@P-CF-900 were recorded at different scan rates. By using the power
law, it is possible to determine the charge storage mechanism of the electrode.

b

i=a-v (Equation 1)

where “a” and "b" are adjustable parameters having defined conditions. Here, b = 0.5 suggests that the
maximum current is contributed by diffusion-controlled processes, whereas b = 1 suggests purely capac-
itive processes. Using Equation 1, one can estimate the value of b by plotting the graph of log (i) versus log
(v). Figure 3B shows the plot of b-values versus potentials, which lies between 0.8 and 0.95, suggesting the
dominance of capacitive charge storage processes (Wang et al., 2007). The contribution from capacitive
processes can be further quantified by assuming that the current response at the fixed potential is the com-
bination of the capacitive (EDLC + pseudocapacitance) and diffusion-controlled processes as follows:

Q; = O, +Qq (Equation 2)

where Q is the total charge storage of the electrode. By considering the semi-infinite linear diffusion, it is
possible to derive the Qs (capacitive contribution) by plotting total charge (Q,) against the reciprocal of the
square root of the scan rate (v~""?) according to the following equation:

Q, = Q,+kv'/? (Equation 3)

The surface capacitive and diffusion-controlled processes can be separated using Equation 3. Figure 3C
shows the CV curves of calculated capacitive charges (shaded) and the experimental currents (solid line),
suggesting that about 86% of the total current is contributed by capacitive storage at 100 mV/s. Thus
the results demonstrate that the MoN@P-CF electrode is mainly pseudocapacitive in nature. The capacitive
charge contribution increases with scan rates from 5 (56%) to 100 mV/s (86%) as shown in Figures S3 and 54,
which can be explained by the fact that at a high scan rate the extrinsic surface effects due to both
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pseudocapacitive charging and electronic conduction at the interface contribute to surface capacitive pro-
cesses (Liu et al., 1998), whereas at slow scan rates, large currents originate from diffusion-controlled reac-
tions in the acidic electrolyte, probably due to the higher mobility of protons (H*). The high capacitive
contribution at slow scan rates further suggests the good electrical conductivity of the electrode materials,
which can be ascribed to P doping in CF and ultra-small MoN nanocrystals that offers super-highway and
short diffusion for ion transportation.

To estimate the rate capability of as-prepared MoN@P-CF electrode, the galvanostatic CD measurements
are carried out at different current densities (see Figure 3D). The linear CD curves without any potential
drop even at high current density (20 mA/cm?) display good capacitive features of the MoN@P-CF-900
electrode. In addition, the charging and discharging parts are perfectly symmetric to each other,
implying highly reversible redox reactions. The areal capacitances were calculated from CD curves
and plotted in Figure 3E. The MoN@P-CF-900 electrode delivers a maximum areal capacitance of
400 mF/cm? (598 F/g for mass loading of 1.4 mg/cmz) at current density of 2 mA/cm?, which decreases
to 325 mF/cm? (505 F/g) at 20 mA/cm?, retaining about 81% of initial capacitance. The MoN@P-CF900 elec-
trode in the present investigation shows high gravimetric (areal) capacitance values (see Table S1), which
can be attributed to good Ohmic contacts, ultra-small MoN nanocrystals, and P doping into CF.
Nyquist plots for MoN@P-CF samples show linear dependency in the low-frequency region, indicating
ideal capacitive behavior (inset of Figure 3F). Moreover, the low values of the equivalent series resistance
(ESR) (1-1.2 Q/cm?) and charge transfer resistance in the high-frequency region imply good electrical con-
ductivity with facile electrochemical interaction between the active material and electrolyte ions. Finally,
the phase angles for MoN@P-CF electrodes in Bode plot (Figure S5) are close to 90°, signifying that
MoN@P-CF sample shows an ideal capacitive performance. The cycling stability was recorded (Figure 3F)
at a current density of 6 mA/cm?, suggesting 91% capacitance retention over 10,000 cycles. The outper-
formance of MoN@P-CF can be credited to the uniform coating of ultra-small MoN nanocrystals on CF,
which offer large electrochemically active sites and short diffusion paths for easy transportation of electro-
lyte ions. Moreover, the heteroatom (P)-doped carbon fabric matrix not only improves the electrical con-
ductivity but also adds extra capacitive contribution in the charge storage.

To interpret the experimental results and link the atomic structure with the function of material, we have
carried out DFT simulations. We have proposed following different models such as adsorption of H;O™"
on CF, P-CF, MoN, and their nanocomposite interfaces (MoN@CF and MoN@P-CF), which are depicted
in Figure Sé. First, we discussed the adsorption energies of the doped systems and their interfaces by tak-
ing the adsorption energy on pristine CF as reference point (i.e., the adsorption energies of H3O" are re-
ported as the subtraction of adsorption energy on P-CF, MoN, MoN@CF, and MoN@P-CF from that on the
pristine CF [AE,4¢]). The simulations are performed for two atomic ratios (1 and 2), which generate six con-
figurations by varying the number of bonds separating the two phosphorus atoms. In each configuration,
multiple positions of H3O" were optimized, and the best binder was selected for the discussion. The BE of
H3O" on CF and P-CF is negative, indicating that both pristine and P-doped CF systems have the ability to
adsorb protons from the electrolyte solution. However, doping CF with one or two phosphorus atoms
further enhances their adsorption capacity. The adsorption energies of P-CF and 2P-CF display much
higher affinity toward H3O" than pristine CF (AE,4s— —1.02 in case of P-CF and —1.44 eV in case of 2P-
CF, see Table S2). In case of 2P-CF systems, H3O" can be adsorbed on phosphorus or carbon atoms without
significant preferences (note the difference between 2P1-CF and 2P32-CF). In 2P1-CF, H3O™ is adsorbed on
phosphorus atom and both are out of the CF plane, whereas in 2P32-CF, H;O" is adsorbed on carbon. To
explain the trend of the adsorption energies and the nature of H3O" bonding, bond charge density and
Bader atomic charge analysis were performed. The bonding density is calculated as the difference between
the density of the complex (H3O*@CF or P-CF) and density of the isolated fragments (CF or P-CF and
H3O™). In case of CF and P-CF with 1 at % ratio, the insertion of n-type doping such as P enriches the elec-
tron density of the graphene fiber and induces polarized sites, which are beneficial for H3O* binding (see
Figure S7 and S8, and Table S3). The doping atom induces an electron transfer into the delocalized electron
density over CF fiber because of electronegativity gradient between the P and C atoms (C: 2.55 and P: 2.19)
(Figure S7).

It can be seen that an accumulated electron density on the adsorbed proton and the surrounding carbon

atoms are higher in the doped fiber than in pristine. This indicates a charge transfer from H3;O" into CF and
P-CF fibers where the bonding is ionic in nature. The gradient in electrostatic forces created between the
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Figure 4. DFT Simulations of MoN@P-CF

(A-l) Bonding charge density (or charge density difference of H3O" adsorption) on MoN (A and B), MoN@CF (C and D),
MoN@P-CF (E and F), CF (G), P-CF (H), and 2P32-CF (). (B, D, and F) are rotated views of (A, C, and D). Yellow and blue
represent electron density rich and depletion. Isosurfaces are at a resolution of 0.015 electron/bhor®; brown, dark blue,
purple, plum, red, and white balls represent carbon, nitrogen, phosphorus, molybdenum, oxygen, and hydrogen atoms,
respectively. H3O™ adsorption energies are reported in electron volts and are referenced to the adsorption on the pristine
graphene (CF).

adsorbed proton and P or C (the adsorption site) increases the complex stability. As seen in Figure 4, P-CF-|
and Il display higher electron density accumulated on or around the adsorption site than that for pristine
CF. The difference in the adsorption ability of P-CF | and Il can be rationalized by the electrostatic repulsion
between the negative charge on the adsorbed proton (H3) and the negative charges on the surrounding
carbons atoms (C1, C5, and C13) with the lone pair on the oxygen atom (see Table S3). In contrast, in
case of P-CF | system, these electrostatic forces are attractive, which enhances more the stability of the ad-
sorbed proton. Adding more phosphorus atoms into CF fibers enriches the electron density and increases
the polarization sites compared with the pristine CF or P-CF at 1 at % doping ratio (see Figure S7). The
adsorption energies reported in Figure S9, and Table S2, indicate that the adsorption on P can be as
high as on C atoms. However, the adsorption on the carbon atoms near the doping sites has higher ability
to bind protons. Again, the balance between the electrostatic forces between the charges of the adsorbed
protons and the substrate atoms at the adsorption site tunes the proton’s affinity of the P-CF (see Figure S10
and Table S4).

Adsorption of H3O" on MoN nanoparticles and their interfaces with CF and P-CF is modeled by calculating
the adsorption energy on MoN slab of the hexagonal crystal and its interfaces with CF and P-CF (see
Figure S6). The proton’s affinity of these nanocomposites is getting much higher than that of pristine CF
or P-CF. Results shown in Table S2 highlighted an important effect of molybdenum nitride as an interesting
material for H3O™ adsorption, as well as its composites with CF and P-CF. The nanocomposite between
MoN, CF, and P-CF improves further the proton’s affinity. Moreover, P-CF proved to be a better stabilizing
factor of the nanocomposite morphology than CF (see Figure S11). Indeed, the BE per unit area of
MoN with CF and P-CF are —62.0 and —84.0 meV, respectively (importantly, this is the interaction energy
between MoN-slab and CF and P-CF sheets). The optimized structures of H3O" on top of the MoN slab and
at its interfaces with MoN@CF and MoN@P-CF showed that H;O™ dissociates into H" and H,O similar to
the adsorption on CF and P-CF. The adsorbed proton localized between three MoN atoms, whereas H,O
molecules are directly coordinated to one (MoN@CF) or two Mo atoms (MoN@P-CF). Water adsorption
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might help to stabilize the adsorbed proton by screening the electrostatic repulsion on the metal surface
inversely to the CF and P-CF cases where H,O molecules barely interact with the graphene atoms.

The binding charge density and atom in molecules (AIM) charges are presented in Figure 4 and Table S5. In
case of H3O*@MoN complex, we observed that the surrounding Mo atoms are getting more positive and
about 1.0 e is transferred into H3O" (note charges on Mo114, Mo115, Mo118, and Mo122). The charge
transfer from H3O" is evidenced in binding charge density and atomic charges. The adsorbed proton un-
dergoes a strong stabilizing interaction with positive charges on Mo atoms. This increases the polarization
at adsorption site, which enhances the dipole-dipole, dipole-charge, and charge-charge interactions that
are stabilizing adsorbed species (Figure 4). In case of MoN@CF and MoN@P-CF, more charge transfer from
the metal surface into H3O™ (see Table S5) can be ascribed to the electron density flow coming from CF and
P-CF into MoN surface. This strengthens the dipole moment created at adsorption site, which stabilizes
further the adsorbed protons. The slight difference between P-CF and CF is due to the presence of positive
charge at the phosphorus atom (+1.68e) that decreases the electrostatic repulsion between the adsorbed
protons and the electron cloud delocalized over the graphene fiber (Figures 4 and S11).

Altogether, our DFT simulations enabled us to get deeper atomic insights into the n-type doping effect,
which enhances the proton adsorption as well as the thermodynamic stability of the nanocomposite
formed between the MoN nanoparticles and P-CF. Also, our results emphasize on the high affinity of pro-
ton of MoN nanoparticles, which is beneficial for the energy storage industry.

Fabrication of RuO,@CF Positive Electrode

RuO; nanoparticles were directly grown on carbon fabrics, for the first time using simple and scalable LBL
method. The deposition kinetics of RuO, nanoparticles is based on ion-by-ion growth mechanism, which
involves the deposition of Ru species at the CF surface and then reaction with O species forming a nucle-
ation center (RuO, monolayer). XRD pattern for RuO,@CF shows two prominent peaks at 26.5° and 43.5°
that are assigned to the carbon fabric (Figure S12). There is no peak found for RuO, nanoparticles, suggest-
ing the formation of amorphous phase. Itis reported that the amorphous RuO, shows better capacitive fea-
tures than the crystalline one due to easy access to protons or ions for electrochemical reactions, and there-
fore whole electrode material can be utilized for the charge storage process (Dubal et al., 2013). The highly
magnified XPS spectra for Ru3p of RuO,@CF sample shown in Figure 5A can be split into two peaks at BEs
of 484.6 and 462.4 eV, suggesting the formation of RuO, (Dubal et al., 2013; Hu et al., 2006). Moreover, the
core-level XPS spectra for the O1s (Figure 5B) can be fitted into three major peaks at BEs of 529.7, 531.2,
and 532.6 eV, which are ascribed to the metal (Ru)-oxygen bond, metal-OH bond, and the H-O-H bonding
in residual water, respectively (Hu et al., 2006). It is further realized that the surface of the RuO5 is hydrox-
ylated to form surface oxyhydroxide, which might increase surface wettability and improve the interactions
between electrode material and electrolyte. Surface morphological analysis shows homogeneous distribu-
tion of RuO, nanoparticles over the entire exposed surface of the CF. The single carbon fabric densely
coated with RuO, nanoparticles can be observed in Figure 5C. The highly magnified SEM image (Figure 5D)
further confirms the formation of fractal-like agglomerates of fine RuO, nanoparticles, leaving ample free
space between them, facilitating ion transport processes. To get more insights about the nanostructure of
RuO,, TEM analysis was carried out and shown in Figure 5E, which shows the formation of tiny nanoparticles
with size in the range of 5-10 nm. These tiny RuO; nanoparticles directly grown on carbon fabric can offer
shortion-transport pathways and favor the direct contact of electrolytes to the interfacial electrochemically
active species, consequently enhancing the supercapacitive performance. The uniform distribution of Ru
and O on the carbon fabric (CF) can be further evidenced by EDX analysis, as shown in Figure S12.

The electrochemical properties of the as-prepared RuO,@CF was investigated using three-electrode cell in
1 M H,SO, electrolyte. The CV curves for RuO,@CF recorded at different scan rates exhibits semi-rectan-
gular shapes over a wide potential range of 0-1V (versus Ag/AgCl) (see Figure S12). The shapes of CV
curves can be retained even at a high scan rate of 100 mV/s, indicating highly reversible redox transitions
of RuO,@CF electrode, which meets the high-power requirement of SCs. These worthy electrochemical
properties might be attributed to the amorphous and tiny nanoparticulate structure of hydrous RuO,@CF
that offers facile transport pathways for both protons and electrons. The energy storage or delivery process
within hydrous RuO; generally obeys the following equation:

RuO, + dH* + de™ < RuO,_4(OH), (0<d<2) (Equation 4)
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Figure 5. Physicochemical and Electrochemical Characterizations of RuO,@CF

(A and B) Magnified XPS spectra for Ru3p and OTs, respectively.

(C-F) (C and D) SEM images of RuO, coated on carbon fabrics, (E) TEM image, showing uniform distribution of tiny
nanoparticles without any aggregation. Electrochemical performance evaluation of RuO,@CF in three-electrode
configuration: (F) CV curves at scan rate of 5 mV/s. The shaded area represents the capacitive contribution to the total
current.

(G) Galvanostatic charge-discharge profiles at different current densities.

(H) Variation of areal and specific capacitances with current densities.

(I) Long-term cycling test with corresponding Coulombic efficiency measured at 10 mA/cm? over 8,000 cycles.

To provide evidence of the pseudocapacitive nature of RuO,@CF, b-value was calculated using Equa-
tion 1, which was found to be 0.92 as shown in Figure S13. It can be further seen from Figure 5F that
about 66% of the total current of RuO,@CF electrode is contributed by the capacitive mechanism at
5 mV/s. The capacitive charge contribution increases with scan rates from 5 to 100 mV/s, reaching
93% at 100 mV/s as shown in Figure S14. The galvanostatic charge/discharge (GCD) measurements for
RuO,@CF electrode were performed at different current densities within the potential range of 0-1 V
(versus Ag/AgCl), as shown in Figure 5G. All charge curves are symmetric to their discharging counter-
parts, implying fast and reversible electrochemical features. The maximum areal capacitance for
RUO,@CF electrode was found to be 303 mF/cm? (551 F/g) at a current density of 1 mA/cm?, which
was decreased to 272 mF/cm? (494 F/g) at 20 mA/cm?, retaining about 88% of initial capacitance (Fig-
ure 5H). The cycling performance was tested at a current density of 10 mA/cm? over 8,000 cycles. As
can be seen from Figure 5, the RuO,@CF electrode exhibited good cycling stability of 87% retention
of initial capacitance after 8,000 cycles. Moreover, RuO,@CF electrode shows good Coulombic efficiency
(almost 100%) over 8,000 cycles, which is beneficial for the high-power applications. The decrease in
capacitance by a small amount with cycles can be ascribed to the loss of active material caused by
the dissolution or detachment, during the early charging or discharging cycles in the electrolyte. The
overall resistance contributions including ESR, charge transfer resistance, and current collectors was
determined to be 2.2 Q, as seen from the inset of Figure S13. Moreover, the relaxation time constant
was determined to be g = 22 ms, suggesting fast response of the RuO,@CF electrode.
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Figure 6. Electrochemical Testing of All-Pseudocapacitive Solid-State Asymmetric Cell, MoN@P-CF//RuO,@CF
) CV curves for the MoN@P-CF and RuO,@CF electrodes at constant scan rate of 10 mV/s in different working voltage windows.
B) CD profiles recorded at different current densities.
C) Variation of specific and volumetric capacitances with the current density.
D)
E) The plot of capacitance retention with cycle number over 15,000 cycles measured at 12 mA/cm?; inset shows the first and last charge-discharge cycles.
F) Ragone plot with comparison of energy and power density values with the literature.
G) Practical demonstration of MoN@P-CF//RuO,@CF cell by powering a red light-emitting diode during the discharge state.
H) The graph of variation of capacitance with bending angle of device; inset shows CD curves of asymmetric cell at different bending angles.
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All-Pseudocapacitive Solid-State Asymmetric Supercapacitor (MoN@P-CF//RuO,@CF)

To demonstrate the commercial feasibility of MoN@P-CF hybrid electrode, all-pseudocapacitive asym-
metric solid-state SC was assembled using MoN@P-CF and RuO,@CF as negative and positive elec-
trodes, respectively, with PVA-H,SO, gel electrolyte. It is important to note that to achieve the highest
cell voltage, the charges stored in both electrodes must be balanced, which can be done by adjusting
the mass loading in each electrode. The calculated mass ratio from MoN to RuO; electrode is 1:2
(see Methods section) with a total mass loading of 3.4 mg/cm?. The CV curves for MoN@P-CF and
RuO,@CF electrodes suggest that both electrodes can work in different potential windows, proposing
the cell voltage of 1.5 V for MoN@P-CF//RuO,@CF cell (Figure 6A). The CV curves recorded at different
scan rates (see Figure S15) show a prominent redox pair, confirming the dominance of Faradaic charge
storage mechanism. These redox peaks can be retained at high scan rates of 100 mV/s, implying good
reversibility of the electrode materials in device. The CD profiles of MoN@P-CF//RuO,@CF asymmetric
cell show non-linear shapes as observed in CV results, which can be assigned to the pseudocapacitive
nature of electrodes (Figure 6B). The cell delivers a maximum capacitance of 7.54 F/cm® at a current
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density of 4 mA/cm?, which can be retained to 5.88 F/cm® when the current density was increased to
16 mA/cm? (78% retention), as shown in Figure 6C. The good rate capability of the cell can be attributed
to the fact that all the active sites of electrode materials are easily reachable for the electrolyte ions even
at high current density. In addition, the rapid redox reactions, kinetic balance, and capacity matching of
both electrodes can also be responsible for high capacitance and good rate performance. The obtained
capacitance for MoN@P-CF//RuO,@CF cell is the highest value reported so far; for example, MnO,//
WON (tungsten oxynitride) (2.73 F/cm®) (Yu et al., 2015), rGO-PW;5//rGO-PMos, (3.91 F/cm®) (Dubal
et al., 2017), Fe;03//MnO, (1.2 F/em?) (Lu et al., 2014).

The high rate performance of MoN@P-CF//PPy@CF asymmetric cell was studied by electrochemical
impedance analysis within the frequency range of 100 kHz to 1 Hz with an amplitude of 5 mV. Nyquist
plot for the asymmetric cell shows an ESR of only 1.2 ©/cm?, manifesting good electrical conductivity
of both the electrode materials as well as strong binding between the active electrode material and cur-
rent collector (Figure S15). The low charge transfer resistance (small semicircle) can be attributed to the
good interaction between electrode material and electrolyte. In the low-frequency region, our device ex-
hibits typical capacitive behavior, where a vertical line nearly parallel to the y axis is observed. The capac-
itive characteristics was further approved by the Bode plot where a phase is close to 90° (Figure S15). The
real (C') and imaginary capacitances (C") at different frequencies for MoN@P-CF//PPy@CF cell are calcu-
lated and shown in Figure 6D. The plot shows common relaxation-type dispersions where the real capac-
itance C' decreases with frequency, whereas C” shows a maximum. The relaxation time constant (to) is the
minimum time needed to discharge all the energy with efficiency greater than 50% and can be calculated
using To = 1/fy (where fy is characteristic frequency). The 7o for MoN@P-CF//RuO,@CF device was calcu-
lated to be 12 ms (for the corresponding frequency of 82.87 Hz and 13 ms from Bode plot at 11.5 Hz) as
displayed in Figure 6D. Such a small relaxation time (to) signifies that this all-pseudocapacitive asymmetric
cell exhibits ultra-fast power output. This small 7 value for the MoN@P-CF//RuO,@CF cell is promising
than the values reported for fast-charging SCs in the literature: RuO,//Ti3C,T, asymmetric cell (740 ms)
(Jiang et al., 2018) and symmetric cells based on titanium nitride (TiN, 12.5-25 ms) (Yu et al., 2015), carbon
anions (26 ms) (Pech et al., 2010), and laser-scribed graphene (19 ms) (El-Kady and Kaner, 2013). The
extremely small relaxation time constant further confirms the ultra-fast charge-discharge ability of our
asymmetric cell, which makes it promising for advanced portable electronic devices. The cycling stability
for our asymmetric cell was performed at constant current density of 12 mA/cm? over 15,000 cycles as
shown in Figure 6E. The device exhibited a capacitance retention of 89% over 15,000 cycles. The energy
and power densities define the real-world applications of energy storage devices. From CD curves, we
have estimated the energy and power densities of MoN@P-CF//RuO,@CF cell and compared with the
literature values. The cell delivers energy density of 2.36 mWh/cm? (at power density of 43 mW/cm?),
which is comparable with that of carbon-based micro-SCs and lithium thin-film batteries (1073 -1072
Wh/cm?) and is significantly higher than those of previously reported flexible metal nitride SCs (0.05
mWh/cm®) (Lu et al., 2012). Even at a high power density of 174 mW/ecm?® our MoN@P-CF//RuQ,@CF de-
vice maintains an energy density of 1.8 mWh/cm?, confirming the capacity of device to provide high en-
ergy and high power in one system (Figure 6F). The summary of comparison of literature values is pro-
vided in Table S6 and Figure S15 (Lu et al., 2012, 2013; Jiang et al., 2018; Zhu et al., 2015; Ma et al.,
2015; Tan et al., 2018), for example, VOx//VN (0.61 mW/cm?®) (Lu et al., 2013), TIN@GNS//Fe,N@GNS
(0.51 mW/ecm®) (Zhu et al., 2015), and TiN//TiN (0.05 mW/cm®) (Lu et al., 2012). The energy efficiency
(Eof) of the asymmetric cell was determined to be 73.2% at 4 mA/cm? and 81.1% at 12 mA/cm? with an
average value of above 70%, which is slightly poor than the previous reports (Javed et al., 2018) as shown
in Figure S15. The practical applicability of cell is presented using a demonstration with red light-emitting
diodes as shown in Figure 6G. The bending test was further executed consecutively, and angles were
altered manually, as indicated in Figure 6H. The corresponding CD curves recorded at different bending
angles are shown in the inset of Figure 6H. The negligible change in capacitance and shapes of the CD
curves even at bending angle of 180° assures its good flexibility and mechanical stability. These good
electrochemical features can be credited to interactive contributions of both electrode materials and
the all-pseudocapacitive asymmetric cell design, which are summarized as follows. (1) Binderless nano-
structured electrode materials avoid unnecessary binders and minimize the ESR. Moreover, heteroatom
(phosphorus) doping in CF provides additional pseudocapacitance. (2) Tiny nanoparticles of MoN and
RuO; electrodes provide easy access to electrochemical sites and short diffusion paths for ionic transpor-
tation. (3) The complementary potential windows of the RuO, and MoN electrodes in H,SO4 electrolyte
allow to develop new high-voltage all-pseudocapacitive asymmetric cell with improved energy density.
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DISCUSSION

In summary, we have designed and engineered ultra-fast all-pseudocapacitive solid-state ASC by coupling
ultra-small MoN particles coated on P-doped CF (MoN@P-CF) negative electrode with RuO,@CF positive
electrode. Our DFT simulations showed that the adsorption is further enhanced on MoN surface as well as
atits interfaces with P-CF, which will provide guidelines to develop nitride-based pseudocapacitors. Owing
to the excellent pseudocapacitive properties of both electrodes, MoN@P-CF//RuO,@CF asymmetric cell
delivered a high capacitance (7.74 F/em?3), high energy (2.4 mWh/cm®), and power densities (174 mW/cm?®)
with good cycling stability (89%) over 15,000 cycles. Moreover, the device demonstrated extremely small
relaxation time (o) of 12 ms, significantly lower than that for conventional carbon-based (EDLC) SCs, which
can be directly applied in high-power microelectronics and in many diverse flexible and wearable
electronics.

Limitations of the Study

For currently used polyoxometalates (POM) precursor, it is difficult to alter the nanoparticulate morphology
of MoN and control the concentration of P-doping in CF, which limits further enhancement of its electro-
chemical performances. It is anticipated that by employing other suitable precursors, the nanostructure of
MoN and the amount of P-doping can be further optimized, achieving higher performance of the asym-
metric pseudocapacitors.

METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/].isci.2019.05.018.
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Transparent Methods

Chemicals

The phosphomolybdic acid (HsPMo012040.3H20 Kegging type, PMoz12), hydrochloric acid (HCI),
acetone (C3HgO), ethanol (C:HeO), hydrogen peroxide (H20.) and Ruthenium (I1l) chloride
(RuCls-xH20), polyvinyl alcohol (PVA) was purchased from sigma Aldrich. The carbon fabric
(W0S1002 Carbon Cloth Substrate with thickness 360 um) was purchased from FC Internationals,
South Korea. All regents were used as received without further purification. All the precursor solutions
were prepared by using the MilliQ water.
Design and synthesis of MON@P-CF

Prior to the deposition, the commercial CF was cleaned with acetone, ethanol and deionized (DI)
water using ultrasonic bath (20 min each) and dried in the oven at temperature 80 °C for 24 hr. Initially,
well-cleaned CF was immersed in 10 mM phosphomolybdic acid (Hz3PM012040.3H20, PMo12) solution
and sonicated for 30 min. Later, the precursor solution with CF was transferred to Teflon-linked
stainless steel autoclave and treated at 120°C for 12 h to achieve PMoz2 nanoclusters decorated CF. The
PMo@CF sample was cleaned with MilliQ water and dried in vacuum oven at 70 °C for 12 hr.
Finally, the as-prepared PMo1.@CF were annealed in tube furnace under ammonia gas flow with a
temperature rate of 3 °C/min at three different temperatures 700 °C, 800 °C and 900 °C for 5 hours.
The prepared samples were denoted as MoN@P-CF-700, MoN@P-CF-800 and MoN@P-CF-900. All
the samples were preserved in vacuum sealed desiccator to avoid the oxidation.
Synthesis of RuOz on carbon fabric (CF)
This is the first report on the synthesis of RuO2 on CF by Layer-by-Layer (LBL) deposition method.
This is very simple, cost-effective and large scale deposition method. For the deposition of RuO2 on CF,
10 mM RuCls was used as the cationic precursor while MilliQ water with 3-4 drops of H.O>
maintained at 80 °C was utilized as anionic precursor solution. Pre-cleaned CF substrate was immersed
in a cationic solution (RuCls) for 20 sec where the ruthenium species adsorbed on to the CF surface.
The CF-substrate was rinsed in MilliQ water for 5 sec to remove loosely bound Ru species. Later, Ru-
species@CF substrate was immersed in anionic solution (kept at 80 °C) for 20 sec to form a layer of
hydrous ruthenium oxide material. Finally, the CF-substrate was again rinsed for 5 sec to remove
excess or unreacted species. We have performed 120 deposition cycles to get a terminal thickness
where the mass loading was determined to be 0.9 mg/cm?. After complete reaction cycles, the

RuO,@CF samples were cleaned with water and dried in vacuum oven for 12 hr at 70 °C.



Materials characterizations
All the samples were characterized by using different characterizations techniques. The structural
analysis was performed by Powder X-ray diffraction patterns using X-ray Powder Diffractometer
(Rigaku MiniFlex600) (Cu Ko radiation and PIXel detector). The compositional information as
collected using Raman spectra, which was recorded using Raman Spectrometer (Horiba Scientific).
The oxidation states and surface composition various elements in the sample was measured using X-ray
photoelectron spectroscopy XPS (ESCALAB-MKII). The surface morphological analysis were
performed using series of characterization techniques such as field-emission scanning electron
microscopy, FE-SEM (FEI Quanta 450 FEG Environmental SEM) and transmission electron
microscopy, TEM (FEI Titan Themis 80-200). The energy-dispersive X-ray spectroscopy (EDS)
analyzer attached to the FE-SEM was used to investigate the elemental composition.
Assembly of solid-state all pseudo-capacitive MoN@P-CF//RuO2.@CF asymmetric cell

Prior to assemble a full cell, MON@P-CF and RuO.@CF electrodes were tested in 1 M H2SOg4
using 3-electrode configuration. In order to approach the highest cell voltage, the charges stored in
positive and negative electrodes must be balanced by adjusting the mass loading of each of the active
electrode materials. The capacitance of the MoN@P-CF (negative electrode) and RuO,@CF (positive

electrode) were balanced to satisfy Q+ = Q..

MmpoN __ CRuo2XERu02 — E (1)

MRuo2 CMoNXEMoN 1

The mass ratio of MON@P-CF:RuO,@CF was maintained to ~ 1:2. Thus, the total mass loading of
active material in both electrodes was 3.4 mg/cm?. The W.N@P-CF//PPy@CF asymmetric device was
assembled in coin cell design with 1 M H2SO4 electrolyte and a glass fiber separator.

The asymmetric cell was fabricated using MoN@P-CF as a negative electrode, RuO,@CF as a
positive electrode with PVA-H,SO4 gel as electrolyte and separator. PVA-H2SO4 gel-electrolyte was
prepared by dissolving 3 g of PVA in 30 mL of deionized water at 70 °C under vigorous stirring for 60
min. After cooling down, 3 g of H.SO4 was added in the PVA solution and vigorously stirred for next
30 min to form a polymer gel-electrolyte. Now, both MoN@P-CF and RuO.@CF electrodes were
soaked in gel-electrolyte for 2 min and then dried at room temperature for 12 h to form a thin layer of
the gel electrolyte on both the electrode. Finally, both the electrodes were pressed on each other to form

flexible all pseudocapacitive solid-state MON@P-CF and RuO.@CF asymmetric cell.



Electrochemical Measurements

The electrochemical performances of individual electrodes and final asymmetric cells such as
cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) and electrochemical impedance (EIS)
were conducted using a CHI760D electrochemical workstation. For three-electrode measurements,
MoN@P-CF and RuO.@CF electrodes were used as the working electrodes with platinum wire and
Ag/AgCI as the counter and reference electrodes, respectively.
Calculations: Gravimetric (F/g) and areal specific capacitance (mF/cm?) of electrode materials was

calculated from the CD curves by integrating the discharge portion using the following equation:

)

where | is the current (mA), V is the potential window (V) and m is the mass of the active material (mg).

I XAt I XAt
OR C,=
mxV A XV

Cs =

Two-electrode configuration (cell measurements)
The areal (Ca) and volumetric (Cv) capacitance were estimated from the slope of the discharge curve

using the following equations:

1fvdt
VolumexvVv?2

C, = I[vadt
A7 Areaxv?

ORC, = (3)

Where Caand Cv are areal and volumetric capacitances, respectively. | is the applied current, 4¢ is the
discharging time, V (V) is the voltage window, Volume (cm®) of the whole device (The area and
thickness of our asymmetric cells is about 0.785 cm? (Area, A=nr?, 3.14 x (0.5)?) and 0.088 cm. Hence,
the whole volume of device is about 0.069 cm?®, AV (V) is the voltage window. It is worth mentioning
that the volumetric capacitances were calculated taking into account the volume of the device stack.
This includes the active material, the flexible substrate and the separator with electrolyte.

Volumetric energy (E, Wh/cm?®) and power density (P, W/cm?®) of the devices were obtained from the

following equations:

_ 1 2
E= 2X3600 CyAv (4)

3600XE
” ()

P =

where E (Wh/cmd) is the energy density, Cy is the volumetric capacitance obtained from Equation (4)

and 4V (V) is the voltage window, P (W/cm?®) is the power density.



Electrochemical Impedance Calculations:

Furthermore, the capacitive behavior of device can also be evaluated from EIS technique by calculating

the real and imaginary capacitance at a corresponding frequency using following equations:

C(@)=C (@) - iC (o) ©)
C'(a)) - La))z
Where, @] Z(w)] (7)
Cc’ (w) = L“))Z
o|Z(w)] (8)

where ‘Z’ the complex impedance represented as Z (o) = Z’ (o) + Z” (») and o = 2xf where f is the
frequency. C’ (o) is the real accessible capacitance of the electrode while C” (w) is the energy loss due
to the irreversible processes of the electrodes, Z’ and Z" are the real and imaginary parts of the Nyquist
plot, respectively.

Density Functional Theory (DFT) computational details and models

All Density functional theory (DFT) simulations were carried out using the Vienna ab initio
simulation package (VASP) (Kresse et al. 1993; Kresse et al. 1994) with the projector augmented wave
pseudopotentials (PAW) (Blochl, 1994) and the periodic boundary conditions. The brillouin zone was
sampled using 3 x 3 x 1 a Monkhorst-pack (Monkhorst and Pack, 1976) gamma centered mesh, and
Gaussian smearing of 0.015 eV was used for the occupations of the electronic levels. Perdew-Burke-
Ernzerhof (PBE) (Perdew et al. 1996; Perdew et al. 1997) functional within the generalized gradient
approximation (GGA), was used to describe the electron interaction energy of exchange correlation.
The electronic energies were converged within the limit of 10—7 ev and a cutoff of 600 ev was used.
All geometries were optimized using 0.01 eV/A force criteria. All the calculations were spin polarized.
H30" molecules were used to carry out all the proton adsorption calculations for CF, P-CF, MoN and
their interfaces. The adsorption energy of proton within the supercells was calculated as follows:

Esa@Hzo = Es@Hso — [Es + Enzo+]
Where Es@Hzo Is the total energy of the substrate (Cf, P-CF, MON@CF, MoN@P-CF) with the
adsorbed HsO", Es is the total energy of a clean slab, and Enso is the energy of the hydronium cation.
Through all the calculations, DFT+D3 approach developed by Grimme, was used for the long-range
dispersion correction (Grimme et al. 2010).
For graphene fiber (CF) model, we have adopted 7 x 7 supercell (98 C atoms) and doped it with

one and two phosphorus atoms which are corresponding to 1.0 at% and 2.0 at% of P:C, the latter is the
4



experimental atomic ratio (2.1 at%). We decide to use very large graphene layer and large vacuum
distance of 20 A in order to minimize the charge-image interactions. We have adopted P-sp3 type in
our calculation because it reported as the most stable configuration of P-doped graphene system (P-CF)
(Yang et al. 2017).

For MoN nanoparticles, we have modeled it using a 2 x 2 x 1 (100) slab of the hexagonal MoN (128
atoms) (Bull et al. 2004) and a thickness of 8 layer. Four of them were frozen and the upper four layers
were relaxed. GGA+U formalism was used to describe the strong on-site coulomb interactions; we
have adopted Dudraev et. al approach (Dudraev et al. 1998) which involves one parameter called the
effective U (U-J, where U is the on-site coulomb repulsion and J is the on-site Hund exchange coupling.
The U parameter was set to 3.0 ev in all our simulations involved MoN and the anti-ferromagnetic state
used to describe the magnetism of the slab. The interfaces of MON@CF and MoN@P-CF were
generated using 6 x 6 x 1 of graphene sheet (CF, 72 atoms) and the above mentioned MoN slab. Here,
we kept the doping ratio 1.4 at % for P-CF (which very near from of the experimental ratio 2.1 at%) to
minimize the computational cost. The binding charge density was calculated using VESTA (Momma et
al. 2011). Atom In Molecules (AIM) approach was used for the atomic charge analysis using bader
code developed by henkelman group (Yu et al. 2011).
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Figure S1 Characterizations of MoN@P-CF samples, Related to Figure 2. (a, b) SEM images of
MoN@P-CF-700 and MoN@P-CF-800 samples, respectively. (¢) EDAX pattern of MoN@P-CF-900
electrode, confirming the presence of Mo, N, C and P. (d) and (b) Raman spectra for MoN@P-CF
samples prepared at different nitridation temperatures.



Figure S2 Characterizations of MoN@P-CF samples, Related to Figure 2. (a, b) TEM images for
the MoN@P-CF sample prepared at 900 C, implying the formation of ultra-small MoN nanoparticle
with the size less than 10 nm. (c) High magnified TEM image reveals that the MoN nanoparticles are

crystalline in nature where distinct fringes can be clearly observed.
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Figure S3 Electrochemical characterization of MoN@P-CF samples, Related to Figure 3. Cyclic
voltammetry curves for MON@P-CF-900 electrode at different scan rates from 10 to 100 mV/s. The

capacitive contribution to the total current is shown by the shaded region.
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Figure S4 Electrochemical characterization of MoN@P-CF samples, Related to Figure 3. (a, b)
Cyclic voltammetry and Galvanostatic CD curves recorded for MoN@P-CF samples prepared at
different nitridation temperatures. (c) Variation of capacitive contribution with scan rate. (d) Variation

of specific capacitance with current densities for different MON@P-CF electrodes.
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Figure S5 Electrochemical characterization of MON@P-CF samples, Related to Figure 3. (a) Bode
plots and (b) Real and imaginary capacitances with frequency for the MoN@P-CF samples prepared at
different nitridation temperatures. The plot shows common relaxation-type dispersions where the real
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XX
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Figure S6 Initial Models of our DFT simulations of H30O+ adsorption on CF, P-CF, MoN,
MoN@CF, and MoN@P-CF systems, Related to Figure 4. MoN, MoN@CF, MoN@P-CF, and
H30+ are represented by balls. Color code: MoN:plum, N:blue, C:brown, O:red, P:pink, and H:white.
Isolated CF and P-CF models are shown in the lower panel and represented in balls and sticks.
Different relative positions of the two phosphorus atoms (pink color spheres) are noted by Arabic
numbers such as: P-CF, graphene sheet doped with one phosphorus, 2P1-CF is graphene doped by two
phosphorus separated by one bond, 2P31-CF is graphene doped by two phosphorus and separated by
two bonds and first configuration. The second Arabic letter after the phosphorus atom refers to the

configuration numbers.
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Figure S7 AIM atomic charges are shown for all CF and P-CF models, Related to Figure 4
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AE,~=-1.02 ev

Figure S8 Binding charge densities of H30™ on the pristine CF and P-CF in two different mode of
adsorption, Related to Figure 4. The isosurfaces is represented in resolution of 0.0025 electron/bohr3.

Yellow is rich and blue is depletion of electron density. Left panel is showing the important carbon

atoms surrounding the H30O™ adsorption site in case of CF and P-CF I.
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H30+@2P32-CF

E 4= -0.57ev E, 4= -0.63ev

Figure S9: Binding charge densities of H30+ on P-CF models following the same nomenclature
reported in Figure S6, Related to Figure 4. The isosurfaces is represented in resolution of 0.015

electron/bohr3. Yellow is rich and blue is depletion of electron density.
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H30+@2P1-CF H30+@2P2-CF

Figure S10 H30+ binding sites of the P-CF considered systems depicted in Figure S9, Related to
Figure 4. The important carbon atoms are colored in green the remaining is following the color code in

Figure S6 and S9. The corresponding atomic charges are reported in Table S2.
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Figure S11 Charge density difference between the nano-composite MoN@CF, and MoN@P-CF,
and their fragments (isolated slab, CF, and P-CF sheets), Related to Figure 4. The isosurfaces is
represented in resolution of 0.015 electron/bohr3. Yellow is rich and blue is depletion of electron

density. Color code is the same as in Figure S6.
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RuO2@CF: Film formation mechanism, Related to Figure 5.

The deposition of RuO2 on the surface of carbon fabric (CF) was carried out using Layer-by-
Layer method (LBL) by immersing CF in separately placed cationic and anionic precursors with
rinsing between every immersion. The growth Kkinetics of the deposition process is based on ion-by-ion
deposition at nucleation sites on the immersed surfaces.

In present investigation, RuO. were grown on the surface of CF through a controlled
heterogeneous precipitation of RuClz. The proposed reaction mechanism is as follows: thin layer of Ru-
species are adsorbed on the CF-substrate by immersion of the CF into the cationic precursor solution
kept at room temperature (10 mM RuCls).

RuCl; + 3H,0 —» Ru(OH)? + 3HCI 9)

With further reaction is followed by the immersion of the wet substrate in H2O2 anionic
solution, where the chemical reaction between oxygen species and pre-adsorbed Ru-species leads to the
formation of thin layer of RuO: on the surface of CF.

2Ru(OH)} + H,0, = 2Ru0, + 4H,0 (10)
This completes one cycle of deposition of RuO; at CF. We have performed different number of
deposition cycles to obtain desired mass loadings.
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Figure S12 Characterizations of RuO2@CF, Related to Figure 5. (a) XRD patterns of bare and
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Plot of capacitive contribution as a function of scan rates.
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Figure S13 Electrochemical characterizations of RuO.@CF, Related to Figure 5: (a) A plot of log
(peak current, i) versus log(scan rate, mV/s), suggesting the major contribution to total current is from
pseudocapacitive mechanism (b=0.92). (b) Nyquist plot recorded in the frequency range of 10 mHz to
100 kHz with amplitude of 5 mV. (c) Bode plots and (d) Real and imaginary capacitances with
frequency, implying fast charge/discharge rates as relaxation time constant (to = 1/fo) was found to be
22-30 ms.
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Figure 15 Electrochemical characterization of MoN@P-CF//RuO2@CF cell, Related to Figure 6.
(@) CV profiles for MON@P-CF//RuO,@CF asymmetric cell recorded at different scan rates. (b)

Nyquist plot with their corresponding bode plot, confirming ultra-fast characteristics of the cell. (c)

Ragone plot showing comparison of specific energy and specific power values with RuO2 based

asymmetric systems. (d) Energy efficiency of device calculated at different current densities.
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Table S1 Electrochemical performances of nitrides based electrodes for supercapacitor
application, Related to Figure 3

Material Electrolyte Capacitance Ref.
MoN@P-CF 1 M H,S04 400 mF/cm? at 2 mA/cm? Present work
Molybdenum 1 M KOH 736.6 mF/cm?at 10 mV/s Ruan et al. 2017

Oxynitride
TiN 0.5 M H2S04 27.3 mF/cm? at a current density of | Wei et al. 2018
1.0 mA/cm?
CrN 0.5 M H2S04 12.8 mF/cm?at 1.0 mA/cm? Wei et al. 2017
TiN 0.5M K2SO4 | 8.8 mF/cm?at 100 mV/s Achour et al.
2015
MoN 1 M H2S04 928 Flcm®at 2 mV/s Xiao et al. 2017
MoN 1 M KOH 130 mC/cm?at 2 mA/cm? Nandi et al.
2018
TiN 1 M H2S0q4 10.9 mF/cm? at 0.1 V/s Zheng et al.
2018
MoNx/TiN 1 M LiOH 121.50 mF/cm? for at 0.3 mA/cm? Xie et al. 2017
MozN 1 M H2SO4 172 F/g at 1 mV/s Xue-liang et al.
2009
MoxN 4.4 M H2S0q4 315 Flcm®at 10 mV/s Roberson et al.
1999
MozN 1 M H2S04 171 F/g at 0.5 mA/cm? Zhang et al.
2016
MosN: 1M KOH 220 F/g at 50 mV/s Lee etal. 2013
MozN 0.5 Li2SO4 722 Flcm®at 5 mV/s Chen et al. 2017
MozN 0.5 M K3S0Oq4 275 Flg Shah et al. 2014
Mo:N@C-rGO 1 M H2SO4 514.54 F/g at 0.25 A/g Sridhar et al.
2018
TiIN@MoS> 0.5MH,SOs | 662.2 mF/cm? at 1 mA/cm? Yu et al. 2017
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Table S2 H30* adsorption energies are reported referenced to the adsorption energy of CF

pristine sheet. All energies are reported in electron volt (ev), Related to Figure 4.

Model AEads
CF 0.0
P-CF -1.02
2P1-CF -1.30
2P2-CF -1.25
2P31-CF -1.23
2P32-CF -1.44
2P4-CF -0.57
2P5-CF -0.63
MoN -5.77
MoN@CF -8.20
MoN@CF-P -8.47
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Table S3 Atomic charges are reported for H30+ adsorption site in the three molecular models

shown in Figure S7, Related to Figure 4

Atom CF P-CF I P-CF Il
C1 -0.028 -0.313 -0.414
C2 0.009 -0.073 0.002
C3 -0.082 0.171 0.062
C4 0.226 -0.114 -0.025
C5 0.172 -0.335 -0.439
C6 -0.150 -0.107 0.126
C7 -0.217 0.116 -0.057
C8 0.087 -0.013 0.139
C9 0.035 0.081 -0.044
C10 0.047 0.077 -0.142
Cil1 0.110 0.104 0.024
C12 0.194 -0.017 0.190
C13 -0.025 -0.294 -0.378
C14 -0.164 0.023 -0.091
C15 -0.270 -0.124 0.087
CO 0.0272 NA NA
NA 1.125 1.121
@) -1.0396 -0.9587 -1.0241
H1 0.5356 0.5014 0.5365
H2 0.5562 0.5178 0.5320
H3 0.0589 -0.1945 0.0465
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Table S4 Atomic charges are reported for complexes of H3O+ adsorbed on P-CF systems as

depicted in Figure S9, Related to Figure 4 (Provided in Separate Excel sheet)

H3O+ adsorption on P-doped CF at 2%.

Results shown in S9, 10 and Table S4 can be explained based on the atomic charges reported in
table S4 (excel sheet). The adsorption of H3O" on 2P-CF fibers can be classified into two groups; the
first group that display negative charges on the adsorbed proton as well as on adsorption site atoms
(2P1-CF, 2P2-CF, and 2P4-CF) and the binding site is on P atoms. The second group has positive
charge on the adsorbed proton and negative on the surrounding atoms (2P31-CF, 2P32-CF and 2P5-
CF). The adsorption site of the latter group is on C atoms. In the first group, the repulsion between the
adsorbed protons and the surrounding atoms decreases their stabilities, while the attractive forces
induced by the positive charges on P atoms and the adsorbed proton balanced them. Their affinity is
dependent on the distance between the two phosphorus atoms. In the second group, the situation is
reversed, the attractive electrostatic forces between the adsorbed protons and the binding site atoms
increased their stabilities while the repulsive forces with the positive charges on P atoms decrease them.
The affinity of this group is also dependent on the distance between the binding site and the two P

atoms.

Table S5 AIM atomic charges are reported for the complexes of H30+ adsorbed on MoN,
MoN@CF, and MoN@P-CF depicted in Figure S8. Related to Figure 4 (Provided in Separate

Excel sheet)
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Table S6 Comparison of electrochemical performances of MoN@P-CF//RuO2@CF asymmetric

supercapacitor cell, Related to Figure 6

Material used | Type of cell | Capacitance | Maximum | Maximum | Stability Ref.
Energy Power
density density
MoN@P- Asymmetric | 7.74 Flcm®at | 2.4 174 89 % over Present
CF//RuO2@CF | cell 4 mA/cm? mwWh/cm® | mW/cm?® 15000 cycles | work
VOX//VN Asymmetric | 1.01 F/cm?® 0.61 0.85 W/cm?® | 87.5% over | Luetal.
cell (449 F/g)at | mWh/cm3at | at 5 10000 cycles | 2013
0.5 mA/cm? | 0.5 mA/cm? | mA/cm?
TIN@GNS//Fe | Asymmetric | 60 F/g at 4 0.51 422.7 99.8% over | Zhuetal.
2N@GNS cell Alg mWh/cm3at | mW/cm®at | 20000 cycles | 2015
2 Alg 16 Alg
TIN/TIN Symmetric 0.33 F/cm®at | 0.05 - 82 % over Luetal.
cell 2.5 mA/cm® | mWh/cm? at 15000 cycles | 2012
2.5 mA/cm?
Mo:N@rGO/ | Symmetric 15.4 Flcm®at | 1.05 3.15 W/cm?® | 85.7% over | Maetal.
Mo N@rGO | cell 0.1 A/lcm?® mWh/cm3at | at 2 A/cm® | 4000 cycles | 2015
0.1 A/cm?®
PANI//C/Mox | asymmetric 65.2 F/g at 14.1 Whi/kg | - 40.8% over | Tanetal.
N cell 0.5 A/g at 0.5 A/g 3000 cycles | 2018
MnO2/GNS// | asymmetric 142 F/g (415 | 230.8 mWh/ | 5.0 kW/kg | 90 % over Yang et
MoS2/GNS cell mF/cm?and | cm? at 5000 cycles | al. 2016
19.3 F/cm®)
at 2 mV/s
NiS/MoSz//AC | asymmetric 108 F/g at 0.5 | 40 Wh/kg at | 16.8 W/kg | 100 % over | Yang et
cell Alg 0.5 A/g at 20 Alg 10000 cycles | al. 2017b
MoS,- Asymmetric | - 39.6 Wh/kg | - 95 % over Wang et
NiO//MoS,- cell at1Alg 6000 cycles | al. 2017
Fe,O3
RuO2//Fe,03 | Asymmetric | 54.5 mF/cm? | 1.5 mWh/ | - 97 % over Wang et
cell at0.13 cmiat 0.13 5000 cycles | al. 2018
mA/cm? mA/cm?
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