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A B S T R A C T

Nanostructured titanium oxynitride (TiNxO1-x) is a promising pseudocapacitive material due to its large pseu
docapacitance and high conductivity. However, the synthesis of nonlayered two-dimensional (2D) TiNxO1-x is 
challenging and the pseudocapacitive energy storage mechanism of TiNxO1-x is still unclear. Herein, accordion- 
like 2D TiNxO1-x nanosheets intercalated with nitrogen-doped graphene (TiNxO1-x/NG) are controllably fabri
cated by a spatially confined thermal nitridation of 1,8-diaminooctane intercalated H0.8Ni0.4Ti1.6O4⋅H2O nano
sheets. In situ electrochemical characterizations and theoretical calculations reveal the pseudocapacitance 
originates from the Faradic reaction between H+ and N–Ti–O species accompanied by Ti valence state change 
and the pseudocapacitance of TiNxO1-x/NG is determined by the N–Ti–O content instead of the N/O ratio. 
Compared to TiNxO1-x, the electrons transfer from sandwiched NG to TiNxO1-x enhances H+ adsorption at N 
active sites of N–Ti–O within TiNxO1-x/NG, giving rise to enhanced pseudocapacitance and cycling stability. 
Consequently, the TiNxO1-x/NG shows a large volumetric capacitance of 739.2 F cm− 3 (616.0 F g− 1) at 1 A cm− 3 

and superior cyclability with 98.5 % capacitance retention after 10,000 cycles, surpassing previously reported 
metal oxynitrides and nitrides. The results provide insights into the controllable synthesis of 2D nonlayered 
TiNxO1-x and elucidate the pseudocapacitive charge storage mechanism of metal nitrides or oxynitrides.

1. Introduction

Electrochemical supercapacitors (SCs) have been extensively inves
tigated as promising energy storage devices due to the high-power 
density, quick charging-discharging rate, and long cycling lifetime [1]. 
Compared to traditional battery systems with high energy density [2–4], 
SCs have high power capability and thus could deliver energy within 
seconds or minutes. The performance of SCs is fundamentally deter
mined by electrode materials, and therefore, it is vital to develop elec
trode materials with high capacitance and high power capability for 
advanced SCs. Porous carbon materials that store charge electrostati
cally via ion adsorption/desorption are widely utilized as electrode 
materials in electric double-layer capacitors (EDLCs) [5–7]. However, 

their relatively small specific capacitances restrict the applications 
requiring energy densities [8,9]. In contrast, transition metal oxides 
(TMOs) and transition metal nitrides (TMNs) that store charge via sur
face or near-surface reversible Faradic reactions exhibit large pseudo
capacitance [10,11]. However, the TMOs generally have poor electrical 
conductivity and power capability due to the low conductivity. The 
TMNs such as MoN and TiN possess metallic-like high conductivity and 
good mechanical and chemical stability, but a smaller storage capaci
tance than their TMO counterparts [12,13]. The motivation for devel
oping pseudocapacitors is to achieve both high energy and high-power 
densities by the same electrode material.

Recently, transition metal oxynitrides (TMONs) such as titanium 
oxynitrides, vanadium oxynitrides, and molybdenum oxynitrides have 
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emerged as a new family of pseudocapacitive materials with high energy 
density and high-power capability by combining the advantages of 
TMOs and TMNs [14–18]. Among them, titanium oxynitrides (TiNxO1-x) 
are excellent candidates on account of their superior specific capacity 
and high conductivity [19,20]. The substitution of an O anion with a − 2 
charge by an N anion with a − 3 charge in TiNxO1-x can produce more 
metal cation valence states and oxygen vacancies. As a result, TiNxO1-x 
has a larger specific capacitance and higher power capability than TiN 
and TiO2 [21–23]. For example, Mouchani et al. [24] have reported that 
TiON nanotubes have a higher areal capacitance of 35.14 mF cm− 2 at 
0.2 mA cm− 2 than that of TiO2 nanotubes (3.82 mF cm− 2) and TiN 
nanotubes (25 mF cm− 2). Yan et al. [25] have shown the large specific 
capacity of 187 F g− 1 for TiON nanoparticles anchored carbon nano
tubes (CNTs/TiON) at a current density of 0.5 A g− 1, which is twice that 
of CNTs/TiO2. Nevertheless, despite recent progress, the reported 
TiNxO1-x electrode materials generally have unsatisfactory specific 
capacitance due to the small active surface area and sluggish ion diffu
sion rates [26,27]. Recently, two-dimensional (2D) materials, especially 
titanium carbides and nitrides MXene (Tin+1XnTx), have emerged as 
promising electrode materials for SCs arising from the abundant surface- 
active sites and high electrical conductivity [28,29]. Different from 2D 
MXene, TiNxO1-x is non-layered materials with cubic-phase structure 
and it is challenging to prepare ultrathin 2D TiNxO1-x nanosheets. 
Moreover, the intrinsic pseudocapacitive storage mechanism of TiNxO1-x 
is still poorly understood.

Herein, we report accordion-like 2D TiNxO1-x intercalated with 
nitrogen-doped graphene (TiNxO1-x/NG) as a high-performance pseu
docapacitive material for SCs. The accordion-like TiNxO1-x/NG is pre
pared by spatially confined thermal nitriding lamellar 1,8- 
diaminooctane intercalated H0.8Ni0.4Ti1.6O4⋅H2O (HNTOH/DOE), fol
lowed by acid etching of Ni. The intercalated DOE molecules between 
the HNTOH layers are carbonized in situ to form 2D NG nanosheets, 
while the HNTOH layer is converted into the TiNxO1-x nanosheet sand
wiched with the NG nanosheets, resulting in the formation of the layer- 
by-layer accordion-like TiNxO1-x/NG heterostructure. Different from the 
widely reported semiconductor TiO2 or N doped TiO2 (TiO2-xNx), the 
cubic TiNxO1-x and TiN have metallic conductivity, which allow for 
rapid electron transport [21–25]. Moreover, layer-by-layer TiNxO1-x/NG 
heterostructure enables enriched active sites and decreased diffusion 
distances, thereby giving rise to large specific pseudocapacitance and 
fast rate capability. As a result, the as-synthesized accordion-like 
TiNxO1-x/NG has a large volume capacity of 739.2 F cm− 3 (616.0 F g− 1) 
at a current density of 1 A cm− 3, as well as superior cyclability with 
capacity retention of 98.5 % after 10,000 cycles in the 0.5 M H2SO4 
electrolyte, surpassing recently reported Ti-based nitrides and oxy
nitrides (Table S1). Electrochemical quartz crystal microbalance 
(EQCM), in situ Raman scattering, in situ infrared spectroscopy, ex situ X- 
ray photoelectron spectroscopy (XPS) combined with theoretical cal
culations reveal that the pseudocapacitance of TiNxO1-x in H2SO4 orig
inates from the Faradic reaction between H+ and N active sites of 
N–Ti–O species accompanied by the reversible Ti valence state change. 
The previous reports reveal that the specific capacitance of metal oxy
nitrides or nitrides increases with the N/O ratio [30,31], however, our 
results confirm that the pseudocapacitance of TiNxO1-x coincides with 
their N–Ti–O content rather than N/O ratio and the TiNxO1-x with the 
higher N–Ti–O content has the largest pseudocapacitance. Density 
functional theory (DFT) calculations and XPS results reveal that the 
electron transfer from the NG to TiNxO1-x nanosheets further enhances 
H+ adsorption at N–Ti–O, resulting in enhanced pseudocapacitance 
and cycling stability of TiNxO1-x/NG. The symmetrical all-solid-state 
flexible SC composed of the TiNxO1-x/NG electrodes and H2SO4/PVA 
gel-like electrolyte shows an energy density of 47.6 mWh cm− 3 (39.8 
Wh kg− 1) and a power density of 500.0 mW cm− 3 (416.7 W kg− 1), 
suggesting large potential in electrochemical energy storage. This work 
provides insights into the design of 2D nonlayered TiNxO1-x and a better 
understanding of the pseudocapacitive charge storage mechanism of 

TiNxO1-x/NG.

2. Results and discussion

The preparation of accordion-like TiNxO1-x/NG hybrid nanosheets is 
illustrated schematically in Fig. 1a. The synthesis procedures for 
K0.8Ni0.4Ti1.6O4 (KNTO), H0.8Ni0.4Ti1.6O4⋅H2O (HNTOH) and the 
HNTOH/DOE are similar to those described in previous reports [32–35]. 
The as-synthesized KNTO precursor (Fig. 1b and Fig. S1a) has an average 
size of 10 μm and the X-ray diffraction (XRD) patterns in Fig. S1b show 
the typical (0k0) diffraction pattern of a layered structure in agreement 
with the K0.8Ni0.4Ti1.6O4 phase [33]. The K ions between 
[Ni0.4Ti1.6O4]0.8− layers are easily exchanged by hydrogen ions in 
diluted HNO3 (1.0 M) to form protonated HNTOH. The scanning elec
tron microscopy (SEM) image in Fig. 1c and XRD pattern in Fig. S1b 
reveals that HNTOH inherits the multilayer stacked structure of KNTO. 
However, the interlayer distance of HNTOH is expanded to 0.88 nm 
from the 0.76 nm of KNTO because the H3O+ has the larger ionic radius 
compared to K+ [34]. After DOE molecules with larger size intercalated 
into HNTOH layers to form HNTOH/DOE, the d020 lattice spacing in
creases from 0.88 nm of pristine HNTOH to 1.57 nm of HNTOH/DOE 
(Fig. S1c). This substantial expansion of interlayer distance is attributed 
to the oriented arrangement of larger DOE molecules between 
[Ni0.4Ti1.6O4]0.8− layers. The SEM image of HNTOH/DOE (Fig. 1d) 
discloses a looser layered structure compared with HNTOH, indicating 
that DOE molecules successfully inserted into the interlayer of HNTO. 
The 2D heterostructure TiNxO1-x/NG is produced by thermal nitriding of 
accordion-like HNTOH/DOE multilayered nanosheets at 750 ◦C under 
NH3, followed by removal of Ni in diluted HCl. During thermal nitri
dation, the intercalated DOE molecules are carbonized in situ into the NG 
layer by confining carbonization [36], while the sandwiched HNTOH 
layers are converted into 2D TiNxO1-x decorated with metallic Ni species 
through phase separation. The SEM images in Fig. 1e and Fig. S1d show 
that Ni-TiNxO1-x/NG has a similar morphology as the HNTOH/DOE 
precursor except for decorated Ni nanoparticles on the nanosheets. The 
Ni nanoparticles anchored on the TiNxO1-x nanosheet surface could be 
removed with diluted HCl to produce accordion-like TiNxO1-x/NG 
(Fig. 1f and Fig. S1e). The XRD patterns of TiNxO1-x/NG in Fig. S1f show 
that all the diffraction peaks are ascribed to the cubic TiNxO1-x or TiN 
(PDF# 38− 1420) and the Ni diffraction peak disappears. The Fourier 
transform infrared spectroscopy (FTIR) spectrum is employed to inves
tigate the polymerization and carbonization of the DOE during the 
thermal nitridation process. The HNTOH/DOE exhibits bands of the 
C–N stretching (1100–1300 cm− 1), C–H bending (1390 cm− 1), and 
N–H bending (1480 and 1590 cm− 1) of DOE (Fig. S2), indicating 
intercalation of DOE between the HNTOH layers. After the thermal 
nitriding, the characteristic peaks of C–H bending and N–H bending in 
TiNxO1-x/NG disappear, while the peaks of C–N stretching become 
broadening, suggesting the DOE molecular layer is pyrolyzed into NG via 
thermal carbonization. Raman peaks at 1356, 1590 and 2847 cm− 1 

associated with the D, G, and 2D bands of NG (Fig. S3) [37,38], further 
indicating the DOE molecular layer is converted into NG.

To study the evolution of chemical states and N/O ratio in TiNxO1-x 
during thermal nitriding, four samples with different N/O ratios are 
prepared by varying the nitriding time (1, 3, 5, and 7 h), and the samples 
are denoted as N-TiO2/NG, TiNxO1-x/NG-3, TiNxO1-x/NG-5, and TiNxO1- 

x/NG-7, respectively. Fig. 2a schematically illustrates the conversion 
procedures from titanate hydrate to TiNxO1-x by thermal nitriding under 
NH3 at 750 ◦C. During nitridation, O anions are gradually substituted by 
N anions, and tetragonal-phase TiO2 is gradually transformed into N- 
TiO2 and cubic-phase TiNxO1-x [39–41]. The XRD patterns of N-TiO2/ 
NG, TiNxO1-x/NG-3, TiNxO1-x/NG-5, and TiNxO1-x/NG-7 are depicted in 
Fig. 2b. The XRD pattern of N-TiO2/NG corresponds to tetragonal N- 
doped TiO2 with a small amount of O substituted by N [42]. However, 
when the nitridation time goes up to 3 h, XRD pattern reveals that the 
tetragonal N-doped TiO2 phase disappears, and the strong peaks at 
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Fig. 1. Schematical illustration and SEM images of samples from KNTO to TiNxO1-x/NG nanosheets. (a) Schematical illustration of the synthesis procedures; SEM 
images of (b) KNTO, (c) HNTOH, (d) HNTOH/DOE, (e) Ni-TiNxO1-x/NG, and (f) TiNxO1-x/NG.

Fig. 2. The evolutions of crystal structure and composition of the as-synthesized N-TiO2/NG, TiNxO1-x/NG-3, TiNxO1-x/NG-5, and TiNxO1-x/NG-7. (a) Schematical 
illustration of the crystal structure evolutions from N-TiO2 to TiNxO1-x and TiN via thermal nitridation; (b) XRD patterns of N-TiO2/NG, TiNxO1-x/NG-3, TiNxO1-x/NG- 
5, and TiNxO1-x/NG-7; (c) Crystal lattice distances of TiNxO1-x/NG-3, TiNxO1-x/NG-5, and TiNxO1-x/NG-7; (d) Ti 2p XPS spectra and (e) ratios of different Ti species 
and atomic ratios of N/O in N-TiO2/NG, TiNxO1-x/NG-3, TiNxO1-x/NG-5, and TiNxO1-x/NG-7; (f) Ti K-edge XANES of Ti foil, TiNxO1-x/NG-5, and TiO2/NG; (g) Fourier 
transform EXAFS spectra and (h) wavelet transform (WT) of TiNxO1-x/NG-5 and TiO2/NG.
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37.3◦, 43.4◦, and 62.8◦ are ascribed to cubic TiNxO1-x or TiO (PDF# 
08− 0117). As the nitriding time increases further, the diffraction peaks 
of TiNxO1-x gradually shift to smaller 2θ and become comparable to 
those of cubic TiN (PDF# 38− 1420), suggesting the complete trans
formation into cubic TiN. The lattice distances of TiNxO1-x/NG-3, 
TiNxO1-x/NG-5, and TiNxO1-x/NG-7 increase with nitridation time due to 
more substitution of O (66 pm) by N with a larger atomic radius of 70 pm 
(Fig. 2c and Fig. S4). The calculated TiNxO1-x lattice distances of TiNxO1- 

x/NG-3, TiNxO1-x/NG-5, and TiNxO1-x/NG-7 are 2.089, 2.100, and 2.110 
Å, which are within the theoretical lattice distances of cubic TiO (2.089 
Å) and cubic TiN (2.121 Å), suggesting the formation of a solid solution 
of cubic TiN and TiO and thus the samples are best described as TiNxO1- 

x. The SEM images in Fig. S5 show that N-TiO2/NG, TiNxO1-x/NG-3, 
TiNxO1-x/NG-5, and TiNxO1-x/NG-7 have a similar morphology, indi
cating topochemical conversion from HNTOH/DOE precursor to 
accordion-like TiNxO1-x/NG nanosheets.

The XPS survey spectrum of TiNxO1-x/NG (Fig. S6a) shows the 
presence of Ti, O, N, and C, and the N concentration increases with the 
nitriding time (Table S2). The Ti 2p peak in Fig. 2d can be deconvoluted 
into three spin-orbit doublets (for Ti 2p3/2 and Ti 2p1/2), corresponding 
to Ti–N (455.5, 461.5 eV), N–Ti–O (456.9, 462.9 eV) and Ti–O 
(458.5, 464.2 eV), respectively [43,44]. The N 1s spectra (Fig. S6b) 
further corroborate the presence of Ti–N (396.4 eV) and N–Ti–O 
(397.1 eV) in TiNxO1-x, while the peaks at 398.4, 399.8, and 400.7 eV 
are associated with pyridinic-N, pyrrolic-N, and graphitic-N in the NG 
[45,46], respectively. The change of the Ti–O, Ti–N, and N–Ti–O 
ratios as well as N/O ratios with nitriding time is presented in Fig. 2e and 
Table S3. The content of Ti–O decreases sharply, while that of Ti–N 
increases with nitriding time. However, the N–Ti–O content increases 
initially from 14.6 % of N-TiO2/NG to 38.3 % of TiNxO1-x/NG-5 and then 
decreases to 23.1 % for TiNxO1-x/NG-7. TiNxO1-x/NG-5 has the highest 
N–Ti–O concentration although TiNxO1-x/NG-7 shows the largest N/O 
ratio. These results reveal that TiNxO1-x solid can be produced from TiO2 
or titania hydrate by thermal nitriding, and the contents of Ti–N, 
N–Ti–O, and Ti–O species in the TiNxO1-x/NG can be precisely 
modulated by varying the nitriding time.

X-ray absorption near-edge spectroscopy (XANES) is carried out to 

analyze the coordination environment of Ti atoms in TiNxO1-x/NG-5. For 
comparison, TiO2/NG is prepared by annealing of HNTOH/DOE nano
sheets under Ar, followed by acid etching of Ni nanoparticles. Fig. 2f 
displays the Ti K-edge XANES curves of the Ti foil, TiO2/NG, and TiNxO1- 

x/NG-5. The near-edge absorption in TiNxO1-x/NG-5 shows that the 
valence of Ti in TiNxO1-x/NG-5 is less than +4 due to the substitution of 
O by N. The Fourier transform extended X-ray absorption fine structure 
(FT-EXAFS) plot (Fig. 2g) reveals that the bond length of Ti–O in the 
TiNxO1-x/NG becomes shorter, while the Ti–Ti bond length increases 
compared to the TiO2/NG, resulting from the substitution of O by N 
[47]. In the wavelet transform (WT) image (Fig. 2h), the center of Ti–O 
in TiNxO1-x/NG-5 shifts to 4.21 Å− 1 from 4.69 Å− 1 (TiO2/NG), the Ti–Ti 
coordination is shortened from 5.24 Å− 1 (TiO2/NG) to 5.02 Å− 1, further 
indicating the formation of N–Ti–O species in TiNxO1-x/NG-5 [48].

Fig. 3a shows the SEM image of accordion-like TiNxO1-x/NG-5. The 
multilayered TiNxO1-x/NG-5 nanosheets have thicknesses of 6 μm. The 
energy dispersive X-ray spectroscopy (EDS) elemental maps of TiNxO1-x/ 
NG-5 show uniform distributions of Ti, O, N, and C (Fig. 3b). The high- 
resolution transmission electron microscopy (HR-TEM) image of 
TiNxO1-x/NG-5 (Fig. 3c) indicates that the amorphous NG monolayer is 
tightly bonded to the TiNxO1-x forming layer-by-layer structure. The 
interplanar lattice distance of 0.21 nm corresponds to the (200) facets of 
cubic TiNxO1-x (Fig. 3d) [49]. The layer-by-layer architecture is further 
confirmed by cross-sectional STEM-EDS line scanning, revealing pro
nounced periodic oscillations in Ti intensity profiles (Fig. S7). To 
confirm the presence of sandwiched NG layer within TiNxO1-x/NG, the 
TiNxO1-x/NG-5 is placed in HF solution to remove TiNxO1-x. The as- 
produced NG nanosheets resemble the shape of TiNxO1-x/NG and EDS 
analysis results display that the presence of C, N and O elements and the 
Ti element could not be identified, further revealing the NG nanosheets 
are sandwiched between the TiNxO1-x layers to form a 2D face-to-face 
heterostructure (Fig. 3e, f). The thickness of a single TiNxO1-x and NG 
nanosheet is measured to be 1.4 and 1.1 nm, respectively (Figs. S8 and 
S9). Thermogravimetry (TG) analysis of TiNxO1-x/NG-5 reveals that the 
NG content is approximately 11.6 wt% (Fig. S10). TEM and AFM images 
(Figs. S7 and S8b) reveal that voids are observed on the TiNxO1-x 
nanosheets after acid etching embedded Ni clusters. The porous TiNxO1- 

Fig. 3. Morphology, microstructure and chemical compositions of TiNxO1-x/NG-5 and NG. (a) SEM image, (b) EDS elemental maps, (c) TEM and (d) interplanar 
spacing and profile of TiNxO1-x/NG-5; (e) EDS spectra of TiNxO1-x/NG-5 and NG after etching TiNxO1-x; (f) TEM image of NG.
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x nanosheets result in large surface area and enriched electrochemical 
active sites, thus enabling enhanced capacitive storage. For comparison, 
TiNxO1-x-5 is prepared by thermal nitriding pure HNTOH nanosheets 
under 750 ◦C for 5 h without intercalation of NG. Different from the 
smooth and multilayered structure of TiNxO1-x/NG-5, the as-synthesized 
TiNxO1-x-5 nanosheets are not complete and show fragments on the 
surface (Fig. S11), implying that the intercalation of the NG layer 
effectively prevents the sintering and keeps the structural integrity of 
TiNxO1-x during thermal nitridation due to spatial confinement effect. 
The nitrogen adsorption-desorption curves of TiNxO1-x/NG-5, TiNxO1-x- 
5 and NG are depicted in Fig. S12 and the specific surface areas of 
TiNxO1-x/NG-5, TiNxO1-x-5 and NG are measured to be 123.4, 40.6 and 
192.7 m2 g− 1, respectively. The pore size distributions show the present 
of mesopore within TiNxO1-x/NG-5, TiNxO1-x-5, NG and the pore vol
umes are calculated to be 0.31, 0.22 and 0.12 cm3 g− 1, respectively. The 
electrical conductivity of TiNxO1-x/NG-5 and TiNxO1-x-5 are measured 
via a power resistivity and compaction density measurement system 
(Fig. S13), the TiNxO1-x/NG-5 exhibit a higher conductivity compared to 
TiNxO1-x-5 due to the NG intercalation. The alternately stacked TiNxO1- 

x/NG-5 heterostructure facilitates fast ion/electron transport during 
charging/discharging, thereby enabling large pseudocapacitance and 
high-rate capability.

The capacitive properties of TiNxO1-x/NG are determined between 
0.0 and 0.8 V (vs. Ag/AgCl) in 0.5 M H2SO4. The cyclic voltammetry 
(CV) curves of TiNxO1-x/NG in Fig. 4a display a near-rectangular shape 
at 20 mV s− 1, suggesting excellent capacitive behavior. The CV areas of 
TiNxO1-x/NG increase initially and then decrease with nitriding time, 
and TiNxO1-x/NG-5 has the largest CV area due to the highest N–Ti–O 
content. The capacitive and diffusion-controlled contributions were 
quantified using the Dunn method [50,51] and the results (Fig. S14) 
show that the charge storage in TiNxO1-x/NG mainly originates from the 
surface capacitive behavior. To distinguish the independent contribu
tions of pseudocapacitance and double-layer capacitance, the specific 
capacitance of TiNxO1-x/NG-5 is measured by the ion substitution 
method using several electrolytes with the similar ion concentration 
such as 1.0 M [(C2H5)4N]BF4, 0.5 M [(C2H5)4N]2SO4, 0.5 M H2SO4, and 
1.0 M HBF4. The (C2H5)4N+ and BF4

− ions are employed as counter ions 

because these ions are known to be redox inert for nitrides or oxynitrides 
[52,53], therefore, the capacitance in the 1.0 M [(C2H5)4N]BF4 elec
trolyte is recognized as the double-layer capacitance originating from 
the electrostatic adsorption and desorption of (C2H5)4N+ and BF4

− ions. 
As illustrated in Fig. 4b, the CV plots of TiNxO1-x/NG-5 in 1.0 M 
[(C2H5)4N]BF4 and 0.5 M [(C2H5)4N]2SO4 electrolytes show similar 
areas, but the CV areas in 0.5 M H2SO4 and 1.0 M HBF4 are much larger, 
suggesting TiNxO1-x/NG-5 has a large pseudocapacitance in the acidic 
electrolytes. The galvanostatic charging/discharging (GCD) curves of 
TiNxO1-x/NG-5 in 0.5 M [(C2H5)4N]2SO4, 1.0 M [(C2H5)4N]BF4, 0.5 M 
H2SO4, and 1.0 M HBF4 are displayed in Fig. 4c, further revealing that 
TiNxO1-x/NG-5 exhibits larger specific capacitance in the acidic elec
trolyte. The pseudocapacitance originating from the faradaic redox re
action between H+ and TiNxO1-x could be obtained by subtracting the 
double-layer capacitance from the overall capacitance. Fig. 4d and 
Fig. S15 depict the double layer capacitances and pseudocapacitances of 
TiNxO1-x/NG with nitridation time. All the TiNxO1-x/NG samples have 
similar double-layer capacitances, whereas the pseudocapacitances in
crease first and then decrease with nitridation time. Combined with XPS 
analysis results shown in Fig. 2e, it is reasonable to conclude that the 
pseudocapacitance of TiNxO1-x/NG coincides with the variation in 
N–Ti–O content instead of N/O ratio. Therefore, it is crucial to opti
mize the content of N–Ti–O instead of N/O ratio to enhance the 
pseudocapacitive energy storage of metal oxynitrides or nitrides. 
TiNxO1-x/NG-5 electrodes with areal mass loading of 1.7, 3.9, 7.6, and 
12.3 mg cm− 2 exhibit large volumetric capacitances of 739.2, 481.5, 
371.4, and 329.2 F cm− 3 at 1 A cm− 3, respectively (Fig. S16). When the 
current density increases from 1 to 20 A cm− 3, the TiNxO1-x/NG-5 
electrode with 12.3 mg cm− 2 mass loading still shows high rate- 
capability and excellent cycle stability with 94.6 % capacitance reten
tion after 10,000 cycles (Fig. S17).

To investigate the influence of intercalated NG on the capacitive 
properties of TiNxO1-x/NG-5, the capacitive characteristics of TiNxO1-x/ 
NG-5 and TiNxO1-x-5 are determined in the 0.5 M H2SO4 electrolyte. 
Fig. S18a shows the CV curves of TiNxO1-x/NG-5 and TiNxO1-x-5 elec
trode materials. TiNxO1-x/NG-5 exhibits a larger CV area than TiNxO1-x- 
5, suggesting enhanced capacity due to NG intercalation. Fig. 5a depicts 
the volumetric specific capacitances with different current densities of 
TiNxO1-x/NG-5 and TiNxO1-x-5 based on the GCD plots in Fig. S18b, c. 
The volumetric specific capacitances of TiNxO1-x/NG-5 are measured to 
be 739.2, 682.6, 619.6, 553.2, and 513.6 F cm− 3 (gravimetric capaci
tances of 616.0, 568.8, 516.3, 461.0, and 428.1 F g− 1) at 1, 2, 5, 10, and 
20 A cm− 3, respectively, which are better than those of TiNxO1-x-5 
without NG intercalation (volumetric capacitances of 346.8, 300.1, 
241.8, 171.2, and 111.6 F cm− 3, gravimetric capacitances of 289.2, 
250.1, 201.5, 142.7, and 93.0 F g− 1). Moreover, TiNxO1-x/NG-5 has 
higher double-layer capacitance (153.9 F cm− 3) and pseudocapacitance 
(585.3 F cm− 3) compared with TiNxO1-x-5 (87.4 F cm− 3, 259.4 F cm− 3) 
due to the larger surface area and enriched active sites of TiNxO1-x/NG-5 
(Figs. S18d and S12). Compared to TiNxO1-x-5, TiNxO1-x/NG-5 has a 
larger content of N–Ti–O (Fig. S19 and Table S4) due to carbothermic 
reduction-assisted thermal nitriding, thereby resulting in higher pseu
docapacitance of TiNxO1-x/NG-5. Moreover, the Nyquist plot of TiNxO1- 

x/NG-5 (Fig. S20a) reveals the lower resistance (Rs) of 0.45 Ω and charge 
transfer resistance (Rct) of 0.67 Ω compared with TiNxO1-x-5 (Rs = 0.71 
Ω, Rct = 1.31 Ω). The EIS Warburg slopes (Fig. S20b) are employed to 
evaluate H+ diffusion coefficient (DH+ ), which is inversely proportional 
to the Warburg factor (σ) [54,55]. The TiNxO1-x/NG-5 electrode (σ =
2.00) demonstrates a significantly lower σ value than TiNxO1-x-5 elec
trode (σ = 7.46), suggesting faster ion transport kinetics within the 
layer-by-layer TiNxO1-x/NG-5. Fig. 5b and Fig. S21 show that TiNxO1-x/ 
NG-5 has outstanding long-term stability with capacitance retention of 
98.5 % after 10,000 cycles at 1 A cm− 3 in 0.5 M H2SO4, while TiNxO1-x-5 
shows only 13.5 % capacitance retention after 10,000 cycles, suggesting 
that NG intercalation enhances the cycling stability of TiNxO1-x. SEM 
images (Fig. S22a, b) show that the morphology of TiNxO1-x/NG-5 is 

Fig. 4. Capacitive performances of the as-synthesized TiNxO1-x/NG. (a) CV 
curves of N-TiO2/NG, TiNxO1-x/NG-3, TiNxO1-x/NG-5, and TiNxO1-x/NG-7 at 20 
mV s− 1 in 0.5 M H2SO4; (b) CV curves and (c) GCD curves of TiNxO1-x/NG-5 at 
20 mV s− 1 in 0.5 M H2SO4, 0.5 M [(C2H5)4N]2SO4, 1.0 M HBF4, and 1.0 M 
[(C2H5)4N]BF4 electrolytes; (d) Contribution of double layer capacitance and 
pseudocapacitance of N-TiO2/NG, TiNxO1-x/NG-3, TiNxO1-x/NG-5, and TiNxO1- 

x/NG-7 at 1 A cm− 3 in 0.5 M H2SO4.
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retained, while the structure of TiNxO1-x-5 is damaged after 10,000 cy
cles. The XPS results of TiNxO1-x/NG-5 and TiNxO1-x-5 before and after 
10,000 cycling are depicted in Fig. 5c and Fig. S22c. Only the Ti–O peak 
from the cycled TiNxO1-x-5 electrode is observed and the signals of 
N–Ti–O and Ti–N disappear, while the Ti 2p and N 1s spectra of 
TiNxO1-x/NG-5 are almost unchanged, further revealing the intercalated 
NG layers inhibit the electrochemical oxidation of N–Ti–O species. The 
negative projected crystal orbital Hamiltonian population (pCOHP) is 
calculated to analyze the Ti–N interaction in TiNxO1-x with and without 
NG intercalation (Fig. 5d). Compared to TiNxO1-x-5, the occupation of 
anti-bonding states below the Fermi level (EF) of TiNxO1-x/NG-5 de
creases, suggesting the strong interfacial electron interactions between 
NG and TiNxO1-x [56]. The calculated integrated pCOHP value of Ti–N 
in TiNxO1-x/NG-5 is − 2.11 eV, which is smaller than that in TiNxO1-x-5 
(− 1.97 eV), indicating a more stable Ti–N bond in TiNxO1-x/NG-5. 
These results indicate that the intercalated NG layers effectively prevent 
electrochemical oxidation of TiNxO1-x thereby enabling long-term elec
trochemical stability of TiNxO1-x/NG in acidic electrolytes.

To elucidate the pseudocapacitive energy storage mechanism, an in 
situ EQCM (Fig. S23) is utilized to track the dynamic mass changes of the 
electrode during charging and discharging. Fig. 6a shows the mass 
change of the TiNxO1-x/NG-5-coated EQCM electrode during CV at 10 
mV s− 1 in the 0.0 –0.8 V potential based on Sauerbrey's equation [57]. 
During cathodic scanning (discharging), the mass of TiNxO1-x/NG-5 in
creases monotonically due to the insertion of H+. In contrast, the mass 
decreases nearly to the initial value during anodic scanning (charging) 
due to the desertion of H+. In situ Raman scattering and in situ ATR-FTIR 
measurements (Fig. S24) are performed to monitor the evolution of the 
electrodes during the cathodic/anodic scanning process. Fig. 6b shows 
the in situ Raman spectroscopic evolution at different potentials during 
cycling. The band at 405 cm− 1 stemming from the B1g mode of the 
N–Ti–O bond gradually shifts to larger wavenumbers with increasing 

potential (charging) and shifts back to approximately the initial value 
with decreasing potential (discharging), while the Eg mode of the Ti–O 
bond remains unchanged. Meanwhile, Fig. S25 shows that the N–Ti–O 
intensity in the Raman spectroscopy exhibits periodic variations, sug
gesting reversible changes in N–Ti–O bond length due to H+ deser
tion/insertion during charging/discharging. Fig. 6c displays the in situ 
FTIR spectra of TiNxO1-x/NG-5 during charging/discharging. The peaks 
at 1050 and 1185 cm− 1 correspond to the stretching vibration modes of 
the Ti–N and N–Ti–O bonds, respectively [58]. Notably, the bond 
length of N–Ti–O gradually shortens during the anodic scanning and 
reversibly increases during the cathodic scanning processes. These re
sults confirm that pseudocapacitive charge storage of TiNxO1-x/NG-5 
arises from H+ desertion/insertion on TiNxO1-x/NG-5 by the N–Ti–O 
species active center. Ex situ XPS is carried out to evaluate the evolution 
of the surface chemical species during charging and discharging. As 
shown in C 1s and N 1s spectra at different charge/discharge states 
(Fig. S26), the C–N bonding peak from NG in C 1s and the pyridinic-N, 
pyrrolic-N, and graphitic-N peaks from NG in N 1s have no obvious shift 
during the cathodic/anodic scanning process, indicating that the pseu
docapacitive contribution from NG is negligible. By contrast, the Ti 2p 
XPS spectra of the N–Ti–O bond in Fig. 6d exhibits a reversible shift, 
whereas Ti–N and Ti–O bonds show negligible changes during cycling, 
in line with in situ Raman and FTIR results. Therefore, it is reasonable to 
conclude that the pseudocapacitive redox activity arises from surface 
interactions between H+ ions and N–Ti–O species, accompanied by the 
reversible change of Ti valence state. The corresponding reversible 
redox process for TiNxO1-x charge storage in an acidic electrolyte could 
be expressed by the following equation: 

TiδNxO1− x +H+ + e− ↔ Tiδ− 1NxO1− x(H)

In order to gain a deeper understanding of the active sites on TiNxO1- 

x/NG-5, SCN− recognized as a metal-centered active site inhibitor is 

Fig. 5. Rate capability, cycle stability and composition evolutions of TiNxO1-x/NG-5 and TiNxO1-x-5. (a) The volumetric capacitances at different current densities, 
(b) cycling stability at a current density of 1 A cm− 3, (c) XPS Ti 2p spectra before and after 10,000 cycles and (d) pCOHP and IpCOHP analysis of the TiNxO1-x/NG-5 
and TiNxO1-x-5.
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introduced into the 0.5 M H2SO4 electrolyte [59]. As shown in Fig. S27, 
the redox peaks of TiNxO1-x/NG-5 at around 0.6 V remain unchanged in 
the CV curves at a scanning rate of 1 mV s− 1 after the addition of SCN−

ions, suggesting that the Ti of N–Ti–O species is not the active center in 
pseudocapacitive charge storage. Density functional theory (DFT) cal
culations are carried out to further identify the active sites for pseudo
capacitive charge storage in TiNxO1-x/NG. The heterointerface model 
with single-layer TiNxO1-x and NG is constructed (Fig. S28). The N site 
has a higher H+ adsorption energy (EH+) compared with O site in 
N–Ti–O, suggesting the N sites in N–Ti–O species are the active sites 
for pseudocapacitive charge storage originating from H+ desertion/ 
insertion reactions during cycling. The N sites in the TiNxO1-x/NG have a 
higher EH+ of − 3.72 eV than the N sites in TiNxO1-x (− 2.16 eV), indi
cating stronger H+ adsorption at the TiNxO1-x/NG heterointerface. 
Compared to TiNxO1-x, the electron transfer from the NG layer to the 
TiNxO1-x layer further enhance the interactions between H+ and 
N–Ti–O species in TiNxO1-x/NG (Fig. 6e), thus enabling much 
improved pseudocapacitance and rate capability.

The all-solid-state symmetrical devices comprising the TiNxO1-x/NG- 
5 electrodes and H2SO4/PVA gel electrolyte are assembled to assess the 
application potential (Fig. S29a). The CV plots at scanning rates from 5 
to 100 mV s− 1 show a similar shape without obvious distortion, 

corroborating the excellent capacitive behavior (Fig. S29b). The device 
has a high discharge capacitance of 342.6 F cm− 3 (285.5 F g− 1) at a 
current density of 1 A cm− 3 and shows a high energy density of 47.6 
mWh cm− 3 (39.8 Wh kg− 1) and power density of 500.0 W cm− 3 (416.7 
W kg− 1) (Fig. S29c), which outperform previously reported metal nitride 
or oxynitride supercapacitors (Fig. S29d, Table S1) [17,20,60–66]. The 
device also shows excellent cycling stability with 91.3 % capacity 
retention after 10,000 cycles (Fig. S29e, f). The CV curves of single and 
two cells in series acquired at 20 mV s− 1 are shown in Fig. S29g, the 
whole potential of the two cells in series is 2.0 V, which is twice that of 
single device. Two SCs connected in series can illuminate a commercial 
red light-emitting-diode (LED) with a voltage of 2.0 V (Fig. S29h), and it 
can continue to light for 12 min after charging (Fig. S29i), demon
strating the promising practical aspect of TiNxO1-x/NG in electro
chemical energy storage.

3. Conclusions

2D TiNxO1-x nanosheets intercalated with nitrogen-doped graphene 
(TiNxO1-x/NG) are controllably fabricated by thermal nitriding of 1,8- 
diaminooctane intercalated H0.8Ni0.4Ti1.6O4⋅H2O nanosheets under 
ammonia at 750 ◦C. The H0.8Ni0.4Ti1.6O4⋅H2O layers are transformed 

Fig. 6. In-situ EQCM, Raman, FT-IR, XPS spectra and schematic illustration pseudocapacitive energy storage mechanism of TiNxO1-x/NG-5 during charging/dis
charging. (a) Plots of CV and mass change (Δm, μg) versus potential of the TiNxO1-x/NG-5 electrode on quartz acquired from the EQCM frequency response at 10 mV 
s− 1; (b) In situ Raman scattering spectra, (c) in situ FTIR spectra, and (d) ex situ XPS spectra of TiNxO1-x/NG-5 at different potentials during CV measurement at 1 mV 
s− 1; (e) Schematic illustration of H+ storage in the TiNxO1-x/NG during charging/discharging.
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into TiNxO1-x nanosheets after Ni etching, and the sandwiched 1,8-dia
minooctane is carbonized into NG by confined thermal nitriding, 
resulting in the formation of layer-by-layer TiNxO1-x/NG nanosheets. In 
situ EQCM, Raman scattering, FTIR, and ex situ XPS combined with DFT 
calculations reveal that the pseudocapacitance originates from the 
Faradic reaction between H+ and N active sites of N–Ti–O within 
TiNxO1-x/NG, accompanied by the Ti valence state change. The pseu
docapacitance of TiNxO1-x/NG in H2SO4 depends on the N–Ti–O 
content instead of the N/O ratio reported in the literature. The inter
calated NG not only serves as the conductive layer and electron donor to 
enhance electron transport and H+ adsorption at the N sites of N–Ti–O, 
but also inhibits the electrochemical oxidation of TiNxO1-x, thereby 
giving rise to superior pseudocapacitive capacity and excellent cycling 
stability. The TiNxO1-x/NG electrode shows a remarkable volumetric 
capacitance of 739.2 F cm− 3 (616.0 F g− 1) at 1 A cm− 3, rate capability of 
513.6 F cm− 3 (428.1 F g− 1) at 20 A cm− 3, and excellent cycling stability 
with 98.5 % capacitance retention after 10,000 cycles, which are better 
than those of previously reported metal oxynitrides. The symmetrical 
all-solid-state flexible SC consisting of the TiNxO1-x/NG-5 electrodes and 
gel polymer H2SO4/PVA electrolyte has a high energy density of 47.6 
mWh cm− 3 (39.8 Wh kg− 1) at a power density of 500.0 mW cm− 3 (416.7 
W kg− 1). This work clarifies the pseudocapacitive storage mechanism of 
TiNxO1-x and offers insights into the development of nonlayered metal 
oxynitrides for supercapacitors.
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1. Samples Synthesis 

1.1. Synthesis of the K0.8Ni0.4Ti1.6O4 (KNTO) and H0.8Ni0.4Ti1.6O4·H2O (HNTOH) nanosheets  

All the chemical reagents were analytical grade and used as received without any additional 

purification. The 2D layered KNTO with an average size of 10 μm was produced by a modified 

molten salt method [1]. Typically, 1.38 g of anatase TiO2 (Macklin, 99.8%), 0.73 g of NiO 

(Aladdin, 99.0%), and 3.20 g of K2CO3 (Aladdin, 99.0%) were mixed in a mortar for 1 h and 

then transferred to a muffle furnace which was heated to 1100 °C for 12 h in air to prepare the 

2D layered KNTO nanosheets. The resulting KNTO nanosheets were further converted into 

HNTOH nanosheets via a hydrogen ion exchange process in diluted HNO3 (1.0 M).  

1.2. Intercalation of 1,8-diaminooctane into layered HNTOH  

In a typical synthesis, 0.10 g of HNTOH, 0.09 g of 1,8-diaminooctane (DOE) and 10 g of 

H2O were mixed under room temperature for 24 h and stirred to obtain the uniform suspension. 

The DOE molecules were intercalated into HNTOH layers due to the electrostatic interaction 

between positively-charged protonated DOE and negatively-charged [Ni0.4Ti1.6O4]0.8− to 

produce HNTOH/DOE nanosheets by filtration and washing with water.  

1.3. Synthesis of accordion-like TiNxO1-x/NG nanosheets, TiO2/NG nanosheets and TiNxO1-x 

nanosheets 

The accordion-like TiNxO1-x/NG nanosheets were synthesized by thermal nitriding of 

accordion-like HNTOH/DOE multilayered nanosheets at 750 ℃ under NH3 atmosphere, 

followed by removal of Ni in diluted HCl. In a typical synthesis, the as-resulting 10g 

HNTOH/DOE was placed in a tube furnace, which was heated to 750 ℃ under NH3 with the 

fux. The N and O contents were controlled by the annealing time (1, 3, 5, and 7 h) and the 

products were marked as N-TiO2/NG, TiNxO1-x/NG-3, TiNxO1-x/NG-5, and TiNxO1-x/NG-7, 

respectively.  
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For comparison, the pure TiNxO1-x nanosheets were prepared by nitriding the HNTOH 

nanosheets with a similar process and the TiO2/NG nanosheets were obtained by annealing the 

HNTOH/DOE nanosheets at 750 ℃ for 5 h under Ar atmosphere. 

 

2. Morphology, Structure and Composition Characterizations  

The morphology of the products was examined by scanning electron microscopy (SEM, 

ThermoFisher/Apreo S HiVac) and transmission electron microscopy (TEM, CF-HR/JEM-

F200). X-ray diffraction (XRD, Rigaku/SmartLab) with Cu Kα radiation (λ=1.5405 Å), Raman 

spectra under laser excitation at 532 nm (LabRAM HR Evolution) and X-ray photoelectron 

spectrometer (XPS, AXIS SUPRA+) with Al Kα radiation in twin anode were used to measure 

the crystal structure and composition of samples. The specific surface area of samples was 

measured by the automatic gas adsorption analyzer (BET, Autosorb-iQ) at 77 K. TG 

measurement was carried out by Discovery SDT 650 thermal analyzer. XANES measurements 

were performed at 1W1B station in Beijing Synchrotron Radiation Facility (BSRF). XANES 

were set-up with a fast-scanning silicon (111) double-crystal monochromator. XANES data was 

processed using Athena software of the Demeter package.  

 

3. Electrochemical Measurements  

All electrochemical measurements were conducted via a PMC-200 electrochemical 

workstation. The capacitive properties were assessed using a three-electrode configuration with 

the Ag/AgCl (1.0 M KCl) and platinum foil as the reference and counter electrodes. The 

working electrode was fabricated by mixing the slurry containing the as-prepared samples, 

acetylene black, and polytetrafluoroethylenes (PTFE) with 8:1:1 weight ratio in absolute ethyl 

alcohol. The resulting homogeneous slurry was casted onto the titanium mesh (200 mesh) with 

a pressure of 20 MPa to form film electrodes with 1 cm × 1 cm in size. The cyclic voltammetry 

(CV) was tested at the sweep rate of 20 mV s−1 in 0.5 M H2SO4 (0.0 ~ 0.8 V vs. Ag/AgCl). The 
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galvanostatic charge/discharge (GCD) measurements were performed at different volume 

current densities from 1 to 20 A cm−3. To determine which ions specifically contribute to the 

redox reactions involved in pseudcapacitive charge storage processes, H+ and SO4
2− ions were 

isolated by coupling them with the inactive counter (C2H5)4N+ and BF4
− ions because they are 

recognized as non-reactive towards nitrides in redox reactions. Therefore, the ion isolation 

experiments of TiNxO1-x/NG were carried out by CV scanning and GCD tests in 0.5 M H2SO4, 

0.5 M [(C2H5)4N]2SO4, 1.0 M [(C2H5)4N]BF4, and 1.0 M HBF4 aqueous electrolytes at room 

temperature. The electrochemical impedance spectroscopy (EIS) was acquired at a frequency 

range between 100 kHz and 10 mHz with an amplitude voltage of 5 mV. The volumetric 

specific capacitances CV (F cm−3) were calculated according to the following equations: 

CV=(I×Δt)/(ΔV×V)                                                                                                                  (1) 

Among them, CV (F cm−3) is the volumetric specific capacitance, I (A) is the current, Δt (s) 

designates the discharge time, V (cm3) denotes the volume of the TiNxO1-x/NG electrode, and 

ΔV (V) is the voltage window. 

The all-solid-state symmetrical device was fabricated by divided two similar electrodes by 

H2SO4/PVA gel electrolyte. The preparation of H2SO4/PVA electrolyte was described in our 

previous paper [2]. The total volumetric capacitance (CCell, F cm−3), volumetric energy density 

(E, Wh cm−3), and power density (P, W cm−3) were obtained by the following equations: 

CCell=(I×Δt)/(ΔV×V)                                                                                                                (2) 

E=0.5CCell×ΔV2/3600                                                                                                               (3)
 

P=E×3600/Δt                                                                                                                             (4)
 

where VCell (cm3) is the total volume of both positive and negative electrodes, ΔV (V) is the 

potential range, Δt (s) is the discharge time.  

 

4. In Situ Electrochemical Spectroscopy Characterization 
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4.1. In situ electrochemical Raman spectroscopy 

To monitor the redox processes of the electrode, in situ Raman measurement was performed 

using a LabRAM HR evolution system by applying a 532 nm excitation wavelength. The 

Raman spectroscopy data of the electrode were collected one by one via mapping mode 

accompanied by CV measurement at 1 mV s−1 in a three-electrode electrochemical flow cell 

(GaossUnion Technology Co., Ltd., Wuhan, China) with a Pt wire counter electrode and an 

Ag/AgCl (1.0 M KCl) reference electrode. The working electrodes were prepared by coating 

the slurry based on 8:1:1 weight ratio of TiNxO1-x/NG-5, carbon black, and PTFE on the carbon 

paper. The spectrum acquisition time of 30 s was used to obtain the Raman signals with a good 

signal-to-noise ratio. The applied exploration time was 10 s with two sweeps per spectrum, and 

the spectrum acquisition interval was 100 s. 

4.2. In situ ATR FT-IR spectroscopy 

The in situ attenuated total reflectance Fourier-transform infrared (ATR FT-IR) studies were 

performed using three-electrode system similar to the in situ Raman test, which was conducted 

using a FT-IR spectrometer (Nicolet 6700, Thermo-Fisher Scientific) with an extended range 

diamond ATR accessory (Shanghai Linglu Instrument Co. Ltd). All FT-IR spectra data were 

collected using a liquid nitrogen cooled HgCrTe (MCT/A) detector over 650 ~ 4000 cm−1 at a 

resolution of 4 cm−1. Each spectrum was obtained with 32 scans, and the spectrum acquisition 

interval was set at 100 s. 

4.3. Electrochemical quartz crystal microbalance (EQCM) measurement  

The EQCM system combined with a PMC-200 electrochemical workstation were applied for 

real-time monitoring the mass change of the electrode. The EQCM tests employed a gold-

coated quartz crystal as the working electrode, on which the active material coating was 

prepared by drip-coating the slurry of the TiNxO1-x/NG-5, acetylene black, and PTFE with a 

mass ratio of 8:1:1. An Ag/AgCl (1.0 M KCl) electrode and a Pt wire were applied as the 

reference and counter electrodes, respectively. The resonance frequency was recorded 
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simultaneously with the CV scanning at the sweep rate of 10 mV s−1 in 0.5 M H2SO4 (0.0 ~ 0.8 

V vs. Ag/AgCl) using the quartz crystal microbalance (QCM922) in combination with a 

VersaSTAT 3 Potentiostat/Galvanostat. The shift of the resonance frequency of the quartz 

resonator (Δf) can be converted into a mass change (Δm, μg) of the gold-coated quartz crystal 

electrode by applying the Sauerbrey’s equation: 

Δm=-(Δf×A×√μρ)/2f0
2                                                                                                              (5) 

where A is the active crystal surface (0.198 cm2), ρ is the density of quartz (2.65 g cm−3), μ is 

the shear modulus of quartz (2.947 × 1011 g cm−1 × s−2) and f0 is the reference frequency of the 

quartz crystal (9.00 MHz). According to this equation, the change of 1 Hz equals 1.068 ng. 

 

5. DFT Calculations 

The density functional theory (DFT) calculations were performed based on the HR-TEM 

results using the (200) facet of TiNxO1-x, where the value of x was 0.5 according to the XPS 

results. The Vienna Ab initio Simulation Package (VASP) with exchange-correlation functional 

of gradient approximation (GGA) was applied to perform the DFT calculations using the 

Perdew-Burke-Ernzerhof (PBE) formulation [3-5]. The projected augmented wave (PAW) 

potentials were chosen to describe the ionic cores and take valence electrons into account using 

a plane wave basis set with a kinetic energy cutoff of 450 eV [6,7]. A grid of 1 × 1 × 1 

Monkhorst-Pack k-points was used for the structural relaxation. The force convergence 

criterion and energy were set to −0.05 eV Å−1 and 1 × 10−5 eV for the structural optimization. 

The 15 Å vacuum layer was normally added to the surface to eliminate artificial interactions 

between periodic images. Spin polarization method was adopted to describe the magnetic 

system. The adsorption energy of H+ adsorbed on optimized TiN0.5O0.5 (200) slab model was 

calculated via the following equation: 

ΔE
(H+)

*=E
(H+)

*-(Esurf+EH+)                                                                                                      (6) 
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Where E
(H+)

*, Esurf and EH+  represent the total energy of H+ adsorbed on the TiN0.5O0.5 (200) 

slabs, the total energy of the clean TiN0.5O0.5 (200) slab as well as the energy of H+ in its bulk 

structure.   
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Fig. S1. (a) SEM image of KNTO; (b) XRD patterns and (c) small-angle XRD patterns with 

the interlayer spacing of KNTO, HNTOH, HNTOH/DOE and Ni-TiO2/NG; SEM image of (d) 

Ni-TiNxO1-x/NG-5 and (e) TiNxO1-x/NG-5; (f) XRD patterns of the Ni-TiNxO1-x/NG-5 and 

TiNxO1-x/NG-5. 
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Fig. S2 IR spectra of KNTO, HNTOH, HNTOH/DOE and TiNxO1-x/NG-5; 
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Fig. S3. Raman spectra of the HNTOH/DOE, TiNxO1-x-5, NG and TiNxO1-x/NG-5. 
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Fig. S4. The crystal lattice distances of TiO, TiN, and TiNxO1-x in TiNxO1-x/NG with different 

nitridation times.  
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Fig. S5. SEM images of (a) N-TiO2/NG, (b) TiNxO1-x/NG-3, (c) TiNxO1-x/NG-5, and (d) 

TiNxO1-x/NG-7. 
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Fig. S6. (a) Full XPS spectra and (b) N 1s XPS spectra of N-TiO2/NG, TiNxO1-x/NG-3, TiNxO1-

x/NG-5, and TiNxO1-x/NG-7. 
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Fig. S7. The STEM-EDS image of TiNxO1-x/NG-5. 
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Fig. S8. AFM images of (a) TiNxO1-x/NG-5, (b) TiNxO1-x and (c) NG. 
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Fig. S9. The TEM image of individual NG nanosheets. 
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Fig. S10. Thermogravimetric analysis plots of TiNxO1-x/NG-5. 

The ratio of TiNxO1-x and nitrogen-doped graphene in the TiNxO1-x/NG-5 can be calculated 

by the weight increment in the temperature range from 200 ℃ to 600 ℃, where the TiNxO1-x 

are converted into TiO2 along with the oxidation of the NG. Fig. S10 is the TG curve of TiNxO1-

x/NG-5 under Air. The 2% weight loss before 200 °C represents adsorbing water and the mass 

is increased from 98% to 110.1% after oxidation. During this process, the carbon oxide gases 

are released and the TiNxO1-x/NG-5 is finally transformed into solid TiO2, leading to the mass 

increasing. The N/O ratio of TiNxO1-x-5h is measured to be 1/1 according to the XPS results in 

Fig. S6, so we could calculate the NG content within TiNxO1-x/NG-5 (TiN0.5O0.5/NG) by the 

following equation based on the same Ti molar ratio of TiNxO1-x/NG-5 and TiO2 product: 

98%× (1-NG%) M(TiN0.5O0.5)=110.1%⁄ /M(TiO2) 

Given that M(TiN0.5O0.5) = 62.87 g mol−1 and M(TiO2) = 79.9 g mol−1, the NG content is 

calculated to be 11.6 wt%. 
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Fig. S11. (a, b) SEM images and (c, d) TEM images of TiNxO1-x-5. 
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Fig. S12. (a) The nitrogen adsorption-desorption isotherm and (b) pore size distribution curves 

of TiNxO1-x-5 and TiNxO1-x/NG-5. 
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Fig. S13. (a, b) The conductivity and compaction density variations with pressure of TiNxO1-x-

5 and TiNxO1-x/NG-5; (c) Conductivity variations with pressure for TiNxO1-x-5 and TiNxO1-

x/NG-5. 
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Fig. S14. (a) CV plots at scanning rates from 5 to 50 mV s−1; (b) The plots of log (i) versus log 

(ν) obtained at 0.4 V; (c) Capacitive contribution to the charge storage at a scan rate of 5 mV 

s−1; (d) The proportion of capacitive contribution at different scan rates.  

 

In a cyclic voltammetry experiment, the timescale of the experiment is controlled by the 

sweep rate (ν, mV s-1). The current response to an applied sweep rate will vary depending on 

whether the redox reaction is diffusion-controlled or surface-controlled (capacitive). According 

to Dunn's method, the scan rate-response current relation should obey the law i = aνb, which 

can be converted to log (i) = blog (ν) + log (a). A b-value of 0.5 typically corresponds to a 

diffusion-controlled process associated with a battery-like reaction, while a b-value of 1 

indicates capacitive characteristics. For a redox reaction limited by semi-infinite linear diffusion, 

the current response varies with ν1/2; for a capacitive process, the current varies directly with ν. 

Therefore, the equation i = k1ν + k2ν1/2 is employed to quantitatively analyze the capacitive 

contribution at varying scan rates, where k1ν and k2ν1/2 represent the contribution value of 
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capacitance behavior and diffusion behavior to the response current, respectively. Solving for 

the values of k1 and k2 at each potential allows for the separation of the diffusion and capacitive 

currents. Based on the CV plots of TiNxO1-x/NG at scanning rates from 5 to 50 mV s−1, the b-

value obtained by fitting the line of log (i) versus log (ν) is 0.92, suggesting the fast capacitive 

process in TiNxO1-x/NG electrode. The proportion of the capacitive/capacity contribution in the 

total charge storage is 68.4% at a scan rate of 5 mV s−1, implying the fast charge-transfer 

efficiency. Notably, the capacitive contribution for TiNxO1-x/NG monotonously rising from 

68.4% to 85.7% with the scan rate increasing, confirming the charge-storage in TiNxO1-x/NG 

mainly originates from the surface capacitive behavior. 
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Fig. S15. The GCD curves of N-TiO2/NG, TiNxO1-x/NG-3, TiNxO1-x/NG-5, and TiNxO1-x/NG-

7 in (a) 0.5 M H2SO4 and (b) 1.0 M [(C2H5)4N]BF4 electrolytes at a current density of 1 A cm−3. 
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Fig. S16. (a) Side-view SEM image showing that the thickness (14.1 μm) of the TiNxO1-x/NG-

5; (b) The volumetric capacitances of TiNxO1-x/NG-5 electrodes with the thicknesses of 14.1μm 

(1.7 mg cm−2), 32.7 μm (3.9 mg cm−2), 61.4 μm (7.6 mg cm−2), and 98.5 μm (12.3 mg cm−2) at 

different current densities; Side-view SEM images and GCD profiles of the TiNxO1-x/NG-5 

electrode with a thickness of (c, d) 32.7, (e, f) 61.4 and (g, h) 98.5 μm. 
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Fig. S17. Cycling stability of TiNxO1-x/NG-5 electrodes with 98.5 µm thickness (12.3 mg 

cm−2) at a current density of 5 A cm−3. 
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Fig. S18. (a) CV curves of TiNxO1-x/NG-5 and TiNxO1-x-5 at 20 mV s−1; GCD curves of (b) 

TiNxO1-x/NG-5 and (c) TiNxO1-x-5 at different current densities in 0.5 M H2SO4 electrolytes; (d) 

Contribution of double layer capacitance and pseudocapacitance of TiNxO1-x-5 and TiNxO1-

x/NG at 1 A cm−3. 
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Fig. S19. (a) Ti 2p XPS spectra, (b) N 1s XPS spectra and (c) ratios of Ti species of the TiNxO1-

x/NG-5 and TiNxO1-x-5. 
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Fig. S20. (a) Nyquist plots and (b) Z' against ω−1/2 plots of the TiNxO1-x/NG-5 and TiNxO1-x-

5. 
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Fig. S21. The 1st and 10000th cycle GCD curves of (a) TiNxO1-x-5 and (b) TiNxO1-x/NG-5 

electrodes in the 0.5 M H2SO4 electrolyte at a current density of 1 A cm−3. 
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Fig. S22. SEM image of (a) TiNxO1-x/NG-5 and (b) TiNxO1-x-5 electrode after 10,000 cycles at 

1 A cm−3; (c) N 1s XPS spectra collected for TiNxO1-x/NG-5 and TiNxO1-x-5 electrodes before 

and after 10,000 cycles in 0.5 M H2SO4 electrolytes. 
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Fig. S23. (a) Schematic illustration of the electrochemical quartz crystal microbalance (EQCM) 

with three-electrode cell; (b) Raw EQCM data of TiNxO1-x/NG-5-coated quartz electrode in 0.5 

M H2SO4 electrolytes. 
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Fig. S24. Schematic diagram of the three-electrode cell for (a) in situ Raman scattering 

spectroscopy investigation and (b) in situ FTIR spectroscopy investigation. 
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Fig. S25. Mapping mode of the Raman signal evolution of TiNxO1-x/NG-5 in 0.5 M H2SO4 

electrolytes. 
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Fig. S26. Ex situ XPS (a) C 1s and (b) N 1s spectra of TiNxO1-x/NG-5 at different potentials 

during CV measurement at 1 mV s−1. 
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Fig. S27. CV curves of TiNxO1-x/NG-5 with and without the addition of 10 mM KSCN in 0.5 

M H2SO4 electrolytes.  
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Fig. S28. The atomic configurations of hydrogen ion adsorption on the (200) plane of TiNxO1-

x-5 at (a) O site and (b) N site; (c) Calculated H+ adsorption energies of TiNxO1-x-5 at O sites 

and N sites; (d) The atomic configurations of hydrogen ion adsorption on the heterointerface 

between the (200) plane of TiNxO1-x and single-layered N-doped graphene at (d) O site and (e) 

N site; (f) Calculated H+ adsorption energies of TiNxO1-x/NG-5 at O sites and N sites. 
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Fig. S29. (a) Schematic diagram of the symmetrical TiNxO1-x/NG-5//TiNxO1-x/NG-5 all-solid-

state supercapacitor; (b) CV curves of the TiNxO1-x/NG-5-based device at different scanning 

rates; (c) GCD curves of the TiNxO1-x/NG-5-based device at different current densities; (d) 

Radar map comparing the performance of the TiNxO1-x/NG-5 electrode with other references; 

(e) Stability of the TiNxO1-x/NG-5-based device at a current density of 1 A cm−3 for 10,000 

cycles, the inset is the Coulombic efficiency of the device during cycling; (f) The GCD curves 

at the first and last cycles; (g) CV and (h) GCD curves of the single and two devices in series 

at a current density of 1 A cm−3; (i) The digital picture of a red LED lit by two devices in series. 
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Table S1. Comparison of capacitive performances of the as-synthesized TiNxO1-x/NG with 

other previously reported nitride or oxynitride-based materials. 

 

  

Electrode 
material 

electrode  
capacitance 

Cell  
capacitance 

Cyclability 
 test 

Energy density 
@ Power density  

Refs. 

TiNxO1-x/NG  739.2 F 
cm−3 at 1 A 

cm−3 

342.6 F  
cm−3 at 

1 A cm−3 

91.3%, 10000 
cycles 

47.6 mWh cm−3  
@ 500.0 mW 

cm−3 

This 
work 

TiN 164.5 F g−1 

at 5 mV s−1 
12.67 F  
g−1 at 

100 mV s−1 

102.2%, 20000 
cycles 

3.26 mWh cm−3  
@ 78.3 mW cm−3 

[8] 

TiN/TiOxNy 6.19 F cm−3 
at  

0.01 mA 
cm−3 

0.77 F  
cm−3 at 
1 V s−1 

90%, 10000 
cycles 

0.7 mWh cm−3  
@ 359 mW cm−3 

[9] 

TiN films 276 F cm−3 
at 2.93 A 

cm−3 

1.66 F  
cm−3 at 

1.66 A cm−3 

91%, 10000 
cycles 

23 mWh cm−3  
@ 7.4 mW cm−3 

[10] 

TiN 120 F cm−3 
at 0.83 A 

cm−3 

5.9 F cm−3 
at 0.02 A 

cm−3 

99 %, 3000 
cycles 

0.53 mWh cm−3  
@ 0.08 W cm−3 

[11] 

GaON 625 mF 
cm−2 

at 10  
mA cm−2 

132  
mF cm−2 

at 10  
mA cm−2 

100%,  
20000 cycles 

0.35 mWh cm−3  
@ 8.3 mW cm−3 

[12] 

VN 60 mF cm−2 
at 5 mV s−1 

17.3 
mF cm−2 

at 0.3  
mA cm−2 

91.2%,  
15000 cycles 

21.2 mWh cm−3  
@ 2.0 mW cm−3 

[13] 

WN–rGOF 16.29 F 
cm−3 at 0.05 

A cm−3 

16.29 F 
cm−3 at 

0.05 A cm−3 

84.7% 
10 000 cycles 

1.448 mW h cm−3 

@ 901.6 mW 
cm−3 

[14] 

WON 
NWs@CNT 

 

265 F cm−3 

at 
0.08 A cm−3 

52 F cm−3 at 
0.5 A cm−3 

91.5% 
5000 cycles 

23.4 mW h cm−3 

@ 0.45 W cm−3 
[15] 

NbN 347.73 mAh 
g−1 at 0.2 A 

g−1 

2597 mF 
cm−3 at 60 
mA cm−3 

97.7% 
10,000 

3.25 mWh cm−3 
@ 254.2 mW 

cm−3 

[16] 
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Table S2. The detailed elemental contents of C, N, O, and Ti in N-TiO2/NG, TiNxO1-x/NG-3, 

TiNxO1-x/NG-5, and TiNxO1-x/NG-7 by XPS analysis. 

 

Samples C at.% N at.% O at.% Ti at.% N/O ratio 

N-TiO2/NG 34.72 7.79 39.22% 18.27 0.2 

TiNxO1-x/NG-3 34.29 15.62 26.03 24.06 0.6 

TiNxO1-x/NG-5 33.95 21.67 20.89 23.49 1.0 

TiNxO1-x/NG-7 33.01 23.57 19.60 23.82 1.2 
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Table S3. Deconvolution results of Ti 2p XPS data for N-TiO2/NG, TiNxO1-x/NG-3, TiNxO1-

x/NG-5, and TiNxO1-x/NG-7. 

 

Samples Ti 2p species Peak area Species proportion 

N-TiO2/NG Ti-O 59018 80.5% 

N-Ti-O 10704 14.6% 

Ti-N 3592 4.9% 

TiNxO1-x/NG-3 Ti-O 43329 59.1% 

N-Ti-O 19062 26.0% 

Ti-N 10924 14.9% 

TiNxO1-x/NG-5 Ti-O 27787 37.9% 

N-Ti-O 28080 38.3% 

Ti-N 17449 23.8% 

TiNxO1-x/NG-7 Ti-O 18974 25.6% 

N-Ti-O 17121 23.1% 

Ti-N 38024 51.3% 
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Table S4. Deconvolution results of Ti 2p XPS data for TiNxO1-x/NG-5, and TiNxO1-x-5. 

 
Samples Ti 2p species Peak position (eV) Peak area Species proportion 

 Ti-O 458.59 27787 37.9% 

TiNxO1-x/NG-5 N-Ti-O 456.91 28080 38.3% 

 Ti-N 455.52 17449 23.8% 

 Ti-O 458.58 29629 52.3% 

TiNxO1-x-5 N-Ti-O 457.15 16528 29.2% 

 Ti-N 455.73 10519 18.5% 
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