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ABSTRACT: Obtaining a comprehensive understanding of the energy storage mechanisms, interface compatibility, electrode-
electrolyte coupling and synergistic effects in carefully programmed nanoarchitectural electrodes and complicated electro-
lyte systems would provide a shortcut for designing better supercapacitors. Here, we report the intrinsic relationships be-
tween the electrochemical performance and microstructure or composition of complex nanoarchitectures and formulated 
electrolytes. We observed that isolated TiNb2O7 nanoparticles provided both a Faradaic intercalation contribution and a sur-
face pseudo-capacitance. The holey graphenes partitioned by nanoparticles not only fostered the fast transport of both elec-
trons and ions but also provided additional electrical double-layer capacitance. The charge contributions from the diffusion-
controlled intercalation process and capacitive behaviours, double-layer charging and pseudocapacitance, were quantita-
tively distinguished in different electrolytes including a formulated ionic-liquid mixture, various nanocomposite ionogel elec-
trolytes, and organic LiPF6 electrolyte. A steered molecular dynamics simulation method was used to unveil the underlying 
principles governing the high-rate capability of holey nanoarchitectures. High energy density and high rate capability in solid-
state supercapacitors were achieved using the Faradaic contributions from the lithium-ion insertion process and its surface 
charge-transfer process in combination with the non-Faradaic contribution from the double-layer effects. The work suggests 
that practical high-voltage supercapacitors with programmed performances and high safety can be realized via the efficient 
coupling between emerging nanoarchitectural electrodes and formulated high voltage electrolytes. 

Introduction: 

There is a great and increasing need for high-performance 
energy storage and conversion devices to improve the effi-
ciency of energy consumption and more reliable utilization 
of sustainable energy sources [1-4]. Such devices include 
electrochemical capacitors, also commonly called superca-
pacitors (SCs), and lithium-ion batteries (LIBs), known for 
their outstanding performances. Even LIBs using organic 
electrolytes that can display a maximum theoretical energy 
density of 300 Wh/kg suffer from a low power density 
(1000 W/kg) and less-than-ideal cycling stability ( 2000 
cycles) resulting from the Faradic reactions associated with 
the diffusion of lithium ions in the crystal [5-7]. In contrast, 
SCs can deliver a high power density up to 10 kW/ and ul-
tralong cyclability (100,000 cycles) as well as fast 
charge/discharge processes; however, they are hampered 

by the non-competitive energy densities (5–8 Wh/kg) re-
sulting from the fast physical adsorption/desorption of ions 
and/or reversible surface redox reactions [8-10].  

Generally, energy storage devices with outstanding energy 
density, fast charging/discharging capability, and improved 
safety are highly sought for practical requirements, espe-
cially for scalable energy storage systems and hybrid elec-
tric vehicle. When used synergistically, LIBs and SCs may 
satisfy these aforementioned harsh requirements, even if 
they appear in complicated system frameworks. However, 
their production cost is high and the electrochemical reac-
tion kinetics between the anode and cathode may be mis-
matched. 

A hybrid system, called a ‘lithium-ion supercapacitor’ (LIC), 
possesses all the merits of both SCs and LIBs and appears to 
overcome the aforementioned drawbacks. The hybrid LIC 
was first introduced by Morimoto et al. approximately 20 
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years ago [11,12]. A hybrid LIC is generally fabricated using 
a capacitive cathode and an intercalation-type anode with 
an organic LiPF6 electrolyte. This configuration boosts the 
performance of the device owing to the huge specific capac-
itance of the Faradic anode and the widened operating po-
tential of the organic electrolyte [8]. 

Hard carbon is considered to be the optimal anode for LICs. 
However, its broad application is still lacking partly because 
of the unavoidable complex pre-lithiation process and high 
cost. As an alternative, commercial Li4Ti5O12 decorated with 
nanocarbons is being investigated extensively as it pos-
sesses excellent cycling stability and “zero strain”, which 
aids in preventing the formation of lithium dendrites [13]. 
Nonetheless, the broad application of this material are lim-
ited by its lower specific capacitance (175 mAh g−1) and high 
electrocatalytic properties. Many other compounds are be-
ing evaluated as potential candidates for LICs; one of them, 
TiNb2O7 (TNO), is very promising because of its excellent 
cyclability and safety, resulting from its high potential (1.64 
V vs. Li/Li+), as well as its high specific capacitance (387 
mAh g−1), stemming from the multiple redox couples of 
Ti4+/Ti3+, Nb5+/Nb4+, and Nb4+/Nb3+ [14-20]. The mean dif-
fusion period of an ion within a particle is proportional to 
the square of its featured size. Therefore, similarly to other 
transition metal oxides, the potential of TNO particles can 
only be completely actualized once they have been modified 
with conductive nanocarbons and their dimensions have 
been sufficiently reduced. These treatments are necessary 
because of the lower electronic conductivity (< 10-9 Sm−1) 
and poor ionic diffusivity (1.05 x 10−15 cm2s−1) of TNO [14-
20].  

Hybridization with conductive nanocarbons has been 
proven to be the most efficient strategy to improve the per-
formance of semiconductive pseudo-capacitive compounds 
[18-21]. Ruoff et al. showed that the creation of abundant 2–
5 nm holes was extremely beneficial to the performances of 
exfoliated graphene nanosheets without reducing their high 
electrical conductivity [22]. Additionally, the rate capability 
and areal capacity of practical mass-loaded pseudocapaci-
tive Nb2O5 with holey graphene backbones, as demon-
strated by Duan et. al., benefits electron transport and facil-
itates rapid ion transport [23]. It is important to note that 
the microstructure and weight ratio of electrodes should be 
carefully stimulated and optimized to improve the electro-
chemical performances and prolong the cycle life [24]. 

Generally, expanding the operation potential is considered 
the most effective approach to boost the energy density of 
SCs. Nevertheless, this approach is limited primarily by the 
electrochemical stability of the electrolyte. The commercial 
organic electrolytes of EDL-type SCs can bear a potential of 
2.9 V. Gogotsi et al. reported that formulated ionic liquid (IL) 
electrolytes can withstand a widened operating potential 
[25]. In addition, these ILs can suppress the growth of lith-
ium dendrites [25,26]. More notably, solid-state electro-
lytes are being introduced in LICs because of their non-flam-
mability, which improves safety, and their strong mechani-
cal strength, which helps mitigate dendrite penetration [27]. 
Most importantly, they can endure an ultra-high operating 
potential when constructed using inorganic materials with 

a high dielectric coefficient. However, the rigid nature of 
pure ceramic electrolytes usually leads to undesired high 
interfacial resistance and unstable contact at electro-
lyte/electrode interfaces.  

Introducing a small amount of ILs into polymer electrolytes 
not only increases their thermal stability and mechanical 
strength but also reduces their brittleness and inner re-
sistance [28]. IL-based nanocomposite polymer electrolytes 
are particularly promising as their performance can be tai-
lored. They are composed of lithium salts, scaffolds, and im-
mobilized ILs [32]. Most scaffolds can be classified into two 
categories: active (e.g., polymer electrolytes [25] and ce-
ramic-based electrolytes [30,31]) and non-active [27,28,30-
33] (e.g., SiO2 [34] and TiO2 [35,36]).  

Undoubtedly, many new scientific issues will arise as com-
plicated nanohybrid electrodes and nanocomposite poly-
mer electrolytes are increasingly used together. The associ-
ated storage mechanisms [37], charge transport [38], syner-
gistic effects [39]and interfacial conjugations [1], for exam-
ple, need to be fully elucidated and controlled to design and 
fabricate improved devices [40]. 

The complex correlations between the ion transport and 
microstructural characteristics of porous nanohybrid elec-
trodes are a central theme for materials scientists owing to 
the large 2D lateral characteristic of nanosheets, interfacial 
resistance, complicated electron conduction, concurrence 
of Faradaic and non-Faradaic processes, ion hopping, and 
coexistence of various ion configurations. Shortening the 
length of ion transport and increasing the electrical conduc-
tivity of nanohybrid materials will improve their rate capa-
bility. The mobility of ions is impeded by perfect graphenes, 
which lengthen their mobility path, and, as a result, increase 
their inner resistance. Considerable attention has been paid 
to the rational design of complex nanohybrid electrodes and 
their storage mechanisms in the presence of the organic 
electrolyte LiPF6. However, limited studies have been con-
ducted on the storage mechanisms of nanohybrids in iono-
gel or formulated IL electrolytes. There is an urgent need to 
fully elucidate the underlying mechanisms using combined 
electrochemical and molecular simulation methods. 

Here, we report on the rational design of excellent asym-
metric SCs using nanohybrid electrodes and solid-state 
ionogel electrolytes. The underlying Faradaic capacitive 
storage processes in nanohybrids and their relationships 
with the ion mobility behaviours in holey networks were 
explored, with the goal of determining the intrinsic factors 
affecting the performance of SCs. These investigations were 
performed using a combination of electrochemical and sim-
ulation methods. 

Experimental 

Synthesis of TNO/GO precursors 

Graphene oxide (GO) nanosheets were obtained by exfoliat-
ing graphite flakes using a modified Hummers’ approach 
[41]. After separation, the GO nanosheets were freeze-dried 
for further use. Then, 2.7 g of niobium chloride (NbCl5, 
99.9%), 1.7 mL of titanium (IV) iso-propoxide (99.0%), and 
1.4 g of oxalic acid (99.0%) were added sequentially into 
220 mL ethanol under stirring. Next, 150 mg of GO powder 
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and 2.1 g of cetyltrimethylammonium bromide (CTAB, 
99.5%) were introduced into the mixture. Then obtained 
suspension was treated hydrothermally at 180 °C for 14 h. 
After cooling naturally, the black products were filtered out 
and washed thoroughly with ethanol and ultra-pure water. 
Finally, as-formed precursor, referred to as TNO/GO, was 
freeze-dried for further treatments. 

Etching and annealing 

1 g of TNO/GO precursor was dispersed into 50 mL H2O 
upon sonication. 0.4 ml H2O2 (w/w 30%) was then added to 
the solution. The mixture was hydrothermally treated at 
100 C for 10 hours. Lastly, black precipitates were sepa-
rately annealed at different temperatures (750, 800 and 
900C) in an inert environment to accomplish the transfor-
mation from amorphous phase to crystalline state.  

Please note that, in this paper, nanohybrid that contain 
holey graphene was annealed at 750C is referred to as 
TNO/HrGO, and the samples without holes are named as 
TNO/rGO-750, TNO/rGO-800 and TNO/rGO-900 on base of 
their annealing temperatures. 

Nanocomposite ionogel electrolyte 

Nanocomposite ionogel polymer electrolytes (also referred 
as Ionogel electrolyte) were synthesized via a solution-cast-
ing procedure. 1 g of Poly(vinylidene fluoride-co-hex-
afluoropropylene) (PVDF-HFP) and 6 g of N-methyl-2-pyr-
rolidone (NMP) were stirred overnight to form a transpar-
ent homogeneous solution. 1 g of 1-butyl-3-methylimidazo-
lium tetrafluoroborate (EMIMBF4) and 1g of lithium bis(tri-
fluorome-thanesulfonyl)imide (LiTFSI) were then intro-
duced into the mixture to generate a highly viscous and ho-
mogenous solution. After a final addition of 0.1 g of titanium 
(IV) isopropoxide, the solution was placed in a polytetraflu-
oroethylene mold and dried at 80oC for 24 hours in a vac-
uum oven. A free-standing P(VDF-
HFP)/EMIMBF4/LiTFSI/TiO2 ionogel film with a thickness 
of ~60 μm was readily formed. The electrolyte film was kept 
inside a glove box for further characterization. All above op-
erations were performed in inert environments. 

Characterizations 

A complete evaluation of the morphology was performed 
using a JEOL-2100F field emission transition electron mi-
croscope (TEM) and a JSM-7001F scanning electron micro-
scope (SEM).  The microstructure and chemistry of the sam-
ples were analysed using a high-resolution scanning trans-
mission electron microscope (Titan 60-300, FEI) equipped 
with an energy-dispersive X-ray analyser (EDX). A Rigaku 
Smartlab diffractometer was used to collect the X-ray dif-
fraction (XRD) spectra. The porosity features were analyzed 
by a Micromeritics ASAP2020 system. Raman spectra were 
obtained using a LabRAM HR800 spectrometer. The carbon 
content was evaluated using a Hitachi High-Tech thermal 
gravimetric analysis (TGA) instrument. Chemical environ-
ments of different elements in the nanohybrid were verified 
by a Thermal-Fisher X-ray photoelectron spectroscopy 
(XPS). 

Electrochemical analysis 

Anode slurry was fabricated by blending TNO/HrGO pow-
der (80 wt %), super P (10 wt%), and poly(vinylidene fluo-
ride) (PVDF, 10 wt%) homogeneously in NMP. Similarly, 
cathode slurry was obtained by mixing activated carbon 
(AC), super P, and a PVDF binder with a mass ratio of 
80:10:10 in NMP. They were then spread onto a carbon-
coated copper foil and a carbon-coated aluminium foil, re-
spectively. The slurries were dried at 80 °C overnight, and 
compressed into discs. CR2016-type coin cells were assem-
bled for electrochemical analysis. An evaluation of the basic 
electrochemical performance using organic LiPF6 electro-
lyte was performed by assembling coin cells with nanohy-
brids as anode, lithium metal as cathode, and a polypropyl-
ene (PP) film as separator. The organic electrolyte that we 
used consisted of 1 mol/L LiPF6 in a mixture of carbonates. 
The mass loading of active compounds was controlled to be 
~1.5 mg cm-2. The mass ratio of anode to cathode was opti-
mized from 1:1.7 to 1:4.5. On the other hand, the assessment 
of formulated ionic liquid electrolytes were conducted in a 
similar device configuration except for electrolyte. 

An assessment of the nanohybrid in solid state electrolyte 
was performed by assembling the solid state LIC (SS-LIC) 
using the as-formed ionogel electrolyte. The mass ratio an-
ode to cathode was optimized and an optimal quality ratio 
of 1:2.0 was used. 

Galvanostatic charge/discharge (GCD) profiles were ana-
lyzed by a LAND CT2001A battery test system. The electro-
chemical impedance spectroscopy (EIS) and cyclic voltam-
metry (CV) analysis were conducted using a ZAHNER IM6 
workstation; EIS spectra were collected in 0.01～100 KHz. 

The specific capacitance of LiC was analysed by Eq 1[40]:  

𝐶 =
𝐼∫ (1/𝑉(𝑡))𝑑𝑡

𝑚
……………………… (1) 

The energy density (E, Wh/kg) and power density (P, W/kg) 
of the LiC was calculated according to Eq 2 and 3: 

𝐸 =
𝐼 ∫ 𝑉𝑑𝑡

𝑚×3.6
 …………………………… (2) 

𝑃 =
𝐸

∆𝑡
× 3600  …………………… (3) 

Where m is the mass of the cathode and anode material, I is 
the constant discharge current, V is the voltage window (V), 
and Δt is the discharging period.   

Steered molecular dynamics simulations 

All simulations were performed using a large-scale 
atomic/molecular massively parallel simulator (LAMMPS) 
[42]. The timestep for integrating the Newtonian equations 
of motion was set at 1.0 fs, which was validated to ensure 
energy conservation. The all-atom optimized potential for 
liquid simulations (OPLS-AA) potential was used for 
[Emim]+, [TFSI]−, [BF4]−, Li+, and graphene [43,44]. The in-
teractions between ions and graphene included van der 
Waals forces, described using a Lennard–Jones potential 
function; Lorentz–Berthelot mixing rules were applied to 
model the parameters, which were truncated at 1.2 nm. For 
the entire simulation, the ions and graphene were kept at a 
constant temperature of 0.01 K to determine the intrinsic 
properties of the graphene/ion system. 

Results and discussion 
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Characterization 

 
Scheme 1. Proposed synthetic process of hybrid nanoarchitec-
tures. 

The design and synthesis of holey nanoarchitectures can be 
described by a three-step process illustrated in Scheme 1. 
First, the reacting mixture (I) of Nb5+ salt and negatively 
charged GO nanosheets was treated hydrothermally to gen-
erate nanohybrids in which amorphous particles were at-
tached to the defects of GO nanosheets. Nucleation and 
growth of particles near the defects (II) occurred because of 
the electrostatic force between the positive Nb5+ ions and 
negatively charged defects of the nanosheets. In the second 
step of the process, holes (III) were readily produced to ex-
pose the precursor, the TNO/GO nanocomposites (II), to the 
corrosive H2O2. Finally, in the third step, the transformation 
from the amorphous to crystallite state (IV) was readily ac-
complished by sintering at 750 °C. 

 

Figure 1. (a) XRD patterns of TNO/GO precursor, as-annealed 
TNO/HrGO nanohybrids, and standard reference, (b) crystal 
framework of monoclinic TiNb2O7 viewed along the b-axis, (c) 
TGA curves of TNO/HrGO and TNO/rGO, (d, f) nitrogen adsorp-
tion–desorption isotherm and deconvoluted XPS C 1s core level 

of TiNb2O7/HrGO, (e) Raman spectra of TNO/HrGO nanohy-
brids and pristine TNO nanoparticles. 

Figure 1a presents typical XRD patterns of the as-formed 
precursor and its annealed products. The three peaks of the 
precursor at 24.98°, 37.90°, and 47.34° (2) can be assigned 
to rGO nanosheets, as they were treated in a reductive sol-
vent at 180 °C. No signals of crystalline Nb2O5, TiO2, or any 
other Ti–Nb–O ternary oxides were detectable, implying the 
amorphous characteristic of the precursor. The complete 
transformation from the amorphous phase to a crystalline 
monoclinic state was achieved by annealing the precursor 
at 750 °C or above. All the XRD peaks are representative of 
the monoclinic C2/m space group (JCPDS No. 77-1374) [36]. 
The broadened diffraction peaks indicate the nanoscale di-
mensions of the as-formed TNO particles even though they 
were annealed at high temperatures. Figure 1b shows the 
crystal structure of the monoclinic TNO, which is built from 
‘ReO3’-type fragments, each containing nine corner-shared 
MO6 (33, M=Ti, Nb) octahedra. These octahedra are 
thought to be filled randomly by Ti4+ and Nb5+ ions because 
of their close ionic radii (Ti4+: 0.61 Å, Nb5+: 0.64 Å) within a 
6-fold oxygen coordination [45]. These blocks are inter-
linked at the edges, along the [001] direction, and bounded 
by crystallographic shear planes along the [101] and [001] 
directions [46]. Such a crystallographic configuration pro-
vides numerous vacant sites that tend to accommodate ad-
ditional lithium ions [47]. In addition, the MO6 octahedra are 
stacked in an ‘A–B–A’ layer mode, which reinforces the sta-
bility of the structure [47]. A previous study showed that the 
Li ions are stored along the [010] direction and in the (001) 
lattice planes [17].  

The assessment of the carbon content was performed using 
TGA (Figure 1c). The obvious weight losses below 200 °C 
and above 500 °C can be attributed to the desorption of ab-
sorbed species (water and/or gas) and the decomposition 
of nanocarbons, respectively. Therefore, the embedded gra-
phene content in the TNO/rGO and TNO/HrGO nanocompo-
sites was calculated to be 6.31% and 4.56%, respectively. 
This finding suggests that approximately 28% of the carbon 
of the graphene was etched off. The bonds centred at 1630 
and 3430 cm−1 in the FT-IR spectrum (Figure S1) could 
plausibly arise from the stretching vibrations of hydroxyl 
groups [48]. 

The porosity of the as-formed holey nanohybrids was stud-
ied using a nitrogen adsorption/desorption isotherm (Fig-
ure 1d). The isotherm was a typical type IV curve with a H1 
hysteresis loop because the Brunauer, Deming, Deming, and 
Teller (BDDT) classification, indicating that the pores were 
mainly formed via the aggregation of nanoparticles. The 
Brunauer, Emmett, and Teller (BET) specific surface area 
was calculated to be 82.8 m2/g. The Bar-
rett−Joyner−Halenda desorption pore volume is 0.38 cm3/g. 
These above analyses imply that this nanoarchitecture is a 
good option for obtaining an anode with a high rate capabil-
ity. Overall, this hierarchical porous structure may be bene-
ficial to both the infiltration of electrolyte ions and their 
transport kinetics [49].  

Raman spectra (Figure 1e) were collected to examine the 
phase purity of the monoclinic TNO. For the pristine TNO, 
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which was formed by annealing the precursor at 750 °C in 
air, its two bands centred at 894 and 1003 cm−1 arise from 
the vibrational modes of corner- and edge-shared NbO6 oc-
tahedra, respectively [46]. Once hybridized with nanocar-
bons, these two bands blue-shifted to 890 and 990 cm−1, re-
spectively. This shift indicated the existence of a strong in-
teraction between the nanocarbons and metal-oxide nano-
particles. The other bands at 543 and 644 cm−1 can gener-
ally be attributed to the corner- and edge-shared TiO6 octa-
hedra, respectively. In addition, the strong band positioned 
at 262 cm−1 plausibly arises from the symmetric and anti-
symmetric bending modes of O–Ti–O and O–Nb–O as well as 
from the metal–metal external vibrations in TNO [46]. In ad-
dition, the representative D and G bands of graphene at 
1342 and 1594 cm−1 stem from disordered sp2 carbon and 
graphitized structures. The intensity ratio (ID/IG) between 
the D and G bands was calculated to be 1.20, which is 
slightly larger than that of rGO. This result indicates the ex-
istence of numerous defects around the edges of etched 
holes. 

The chemical environments were assessed using XPS. Fig-
ure 1f shows the C 1s core-level that can be deconvoluted 
into five peaks centred at 284.6, 285.5, 286.4, 287.3, and 
289.5 eV, respectively. These peaks can stem from the fol-
lowing functional groups: CC, C=N, CO, C=O and OC=O. 
They are consistent with those obtained for hydrothermally 
reduced graphene [50] and confirm the successful reduc-
tion of the graphene upon annealing. High-resolution spec-
tra for the Ti 2p, Nb 3d, and O 1s core levels are presented in 
Figure S2. The bands positioned at 464.9 and 459.2 eV cor-
respond to Ti 2p1/2 and Ti 2p3/2, respectively. The splitting 
energy of 5.6 eV indicates the normal state of Ti4+. The sin-
glet peaks at 210.3 and 207.5 eV are assigned to Nb 3d5/2 
and Nb 3d3/2, respectively, implying the presence of Nb5+ 
(Figure S2). These XPS results prove the elemental compo-
sition of the nanohybrids. 

 

Fig 2. Electron microscopy characterization of nanohybrids. 
(a,b) SEM and TEM images of nanohybrids, (c) HRTEM image 
of etched nanosheets, (d) HAAD-STEM images of nanohybrids, 
(e,f) HRSTEM images of a single TNO nanoparticle and (g) the 
corresponding EDS pattern, (h,i) HAAD-STEM image and the 

corresponding EDX Ti-K, Nb-K, O-K and C-K elemental map-
pings of selected area of nanohybrids. 

SEM and TEM investigations were performed to obtain an 
in-depth understanding of the microstructures and mor-
phologies. The as-formed TNO/HrGO nanohybrids (Figure 
2a) exhibited a flexural layered morphology, in which nano-
particles were attached to the bended graphene nanosheets. 
Bright TEM observations (Figure 2b) revealed that TNO na-
noparticles with diameters of 15–20 nm were distributed 
uniformly and that their aggregation was inhibited by the 
rGO nanosheets. Almost all of the isolated nanoparticles 
were surrounded by curled nanosheets, which acted as pil-
lars to restrain the re-stacking and aggregation of the exfo-
liated graphene nanosheets. HRTEM investigations (Figure 
2c) of etched rGO nanosheets clearly confirmed the for-
mation of adequate holes with a diameter range of 2–6 nm. 
The HAADF-STEM analysis (Figure 2d) further confirmed 
that these nanoparticles were bonded tightly to the 
nanosheets and that their aggregation was scarce. This be-
haviour may be initiated by the defect-induced growth of 
the TNO precursor particles, considering that defects of gra-
phene oxide nanosheets are negatively charged and that the 
positive metal ions (Ti4+ and Nb5+) would be attracted to 
them because of the electrostatic force. 

The crystal structures of the TiNb2O7 were examined using 
microscopy techniques. Figure 2e presents a representative 
HRSTEM image of TiNb2O7, showing its excellent crystallin-
ity. The lattice resolution of the HRSTEM images indicates 
that TiNb2O7 was polycrystalline with a monoclinic struc-
ture. The diameters of most of the crystallites were in the 
range of 2–30 nm. Figure 2f presents a lattice-level HRSTEM 
image from the blue rectangle in Figure 2e, and its corre-
sponding Fast Fourier Transformation (FFT) pattern is pre-
sented in Figure 2g. The interplanar distances were meas-
ured to be 4.70±0.1 Å and 3.71±0.1 Å, corresponding to the 
(202) and (110) planes of monoclinic TiNb2O7 with [111] 
orientation, respectively. 

The distribution of elements was analysed using EDX map-
ping. Figure 2i presents the mappings of Ti (K at 4.510 keV), 
Nb (K at 2.166 keV), O (K at 0.525 KeV), and C (K at 0.277 
keV), respectively. The elements Ti, Nb, and O have identical 
distributions. The EDX mappings of Ti, Nb, and O match well 
with the distribution of the as-formed particles (Figure 2h). 
This type of overlapping reconfirms that no binary oxides, 
such as TiO2 or Nb2O5, were formed during the calcination. 
It should be highlighted that the element C was distributed 
entirely within the sample and its weak distribution zones 
were just reversed compared with those of the other three 
elements. This observation suggests that the TNO nanopar-
ticles were wrapped by holey rGO nanosheets. 

An assessment of the effect of the microstructures on the 
electrochemical performance indicated that not only modi-
fied nanocarbons but also the microstructures played a crit-
ical role. The intrinsic performances of the as-obtained na-
nohybrids were estimated in a half-cell using an organic 
LiPF6 electrolyte. Our systematic study revealed that the 
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TNO/HrGO sample modified with holey nanosheets and an-
nealed at 750 °C exhibited the most outstanding electro-
chemical performances. 

 

Figure 3. (a,b) CV curves and GCD profiles of TiNb2O7/HrGO, 
(c) rate capability of different nanohybrids at various rates, and 
(d) cycling performances of TiNb2O7/HrGO anode at various 
rates.  

Compared with those in binary oxides, the Li+ intercala-
tion/deintercalation processes in ternary oxides became 
more complicated because of the existence of many exotic 
synergistic effects [51]. The initial CV curves (Figure 3a) 
were collected at 0.2 mV s−1 to investigate the redox couples. 
The obvious redox peaks positioned at 1.72 V (anodic) and 
1.54 V (cathodic) of the first circle were assigned to the 
Nb5+/Nb4+ couple. In addition, the broad redox peaks posi-
tioned at 1.91 and 1.86 V are attributed to the Ti4+/Ti3+ cou-
ple. The broad bump at 1.0–1.45 V is related to the 
Nb4+/Nb3+ redox couple [52]. The pronounced shift of the 
peak location in the subsequent cycles likely originated 
from the migrated Fermi level and distorted MO6 octahedra 
upon the insertion of Li+ ions [17]. The polarization between 
the oxidation and reduction peaks decreased from 0.18 V in 
the first circle to 0.09 V in the following cycles, suggesting 
an improvement of the kinetic properties. Furthermore, the 
almost overlapping of all the subsequent CV curves con-
firmed the outstanding cyclability and kinetics of the nano-
architectures. 

Figure 3b presents the initial stage GCD profiles at 0.5C 
(1C=387 mAh g−1). The charge capacities for the initial two 
cycles were 324.7 and 320.5 mA h g−1, and they were accom-
panied by columbic efficiencies of 92.9% and 98.4%, re-
spectively. The reduced reversible capacity in the first cycle 
was caused generally by the formation of the solid-electro-
lyte interphase (SEI) film and/or the channelling effects re-
lated to the distortion of MO6 octahedra [17]. The charge 
and discharge capacitance of the fifth cycle were 321.4 and 
322.2 mAh g−1, respectively. These results suggest the high 
durability of the nanohybrids. The constant-voltage plateau 
at approximately 1.67 V is generally associated with a phase 
transformation process [53]. Compared with that of mi-

croscale TNO samples [17], the narrower plateau region im-
plies that fewer Li+ ions were involved in the insertion pro-
cess in which the TNO was converted into Li5TiNb2O7. The 
two sloping regions in the 1.7–3.0 V and 1.0–1.5 V regions 
may be derived from solid-solution reactions [47]. The total 
storage of nanoscale lithiation oxides can be classified into 
three categories: the Faradaic contribution related to the Li+ 
insertion process, the Faradaic contribution related to the 
surface charge-transfer process (also known as the pseudo-
capacitive contribution), and the non-Faradaic contribution 
from the EDL effect [54]. Most importantly, the capacitive 
effects, both pseudocapacitance and EDL charging, become 
more pronounced as the dimensions of the samples are re-
duced to the nanoscale domain. 

The effects of the annealing temperature on the perfor-
mances were also assessed. The pure TNO phase could only 
be obtained when the calcination temperature was elevated 
up to 750 °C or above. The rate capacities (Figure 3c) of dif-
ferent nanohybrids were analysed from 0.5C to 50C. The in-
itial discharge (delithiation) capacities of samples 
TNO/rGO-750, TNO/rGO-800, TNO/rGO-900, and 
TNO/HrGO were 298.1, 264.0, 225.1, and 327.5 mAh/g, re-
spectively. The capacitance of holey TNO/HrGO nanoarchi-
tectures optimized at 750 C could rebound back to 327.1 
mAhg−1 once the rate was depressed from 50 C to 0.5 C, in-
dicating its excellent reversibility. TNO/HrGO could still de-
liver an outstanding capacity of 215 mA h g−1 at 50C. This 
value is almost double that obtained for TNO/rGO-750, 
even though they were prepared under almost identical 
conditions, except that the rGO nanosheets of TNO/HrGO 
were etched to form numerous holes. For the non-etched 
samples, their rate capacity declined with increasing calci-
nation temperature or increasing size of TNO nanoparticles. 
We observed that the cyclability is the critical property of 
SCs. Moreover, optimized TNO/HrGO was found to be able 
to deliver profound retention at different rates, as plotted in 
Figure 3d. 

EIS spectra were collected to evaluate the size effects of the 
TNO nanoparticles and graphene holes. All the Nyquist plots 
(Figure S3) consisted of a typical semi-circle, suggesting 
charge-transfer resistance at the electrode–electrolyte in-
terface, and a Warburg line, which is a manifestation of Li+ 
ion diffusion. A simulation circuit (Figure S4) was used to 
analyse the different resistances [55]. As shown in Table S1, 
the electrolyte resistances (Rs) were similar for all the sam-
ples modified with unetched graphene. However, their SEI 
resistance (R1) and charge-transfer resistance (R2) in-
creased with increasing calcination temperature. This be-
haviour was dictated by a size increase of TNO nanoparti-
cles, as the propagation period of Li+ ions in a particle is pro-
portional to its dimensional characteristics [56]. However, 
we observed that Rs and R1 of TNO/HrGO were greatly de-
pressed compared with those of TNO/rGO-750. The obvious 
reduced electrolyte resistance in the holey nanostructure-
electrolyte system may be attributed to the shortened mo-
tion path of ions. 

Energy storage mechanisms 
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Figure 4. (a) CV curves in EMIMBF4/LiTFSI formulated solu-
tion, (b) determination of b-value using the relationship be-
tween the peak current and sweep rate, (c, d, e) CV curves of 
TiNb2O7/HrGO with separation between total current (pink) 
and capacitive currents (green) at 0.1 mV s-1, (f) capacitive con-
tributions of TNO/HrGO at different sweep rates in difference 
electrolytes, (g) Nyquist plots of different electrolytes at RT, (h) 
histogram of capacitive contributions in the presence of iono-
gel electrolytes at different temperatures, (i) Nyquist plots of 
ionogel electrolyte at different temperatures.  

Considering that the capacitive contributions tend to be-
come more pronounced in hybridized nanoarchitectures 
containing different nanocarbons, a comprehensive under-
standing of the compatibility and storage mechanisms of the 
as-prepared holey nanoarchitecture in different electro-
lytes is essential. Figure 4a presents representative CV 
curves of optimal TNO/HrGO in formulated IL electrolyte. 
The presence of broad cathodic and anodic peaks in the 1.1–
2.2 V region is a typical feature of pseudocapacitive TiNb2O7. 
Moreover, the broadening of the anodic and cathodic peaks 
and the peak split increased with accelerating sweep rate. 
The strengthened peak split is a representative feature 
caused by the sluggish reactions. This optimized nanoarchi-
tecture was observed to exhibit similar behaviour (Figure 
S5) in both organic LiPF6 and ionogel electrolytes.  

Generally, the current i (A) can be related to the sweep rate 
 (mV s−1 ) by a power law [57]: 

i=ab…………………………… (4) 

Note that under two well-defined conditions, the adjustable 
parameters b = 0.5 and b = 1.0 imply that the response cur-
rents originate completely from the diffusion-controlled 
faradaic intercalation process and the surface-controlled 
non-Faradaic EDL effect, respectively. The capacitive effects 
were determined by plotting log(i) versus log() for both 
the anodic and cathodic peak currents (Figure 4b). The cal-
culated b values for the cathodic and anodic currents were 
0.832 and 0.791 in the organic electrolyte, 0.908 and 0.884 
in the formulated IL electrolyte, and 0.701 and 0.607 in the 
ionogel electrolyte, respectively. The appearance of the 
highest b-values in the IL electrolyte implies that the cur-
rent responses arise predominantly from capacitive effects, 
which consist of pseudocapacitance from charge transfer on 
the surface atoms of TNO nanoparticles and EDL charging 
from holey rGO nanosheets. The b-values near 0.81 in an or-
ganic electrolyte are typical values for organic systems 
[20,58]. Notably, the relatively smaller b-values near 0.7 
were observed in the ionogel electrolyte system even when 
the weight ratio of the active components between 
EMIMBF4 to LiTFSI was identical to that of the formulate IL 
electrolyte. These values indicate that the current was de-
rived primarily from both the lithiation reaction and the ca-
pacitive effects. This phenomenon may arise from the con-
finement effect of bigger EMIM+ ions within the polymer 
P(VDF-HFP) frameworks, in which the smaller Li+ ions can 
migrate faster and the movement of bigger EMIM+ ions is 
slightly hindered. Therefore, the lithium intercalation reac-
tions play a central role in the as-formed ionogel electrolyte. 
These results also indicate that the as-formed TNO/HrGO is 
governed by surface-controlled kinetics, leading to superior 
rate capability.  

Generally, the capacitive contribution can be distinguished 
quantitatively from the total current response by analysing 
the peak current at various sweep rates (), as indicated by 
Eq. (5): 

i(V) = k1+k2 1/2…………………………. (5) 

 Eq. (5) can be simplified to 

i(V)/ 1/2 = k11/2+k2……………………. (6) 

where k1 and k2 are adjustable values [54]. At a fixed poten-
tial V, the total current i(V) is governed by two distinct 
mechanisms: surface-capacitive effects (k1) and diffusion-
controlled lithiation processes (k21/2). k1 and k2 can be ob-
tained from the slope and y-axis intercept, respectively, by 
plotting 1/2 versus i/1/2. The current fractions derived 
from surface capacitance and Li+ semi-infinite linear diffu-
sion were readily determined. The capacitive contributions 
(Figure 4c–e) were calculated to be 60.3%, 53.4%, and 38.0 % 
at 0.1 mV/s in the formulated IL, organic LiPF6, and ionogel 
electrolytes, respectively. These results indicate that more 
available cations, such as EMIM+ ions, are beneficial to both 
the pseudocapacitance and EDL capacitance of the hybrid. 
This behaviour is in good agreement with the conclusions 
from the power law (Figure 4b) [57]
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The effect of scanning rate on the charge-storage mecha-
nism in the ionogel system was evaluated to obtain further 
insight into the compatibility between the complex electro-
lytes and nanohybridized electrodes. The results are pre-
sented in Figure S6 and Figure 4f, which features histo-
grams of the dependence of the capacitive contributions on 
the sweep rate. We observed an increase in the capacitive 
contribution as the sweep rate accelerated. The capacitive 
contributions were further improved to 74.4%, 72.6%, and 
66.6% in formulated IL, organic LiPF6, and ionogel electro-
lytes, respectively, once the sweep rate was accelerated to 2 
mV/s. The significant improvement of the capacitive contri-
bution in the ionogel system at higher sweep rates may be 
the result of the fast simultaneous surface redox reactions 
between EMIM+ ions and TNO nanoparticles, the fast ab-
sorption/desorption of EMIM+ ions onto holey graphene, 
and the hindered Li+ intercalation process induced by the 
reduced Li+ diffusion coefficient in TNO nanoparticles 
and/or limited available Li+ ions hopping in the ionogel 
electrolyte as numerous larger ion clusters formed [59]. 

The EIS spectra (Figure 4g) for these three electrolytes were 
simulated and compared (Table S2). Compared with the IL 
system, the ionogel electrolyte system exhibited increased 
charge-transfer resistances. Note that the mass ratio of 
EMIMBF4 to LiTFSI was identical in the different electro-
lytes. This greatly enhanced charge-transfer resistance can 
be attributed to the confinement of movable ions within 

polymer chains. It is understandable that the charge trans-
fer in the ionogel system decreases once only a limited num-
ber of Li+ ions are available for the intercalation reaction 
(due to the trapping of Li+ in polymer chain networks and 
the formation of Li clusters with larger anions). Therefore, 
the interaction kinetics should be controlled by the slow dif-
fusion of Li+ ions. The slightly reduced R1 is an obvious sig-
nal of the formation of a thinner SEI film in the ionogel sys-
tem.  

The dissociation of ion pairs in ILs will increase drastically, 
and their existence lifetime will be shortened at higher  tem-
perature [60]. Therefore, the effect of the thermal fluctua-
tion on the charge-storage behaviour was systematically in-
vestigated. As expected, the capacitive contribution (Figure 
4h) increased rapidly with increasing temperature. It is im-
portant to note that this trend became more obvious at 
slower sweep rates, such as 0.1 mV/s (vs. faster sweep rates 
of approximately 2 mV/s). This characteristic can be ex-
plained by the fact that more decoupled EMIM+ ions are 
available for surface adsorption/desorption reactions at 
higher temperatures. In addition, the viscosity of the IL 
would diminish at elevated temperature. In other words, 
the improved disparity of these two charge-storage mecha-
nisms at slower sweep rate is guaranteed by the speedy ad-
sorption/desorption of more EMIM+ ions and the faster mo-
bility of EMIM+ ions within the complex ionogel electrolyte. 

 

Figure 5 (a) Schematic structures of different ions; (b,c) setup of the simulation of ion transport through the edge or hole in 
graphene sheet; (d,e) illustration of Lpath of perfect nanosheets and reduced Lpath induced by presence of holes. (f,g) Evolution 
of force and potential of mean force (PMF) of the ion [BF4]− when transporting through the nanochannel, where the maximum 
of PMF represents the energy barrier Eb that needs to be overcome for the transport of ions through the nanochannel. (h) 
Effective transport length (Lpath) for Li+ in the graphene sheet with different Elayer, where Elayer is the energy barrier for trans-
porting through the graphene bilayer and the number of holes is set as 9. (i) Effective transport length for Li+ in graphene 
sheet with different numbers of holes (K), where Elayer is assumed to be 6.63 kcal/mol. In all the predictions, the energy barrier 
of Li+ transporting a hole was obtained from MD simulations, as shown in supporting information; the length of the graphene 
sheet was set as 100 nm. 
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To obtain additional evidence of the temperature effect on 
the inner resistance, EIS spectra were collected at various 
temperatures, and their simulated results are plotted in Fig-
ure 4i. Rs only slightly changed with temperature, whereas 
R1 and R2 were altered significantly. The formation of a 
thicker SEI film (Figure 4b) via decomposition of the IL at 
increased temperature was confirmed in a recent study [61]. 
Indeed, our analysis (Figure 4i) indicates that the SEI re-
sistance (R1) increased more significantly with increasing 
temperature, which can be explained by the formation of a 
SEI, fostered by the IL, at elevated temperatures. In addition, 
the charge-transfer resistance (R2) declined dramatically 
with increasing temperature, implying superior kinetics of 
the electrochemical reactions at relatively high tempera-
tures [62]. This finding can be explained by the rapid ion 
movement between the active material and electrolyte. 

To unveil the intrinsic mechanisms governing the improved 
performance of SCs by holey graphene networks, steered 
molecular dynamics (SMD) simulations were performed to 
evaluate the energy barrier (EB) for transport of an ion 
through holes in graphene slabs or edges between two 
neighbouring nanosheets. Once the system reached equilib-
rium, SMD simulations allowed us to explore the free energy 
profiles of different ions (Figure 5a) through the holes or 
edges in graphenes (Figure 5b,c). The transport ability of a 
single ion through a specified channel depends heavily on 
both its size and its microscopic interactions with the gra-
phene. Generally, the energy barrier increases with increas-
ing ion diameter. Here, we used SMD simulation to measure 
the energy barrier of ion transport. The force (Figure 5f) ap-
plied on the ion was tracked during the ion transporting 
across the porous graphene. Meanwhile, the integration of 
force along the distance was calculated in Figure 5g, namely 
potential of mean force (PMF). The peak value of PMF is al-
ways represented as the energy barrier for transporting 
ions. For all ions, EB will first decrease with increasing hole 
diameter (dhole) and distance from the edge (dedge). EB will 
decrease to zero when dhole and dedge are reduced down to 
~3 nm, as shown in Figure 5f and 5g, and Figure S6. Our 
simulation (Figure S7) indicates that the EB order is: 
[Emim]+ > [TFSI]− > [BF4]− > Li+. 

For perfect graphenes (Figure 5d), ion transport can only 
occur in graphene through the edge space. However, for 
holey graphenes, ion transport can also occur through the 
holes (Figure 5e). Considering an ideal case, we assume that 
the size of a graphene sheet and the distance between 
neighbouring sheets are identical in the entire system and 
that the holes are distributed uniformly in the sheet. Hence, 
there will be only one shortest path for an ion to transport 
across the perfect graphene stack: edge  layer  edge  
layer. For holey graphene stacks, there are three types of 
paths: edge  layer  hole  layer (P1), hole  layer  
edge  hole (P2), and hole  layer  hole  layer (P3). 
The number of the third path (P3) will be K-1. If there are K 
holes in one graphene sheet.  

The energy barriers for the transport of one ion through the 
hole and edge are Ehole and Eedge, respectively. The average 
length of the graphene sheet is l0. When ions are trans-
ported through the interlayer space, the energy barrier, 
Elayer, is proportional to the length of the graphene sheet: 
Elayer = ECl0/2, where EC is the energy barrier per nanometre. 
Finally, the total energy barrier can be expressed as 

𝐸𝑡 = 2(𝐸𝑒𝑑𝑔𝑒 + 𝑙0𝐸𝑐) 

𝐸𝑡
′ =

(𝐸𝑒𝑑𝑔𝑒+𝐸ℎ𝑜𝑙𝑒+𝐿𝑚𝐸𝑐)(2𝐸ℎ𝑜𝑙𝑒+𝐿𝑚𝐸𝑐)

(K−1)𝐸𝑒𝑑𝑔𝑒+(K+3)𝐸ℎ𝑜𝑙𝑒+(K+1)𝐿𝑚𝐸𝑐
 ……. (7) 

Here, Et and Et’ are the energy barrier for ion transport 
through perfect and porous graphenes, respectively. The ef-
fective transport length [63], Lpath, can be obtained by using 
the diffusive coefficient D, which is proportional to the en-
ergy barrier EB: Lpath ~ D ~ EB. Thereby, the following rela-
tionship can be determined:  

𝑙𝑒𝑓𝑓
′

𝑙𝑒𝑓𝑓
∝

𝐸𝑡
′

𝐸𝑡
∝

(𝐸𝑒𝑑𝑔𝑒+𝐸ℎ𝑜𝑙𝑒+𝐿𝑚𝐸𝑐)(2𝐸ℎ𝑜𝑙𝑒+𝐿𝑚𝐸𝑐)

[(K−1)𝐸𝑒𝑑𝑔𝑒+(K+3)𝐸ℎ𝑜𝑙𝑒+(K+1)𝐿𝑚𝐸𝑐](2𝐸ℎ𝑜𝑙𝑒+2𝐿0𝐸𝑐)
 . (8)  

Here, leff and leff’ are the path length for ion transport 
through perfect and holey graphenes, respectively. 

To quantitatively explore the effect of holes on the transport 
of ions, we built a theoretical model to predict the effective 
length of the transport path Lpath in holey graphene. If we 
assume that leff = L0 and leff’ = Lpath, we obtain the final equa-
tion 

 

𝐿path =
(𝐸ℎ𝑜𝑙𝑒+𝑙0𝐸𝐶/(𝐾+1))∗(2𝐸ℎ𝑜𝑙𝑒+𝑙0𝐸𝐶/(𝐾+1))

((𝐾+3)𝐸ℎ𝑜𝑙𝑒+𝑙0𝐸𝐶)(2𝐸ℎ𝑜𝑙𝑒+2𝑙0𝐸𝐶)
𝐿0…………   .(9) 

Lpath of Li+ ions is plotted as a function of EC and K in Figure 
5h and 5i to determine the effect of the energy barrier in 
layered space on the effective length and number of holes. 
For a fixed energy barrier for transport through a graphene 
bilayer, Elayer, Lpath tends to decrease drastically when the 
hole diameter reaches a critical size. Our simulation sug-
gests that this critical size and Lpath, as represented in Figure 
5h, greatly increase by reducing Elayer. Generally, EC depends 
heavily on the micro-environment of the interlayer space, 
such as the interlamellar spacing and solvents. Here, EC was 
set to 6.63 kcal/mol/nm in our ideal model. Obviously, Lpath 
will be shortened via the formation of holes in graphene, 
and the decreasing tendency of Lpath increases with increas-
ing hole number, K, in the slabs. This analysis implies that 
the performances of supercapacitors can be improved by 
creating more holes in graphenes. These holes (Figure 5e) 
can provide additional paths with shortened transport 
length for the ions during the charging and discharging pro-
cesses, resulting into improved rate capability. This analysis 
agrees well with the structure characterizations and elec-
trochemical measurements shown in Figure 2c and Figure 
3c, respectively. 
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Figure 6 (a) CV curves of AC//TNO-HrGO LIC device at various 
scan rates. (b) Galvanostatic charge-discharge curves and (c) 
specific capacity of AC//TNO-HrGO LIC and AC//TNO-rGO LIC 
devices at different current densities. (d) Ragone plots of 
AC//TNO-HrGO LIC and AC//TNO-rGO LIC devices at various 
charge–discharge rates. (e) Cycling performance of 
AC//TNO/HrGO LIC device at 1 A g-1 for 6000 cycles. 

As indicated above, the as-prepared nanoarchitectures are 
optimal high-rate materials. Thus, they were assembled into 
LICs. The mass ratio between the anode and cathode was 
optimized to balance the kinetics and capacity. Our system-
atic exploration demonstrates that the optimal ratio of an-
ode to cathode is 1:2.4 [Figure S8]. Figure 6a presents rep-
resentative CV curves of AC//TNO/HrGO LIC with an or-
ganic LiPF6 electrolyte. The deviation of the shape of the CV 
curve from a rectangular shape may stem from the combi-
national contributions of the Faradaic lithium-ion interac-
tion process, fast surface pseudocapacitive process, and 
EDL charging effect. The shape of the CV curve remained al-
most identical for different sweep rates, implying the rapid 
charge/discharge kinetics of the LIC. This behaviour was 
caused by the presence of abundant holes and electrically 
conductive networks. The GCD discharge profiles in Figure 
6b show an almost symmetrical correlation with their cor-
responding charge counterparts, without the presence of a 
diffusion-limited plateau. This feature confirms the excel-
lent electrochemical reversibility and rapid energy storage 
kinetics of holey nanoarchitectures.  

The effects of the holes on the performance were further ex-
plored. Figure 6c shows the dependence of the specific ca-
pacitance (C) on the current density for two types of LIC de-
vices that used architectural anodes with and without 
etched holes. AC//TNO/HrGO clearly delivered a superior 

specific capacitance and rate capability. The charged den-
sity of it could even reach to 20 A/g. Its capacitance was cal-
culated to be 53.8, 22.4, and 17.8 F g−1 at 0.25, 10, and 20 A 
g−1, respectively. AC//TNO/rGO LIC exhibited a specific ca-
pacitance of 40.2 and 13.1 F g−1 at 0.25 and 10 A g−1, respec-
tively. Many previous studies have shown that more modi-
fied nanocarbons boosted the level of Faradaic redox reac-
tions of pseudocapacitive oxide particles [64]. Even 
TNO/HrGO, which contains fewer nanocarbons (only 4.56%) 
than TNO/rGO-750, exhibited enhanced rate capability. The 
reduction in capacitance may be caused by a higher inner 
resistance and insufficient Faradaic redox reactions in TNO 
nanoparticles at higher discharge rates. Microscopy obser-
vations (Figure 2) revealed that the TNO nanoparticles 
were enwrapped by holey nanosheets, which allowed both 
Li+ and EMIM+ ions to reach the electroactive sites and guar-
anteed fast Faradaic reactions, considering that the charg-
ing period was 2 min at 1 A/g. 

Figure 6d presents Ragone plots of these two devices. The 
AC//TNO/HrGO LIC delivered a maximum energy density 
of 66.3 Wh kg−1 at a power density of 393.3 W kg−1. Even at 
an ultrahigh power density of 23.2 kW kg−1 at 20 A/g, it 
could still deliver an energy density of 22.0 Wh kg−1. These 
results suggest that the AC//TNO/HrGO LIC exhibits im-
proved kinetics compared with the AC//TNO/rGO LIC. The 
durability (Figure 6e) of the nanoarchitecture was evalu-
ated in the range of 0–3 V at 1 A/g. Retention of 79.9% was 
achieved after 6000 cycles. Additionally, the high Coulombic 
efficiency (100%) further confirms the excellent cyclabil-
ity. The shakeup in the early cycling stage (1–500 cycles) is 
a general phenomenon that is attributed to the full activa-
tion process of pseudocapacitive TNO compound [52]. 

The greatest challenge for SCs is widening their working po-
tential window. The performances of SS-LICs were system-
ically evaluated for an operation potential of 0–4 V. In con-
trast to the CV profiles of LIC devices, these profiles (Figure 
7a) contained obvious redox peaks and shake-up peaks at 
3–4 V. This pair of redox peaks is attributed to the Faradaic 
Li+ ion intercalation/de-intercalation processes. The split 
between the anodic and cathodic peaks increased with ac-
celerating sweep rate, suggesting the quasi-reversible fea-
ture of the redox couples. The 3–4 V region was assigned 
mainly to both the capacitive contribution from the holey 
graphene nanosheets and the pseudocapacitance from TNO 
nanoparticles. Deformed GCD curves were observed for SS-
LIC (Figure 7b). The charging efficiency, especially in the 
high-voltage region, decreased drastically with reduced 
current density. This self-discharge behaviour is a typical 
feature of a graphene-based SC [65]. It is very likely due to 
a re-arrangement of ions of different sizes on the surface of 
electrodes [60,66]. In addition, the shoulder at 2.2 V is a sig-
nal of the delithiation process from pseudo-capacitive TNO 
nanoparticles.  
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Figure 7 (a,b) CV curves and GCD profiles of AC//TNO/HrGO 
LIC. (c,d) Specific capacitances and Nyquist plots of 
AC//TNO/HrGO LIC at different temperatures. (e) Cycling per-
formance of AC//TNO/HrGO LIC device at 1 A/g. 

The temperature plays a critical role in the viscosity of ILs 
and the disassociation of coupled ion pairs in ILs [66]. Fig-
ure 7c shows the dependence of capacitance on the current 
density at various temperatures. As expected, the specific 
capacitance increased with increasing temperature. The 
maximum specific capacitances of SS-LIC were 33.1, 41.8, 
and 52.1 F/g at 20 °C, 40 °C, and 60 C, respectively. The cor-
responding capacitance retention rates were 26.1%, 30.4%, 
and 38.1%, respectively, when the current density was in-
creased to 20 A/g. This behaviour may be caused combina-
torially by more movable isolated ions, which were pro-
duced via decoupling of ionic pairs upon increased thermal 
fluctuations, and the increased mobility of Li+ ions that re-
sulted from the reduced viscosity in favour of diffusion-con-
trolled kinetics of the delithiation reaction. In other words, 
the fast Faradaic redox reaction in the ionogel electrolyte 
system could be effectively assured at elevated temperature. 
EIS spectra at different temperatures were also obtained. 
All the Nyquist plots (Figure S9) were analogous to that of 
the solid half-cell (Figure 4g) and were composed of semi-
circles and Warburg lines. The charge-transfer resistance 
declined rapidly as the temperature rose. This result may be 
explained by the faster ion transport in the crystal lattices 
of TNO at elevated temperatures.  

Additional measurements indicated that the optimal 
AC//TNO/HrGO SS-LIC could deliver maximum energy den-
sities (Figure 7d) of 73.5, 92.8, and 115.7 Wh/kg at 20 °C, 
40 °C, and 60 C, respectively. Even at a high power density 

of 29.2 kW/kg, it still exhibited an energy density of 42.7 
Wh/kg. The cycling durability analysis (Figure 7e) reveals 
that 84% capacitance was retained after 4000 cycles at 1 
A/g. In addition, the Coulombic efficiency reached 97.5%, 
indicating the high recyclability of the high-voltage SS-LIC 
system. These results demonstrate again the potential prac-
ticability of SS-LIC when using nanohybridized electrodes 
and ionogel-based electrolytes during the fabrication.  

 

Figure 8 Ragone plots of AC //TNO/HrGO hybrid device com-
pared with those of other hybrid LiCs. 

Ragone plots of our AC//TNO/HrGO SS-LIC are compared 
with those for reported hybrid SCs. As illustrated in Figure 
8, the TNO/HrGO//AC SS-LICs possess a greatly improved 
energy density at higher power when compared with the ti-
tanium- or niobium-based nanohybrid SCs, such as 
TiO2(B)//CNT [67], G-LTO//AC [68], TNO//graphene [69], 
and T-Nb2O5@C//MSP-20 [58] devices. The exceptional 
performances of the present porous holey TNO/HrGO nano-
architectures as anodes for high-voltage SCs can be ex-
plained as follows. (1) A robust traffic network for both ions 
and electrons is guaranteed by the holey graphene network. 
(2) The high capacity of TNO can be exerted completely at 
various rates because of the dimension reduction of pseu-
docapacitive particles and improved electrical conductivity 
with the help of graphene, which balances the charge and 
energy storage kinetics between the capacitive cathode and 
hybridized anode during fast charge/discharge processes. 
(3) The combined use of an IL and lithium salt as the active 
components of electrolytes can boost the full functions of 
the Faradaic and capacitive contributions. (4) The use of 
ionogel polymer electrolytes results in improved thermal 
stability and a widened operation potential window, which 
are advantageous for improving the safety and electro-
chemical performance. 

Conclusions 

This study unveiled the intrinsic energy storage mecha-
nisms and coupling interactions that control the perfor-
mance of complex solid-state SCs built from high-capacitive 
nanohybrid electrodes and high-voltage formulated elec-
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trolytes. Our as-fabricated solid-state device exhibited ex-
cellent cycle stability and improved energy density at 
higher temperature. We demonstrated that integrating TNO 
nanoparticles with holey graphene nanosheets can result in 
ultra-high rate capability and improved cyclability. Electro-
chemical studies and simulations of ion transport indicated 
that the formulation of LiTFSI and EMIMBF4 favours the full 
utilization of the Faradaic and capacitive contributions. In 
general, our work provides a deeper, more comprehensive 
understanding of the energy storage mechanisms and cou-
pling behaviours in complicated systems, which may help 
scientists to design better, more capacitive hybrid elec-
trodes and to formulate customized electrolytes for hybrid 
electrodes and devices combining both. Appropriate evalu-
ation of the energy storage mechanisms is needed for the 
construction of robust charge-transport networks in elec-
trical energy storage systems. Our findings provide the ba-
sis for the development of complex solid-state batteries, na-
nohybrid SC, flow batteries and flow capacitors. 
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