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SUMMARY

Traditional electrode materials still face vital challenges of few active sites, low
porosity, complex synthesis process, and low specific capacitance. Herein,
N-doped and 3D hierarchical porous graphene nanofoam (N-GNF) is created on car-
bon fibers (CFs) by employing a facile, fast, and environmentally friendly strategy of
N, plasma activation. After an appropriated N, plasma activation, the graphene
nanosheets (GNSs) synthesized by Ar/CH, plasma deposition transform into
N-GNF successfully. N doping donates rich active sites and increases the hydro-
philia, while hierarchical nanoarchitecture exposes an enlarged effective contact
area at the interface between electrode and electrolyte and affords sufficient space
for accommodating more electrolytes. The as-assembled flexible N-GNF@CFs//Zn
NSs@CFs Zn ion capacitor delivered a high energy density of 105.2 Wh kg™ " at
378.6 W kg " and initial capacity retention of 87.9% at the current of 2 A g ' after
a long cycle of 10,000.

INTRODUCTION

Great efforts have been made to alleviate the consumption of non-renewable energy and reduce envi-
ronmental pollution to meet the growing demand for green and efficient energy. It is imperative to
develop appropriate energy storage and conversion technologies. Supercapacitors (SCs), delivering
high power density, faster charging/discharging, and long service life through non-Faradaic and Faradaic
processes in electric double-layer capacitors (EDLCs) and pseudocapacitors respectively, are considered
promising candidates for efficient energy storage.'” With the advantages of miniaturization and light
weight, SCs can be used as power sources for various portable electronic devices such as smartphones
and notebooks, even can meet the high-power output requirements for short-term acceleration in hybrid
vehicles.

To date, new technologies for advanced electronics such as foldable smartphones and personal
healthcare sensors require emerging developments in flexible energy storage devices as power
sources. Increasing attention is paid to safety, reliability, and compatibility within the highly integrated
system.” Therefore, flexible solid state SCs become the most promising candidates to meet
these requirements due to their strong mechanical flexibility, excellent safety nature (prevents the elec-
trolyte leakage), and nearly unchanged performance even under varying degrees of mechanical
deformation.

1College of Materials Science

Notwithstanding promising prospects, compared with those rechargeable batteries (such as Li, Na, or Zn ion and Engineering, Central
batteries), the energy density of SC is much lower, which seriously hinders their development. An ion-hybrid South University of Forestry
capacitor, which combines the advantages of SCs and batteries, has emerged as an attractive energy storage Z?g&if?”{"&,?ﬁfha”%ha
system.” Among them, Zn ion capacitor (ZIC) is usually made of Zn metal as anode and carbon material as a 2These authors contributed
cathode in water-based Zn ion electrolyte. With the respect to such novel energy storage devices, it is essential equally
to create suitable cathode materials to trigger the fast electroplating/stripping kinetics onto Zn anode surfaces. 3Lead contact
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Carbon material is an ideal electrode material for SCs (including ZIC), such as activated carbon (AC), gra- Zvca\r;\??ichamy@%&com
phene or reduced graphene oxidate (rGO), and carbon nanotubes (CNTs).” Currently reported activated Wiya0506@126.com (Y.W)
carbon materials are mainly derived from biomass pyrolysis engineering, which has the advantages of large https://doi. org/10.1016/.isci.
specific surface area and low cost. However, such powdery materials often require the addition of additives 2023.105964
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and conductive agents, which leads to a tendency for the electroactive layers to drop off the substrates un-
der an external mechanical force or even during a long charging and discharge process, automatically
reducing the charge storage efficiency and cycle life of the device. The tragic result of rGO or CNTs pre-
pared through harsh chemical conditions and elaborate processes is that they are difficult to disperse
and easy to reaccumulate, which is detrimental to the electrical conductivity and capacitive performance
of electrodes. Recently, vertically oriented graphene nanosheets (GNSs) have been prepared by a
plasma-enhanced chemical vapor deposition (PECVD). Compared with rGO synthesized by traditional
methods, GNSs based on PECVD technology spare the limitation of aggregation and substrate of gra-
phene sheets. Furthermore, the GNSs with a well-distributed array structure facilitate the ions to infiltrate
into the electrode surface easily and quickly without using any spacers. However, untreated carbon mate-
rials (including GNSs) generally exhibit low specific capacitances that are difficult to fulfill the requirement
of high energy density.

A facile and effective way to further enhance the electrochemical property of the carbon material is to tune
the electronic properties of the graphite lattice by introducing heteroatoms (such as nitrogen, oxygen, sul-
fur, phosphorus).”” It is worth noting that the artificial doping of heteroatoms, especially nitrogen
(N) atoms, can effectively improve the electronic conductivity, electron-donor tendency, and surface wetta-
bility of carbon materials, and further enhance their ion/charge storage properties.'® It has also been re-
ported that after N doping, pseudocapacitance can be generated due to the interaction of the electrolyte
with the N species on the surface, thereby enhancing the capacitive performance.’’ In addition, the con-
struction of unique porous carbonaceous nanostructures with abundant micropores and mesopores is
conducive to shortening the diffusion distance of the two ions/electrons, enabling fast transport kinetics
to store more charge.'? However, it is still challenging to create graphene materials with the integration
of nitrogen doping and hierarchical porous nanostructure for high-performance SCs by facile and fast
methods.

The plasma activation technology has been determined as an effective and rapid approach to carry out N
doping of carbon materials to endow them with various new or enhanced properties for electrochemical
applications."® For example, Fan and his coworkers successfully converted commercial carbon cloth into
N-doped and superficial nanostructured electrode for Li-ion storage using a one-step N, plasma activation
strategy at room temperature.'* They found that the doping of N generated by N, plasma activation can
improve the wettability of carbon materials, while the formation of surface nano-morphology can increase
the specific surface area, which is beneficial to the ion adsorption and desorption onto the interfacial be-
tween electrode and electrolyte. According to this report, after plasma treatment, the obtained N-doped
carbon cloth delivers a dramatically enlarged capacity of 391 mF cm™2 at 4 mA cm ™2 than that of the un-
treated counterpart (0.12 mF cm™2). Jeong et al. activated graphene with N plasma for 3 min and achieved
a maximum doping rate of 2.51% at nitrogen.'” As a result, the N, plasma-induced N-doped graphene
used as SC electrode shows a large capacitance of 280 F g~
without sacrificing stability and power capability. Notably, NH3 gas is another general N source for moti-
vating plasma activation with more active than N, plasma.'® Whereas, its intense toxicity against the
concept of green manufacturing. In short, the plasma activation process conducted at relatively mild con-
ditions has irreplaceable advantages in improving the performance of energy conversion and storage ma-
terials. To the best of our knowledge, there are no SC reports involving the N-doped, 3D layered porous
nanostructures using PECVD graphene as a precursor fabricated by low-temperature N, plasma activation,
especially on a flexible carbon fiber surface, which is important for the applications in wearable electronic
devices.

, much higher than that of pristine graphene

Herein, we proposed a combined strategy of Ar/CH, plasma deposition and N, plasma activation to create an
N-doped and 3D hierarchically porous graphene foam nanostructure on the surface of CFs (N-GNF@CFs) for
the enhancement of electrochemical property for SCs. The N, plasma activation-induced N-doping and sur-
face structural engineering endows the PECVD graphene with multiple merits of rich N active sites, large sur-
face area, and super-hydrophilic properties. Particularly, the elaborate design of 3D interconnected porous
nanostructure greatly shortens the ion diffusion distance and strengthens the structural stability of electrodes.
As a result, the as-obtained N-GNF@CFs electrode exhibits a remarkably enhanced specific capacitance of
204.2F g~ " at 1 mA cm~2 and excellent cycling stability with a capacitance retention rate of 93.5% after 10,000
cycles. Moreover, we demonstrate a new-type flexible quasi-solid-state ZIC with large energy density and
long-term durability by employing the N-GNF@CFs as a cathode and electrodeposited Zn nanosheets on
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Figure 1. The design philosophy and synthetic strategy of N-GNF@CFs
(A) Fabrication processes of the N-GNF@CFs electrode.

(B) Illustration of RF-PECVD system.

(C) The mechanism diagram of the N, plasma activation process.

CFs (Zn NSs@CFs) as an anode. The devices displayed outstanding electrochemical performance in terms of a
high capacity of 131.5 mAh g~' at 0.2 A g™, an energy density of 105.2 Wh kg~ at 378.6 W kg~’, and
extended cycle lifespan over 10,000 cycles with ~87.9% of capacitance retention.

RESULTS
Fabrication of N-GNF@CFs electrode

The design philosophy and synthetic strategy of the nanoarchitecture of N-doped and hierarchical
porous graphene nanofoam encapsulating CFs are schematically illustrated in Figure 1A. The CFs with
a 3D intertwined structure and rough surface (Figures S1A and S1B and supplemental information) acted
as the growth matrix of graphene and were fabricated firstly by pyrolyzing cotton fabric at 1000°C. Sub-
sequently, the vertical graphene nanosheet array was homogeneously deposited onto the surface of CFs
to form a core-shell structure by Ar/CH,4 plasma in an RF-PECVD system (Figure 1B). Except for deposi-
tion reaction, plasma technology can be also applied to the surface morphology control and functional-
ization of various nanomaterials.'’"'® N, plasma has been reported to achieve nitrogen doping and
nitridation in carbon and metallic oxide processing. Besides, due to the physical etching effect with a
moderate-pressure discharge, N, plasma activation can induce the surface nanostructurization of the ma-
terials, such as surface roughness'® and 3D interconnected meso/micropores.'® In this article, GNSs were
successfully converted into N-doped graphene nanofoam with the interconnected porous structure on
the surface of CFs via an N, plasma activation at low temperature. As shown in Figure 1C, numerous pos-
itive ions (N,"/N™) within N, plasma replace the partial carbon atoms of graphene to realize N doping
and generate more defects.'® On the other hand, such subtle nanostructural modification renders a large
interfacial area and 3D hierarchical channels of the graphene, which is conducive to the rapid diffusion of
electrolyte ions and fast transferring of electron.’” Moreover, the N-decorated graphite carbon exhibits
favorable hydrophilia and improved electrochemical activity due to its more accessible active sites and
greater electron mobility.'"?°
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Figure 2. Microstructural characterizations and physical properties of materials
(A) SEM images of GNSs@CFs.

(B) SEM images of N-GNF@CFs.

(C) Element mappings of C, O, and N for N-GNF@CFs.

(D) TEM image of N-GNF@CFs.

(E) HR-TEM image of N-GNF@CFs.

(F) N2 gas adsorption-desorption curves.

(G) Water contact angle of GNSs@CFs.

(H) Water contact angle of N-GNF@CFs.

(1) Flexibility of N-GNF@CFs electrode.

Microstructural and chemical characterizations of N-GNF@CFs electrode

The 3D hierarchical porous nanoarchitecture of N-GNF@CFs is initially examined by scanning electron mi-
croscopy (SEM). The SEM images of GNSs@CFs (Figure 2A) present a wrinkled surface from CFs. The
larger magnification image (the inset of Figure 2A) identifies plentiful pure GNSs with well-architected dis-
tribution on the surface of CFs. It can be observed that the tortilla GNSs vertically and adjacently stack
together to render a quasi-honeycomb structure encapsulating the CFs densely (Figure S2 and supple-
mental information), implying a high adhesion between the graphene and CFs. After N, plasma activation,
these 2D GNSs arrays evolve into a coherent graphene nanofoam with a 3D interconnected porous
network structure (Figure 2B), which is ascribed to the etching effect instigated by high-energy N, plasma,
indicating that the graphene is successfully modified by the interaction of energetic electrons and active
free radicals (N**/N*) in the plasma system.”"”” Note that plasma etching is distinguished from wet
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chemical etching by the fact that it needs no liquids of corrosive acids or bases and long reaction time and
the processing is highly reproducible and well-controlled.”” To reveal the formation of such a delicate
nanostructure of graphene, we also recorded the SEM images (Figure S3 and supplemental information)
of the graphene at different N, plasma activation points in time. The structural characteristics transition of
the graphene from nanosheet arrays to an integrated nanofoam with the increase of plasma treatment
time is well presented in Figures S3A-S3C (supplemental information). However, the prolonged treatment
leads to undesired structural damage to the graphene foam (Figure S3D and supplemental information),
resulting in a significant reduction of the active layer, which is detrimental to the capacitive performance.
Such 3D porous nanoarchitecture will effectively increase the surface area and expose more electrochem-
ical active sites (i.e. doping N atoms), which is crucial to achieving enhanced capacitance and rate capa-
bility for carbon-based electrode materials.”* The corresponding element mappings of N-GNF@CFs (Fig-
ure 2C) show that C, N, and O elements are homogeneously distributed, indicative of the doping of N
atoms on graphene.

The nanoarchitecture of N-GNF@CFs is further demonstrated by a transmission electron microscope (TEM).
Figure 2D displays the hierarchical porous structure with high interconnectivity of N-GNF@CFs, which guaran-
tees more effective super high ways for fast electron migration.” The amplified region (Figure 2E) highlights
these irregular and randomly distributed pores including micropores (<2 nm), mesopores (2-50 nm), and mac-
ropores (50-100 nm) throughout the substance, which is consistent with the SEM observation (Figure 2B). Given
these observations, the N-GNF@CFs subjected to N, plasma activation would expose more surface area. Ni-
trogen adsorption-desorption measurements were conducted to further investigate the porosity characteris-
tics of N-GNF@CFs. Figure 2F presents the N, adsorption-desorption isotherms of bare CFs, GNSs@CFs, and
N-GNF@CFs, which exhibits a reversible type IV with a mesopore hysteresis loop at a relative pressure range of
0.45-0.9. The Brunauer-Emmett-Teller (BET) surface area of N-GNF@CFs (528 m? g’1) is much higher than that
of pristine GNSs@CFs (417 m? 94) and bare CFs (362 m? 971), which is ascribed to the presence of more in-
terconnected micro/mesopores induced by N, plasma activation. Moreover, the pore size distribution plots
shown in Figure S4 (supplemental information) confirm the hierarchical porous structure of N-GNF@CFs,
which is composed of abundant micropores and mesopores. The N, gas adsorption-desorption curves and
the corresponding pore width distribution plots of N-GNF@CFs-5, N-GNF@CFs-10, and N-GNF@CFs-20
are presented in Figure S5 (supplemental information). The surface area of the initial N-GNF@CFs-5 is up
to 477 m? g~ by the contribution of micropores and mesopores. As the activation time extends to 10 min,
the porous nanostructure enhanced significantly which results in a high surface area of 528 m? g~'. However,
for a longer activation period of 20 min, micropores and mesopores decline and show an obvious diminution
of surface area (367 m? g ") closing to that of the bare CFs, confirming that the excessive N, plasma activation
leads to the loss of the graphene on the surface of CFs, which is consistent with the results of SEM (Figure S3
and supplemental information).

The effect of the N, plasma activation on the wettability of graphene is also investigated since surface
wettability is important to the transport rate of electrolyte ions at electrode/electrolyte interfaces. As
shown in the water contact angle measurement results, the contact angle of the untreated GNSs@CFs is
measured to be 136.7° (Figure 2G), whereas N-GNF@CFs exhibits super hydrophilicity with fast adsorption
of awater dropletin 1s (Figure 2H). It is believed that the introduction of plenty of hydrophilic N-containing
groups by N3 plasma treatment is responsible for the improved wettability of N-CF@CFs. Besides, carbon
fiber-based materials take advantage of flexibility and are lightweight in terms of applications in wearable
and foldable SCs. As shown in Figure 2I, the free-standing N-GNF@CFs electrode exhibits good flexibility
and practicability and can be bent, folded, and twisted freely, which is critical in the case of wearable and
lightweight electronics.

To reveal more information about the crystalline structure and chemical composition of the graphene after
N, plasma activation, X-ray diffraction (XRD), Raman, and (X-ray photoelectron spectroscopy) XPS were
conducted. XRD pattern shows broad peaks at 24.0° and 43.7°, corresponding to the (002) and (100) planes
of amorphous carbon from CFs (Figure 3A). Noticeably, the characteristic peaks of GNSs@CFs exhibit
sharper than that of bare CFs indicating the graphite degree increased. Besides, a new sharp peak located
at 26.2° for GNSs@CFs associated with (002) plane of graphite carbon (see the inset of Figure 3A), which
confirms the successful synthesis of the GNSs on the surface of CFs.?® After N, plasma activation,
N-GNF@CFs shows a wider peak of the (002) plane at a lower diffraction angle, which is ascribed to the
fact that abundant nitrogen atoms doping into the graphene increasing lattice spacing and generation
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Figure 3. Chemical properties of the electrodes

(A) XRD patterns.

(B) Raman spectra.

(C) XPS survey spectra.

D) High-resolution XPS spectra of N-GNF@CFs in the C 1s.
E) High-resolution XPS spectra of N-GNF@CFs in the N 1s.

(
(
(F) The schematic illustration of the surface nanostructure of N-GNF@CFs, and its advantages as ideal electrode materials
for SCs.

of more defects.”’ The Raman spectra in Figure 3B show a pronounce D band at 1350 cm ™' and a G band at
1596 cm™', corresponding to in-plane vibration of the graphite lattice and the feature of disordered
graphite or crystal defects, respectively.”® The intensity ratio of D and G bands (Ip/lg) is widely used
to determine the defect and graphitic degree of the carbon materials. The D to G peak intensity ratio
(Ip/1g) of the GNSs@CFs is estimated to be 1.16 which is larger than that of 1.06 for the pure CFs, suggesting
the successful synthesis of graphene.?” The Ip/lg value of N-GNF@CFs increases to 1.38 indicating the
greater disorder/defects, which can be attributed to the presence of N-containing functional groups on
the surface of graphene together with dense reactive graphitic edges.*
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X-ray photoelectron spectroscopy (XPS) is also used to identify the degree of doping N atoms. Figure 3C
presents the typical XPS survey spectra with the characteristic peaks of C 1s and O1s, in which N-GNF@CFs
exhibits a doping N 1s peak that can be quantified as the atomic ratio of 9.7%. The characteristic peak of C
1s spectrum located at 285.6 eV for N-GNF@CFs (Figure 3D) corresponds to the integrated contribution of
C-O and C-N bond, in which the formation of C-N bond is ascribed to the N doping on the graphene after
the N, plasma activation process. Moreover, the N 1s spectrum (Figure 3E) can be deconvoluted into four
peaks, correlating to the pyridinic N (398.4 eV), pyrrolic N (399.7 eV), graphene N (401.1 eV), and oxidized N
(402.4 eV) species, respectively.’’ The pyrrolic N is caused by the incorporation of N atoms into a five-
membered heterocyclic ring, and pyridinic N is from the sp 2 hybridized N atom with two sp 2 hybridized
C neighbors, while the graphitic N comes from sp 2 hybridized N atoms with three sp 2 hybridized C. It is
reported that the doping N atoms on the edge of the graphite plane (pyrrolic N, pyridinic N, and oxidized
N) can donate more effective active sites for the enhancement of catalytic and electrochemical perfor-
mance compared with that of in the idle of the graphene plane (graphene N).>? Notably, the percentage
of N atoms on the edge of the graphite plane is 87.1%, much higher than in the middle of the graphite plane
(12.9%), implying the existence of nitrogen at more effective active sites.

Based on the above characterization analysis, N-GNF@CFs, created using plasma activation technology, is
expected to be an ideal free-standing electrode for high-performance SC in light of the advantages sum-
marized in Figure 3F.

(1) The hierarchical porous nanostructure composed of well-distributed meso- and micropores signif-
icantly increases the specific surface area and may donate more extensive space for accepting
adequate electrolyte solution to promote the charge propagation and ion transfer.

S

Nitrogen doping induced by fast and facile N, plasma activation increases the conductivity of the
material and exposes more active sites for electrochemical reactions, since the almost the nitrogen
bonding configurations forming on the edge of graphene plane, which is expected to enhanced the
capacitive of the electrode.

(3

The excellent wettability is conducive to improve the absorption of electrolyte and ionic conductiv-
ity, thus affecting the capacitance and cycling performance of the electrode.

Electrochemical properties of N-GNF@CFs electrode

The electrochemical properties of the N-GNF@CFs electrode were firstly assessed in a three-electrode sys-
tem with the 3M KOH solution as electrolyte (Figure 4A). Figure 4B shows the cyclic voltammetry (CV) curves
at 5 mV s~ with a potential range of —1.0-0 V. Compared with GNSs@CFs and bare CFs, the CV trace of
N-GNF@CFs displays an ideally quasi-rectangular features with an enlarged integral area, which confirms a
considerably increased response current and enhanced capacitance of N-GNF@CFs. Notably, GNSs@CFs
without any modification can exhibit a better electrochemical than CFs because the graphene possesses a
larger surface area and higher electrical conductivity. Figure 4C shows the comparative galvanostatic
charge-discharge (GCD) curves of N-GNF@CFs, GNSs@CFs, and CFs electrodes recorded at 1 mA
ecm™2. The GCD curves of N-GNF@CFs shows a quasi-symmetric triangle, reflecting a high coulombic effi-
ciency. Evidently, the disc harge time of the N-GNF@CFs is much longer than that of the GNSs@CFs and
CFs electrodes, clearly revealing the increased capacitance of this electrode after the formation of 3D hi-
erarchical porous nanostructure and functionalization with rich n-containing groups. Based on the
discharge plots, the capacitance of the N-GNF@CFs is calculated to be 3.47 F cm™2 at 1 mA cm™2, which
is 2-fold greater than that of the untreated GNSs@CFs (1.61 F cm™?) and is even 4-fold as much as that of
CFs (1.01 Fcm™) electrodes. Even at a large current density of 20 mA cm 2, the N-GNF@CFs electrode still
retains a high specific capacitance of 2.29 F cm ™2 associating with high retention of 66%, indicatives of an
impressive rate capability, whereas the specific capacitance of GNSs@CFs and CFs electrodes decrease to
0.80 F cm™ (49.6%) and 0.19 F cm ™ (18.8%), respectively.

The Nyquist plots from electrochemical impedance spectroscopy (EIS) measurement in Figure 4E further
reveal the reaction kinetics. The inset illustrates the fitted equivalent circuit composed of equivalent series
resistance (Rs, composed of the intrinsic resistance, electrolyte ionic resistance, and interfacial resistance
between the active materials and current collector), charge-transfer resistance (Rct), constant-phase
element (CPE), and Warburg impedance (W). In the EIS curve, the value of Rs can be determined by the
X-intercept in the high-frequency region and the diameter of the semicircle represents the values of Rct.
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Figure 4. The electrochemical properties of the electrodes at three-electrodes system
(A) Schematic illustration of the three-electrode system.

(B) CV curves at 5mV s .

(C) GCD curves at 1 mA cm 2.

(D) Area specific capacitance at different current densities.

(E) Nyquist plots (the inset refers to a fitting equivalent circuit).

(F) CV curves at various scan rates of N-GNF@CFs.

(G) GCD curves at the different current densities of N-GNF@CFs.

(H) Cyclic stability at 10 mA ecm~2 for N-GNF@CFs.

In the low-frequency region, the slope of the curve is used to evaluate the W value, which is related to the
ion diffusion at the electrode/electrolyte interface. The values of Rs and Rct of N-GNF@CFs are found to be
1.58 and 0.52 Q, which are lower than that of GNSs@CF (2.53 and 0.72 Q) and CFs (3.23 and 1.13 Q), which
demonstrates that the 3D hierarchical porous network nanostructure and doped electronegative nitrogen
atoms dramatically improve the electrical conductivity and accelerate the charge transfer. Moreover,
N-GNF@CFs also exhibits the highest slope which signifies a lower resistance of ion insertion/desertion
and a superior capacitive property. These results are all well corresponding to CV and GCD results.

Considering the nanostructure of GNSs changes obviously with the prolongation of the N, plasma activation
(Figure S3 and supplemental information), we further study the effect of plasma treatment time on the elec-
trode electrochemical properties. The comparison of CV and GCD curves of the various electrodes obtained
after 0 min (GNSs@CFs), 5min (N-GNF@CFs-5), 10 min (N-GNF@CFs-10), and 20 min (N-GNF@CFs-20) N,
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plasma treatment is shown in Figure Sé6 (supplemental information). It is manifest that the integrating areas of
the CV curves (Figure S6A and supplemental information) expand gradually with the increase of activation time
from initial 0 to 10 min, indicating that the N, plasma activation exposes more active sites to the surface of gra-
phene and increases the surface area, thus improves the charge storage capability. Unfortunately, the immod-
erate treatment time results in an undesirable degeneration of electrochemical properties of N-GNF@CFs-20,
which is because the excessive etching derived from the active reaction between gas ions and the active layer
almost eliminates the active substance from the surface of CFs (Figure S3D and supplemental information).
Thereupon, the N-GNF@CFs-10 with hierarchical porous structure is determined as the optimized subject
and is represented by N-GNF@CFs in this article. The detailed electrochemical properties of GNSs@CFs,
N-GNF@CFs-5, and N-GNF@CFs-20 are shown in Figure S7 (supplemental information). The CV curves of
N-GNF@CFs at various scan rates are shown in Figure 4F. Apparently, the shape of the curves is well main-
tained, even at a high scan rate of 100 mV s~', demonstrating a good rate capability and fast electron transfer
in the electrode. Figure 4G presents the GCD curves of N-GNF@CFs at different current densities. The GCD
curves are a nearly symmetrical triangle and agreed well with the results of CV analysis, indicating typical dou-
ble-layer capacitance characteristics with a high coulombic efficiency (~98%). Moreover, the N-GNF@CFs ex-
hibits excellent cycling stability over 10,000 GCD cycles by maintaining 96.4% of its initial capacitance (Fig-
ure 4H), indicative of appropriateness for long-life energy storage devices.

Electrochemical properties of N-GNF@CFs electrode based flexible zinc ion capacitor device

Based on the above analysis, we believe that N-GNF@CFs is qualified to be an ideal electrode for high-per-
formance SCs devices. Zn ion capacitor (ZIC) is a promising novel hybrid energy storage device that stores
energy through reversible anion adsorption/desorption onto the SC-type carbon cathode and reversible
Zn ions (as charge carriers) deposition/extraction onto the battery-type Zn anode.’® Herein, Zn anode
which is composed of Zn nanosheets and CFs (Zn NSs@CFs) was fabricated by one-step electrodeposi-
tion.” Specifically, A three-electrode system was used for electrochemical deposition, where CFs sub-
strate, platinum plate and saturated calomel electrode were taken as working, counter and reference elec-
trodes respectively, and 100 mL mixed solution of ZnSO,4, Na,SO, and boric acid as the electrolyte. The
synthesis process was carried out at a constant current of 60 mA for 15 min. The growth mechanism of elec-
trodeposited Zn NSs is composed three plausible processes as illustrated in Figure S8A.*** At the begin-
ning, plenty of Zn?* in the electrolyte solution were adsorbed to the surface of CFs for a cathodic reaction,
i.e. reducing Zn?* to Zn metal. Subsequently, a layer of Zn film was firstly formed and encapsulated onto the
CFs. As the reaction progress, the nucleation and crystallization begin, in which a few of Zn nanosheets
sprouted from the thin layer of the Zn film. Afterward, all the Zn film served as a seed layer for the aggre-
gative growth of nanosheets. With the deposition time gradually prolonged, more and more Zn NSs
formed.

SEM images (Figure S8B) confirm that numerous Zn NSs were homogeneously deposited onto the surface
of CFs. The high-magnification SEM image further displays the vertically interconnected nanosheets with
diameter of 1.5-2 um. It is believed that such well distributed nanosheet arrays without aggregation can
significantly reduce the intrinsic resistance for fast electron transfer and provide favorable pathway for
deposition/extraction process of Zn/Zn’*** The corresponding elemental mapping images
(Figures S8C-S8E) and EDX spectrum (Figure S8F) also verify the uniform distribution of Zn elements on
the surface of CFs. The XRD pattern of Zn NSs@CFs (Figure S8G) displays the characteristic peaks at
36.4°,39.0°, 43.3°, 54.4°, 70.1°, and 70.7°, which correspond well to the (002), (100), (101), (102), (103) and
(110) planes of hexagonal zinc (JCPDS: 87-0713), respec‘[ively.37 A broad and indistinctive peak at ~24° re-
fers to the (002) plane of amorphous carbon, suggesting the Zn NSs tend to congregate toward the high-
density distribution. No excrescent peaks are observed, indicating the high purity and good crystallinity of
the as-prepared Zn metal.

We used N-GNF@CFs as cathode, Zn NSs@CFs as anode, and 1 M ZnSQO,/gelatin as gel electrolyte to con-
structed the flexible quasi-solid-state ZIC (i.e. N-GNF@CFs//Zn NSs@CFs, abbreviated as N-GNF@CFs
ZIC), which assembled structure illustration is shown in Figure 5A. Figure 5B schematically depicts the
charge storage mechanism of the N-GNF@CFs ZIC. During charging, the SO, ions are adsorbed onto
the surface of the N-GNF@CFs, while the Zn?" ions in the electrolyte are deposited onto the Zn
NSs@CFs. During discharge, S04~ ions leave the surface of the N-GNF@CFs electrode and back to the
electrolyte, while Zn?* ions are extracted from the Zn NSs@CFs. The electrochemical properties of the
ZICs were comprehensively studied using CV and GCD measurements. Figure 5C shows the comparative
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Figure 5. Electrochemical performances of flexible ZIC devices
(A) The schematic illustration of the structure of flexible quasi-solid-state ZIC.

(B) The charge storage mechanism of ZIC.

(C)CV curves at 5mV s

(D) GCD curves at 0.2 Ag™".

(E) CV curves of N-GNF@CFs ZIC at various scan rates.

(F) Fitting result of the contribution of Zn ions diffusion based on the CV curve at 20 mV s~ ' for N-GNF@CFs ZIC.

(G) Histogram illustration of the contribution ratio of the capacitive capacities and Zn ions diffusion at different scan rates.
(H) GCD curves at various current densities of N-GNF@CFs ZIC.

CV curves of N-GNF@CFs and GNSs@CFs ZICs at a scan rate of 5mV s~ in the voltage window from 0.2 to
1.8 V. As is shown, both the CV curves exhibit a non-ideal rectangle shape, and no obvious oxygen and
hydrogen evolution peaks occur, indicating the different charge storage mechanisms of the carbon cath-
ode (i.e. reversible SO42~ adsorption/desorption) and Zn anode (i.e. Zn?* deposition/stripping) in a ZIC
working in a stable voltage.”® The integrated area of the CV curves for N-GNF@CFs ZIC is much larger
than that of GNSs@CFs based ZIC, indicative of the larger capacity of N-GNF@CFs ZIC. The GCD curves

of N-GNF@CFs and GNSs@CFs ZICs at the current density of 0.2 A g~' exhibit the discharge specific
capacities of 131.5 and 54.4 mAh g~ (263 and 108.8 F g~") (Figure 5D). Notably, the discharge capacity
of N-GNF@CFs is higher than the charge capacity because of the incomplete adsorption/desorption of
Zn?* onto the surface of electrode in the initial cycles. As to the detailed CV curves of N-GNF@CFs and
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GNSs@CFs ZICs shown in Figure 5E and Figure S9A (supplemental information), all the curves display simi-
larly shaped even at a high scan rate of 100 mV s~". Specifically, a pair of weak peaks appear at cathodic
(0.8 V) and anodic (1.3 V) sweeps for N-GNF@CFs ZIC, suggesting the existence of a reversible Faradic
redox reaction, thus endowing the configuration with extra capacity abilities stemming from pseudocapa-
citance. Such synergistically pseudocapacitive behavior is ascribed to the N-containing groups on the sur-
face of this carbon material, which is treated by the fast and facile N, plasma activation.

We further revealed the energy storage mechanism of the N-GNF@CFs ZIC and the electrochemical kinetic
analysis was performed by using Dunn’s method.*” Based on the CV curves, the power-law relationship be-
tween peak current (i) and scan rate (v) can be expressed as Equations 1 and 2:

i=axvP (Equation 1)

log(i) = blog(v)+log(a) (Equation 2)

Where a and b are alterable parameters. Typically, the value of b is 0.5 represents a ions diffusion-
controlled electrochemical behavior, while b = 1.0 indicates a surface capacitive process. As shown in Fig-
ure S10 (supplemental information), the value of bis calculated to be 0.63 and 0.61 corresponding to anodic
and cathodic currents respectively, confirming that the combined behavior of ion diffusion and capacitive
co-controls the charge storage process, in which the Zn ion diffusion-controlled process dominates the
electrochemical behavior.*® The capacitive and diffusion-controlled contributions can be further quantita-
tively examined by using Equation 3:

i(V) = kiv+kov'/? (Equation 3)

In which kv refers to the capacitive current part and kyv'/2 is the diffusion-controlled current part. The
values of k; and k; can be determined by plotting i/v'’? 12 at various potentials and scan rates accord-
ing to the converted Equation 4:

vs. kqv

i(V)/v”2 = kv + k, (Equation 4)

Figure 5F shows the CV curves at 20 mV s~" of N-GNF@CFs, in which the fraction of Zn ions diffusion-
controlled contribution (blue area) to the total current is calculated as 94.6%. The rate of diffusion-
controlled contribution at various scan rates is also calculated and the results are shown in Figure 5G.
As is shown, the contribution of the diffusion-controlled process decreases from 96.8% to 81.4%
as the scan rate increases from 5 to 100 mV s~', while the capacitive contribution increases gradually.
These results help to elucidate the typical battery-type characteristic of the N-GNF@CFs based ZIC,
which performs charge storage through reversible adsorption/desorption of Zn ions. What's more, the
abundant nitrogen-containing functional groups increase the active sites and 3D hierarchical porous
nanostructure enlarges the surface area, thus providing more opportunity for a pseudocapacitive
reaction.

The GCD curves at different current densities of the N-GNF@CFs and GNSs@CFs based ZICs are displayed
in Figures 5H and S9B (supplemental information). According to the discharge curves, the capacity of
N-GNF@CFs ZIC at 0.2 A g~ shows a high value of 131.5 mAh g~" (263 F g~"), which is higher than twice
that of GNSs@CFs ZIC (54.4 mAh g™, i.e. 108.8 F g~"). The values of capacity at various current densities for
the ZICs are shown in Figure S11 (supplemental information) and Figure 6A. Notably, N-GNF@CFs ZIC can
exhibit the capacity of45.5mAh g~' (91 F g~") even when the high current density increases up to 5.0 Ag™,
while GNSs@CFs ZIC fails to sustain such a large current density and only shows a capacity of 14.1 mAh g™
(28.2F g~ ") at 2.0 A g~", which suggests the excellent rate capability of N-GNF@CFs. Furthermore, the cy-
clic test of N-GNF@CFs ZIC was conducted and the result is also recorded in Figure 6A. After an ultra-long
10,000 GCD cycles at a current density of 2.0 A g7, the capacity retention of this quasi-solid-state ZIC is as
high as 87.9%, indicative of excellent cycle stability. Owing to the remarkable capacity and relatively wide
voltage window, the N-GNF@CFs ZIC device achieves high energy and power densities up to 105.2 Wh
kg™ at 378.6 W kg™". Even at a high power density of 11,250 W kg™, the energy density remains to
36.4Wh kg™ Seeing from the Ragone plot in Figure 6B, these values can bear comparison with the typical
ZIC device of NOCS//Zn (109.5 Wh kg’1, 225.0 W kg’w),‘H even outperform those of MnO,-CNT//TizC,T,
(67.8Wh kg™, 59.9W kg™"),"? PDC//Zn foil (48.0 Wh kg™', 85.0 W kg™"),** OPC/CC//Zn/CC (82.4 Wh kg ™",
44.1 W kg™"),** rGO-NbPO//Zn-foil (56.0 Wh kg™, 1000.0 W kg~ ")** and UPCSs//Zn foil (75.2 Wh kg™,
36.6 W kg™").*> More detailed information is available in Table S1 and supplemental information. The
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Figure 6. Electrochemical performances of N-GNF@CFs ZIC device and its applications in wearable electronics

B) Ragon plots.

C) CV curves of a single ZIC device.
)

E) CV curves at 50 mV s~

G) Powering a sport watch.
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(H) Lamping a Mini LED panel.

D) Two devices connected in series or in parallel.

A) Rate capability at various rates and cycling stability at the current density of 5.0 A g~

F) The flexible ZIC devices at different bending and twisting conditions.

above results exhaustively demonstrate the excellent electrochemical performance of the flexible

N-GNF@CFs based ZIC.

Compared with metal-based energy storage devices, carbon fiber-based energy storage devices have advan-
tages of lightweight, excellent flexibility, and easy to customize sizes. The most important thing is that CFs
are able to prevent the exfoliation of the superficial active substance during harsh deformations under external
forces due to its rough surfaces and the strong intermolecular bonds between subject and guest substances.
Besides, multiple flexible devices may be connected in series or in parallel to create integrated power supply
with extensive output voltage and current to fulfill the different power and energy requirements. In consideration
of these intriguing advantages, we further assessed the feasibility of the flexible N-GNF@CFs quasi-solid-state
ZIC in practical applications. Figures 6C and 6D depict the compared CV profiles of a single device, two devices
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connected in series and in parallels measured at a sweep rate of 50 mV s~". As is shown, the working voltage
window is increased from 1.8 V for single device to 3.6 V for two devices in series connection without the shape
distortion of CV curve, while two devices in parallels connection show an almost twice large response current
than that of single device at the same voltage of 1.8 V. Moreover, as a flexible device, N-GNF@CFs ZIC can
be bent and twisted without structural failure and electrolyte leakage (Figure 6F) which is benefited from the me-
chanical stability of flexible carbon fiber-based electrodes and gelatin gel electrolyte. The corresponding CV
curves at 50 mV s~ of the ZIC with different bending angles (0°, 90°, 180°) and twisting state remain similar
shapes compared to the original state (Figure 4E), verifying the excellent capability of deformation resistance.
Finally, we successfully powered the electric swatch (Figure 6G) and Mini LED plane (Figure 6H) by using the
as-fabricated quasi-solid-state N-GNF@CFs ZICs.

DISCUSSION

In summary, a novel N-doped and 3D hierarchical porous freestanding electrode materials with
outstanding SC performance has been demonstrated by employing a facile, fast and eco-friendly strategy
of combining Ar/CH,4 plasma deposition and N, plasma activation. The advanced N-GNF@CFs favors fast
ion/electron transport and ensures sufficient space for charge storage, which benefits by integrated merits
of the interconnected porous nanofoam architecture with abundant micro- and mesopores, large specific
surface area and excellent hydrophilicity. The electrochemical investigation showed that the N-GNF@CFs
delivered a high discharge-specific capacity of 204.2 F g~ at a current density of 1 mA cm™2. Moreover, the
as-designed electrodes presented excellent rate performance and high cyclic stability. What's more, the
as-prepared flexible quasi-solid-state N-GNF@CFs//Zn NSs@CFs ZIC exhibits ultra-high energy density
of 105.2 Wh kg™ at 378.6 W kg™', and long-term cycling stability (~87.9% capacitance retention after
10,000 cycles). This study provides an illuminating insight for the development of nanostructured electrode
materials their application in the next generation of green and efficient energy storage devices.

Limitations of the study

The 3D nanostructure of N-GNF@CFs is comprised of rich micro- and mesopores, which is crucial for ion
transportation and charge storage. However, there are lack of more precise and quantitative characteriza-
tions to reveal the ion transfer property in this porous nanostructure. Moreover, such unique nanoarchitec-
ture shows potential to act as the 3D framework for introducing and stabilizing the guest active materials
with high theoretic capacitance, which is one of our interests focusing on developing novel high perfor-
mance electrode materials for energy storage.
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boric acid (H3BOs3) Aladdin CAS: 10043-35-3
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Photoshop 2020 Adobe https://www.adobe.com
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Caichao Wan (wancaichaojy@163.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability
o Original data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

METHOD DETAILS

Preparation of CFs

The Fabrication of CFs was carried out by transferring the clean and dried jean samples (100% cotton, 20 x
40 cm?) into a tubular furnace equipped with a quartz tube (80 mm in diameter) for pyrolysis under a flow of
N, (99.999%) with 100 sccm rate. The samples were heated to 1000 °C at a heating rate of 5°C min~", and
this temperature was maintained for 4 h to allow for complete pyrolysis; subsequently, the furnace
decreased naturally to room temperature.

Preparation of GNSs@CFs and N-GNF@CFs

GNSs were synthesized on the surface of CFs substrate (area: 4 X 2 cm?, mass: 16.4 mg cm™?) by using a
radio-frequency plasma-enhanced chemical vapor deposition facility (RF-PECVD, BTF-1200C-II-SL, Best
Equipment Technology Co., Ltd). Firstly, a vacuum (5 Pa) is created inside of reaction chamber, then Ar
gas (80 Scem) was injected into the chamber (a quartz tube with 80 mm in diameter) and the CFs substrate
was heated up to 800 °C at a heating rate of 30 °C min~". Subsequently, the CH4 gas (20 Sccm) was injected
into the chamber and the RF plasma is activated at 200 W radio waves with the reaction pressure of 200 Pa.
The reaction lasted for 120 min and then was cooled down naturally. The mass loading of GNSs was deter-
mined to be =0.6 mg cm™2 by using gravimetric difference between the CFs and GNSs@CFs. Similarly,
N-GNF@CFs was fabricated by using GNSs@CFs as the precursor. Specifically, in a condition of N, gas
flow (50 Sccm), GNSs@CFs is treated in the pure N, plasma which is instigated at 500 W radio waves.
Different durations (5, 10, and 20 min) of the N, plasma activation were carried out. The obtained samples
in different treatment durations were denoted as N-GNF@CFs—x, (x = 5, 10, 20). Unless otherwise specified,
N-GNF@CFs refers to N-GNF@CFs-10.
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Preparation of the flexible quasi-solid-state ZIC

The ZnNSs@CFs anode was first fabricated by a typically electrochemical deposition technology. The ZnSO4/
gelatin gel electrolyte was prepared by mixing 10 mL 1 M ZnSO, solution and 1 g gelatin grains at 80°C until the
mixture becomes transparent. N-GNF@CFs cathode, Zn NSs@CFs anode, and a piece of cellulose paper were
dipped in the ZnSO,4/gelatin solution for 10 min at 80°C to allow the permeation of electrolyte into the internal
electrode. After scraping superficial excess electrolyte, the electrodes were cooled down to room temperature.
Finally, a sandwich-like flexible device was successfully assembled by using N-GNF@CFs cathode, Zn
NSs@CFs anode, and ZnSO,/gelatin gel electrolyte coupling with a cellulose separator.

Material characterizations

The morphology of the samples was observed using a transmission electron microscope (TEM) (FEI, Tecnai
G2 F20) and a scanning electron microscope (SEM) (Hitachi, S4800) equipped with an Energy Dispersive
X-Ray (EDX) spectroscopy detector for elemental analysis. Pore distribution and SSA were analyzed by
N, adsorption-desorption tests by an accelerated surface area and porosimeter system (3H-2000PS2
unit, Beishide Instrument S&T Co., Ltd). X-ray diffraction (XRD) analysis was implemented on a Bruker
D8 Advance TXS XRD instrument with Cu Ka (target) radiation (A = 1.5418 A) at a scan rate (20) of
4° min~" and a scan range from 5to 90°. Raman spectra were recorded using a Renishaw InVia micro-Raman
system with an excitation wavelength of 514 nm. X-ray photoelectron spectroscopy (XPS) was performed
on a Thermo Escalab 250Xi system using a spectrometer with a dual Al Ka X-ray source.

Electrochemical characterizations

Electrochemical properties of electrodes were firstly investigated in a three-electrode system with Hg/HgO
and Pt sheet as the reference and counter electrodes, respectively, in 3 M KOH aqueous electrolyte. Elec-
trochemical impedance spectroscopy was carried out at open circuit potential in a frequency range from
0.05 Hz to 40 kHz with a perturbation of 10 mV. The electrochemical performance of the quasi-solid-state
ZIC was evaluated by a two-electrode testing system. All electrochemical measurements were carried out
on a multichannel electrochemical analyzer (Wuhan CorrTest Instruments Co., Ltd, China).

Calculations

In the three-electrode system, the areal (Cg, F cm~?) and gravimetric (C,, F g’1) are calculated from the
GCD curves at various current densities according to the following equations:*®

I X At .

C, = AV XS (Equation 5)
I %X At .

C, = N (Equation 6)

Where I, At, and AV refer to the constant discharge current (mA), discharge time (s), and potential window
(V), respectively. s and m represent the specific area (cm?) and mass (mg) of the electrodes, respectively.
The specific capacity (C, mAh g™") for the ZIC device was precisely determined through the discharge curve
by the equation below:*’

C = 2I/th/3.6m (Equation 7)

where | (A), [ Vdt (Vs), V (V) and m (g) represent the discharge current (A), the integral area under discharge
curve, the voltage after ohmic drop, and the mass of active material in cathode, respectively. The energy
density (E, Wh kg*W) and power density (P, W kg’w) forthe ZIC devices were calculated based on the mass of
active material in cathode by the equations below:*’

E = I/Vclt/3.6m (Equation 8)
P = 3600E/I (Equation 9)

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analysis were performed by Origin 2019.
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