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Abstract: Facing the calling for the new generation of lagsgale energy storage systems that are
sustainably low cost based on earth-abundant arevable elements, the K-ion hybrid capacitor
(KIHC) constructed with both carbonaceous cathaut @node will be one of the best choices.
By using oxygen-functionalized engineering, wetfiobtained oxygen-containing soft carbon
nanofibers (ONC) cathodes which delivered a higtersible capacity of 130 mAh'mver 200
cycles at a current density of 50 mA within a high voltage window. Even at 5.0 A,ga
practical capacity of 68 mAh'gnaintained. The surface-controlled reaction donmmainstead

of diffusion-controlled reaction domination was posed to harvest high capacitance
performance. This storage model effectively overesrtihe sluggish properties of storing large-

sized K-ions by a diffusion-controlled reactioncionventional cathodes in K-ion batteries (KIBS).
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The rational design of oxygen functionalization &wds approaching more and stable active sites
was highlighted. Moreover, a renewable and low-chdt KIHC was configurated by
carbonaceous cathode and anode deriving from &stagbon source.

Keywords: Energy storage; K-ion hybrid capacitor; Oxygenefimnalized engineering; Carbon

nanofibers
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1. Introduction

The collection of renewable energy sources with imtermittent nature demands new
sustainable energy storage technologies. Amonguselectrochemical energy storage systems,

Li-ion batteries (LIBs) have certainly been a coatier, but they suffer from a critical challenge
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of the rapidly increasing cost due to the scaraitgl maldistribution of the lithium resources.
Recently, KIBs have attracted much attention atential alternative of LIBs owing to the
abundant reserves of K resources (almost 1000 tiangsr than Li) and similar electrochemical
energy storage mechanism to LIBEl Furthermore, K has a close electrochemical micié
comparing to Li (-2.93 V for K/K and -3.04 V for Li/L{, vs. standard hydrogen electrode),
which makes KIBs more competitive than Na-ion b&tein terms of working voltage and
energy density. [2-4]

The proven fact that K-ion, unlike Na-ion, can nctdate into graphite in organic electrolytes
has driven a large body of study on KIBs. It hasulied in greatly developed anode materials
during the past few yeafsand delivered anodes with large capacities andtgete capability
that certainly benefits fast-charge and -dischamgperty. Carbon materials exhibited reversible
capacities of over 150 mAh'at a current density of 1.0 A'g[5-7] Organic materials such as
dipotassium terephthalate could maintain a capaxdi§02 mAh ¢ at the same current density.
[8] However, the development of cathodes is unlmddn and their rate capability is
unsatisfactory, which imposes a great challengdulbicell assembly due to the lack of the
matched rate with anodes. [9-X&pnventional intercalation-type cathode materialfes from
slow K-ion diffusion because of the larger sizethw ions (K-ion: 1.38A > Na-ion:1.02 A > Li-
ion: 0.76 A), and the resulting kinetic limitatiasften leads to a high coefficient of volume
expansion and difficulties of fast K-ion diffusi@t high charging and discharging rates. So far,
cathode materials of KIBs have rarely exhibitedacfical capacity at a current density of 1.0 A
g*. Therefore, there exists an immediate need todr®the rate capability of K-ion storage.

As a supplementary of KIBs, potassium ion capasi{iCs) would be appealing to serve as

a promising alternative to lithium-ion capacitots$Gs). So far, a few works have been reported



for the KIC research, such as soft carbon,[17] sTia(POy)s@C, [18] K:TigO13, [19] organic
K2TP, [20] Nitrogen-doped MoSe/Graphene, [21] Oxygeh-carbon nanosheets, [22] porous
MXenes, [23] CoP nanorods, [24] Onion-like carbf?f] FeSe/N-C, [26] Ky 4gMNnosCay 5Oz,

[27] 3D nitrogen-doped framework carbon, [28] an@-BAC. [29] However, most of them focus
on developing anode materials for KICs, active cagbare commonly employed as the cathodes.
Therefore, from our point of view, searching fomneathode materials of KICs especially for
low-cost carbon cathode materials is extremely nirganxd present a timely issue for the KIC
research. Moreover, the mechanism investigatiok-imin adsorption on carbon cathode is rarely
reported, and hence the understanding of the Kattsorption of the oxygen functional groups in
carbon materials is crucial for KIC cathode researBearing in mind that K-ion diffusion in
solid is the limiting factor to achieve high ratepability, we propose a KIHC system to storage
K ions, which performs surface-controlled reactasna dominating contributor that enables fast-
charge and -discharge property of cathode mateals proposal is inspired by the carbonyl-
containing organic electrodes, [30-31] based onciwhhe redox reaction between the oxygen
functional groups and K-ions, i.e., -C=0 + e *K-C-O-K, is expected to realize reversible K-
ion storage in carbon materials. The proposal Esesetwo advantages to achieve high rate
capability of K. First, the oxygen functional graupould be bonded on the surface of the carbons,
and thus surface-contributed capacity could beinédaby the aforementioned reaction. Second,
the incorporation of the oxygen functional groupmild expand the interlayer space of the
carbons, and thus an improved K-ion diffusion toess the groups could be expected. The two
advantages can ensure the utilization of surfactralted reaction to a maximum extent, thereby
reducing the heavy reliance on the K-ion diffusiosolids.

Based on our proposal, it is critical to have thseeof modifying the surface of the carbons



with a large amount of oxygen functional groupse Bldlges of graphene layers in carbons tend to
show a higher chemical reactivity than the graptbases (the aromatic rings), and thus work as
redox-active sites. [32] Creating more edges oplgeae layers is expected to increase the ease of
surface functionalization. Our previous work of KHhodes has demonstrated that nitrogen-
doping can effectively create defects within thapiiene layers of carbons, which induces more
edges of the layers. [33] It encourages us to iteegen-doped soft carbons as a starting material
to perform the oxygen functionalization. Considgrthe low-cost and material sustainability, it
also forms a perfect base to construct all-carbdH( consisting of oxygen functionalized
carbons as cathodes and nitrogen-doped carbomodesa

Herein, by modifying three-dimensional (3D) netwofknitrogen-doped carbons (NC) using a
solution of mixed acids, we fabricated oxygen-fimtlized carbon nanofibers (ONC) as KIHC
cathodes. The oxygen-containing functional groupschemically bonded at the graphene edges,
resulting in reversible storage of K-ions in a higbltage window through surface faradic
reaction. The ONC electrode exhibited a reversileacity of 130 mAh §at a current density
of 50 mA g"over 200 cycles in a voltage window of 1.2-4.2 VeRE at 2 and 5.0 Ay it still
delivered capacities of 72 and 68 mAH, gespectively. We studied the electrochemical
mechanism and revealed that the large reversilplactty and excellent rate capability are owing
to a large surface-controlled capacity which wasigaealized by the faradic reaction between
K* and C=0. The optimal engineering of the oxygencfiamalization suggests a soft carbon
precursor with suitable graphitization and defewtaild be a better choice for obtaining stable
and oxygen-rich carbon in strong acid. Furthermare,presented a cost-effective and “green”
full KIHC based on the ONC cathode and NC anoddelivered a capacity of 84 mAh'gt a

current density of 100 mAgver 50 cycles. Even at 1.0 A git still delivered a capacity of 43



mAh g. Such behaviors outperform the performances ofynuther full-carbon K-ion storage
systems. [34-37] This work manipulates one carbatenal into both cathode and anode
materials and paves a new approach for obtainiagKilHC cathode materials and renewable
commercial batteries.

2. Material and methods

2.1 Nitrogen-doped carbon nanofibers (NC) preparation

The nitrogen-doped carbon nanofibers were fabmcdte a facile method reported in our
previous work. [33] In a typical process, 0.8 gioabnium bromide (CTAB, (&H33)-N(CHs)3Br)
was dissolved in 240 ml of 1 mol‘lhydrochloric acid solution. After a transparentusioin
formed, 1.2 g Ammonium persulfate (APS, (N¥$.0g) was then added into the above solution.
A homogeneous white suspension formed under magsetring for 30 min. 1.6 ml pyrrole
monomer was then dropwise added into the whiteesuspn and the polymerization was carried
out in the ice bath (0+3) for 3 hr under strongly stirring. Subsequentiylack precipitate (PPy
precursor) was collected by filtration and washeth wleionized water until the filtrate became
colorless. The PPy precursor was dried ati8@ a vacuum oven for 24 hr and NC was obtained
by annealing it at 1100 in N, atmosphere with a ramp rate of 5min™ for 2 hr.
2.2. Oxygen-functionalized carbon nanofibers (ONC) preparation

In brief, 20 ml mixed strong acids solution oLbFD4/HNG (vol 3/1, 96% and 70%,
respectively) was fabricated in a 50 ml round-hotftask. 150 mg as prepared NC was then put
in the acid solution and kept the flask in thebath at 507 under mild magnetic stirring for 1hr.
After diluting the mixed solution, the ONC was wadhuntil the solution became neutral and
dried in a vacuum oven at 80 for 24 hr before use. The comparison samples (HIC6

ONC800, and ONC950) were obtained through anne#yg precursor at 650, 800, and 950
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respectively, then conducting the oxygen functimagion.
2.3 Materials characterization

The SEM was performed on a Hitachi 434 S4800 teesthe morphology of the samples.
TEM and elemental mapping were performed on a JEBM-435 2100F to analyze the
construction of the samples. The crystal featufeth® samples were identified with the XRD
pattern using an 18 KW D/MAX2500V PC diffractometgra scan rate of 2° min The X-ray
photoelectron spectra analysis was acquired withexmo 436 SCIENTIFIC ESCALAB 250Xi
using an Al ki (hv = 1486.8 eV) as the excitation source. The Ranpattsa analysis was
carried out using an inVia Raman microscope withNgelaser (532 nm). FTIR spectra were
performed on an AVATAR 370. A Quantachrome autod@bautomated gas sorption analyzer
was employed to conduct the BET measurement asalysg size and distribution of the pores
(mesopores and macropores) on the samples’ sutHanecan be obtained.
2.4. Electrochemical measurements

The electrodes were prepared by mixing 80 wt% ashegized carbon materials, 10 wt%
Super P, and 10 wt% polyvinylidene fluoride (PVDWFhen, the slurry was coated on a copper
foil using the doctorblade that controlled the eetmaterials loading amounts to around 2.0 mg
cm? and put the foils in a vacuum oven at 11dor 12 hr. The electrochemical properties were
measured using the coin-cell configuration (CR 208&ich were assembled inNilled glove-
box. The electrolyte of 0.8 M KRFn ethylene carbonate and propylene carbonateH@oPC =
1/1) also was prepared in the glove-box. The sémaveas a glass microfiber filter (Whatman,
Grade GF/B). The K foil was used as the countestedde for the half-cell. CV tests were carried
out with various scan rates on a VSP electrochdmigarkstation (Bio-Logic, France).

Galvanostatic charge/discharge tests were perforoned Land CT 2001A 449 battery testing



system (Land, China) under different current dégssiat ambient temperature. For the full cell,
the NC without functionalization was used as thedan electrode. The cathode limited
configuration was used to prepare the anode armbdatfilms. The specific capacity of the full
cell was calculated based on the weight of theatkghThe mass-loading ratio is around 1.3.

3. Results and discussions

3.1 Synthesis and characterization of ONC

The ONC nanofibers were obtained by a mixed-a@dtinent of the NC nanofibers. Figure
1A and Figure S1 show the scanning electron miops¢SEM) images of ONC with different
magnifications, demonstrating a 3D network thatassisting of nanofibers with an average
diameter of ~80 nm. ONC faithfully inherited the mpleology of NC (Figure S2), suggesting that
it has a minimal effect on the morphology of thebcas to functionalize them with the oxygen
groups. Figure 1B shows the transmission electrznascopy (TEM) image of ONC reveals the
hollow inner of the ONC nanofibers. The thicknetthe sidewall is ~25 nm, forming tubes with
an inner diameter of 30-40 nm. Such a 3D netwodembled by the interconnected hollow
nanofibers makes surface-reaction and electronspian effective. High-resolution TEM
(HRTEM) image (Figure 1C) shows ONC consists of ynamicro-areas where short-range
ordered graphene layers can be found. The micrsaee separated by the micropores that can
be considered as carbon defects and create gragldgies on which the redox-active oxygen
groups can be functionalized. [32] The similaritiytbe macro- and micro-structures between
ONC and NC proves the rationale of choosing NChasstarting material (HRTEM of NC1100,
Figure S3). [33] As shown in the element mappingdes (Figures 1D-G), carbon and oxygen
distribute evenly over the entire nanofiber, furtbenfirming the successful functionalization of

the oxygen groups. The incorporation of oxygen aéshices the amount of nitrogen compared
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with NC.

Figure 1. Structure characterization of ONC by electron mscopes. (A) SEM image. (B) TEM

image. (C) HRTEM image. (D-G) Images of element pnag of C, N, O.

The structure of ONC and NC were analyzed by X-diffraction (XRD), Raman
spectroscopy, Fourier Transform Infrared (FTIR)ctpescopy, X-ray photoelectron spectroscopy
(XPS) and Brunauer-Emmett-Teller (BET). The XRDtgats in Figure 2A show both ONC and
NC possess two peaks at around 25°and 43°, whitheandexed to (002) and (101) planes of a
disordered carbon, respectively. Upon functiongilira the oxygen functional groups modified
at various locations on both sides of grapheneréag@n cause distortion of the inter-planar space,
resulting in the widening of the diffraction pealk$ie (002) peak of ONC shifts from 26° to 24°,
indicating the expansion of the inter-planar spg@aused by the oxygen functional groups. [38]

The Raman spectra of ONC and NC (Figure 2B) bothibéxbroad disorder-induced D-band



(1353 cnt) and in-plane vibration G-band (1579 mnThe value of d/Ip can be used to verify
the graphitic ordering of amorphous carbon materi@9] where dand b are obtained from the
absolute heights of the peaks. The calculated vallug/Ip decreases from 1.04 for NC to 0.94
for ONC after functionalization, indicating a highéisordering degree of ONC and agreeing
with the XRD results. The FTIR spectrum of the NiCFigure 2C exhibits overlapping bands in
1500-1600 cnt range corresponding to the C3spybridization, suggesting the presence of
considerable amounts of aromatic domains in NC samim the spectrum of ONC, the
overlapping bands located in 750-1500 tiwan be assigned to the C-O, C-O-C, and O-H
vibrations. The peak of the ON&pectrum between 1600 and1700 coorresponding to the
COOH and C=0 mode becomes much sharper, and tsenme of a peak around 3400tm
suggests the existence of C-OH mode. [40-41] Adngrtb the comparison of different oxygen
bonds, the spectra confirm that oxygen-containirayigs have been chemically bonded with the
edges of the carbon rings. The XPS survey spettifeggure 2D show a sharp increase of the Ols
peak intensity in ONC, once again demonstrating tiia oxygen functionalization process has
been realized. The content of oxygen increased ftdi%o to 19.8% meanwhile the composition
of the C=C bond decreased from 75.8% to 69.9%, whasults from the harsh oxidation and
destruction of the C-$@mromatic structure of graphitic edges in a strpmgiidizing solution. The
contents of C=0 groups, C-O-C/C-OH groups, and CQ@itips are about 36%, 45%, and 19%

respectively. It suggests that both C=0 groups @@ C/C-OH groups play a major role in the

K-ion storage (Figure S4AA slight reduction in nitrogen content may be doecid corrosion

and the addition of oxygen atoms. The ONC contaimg N-6 and N-Q (Figure S4B), and the N
content in ONC is sti ciently low (nearly 2%) thatsitnot expected to meaningfully contribute

to the charge storage capacity. Figure 2E disptéyse observation of the C1ls XPS spectra of
10



ONC and NC. The peaks can be fitted to five comptscated at 284.7, 285.6, 286.7, 288.2
and 290.1 eV, corresponding to thé §6C=C), spC (C-C, C-O, C-N), C=0, COOH, and N-
C=0 groups, respectively. [42-43] It is noted tthet relative content of oxygen functional groups
(C=0 and COOH) increased in ONC in comparison Wt. The hysteresis loop of nitrogen
absorption/desorption isotherms in Figure 2F dernates that ONC possesses the characteristic
of the H3-type adsorbent feature, meaning both aazand mesopores exist in the carbon. The
BET surface area was estimated to be 1236 mThe pore size distribution analyses of ONC
(inset of Figure 2F) also confirms the existencenatro- and meso-pores, which corresponds to
the porous structure between the short-range gnaeplagers and the inner diameter of the hollow

fibers, respectively, agreeingth the results of TEM and SEM characterizations.
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Figure 2. Structure characterizations of ONC and NC by spsactipes. (A) XRD patterns. (B)
Raman spectra. (C) FTIR spectra. (D-E) XPS surypegtsa and C 1s core level of XPS high-

resolution spectra. (F) Nitrogen adsorption/desonpsotherms (inset).
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3.2 Investigation of electrochemical performance of ONC

The electrochemical behavior of ONC was investidatea voltage window of 1.2-4.2 i
half-cells. As shown in Figure 3A, the cyclic vaiteetry (CV) curves at a scan rate of 0.2 mV's
! display a quasi-rectangular shape with less defipesks, indicating the oxygen functional
groups of ONC undergo a faradaic reaction whichieisponsible for electrochemical energy
storage at the applied voltage window typically ¢athode materials. [42] Figure 3B shows the
cycling performance measured at a current denditg0omA ¢*, and the charge-discharge
profiles are shown in Figure S5. The profiles digph sloping feature in the applied voltage
window, which is consistent with the CV results aighals a surface-controlled charge storage
mechanism. ONC delivered initial discharge and ghazapacities of 160 and 224 mAH, g
respectively. The higher capacity of the chargingcpss implies the contribution of anion {BF
storage to the total capacity. We tested the hallfic the same voltage window but starting from
a charging process (Figure S6). The initial chargeacity of 56 mAh § was obtained, which
proves the concurrent occurrence of anion stor@galombic efficiency (CE) increased to 95%
after 10 cycles, demonstrating high reversibility the charge storage derived from the
reduction/oxidation of the oxygen functional groypsll be discussed later). ONC delivered a
capacity of 130 mAh g after 200 cycles, maintaining 70% of the dischargeacity of the 5th
cycle. The obtained long-term capacity is comparabt even higher than those of the
conventional KIB cathodes. [9-16] To further confithat the oxygen functional groups are
responsible for the charge storage, we tested NChialf-cell with the same condition. As shown
in Figure S7 and S8, a low capacity of ~40 mAhwas observed, and the capacity contribution
from the voltage above 2.0 V is about 30% of thaDNC due to the lack of charge storage sites

in NC. Rate performance at various current derssitias presented in Figure 3C. ONC delivered

12



reversible capacities of 194, 148, 123, 100, 85an@ 68 mAh gat the current densities of 0.05,
0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 A.grhe capacity recovered to 155 mAHwhen the current
density was reduced back to 0.05 A ¢loreover, we further tested for 50 additionallegc and

it exhibited a stable reversible capacity of 131hmg\. Stable and well-reproducible charge-
discharge profiles were observed at all testingerurdensities (Figure 3D), and almost no
polarization between charging and discharging eafohnd, once again demonstrating the high
reversibility and facile charge transport of theygen functional groups enabled charge storage.
Moreover, we investigated the ONC electrode at kigiment densities of 1.0 A'gand 2.0 A §.

The capacity can remain 65 mAHK" gfter 1000 cycles and 48 mAh® gfter 3000 cycles
respectively (Figure 3E). As previously pointed,otltere have been very limited reports of
conventional KIB cathode materials that exhibitractical capacity at 1.0 Ay [44-47] The
presented rate capability in our work not only se@apractical capacity at such a current density

but also maintains among high capacities at theentidensities well beyond 1.0 Ag
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Figure 3. Electrochemical performance of ONC in a half-celhfiguration. (A) CV curves at the

scan rate of 0.2 mV’s (B) Cycling performance at the current densityodi5 A ¢". (C) Rate
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performance. (D) Profiles with rates ranges fro@50o 5.0 A . (E) Cycling performance at
high current densities of 1.0 A'gind 2.0 A .

3.3 Undergoing electrochemistry of ONC

To reveal the charge storage mechanism, we cordlubte XPS measurement on the ONC
electrodes at different charge and discharge statekthe results are shown in Figure 4. The O
1s spectra can be fitted to three components of ,GEBI/-O-, and COOH at the bonding
energies of 530.2, 532, and 533 eV, respectivalyufE 4A). The relative intensity of C=0 to -
OH/-O- decreases after first discharging process ianreases after the subsequent charging
process. It is in accordance with the reaction@#Q - e= -C-O-, where C=0 double bond is
reduced to C-O single bond upon an electron retgashile the opposite process occurs after
capturing an electron. We notice that the relaitivensity of C=0 does not fully recover after the
first charging process, presumably resulting frome ttompetition between reversible and
irreversible oxidation of the functional groups-6+O- in ONC, which was observed in previous
work. [48] Nevertheless, a significant decreasetltd relative intensity after the second
discharging process suggests a reversible reductidd=0 and thereby the reversible redox
reaction can be confirmed. The changing trend ef@hls components is in a good agreement
with the O 1s components (Figure S9), where thersdvle change of relative intensity of C=0
to C-O can be clearly identified. The results of t 2p spectra shown in Figure 4B provide
additional support to the presented charge stomegghanism of -C=0 + K- e= -C-O-K. The
intensity of the peaks increases/decreases aftéradiacharging/charging process, indicating the
storage/release of K-ions by/from the oxygen fwral groups, which is also in a good
agreement with the results of the O 1s and C lstigpeAs we mentioned in the last section,

anion storage also contributes to the overall @hatgrage. Since BFcarries negative charge,
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the change of its amount should be opposite toadhKtion. This is exactly what we observed in
the F and P spectra (Figure 4C), where the infesgif the F 1s, P 1s, and P 2p peaks all increase
after charging process and decrease after the qudasedischarging process. [49] However, the
low absolute intensity and the relatively small&arge comparing with the O and K peaks
undoubtedly suggest that the K-ion storage by tkggen functional groups is the major
contributor to the overall capacity. On the basisttee above analysis, the charge storage
mechanism is illustrated in Figure 4D. The funcéliration of the oxygen groups preferentially
occurs at the defect sites of graphene layers gdllny the nitrogen doping. C=0 groups are
reduced to C-O upon the uptake of K-ions during fil& discharge process, and reversible
reduction/oxidization of C=0 and storage/releasPgf take place during the subsequent cycles.
Furthermorethe types and bonding environment of the oxygerttfanal groups could be the
major influence factor of the material stabilitytims work. As we know, the reversible reaction
of oxygen-containing functional groups to potassioms is mainly because the electrons of the
C=0 bond can be delocalized to other C=C bori@S] The sp hybridization of C=C bonds in
carbon molecules rings is weaker than thesgbridization of C=C bonds in organic aromatic
rings because of the existencetdtbonds. Therefore, the reversibility and stabibfythe oxygen
functional groups depend on whether the electroriseaactive sites can delocalize and the sp2
hybrid strength of the carbon ring where the oxyf@erction is located. In our work, the ONC
possesses three different kinds of oxygen-contgifiimctional groups Higure S11), type A
possesses the highest chance for the electronaliebitcon of C=0 bonds. The weaker type B
and type C shall be playing a major role in therddgtion of material properties. It can be
speculated that the ion diffusion in the carbonetagfter long cycles weakens the sp2

hybridization of carbon, which further reduces #téivity of weak type B and type C. In addition,
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the charge and discharge plateaus for carboxylwmy (Type B) of the organic aromatic
compounds are generally lower than 1.0 V, theynaaenly used for K-ion storage of the anode
materials. R8-R10] Therefore, the carboxylic groups may not storéagsium ions at high
voltages in oxygen-functionalized carbon materidlee relative intensity of the carboxylic
functional groups in Figure 4A has hardly changadrd) the charging and discharging process,

which can support that.
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Figure 4. Electrochemical mechanism study with ex-situ XP8csroscopes of ONC. (A) O 1s

core level of XPS spectra at different charge alsdhérge states. (B) K 2p core level of XPS
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spectra screenshot from the figure of C 1s corellef/XPS spectra. (C) F 1s core level of XPS
spectra (upper), P 1s and P 2p core level of XRStsp (lower). (D) Schematic illustration of
charge and discharge processes of K-ions and amdraf cell.
3.4 Analysis of the kinetics of K-ion storage

To further study the kinetics of the ONC electrqdes investigated the CV curves at scan
rates of 0.1 to 5.0 mVgin Figure 5A). The peak current obeys a power-talationship with
scan rate, which can be used to reveal the chaogage process according to the following
equation:

i=a’
wherei-valueis peak currenty-valueis scan ratea andb are adjustable values. Whereab-a
value of 0.5 corresponds to an ideal intercalaffanadaic reaction process and-gsalue of 1
corresponds to an ideal surface faradaic reactoiralling. [54] Figure 5B shows a good linear
relationship based on the cathodic peak current thedb-value is calculated to be 0.83,
suggesting a surface dominated process. The supgeameess contribution can be further
guantitatively estimated according to following atjan.
Q= Q, + const (I¥)™*?

whereQ-value is capacity-value is scan rat&). is a constant value that is assigned to the ideal
storage capacity at infinity rate. [54-55] In a tpld Q versusv 2 the relationship between
discharge capacity and scan rate can be estahlisinedthe regions that are linear represent
capacity limited by semi-infinite linear diffusiaentrolling whereas surface-controlled
contributions are independent. As shown in Figue the ideal storage capacity by surface-
controlling is estimated to 0.087 mAh. The fastrge&lischarge kinetic at high rates (> 1.0 mV

s1) is dominated by a surface-controlled reactionaditition, the level of the surface-control
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reaction contribution also was determined accordinthe relation of current density,with the
combination of capacitor-like index;\ and diffusion-controlled indexok"2 [7, 12, 33] At the
scan rate of 1.0 mV'’s the surface-controlled contribution is 51.6% (Fi&g 5D). Similar to
supercapacitors, the main factor for high rate gévaischarge is the transfer of ions and
electrons to the surface of nanofibers rather ttten conventional bulk diffusion. This is
unsurprising since N—dopant in carbon precursorldcanduce more defects and edges of

graphene layers, which results in more bonding wiiigen-containing functional groups as a

surface functionalization.
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Figure 5. Quantitative analysis and illustration of K-stagagrocess in ONC. (A) CV curves at
various scan rates of 0.1 m* ® 5.0 mV &. (B) b value determination from anodic peaks
currents. (C) Separation of diffusion-controllegb@eity from capacitive-controlled capacity. (D)
The contribution of surface reaction at 1.0 mV s

3.5 Discussion of optimal engineering of oxygen functionalization

The oxygen-containing groups and the stabilityhef surface reaction are two factors to achieve
high capacity and cycling behavior. Those are @aiévo the contents of oxygen-containing
groups at the graphene edges and their graphiticomment (the aromatic rings). Therefore,
increasing both graphene edges and degree of gegpion which create much stable redox-
active sites are necessary. However, they are dimgpeith each other. In principle, during the
degree of graphitization increase, graphene edgkdegrease for carbon materials. In this case,
to understand the correlation and further explam aptimal performance of ONC, the control
experiments were conducted, the comparisons afybleng performance in the carbon materials
with the different functionalization conditions veecarried out as well. All the carbon materials
underwent galvanostatic charge/discharge processs® mA ¢ within voltage windows of 1.2-
4.2 V. The ONC with different functionalized temaemres (4001, 501, 60 and 70J) and
operation times (1h, 2h, and 3h) were investigafedshown in Figure S11, the ONC with the
functionalized temperature of 50 and the operation time of 1h exhibits a higherac#ty and
more stable cyclability than the other samplesinbthat various conditions. It can be speculated
that the oxidation of concentrated$0,/HNO; destroys the graphitization of the carbon material
while conducting the functionalization process, ugdg the content of sp2 hybridization.
Functionalization under the conditions of certamperature and time ensures that the carbon

material has a higher content of the oxygen funetiogroups while ensuring the redox
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reversibility of these functional groups. Additidiyathe different kinds of oxygen functionalized
carbons with different carbon precursors were tatteid. As shown in Figure S12, the ONC with
a higher degree of graphitization possesses thatagratability (capacity retention after 100
cycles: 69% for ONC1100; 63% for OCNT; 59% for NO8R29% for OAC). Moreover, the ONC
possesses a better rate capability compared to atredogs. CNT is a graphitic carbon that
possesses the highest degree of graphitizationlamest content of defects, it exhibits low
capacity but excellent capacity retention. AC ikaad carbon that possesses a relatively low
degree of graphitization and high content of defeittexhibits high capacity but worse capacity
retention. Overall, a soft carbon with both lotsdaffects and a high degree of graphitization
which could be a better precursor to obtain an erydunctionalized carbon for the ion
adsorption.Moreover, the K-ion capabilities of the differentCNmaterials of which possess
different species of nitrogen defects are alscedsffit. The defects in the precursors of NC1100,
NC950 and NC800 mainly are the N-6, N-Q which eviistcarbon planes through %sp
hybridization, while that in NC650 mainly are theSNwhich exist in carbon planes through sp
hybridization. ONC cathodes possess approximatialiiischarge capacities while initial charge
capacity shows an obvious difference, the ONC witiher sp hybridization displayed much
better reversibility and cyclability. We specul#tat the N-6 and N-Q with the Shybridization
give extra electrons delocalization around the hjamcing the aromaticity of carbon planes,
especially the carbon defects. The stronger araithatof carbon layers can enhance much
delocalization of the electron in carbonyl group$ich might endow much higher stability of

ONC at a higher temperature.

3.6 Full-carbon K-ion hybrid capacitor

To demonstrate the potential application of thespnéed ONC, we paired it with NC to
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construct a full-carbon KIHC. The rationale behih@és based on the high working voltage and
rate capability of ONC and the low working voltagfeNC reported in our previous work (Figure
S13). [33 20] Prior to the full-cell assembly, N@svactivated by cycling in a half-cell at 50 mA
g* for 10 cycles. As shown in Figure 6A, during cheand discharge, both K-ions and anions
can be reversibly stored in ONC, while NC revessittiores only K-ions. The first charge and
second discharge profiles of the full-cell and {wafis are shown in Figure 6B and S14,
respectively. The full-cell displays a sloping pi®in the voltage window of 0.5-3 V at a current
density of 0.1 A @, which is related to the similar feature of the ©Nalf-cell (Figure S5). The
charge and discharge capacities are 163 and 100ghAtespectively, giving a CE of 62% that
rapidly increases to 94% after 10 cycles. The dall-delivered a reversible capacity of 84 mAh
g*' after 50 cycles. Moreover, as shown in Figure ®, full-cell capacity of 54 mAh is
retained after 1000 cycles at 0.5 A @Rate performance of the full-cell is displayedrigure 6D,
where capacities of 73, 58, and 43 mAhngere obtained at the current densities of 0.2'AGy5

A gl and 1.0 A g, respectively. The result is among the best ofié€®s in terms of energy

density and power density (Figure S15). [17, 20281,
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ONC//NC full-cell at 0.5 A g.
4. Conclusion

Benefiting from the surface-controlled reaction,ygan functionalized carbon nanofibers
cathode exhibited a large capacity and great i@gpatility within a high voltage window for K-
ion storage. The charge storage mechanism andahtmaterial design highlight an important
key element of storing large-sized ions. Surfagadi@ reaction dominated process instead of
diffusion faradic reaction dominated process, whieads to the optimal performance of the
promising KICs. We also found out a clue that d safbon precursor with suitable graphitization
and defects would be a better choice for obtaisiadple and oxygen-rich carbon in strong acid.
Based on the oxygen functionalization enabled @hatgrage, we demonstrated an advanced K-
ion based full cell consisting of both carbonaceoathode and anode deriving from a single
carbon source. This work may shed light on desmhiigh-performance KIC cathodes and open

up an avenue towards future energy storage tecpieslavith low cost and material sustainability.

Appendix A. Supplementary

Low-magnification and high-magnification SEM image#fsNC and ONC, HRTEM image of
NC, electrochemical investigation of NC, C 1s deneel of XPS spectra of ONC during different
charge/discharge processes, etc.
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The carbon nanofibers with high-content -C=0 groups was obtained by an efficient oxygen
functionalization engineering.

The carbon nanofibers exhibited great capability of potassium-ion storage within a high voltage
window of 1.2-4.2 V.

Surface-dominated reaction of -C=0 + K* + e ¢&> -C-0-K was verified as the major contributor for
the enhancement of potassium-ion storage.

A “green” potassium-ion hybrid capacitor with both carbon cathode and anode that are derived
from same precursor was demonstrated.
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