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A B S T R A C T   

Dual ion batteries are one of the emerging substitutes for lithium ion batteries with high operating voltages and 
energy density, but their recent advancements have been limited by unsatisfactory cathode stability in the form 
of irreversible exfoliation. To address this bottleneck, a strategy to selectively incorporate carboxylic anhydride 
functionality between graphite layers is developed to enforce a stabilizing effect to the crystal structure, which 
allows for effective performance optimization through particles downsizing and interlayer distance tuning 
without the compromises of intercalation site disruption and voltage deduction. The resulting graphite cathode 
experienced significant capacity, rate capability and stability improvements, achieving a highly reversible ca-
pacity of 91.2 mAh g− 1 at 2 C, which then cycled consistently for over 1,000 cycles. Overall, this work removes a 
major handicap that has limited the development of dual ion batteries and demonstrates a design pathway for 
high performance graphite intercalation cathode suitable for anion intercalation with both enhanced stability 
and discharge capacity.   

1. Introduction 

Safety concerns, material supply inconsistency and energy density 
limitation of traditional lithium ion batteries (LIBs) have motivated the 
development of next generation energy storage devices [1–6]. Among 
the emerging systems, dual ion batteries (DIBs) have attracted immense 
attentions as probable replacement with comparable or even better 
performances [7–11]. Unlike traditional LIBs that operate solely based 
on cation shuttling, both cations (Li+, Na+, K+) and anions (PF6

− , TFSI− ) 
de/intercalation in corresponding electrode are enabled in DIBs [12,13]. 
Specifically, anion intercalation to cathode and cations insertion into 
anode occur when the batteries are charged, while anions and cations 
are extracted to electrolyte in the discharge process [14]. Under such 
mechanism, DIBs not only present a high discharge voltage (up to 6.0 V) 
[15], but also high theoretical energy density [16]. However, despite the 
promises, restrictions associated with anions insertion inevitably lead to 
capacity and life span limitations [12,14]. In contrary to alkali-ion 
batteries that utilizes transition metal oxides as the framework of 
alkali-ion (Li, Na, K with the radius within 0.76–1.38 Å) diffusion, 
molecular-size anions (3–4 Å) can only be shuttle within cathode ma-
terials containing large tunnels such as polyanionic compound and 2D 
graphite intercalation compounds (GICs) [17–20]. Given so, 

development of suitable cathode materials has been one of the most 
important challenges in the field of DIBs. 

Previous reports have identified that both ex/intercalation and sur-
face redox processes occur in GICs; the ex/intercalation reaction is 
shown to be beneficial for high redox potential, and the surface redox 
processes provide additional capacity in lower voltage ranges [16,21, 
22]. However, the anion ex/intercalation reaction is both thermody-
namically and kinetically hindered by insufficient interlayer distances 
(~3.5 Å), while the surface redox processes are primarily controlled by 
the available active sites on the material surface [23]. Previous studies 
have reported that battery capacity and rate capability can be improved 
by lowering particle size to increase surface area [24–26]. Some notable 
examples adapting this approach include 3D porous microcrystalline 
carbon and nanoflake constructed porous graphite [27–29]. Neverthe-
less, such strategies are generally accompanied with the compromise of 
intensified interlayer exfoliation or surface corrosion, which are not 
ideal for achieving optimal electrochemical performance with GICs. 
Under such circumstances, surface modification may be considered as an 
effective method to both increase the applicable active sites for capacity 
improvement and lower the interphase resistance of ex/intercalation 
reaction. 

Herein, we aim to accommodate the instability of graphite during 
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repetitive anion de/intercalation through surface modification. In de-
parture from previous strategies that have little influence to the stacking 
of graphite layer, we demonstrate that the graphite interlayer interac-
tion can be strengthened with induced formation of surface carboxylic 
anhydride functionality, which effectively suppress interlayer exfolia-
tion upon cycling. As shown in Fig. 1, through a surface functionaliza-
tion strategy under high-pressure treatment, micron-sized graphite 
particles are reduced to smaller particles with increased surface area, 
while maintaining the carbon layer-stacking as a result of the incorpo-
rated function groups. Such configuration not only enlarges the inter-
layer distance which is beneficial for cation insertion, but also prevents 
interlayer separation during cycling. Benefiting from these specific 
properties, the graphite cathode that undergone the optimal function-
alization process achieves a highly reversible capacity of 91.2 mAh g− 1 

at 2 C and capacity retention of 80% after 1,000 cycles of operation. 

2. Results and discussion 

2.1. Structural and surface characteristics 

Surface functionalization of graphite was carried out using high- 
pressure ball-milling with and without the addition of dry ice, details 
of the synthetic process are provided in the methods section. Dry ice was 
particularly selected to provide high CO2 pressure in the ball-milling 
chamber to promote the formation of edge carboxylation on the 
graphite particle [30], the process is chosen to effectively functionalize 
the graphite cathode owing to its eco-friendly, low cost, easiness oper-
ation and huge potential suitable for large-scale production [31]. The 
pristine and treated samples are labeled as GP, GP 1-0, GP 1-4 and GP 
1-8 respectively, with the number representing the mass ratio of GP to 
dry ice added to the ball-milling chamber. Atomic stacking of each 
sample was first evaluated by X-Ray diffraction (XRD), and the (002) 
reflection located at around 26.5◦ was used to investigate the interlayer 
distance along c axis. As revealed in Fig. 2a, all treated samples show 
slightly increased c value compared to the untreated GP sample, sug-
gesting interlayer expansion as a result of the ball-milling treatment. 
Morphology changes of the samples observed with scanning electron 
microscopy (SEM, Fig. S1) identifies gradual reduction of particle sizes 
with increasing CO2 amount, from over 10 µm of the pristine GP to 

around 3 µm in GP 1-8. The size reduction is due to the higher CO2 
pressure environment that promotes the C–C bond breaking of graphite 
particle [31]. As for their gas adsorption Brunauer-Emmett-Teller (BET) 
surface area analysis (Figs. S2 and 2b), the untreated GP demonstrates a 
low surface area of 25 m2 g− 1 and the values for GP 1-0 and GP 1-4 are 
increased to 272 m2 g− 1 and 422 m2 g− 1 after ball milling, which is 
probably associated with both reduced particle size. However, despite 
having the smallest particle size, surface area of GP 1-8 did not further 
increase but instead reduce to 374 m2g− 1, suggesting a surface condition 
that differs from the other samples, which will be analyzed in later 
section. Turning to the Raman measurements, a strong G band and 
minimal D band located at 1,576 cm− 1 and 1,345 cm− 1 are observed in 
the spectra of GP (Fig. 2c), indicating negligible amount of edge dis-
tortions and topological defect [32]. Upon ball-milling, relative D band 
intensity of all treated samples significantly increases due to the gen-
eration of crystallographic defects by size reduction, with GP 1-4 
exhibiting the largest ID/IG ratio of 0.94. Noted that the trend of ID/IG 
ratio changes from GP 1-4 to GP 1-8 (ID/IG ratio of 0.65) also align with 
the BET results, which leads to a hypothesis that on top of the reduced 
particle sizes, a different modification mechanism has been triggered 
under higher CO2 concentration ball-milling, leading to an alternative 
surface conditions. 

To identify the surface condition of the samples, Fourier transform 
infrared (FT-IR) spectroscopy was employed to investigate their surface 
functionalities. All samples display a weak sp3 C–H peak at 2,921 cm− 1 

associated with defects on the carbon layer, a sp2 carbon peak at 
2,840 cm− 1 and a strong broad peaks at 3,440 cm− 1~3,500 cm− 1 cor-
responding to vibration mode of residual crystal water in the specimen 
(Fig. S3) [30]. Upon the addition of dry ice in the ball-milling process of 
GP 1-4, occurrence of edge-carboxylation is evidenced by a strong C––O 
stretching peak at 1,720 cm− 1 and a weak C–O stretching peak at 1, 
210 cm− 1 from O––C–OH [31]. While in the FT-IR spectrum of GP 1-8, 
apart from the distorted carboxyl acid peaks (1,707 cm− 1 and 1, 
272 cm− 1 for the C––O and C–O bonds, respectively), new adsorptions 
exclusively associated with carboxylic anhydride functionality have 
emerged [33–36]. These include a pair of new absorptions at 1,837 and 
1,762 cm− 1 commonly referred to the asymmetric and symmetric C––O 
stretching vibrations, and a new peak at 1,090 cm− 1 from the C–O–C 
stretching vibration (Fig. 2d). The surface functional groups were 

Fig. 1. SEM images and schematic illustration of working mechanism of a) unmodified graphite and b) modified graphite cathode. Blue, red and yellow spheres 
represent C, P and F atoms, respectively. The green dashes represent functionalities that enact binding force between crystalline layers. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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further investigated by X-Ray photoelectron spectroscopy (XPS, Fig. 2e), 
in which the O 1s spectra of GP 1-0, GP 1-4 and GP 1-8 are deconvoluted 
into three feature peaks that refer to oxygen ions in C–OH (carbon single 
bond to the hydroxyl group), C–O (oxygen single bond to carbon) and 
C––O (oxygen double bond to carbon) at 534.9, 533.5 and 532.1 eV, 
respectively [37,38]. Quantitative analyses suggest reduced C–OH pro-
portion moving from GP 1-0 to GP 1-4, whereas the ratio of C––O in-
creases (Table S1), signaling the formation of carboxylic acid in GP 1-4. 
When continue raising the CO2 concentration in GP 1-8, the relative 
intensity of the C–O peak largely increases, accompanied by reduction of 
the C–OH ratio and minimal changes of the C––O peak. Combining with 
the FT-IR results, this likely implies the occurrence of carboxylic acids 
on the graphite surface undergoing a condensation reaction to form 
carboxylic anhydride functionality. Based on the above results, it can be 
concluded that two separate reactions have been triggered in the 
ball-milling process: the first is the edge/surface carboxylation on the 
graphite, and the second is the condensation of carboxyl group to car-
boxylic anhydride moiety that is activated by the specific condition of 
high CO2 pressure (Fig. 2f). 

The above identified surface functionalization mechanism is in good 
agreement with the trends observed in the physical characterization 
process. Specifically, the formation of carboxylic anhydride function-
ality between neighbouring carbon layer provides binding strength that 

limits the expansion and subsequent separation of the layer. This ex-
plains the higher peak location of GP 1-8 (26.52◦) compared to GP 1-4 
(26.50◦), and their lower BET surface area despite smaller particles 
sizes [39]. Additionally, this specific functionality and carbon layer 
arrangement restricts the exposure of inner layer carbon from further 
reaction, resulting in reduced abundancy of defects and thus lower ID/IG 
ratio (0.65) compared to that of GP 1-4 (0.94) [30,31]. Overall, it can be 
concluded that the high CO2 concentration ball-milling condition en-
ables effective down-sizing of graphite particles while suppressing vast 
generation of defects in the carbon crystal structure. 

2.2. Functionality and electrochemical behavior correlation 

Galvanostatic charge/discharge and cycling voltammetry (CV) were 
conducted using 4 M LiPF6/EMC electrolyte and Li metal as counter 
electrode to investigate the electrochemical behavior after surface 
functionalization. High LiPF6 concentration was provided to ensure 
presence of sufficient electrolyte ionic conductors throughout the 
cycling process [15]. As shown in Fig. 3a, GP exhibits typical charac-
teristics of DIBs cathode with two discharge platforms located at 4.65 V 
and 4.25 V that contribute a total capacity of 76 mAh g− 1, correspond-
ing to two stages of anion intercalation process [25,40]. For the ball 
milled GP 1-0, it experiences clear voltage and capacity reductions for 

Fig. 2. a) X-Ray diffraction patterns, b) BET surface area data, c) Raman spectra of GP, GP 1-0, GP 1-4 and GP 1-8. d) FT-IR spectra (KBr pellets) and e) XPS spectra of 
GP 1-0, GP 1-4 and GP 1-8. f) Proposed formation reaction of carboxylic graphite (GP 1-4, first line) and carboxylic anhydride graphite (GP 1-8, second line). 
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these two platforms, likely due to shifts from a two-phase reaction into a 
solid solution reaction. It also gains additional discharge capacity in the 
range of 4.0–2.0 V associated with increased surface-redox reactions 
provided by enlarged surface area. Voltage declines of the two anion 
intercalation platforms become more severe when small amount of CO2 
is used for GP 1-4, as the two intercalation plateaus are essentially 
replaced with a slopping discharge curve. This aligns with its further 
increased surface area and enlarged interlayer spacing caused by 
carboxyl groups formation, which disrupts anion intercalation but fa-
cilitates additional surface electrochemical reactions [30]. The lowered 
first cycle Coulombic efficiency in GP 1-8 (64%) compared to GP (72%) 
is likely due to its increased surface area, which provides additional sites 
for electrolyte decomposition and surface interphase formation at the 
initial stage [41,42]. The functional groups on the surface of GP 1-8 may 
also promote electrolyte decomposition [43]. Interestingly, the two 
intercalation platforms at 4.65 V and 4.25 V reappear in the 
charge-discharge profile of GP 1-8 with insignificant voltage changes 
and the material achieves a total capacity 37% higher compare to the 
pristine GP. The results indicate the down-sizing of GP 1-8 by high CO2 
concentration ball-milling effectively improves its available capacity 
without changing its primary energy storage mechanism, which remains 
to be an intercalation dominant process. This is critical, as capacity in-
crements that cause substantial voltage deduction will not yield mean-
ingful improvement in battery energy density. 

In the ensuing rate capability tests, GP 1-8 achieves capacities of 
103.8, 99.3, 92.7, and 88.8 mAh g− 1 at 0.2 C, 0.5 C, 1 C and 2 C, 
respectively, with minimal voltage decreases for the primary discharge 
platforms (Fig. 3b and c). In contrast, capacity of the other ball-milled 
samples first experience substantial decays in the 0.2 C cycles, likely 
due to structural exfoliation and incomplete anion extraction from high 
capacity utilization, and then further reduce by over 40% when the rate 
is raised to 2 C (Fig. S4). GP 1-8 also outperforms all samples in long 
period cycling at 2 C with the highest reversible capacity of 
91.2 mAh g− 1 and capacity retention of over 80% after 1,000 cycles of 
operations, whereas GP 1-0 and GP 1-4 retained only 62% and 42% of 
their capacity in the same duration (Fig. 3d). The capacity increase of GP 
1-8 in the initial cycles can be attributed to the gradual wetting and 
activation process of the electrode [25]. The same trend is not observed 
on GP 1-0 and GP 1-4, because they experience significant capacity 
decade due to structural exfoliation by repeated anion inter-
calation/extraction that outweigh the gain from the activation process 
[7,22]. These performance comparisons demonstrate the advantages of 
GP 1-8 by achieving an optimal balance between surface area and sur-
face functionalities. The relatively high surface area enables better site 
availability, while the carboxylic anhydride functionality provides the 
necessary binding strength to ensure long term integrity of the material 
structures. Worth noting, these performance of GP 1-8 is superior when 
compared to results reported in previous literatures [7,44–46]. Redox 

Fig. 3. Galvanostatic charge–discharge curves of a) GP, GP 1-0, GP 1-4 and GP 1-8 at 0.2 C, b) GP 1-8 at 0.2 C, 0.5 C, 1 C and 2 C. c) Rate capabilities of GP 1-0, GP 1- 
4 and GP 1-8. d) Long term cycling results of GP, GP 1-0, GP 1-4 and GP 1-8. e) Contribution ratio of the capacitive (bottom color) and diffusion controlled (top color) 
capacity at different scan rates of GP, GP 1-0, GP 1-4 and GP 1-8. f)–g) Capacitive contribution of GP 1-4 and GP 1-8 at 1 mV s− 1. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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behavior and electrochemical kinetics investigations on the graphite 
cathodes by CV analyses reveal gradual weakening of redox peak 
distinctiveness and transition toward surface-dominate processes when 
shifting from pristine GP to GP 1-0 then to GP 1-4 (Figs. S5 and S6) 
[47–49], which matches the increasing trends in crystal logical defects 
and surface area of the samples. As for GP 1-8, despite having a signif-
icant portion of its capacity being surface-controlled, it exhibits much 
less capacitive characteristics and more recognizable redox peaks 
compare to GP 1-4, verifying again its intercalation dominant nature. 
This is also supported by quantitative analyses of the CV curves, which 
show large increases in diffusion-controlled processes when moving 
from GP 1-4 to GP 1-8 (Figs. 3e and S7). For instance, at the scan rate of 
1 mV s− 1, only less than 17% of the capacity demonstrated by GP 1-4 is 
diffusion-controlled (Fig. 3f), while over 30% of the energy storage 
process in GP 1-8 with smaller particle size are independent of the 
available surfaces (Fig. 3g). Additionally, electrochemical impedance 
spectroscopy (EIS) analysis suggests GP 1-8 exhibits the lowest 
charge-transfer impedance evidenced by the smallest semicircle at 
high-frequency regime, whereas the GP 1-4 presents a very steep slope in 
low-frequency region that is associated with the fast reaction kinetic of 
capacitive behaviors (Fig. S8) [50]. 

2.3. Ex-situ mechanism investigations 

To reveal the mechanistic variations of the ball-milled samples with 
different functional groups, ex-situ XRD and Raman analysis were 
employed at various selected states of charge/discharge. As shown in  
Fig. 4a, during the initial charging to 4.5 V, the (002) peak of GP 1-8 
shifts distinctly to lower angle, followed by widening and further left 
shift at 4.8 V and 5.0 V, indicating the intercalation of PF6

− anions that 
expands the d-spacing of the carbon layer graphite. The total shift from 
the initial state to 5.0 V is ~2.6◦. When discharged, the (002) peak 
gradually narrows and moves to a peak position that is slightly left 
shifted by 0.7◦ compared to its initial state, indicating the PF6

− de- 
intercalation from graphite. Among the three ball-milled samples, GP 
1-8 experienced the smallest peak shift, which is in good consistent with 
its best cycling performance (Fig. S9). For comparison, GP 1-4 shows a 
(002) peak shift of over 6.0◦ when charged to 5.0 V and a large shift of 2◦

when discharged, which are clear signs of irreversible change occur-
rence in the graphite likely through complete exfoliation of carbon 
layers [51]. As for GP 1-0, its (002) peak also experienced significant 
widening and left shift as it was charged, when discharged, the peak 
shows a smaller but still significant shift of over 0.8◦. 

As for the ex-situ Raman spectroscopy, anion intercalation has been 
reported to break the interlayer stacking of graphite, both physically and 
electronically due to repulsion of the intercalate molecule, causing the G 

Fig. 4. a) Ex-situ XRD and Raman measurements of GP 1-8 at the current density of 0.2 C at different charge/discharge potential. b) Charging mechanisms of GP 1-0, 
GP 1-4 and GP 1-8. Blue, green, red, yellow and white spheres represent C, O, P, F and H atoms. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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band (~1,575 cm− 1) to split into the doublet peak of E2g2(i) mode and 
E2g2(b) mode [52]. The E2g2(i) mode is vibrations of the carbon atoms 
not affected by the intercalated planes, while the E2g2(b) mode origi-
nates from vibrations of carbon atoms adjacent to the layers of the 
intercalated planes. Intensity ratio (Ii/Ib) of the two doublets can 
therefore provide qualitative insights to the level of intercalation as well 
as the degree of irreversible changes caused by the process [53,54]. 
From the results, it is clear that after a single cycle of charge/discharge, 
the E2g2(i) peak of GP 1-0 is significantly weakened, while its E2g2(b) 
peak appears and drastically increases in intensity (Fig. S9a, Table S2). 
As a result, its Ii/Ib ratio reduces from 4.08 to 1.66, signifying drastic 
changes in its crystal symmetry as a result of the intercalation. As for GP 
1-4, its Ii/Ib ratio is relatively low to begin with, indicating disrupted 
symmetry due to presence of abundant carboxyl functionality. Its crystal 
symmetry is further broken by the intercalation process, as its E2g2(i) 
peak reduces in distinctiveness, causing its Ii/Ib ratio to reduce from 1.9 
to 1.45 (Fig. S9b, Table S2). In contrast, while GP 1-8 also experience 
E2g2(i) reduction and E2g2(b) growth during the charging process, it 
demonstrates much better recovery after the discharge with its final Ii/Ib 
ratio being 1.93 versus the 2.72 of its initial state (Fig. 4a, Table S2). 
This showcases the strong resilience of GP 1-8 toward the volume 
changes and symmetry disruption applied by the anion intercalation 
process. Additionally, the ID/IG ratio of GP 1-8 only changes from the 
initial 0.65–0.84 after a complete cycle, both the final value and value 
changes are the smallest among all test samples, demonstrating that GP 
1-8 has the least defects as a result of the intercalation process, and 
confirm once again that it has the highest structural robustness among 
all samples. 

Based on the above findings, a scheme of GP 1-0, GP 1-4 and GP 1-8 
and their carbon layer variation during anion intercalation are illus-
trated in Fig. 4b. As shown, the mechanic ball-milling processes incor-
porate defects and primarily hydroxyl groups to GP 1-0; electrochemical 
behavior of the sample does not vary significantly as a result, aside for 
gaining small amount of capacitive contribution due to additional 
exposed surface. For GP 1-4, high abundancy of carboxylic acid is 
generated with the addition of CO2 to the process, which causes weak-
ening of the Van der wall forces between the carbon layer, making them 
much more susceptible to exfoliation caused by intercalation. Lastly, in 
GP 1-8, the increment in CO2 concentration does not lead to further 
carbon layer separation, instead the high concentration promoted the 
conversion of the carboxyl group to carboxylic anhydride functionality, 
which in turn provides a binding force that is beneficial to the cycling 
stability. This specific structure and functional group composition not 
only facilitates better intercalation kinetic by size reduction, but also 
prohibits excessive carbon layer exfoliation detrimental to long term 
battery performance. 

3. Methods 

3.1. GP ball-milling 

In a typical process, the ball-milling of commercial graphite powder 
was carried out in a ball-mill machine (Nanjing NanDa Instrument Plant) 
with/without dry ice. To start, 0.5 g of graphite powder (Sigma, natural 
graphite, 2–15 µm, 99.9995% metals basis, Lot#14735) and 0, 2 or 4 g 
of dry ice were put into a stainless-steel capsule together with 30 
stainless steel balls with diameter of 6 mm. The container was subse-
quently sealed and fixed in the ball-mill machine and started agitation 
with 150 rpm for 24 h. The resulting product was then washed by 1 M 
aqueous HCl solution in order to acidify carboxylates and remove 
metallic impurities. The resulting product was freeze-dried at − 120 ◦C 
for 48 h. 

3.2. Material characterization 

X-ray diffraction patterns of the samples were obtained by a Rigaku 

Miniflex 600 X-ray Diffractometer which contains a graphite mono-
chromator and a Cu Kα radiation source (λ = 1.5406 Å). Surface 
morphology of the materials was observed with a Zeiss ULTRA plus Field 
Emission Scanning Electron Microscope. Raman spectra of the samples 
were tested with a Bruker Senterra System using a 532 nm wavelength 
excitation line. The surface area was investigated by N2 adsorption- 
desorption measurements on a Brunauer-Emmett-Teller surface area 
analyzer (Quantachrome Instruments QuadraSorb SI4). Infrared spectra 
were recorded by Fourier-transform infrared spectrometer (Spectrum 
One, Perkin Elmer Instruments Co. Ltd., USA). X-ray photoelectron 
spectra of the samples were collected using Thermal Scientific K-Alpha 
X-ray Photoelectron Spectrometer System and the spectra were cali-
brated with the C–C 1s peak at 284.5 eV. 

3.3. Electrochemical characterization 

The cathode was prepared by mixing the graphite samples with super 
P and PVDF with mass ratio of 8:1:1. After mixing in NMP solvent, the 
slurry was casted onto Al foil and then dried at 80 ◦C under vacuum 
overnight. Afterwards, the cathode was cut into circles with diameter of 
15 mm, the typical mass loading is 1.5 mg cm− 2. Meanwhile, 15 mm 
circular Li foils are used as anode, with polypropylene separator (Cel-
gard 2400) as separator. Finally, a CR2016 coin cell was assembled with 
120 μL of 4 M LiPF6/EMC in argon-filled glove box. The galvanostatic 
charge/discharge tests (GCD) were conducted on LAND CT2001A and 
cyclic voltammetry (CV) tests were performed using computer- 
controlled BioLogic VMP-300 workstation from 2 V to 5 V, respectively. 

3.4. Cyclic voltammetry reaction kinetic calculation 

The kinetic information was gained based on the relationship be-
tween scan rate (v) and current (i) as following [55]: 

i = avb (1)  

where both a and b are constant parameters. If b-value reaches 0.5, the 
overall process shows a typical battery behavior; a b-value of 1 repre-
sents that the current is almost surface-controlled. 

The capacitive contribution ratio of the capacity was calculated by 
isolating the capacitive current from the overall current response i [55]: 

i = k1v+ k2v1/2 (2)  

where k1v and k2v1/2 represent the capacitive and diffusion-controlled 
current in the total current at different potentials. By scheming i/v1/2 

vs. v1/2 at different voltages, the ratio of capacitance was calculated. 

4. Conclusion 

In summary, a novel DIBs graphite cathode modification strategy is 
proposed that enables effective capacity and rate capability improve-
ment through strengthened carbon layer binding that prevents unde-
sirable exfoliation. It is discovered that hydroxyl and carboxyl acids on 
graphite lead to significant increment in DIBs capacity, but excessive 
abundancy of such functional groups encourage carbon layer separation 
and lead to rapid performance degradation. In comparison, functional 
group such as carboxylic anhydride formed at the specific ball milling 
condition of excessive CO2 concentration can aid the binding of carbon 
layer, allowing rapid PF6

− intercalation while maintaining the stability of 
the graphite crystal structure. Benefiting from the optimized condition, 
graphite cathode material modified by carboxylic anhydride delivers 
discharge capacity of 103.8 mAh g− 1 at 0.2 C and capacity retention of 
80% after 1,000 cycles at 2 C. This strategy showed the possibility to 
reach a desirable compromise between practical capacity and structure 
stability of GICs through rational surface modification, opening a new 
avenue to facilitate the commercial application of DIBs. 
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