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ABSTRACT

Limited theoretical capacity of graphite anode and sluggish reaction kinetics of

bulk electrodes are significant obstacles for achieving both high-energy and

high-power performances of Li-ion batteries (LIBs). Here, the reduced dimen-

sion of porous carbon is used to lower the Li? diffusion distance, while the pore

size is tuned to enhance the utilization efficiency for energy storage. The

mesopore-enriched hierarchical porous carbon nanosheets (CNSs) are synthe-

sized by direct pyrolysis of potassium citrate. Templating effect of potassium

salt results in a 2D structure and its activation effect constructs a highly porous

architecture. The pore sizes enhance with the increase of annealing temperature

while a hierarchical porous architecture enriched with mesopores can be formed

at 950 �C (CNS-950). The specific 2D structure and mesoporous architecture can

increase the active sites and shorten ion diffusion distance, endowing CNSs with

high-reactivity and fast reaction kinetics in LIB anode. The CNS-950 obtains a

reversible capacity three times the theoretical capacity of graphite, and signifi-

cant cyclic stability can be realized with a specific capacity of 1154 mA h g-1 at

0.3 A g-1 retained after 200 cycles. What’s more, the electrode displays a

capacity of 600 mA h g-1 at a high current of 2 A g-1. The CNS-950 is used for

the construction of full batteries which demonstrates a maximal energy/power

density of 319 W h kg-1/2.9 kW kg-1 and long-term cycling stability.
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GRAPHICAL ABSTRACT

Introduction

Lithium-ion batteries (LIBs) have been widely used

as the energy supply for portable electronic devices

and electronic vehicles owing to their wide operating

potential, high-energy density and environmental

friendliness [1–4]. Carbon-based materials are con-

sidered as the leading active material for anodes of

commercial LIBs owing to their superiorities of low

cost, high electrical conductivity, good chemical sta-

bility, and environmental friendliness [5–7]. How-

ever, the most common graphite anode has a limited

theoretical capacity of 372 mA h g-1, and the capac-

ity realized by commercialized graphitic carbons

close to this level, making the maximum energy

density of commercialized LIBs restricted to

approximate 120–200 W h kg-1 without further

advancement in recent years. In addition, bulk ion

diffusion in the 2D tunnel structure of graphitic

carbon results in slow diffusion kinetics and thus

poor power density (\ 1 kW kg-1). Based on these

considerations, plentiful of alternative carbon anodes

such as activated carbon (AC) [8], ordered meso-

porous carbon [9], hierarchically porous carbon [10],

graphene [11, 12], etc., have been developed with

exciting results.

Porous carbons are typical carbon materials with

attractive merits of high electron conductivity, large

surface area, well-developed porosity, and so on.

Their energy storage achieved by surface-related Li-

ion adsorption, intercalation, or deposition with a fast

reaction kinetics, and large surface area endowed by

highly porous structure contributes to a capacity 2–3

times that of graphitic carbon [9, 13–15]. Besides their

applications in LIBs, different porous carbons are

reported for applications in fields of supercapacitors

[16, 17], Na-ion battery [18], K-ion battery [19, 20],

microwave absorption [21, 22], CO2 adsorption [23],

etc. Traditionally, microporous carbon is prepared as
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granular particles larger than 10 lm, and its tortuous

and narrow pores severely limit the kinetics for ion

transfer. The following two strategies can be adopted

to increase the effective diffusion path for Li?. The

first strategy is to reduce the overall dimensions of

carbon to a 0D, 1D or 2D size [24–26], which can

significantly shorten ion diffusion distance

(\ 100 nm). Another strategy is to combine large

pores with micropores [10, 14, 16, 18, 27], whilst large

pores can serve as both ion buffer reservoirs and fast

transfer channels. Graphene is a good example of a

2D carbon; however, self-aggregation of graphene

reduces the active surface and slows down the

transfer rates of Li-ions. On the contrary, 2D porous

carbons constitute a better alternative because they

are easily prepared, and their unique 2D structure

provides a short diffusion pathway for Li-ions

[24, 26, 28]. Despite enhanced rate performance

reported in anterior works, their specific capacity is

still limited by their microporous porosity owing to

the fact that micropores seem too narrow for Li-ion

storage [24, 29–31]. In addition, these reports need a

multi-step process for 2D porous carbon synthesis

[25, 31–33], which is time-consuming and produces

additional cost. Therefore, developing robust meth-

ods for carbon nanosheets with tunable porous sizes

and high specific areas are still very crucial.

In this study, we report the successful fabrication

of 2D carbon nanosheets (CNSs) with hierarchical

micropores and mesopores via direct pyrolysis of

potassium citrate. Templating effect of potassium salt

results in a 2D structure and its activation effect

constructs a highly porous architecture. By tuning the

annealing temperature to 950 �C, our CNSs show a

hierarchical porous architecture with enriched

mesopores and large pore volume (CNS-950). The

specific 2D structure increases the active sites and

shortens the ion diffusion distance of CNSs, and

mesoporous architecture further increases the reac-

tivity and reaction kinetics for Li-ion storage. The

CNS-950 shows the highest specific capacity with a

reversible capacity three times the theoretical capac-

ity of graphite can be achieved. Meanwhile, both

high-rate and long-term cycling stability can be

realized. The CNS-950-based full batteries also

demonstrate excellent performance in terms of high-

energy, high-power, and long-term cycling

performances.

Experimental

Preparation of the CNSs

In a typical procedure, 5 g of potassium citrate was

heat-treated in a tube furnace in Ar gas for 1 h with a

heating rate of 3 �C min–1. The pyrolysis tempera-

tures are 850, 900 and 1000 �C, and the resultant

samples were labeled CNS-T, where T represents the

annealing temperature. The product was washed

with dilute hydrochloric acid and plenty of deionized

water, and then, dried at 60 �C.
Materials characterization and electrochemical

measurements can be found in Supplementary

Material.

Results and discussion

Synthesis procedures for CNSs are illustrated in

Fig. 1a. Pyrolysis of potassium citrate in inert gas

results in the formation of 2D CNSs with a hierar-

chical porous architecture. Involving potassium spe-

cies is very significant for generating this specific

structure. First, K2CO3 formed at a low-temperature

region (\ 650 �C) serves as the template for organic

species assembly [34, 35]. After pyrolysis and car-

bonization at elevated temperatures, CNSs with a 2D

structure can be formed. In the meantime, the CO2

and K2O produced by the decomposition of K2CO3

(K2CO3 ? K2O ? CO2) can both react with carbon

sheets (CO2 ? C ? 2CO, K2O ? C ? 2 K ? CO) at

high-temperature [15, 17, 22, 34], making these

nanosheets highly porous. This activation process is

controllable by annealing temperature, and different

porous architectures can be constructed under dif-

ferent temperatures. Potassium citrate is a typical

organic–inorganic hybrid with coordinated potas-

sium in its molecule, while organic moiety can be

used as a carbon source. This means that the use of

potassium citrate for porous carbon preparation can

integrate the carbonization and activation processes

in only one step, simplifying the production proce-

dure considerably.

Detailed morphology and microstructure of CNSs

are characterized by field-emission scanning electron

microscopy (FESEM) and transmission electron

microscopy (TEM). As shown in Fig. 1b, the CNS-950

exhibits a specific foam-like structure with a large

open space inside (the inset). Such a special structure
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can effectively buffer mechanical stress of volume

variation and sustain the structural integrity of elec-

trode materials. The TEM images verify a foam-like

overall structure (Fig. 1c) of CNS-950 constituted by

ultrathin carbon nanosheets. These nanosheets are

found very porous (Fig. 1d), which contains a large

proportion of micropores and mesopores (Fig. 2e).

The morphology and structure of CNS-850 and CNS-

900 are also characterized by FESEM and TEM test

(Fig. S1 and S2), and the 2D CNSs with a highly

porous architecture can be maintained.

Crystallinity of these CNSs is characterized using

an X-ray diffraction (XRD) test. Two broad peaks at

2h near 23� and 44� (Fig. 2a) are typical diffraction

peaks of porous carbon with a low graphitization

[14, 18, 30]. X-ray photoelectron spectroscopy (XPS) is

used to analyze their elemental constitutions and

chemical valances. The survey spectra of CNSs

(Fig. S3) show a dominating C 1s peak and a sub-

strong O 1s peak, clearly manifesting the existence of

C and O atoms. Except for photoelectrons from C–C

valence, signals from C–O, and C=O can be positively

observed in high-resolution C 1s and O 1s spectra

(Fig. 2b, c), indicating residual oxygenated functional

groups. Raman spectra (Fig. 2d) show two typical

peaks at 1337 and 1596 cm–1 which represent D and

G bands of the sp3-type disordered carbon and sp2-

type graphitized carbon, respectively [20, 30, 36]. The

D band is from vibrations of C–C bond at the edge of

sp3 or sp2, which represents the disordered structure

of carbon materials. The G band is related to sp2

order vibration between the carbon atoms, which

corresponds to the tangential vibration of the gra-

phitic layer and carbon atoms. Intensity ratio IG/ID is

a common index to evaluate the disorder degree of

carbon materials [14, 20, 30]. The IG/ID values of

Figure 1 a Schematic

diagram of the synthesis

process for CNS-950.

b FESEM and c–e TEM

images of the CNS-950.
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CNS-850, CNS-900 and CNS-950 are 0.888, 0.904 and

0.910, respectively. The results show that the defects

and structural deformation in samples increase with

the rise of annealing temperature.

N2 adsorption–desorption isotherms are measured

to investigate porous structures of CNS samples.

Their isotherms can be identified into different types

according to the International Union of Pure and

Applied Chemistry (IUPAC) classification. As shown

in Fig. 2e, the isotherm of CNS-950 belongs to type I

and IV owing to the coexistence of mesopores and

micropores [14, 18, 37]. Obvious adsorption/desorp-

tion hysteresis presented in relative pressure (P/P0)

region of 0.5–0.9 demonstrates the existence of

mesopores, while N2 adsorption–desorption at rela-

tive pressure lower than 0.1 indicates the presence of

micropores. However, the CNS-850 and CNS-900

exhibit comparable adsorption/desorption isotherms

as commercial activated carbon (AC), indicating a

micropore-dominated porous structure. Barrett-Joy-

ner-Halenda (BJH) pore size distributions in Fig. 2f

are calculated from adsorption branches of isotherms,

which verify the micropore-dominated porous

structures for both CNS-850 and CNS-900, which is

very similar to that of commercial AC. Pore size

distribution curve of CNS-900 verifies the coexistence

of micropores and mesopores in its porous structure.

There is a general trend that CNS samples exhibit

reduced micropores and simultaneously enhanced

mesopores as the annealing temperature increases.

The CNS-950 exhibits a hierarchical porous structure

with four size peaks at 0.66, 1.41, 2.77, and 3.79 nm

exhibited in its pore size distribution curve. Porous

characteristics of CNSs are summarized in Table 1.

The CNSs show Brunauer-Emmette-Teller (BET)

surface areas of 1539, 1775 and 1061 m2 g–1 for CNS-

850, CNS-900, and CNS-950, respectively. Increased

BET area of CNS-900 than that of CNS-850 can be

attributed to incremental micropores and mesopores

in pore size regions of 1–2 and 2–5 nm, respectively.

By contrast, reduced micropores lower the BET area

of CNS-950, making the sample show the lowest

surface area. However, increased mesopores endow

the CNS-950 with the largest average pore size and

pore volume. Therefore, the activation of CNSs can

be affected by adjusting the annealing temperature to

further control the pore size distribution. By com-

paring the porous structure of these CNS samples

with that of commercial AC, it is found that these

CNS samples all show smaller BET surface area than

the commercial AC. However, these CNS samples all

exhibit much larger pore volume owing to the

specific foam-like structures. The CNS-950 also has a

larger average pore size than commercial AC owing

Figure 2 a XRD patterns, b C 1 s XPS spectra, c O 1 s XPS spectra, and d Raman spectra of CNS-850, CNS-900 and CNS-950. e N2

adsorption–desorption isotherms and f pore-size distribution curves of CNS-850, CNS-900, CNS-950 and commercial AC.
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to its mesopores. Therefore, the CNS-950 has the

merits of a relative large specific area, huge pore

volume and a large average pore size.

These CNSs are used as anode materials in half-

cells vs. Li metal to evaluate their performance for Li-

ions storage. Figure 3a shows the initial five cycles of

CV curves at 0.5 mV s–1 of CNS-950. It is noted that a

different CV curve is demonstrated in the first cycle.

A strong cathodic peak around 0.5 V is observed in

the first cycle while it disappears in subsequent

cycles owing to possible irreversible side reactions

associated with electrolyte decomposition, solid-

electrolyte interface (SEI) formation, and loss of irre-

versible reaction sites [33, 38, 39]. Notably, CV curves

almost overlap after the first cycle, indicating Li-ions

storage in CNS-950 is highly reversible and stable in

subsequent cycles. Figure 3b exhibits initial 5 cycles

of GCD curves at 0.1 A g–1 of a fresh CNS-950 elec-

trode. In the first delithiation curve, the electrode

shows two plateaus which are typical features of

porous carbon electrode [35, 40]. The initial lithia-

tion/delithiation capacity of CNS-950 electrode is

2554/1189 mA h g-1 with a coulombic efficiency

(CE) of 46.5%. Then, the electrode shows a stable ca-

pacity higher than 1130 mA h g-1 in the subsequent

cycles. The reversible capacity is about triple the

theoretical capacity of graphite (372 mA h g–1). Fig-

ure 3c shows CV curves at different scan rates of

CNS-950. These CV curves show a similar shape

without any obvious redox peaks. The GCD curves

(Fig. 3d) at different rates also show unconspicuous

charge or discharge plateaus. These are typical fea-

tures of surface-controlled energy storage behavior.

Rate performance of CNS electrodes are compared

in Fig. 4a, and in comparison with that of commercial

AC electrode. These CNS electrodes all exhibit higher

specific capacities at different specific currents than

the AC electrode. The CNS-950 shows higher specific

Table 1 Porous characteristics of CNS samples synthesized at different temperatures

Samples BET surface area (m2 g–1) Total pore volume (cm3 g–1) Average pore size (nm)

CNS-850 1536 8.43 0.57

CNS-900 1775 11.65 0.55

CNS-950 1061 12.96 3.79

Commercial AC 1981 1.22 1.18

Figure 3 Initial five cycles of

a CV curves at 0.5 mV s-1

and b GCD curves at 0.1 A

g-1, c CV curves at various

scan rates from 0.1 to

5.0 mV s-1, and d GCD

curves at a specific current

region of 0.1–2 A g-1 of CNS-

950.
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capacity at different specific currents than CNS-900

and CNS-850. A lithiation/ delithiation capacity of

1248/1140 mA h g–1 at 0.1 A g–1 is delivered at the

2nd cycle with a CE of 91%, which gradually reduced

to 1037/995 mA h g–1 at the 20th cycle. Then, the

CNS-950 shows much stable specific capacity under

higher rates. Delithiation capacities around 822, 769,

740, 698, and 586 mA h g–1 is delivered at 0.3, 0.5, 0.7,

1.0, and 2.0 A g–1, respectively. Even at a high rate of

2.0 A g–1, the CNS-950 shows 1.57 times the theoret-

ical capacity of graphite, so high capacity is main-

tained under high rates. When the specific current is

returned to 0.1 A g–1, a lithiation/delithiation

capacity of 1030/1016 mA h g–1 is delivered, which

gradually increase with further cycling, and a rever-

sible lithiation/delithiation capacity of

1206/1184 mA h g–1 is obtained at the 147th cycle.

More significantly, as shown in Fig. 4b, the CNS-950

electrode exhibits a long-term cycling stability at 0.3

A g-1. After slight capacity degradation in initial

cycles, the capacity of CNS-950 gradually increases

with cycling with CEs around 98%. The electrode

maintains 110% of capacity retention after 200 cycles,

indicating long-term cycling performance of our

CNS-950 electrode. It is found that the CNS samples

all exhibit gradually increased specific capacity after

initial cycles. The gradually increased capacity dur-

ing long-term cycling is a common phenomenon of

carbonaceous electrode, which can be ascribed to the

activating process from an enlarged interplanar dis-

tance, increased edge and surface effects, gradual

exfoliation of carbon layers, and increased ion

accessibility of small pores [24, 41–43]. However, the

CNS-950 shows a faster speed for capacity increasing

than CNS-850 and CNS-900. The CNS-950 exhibits

the lowest specific area and the sample is more solid

than the other CNS samples. Therefore, the activating

effect is more apparent and results in faster-increased

capacity. The Nyquist plot of electrochemical impe-

dance spectroscopy (EIS) was measured (Fig. S4), and

the CNS-950 shows a smaller semicircle at the high-

frequency region than both CNS-850 and CNS-900.

This result indicates lower charge transfer resistance

of CNS-950.

Based on the above analysis, it is found that CNS-

950 displays superior performance for Li-ions storage

including large specific capacity, excellent rate per-

formance, and long cycle life, which are mainly

attributed to the following aspects: first, Li-ions

storage in porous carbon is surface-controlled, and

accessible surface for electrolyte is very significant to

achieve a higher capacity. The CNS samples have a

larger pore volume than commercial AC owing to

their specific foam-like structure that is constituted

by interconnected nanosheets, which can serve as

electrolyte reservoirs for better surface utilization;

Figure 4 a Rate performances

and b cycling performance at

0.3 A g-1 for 200 cycles of

CNS-850, CNS-900, CNS-

950, and commercial AC.
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second, mesopore-enriched structure is another crit-

ical factor to promote the performance. Compared to

micropores, the mesopores are more effective for Li-

ions storage, which promotes the utilization effi-

ciency of surface and accelerates the diffusion speed

of ions; third, specific nanosheets structure shortens

diffusion paths of Li-ions for fast energy storage.

Practicability of CNS-950 is also evaluated in a full

battery assembled with a LiNi0.5Co0.2Mn0.3O2 cath-

ode. Capacity of anode and cathode materials are

balanced by controlling a mass ratio of 1:8 between

CNS-950 and LiNi0.5Co0.2Mn0.3O2, and 100 lL of

electrolyte was used in each cell. Owing to the dif-

ferent working potentials of the two electrodes, the

full battery displays a maximal voltage of 4.2 V, as

verified by the CV (Fig. 5a) and GCD (Fig. 5b) curves.

The CV and GCD curves at different rates display a

similar shape without apparent redox peaks or

charge/discharge plateaus, which can be ascribed to

surface-controlled contributions from CNS-950

anode. The GCD curves under different specific

currents all display small IR drop, suggesting high-

power performance. Rate performance of the full

battery is shown in Fig. 5c. The capacity is calculated

referring to the mass of cathode owing to our full

battery being cathode limited. A specific capacity

around 170 mA h g-1 is delivered at 0.1 A g-1 and

about 34 mA h g-1 is maintained at 2.0 A g-1. Fig-

ure 5d shows Ragone plot of the full battery, where

the specific energy and specific power are calculated

referring to the total mass of cathode and anode

materials. A specific energy of 319 W h kg-1 is

demonstrated at a specific power of 181 W kg–1.

When the specific power increases to 2.9 kW kg-1, a

specific energy of 51 W h kg–1 can be maintained.

The energy and power performances are superior to

Figure 5 a CV curves at

different scan rates, b GCD

curves at different specific

currents, c rate performance

and corresponding CE,

d Ragone plot and its

comparison with reported full

batteries, and e cycling

performance and

corresponding CE of the CNS-

950//LiNi0.5Co0.2Mn0.3O2 full

battery.
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the performance of a series of full batteries based on

AC [44–47], Nb2CTx [48], TiO2 [49], and Li4Ti5O12

[50], as shown in Table 2. In addition, the full battery

has excellent cycle stability. As shown in Fig. 5e, in a

specific current of 0.1 A g-1, the full battery has an

initial discharged capacity of 172.5 mA h g-1.

Slightly decreased capacity in the initial 30 cycles can

be ascribed to performance coupling between the

cathode and anode electrodes. Then, the full battery

shows stable capacity in subsequent cycles. A dis-

charge capacity of 155.0 mA h g-1 is retained at the

200th cycle, corresponding to 89.9% of initial capac-

ity. In the whole cycling process, the full battery

shows CEs very close to 100%, indicating a highly

reversible reaction in the full battery. These results

indicate promising value for practical applications of

our CNS samples.

Conclusions

Mesopore-enrich hierarchical porous carbon

nanosheets (CNSs) are directly synthesized by

pyrolysis of potassium citrate. The specific 2D struc-

ture is formed by the templating effect of potassium

salt, and further activation results in a highly porous

architecture. Pore sizes of CNSs are tuned by differ-

ent annealing temperatures, and a hierarchical por-

ous architecture enriched with mesopores can be

synthesized at 950 �C (CNS-950). Benefiting the

specific 2D structure and mesopore-enriched archi-

tecture, the CNS-950 shows increased active sites and

shorten ion diffusion distance for Li-ion storage,

resulting in high-capacity, high-rate performances

combined with long-term cycling stability. The CNS-

950 shows a reversible capacity three times the the-

oretical capacity of graphite. The CNS-950 also shows

excellent performance in full batteries assembled

with a commercial cathode. The full batteries

demonstrate excellent performance in terms of high-

energy, high-power, and long-term cycling perfor-

mances. This investigation demonstrates the signifi-

cant role of decreased dimension and enlarged pore

size on higher reactivity and faster reaction kinetics,

and shows the promising applications of porous

carbons in LIBs.
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Table 2 Specific energy and specific power performances of different full batteries reported previously

Types of full batteries Specific energy

(Wh kg–1)

Specific power

(W kg–1)

Ref

CNS-950// LiNi0.5Co0.2Mn0.3O2 319.2 (or 50.8) 181.3 (or 2938.1) This work

AC// LiFePO4 (LFP) in reduced graphene oxide (RGO)/ carbon/

Li3V2(PO4)3 (LVP)

125.76 (or 77) 108.6 (or 3360) [44]

AC//Li(Ni0.33Mn0.33Fe0.33)O2 (LNMFO)/ polypyrrole (PPy) * 49 [45]

AC//LNMFO/ polyaniline (PANI) * 18 [45]

AC//LiMn2O4 (LMO) 38 (or 23) 100 (or 760) [46]

AC//LiNi0.33Co0.33Mn0.33O2 (LNCMO) 43 (or 11) 100 (or 650) [47]

Nb2CTx/carbon nanotube (CNT)// LFP 49 [48]

TiO2// LFP 263 [49]

Li4Ti5O12 (LTO) ? AC//LMO ? AC 60 [50]
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