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superior performance and have been used 
for practical applications.[13]

Recently, hard carbons including highly 
graphitized hard carbons and porous hard 
carbons have been widely investigated, and 
a specific capacity of 200–500  mA h g−1,  
initial Coulombic efficiency (ICE) in the 
30–80% range, and an acceptable rate 
capability were achieved.[14–18] However, 
these three key indicators of electrochem-
ical performance are often contradictory. 
For example, the high rate capability of 
porous hard carbons is always accompa-
nied by a low ICE, whereas the opposite 
is obtained for highly graphitized hard 
carbons. This phenomenon originates 
from the complex sodium-storage behav-
iors arising from the diversity of the 
active sites in hard carbons. The control of 
homogeneous active sites of hard carbons 
remains a great challenge and requires 
ongoing research effort.

Sodium storage behaviors are mainly 
divided into three categories: adsorp-

tion on the edges, defects, and functional groups, insertion in 
the graphitic interlayers, and pore filling. In the charge curve 
of anode materials, highly graphitized hard carbons normally 
exhibit two regions: a low-potential plateau (0.01–0.10  V) and 
a high-potential slope (0.10–1.00  V). The reversible capacity of 
the materials is mainly due to the plateau region. However, this 
plateau capacity is easily affected by polarization at a high cur-
rent density, resulting in a decreased sodium storage capacity. 
Although the correspondence of sodium storage behaviors to 
different potential regions has been controversial, it is known 
that the diffusion kinetics of Na+ can be improved by the intro-
duction of porosity as an effective strategy for reducing the 
influence of polarization.[13,19–21]

Previous studies have shown that porous hard carbons 
normally have high reversible capacity and high rate capa-
bility, yet low ICE due to a large irreversible capacity loss 
arising from numerous defects and a large specific surface 
area.[13,22–24] Their sodium storage behaviors generally exhibit 
a slope potential region (0.01–3.00  V), but the charge spe-
cific capacity below 1.00 V is usually lower than 50%.[18,25,26] 
In practical use, the charge capacity below 1.00 V of a half-
cell is considered to determine its realistic capacity, and a 

Hard carbon attracts considerable attention as an anode material for sodium-
ion batteries; however, their poor rate capability and low realistic capacity have 
motivated intense research effort toward exploiting nanostructured carbons in 
order to boost their comprehensive performance. Ultramicropores are considered 
essential for attaining high-rate capacity as well as initial Coulombic efficiency 
by allowing the rapid diffusion of Na+ and inhibiting the contact of the elec-
trolyte with the inner carbon surfaces. Herein, hard carbon nanosheets with 
centralized ultramicropores (≈0.5 nm) and easily accessible carbonyl groups 
(CO)/hydroxy groups (OH) are synthesized via interfacial assembly and 
carbonization strategies, delivering a large capacity (318 mA h g−1 at 0.02 A g−1), 
superior rate capability (145 mA h g−1 at 5.00 A g−1), and approximately 95% 
of reversible capacity below 1.00 V. Notably, a new charge model favoring 
fast capacitive sodium storage with dual potential plateaus is proposed. 
That is, the deintercalation of Na+ from graphitic layers is manifested as the 
low-potential plateau region (0.01−0.10 V), contributing to stable insertion 
capacity; meanwhile, the surface desodiation process of the CO and OH 
groups corresponds to the high-potential plateau region (0.40−0.70 V), con-
tributing to a fast capacitive storage.

Sodium-ion batteries (SIBs) are considered a promising alterna-
tive to Li-ion batteries for large-scale energy storage systems due 
to their low cost and earth-abundant resources.[1–4] The search 
for SIB anode materials with high reversible capacity, high rate 
capability, and long lifespan is a daunting task because of the 
more sluggish diffusion kinetics and a larger radius of Na+ than 
Li+. Compared with titanium-based oxides with low reversible 
capacity,[5–10] and metallic alloys and conversion materials with 
poor structural stability,[11,12] hard carbons comprising a large 
number of graphitic microcrystallites, defects, and pores show 
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high charge potential lowers the operating voltage window 
of a practical full-cell.[27] Consequently, we expect that the 
porous hard carbon anode should possess a high actual 
capacity at a low charge potential. All the abovementioned 
issues necessitate a breakthrough in the designed synthesis 
of specific hard carbons in order to improve the rate capacity 
while increasing the utilization of reversible capacity  
below 1.00 V.

As reported in previous work, ultramicropores (size of 
<0.7 nm) can provide transport channels for Na+ insertion and 
slow down the solid electrolyte interphase (SEI) film forma-
tion by reducing the contact between the carbon surface and 
the electrolyte.[28] However, during the first discharge process, 
a number of larger micropores (>0.7 nm) that will promote the 
formation of SEI films are still present. Therefore, the synthesis 
of hard carbon anodes with uniform ultramicropores is highly 
desirable albeit quite difficult.

Furthermore, heteroatom doping (e.g., N, S, O, and P) of 
carbon anode materials is expected to be an effective strategy 
for enhancing the Na-ion storage capacity and rate capa-
bility.[29–31] In particular, CO and OH groups are involved in 
the redox reaction and the chemical absorption of Na+, contrib-
uting to the capacitive-type sodium storage capacity.[32–34] How-
ever, the capacity derived from the sodium storage process is 
usually manifested as a slope potential profile accompanied by 
a low availability for a real full-cell. To address this issue, the 

CO/OH groups should be easily accessible to increase the 
rate and homogeneity of the process.

In this study, sheet-like hard carbons with centralized ultra-
micropores (≈0.5  nm) and accessible CO/OH groups that 
exhibit a large capacity (318  mA h g−1 at 0.02 A g−1), superior 
rate capability (145 mA h g−1 at 5.00 A g−1), and high ICE (71.2%) 
have been synthesized. Below 1.00 V, approximately 95% of the 
specific capacity is available for practical use. Meanwhile, a new 
charge model with two potential plateaus was proposed.

As shown in Figure  1a−c, the synthesized hard carbons 
show a sheet-like morphology, with hard carbon nanosheets 
stacked on top of each other to form open structures. High-
resolution transmission electron microscopy (HRTEM) images 
(Figure  1d−f) show that the microstructures of the three sam-
ples have massive crystallites stacked by graphitic layers. The 
gradual growth of the graphitic domains indicates that the 
graphitization degree of the carbon materials increases as the 
carbonization temperature is increased from 900 to 1100 °C. 
The carbon materials obtained by the carbonization at these 
temperatures are referred to as MPC-900, MPC-1000, and MPC-
1100. The graphitic interlayer spacings of MPC-900, MPC-1000, 
and MPC-1100 were observed to be as large as 0.381, 0.395, 
and 0.378 nm, respectively, which may facilitate Na+ intercala-
tion and deintercalation. Furthermore, the uniformly distrib-
uted ultramicropores of MPC-1000 are shown in Figure 1e and 
Figure S1, Supporting Information.
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Figure 1. a−g) Scanning electron microscopy (SEM) and high-resolution TEM (HRTEM) images of the hard carbon nanosheets: a,d) MPC-900; 
b,e) MPC-1000; c,f) MPC-1100; g) XRD patterns. h) Raman spectra, and i) pore size distributions of sample MPC-900 and MPC-1000.
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The X-ray diffraction (XRD) patterns of the three materials 
show the typical characteristics of amorphous carbon with 
two broad diffractions at 2θ of ≈23° and ≈42° representing the 
(002) and (100) planes, respectively (Figure 1g). The (002) peak 
of MPC-1000 is shifted to a lower angle compared to those of 
MPC-900 and MPC-1100, indicating the existence of a large 
graphitic layer spacing (d002). The d002 values for MPC-900, 
MPC-1000, and MPC-1100 were calculated as 0.387, 0.400, and 
0.379 nm, respectively, in agreement with the HRTEM observa-
tions. As the carbonization temperature increases, the graphitic 
layers spacing first increases and then decreases; this is usually 
related to the heteroatom (N, O) doping in the graphitic struc-
ture.[35] The Raman spectrum of the samples shows two typical 
peaks: the D peak at 1350 cm−1 and the G peak at 1580 cm−1 
that are ascribed to the disorder or defective graphite band and 
the crystalline graphite band, respectively (Figure 1h). The cal-
culated peak area ratio (AD/AG) of the D- and G-bands increases 
from 0.34 for MPC-900 to 0.40 for MPC-1000 and then increases 
further to 0.48 for MPC-1100, indicating that the degree of gra-
phitization gradually increases with increasing carbonization 
temperature. These results are also in good agreement with the 
HRTEM observations (Figure S2, Supporting Information).

Nitrogen sorption isotherms of the three samples show a 
type I characteristics with a narrow knee at low relative pres-
sures (P/P0 < 0.01), indicating that the carbon nanosheets have 
a microporous structure (Figure S3, Supporting Information). 
The Brunauer−Emmett−Teller surface areas of MPC-900,  
MPC-1000, and MPC-1100 were found to be 654, 762, and  
567 m2 g−1, respectively. The micropore sizes of the three mate-
rials are accordingly concentrated at 0.59, 0.52, and 0.52  nm 
(Figure 1i) in the ultramicropores regime (<0.7 nm). It is clear 
that the pore size of the ultramicropores decreases slightly with 
increasing carbonization temperature. To the best of our knowl-
edge, such centralized ultramicropores without the presence 
of pores with other sizes are rarely observed in directly synthe-
sized porous carbons.

The electrochemical performance of the carbon nanosheets 
was first investigated in an ether electrolyte via galvanostatic 
charge−discharge tests at 0.02 A g−1 (Figure  2a). For the first 
time, dual potential plateaus in the charge curves are found in 
the ranges of 0.01–0.10  V and 0.40–0.70  V with approximately 
95% of the specific capacity below 1.00  V. In addition, the 
charge−discharge curves of MPC-1000 from 2nd to 5th cycles at 
0.02 A g−1 show two obvious potential plateaus, illustrating that 
the new sodium storage mechanism has outstanding revers-
ibility (Figure S4a, Supporting Information). This is advanta-
geous for increasing the realistic capacity for practical applica-
tions. The reversible charge specific capacities and ICE were 
found to be 238 mA h g−1 and 64% for MPC-900, 319 mA h g−1 
and 71% for MPC-1000, and 269 mA h g−1 and 75% for MPC-
1100. MPC-1100 showed a high reversible capacity of up to 75%; 
this performance is unexpected for a hard carbon with a specific 
surface area of 567 m2 g−1 and is due to the significant effect of 
ultramicropores for reducing the SEI formation. Furthermore, 
a conventional ester-based electrolyte was also adopted to test 
the first charge−discharge properties of MPC-1000 (Figure S4b, 
Supporting Information). Consequently, dual potential plateaus 
in the charge curve can also be observed. The reversible charge 
specific capacity and ICE reach 288.7 mA h g−1 and 63% and are 

close to the values obtained in the ether electrolyte, indicating 
that hard carbons with high surface area and centralized ultra-
micropores can achieve a high ICE. It appears that the electro-
chemical performance of the ether-base electrolyte is improved 
relative to that obtained using an ester-based electrolyte. As 
reported in a previous study, a stable and thin SEI film can be 
formed on the surface of the hard carbon anode in an ether 
electrolyte.[35–39] In this case, the polarization phenomenon 
will be suppressed, enabling a high ICE and excellent sodium 
storage capacity.

The rate performance characteristics of MPC-900, MPC-
1000, and MPC-1100 were studied at different current densities 
(Figure 2b). Remarkably, MPC-1000 delivers excellent reversible 
capacities of 326, 310, 294, 277, 256, 239, 214, and 145 mA h g−1 at 
0.02, 0.05, 0.10, 0.20, 0.50, 1.00, 2.00, and 5.00 A g−1, respectively. 
Comparison to previous reports shows that the rate performance 
of MPC-1000 is among the best (Table S1, Supporting Informa-
tion). The high rate capability of this sample originates from its 
well-developed ultramicropore structure, large graphitic layer 
spacing, and open structures. For hard carbon anodes of SIBs, 
a trade-off between the rate and ICE is always present and both 
properties must be taken into account. The loss of ICE can be 
compensated by the available presodiation technology.[40,41] After 
charging and discharging at 5.00 A g−1, the charging capacity 
of MPC-1000 can be restored to 322  mA h g−1 at 0.02 A g−1.  
These results indicate that MPC-1000 exhibits superior struc-
tural stability, as can be further proved by the results of the 
cyclic performance tests (Figure 2c,d). The capacity retention of 
MPC-1000 was 97% at 0.10 A g−1 after 100 cycles. Even after 5000 
cycles at 5.00 A g−1, the reversible capacity was still maintained 
at ≈70 mA h g−1 with a decay rate of 0.01%, which is much less 
than 0.027 and 0.066%.[15,42] Hence, we conclude that the ultra-
microporous hard carbon nanosheets with dual potential pla-
teaus can maintain a stable structure during long-term cycles.

Furthermore, the sodium storage characteristics of MPC-
1000 were evaluated by cyclic voltammetry (CV) measurements 
in order to determine the origin of the dual potential plateaus. 
The CV curves were obtained at 0.1  mV s−1 in the range of 
0.01–2.00  V for three cycles (Figure S5, Supporting Informa-
tion). The large irreversible oxidation peak observed at ≈0.60 V 
corresponds to the formation of the SEI film during the first 
discharge process. However, this peak did not appear during 
the subsequent discharge process, indicating that a stable 
SEI film was generated in the first scan. Furthermore, a pair 
of sharp reversible redox peaks and a pair of broad reversible 
redox peaks located at approximately 0.10  and 0.70  V, respec-
tively, appear in the second and third CV curves. These cor-
respond to the presence of the dual potential plateaus of the 
charge curves, reflecting the existence of two different reaction 
mechanisms. Furthermore, the sodium storage mechanism for 
MPC-1000 was investigated by CV at the scan rates varying in 
the 0.1−2.0 mV s−1 range (Figure 2e). The quantitative analysis 
of capacitance behavior can be carried out using Equation (1).

i a bν=  (1)

The curves are drawn by plotting ln (v) and ln (i) to determine 
the b values. The b values for the redox peaks located at 0.1 V were 
0.86/0.76 at the scan rates in the range of 0.1–0.6 mV s−1 and 
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were 0.41/0.46 at the scan rates in the range of 0.8–2.0 mV s−1,  
demonstrating a diffusion-controlled process as indicated by 
the b value approaching 0.50 in the Figure  2f and S6, Sup-
porting Information. The b value of 1.07 for another cathodic 
peak located at 0.70  V is close to 1.00 at the scan rates in the 
range 0.1–2.0 mV s−1, indicating that the reaction is dominated 
by capacitive behavior (Figure  2g). This is key for achieving 
good rate performance and high-energy density at high current 
densities. The insertion of Na+ into graphitic layers and nano-
voids is considered to be a diffusion process, while the adsorp-
tion of sodium ions induced by edges, defects, and functional 
groups is defined as capacitive behavior.[1,31,43,44]

Based on the studies of Dunn and Chao, the ratio of capaci-
tive contribution can be calculated using Equation (2).[45–48]

i V k v k v1 2
1/2( ) = +  (2)

where k1v and k2v1/2 are the energy storage contributions from 
the capacitive and diffusion-controlled processes, respectively.  

For MPC-1000, the capacitive contribution increased to 85% at 
2.0 mV s−1 (Figure 2h), showing that the capacitive capacity is 
mainly attributed to the sodium storage behavior at 0.7 V at a 
high current density.

To further analyze the sodium storage behaviors in different 
potential ranges, the galvanostatic intermittent titration tech-
nique (GITT) was used to calculate the Na+ diffusion coefficient 
using a pulse current of 0.02 A g−1 for 0.5 h accompanied by a 
rest interval of 2.0 h (Figure 3a,b). The diffusion coefficient was 
computed according to Fick’s second law (Equation 3):[26,49]
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where τ (s), mB (g), VM (cm3 mol−1), MB (g mol−1), and S (m2 g−1)  
are the pulse duration, active mass of the electrode, molar 
volume, molecular weight, and active surface area of the elec-
trode, respectively. Additionally, ∆ES and ∆Eτ are obtained from 
the GITT curves. Based on these results, the sodium storage 
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Figure 2. Electrochemical characterization of MPC-900, MPC-1000, and MPC-1100 in ether electrolytes. a) First galvanostatic discharge−charge profiles at 
0.02 A g−1, and b) rate capability from 0.02 A g−1 to 5.00 A g−1. c,d) Long-term cyclability of MPC-1000 at 0.10 A g−1 (c) and 5.00 A g−1 (d). e) Cyclic voltammetry 
(CV) curves of MPC-1000 at scan rates of 0.1–2.0 mV s−1. f,g) Linear relationship between log i (logarithm currents) and log v (logarithm scan rate) of two 
pairs of redox peaks at various scan rates of 0.1–2.0 mV s−1. h) Normalized contribution ratio of capacitive capacities of MPC-1000 at different scan rates.
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behavior can be assigned to three regions consisting of a low-
potential plateau, a high-potential plateau, and a high-potential 
slope. For the plateau in the 0.01–0.10 V range, the diffusion coef-
ficients of discharge show a variation at 0.06 V, demonstrating 
the existence of two different sodium storage mechanisms 
(Figure 3c). During the discharge process, a single low-potential 
plateau region appears. Sodium ions first insert into graphitic 
layers and later fill into micropores.[44,50] Further, the diffusion 
coefficients vary at 0.10 V during the charge process (Figure 3d). 
Sodium ions first leave the graphitic layers (0.01–0.10  V), and 
then depart from the micropores (0.10–0.40  V) because of the 
weak interaction between sodium and the micropores, sim-
ilar to Li-ion batteries.[51] Considering the results presented 
in Figure 1h and 2a, the increase in the charge capacity in the 
range of 0.01–0.10 V is consistent with the overall trend for the 
degree of graphitization of the samples, indicating that sodium 
ions can be stored between graphitic layers.

Ex situ X-ray photoelectron spectroscopy (XPS) was used 
to investigate the structure of the MPC-1000 electrode at dif-
ferent charge−discharge states in order to explore the sodium 
storage mechanism. As seen in Figure S9a, Supporting Infor-
mation, the XPS spectrum of MPC-1000 displays three peaks 
of C 1s, N 1s, and O 1s. For pristine poly(vinylidene fluoride) 
(PVDF), the N 1s peak is inconspicuous because of the dilution 
effect due to the addition of carbon nanotubes and PVDF, and 
a new F 1s peak appears due to the −CF2− bond in PVDF. The 
changes in the intensity of the Na 1s and Na KLL peaks can be 
observed during the entire sodium storage process.

The O 1s spectra can be divided into three peaks by fitting to 
the C–O, OH, and CO peaks at 531.1, 532.4, and 533.8  eV, 
respectively.[25,52] During the discharge to 0.40  V and even to 
0.10  V, the peak intensities of CO and OH are gradually 
reduced, while the peak intensity of C–O increases sharply, and 
a new Na KLL Auger peak appears at approximately 536.0  eV 
(Figure  4a−c). This demonstrates that Na+ ions are adsorbed 
onto the oxygen atoms of the OH groups, and react with the 
CO groups, giving rise to a surface−redox reaction described 
by CO + Na+ + e− ↔ CONa. Furthermore, the changes 
in the peak intensity of −C−O−Na at 1072.0  eV in the Na 1s 
spectrum further confirm the sodium storage behavior due 
to the interaction between Na+ and oxygen functional groups 
(Figure  4d−f). As shown in Figure S7a,c, Supporting Informa-
tion, after charging to 0.70 V, the stable desodiation process of 
CO/OH give rise to a high-potential plateau region in the 
charge curve that can provide a surface-dominated capacity. 
When the charging process was completed, the amount of the 
CONa and CO groups continuously decreased due to the 
desorption of Na+ from the OH groups and the conversion of 
CONa to CO (Figure S7b,d, Supporting Information). The 
overall surface oxygen atom content of MPC-1000 was approxi-
mately 3.43 at% as measured by XPS, and the overall bulk 
oxygen atom content was approximately 7.95 at%, as measured 
by elemental analysis (Figure S8 and Table S2, Supporting Infor-
mation). Based on the oxygen content measured by elemental 
analysis, the MPC-1000 sample can deliver a theoretical capacity 
of approximately 122  mA h g−1, while the specific capacity of 
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Figure 3. a−d) Galvanostatic intermittent titration technique (GITT) potential profiles and Na+ apparent diffusion coefficients calculated from the GITT  
potential profiles of MPC-1000 for discharge process (a,c) and charge process (b,d) during the second cycle.
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the high-potential plateau region can provide approximately  
110  mA h g−1, accounting for 90% of the theoretical capacity 
(Figure S4, Supporting Information). In addition to the oxygen 
on the surface that can react with Na+, the oxygen inside the 
material can also be largely utilized. Although the subsequent 
high-potential slope region corresponds to the reactions derived 
from a small fraction of oxygen-containing functional groups 
with sodium ions, these groups were not considered. In addition, 
the CO groups are involved to a great extent in the redox reac-
tion and eventually disappear after being discharged to 0.10  V. 
As seen from the above results, CO/OH groups can be largely 
utilized during the sodiationdesodiation process because of the 
abundant accessible ultramicropores of this material.

The C 1s spectrum was further analyzed throughout the 
chargedischarge process (Figure S9b−f, Supporting Informa-
tion). It is observed that the high-potential sloping region is 
related to the storage of Na ions on the surface sites including 
on edges, defects, and some of the CO/OH groups. The 
edges and defects of the hard carbons are responsible for the 
sodium storage behavior in a slope-dominated performance.[42] 
The high-potential plateau region corresponds to the sodium 
storage process of other CO/OH groups. However, the peak 
intensity cannot be restored due to the growth of sodium-based 
compounds during the formation of the SEI film. Thus, the 
sodium storage behaviors at different charge−discharge stages 
are in good agreement with the results deduced from the C 1s 
and O 1s spectra.

In situ XRD is highly effective for detecting the change in the 
interlayer spacing during the sodiation−desodiation process.  

The XRD pattern of the first charge–discharge cycle of MPC-
1000 at 0.05A g−1 is displayed in Figure  5. The large and 
unchanged graphitic interlayer spacings (0.400  nm) indicate 
that this sample can satisfy the layer spacing variation caused 
by the intercalation of sodium ions.[31,46,53,54] Similar results are 
presented in Figure S10, Supporting Information. Sufficiently 
large graphitic layer spacings can alleviate the volume expan-
sion during charge and discharge, facilitate rapid diffusion of 
sodium ions, and expose more active sites, endowing the hard 
carbon nanosheets with an excellent rate performance, large 
reversible capacity, and long lifespan. Herein, a dual poten-
tial plateau model of hard carbon nanosheets is illustrated in 
Scheme S1, Supporting Information. Based on the previous 
analysis, it is observed that the charge process can be divided 
into three stages. In Stage I, sodium ions first leave the gra-
phitic layers (0.01–0.10 V), and later depart from the micropores 
(0.10–0.40  V). Stage II corresponds to the surface desodiation 
process of the CO/OH groups (0.40–0.70 V). Stage III is due 
to the desodiation process on the surface sites including edges, 
defects, and some of the CO/OH groups (0.70–1.50 V).

In summary, we have demonstrated that hard carbon 
nanosheets with uniformly concentrated ultramicropores 
(≈0.5  nm) and accessible functional CO/OH groups can 
deliver a superior rate capability, high ICE, and cycle stability 
for sodium storage. Remarkably, a new charge model with two 
potential plateaus was established based on the results obtained 
using CV, ex situ XPS, GITT, and in situ XRD techniques, 
and this charge model can deliver over 95% realistic capacity 
below 1.00 V. During the charging process, the sodium storage 
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Figure 4. a−f) The ex situ X-ray photoelectron spectroscopy (XPS) spectra of O 1s (a−c) and Na 1s (d−f) of the MPC-1000 electrode at the stage of 
pristine, discharge to 0.40 V, and discharge to 0.10 V states.
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behaviors corresponding to two potential plateau regions are 
the Na+ deinsertion from the graphitic layers in the range of 
0.01–0.10  V and the surface-dominated Na storage from the 
desorption of OH and the redox reaction of CO groups in 
the range of 0.40–0.70 V, respectively. Our findings provide an 
effective strategy for designing material structures and a novel 
perspective on Na-ion storage behavior for the engineering of 
high-performance carbon anodes.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
This work was supported by the National Science Fund for the National 
Natural Science Foundation of China (Nos.21776041 and 21875028), 
Cheung Kong Scholars Programme of China (T2015036), and Liao Ning 
Revitalization Talents Program (XLYC1902045).

Conflict of Interest
The authors declare no conflict of interest.

Keywords
anode, dual potential plateaus, hard carbon, sodium-ion batteries, 
ultramicropores

Received: January 19, 2020
Revised: March 10, 2020

Published online: 

[1] D. Xu, C. Chen, J. Xie, B. Zhang, L. Miao, J. Cai, Y. Huang, L. Zhang, 
Adv. Energy Mater. 2016, 6, 1501929.

[2] C.  Zhao, Y.  Lu, Y.  Li, L.  Jiang, X.  Rong, Y.-S.  Hu, H.  Li, L.  Chen, 
Small Methods 2017, 1, 1600063.

[3] X. Zhang, Y. Qiao, S. Guo, K.  Jiang, S. Xu, H. Xu, P. Wang, P. He, 
H. Zhou, Adv. Mater. 2019, 31, 1807770.

[4] H. Yi, L. Lin, M. Ling, Z. Lv, R. Li, Q. Fu, H. Zhang, Q. Zheng, X. Li, 
ACS Energy Lett. 2019, 4, 1565.

[5] Y.  Liu, A.  Zhang, C.  Shen, Q.  Liu, X.  Cao, Y.  Ma, L.  Chen, C.  Lau, 
T.-C. Chen, F. Wei, C. Zhou, ACS Nano 2017, 11, 5530.

[6] Y. Xu, B. Peng, F. M. Mulder, Adv. Energy Mater. 2018, 8, 1701847.
[7] Y. Liu, N. Zhang, C. Yu, L. Jiao, J. Chen, Nano Lett. 2016, 16, 3321.
[8] P. He, Y. Fang, X.-Y. Yu, X. W. Lou, Angew. Chem., Int. Ed. 2017, 56, 

12202.
[9] X.  Xiong, C.  Yang, G.  Wang, Y.  Lin, X.  Ou, J.-H.  Wang, B.  Zhao, 

M. Liu, Z. Lin, K. Huang, Energy Environ. Sci. 2017, 10, 1757.
[10] Z. Hu, Q. Liu, S.-L. Chou, S.-X. Dou, Adv. Mater. 2017, 29, 1700606.
[11] J.-Y. Hwang, S.-T. Myung, J.-H. Lee, A. Abouimrane, I. Belharouak, 

Y.-K. Sun, Nano Energy 2015, 16, 218.
[12] X. Feng, H. Zou, H. Xiang, X. Guo, T. Zhou, Y. Wu, W. Xu, P. Yan, 

C.  Wang, J.-G.  Zhang, Y.  Yu, ACS Appl. Mater. Interfaces 2016, 8, 
16718.

[13] P. Lu, Y. Sun, H. Xiang, X. Liang, Y. Yu, Adv. Energy Mater. 2018, 8, 
1702434.

[14] H. Hou, X. Qiu, W. Wei, Y. Zhang, X. Ji, Adv. Energy Mater. 2017, 7, 
1602898.

[15] L. Xiao, H. Lu, Y. Fang, M. L. Sushko, Y. Cao, X. Ai, H. Yang, J. Liu, 
Adv. Energy Mater. 2018, 8, 1703238.

[16] Y. Lu, C. Zhao, X. Qi, Y. Qi, H. Li, X. Huang, L. Chen, Y.-S. Hu, Adv. 
Energy Mater. 2018, 8, 1800108.

[17] J.  Qian, F.  Wu, Y.  Ye, M.  Zhang, Y.  Huang, Y.  Xing, W.  Qu, L.  Li, 
R. Chen, Adv. Energy Mater. 2018, 8, 1703159.

[18] X.  Sun, C.  Wang, Y.  Gong, L.  Gu, Q.  Chen, Y.  Yu, Small 2018, 14, 
1802218.

[19] H. Hou, C. E. Banks, M. Jing, Y. Zhang, X. Ji, Adv. Mater. 2015, 27, 
7861.

[20] S. Qiu, L. Xiao, M. L. Sushko, K. S. Han, Y. Shao, M. Yan, X. Liang, 
L. Mai, J. Feng, Y. Cao, X. Ai, H. Yang, J. Liu, Adv. Energy Mater. 2017, 
7, 1700403.

[21] W. Hong, Y. Zhang, L. Yang, Y. Tian, P. Ge, J. Hu, W. Wei, G. Zou, 
H. Hou, X. Ji, Nano Energy 2019, 65, 104038.

[22] B. Cao, H. Liu, B. Xu, Y.  Lei, X. Chen, H. Song, J. Mater. Chem. A 
2016, 4, 6472.

[23] N. Wang, Y. Wang, X. Xu, T. Liao, Y. Du, Z. Bai, S. Dou, ACS Appl. 
Mater. Interfaces 2018, 10, 9353.

[24] B. Yuan, L. Zeng, X. Sun, Y. Yu, Q. Wang, Nano Res. 2018, 11, 2256.
[25] D. Luo, J. Xu, Q. Guo, L. Fang, X. Zhu, Q. Xia, H. Xia, Adv. Funct. 

Mater. 2018, 28, 1805371.
[26] Z.  Hong, Y.  Zhen, Y.  Ruan, M.  Kang, K.  Zhou, J.-M.  Zhang, 

Z. Huang, M. Wei, Adv. Mater. 2018, 30, 1802035.
[27] C. Delmas, Adv. Energy Mater. 2018, 8, 1703137.
[28] S.-W.  Zhang, W.  Lv, C.  Luo, C.-H.  You, J.  Zhang, Z.-Z.  Pan, 

F.-Y. Kang, Q.-H. Yang, Energy Storage Mater. 2016, 3, 18.

Figure 5. In situ XRD mapping of MPC-1000 during the first charge−discharge process at 0.05 A g−1 at 25 °C.



© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2000447 (8 of 8)

www.advmat.dewww.advancedsciencenews.com

Adv. Mater. 2020, 2000447

[29] T. Wu, C. Zhang, G. Zou, J. Hu, L. Zhu, X. Cao, H. Hou, X.  Ji, Sci. 
China Mater. 2019, 62, 1127.

[30] Y.  Li, Z.  Wang, L.  Li, S.  Peng, L.  Zhang, M.  Srinivasan, 
S. Ramakrishna, Carbon 2016, 99, 556.

[31] J. P. Paraknowitsch, A. Thomas, Energy Environ. Sci. 2013, 6, 2839.
[32] Y.  Shao, J.  Xiao, W.  Wang, M.  Engelhard, X.  Chen, Z.  Nie, M.  Gu,  

L. V. Saraf, G. Exarhos, J.-G. Zhang, J. Liu, Nano Lett. 2013, 13, 3909.
[33] H. Moon, J. Lee, S. Kwon, I. Kim, S. Lee, Carbon Lett. 2015, 16, 116.
[34] D. Sun, B. Luo, H. Wang, Y. Tang, X. Ji, L. Wang, Nano Energy 2019, 

64, 103937.
[35] L.  Xiao, Y.  Cao, W. A.  Henderson, M. L.  Sushko, Y.  Shao, J.  Xiao, 

W. Wang, M. H. Engelhard, Z. Nie, J. Liu, Nano Energy 2016, 19, 279.
[36] J.  Zhang, D.-W.  Wang, W.  Lv, L.  Qin, S.  Niu, S.  Zhang, T.  Cao, 

F. Kang, Q.-H. Yang, Adv. Energy Mater. 2018, 8, 1801361.
[37] J. Zhang, D.-W. Wang, W. Lv, S. Zhang, Q. Liang, D. Zheng, F. Kang, 

Q.-H. Yang, Energy Environ. Sci. 2017, 10, 370.
[38] K.  Li, J.  Zhang, D.  Lin, D.-W.  Wang, B.  Li, W.  Lv, S.  Sun, Y.-B.  He, 

F. Kang, Q.-H. Yang, L. Zhou, T.-Y. Zhang, Nat. Commun. 2019, 10, 725.
[39] P. Bai, Y. He, P. Xiong, X. Zhao, K. Xu, Y. Xu, Energy Storage Mater. 

2018, 13, 274.
[40] X. Liu, Y. Tan, T. Liu, W. Wang, C. Li, J. Lu, Y. Sun, Adv. Funct. Mater. 

2019, 29, 1903795.
[41] K.  Zou, P.  Cai, Y.  Tian, J.  Li, C.  Liu, G.  Zou, H.  Hou, X.  Ji, Small 

Methods 2020, 4, 1900763.
[42] Y. Qi, Y. Lu, F. Ding, Q. Zhang, H. Li, X. Huang, L. Chen, Y.-S. Hu, 

Angew. Chem., Int. Ed. 2019, 58, 4361.

[43] S. Li, J. Qiu, C. Lai, M. Ling, H. Zhao, S. Zhang, Nano Energy 2015, 
12, 224.

[44] Y. He, X. Han, Y. Du, B. Song, B. Zhang, W. Zhang, P. Xu, Nano Res. 
2018, 11, 2573.

[45] J.  Wang, J.  Polleux, J.  Lim, B.  Dunn, J. Phys. Chem. C 2007, 111, 
14925.

[46] Z.  Chen, V.  Augustyn, X.  Jia, Q.  Xiao, B.  Dunn, Y.  Lu, ACS Nano 
2012, 6, 4319.

[47] D. Chao, P. Liang, Z. Chen, L. Bai, H. Shen, X. Liu, X. Xia, Y. Zhao, 
S. V. Savilov, J. Lin, Z. X. Shen, ACS Nano 2016, 10, 10211.

[48] D. Chao, C. Zhu, P. Yang, X. Xia, J. Liu, J. Wang, X. Fan, S. V. Savilov, 
J. Lin, H. J. Fan, Z. X. Shen, Nat. Commun. 2016, 7, 12122.

[49] Y. Li, Y.-S. Hu, M.-M. Titirici, L. Chen, X. Huang, Adv. Energy Mater. 
2016, 6, 1600659.

[50] Y.  Jin, S. Sun, M. Ou, Y. Liu, C. Fan, X. Sun, J. Peng, Y. Li, Y. Qiu, 
P. Wei, Z. Deng, Y. Xu, J. Han, Y. Huang, ACS Appl. Energy Mater. 
2018, 1, 2295.

[51] Y.-P. Wu, C.-R. Wan, C.-Y. Jiang, S.-B. Fang, Y.-Y. Jiang, Carbon 1999, 
37, 1901.

[52] H.  Kim, Y.-U.  Park, K.-Y.  Park, H.-D.  Lim, J.  Hong, K.  Kang, Nano 
Energy 2014, 4, 97.

[53] S.  Komaba, W.  Murata, T.  Ishikawa, N.  Yabuuchi, T.  Ozeki, 
T.  Nakayama, A.  Ogata, K.  Gotoh, K.  Fujiwara, Adv. Funct. Mater. 
2011, 21, 3859.

[54] N. Sun, Z. Guan, Y. Liu, Y. Cao, Q. Zhu, H. Liu, Z. Wang, P. Zhang, 
B. Xu, Adv. Energy Mater. 2019, 9, 1901351.


