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Ultrastable Lithium-Ion Battery Anodes

The exploration of carbon-based anodes with high capacity and long lifespan is

pursued to further boost the performance of Li-ion batteries. To fulfill these

requirements, Yang et al. report a composite containing zinc oxide quantum dots

embedded in porous carbon nanosheets, which delivers high reversible capacity

and ultrastable cycling.
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Zinc Oxide Quantum Dots Embedded Porous Carbon
Nanosheets for High-Capacity and Ultrastable
Lithium-Ion Battery Anodes

Jian Yang,1 Tingting Feng,1 Haiping Zhou,1 Cerui Hu,1 Yuping Guo,1 Cheng Chen,1 Zhi Chen,1

Jiahao Liu,1 Gang Huang,2,3,* and Mengqiang Wu1,*

SUMMARY

Carbon materials are widely used in lithium-ion batteries (LIBs) due
to their high performance, safety, and reliability, along with low cost
and easy availability. However, the low lithium storage capability of
bare carbonmaterials limits the further improvement of the capacity
of LIBs. Here, we report a facile self-poring strategy for the synthesis
of trace amounts of ZnO quantum dots (QDs) (�5 nm) embedded in
highly porous carbon nanosheets by using the metal centers of a Zn-
based metal-organic ligand structure as a pore-creating agent.
Benefiting from the synergistic functions of nanostructuring, heter-
ocomponent doping, and QDs effects, the as-prepared materials
deliver superior lithium storage properties in comparison with the
existing carbon-based materials—2,300 mAh g�1 at 0.2 A g�1,
�600 mAh g�1 at 10 A g�1, and �700 mAh g�1 after 3,000 cycles
at 5 A g�1—and are promising candidates for next-generation
high-capacity LIB electrodes.

INTRODUCTION

Recently, there has arisen an immediate need to develop energy storage devices

with large capacities and long lifespans.1–3 Before the practical application of cut-

ting-edge energy storage systems, such as lithium-sulfur (Li-S)/air batteries, Li-ion

batteries (LIBs) are still the best choice, owing to their mature technology, relative

high specific energy, long cycle life, and adequate safety.4–7 However, as an impor-

tant component of LIBs, the extensively used graphite anodes, have faced some

technical bottlenecks,8–10 one of which is their relatively low Li storage capacity

(theoretical capacity of 372 mAh g�1), failing to fulfill the ever-growing requirements

for more demanding applications of high energy and power densities.11–13 To over-

come this particular issue, much effort has been devoted to the exploration of car-

bon (C) materials possessing high capacity, rate capability, and long cycle

span.14–19

It is believed that there are two effective strategies to boost the capacities of C-

based materials. The first is nanostructuring: reducing the size of C down to nano-

scale or introducing pores into the C structure, which can expose more active sites

to storage Li+, as well as facilitate Li+ kinetic process. The resulting low-dimensional

C-based nanoparticles, nanowires, and nanosheets or porous bare C do exhibit high

reversible capacities20–24; however, they still suffer from expensive and multistep

synthesis, unstable voltage output, poor cycling stability, and unsatisfied rate

capability at large current densities.22,24 For the unstable voltage output, it can be

alleviated by combining the non-graphitized C with transition metal oxides or
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alloy-based materials.25,26 The second strategy involves the incorporation of heter-

ocomponents within the C structure, which may enhance the conductivity and

compensate the stability of the intrinsic structure of C materials.27 For instance,

Ou et al.28 prepared a N-rich porous C from biomass as a high-performance anode

material with a reversible capacity of 1,181 mAh g�1 at 100 mA g�1. The

introduced N heteroatoms not only improve electrode conductivity but they also

provide more Li+ binding sites. Moreover, Zhang and collaborators synthesized

hierarchical Si/N-doped C/C nanotube spheres with a high reversible specific

capacity of 1,380 mAh g�1 at a current density of 0.5 A g�1.29 Although the introduc-

tion of heteroatoms can successfully boost Li storage capacity, the options of gener-

ally used non-metallic heteroatoms are limited, and the performance improvement

through heteroatom doping has reached a bottleneck, it is hard to obtain further

performance promotions.

Considering the distinct physical and chemical properties induced by quantum size

effects, the interdisciplinary of electrochemical energy storage and quantum

mechanics has recently stimulated the enthusiasm of researchers. In particular, the

combination of C materials and quantum dots (QDs) becomes the hotspot in the

development of high-performance electrode materials for LIBs30–40 (e.g., CoO

QDs/graphene nanosheet composites,38 ZnCo2O4 QDs anchored on N-doped C

nanotubes,39 Sn QDs embedded in N-doped C nanofibers,36 ZnO QDs and C com-

posites).33–35 However, most reported QDs/C composite materials are with high

loading amount of QDs, and the C materials just behave as auxiliary material rather

than as main active materials; as a result, the composite materials mainly reflect the

intrinsic properties of QDs, but not the properties of C materials.41–43 To the best of

our knowledge, the study of how QDs affect the electrochemical properties of C ma-

terials is in its infancy and there are still several issues that require further investiga-

tion: (1) no reasonable explanation for the quantum effects induced performance

improvement has yet been provided; (2) the dependence of the Li storage perfor-

mance on the content of QDs, particularly in the case of extremely trace amounts

of QDs, is not yet clear; and (3) a facile and efficient strategy for controllable fabrica-

tion of QDs/C composites is highly desirable.

On the basis of this, we developed a facile and controllable approach to fabricating a

porous C nanosheet embedded with trace amounts of ZnO QDs—in other words, a

C@ZnO QDs composite that combines the advantages of nanostructuring, doping,

and QDs effects. The large pore volume and the high specific surface area of the

composite provide fast migration channels and abundant storage sites for Li+.

Meanwhile, the doped ZnO QDs generate active electrons and holes in a certain

area around the amorphous C structure, increasing the mobility and storage sites

of Li+ in the electrode materials. The synergy of these advantages enables ultrahigh

reversible capacity of �2,300 mAh g�1 at 0.2 A g�1, incredible rate performance of

�600 mAh g�1 at 10 A g�1, and ultrastable cycling of �700 mAh g�1 after 3,000 cy-

cles at 5 A g�1. The as-prepared ZnO QDs in embedded C nanosheets composite

possess themerits for ideal electrodematerials of long cycle life, high specific capac-

ity, and excellent rate performance.

RESULTS AND DISCUSSION

Synthesis and Analysis of C@ZnO QDs Composite

The scanning electron microscopy (SEM) images of the samples (treated from room

temperature to 1,200�C) and the corresponding schematic diagram of the proced-

ure followed during materials synthesis are presented in Figures 1A and S1,
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respectively. Initially, the precursor shows a rod-like structure and uniform size with a

length in the range of 200–500 nm (Figures 1A and S1A). When the carbonization

temperature increases to 200�C, the rod-like structure of S200 displays variable

width on the 2-dimensional (2D) scale and the surface becomes rough (Figures 1A

and S1B). By referring to the variation rules between the composition element and

the specific surface area of the materials in these two treatment temperatures in

Table S1, it can be inferred that the loss of the microcrystalline water results in subtle

changes in materials morphology. Upon increasing the temperature to 400�C (Fig-

ures 1A and S1C), the structure of S400 becomes distinctly interconnected, smaller,

and translucent. The X-ray powder diffraction (XRD) curves in Figure S2 show that the

peaks of ZnO appear at this temperature, which proves that the –COO-Zn bond is

partially changed and transformed to ZnO at 400�C. When the carbonization tem-

perature rises to 600�C, the S600 presents a kind of rough and uneven particles

assembled sheet (Figures 1A and S1D), and its XRD curve (Figure S2) matches well

with the Joint Committee on Powder Diffraction Standards (JCPDS) card of ZnO

(No. 36-1451) and displays the strongest peak intensity in comparison with that of

S400 and S800. As shown in Table S1, the increase in carbonization temperature

from 400�C to 600�C is accompanied by a decrease in O content from 20.88 to

7.67 atom%, demonstrating the further transformation of –COO–Zn to ZnO. A

similar morphology of porous lamellar layers can be found for the S800 and S900

Figure 1. Schematic Illustration of the Fabrication Process of the C@ZnO QDs

(A) Structure evolution of the precursor during the annealing process.

(B) Synthesis mechanism of the C@ZnO QDs.
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samples (Figure 1A, S1E, and S1F). However, there is a large difference in the con-

tent of Zn or ZnO in these two samples. The results of XRD patterns (Figure S2)

and C/O/Zn elements content analysis (Table S1) reveal the evolution of the carbon-

ization process and the beginning of the sublimation of Zn at 800�C. Further

increasing the temperatures to 1,000�C, 1,100�C, and 1,200�C, hierarchical porous
nanosheets with increasing roughness are obtained, without obvious structural dam-

age induced by these high carbonization temperatures (Figures 1A, S1G, and S1I).

The inductively coupled plasma-optical emission spectrometry (ICP-OES) informa-

tion regarding Zn in all of the samples is shown in Figure S3, in which the mass ratio

of Zn shows a similar variation trend with that in Table S1. The formation of ZnOQDs

and the evolution of pore structures of the S1000, S1100, and S1200 can be directly

seen from Figure 1A.

To further examine the evolution of chemical reactions in the process of material syn-

thesis, a reaction process diagram is provided in Figure 1B. One Zn atom in Zn ace-

tylacetonate binds to two carbonyls. At the beginning, the carbonyl group in Zn ace-

tylacetonate reacts with the hydroxyl group in ethylene glycol. This reaction breaks

the Zn element away from the carbonyl group, followed by its subsequent combina-

tion with the carboxyl group on 1,2,3,4-butanetetracarboxylic acid (BTCA), forming

a relatively stable metal-organic ligand structure of –COO–Zn–. The acetal reaction

can accelerate the release of Zn, which is beneficial to the formation of a 3D intercon-

nected network precursor. When dehydrogenated and deoxygenated at high

carbonization temperatures, the C atoms rearrange into a disordered structure

and Zn atoms combine with O atoms to form ZnO crystals. Subsequently, some

ZnO will be reduced to Zn by the formed C and sublimated at high temperatures,

easily leading to the generation of abundant pores, while the other ZnO crystals

are trapped by the amorphous C and exist as QDs.

The detailed structure of the S1100 is characterized by SEM and transmission elec-

tron microscopy (TEM) (Figure 2). As a comparison, the TEM and high-resolution

TEM (HRTEM) images and selected area electron diffraction (SAED) patterns of

Figure 2. Microstructural Characterization of the S1100

(A and B) SEM images of the S1100.

(C and D) TEM images of the S1100.

(E and F) HRTEM images of the S1100.
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the S1000 and S1200 are provided in Figure S4. The (100) and (002) crystal planes of

C in the SAED patterns of the S1000 and S1200 can be clearly identified. The S1100

is composed of interconnected ultrathin nanosheets with a hierarchical porous struc-

ture (Figures 2A and 2B). As can be seen from Figure 2C, the slice layer of the S1100

can be well penetrated by the electron beam, indicating its thin-layer thickness. In

Figure 2D, the black and white areas on the surface of the sample reveal the uneven

state of the materials and the existence of pores. Moreover, Figure 2E clearly shows

that the �5 nm ZnO QDs embed in the amorphous C (purple area). To see the ZnO

QDs more intuitively, a partially enlarged view of Figure 2E is provided, which dis-

plays discernible (110) and (100) planes of ZnO (Figure 2F). The TEMmapping is dis-

played in Figure S5. The distribution of C, O, and Zn can be clearly observed for all

three samples, and the contents of Zn and O decrease with the increasing annealing

temperature. The structures of the samples (S1000, S1100, and S1200) are further

characterized by XRD patterns (Figure 3A). The two broad diffraction peaks indexed

Figure 3. Composition and Textural Properties of the C@ZnO QDs

(A and B) XRD patterns (A) and Raman spectra (B) of the S100, S1100, and S1200.

(C and D) XPS spectra (C) and Zn content (D) of the S1100 at the depths of 2, 5, 10, and 20 nm from the surface.

(E) Zn 2p spectrum of the S1100 at the depth of 20 nm.

(F) Surface C 1 s XPS spectrum of the S1100.

(G and H) Nitrogen adsorption-desorption isotherms (G) and pore size distribution curves (H) of the S1000, S1100, and S1200.

(I) Specific surface area and Zn content as a function of treatment temperature.
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as (002) and (100) correspond to the amorphous C.44,45 As the temperature in-

creases, the (002) peak with the increased area shifts to a higher angle, indicating

that the interlayer space becomes smaller and more orderly. The diffraction peak

at 31.7� of the S1000 and the S1100 belongs to the (100) plane of ZnO, confirming

the remnant of ZnO in the samples. The Raman spectra of the 3 samples (Figure 3B)

present a D-band at 1,357 cm�1 (associated with defects) and a G-band at

1,580 cm�1 (related to graphitic C). The integral area ratio of these two peaks varies

with the degree of graphitic order in C (marked as IG/ID).
46 The IG/ID values of the

three samples obtained from the integral area of the D- and G-bands are shown in

Table S1. It is evident that the concentration of defects decreases with the increase

in the carbonization temperature. All of the samples are highly defective (IG/ID values

in all 3 samples are <1), in agreement with the XRD results.

X-ray photoelectron spectroscopy (XPS) measurements are then taken to probe the

chemical state of the S1000, S1100, and S1200. The full spectra in Figure S6A prove

that the samples are mainly composed of C andO, and the content of Zn on the sam-

ple surface is too low to show any significant peaks. To detect the Zn content of the

S1100 at different depths inside the material, an XPS test was conducted at depths

of 2, 5, 10, and 20 nm, respectively (Figure 3C). As can be seen from Figure 3D, the

content of Zn increases with the increase in test depth: 0.2, 0.22, 0.91, and 1.58

atom% at the depths of 2, 5, 10, and 20 nm, respectively. Moreover, there is an

obvious Zn 2p spectrum with characteristic Zn 2p1/2 (1,045 eV) and Zn 2p3/2

(1,022 eV) peaks at the depth of 20 nm (Figure 3E). The original spectra of Zn at the

test depths of 2–10 nm are shown in Figures S6G–S6I. The inhomogeneous distribu-

tion of Zn is probably due to the easy liberation of surface Zn during the carbonization

process. The detailed surface elemental content of each component (atom%) is pro-

vided in Table S1. The carbonization temperature has a detrimental effect on the

elemental contents of C, O, and Zn. As shown in Figure 3F, the C 1 s spectra of the

S1100 can be fitted by 3 peaks, representing 3 different types of C bonding: sp2

C–C (284.3 eV), C–O (285.5 eV), andC=O (289.1 eV),44 respectively. TheO1 s spectra

of the S1100 exhibit 2 peaks at 531.3 and 533.7 eV (Figure S6E), which can be attrib-

uted to C=O (O I) and C–O (O II), respectively.46,47 The C 1 s andO 1 s XPS spectra of

the S1000 andS1200 are shown in Figures S6B–S6D and S6F. It can be seen that theO

bond of the S1000 (Figure S6D) is obviously different from those of S1100 and S1200,

since the peak at 535.4 eV representing the O–C=O (O III)44 is not evident in the

spectra of S1100 and S1200. This difference indicates that the O–C=O bond tends

to disappear when the carbonization temperature is >1,000�C.

To analyze the porosity of the S1000, S1100, and S1200, N2 adsorption-desorption

isotherms are provided in Figure 3G. All of them possess an IV type isothermal curve

with high specific surface areas and microporous/mesoporous characteristics. The

pore size distributions of the 3 samples are presented in Figure 3H. The micropore

diameter of the S1000 sample is located at 0.7562 and 1.193 nm, whereas that of

S1100 and S1200 is at �1.134 and 1.129 nm, respectively. In addition, the mesopo-

rous diameters of the S1000, S1100, and S1200 samples are 2.09, 2.626, and

2.908 nm, respectively, with the corresponding adsorption average pore size at

�3.04, 4.818, and 5.454 nm. The total pore volumes (Table S1) of the S1000,

S1100, and S1200 are 2.561, 3.393, and 3.274 cm3 g�1, respectively. Clearly, the

proportion of mesoporous volume increases with the increase in carbonization tem-

perature (from 57.4% to 77.3% and 80.2%) being 1.47, 2.65, and 2.59 cm3 g�1,

respectively. The obtained special porous structure of the samples is extremely

beneficial to the migration, adsorption, and desorption of Li+, which can result in

high Li storage. Moreover, it is found that there is a close relationship between
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the Zn content and the specific surface area of the samples treated at different

carbonization temperatures (Figure 3I). The Zn content increases slightly in the tem-

perature range of 80�C–400�C due to the loss of crystallized water. Subsequently,

the initial carbonization process occurs at 400�C–800�C, and it is accompanied by

the formation of ZnO crystals. At this stage, the specific surface area of the obtained

material increases with the increase in temperature due to the decomposition of

organic linkers. Meanwhile, the Zn content drops sharply at 600�C–1,000�C, which
can be attributed to the further development of the carbonization process and the

sublimation of Zn. For the S1000, S1100, and S1200 samples, although the content

of Zn is lower than 1.6 atom%, the specific surface areas of the samples are notably

increased and experience significantly varies. We can infer that at this stage, carbon-

ization temperature is the main reason for the change in specific surface area and

pore size rather than the liberation of Zn. To confirm this, the thermogravimetric

analysis (TGA), differential thermal analysis (DTA), and derivative thermogravimetry

(DTG) curves of the S1100 are presented in Figure S7. The decomposition of the C in

the S1100 starts from 600�C and a residual weight of only 2.1 wt% is left after

1,000�C, revealing the low Zn content in the S1100.

Electrochemical Properties

The electrochemical Li storage performances of the S1000, S1100, and S1200 are eval-

uated in the form of anodes in Li-ion half-cells. The initial 5 cycles of cyclic voltammetry

(CV) curves of the 3 samples are shown in Figure 4A (S1100) and Figures S8A and S8B

(S1000 and S1200). S1000 and S1100 exhibit similar redox peaks and shapes. The area

of the subsequently closed curve is significantly smaller than that of the first curve, which

canbeexplainedby thegenerationof solid electrolyte interface (SEI) filmsand some irre-

versible reactions.48–50 The CV curves from the 2nd to 5th cycles display good coinci-

dence degree, indicating high reversibility of the charge-discharge processes. In the sta-

ble cathodic scan process, an inconspicuous peak at�0.83V can be found for the S1000

and S1100 (Figures 4A and S8A), relating to the microreaction of ZnO + 2Li / Zn +

Li2O.32,37 There are 2weakpeaks at�1.5 and2.5V in the subsequent anodic scan, which

correspond to the conversionmicroreactionof Zn+ Li2O/ZnO+2Li.32,33,37 For S1200,

noobvious redoxpeakscanbediscerneddue to its ultralowZncontent.Asacomparison,

the CV curves of the S800 are shown in Figure S9A, which exhibits obvious redox peaks

corresponding to the conversion and alloy reaction between ZnO and Li+, revealing the

high content of ZnO in the S800.

The electrochemical impedance spectra (EIS) of the 3 fresh electrodes are shown in

Figure 4B, with a semicircle at the high to medium frequencies, which is ascribed to

the charge transfer resistance at the interface between the fresh electrode and the

electrolyte. It can be observed that the interface impedances of the 3 samples are

all <40 U and follow the order of S1000 < S1100 < S1200. These small impedances

are beneficial to the migration of Li+ and electrons, giving rise to an excellent rate

performance. The Li storage capacities of the 3 samples at low current density (0.2

A g�1) are depicted in Figure 4C. The S1100 delivers the highest reversible specific

capacity, with the capacity gradually decreasing to �1,800 mAh g�1 in the first 20

cycles and then increasing to �2,300 mAh g�1 after 100 cycles (this phenomenon

is often referred to as the electrochemical activation process).51,52 After that, the

capacity remains almost steady and a capacity of >2,000 mAh g�1 can still be main-

tained after 300 cycles. A similar phenomenon can be observed for the S1200 elec-

trode, while for the S1000 electrode, except for the small-capacity decrease in the

initial cycles, a relatively low reversible specific capacity of �850 mAh g�1 is main-

tained in the following charge-discharge processes. As is well known, almost all elec-

trode materials with large specific surface areas may encounter the problem of low
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initial coulombic efficiency (CE)22,53 and our material is no exception. This issue can

be alleviated by conducting a pre-lithiation process. As indicated in Figure 4D, the

initial CE of the S1100 increases from 34.1% to 58.8% after pre-lithiation treatment

for 10 h, and the CE increases with the prolongation of the pre-lithiation time. At a

treatment time of 12 h, the initial CE reaches 83%. Further prolonging the treatment

time pushes the CE above 1. For the open circuit voltage, there is a reverse trend,

which decreases gradually with the deepening of the pre-lithiation process. The cor-

responding charge-discharge curves of the pre-lithiated S1100 are shown in

Figure S8C.

The cyclic capability of the 3 electrodes at a high current density of 5 A g�1 is then

tested (Figure 4E), in which S1100 exhibits the highest capacity (700 mAh g�1 after

Figure 4. Electrochemical Characterization of the C@ZnO QDs Anode

(A) The first 5 representative CV curves of the S1100 at a scan rate of 0.05 mV s�1 between 0.01 and 3.0 V.

(B) Electrochemical impedance spectra (EIS) of the fresh S1000, S1100, and S1200.

(C) Cycling performances of the three samples at a current density of 0.2 A g�1.

(D) The initial CEs of the S1100 after pre-lithiation treated for 0, 10, 11, 12, and 13 h, respectively.

(E) Long-term cycling test of the 3 electrodes at a high current density of 5 A g�1.

(F) EIS spectra of the 3 samples after 1,000 and 3,000 cycles.

(G) Rate capability of the 3 samples at current densities from 0.1 to 10 A g�1.
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3,000 cycles), compared to those of the S1000 and S1200 electrodes (250 mAh g�1

and 450 mAh g�1, respectively, after 3,000 cycles), following the same order of the

specific surface areas. The cyclic performance at the above 2 current densities pre-

liminarily verifies that the large specific surface area has a positive effect on the Li+

storage of the electrode materials. The SEM images of the cycled S1100 are pro-

vided in Figure S10. With the extension of the cycle number, the nanosheet structure

of the S1100 gradually changes into small nanoparticles, accompanied by the forma-

tion of a thick SEI film. Even after 3,000 cycles, there is still no obvious electrode pul-

verization and breakage, providing the electrode with excellent cycling stability. To

confirm the indispensable role of ZnO QDs, the electrochemical performance of

HCl-treated S1100 was checked. As indicated in Figure S11, the HCl-treated

S1100 experiences fast capacity decay in the initial 50 cycles, and a reversible capac-

ity of only 1,000 mAh g�1 can be maintained after 100 cycles, far inferior to that of

S1100, revealing that ZnO QDs can enhance the cycling stability of S1100. A high

specific surface area alone cannot make S1100 exhibit the above-mentioned excel-

lent electrochemical performance, indicating that there are syngenetic effects be-

tween the high specific surface area and the ZnO QDs for promoting the Li storage

properties of the S1100.

To further understand the origin of the excellent cycling stability, the EIS curves of

the 3 samples after 1,000 and 3,000 cycles are provided in Figure 4F. The interface

impedance of the S1100 sample experiences the smallest increase, followed by the

S1200 and S1000 samples. Even after 3,000 cycles, the impedance of the S1100

electrode is still <100 U. The lower the interface impedance of the electrode, the

higher the mobility of Li+ and electrons in the charge-discharge process, which is

one of the most crucial parameters for the rapid lithiation and delithiation of the

electrode. The electrochemical properties of the S800 are shown in Figure S9 to illus-

trate the unsatisfactory performance under the condition of high ZnO content

(30 atom%) and further confirms the high capacity induced by the synergistic func-

tion of the high surface area and QD effects.

Figure 4G shows the rate capability of the 3 samples at various current densities from

0.1 to 10 A g�1. It can be seen that the S1100 displays the best reversible discharge

capacities of �2,200, 1,850, 1,500, 1,250, 1,100, 800, and 600 mAh g�1 at 0.1, 0.2,

0.5, 1, 2, 5, and 10 A g�1, respectively. Moreover, the capacity can recover to 2,250

mAh g�1 when reducing the current density from 10 to 0.1 A g�1, indicating the

excellent rate capability of the S1100 electrode. Furthermore, we have investigated

the effect of mass loading on the capacity of the S1100 electrode. Figure S12B shows

the cycling performance of the S1100 at 0.5 A g�1, with a mass loading of 1.5 mg

cm�2. It is clear that the reversible capacity at steady state is �1,200 mAh g�1.

Even increasing the mass loading to 2.0 and 2.4 mg cm�2, the reversible capacity

shows no obvious decrease (Figure S12C). The electrode with a mass loading of

1.5 mg cm�2 exhibits the highest initial specific capacity, while the electrode with

a mass loading of 2.4 mg cm�2 shows the most stable cycling stability. It is difficult

to further increase the active material loading due to such limiting factors as the high

specific surface area and the high pore volume of the S1100. To demonstrate the

practical application ability of the S1100, a full cell was assembled by pairing it

with NCM811. As indicated in Figure S12A, the full cell delivers a 1st discharge ca-

pacity of �1,700 mAh g�1 and then the capacity gradually decays to �850 mAh g�1

after 43 cycles, which is in line with the initial capacity loss of the S1100 in the half-

cell. A comparison of our work with the state-of-the-art C-based composites is

presented in Table S2. It is obvious that the Li storage properties obtained here

are superior to those of other reported results. We speculate that the synergistic
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effects of ZnO QDs and the ultrahigh specific surface area of the S1100 contributes

to its high electrochemical performance. A more in-depth explanation via a kinetic

analysis is provided below.

Kinetic Analysis

The CV curves of the S1000, S1100, and S1200 electrodes at the scan rates from 0.1

to 400 mV s�1 are used to analyze their electrode kinetics (Figures 5A–5C and S13A–

S13C). The S1100 can still maintain the CV properties with an inappreciable shift,

even at a high scan rate of 400 mV s�1 (Figure S13B), suggesting its highly capacitive

nature with ultrafast ion response and superior rate capability. Conversely, the

S1000 and S1200 show severely distorted CV curves at high scan rates (Figures

S13A and S13C). The larger voltage offset indicates a higher polarization, a lower

voltage efficiency, and thus a smaller energy efficiency.54 According to the previous

reports,55–58 there is a certain relationship between the peak current (i) and scan rate

(n): i = anb, where a and b are dynamic constants. The b value can be extracted by

Figure 5. Quantitative Analysis of Surface-Dominated Li Storage

(A–C) CV curves of S1000 (A), S1100 (B), and S1200 (C) at various scan rates from 0.1 to 10 mV s�1.

(D and E) Anodic b value (D) and cathodic b value (E) determination of S1000, S1100, and S1200.

(F) Contribution of the surface process of S1000, S1100, and S1200 at different scan rates.

(G–I) Contribution of the surface process of S1000 (G), S1100 (H), and S1200 (I) at a scan rate of 2 mV s�1.
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plotting the log(i) against the log(n) curves. The b values of 0.5 and 1 represent a fara-

daic intercalation process and a surface charge storage capacitive process, respec-

tively. It can be seen from Figures 5D and 5E that the S1000, S1100, and S1200

exhibit clear anodic and cathodic linear relationships at scan rates from 0.1 to

10 mV s�1. The slopes of the 3 samples are all close to 1, and the anodic b value

of the S1000, S1100, and S1200 is 0.90, 0.96, and 0.92, respectively. The cathodic

b value in the same scan interval is 0.84, 0.92, and 0.86, respectively. It is worth

noting that when the scan rate increases to 400 mV s�1, only decent decrease of

the b value is observed for the 3 electrodes (Figures S13D–S13F). From the above

analysis, we can conclude that the Li storage behaviors in all 3 electrodes are domi-

nated by the capacitive (surface-driven) process.

The total surface capacitive contribution can be categorically quantified by sepa-

rating the current response (i) from a diffusion-controlled and surface-driven process

at a scan rate (n). The corresponding equation is i = k1n + k1n
1/2,55–58 where the first

and second terms represent the capacitive and diffusion-controlled Li+ storage

mechanisms, respectively. Figures 5G–5I show the separated CV curves of the

capacitive process from the total process at the scan rate of 2 mV s�1. The capacitive

capacity contribution can reach 83.74% for S1100, 73.63% for S1000, and 75.65% for

S1200, further corroborating that the Li+ storage mechanism of the 3 electrodes is

dominated by the surface-driven process. In addition, the capacitive capacity contri-

butions at the scan rates from 0.2 to 10 mV s�1 are presented in Figure 5F, which

shows that the capacitance-controlled process is enhanced with the increase in

scan rate. The capacitive contribution in the S1100 electrode is always higher than

that of S1200 and S1000. It can be seen from the charge-discharge curves that the

S1100 almost posses type B pesudocapacitive (Figure S8C).59

Ex situ XRD curves of the S1100 electrode at different voltages are then conducted

to check its structural evolution during cycling. As indicated in Figure S14, except for

a small diffraction peak near 32� corresponding to the poor crystallization of the

amorphous C appearing during the charge and discharge processes,60 there is no

other change in the XRD patterns, revealing that the electrode is dominated by

adsorption capacity and supplemented by diffusion-controlled capacity. The

enhanced kinetics process and Li storage properties of the S1100 can be attributed

to its maximum specific surface area and the trace amount of ZnO QDs.

Strengthening Effect Endowed by ZnO QDs and Porous Structure

Figure 6A shows the cross-sectional model diagram of the S1100 with an increase in

content of ZnO QDs from the surface to the interior. The schematic diagram of Li+/

electron migration on and within the surface of the S1100 is shown in Figure 6B to

uncover the origin of its high reversible capacity and excellent rate capability. The

specific reasons are as follows: (1) The large specific surface area and porous struc-

ture facilitate the good contact between electrode and electrolyte, promoting the

transport of Li+. (2) The numerous pores not only act as reservoir and channel for

lithium storage but they also effectively relieve the irreversible change in the struc-

ture. In addition, the interconnected pores and surface transfer channel reduced the

interfacial impedance by shorting the diffusion distance of the Li+. (3) The ZnO QDs

generate abundant defects within a certain range due to their high surface energy

and high activity. As a result, the coordination of surface atoms is insufficient,

increasing the unsaturated bonds and the suspended bonds on the surface, thus

activating the amorphous C. Figure 6C schematically illustrates the enhanced Li+

migration and Li+ storage by ZnO QDs. The abundant defects and the activated

amorphous C in the composite are beneficial to the Li storage and ion migration.
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In summary, to make full use of the merits of nanostructuring, heterocomponent

doping, and QDs effects, we have developed a facile and controllable approach

to the fabrication of porous C nanosheets embedded with trace amounts of ZnO

QDs. Benefiting from the high specific surface area and 2D C/ZnO QDs nano-

sheets structure, the as-prepared materials deliver excellent Li storage proper-

ties. A kinetics analysis showed that the capacity contribution of the electrodes

is dominated by the surface-driven process. Among the synthesized samples,

the S1100 exhibits the highest reversible capacity (>2,000 mAh g�1 after 300 cy-

cles at 0.2 A g�1), the best rate capability, and the optimal long cycling perfor-

mance (700 mAh g�1 after 3,000 cycles at 5 A g�1). Compared with the existing

C-based anodes, this porous C/ZnO QDs nanosheets composite displays supe-

rior electrochemical performance. The reported material fabrication strategy

and structural design approach can be extended to the modification of various

2D layered materials for high-performance energy storage and conversion

applications.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for experimental details should be directed to and

will be fulfilled by the Lead Contact, Gang Huang (huang.gang.e5@tohoku.ac.jp).

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

This study did not generate any datasets.

Figure 6. Strengthening Effect Endowed by ZnO QDs and Porous Structure

(A) Cross-sectional model diagram of S1100 with more internally distributed ZnO QDs.

(B) Schematic diagram of surface Li+ binding sites and enhanced surface/interface electrical

conductive.

(C) Model diagram of enhanced Li+ migration and Li+ storage by ZnO QDs.
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Synthesis of Precursor

First, 0.71 g BTCA was added to 100mL ethylene glyco (EG) and stirred for full disso-

lution. Second, 1.8 g Zn acetylacetonate was slowly added to the above solution and

continuously stirred until a pale yellow-green mixed solution formed. The above

mixed solution was transferred to an oil bath at 80�C for 12 h to obtain a white pre-

cursor. The precursor was isolated by centrifugation and washed with alcohol and

deionized water >3 times. Finally, the precursor was obtained by drying in a vacuum

oven at 80�C for 12 h.

Carbonization Treatment

The obtained precursor was annealed in a tube furnace with Ar protection at 200�C,
400�C, 600�C, 800�C, 900�C, 1,000�C, 1,100�C, and 1,200�C for 4 h and cooled

naturally to room temperature. The samples were labeled as S200, S400, S600,

S800, S900, S1000, S1100, and S1200, respectively.

Hydrochloric acid treatment: S1100 was added to 30 mL diluted hydrochloric acid

with a concentration of 20% and was continuously stirred for 12 h at room

temperature.

Materials Characterization

The structural characteristics of the as-prepared samples were examined on a

Bruker-D8 advanced X-ray diffractometer using Cu Ka radiation (l = 1.5406 Å).

The morphology was observed by means of field-emission scanning microscopy

(FE-SEM, JSM-5900LV, JEOL). The elemental composition of S200–S1200 was

analyzed by energy-dispersive X-ray spectroscopy (EDS) using the same FE-SEM.

The TEM/HRTEM and mapping analysis were performed on a JEOL JEM-2100F

transmission electron microscope (acceleration voltage of 300 kV). XPS measure-

ments were carried out on a Kratos XSAM 800 X-ray photoelectron spectrometer

with a Mg Ka excitation source (1,253.6 eV). Ar etching was applied to check the

chemical state of the sample under different depths. The rate of etching standard

samples is �0.29 nm s�1. The ICP-OES was carried out on the Optima 7000DV.

The Raman spectra of the samples were collected with an inVia Raman microscope.

The surface area and the pore volume of the samples were obtained in JW-BK132F

(Beijing JWGB Sci & Tech). The pore-size distributions were determined by the Bar-

rett-Joyner-Halenda (BJH) method. TGA, DTA, and DTG were used to investigate

the Zn content of S1100 with a heating rate of 5�C min�1 from room temperature

to 1,000�C in air.

Electrochemical Measurements

All electrochemical measurements were acquired in CR2032 type cells. The anode

electrodes were fabricated by mixing S1000 (S800, S1100, S1200, or HCl-treated

S1100), Super P, and polyvinylidene difluoride (PVDF) at a weight ratio of 8:1:1,

and then casted onto a copper foil using a doctor-blade with a nominal thickness

of 150 mm (the active mass loading is z1.0 mg cm�2). The cathode electrodes for

the full cell were fabricated by NCM 811, Super P, and PVDF at a weight ratio of

8:1:1, and then casted onto an Al foil using a doctor-blade with a nominal thickness

of 300 mm. The electrodes were dried at 80�C under vacuum for 12 h. The CR2032

type cells were assembled in an Ar-filled glovebox with O and water contents <1

ppm. Celgard 2400 polyethylene separator and 40 mL electrolyte were used to

assemble the half-/full cells. The electrolyte was 1 M LiPF6 in ethylene carbonate

(EC) and dimethyl carbonate (DMC) (EC:DMC 1:1). The electrochemical measure-

ments were performed on the Wuhan Land CT2001A battery testing system at

room temperature (the voltage range was 0.01–3.0 V for half-cell, and 2.7–4.3V for
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full cell). EISs were carried out using the PARSTAT 4000 A electrochemical worksta-

tion in the frequency range of 10 kHz–0.01 Hz. CV patterns were obtained through

a CHI660e (Chenhua) electrochemical workstation at scan rates from 0.01 to

400 mV s�1.

Pre-lithiation Treatment

A total of 15 mL electrolyte were added above the prepared electrode and then

covered with Li foil for different times.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.xcrp.

2020.100186.
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