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1. Introduction

Lithium-ion batteries (LIBs) are currently 
the dominant choice for portable devices 
in terms of high energy/power density, 
good safety, and environmental compat-
ibility.[1–3] However, the low theoretical 
capacity (only 372 mAh g–1) and unsat-
isfactory rate capability of commercial 
graphite anodes cannot meet the require-
ments of the dramatically increasing 
market. In the past decades, great efforts 
have focused on exploiting advanced 
substituted materials. Many inorganic 
materials have been developed according 
to four types of lithium storage mecha-
nisms: Type I: insertion/extraction mecha-
nism for TiO2 and Li4Ti5O12;[4–6] Type II: 
alloying/dealloying mechanism for Si and 
Sn;[7,8] Type III: conversion mechanism for 
transition metal oxides and sulfides;[9–11] 
Type IV: electrocatalytic conversion 
mechanism for transition metal carbon-
ates.[12,13] However, the low capacity, poor 
ionic/electronic conductivity, and/or large 
volume swings of these materials seri-
ously restrict their practical applications 
and, accordingly, various modifications 

(focusing on doping, nanotechnology, and composites) can be 
adopted to overcome these shortcomings. Although extraordi-
nary progress has been made, it is crucial and challenging to 
exploit better alternatives and, in particular, materials for novel 
lithium storage mechanisms.

For this purpose, we can gain enlightenment from the extra 
capacity phenomenon of transition metal oxides, which can 
deliver more lithium storage capacity (generally 10%–30%) 
than corresponding theoretical values.[14] In 2002, Poizot et al. 
observed the significant extra capacity and clarified the revers-
ible conversion of solid-electrolyte interface (SEI) films by 
transmission electron microscopy (TEM) and pseudocapaci-
tive behaviors by electrochemical characterization. In recent 
investigations, we have further demonstrated that transition 
metal nanoparticles could serve as efficient electrocatalysts to 
activate and/or promote the reversible transformation of some 
inorganic components (especially Li2CO3) in SEI films, and 
hence contribute to increasing capacity for lithium storage.[14] 
Grey and co-workers also showed that a major source of the 
extra capacity was the reversible reaction from LiOH (derived 

Ultrathin Layered Hydroxide Cobalt Acetate Nanoplates 
Face-to-Face Anchored to Graphene Nanosheets for  
High-Efficiency Lithium Storage

Liwei Su, Jinpei Hei, Xianbin Wu, Lianbang Wang,* and Zhen Zhou*

The dramatically increasing demand of high-energy lithium-ion batteries 
(LIBs) urgently requires advanced substitution for graphite-based anodes. 
Herein, inspired from the extra capacity of lithium storage in solid-
electrolyte interface (SEI) films, layered hydroxide cobalt acetates (LHCA, 
Co(Ac)0.48(OH)1.52·0.55H2O) are introduced as novel and high-efficiency 
anode materials. Furthermore, ultrathin LHCA nanoplates are face-to-face 
anchored on the surface of graphene nanosheets (GNS) through a facile 
solvothermal method to improve the electronic transport and avoid agglom-
eration during repeated cycles. Profiting from the parallel structure, LHCA//
GNS nanosheets exhibit extraordinary long-term and high-rate performance. 
At the current densities of 1000 and 4000 mA g−1, the reversible capacities 
maintain ≈1050 mAh g−1 after 200 cycles and ≈780 mAh g−1 after 300 cycles, 
respectively, much higher than the theoretical value of LHCA according 
to the conversion mechanism. Fourier transform infrared spectroscopy 
confirms the conversion from acetate to acetaldehyde after lithiation.  
A reasonable mechanism is proposed to elucidate the lithium storage 
behaviors referring to the electrocatalytic conversion of OH groups with Co 
nanocatalysts. This work can help further understand the contribution of SEI 
components (especially LiOH and LiAc) to lithium storage. It is envisaged 
that layered transition metal hydroxides can be used as advanced materials 
for energy storage devices.

Dr. L. Su, J. Hei, X. Wu, Prof. L. Wang
State Key Laboratory Breeding Base of Green  
Chemistry-Synthesis Technology
College of Chemical Engineering
Zhejiang University of Technology
Hangzhou 310014, China
E-mail: wanglb99@zjut.edu.cn
Prof. Z. Zhou
Key Laboratory of Advanced Energy Materials Chemistry  
(Ministry of Education)
Institute of New Energy Material Chemistry
Collaborative Innovation Center of Chemical Science  
and Engineering (Tianjin)
School of Materials Science and Engineering
National Institute for Advanced Materials
Nankai University
Tianjin 300350, China
E-mail: zhouzhen@nankai.edu.cn

DOI: 10.1002/adfm.201605544

www.afm-journal.de

Adv. Funct. Mater. 2017, 27, 1605544

www.advancedsciencenews.com

http://doi.wiley.com/10.1002/adfm.201605544


fu
ll p

a
p
er

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com (2 of 8) 1605544

from RuO2·yH2O during discharge) to Li2O and LiH under 
the existence of Ru metal nanoparticles, confirmed by high-
resolution solid-state nuclear magnetic resonance (NMR) tech-
niques together with theoretical computations.[15] Furthermore, 
we notice that the chemical conversion of acetates can be effi-
ciently conducted under electrocatalysis of transition metals 
or oxides.[16–22] Therefore, it is envisaged that this conversion 
could also occur in LIBs. These observations enlighten us 
that, besides Li2CO3, other SEI components, especially LiOH 
and lithium acetate (LiAc), should have a considerable poten-
tial for lithium storage if adopting effective metal catalysts. In 
particular, Co-based active materials (such as LiCoO2, LiCoPO4, 
CoO, and CoCO3) are always preferred in LIBs. Thus, it is rea-
sonable to design a compound consisting of Co2+, Ac−, and 
OH− ions, which can convert into Co, LiOH, and LiAc during 
discharge processes, to confirm the proposal mentioned above. 
On the other hand, the designed compound should be a prom-
ising candidate for high-capacity lithium storage materials.

Layered hydroxide cobalt acetate (LHCA) belongs to the 
family of layered hydroxide metal acetates with the general 
formula M(Ac)x(OH)2−x·nH2O, where M is a transition metal, 
and x and n depend on the metals and preparation condi-
tions.[23–28] The unique layered crystal structure enables them 
to be outstanding anion-exchange and magnetic materials. 
LHCA possesses a layered structure with interlamellar dis-
tance of ≈10 Å.[23] The discharged components match the 
designed composition of materials mentioned above perfectly, 
i.e., Co + LiOH + LiAc, based on the conversion mechanism 
(Type III). Therefore, herein we introduce LHCA with the for-
mula Co(Ac)0.48(OH)1.52·0.55H2O as a novel lithium storage 
material, to investigate the lithium storage potential of LiOH 
and LiAc. Fourier transform infrared (FT-IR) spectroscopy was 
performed to confirm the change of chemical compositions, 

while electrochemical techniques were conducted to elucidate 
the reversibility in long-term and high-rate cycling. To improve 
the Li+/electron conductivity, LHCA was successfully prepared 
into ultrathin nanoplates and face-to-face anchored to graphene 
nanosheets (GNS) surface (denoted as LHCA//GNS hybrid 
nanosheets).

2. Results and Discussion

2.1. Materials Characterization of Pure LHCA

Herein, the LHCA compound was fabricated through a chimie 
douce (soft chemistry) method by dehydrating cobalt acetate 
tetrahydrate (Co(Ac)2·4H2O) in a solvothermal solution of eth-
ylene glycol (EG). Chimie douce methods are performed under 
moderate conditions (typically T < 500 °C) during which the 
structural features of the reactants are preserved in the product, 
but the composition changes. This method is useful to modify 
the electronic structure of solids by doping and to design new 
metastable compounds by dehydration and ion exchange.

As shown in Figure 1a, the X-ray diffraction (XRD) pattern 
of pure LHCA shows a strong peak at a low degree of ≈10° 
and various weak peaks at 13°–60°, mismatching the standard 
cards of CoO, Co3O4, CoCO3, Co(OH)2, Co(CO3)0.5OH, and 
Co(Ac)2·4H2O. The strong peak at around 10° manifests the 
lamellar characteristic of layered hydroxide metal acetates. 
According to Scherrer’s equation, the interlamellar distance are 
calculated to be ≈10 Å, which enables a high-efficiency cationic 
exchange for lithium storage. This characteristic peak can be 
clearly observed in the XRD patterns of LHCA/GNS composites 
and becomes weaker along with increasing the content of GNS 
samples (denoted as S1–S3). Thermogravimetric analysis (TGA, 
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Figure 1. a) XRD patterns of pure LHCA and LHCA/GNS composites (S1–S3). b) Schematic diagram of crystalline framework of LHCA (without 
showing H atoms). c) FT-IR spectra of Co(Ac)2·4H2O and pure LHCA before cycling. XPS of pure LHCA: d) C1s, e) Co2p3/2, and f) O1s.
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Figure S2, Supporting Information) shows that the weight con-
tents of GNS in S1 to S3 are 32.0%, 21.3%, and 8.8%, respectively.

The layered features of LHCA are schematically illustrated 
in Figure 1b. Co2+ ions are aligned in rows in an octahedral 
environment of oxygen atoms of OH− and/or Ac− groups. 
Many water molecules are intercalated between the Co and O 
layers. Note that the schematic structure shown here refers to 
the structure in previous reports,[23–27] but is not strictly accu-
rate since M(Ac)x(OH)2−x·nH2O is believed to be a microcrystal-
line material and lacks in a reliable structural characterization. 
Elementary analysis and energy dispersive spectroscopy confirm 
that LHCA is comprised of Co, C, O, and H, with a weight ratio 
of 47.91: 9.37: 39.41: 3.32, corresponding to CoC0.96O3.03H4.08, 
i.e., Co(Ac)0.48(OH)1.52·0.55H2O. This result is very close to 
Co(Ac)0.5(OH)1.5·0.5H2O reported by Zheng and co-workers,[24] 
and Co(Ac)0.38(OH)1.62·0.53H2O reported by Jouini and co-
workers.[23] The slight difference in the number of Ac−/OH− 
groups and crystal water comes from the adopted preparation 
conditions, including solvents, temperatures, and durations.

The chemical components of LHCA can be further con-
firmed by FT-IR and X-ray photoelectron spectroscopy (XPS). 
Both are nondestructive techniques frequently used to evaluate 
the valence states of the material surface. Figure 1c shows the 
FT-IR spectra of pure LHCA and commercial Co(Ac)2·4H2O 
(with >99 wt% purity). LHCA shares almost the same spec-
trum with Co(Ac)0.38(OH)1.62·0.53H2O reported by Jouini and 
co-workers.[23] The peaks located at 1567 and 1365 cm−1 have 
a frequency separation Δν = 202 cm−1 and correspond to the 
antisymmetric (vas) and symmetric stretching (vs) vibrations 
of CO2− in acetate groups, respectively.[23,24] The other peaks 
are assigned to Co(Ac)0.48(OH)1.52·0.55H2O: 3348 cm−1 for 
νs(OH) of crystal water; 2940 cm−1 for νas(CH3), 2870 cm−1 
for νs(CH3); 1085 cm−1 for νs(CC); and 1042 cm−1 for CO 
stretching bands.[29–31] We also compared the spectra of pure 
LHCA with Co(Ac)2·4H2O. The location of their main peaks 
is in good agreement with each other, whereas Co(Ac)2·4H2O 
shows higher intensity in the range of 3500–2700 cm−1 (for 
OH of crystal water and CH3) and 1700–1300 cm−1 (for CO 
and CO groups) due to the larger amounts of crystal water 
and acetates. XPS C1s spectra (Figure 1d) confirms the presence 
of various C-containing groups: CC at 284.3 and 285.0 eV; 
COR at 285.6 eV; CO at 287.8 eV; and CO at 288.9 eV.[32] 
The Co2p3/2 signal at 779.6 and 780.5 eV indicates the existence 
of Co2+ ions (Figure 1e), while the O1s peaks manifest the states 
of oxygen: CoO/CoOOH at 529.9 eV; O2− at 530.4 eV; Co(OH)2 
at 531.2 eV; OH at 531.8 eV; and CO/CO at 532.5 eV 
(Figure 1f). All of the FT-IR and XPS results are consistent with 
the chemical composition of Co(Ac)0.48(OH)1.52·0.55H2O. The 
TGA result in Figure S2 (Supporting Information) is consistent 
with this formula of LHCA.

2.2. Preparation and Structural Characterization  
of LHCA/GNS Composites

As shown in Figure S1a (Supporting Information), pure LHCA 
is comprised of irregular nanoplates connected with each other. 
The initial discharge and charge capacity of pure LHCA are 
1695 and 796 mAh g−1 (Figure S1b, Supporting Information),  

respectively, manifesting promising lithium storage  potential. 
However, the reversible capacity rapidly decreases to ≈80 mAh g−1 
after 40 cycles, which is probably due to poor electronic con-
ductivity and serious agglomeration. To overcome this obstacle, 
we introduced versatile GNS with excellent electronic transport 
and especially large surface area that is beneficial to adsorb cat-
ions/anions, form nanostructures, and prevent agglomeration 
and pulverization during preparation and repeated cycles.[33–35] 
Different from the most common methods for GNS-based 
composites, the route adopted here was more facile without 
any modification of GNS ahead. Co(Ac)2·4H2O, GNS, and urea 
were well dispersed in the EG solution, and then underwent 
a short-time solvothermal treatment to form ultrathin LHCA 
nanoplates on the GNS surface. Urea has two significant func-
tions herein: chelating with Co2+ ions, and simultaneously 
modifying the GNS surface by releasing NH4

+ ions. Similarly, 
EG possesses strong ability to capture Co2+ ions.[36]

GNS here has two main functions in the composites: 
improving the electronic conductivity of LHCA and serving as a 
high-surface-area support to load LHCA for better distribution. 
As shown in Figure 2, the morphology and distribution of LHCA 
seriously depends on the content of Co(Ac)2·4H2O, from 0.063 g 
(S1), to 0.147 g (S2), and 0.566 g (S3). For S1, uniform LHCA 
nanoplates (<20 nm in thickness) are tightly attached to the 
GNS surface in parallel and denoted as LHCA//GNS nanosheets 
(Figure 2a,d). The face-to-face contact between LHCA nanoplates 
and GNS nanosheets benefits the electronic transport and avoids 
the agglomeration during repeated discharge/charge processes. 
Although S2 consists of uniform LHCA nanoplates with similar 
thickness and larger area (Figure 2b,e), only the nanoplate edge 
anchors on GNS and cannot provide ideal electronic network like 
the face-to-face model in S1. When further increasing the con-
tent of Co(Ac)2·4H2O to 0.566 g (S3), tremendous LHCA nano-
plates seriously agglomerate into micrometer-scale materials on 
the GNS surface so that it is difficult to observe the presence of 
GNS (Figure 2c,f). The enhanced electronic conductivity from 
GNS was confirmed by electrochemical impedance spectroscopy 
(EIS, Figure S3, Supporting Information). The LHCA/GNS com-
posites are preferable for enhancing the Li+/electron transport 
and avoiding the possible volume variation during cycling.

Atomic force microscope (AFM) shows that the average 
thickness of GNS is ≈0.660 nm, corresponding to three-layered 
GNS (Figure 3a). TEM images further reveal that three to four-
layered nanostructures dominate the GNS sample (Figure 3b,c).  
As shown in Figure 3d,e, LHCA nanoplates are homogenously 
pasted on the broad graphene surface without any agglomerates. 
The surface area of LHCA nanoplates is generally 0.1 µm × 0.2 µm, 
or larger. No obvious crystalline lattice can be found in the 
high-resolution TEM (HRTEM) image of LHCA nanoplates 
(Figure 3f). Also, no diffraction dots or rings are observed in the 
image of selected area electron diffraction (SAED), indicating the 
microcrystalline characteristic of anchored LHCA nanoplates.

2.3. Electrochemical Lithium Storage Performances  
of LHCA/GNS Composites

The samples were prepared into working electrodes and 
tested within the range of 3.0–0.01 V (vs Li/Li+). As shown 
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in Figure 4a, the initial discharge and charge capacity of  
LHCA//GNS nanosheets (S1) are 2526 and 1216 mAh g−1, 
respectively, at a current density of 200 mA g−1. It is clear that 
the initial discharge curve is different from those of other cycles. 
The large slope above 0.7 V is mainly assigned to the forma-
tion of SEI films, which subsequently serve as positive layers 
to enhance Li+ transport and protect active particles from ero-
sion outside. In the following cycles, the voltage slope (>0.7 V) 
greatly weakens, indicating that SEI films generally grow in the 
initial discharge. The reversible capacity gradually decreases 
to 1035 mAh g−1 after 40 cycles with a loss of only 0.37% per 
cycle. Note that the tested capacity was calculated on the basis 
of the whole composites rather than pure LHCA (68.0 wt%). 
The reversible capacity of GNS is lower than 600 mAh g−1 after 
40 cycles (Figure S4, Supporting Information). If the contribu-
tion (<600 × 32.0% = 192 mAh g−1) of GNS is excluded, the 
LHCA component in LHCA//GNS composites actually pre-
sents a much higher reversible capacity of ≈1240 mAh g−1 
after 40 cycles. When the LHCA content increases to 78.7 wt% 
(S2) and 91.2 wt% (S3), the reversible capacities are 910 and 

704 mAh g−1, respectively. The regressed capacity comes from 
the lower electronic conductivity and the exasperated agglom-
eration as the LHCA content increases. As shown in Figure 2, 
the microstructures of S1–S3 are obviously different from each 
other. The face-to-face contact between LHCA nanoplates and 
GNS nanosheets in S1 benefits the electronic transport and 
avoids the agglomeration during repeated discharge/charge 
processes. By contrast, only the edge of LHCA nanoplates 
anchors on GNS of S2 and cannot provide ideal electronic 
network like S1. For S3, Figure 2c,f shows that the content of 
LHCA is too much to observe the presence of GNS.

A noteworthy doubt is the dissolution of LHCA, i.e., it might 
gradually dissolve in the electrolyte and cause serious structural 
damage especially in long-term and high-rate cycling tests. To 
address this crucial point, LHCA//GNS nanosheets (S1) were 
tested at high rates and cycled for 120 cycles (Figure 4b). At 
350 mA g−1 (≈1 C for the high-quality commercial graphite 
anode), the initial reversible capacity is 1060.8 mAh g−1 and 
decreases to ≈740 mAh g−1 after 40 cycles. Interestingly, the 
capacity gradually recovers to ≈970 mAh g−1 in the subsequent 
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Figure 2. Scanning electron microscope (SEM) images of LHCA/GNS nanocomposites: a) S1, b) S2, and c) S3. d–f) Amplified SEM images and dia-
grams, corresponding to the white frame regions in (a)–(c), respectively.
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80 cycles due to the enhanced activation and reversible transfor-
mation of some SEI components.[37] The Coulombic efficiency 
maintains ≈98% after the initial 10 cycles. Figure 4c shows 
the high-rate performance of S1 at 1000 and 4000 mA g−1. 

At 1000 mA g−1, the reversible capacity keeps ≈600 mAh g−1  
for the first 100 cycles and increases to ≈1050 mAh g−1 in the 
following 100 cycles. Similarly, at a higher current density of 
4000 mA g−1, the reversible capacity is 300–350 mAh g−1 for 

Adv. Funct. Mater. 2017, 27, 1605544
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Figure 3. a) AFM and b,c) TEM images of few-layered GNS. d,e) TEM and f) HRTEM and SAED of LHCA//GNS hybrid nanosheets (S1).

Figure 4. a) Cycling performances of S1–S3 at the current density of 200 mA g−1. b) Long-term cycling performances and Coulombic efficiency of S1 
at 350 mA g−1 (dotted line: the capacity of high-quality commercial graphite, ≈350 mAh g−1). c) High-rate performance of S1 at 1000 and 4000 mA g−1. 
d) Comparison of electrochemical performances among LHCA//GNS (S1), high-quality graphite, and the most representative Co(II)-based materials.
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the initial 140 cycles and gradually levels up to ≈780 mAh g−1 
during the subsequent 160 cycles. The extraordinary long-term 
and high-rate performance suggests a superior cyclic revers-
ibility and structural stability in the electrolyte.

Figure 4d compares the electrochemical performance 
between LHCA//GNS nanosheets (S1), high-quality graphite,[38] 
and the most representative Co(II)-based materials, i.e., CoC2O4 
nanoribbons,[39] Co(OH)2/GNS,[40] CoO quantum dot/GNS,[41] 
CoCO3/GNS,[42] Co2(OH)3Cl/GNS,[43] and CoCl2·6H2O[43] (see 
details in Table S1, Supporting Information). The reversible 
capacity of graphite is 315 mAh g−1 after 50 cycles at the cur-
rent density of only 37.2 mA g−1. By sharp contrast, the revers-
ible capacities of LHCA//GNS nanosheets are ≈1050 mAh g−1 
(after 200 cycles) and ≈780 mAh g−1 (after 300 cycles) at 1000 
and 4000 mA g−1, respectively. In comparison with Co(II)-
based materials, except Co2(OH)3Cl/GNS, the LHCA//GNS 
composite exhibits much better long-term and/or high-rate 
performances, suggesting more competitive lithium storage 
potentials. Moreover, it exhibits high reversible capacities and 
good stability when assembled into full cells with commercial 
LiFePO4 cathodes (Figure S5, Supporting Information).

2.4. Lithium Storage Mechanism of LHCA

Based on the conversion mechanism (Type III), the elec-
tron transfer should occur in the Co element of 
Co(Ac)0.48(OH)1.52·0.55H2O, i.e., Co2+ ions first reduce to Co0 
during discharging and recover to the original state when 
charging, giving a theoretical capacity of 462 mAh g−1 (equals 
to 2 Li storage). Obviously, the presented reversible capacities of 
pure LHCA and composites (S1–S3) are much higher. Taking 
S1 as a typical example (Figure 5a), the reversible Li ion num-
bers at 350 mA g−1 are 4.58 (2.29 times the theoretical value) 
for the initial 2 cycles, 4.22 (2.11 times) for the 10th cycle, 3.78 
(1.89 times) for the 20th cycle, 3.15 (1.58 times) for the 40–80 
cycles, and 3.80 (1.90 times) for the 100–120 cycles. From where 
does the huge extra capacity originate?

LHCA herein should work on a novel model—the electro-
catalytic conversion mechanism (Type IV)—where the other 
elements besides Co should also participate in electron transfer 
and contribute considerable capacity. Similar instances occur 
in the lithium storage process of transition metal carbon-
ates[12] and RuO2·yH2O.[15] For example, with the help of GNS, 

CoCO3 exhibited 2.2 times higher reversible capacity than the 
theoretical value of 450 mAh g−1 according to the conversion 
mechanism.[12,44,45] Ex-situ XRD, HRTEM, and XPS showed 
that C4+ in CO3

2− also participated in the Li+/electron transfer 
and converted to low-valence carbon (such as LixC2, where  
x = 0, 1, 2). The highly active Co nanoparticles can chemically 
combine with CO bonds, reduce reaction activation energy, 
and hence promote the electrocatalytic efficiency. In contrast to 
CoCO3, FT-IR and XPS confirmed that the number of conjunc-
tion double bonds (CO and CC) in LHCA is very small (as 
shown in Figure 1), and cannot afford enough sites for lithium 
storage. The cyclic voltammetric (CV) curves in Figure 5b also 
show that the redox reactions in LHCA and CoCO3 are obvi-
ously different. Instead, LHCA possesses a large amount of 
Ac− and OH− ions, which are converted into LiAc and LiOH 
in the discharge process, respectively. More recently, Grey and 
co-workers confirmed the reversible reaction of LiOH to Li2O 
and LiH under the existence of Ru nanocatalysts through high-
resolution solid-state NMR techniques together with theoretical 
computations.[15]

FT-IR spectra of pure LHCA electrodes were recorded to fur-
ther detect the change of Ac− ions during cycling (Figure 6). 
Clearly in Figure 6a, the electrode after charging exhibits very 
similar profile to that before cycling, indicating good revers-
ibility. However, there is a significant difference between 
the electrodes before cycling and after the initial discharge. 
Figure 6b compares FT-IR curves of LHCA electrodes after dis-
charging with acetic acid and acetaldehyde. Totally speaking, 
LHCA electrodes after discharging combine the character of 
both acetic acid and acetaldehyde, implying the presence of ace-
tates after lithiation and its partial conversion to acetaldehyde. 
The strong peaks at 1720 and 1340 cm−1 are the characteristic 
νs(CO) and δ(CH) vibration of acetaldehyde, respectively. 
The conversion between acetates and acetaldehyde has been 
widely reported with the electrocatalyst of transition metals and 
oxides.[16–22]

Based on the above considerations, we anticipate that the 
main reactions can be presented as 

Co Ac OH 2Li Co LiOH 2 LiAc2
0 x xx x( ) ( ) ( )+ ↔ + + −−

 (1)

LiOH + 2Li Li O + LiHCo
2← →  (2)

LiAc + Li CH CHO + Li OCo
3 2← →  (3)

Adv. Funct. Mater. 2017, 27, 1605544
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Figure 5. a) Charge–discharge profiles of S1 for different cycles at the current density of 350 mA g−1. b) CV curves of pure CoCO3 and S1.



fu
ll

 p
a
p
er

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com1605544 (7 of 8) Adv. Funct. Mater. 2017, 27, 1605544

www.afm-journal.de www.advancedsciencenews.com

According to this proposal, Co(Ac)0.48(OH)1.52·0.55H2O can 
store over five Li’s, ≈2.5 times that on the basis of the traditional 
conversion mechanism, and can explain the huge extra capacity 
phenomenon very well. The proposed reactions match the 
charge/discharge profiles and CV curves very well (Figure 5). 
Taking CV as an example, the first reduction peak (R5) at around 
1.5 V belongs to Equation (1), i.e., the lithiation and decom-
position of LHCA to Co0, LiOH, and LiAc. The second reduc-
tion peak (R7) at ≈0.7 V corresponds to Equations (2) and (3) 
where, under the electrocatalysis of newly generated Co0 nano-
particles, LiOH and LiAc further react with Li into Li2O/LiH  
and acetaldehyde, respectively.[15] Correspondingly, there are 
two oxidation peaks in the charge process: O2 at ≈2.1 and 
O4 at ≈1.5 V. The potential difference of reduction and oxidation 
peaks widely exists in the electrodes and generally originates 
from the polarization along with the lithiation and delithiation 
processes.[46,47] The low-voltage peak (R8) at 0.3–0 V can be 
mainly ascribed to GNS. Note that the high capacity retention 
(Figure 4), similar charge/discharge profiles, and almost over-
lapped CV curves (Figure 5) elucidate good reversibility of the 
proposed reactions to a great extent.

Note that the SEI films herein should also provide partial 
capacity during cycling, similar to the extra capacity (generally 
100–200 mAh g−1) in metal oxide anodes. However, it is far 
from the ≈150% higher reversible capacity of LHCA than the 
theoretical value (462 mAh g−1) on the basis of the conversion 
mechanism. Most of the extra capacity should originate from 
the conversion of LiOH and LiAc, both of which are very lim-
ited in the SEI films and can be neglected in comparison with 
that in the LHCA electrodes.[48] In another word, the SEI com-
ponents LiOH and LiAc can exactly store lithium with the elec-
trocatalysis of Co metal nanoparticles, whereas LHCA herein 
enhances this phenomenon hugely.

3. Conclusions

In summary, LHCA was introduced as a promising anode 
material in LIBs for the first time. Furthermore, LHCA was 
successfully prepared into ultrathin nanoplates and face-to-face 
anchored on the surface of few-layered GNS through a facile 
one-pot solvothermal method. The parallel contact between 

LHCA nanoplates and GNS was preferable for improving the 
electronic transport and avoiding the agglomeration during 
repeated charge/discharge cycles. As a result, LHCA//GNS 
nanosheets exhibited ultrahigh long-term reversible capacity 
and extraordinary high-rate performance. FT-IR confirms the 
conversion from acetate to acetaldehyde. A reasonable mecha-
nism is proposed to elucidate the lithium storage behaviors 
referring to the electrocatalytic conversion of the OH group 
with Co0 metal nanocatalysts. This work can help us further 
understand the contribution of SEI components (especially 
LiOH and LiAc) for lithium storage and disclose new paths 
to develop advanced materials for next-generation energy 
storage devices. Therefore, layered transition metal hydroxides 
(M(A)x(OH)2−x·nH2O where M is transition metal and A is Ac−, 
NO3

−, Cl−, etc.) can be used as high-efficiency materials for lith-
ium-ion batteries, sodium ion batteries, and supercapacitors.

4. Experimental Section
Preparation of Few-Layered GNS and LHCA/GNS Composites: All the 

concerned regents were of analytic grade and used without further 
purification. GNS samples were prepared according to the previous 
report.[12] Three LHCA/GNS samples (denoted as S1, S2, and S3) 
were synthesized by using different amounts of cobaltous acetate 
(CA, Co(CH3COO)2·4H2O) of 0.063, 0.147, and 0.566 g, respectively. 
Taking S1 as an example, 0.03 g GNS, 0.063g CA, and 0.75 g urea were 
homogenously dispersed in 30 mL EG under vigorous stirring and 
ultrasonic treatment for 60 min separately. The obtained suspension 
was placed to a 50 mL Teflon-sealed autoclave and maintained at  
200 °C in an oven for 2 h. The products were centrifuged and washed 
with ethanol at least five times, and dried at 60 °C overnight for further 
characterization. As a reference, pure LHCA was prepared at the same 
conditions but without GNS addition.

Material Characterization: XRD was conducted under Rigaku  
D/Max III diffractometer with Cu Kα radiation (λ = 1.5418 Å). AFM was 
tested at MMAFM/STM, D3100M, Digital Ltd. SEM was tested using a 
Hitachi S-4700 (operated at 15 kV) and FEI Nanosem 430 field-emission 
gun scanning electron microscope. TEM, HRTEM, SAED, and energy 
dispersive X-ray spectroscopy were measured using a Tecnai G2F30 
S-Twin (operated at 300 kV) and FEI Tecnai G2F-20 field-emission gun 
transmission electron microscope. TGA was obtained using Rigaku 
PTC-10A TG-DTA analyzer in air at 10 °C min−1. FT-IR (Bio-rad FTS6000), 
elementary analyzer (vario EL CUBE, elementar), and XPS (Axis Ultra 
DLD, Kratos Analytical Ltd.) were performed to confirm the chemical 
composition of LHCA.

Figure 6. FT-IR spectra. a) Pure LHCA electrodes before cycling, after the initial discharge and after the initial charge. b) Pure LHCA electrodes after 
the initial discharge, acetic acid (CH3COOH), and acetaldehyde (CH3CHO).
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Electrochemical Measurements: The active materials were made 
into working electrodes and tested in 2032-type cells. The working 
electrodes were comprised of active materials, acetylene black and 
polytetrafluoroethylene at the weight ratio of 80:10:10. The average 
weight of the working electrodes was ≈1.5 mg cm−2. Lithium metal 
was used as the counter and reference electrode. The electrolyte was 
1 m LiPF6 dissolved in a 1:1:1 mixture of ethylene carbonate, ethylene 
methyl carbonate, and dimethyl carbonate. The cells were assembled 
in a glove box filled with high-purity argon (O2 and H2O < 1 ppm). 
Cycling measurements were performed between the potential range of 
0.01 and 3.00 V (vs Li/Li+) under a LAND-CT2001A instrument at room 
temperature. All the tested capacities are based on the whole weight of 
samples. CV was performed at a scanning rate of 0.1 mV s−1 between 
0.01 and 3.00 V (vs Li/Li+). EIS was taken under a Solartron SI1287 + 
SI1260 potentiometer at 25 °C with the frequency range from 10 kHz 
to 10 mHz and an AC signal of 5 mV in amplitude as the perturbation.
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