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Surface-Confined Fabrication of Ultrathin Nickel 
Cobalt-Layered Double Hydroxide Nanosheets 
for High-Performance Supercapacitors

Juan Yang, Chang Yu, Chao Hu, Man Wang, Shaofeng Li, Huawei Huang, Karen Bustillo, 
Xiaotong Han, Changtai Zhao, Wei Guo, Zhiyuan Zeng, Haimei Zheng,* and Jieshan Qiu*

The design and fabrication of 2D nanostructure electrodes with desired 
electrochemical activities is highly demanded for electrocatalysis and 
supercapacitors. Herein, the tuned fabrication of ultrathin and tortuous 
nickel/cobalt-layered double hydroxide (NiCo-LDH) nanosheets via a 
graphene oxide (GO) surface-confined strategy is reported, yielding 
nanosheets with a thickness of 1.7–1.8 nm that is duplicated from the 
graphene oxides in terms of both the lateral size and the shape. It has been 
found that the C/O functional groups on the GO surface have functioned 
to promote the oxidation of Co2+ to Co3+, and to transform the β-phase 
NiCo-hydroxide (NiCo-OH) into the LDH-phase with tuned homogenous 
composition and geometry. The ultrathin NiCo-LDH nanosheets mimic the 
morphology and size of the graphene due to the surface-confined and/or 
surface-guided growth. The as-obtained NiCo-LDH-graphene (NiCo-LDH-G) 
nanosheets exhibit a superior electrocatalytic activity for oxygen evolution 
reaction, evidenced by a small overpotential of 0.337 V (@10 mA cm−2 in 
0.1 m KOH electrolyte), and a high charge storage capability of 1489 F g−1 
as electrodes for supercapacitors. This 2D surface-confined growth strategy 
may pave a way for the fabrication of ultrathin 2D materials including but not 
limited to transition metal hydroxides for high-performance electrochemical 
applications.

DOI: 10.1002/adfm.201803272

Dr. Z. Zeng
Materials Science Division
Lawrence Berkeley National Laboratory
Berkeley, CA 94720, USA
Prof. H. Zheng
Department of Materials Science and Engineering
University of California
Berkeley, CA 94720, USA
E-mail: hmzheng@lbl.gov
Prof. H. Zheng
Materials Science Division
Lawrence Berkeley National Laboratory
Berkeley, CA 94720, USA
Prof. J. Qiu
College of Chemical Engineering
Beijing University of Chemical Technology
Beijing 100029, China

1. Introduction

2D nanomaterials with fascinating phys-
ical and chemical properties hold great 
potential in many fields such as catalysis, 
electronics, energy-storage, and energy-
conversion.[1,2] In particular, ultrathin 
nanosheets with single-/few-atomic-layers, 
originated from metal–organic coordina-
tion frameworks (MOF), metal oxides/
hydroxides and dichalcogenides (TMDs), 
are more attractive as electrocatalysts or 
energy-storage electrodes,[3–5] evidenced by 
the results that this kind of ultrathin struc-
ture with all of the active sites being fully 
exposed, is capable of tuning the band gap 
energy and the density of states (DOS) 
near the Fermi level, which leads to high 
electrical conductivity.[6–8] Moreover, these 
exposed metal ions that used to be coor-
dinatively unsaturated, would function 
as highly active centers to decrease the 
energy barrier of the electrochemical reac-
tions and to enhance the capture ability 
of electrolyte ions, which helps to further 
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improve the electrochemical reaction kinetics within the elec-
trode matrix.

To fabricate 2D ultrathin nanosheets with attractive properties, 
a number of strategies have been developed, including bottom-
up synthesis by epitaxial growth and chemical vapor deposition 
(CVD),[9–11] and top-down strategies by physical and/or chemical 
liquid exfoliation.[2,12] However, the techniques available now are 
usually hindered by harsh growth conditions (e.g., high tem-
perature and relatively high vacuum), low synthetic yield, or 
complicated and time-consuming steps that limit the large-scale 
synthesis of materials for practical use. It is desirable to develop 
a simple yet cost-effective approach to achieve controlled fabrica-
tion of the promising ultrathin nanosheets.[4,13–16] For example, 
Xie et  al. demonstrated the fabrication of ultrathin β-Co(OH)2 
nanosheets with a single layer of five atoms by an oriented-attach-
ment strategy,[8] resulting in nanosheet electrodes with a large 
storage capacitance and superior rate capability for supercapaci-
tors. Zhang et al. have developed an inverse microemulsion tech-
nique to fabricate ultrathin ZnAl layered double hydroxide (ZnAl-
LDH) nanosheets that have more surface defects, and exhibit 
extraordinarily high electrochemical activity for the reduction 
of carbon dioxide to carbon monoxide in comparison to bulky 
LDH.[6] Song and Hu fabricated ultrathin CoMn-LDH nanosheets 
by a one-pot coprecipitation method at room temperature that 
showed a high activity and robust stability after electrochemical 
anodic conditioning for the oxygen evolution reaction (OER).[17] 
Nevertheless, the controllable fabrication of ultrathin nanosheets 
still remains a challenge as most of the strategies available now 
have some limits in terms of the quality of nanosheets either 
with small lateral size or unsatisfying structure flexibility.

One of the unique functions of the 2D graphene oxides (GO) 
is capable of guiding the growth/self-assembly of various inor-
ganic materials, leading to integrated composite nanosheets 
with controlled universal size and good structural stability.[18–20] 
Moreover, the morphology effect on the scalability of graphene 
endows the 2D composite nanosheets with highly tortuous 
structures, which further guarantee unimpeded ion transport 
channels inside the electrodes. However, these composite 
nanosheets, usually with the common hybrid structures and/
or inorganic nanoparticles being loaded onto the graphene 
surfaces,[18,21–23] do not always duplicate the graphene structure 

perfectly, which consequently lead to unsatisfied electrochem-
ical performance. In this regard, the fabrication of ultrathin and 
highly tortuous inorganic nanosheets with excellent electro-
chemical activity remains a bottleneck to be tackled.

In the present work, we have fabricated ultrathin and highly 
tortuous NiCo-LDH nanosheets that have duplicated the 
structure and lateral size of the graphene via the GO surface-
confined strategy. The C/O functional groups on the GO surface 
function as oxidation sites to promote the formation of Co3+ ions, 
and to induce transformation of the NiCo-hydroxides (NiCo-OH) 
from the β-phase to the LDH-phase. The surface-confined and/
or surface-guided growth of the NiCo-LDH nanosheets on gra-
phene is triggered by a unique electrostatic field between the 
as-formed host layers of LDH and the GO surface, yielding the 
ultrathin NiCo-LDH-graphene (NiCo-LDH-G) nanosheets with 
the highly tortuous structure that show superior performance as 
electrocatalysts for the OER and as electrodes for supercapacitors.

2. Results and Discussion

2.1. Fabrication of Ultrathin NiCo-LDH-G Nanosheets

The fabrication process of ultrathin and tortuous NiCo-LDH-G 
nanosheets is illustrated in Figure 1. In the absence of GO, free 
nucleation and growth of NiCo-hydroxide (NiCo-OH) would 
take place, as shown in Figure 1i, resulting in bulky plates made 
of some α-phase and mostly β-phase with an interlayer spacing 
of ≈4.6 Å.[24] While in the presence of GO, ultrathin and highly 
tortuous NiCo-LDH nanosheets are formed in the aqueous solu-
tion, showing the unique role of the GO. First, the C/O func-
tional groups, such as carboxyl (COOH), carbonyl (CO), 
hydroxy (COH), and epoxy group on the GO surface 
(Figure S1 and Table S1, Supporting Information), are helpful to 
the oxidation of Co2+ to Co3+ ions. Then, the Co3+ ions coprecipi-
tate with Ni2+ and the remaining unoxidized Co2+ ions, resulting 
in a 2D material NiCo-LDH that is made of positively charged 
host layers with edge-sharing MO6 octahedra (M represents 
divalent and trivalent metal ions). The edge-sharing octahedral 
building blocks result in the infinite 2D sheets, where each 
metal ion is six-fold coordinated by OH groups. Importantly, 
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Figure 1.  Schematic illustration of the fabrication routes of NiCo-LDH-G nanosheets. i) The growth process of NiCo-hydroxide (NiCo-OH) in the 
absence of GO, leading to the bulky and rigid NiCo-OH plates with the main interlayer spacing of ≈4.6 Å; ii) GO surface-guided growth of NiCo-LDH 
nanosheets, yielding ultrathin and highly tortuous NiCo-LDH-G nanosheets with an interlayer spacing of ≈8.1 Å.
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the inherently and relatively wide interlayer spacing (≈8.1 Å) of 
the LDH nanostructures, in comparison to ≈4.6 Å of traditional 
metal hydroxides (especially β-phase hydroxides), will allow 
electrolyte ions and water molecules to get access to the active 
sites quickly and efficiently. These interlayer regions could act 
as “ion-buffering reservoirs” of the aqueous electrolyte to speed 
up the electrochemical reactions.[25] Finally, owing to the unique 
electrostatic interaction between the LDH and GO (positively 
charged host layers vs negatively charged surface), the surface-
confined growth of the NiCo-LDH nanosheets in the nanoscale 
dimension occurs under a reflux condition. The NiCo-LDH 
nanosheets are homogeneous and fully coated on the graphene, 
yielding ultrathin and highly tortuous NiCo-LDH-G nanosheets. 
This GO surface-confined growth approach has overcome the 
disadvantages and difficulties of forming ultrathin nanosheet 
structures by conventional liquid-based exfoliating methods. It 
should be noted that this fabrication process is rarely presented 
in the 2D layered materials as reported previously.[19,26–28]

Figure  2 shows the structural characterization results of 
bulky NiCo-OH and NiCo-LDH-G nanosheets. The powder 
X-ray diffraction (XRD) patterns of the bulky NiCo-OH plates 
and ultrathin NiCo-LDH-G nanosheets are shown in Figure 2a. 
The main diffraction peaks of the NiCo-OH plates at 2θ of 

18.8°, 32.7°, 38.0°, and 51.4° corresponding to (001), (100), 
(101), and (102) planes of the β-phase hydroxides can be clearly 
seen. In addition, several relatively weak peaks in the NiCo-OH 
samples can be well indexed to α-phase hydroxides,[29] of which 
the fraction is ≈18.9% estimated by the strongest peak intensity 
ratio of the two phases. This implies that the as-obtained bulky 
NiCo-OH plates are mainly composed of β-phase hydroxides. 
It is interesting to note that the diffraction peaks of the NiCo-
LDH-G nanosheets have an obvious change in comparison to 
that of bulky NiCo-OH plates, these characteristic diffraction 
peaks belong to 2D hydrotalcite-like materials, implying the 
formation of LDH phase. It is noted that the diffraction peak 
at 2θ of 10.0° corresponding to GO (Figure  S2, Supporting 
Information) in the NiCo-LDH-G nanosheets disappears 
completely after the refluxing reaction. The Raman results 
further confirm the presence of graphene, in which two char-
acteristic peaks of the D and G bands at ≈1350 and 1580 cm−1 
can be found (Figure S3, Supporting Information). Compared 
with the pristine graphene sheets obtained under the same 
conditions, the ID/IG ratio of the NiCo-LDH-G nanosheets 
increases slightly from 1.04 to 1.11, which is mainly related to 
more structure defects after the coating of NiCo-LDH on the 
graphene surface.[30]

Adv. Funct. Mater. 2018, 28, 1803272

Figure 2.  Structure characterization of the as-prepared samples: a) XRD patterns and b) FT-IR spectra of the bulky NiCo-OH plates and ultrathin 
NiCo-LDH-G nanosheets; c) Ni 2p and d) Co 2p high-resolution XPS spectra of the bulky NiCo-OH plates and ultrathin NiCo-LDH-G nanosheets.
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Figure  2b shows the Fourier transform infrared (FT-IR) 
spectra of the bulky NiCo-OH and NiCo-LDH-G nanosheets, 
in which a sharp peak at 3626 cm−1 from the NiCo-OH plates 
can be attributed to the free OH groups of the typical β-phase 
hydroxides.[29,31] The broad peaks centering at 3445 and 
1634 cm−1 are assigned to the OH stretching vibration of 
interlayer water molecules. The weak peaks at 1347 cm−1 are 
attributed to the interlayer CO3

2− anions, which may result 
from the reduction of GO and/or the slight dissolution of CO2 
from the air. The peak at 1546 cm−1, corresponding to the skel-
etal vibration of the carbon ring in the NiCo-LDH-G sample, 
further confirm the presence of graphene.[32]

The composition and surface electronic states of ultrathin 
NiCo-LDH-G nanosheets were further analyzed and examined 
by X-ray photoelectron spectroscopy (XPS). The results of survey 
spectra show the ultrathin NiCo-LDH-G nanosheets are com-
posed of Ni, Co, C, O, and Cl elements (Figure S4, Supporting 
Information), and the metal molar ratio (Ni/Co) of the NiCo-
OH and NiCo-LDH-G is calculated to be 1:1 (Table S2, Sup-
porting Information). The high-resolution XPS spectra of Ni 2p 
are shown in Figure 2c, and the spin-energy separation of the 
two major peaks that located at 873.5 and 855.9 eV is calculated 
to be 17.6 eV, indicative of the presence of Ni2+ in both NiCo-
OH and NiCo-LDH-G samples.[32,33] However, in the case of the 
Co 2p high-resolution XPS spectra, the binding energy of the 
two distinct peaks in the NiCo-LDH-G nanosheets shifts toward 
lower energy, corresponding to a change in the spin-energy sep-
aration from 16.0 eV for the NiCo-OH to 15.4 eV for the NiCo-
LDH-G nanosheets (Figure 2d), which is attributed to the pres-
ence of Co3+ in the NiCo-LDH.[32,34] These results further con-
firm that the GO helps to effectively promote the formation of 

the NiCo-LDH species via a scheme described below: C/O func-
tional groups on the GO surface contribute to the continuous 
oxidation from Co2+ to Co3+, then the Co3+ ions coprecipitate 
with Ni2+ and remaining Co2+ ions to form NiCo-LDH instead 
of  β-phase NiCo-OH. The C1s spectrum of the NiCo-LDH-G 
nanosheets can be fitted into three main peaks, corresponding 
to the CC, CO, and OCO, respectively (Figure S5, Sup-
porting Information).[27,30] This implies that some C/O func-
tional groups still exist on the graphene surface in the NiCo-
LDH-G samples, which is beneficial for strong immobilization 
between the NiCo-LDH nanosheets and the graphene.

To evaluate the valence change of the Ni and Co ions in 
the two samples, the bulky NiCo-OH plates and the ultrathin 
NiCo-LDH-G nanosheets were examined by X-ray absorption 
spectroscopy (XAS). The XAS in total fluorescent yield (TFY) 
mode can provide valence state information in the bulk (with 
a probing depth of ≈100  nm).[35] We first measured the TFY 
spectra at the metal Ni and Co L-edges on the as-made NiCo-
OH and NiCo-LDH-G samples. Meanwhile, we also acquired 
the XAS at the Ni and Co L-edges via TEY on the same sam-
ples, a measurement that mainly probes changes on the near-
surface electronic information (below 10  nm).[36] The XAS/
TFY spectra in Figure 3a reveal that the valence states of bulk 
Ni ions in both the NiCo-OH and NiCo-LDH-G nanosheets are 
similar to pure Ni2+, which is consistent with surface data from 
XAS/TEY results (Figure 3c),[37,38] implying the uniform distri-
bution of Ni2+ in the as-made samples. However, the valence 
states of Co ions in the NiCo-OH and NiCo-LDH-G nanosheets 
are appreciably different. In the NiCo-OH samples, the signal 
from both the bulk and especially from the surface manifests a 
substantially higher Co2+ content (Figure 3b,d, peaks 1, 2, and 
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Figure 3.  Bulk and surface XAS of bulky NiCo-OH plates and ultrathin NiCo-LDH-G nanosheets: a,b) bulk-sensitive XAS/TFY scans at Ni and Co 
L-edges; c,d) surface-sensitive XAS/TEY scan at the Ni and Co L-edges.
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3). In contrast, in the NiCo-LDH-G nanosheets, both the surface 
and bulk Co ions are partly oxidized to Co3+, evidenced by an 
obvious increase of peak 4 intensity. For the O K-edge spectra, 
two characteristic peaks, prepeak a) and main peak b), assigned 
to the hybridization of the O 2p with 3d and 4sp orbitals from 
transition-metal (TM), respectively, are observed (Figure  S6, 
Supporting Information).[38,39] Compared with the NiCo-OH 
plates, the spectrum from the NiCo-LDH-G nanosheets shows 
an obvious drop in the intensity of the prepeak a); such a 
signature is generally attributed to the in situ formation of abun-
dant oxygen vacancies and the weakening of 3d–2p hybridiza-
tion.[39,40] This further suggests that the ultrathin feature of the 
NiCo-LDH-G nanosheet may result in the rearrangement of the 
electronic structure of the 3d electron population, thus forms 
a large number of dangling bonds in the TM surface.[7] These 
structural and electronic characteristics provide a positive effect  
on the OH−-related electrochemical performance. This kind 
of structure and electronic nature can effectively facilitate the 
adsorption of alkaline electrolyte ions, e.g., OH− on the active sites 
and directly facilitate electron transfer between surface metal 
ions and adsorbed intermediates (Figures S7 and S8).[7,41]

Figure  4 shows the field-emission scanning electron micro
scopy (FE-SEM) images of the two kinds of structures. As shown 
in Figure  4a and Figure  S9a,b (Supporting Information), the 
as-obtained NiCo-OH sample in the absence of GO tends to 
form a re-stacking structure made of the plates with a lateral 

size of 3–5 µm. Moreover, these NiCo-OH plates display limited 
twisting and bending. Interestingly, in sharp contrast with the 
bulky NiCo-OH plates, a large amount of highly loose and wrin-
kled nanosheets can be clearly observed in the presence of GO 
(Figure  4b). The corresponding specific surface area and pore 
volume of the NiCo-LDH-G nanosheets are as high as 98.3 m2 
g−1 and 0.47 cm3 g−1, respectively (Figure  S10 and Table S3, 
Supporting Information), with an obvious increase in compar-
ison to 29.7 m2 g−1 and 0.15 cm3 g−1 for NiCo-OH plates. The 
high-resolution FE-SEM images further reveal the homogenous 
and full coating of the ultrathin NiCo-LDH nanosheets on the 
graphene surface (Figure  4c,d), in which the perfect duplica-
tion of the GO both in terms of the lateral size and the shape 
is achieved. It is believed that the GO surface acts as a confined 
domain and provides a negative electrical field for continued 
spread growth of the NiCo-LDH seeds. The transmission elec-
tron microscopy (TEM) images of the NiCo-LDH-G nanosheets 
(Figure 4e–g) show a wrinkled and tortuous morphology, indica-
tive of the ultrathin nature of these nanosheets. The TEM 
images of the NiCo-OH sample are included in Figure  S9c,d 
(Supporting Information), where it is evident that the plates 
exhibit less tortuosity than the ultrathin nanosheets. These TEM 
images are consistent with the FE-SEM images of Figure 4a–d. 
The thickness of the NiCo-LDH-G nanosheets is estimated to be 
4.5–4.6 nm based on these folded nanosheet edges, as shown in 
Figure 4g. The lattice fringes of nanosheet can be observed in a 
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Figure 4.  Microstructure characterization of the as-prepared samples: FE-SEM images of a) the bulky NiCo-OH plates and b–d) ultrathin NiCo-LDH-G 
nanosheets; e–g) TEM and HR-TEM images (inset) of the ultrathin NiCo-LDH-G nanosheets; h) AFM image of the NiCo-LDH-G nanosheets and i) 
corresponding height profiles.
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high-resolution TEM (HR-TEM) image (Figure 4g, inset), with a 
measured lattice spacing of ≈0.23 and 0.26 nm. The two kinds of 
lattice spacing can be corresponded to the (015) and (012) plane 
of the LDH phase, respectively. The atomic force microscopy 
(AFM) measurement results reveal that the thickness of the 
ultrathin NiCo-LDH-G nanosheets is 4.5–4.7 nm (Figure 4h–i),  
which is consistent with the above TEM results. The cor-
responding thickness of GO is also measured to be 1.1  nm 
(Figure S11, Supporting Information), implying that the NiCo-
LDH nanosheets with the thickness of 1.7–1.8  nm are coated 
on both sides of the graphene, corresponding to 2–3 host layers 
of the NiCo-LDH with an interplanar spacing of 8.1 Å. This 
is obviously thinner than the NiCo-OH plates measured with 
AFM to be 30 nm (Figure S9e,f, Supporting Information). Inter-
estingly, when the concentration of metal salts was increased 
by a factor of 1.5, the as-obtained NiCo-LDH-G nanosheets still 
showed a relatively loose and wrinkled nanosheet structure 
(Figure  S12a–d, Supporting Information), although the corre-
sponding thickness of each nanosheet increased to 7.2–7.8 nm 
(Figure  S12e,f, Supporting Information). It is also noted that 
the crystal structure of these thicker sheets of the NiCo-LDH-G 
remained unchanged, which is further confirmed by the XRD 
results (Figure  S13, Supporting Information). These findings 
suggest that the thickness and tortuosity of the NiCo-LDH-G 

nanosheets can be well tuned by varying the concentration of 
metal salt ions.

The scanning transmission electron microscopy with high-
angle annular dark-field mode (HAADF-STEM) images further 
reveal the ultrathin and highly tortuous structure of the NiCo-
LDH-G nanosheets (Figure  5a,b and Figure  S14, Supporting 
Information), which is consistent with the FE-SEM and bright-
field TEM results. Furthermore, electron energy-loss spectros-
copy (EELS) line profiles on the samples were also analyzed for 
composition homogeneity. For the Co and Ni L-edge spectra 
(Figure  5c), there are no noticeable changes in the integrated 
intensity ratio of the L3 to L2 peaks, suggesting the homogeneous 
distribution of Co and Ni ions on the NiCo-LDH-G nanosheets. 
Meanwhile, the O K-edge spectra as shown in Figure 5d, the char-
acteristic prepeak near the edge onset shows a similar trend with 
the XAS results; there is a reduction in the pre-peak intensity 
in comparison to that of the NiCo-OH (Figure S15, Supporting 
Information), which further confirms the electronic structural 
change of the TM surroundings in the ultrathin nanosheet struc-
tures. The corresponding energy dispersive spectroscopy (EDS) 
elemental maps of the NiCo-LDH nanosheets (Figure 5e–j) show 
the distribution of C, Co, Ni, O, and Cl elements, indicative of 
the homogeneous composition in the NiCo-LDH nanosheets 
on the graphene. It is noted that the Cl is mainly attributed to 
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Figure 5.  Microstructure characterization of the ultrathin and highly tortuous NiCo-LDH-G nanosheets: a,b) HAADF-STEM images; c) L-edge (Co and 
Ni) and d) K-edge (O) EELS spectra; f–j) EDS elemental maps (K-edge) of C, Co, Ni, O, and Cl from the image (e).
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the intercalated anions (Cl−) of the NiCo-LDH phase, this is also 
confirmed by the lower content of Cl in the NiCo-OH plates 
(Figure S16, Supporting Information). The mixed EDS elemental 
mapping further shows that the Ni and Co distribute throughout 
the entire nanosheet, which further indicates the formation of 
the homogeneous nanostructure in the NiCo-LDH nanosheets 
(Figure S17, Supporting Information).

To gain further insight into the formation and growth 
mechanism of ultrathin NiCo-LDH nanosheets, monometallic 
compound-G hybrids were fabricated in the presence of GO, 
but with a single metal salt, NiCl2·6H2O or CoCl2·6H2O. These 
two samples are named as Ni(OH)2-G and CoiCoii-LDH/Co3O4-
G, respectively, and the characterization results are shown in 
Figure S18 (Supporting Information). The XRD patterns reveal 
that the diffraction peaks of the as-obtained Ni(OH)2-G sample 
can be assigned to (001), (100), and (102) plane reflections of typ-
ical β-Ni(OH)2 (Figure S18a, Supporting Information). In com-
parison to that of the Ni(OH)2-G hybrids, the diffraction peaks of 
the Co-based compound-G hybrids (CoiCoii-LDH/Co3O4-G) are 
composed of LDH and metal oxide phases, specifically CoiCoii-
LDH (Coi and Coii represent Co2+ and Co3+, respectively) and 
Co3O4. To further understand the unique role of GO, the mono-
metallic Co-based compound in the absence of the GO was also 
synthesized, which mainly reveals the presence of the β-Co(OH)2 
phase (Figure S19, Supporting Information). These results show 
that the GO has played a critical role in the continuous oxidation 
of Co2+ to Co3+, which is also consistent with the aforementioned 
XAS and high-resolution XPS results. This means that the GO is 
only sensitive to Co2+ ions in the present work. Furthermore, the 
FE-SEM images show the Ni(OH)2-G hybrids tend to be bulky 
and aggregated structures, however, it is difficult to define the 
ultrathin nanosheets due to a great deal of Ni(OH)2 species accu-
mulated on the graphene surface (Figure  S18b,c, Supporting 
Information). For the CoiCoii-LDH/Co3O4-G hybrids, heteroge-
neous and disordered nanostructures made of some nanosheets 
and bulky cubes are clearly observed (Figure  S18d, Supporting 
Information). The high-magnification FE-SEM image further 
reveals the formation of relatively thick graphene-based hybrid 
nanosheets, which is due to the overcoating of CoiCoii-LDH on 
the graphene surface (Figure  S18e, Supporting Information). 
The bulky species with the cubic shape can be assigned to Co3O4 
phase that is formed by deep oxidation of C/O functional groups 
on GO surface (Figure S18f, Supporting Information); the cubic 
shape is a stable structure of this kind of metal oxide.[42] Based 
on the above results, it is not difficult for one to conclude that the 
continuous oxidation of the Co2+ ions on the surface of the GO 
leads to the in situ formation of the LDH seeds. Subsequently, 
the electrostatic interaction plays a pivotal role in confining the 
nanoscale growth of homogenous ultrathin LDH nanosheets 
on the graphene surface. Additionally, the synergistic effects of 
binary metal ions, i.e., Ni2+ and Co2+, also ensure the formation 
of LDH nanosheets with ultrathin features.

2.2. Electrochemical Performance of Ultrathin NiCo-LDH-G 
Nanosheets

The ultrathin and highly tortuous NiCo-LDH-G nanosheets were 
evaluated for their potential as electrocatalyst or supercapacitor 

electrodes. It has been found that the as-obtained materials 
exhibit fast reaction kinetics, high electrocatalytic activity and 
excellent charge storage capability. These desirable properties 
arise in part from the large electrochemically active surface and 
the short path lengths for fast ion and electron transport.

The electrochemical activity of the ultrathin NiCo-LDH-G 
nanosheets for catalytic OER was evaluated in alkaline solu-
tion (0.1 m KOH). The linear sweep voltammetry (LSV) curves 
of as-made samples were shown in Figure 6a (ohmic potential 
drop was corrected, Figure S20, Supporting Information), from 
which one can see that the ultrathin NiCo-LDH-G nanosheet 
catalysts have the lowest onset potential of 1.495 V versus RHE 
and the highest current density as the potential increases. It 
is noted that the peaks near 1.35–1.40 V are related to the fol-
lowing two reactions: M2+(OH)2 → M3+OOH and M3+OOH →  
M4+O2 (M represents Ni and Co).[43] It is believed that the M3+/4+ 
species, which are formed in situ, can promote the formation 
and de-protonation of the intermediate species (OOH), and 
finally give rise to O2 evolution; this step is particularly critical 
to enhance the OER performance. As seen from Figure  S20 
(Supporting Information), the peak intensity of the NiCo-LDH-
G nanosheet electrodes is higher than that of the bulky NiCo-
OH plate electrodes, indicating that the wider interlayer spacing 
of the NiCo-LDH-G creates abundant active sites for the elec-
trochemical reaction. Remarkably, the ultrathin NiCo-LDH-G 
nanosheets show a lower overpotential (η) of 0.337 V at the cur-
rent density of 10 mA cm−2, in comparison to that of some other 
common catalysts (Figure  6b). These electrochemical perfor-
mances are comparable, and even superior to those of the Co/
Ni-based hydroxide catalysts reported recently in literature under 
the same electrolyte solution (0.1 m KOH or NaOH) and even  
1 m KOH solution (Table S4, Supporting Information).[16,28,44–50]

Figure 6c shows the Tafel plots of the as-prepared samples, in 
which the ultrathin NiCo-LDH-G nanosheet electrode exhibits a 
Tafel slope of 52 mV dec−1. This value is smaller than those of 
NiCo-OH (78 mV dec−1), Pt/C(101 mV dec−1), and RuO2 (68 mV 
dec−1), suggesting the excellent intrinsic reaction kinetics of 
the NiCo-LDH nanosheets. In addition, the mass activity of 
the NiCo-LDH-G nanosheets is also obviously higher than the 
pristine NiCo-OH plates at various overpotentials (Figure  6d), 
implying a highly effective exploitation of active species. The 
catalytic stability of the NiCo-LDH-G was also evaluated at the 
overpotential of 0.337  V for 4 h (Figure  6e). It was found that 
the ultrathin NiCo-LDH-G nanosheets can retain a high cata-
lytic activity for long-time testing. It is noted that the slight cur-
rent increase during the first 30 min may be due to the wet-
tability effects of electrode materials. The high stability is also 
confirmed by chronopotentiometric tests for 12 h (Figure  S21, 
Supporting Information). The electrochemical impedance 
spectra (EIS) results further reveal a decreased intrinsic resist-
ance and ion transport resistance in the ultrathin NiCo-LDH-G 
nanosheets (Figure 6f). These results have clearly demonstrated 
that the ultrathin and highly tortuous structures of NiCo-LDH-G 
nanosheets can strongly improve the catalytic OER performance.

As a proof-of-concept application, the electrochemical 
performance of the ultrathin NiCo-LDH-G nanosheets for 
supercapacitors was also evaluated. Figure 7a shows the cyclic 
voltammetry (CV) curves for the bulky NiCo-OH plates and 
ultrathin NiCo-LDH-G nanosheet electrodes at a scan rate (ν) 

Adv. Funct. Mater. 2018, 28, 1803272
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of 10 mV s−1, in which a pair of redox peaks related to M(OH)2/
MOOH/MO2 are presented. Moreover, the peak current densi-
ties (Ip) of the ultrathin NiCo-LDH-G nanosheet electrodes are 
larger than that of the bulk NiCo-OH plate electrodes (Figure 7b 
and Figure  S22, Supporting Information), indicating that the 
ultrathin NiCo-LDH-G nanosheets have a fast kinetics process; 
this was further confirmed by EIS spectroscopy (Figure  S23, 
Supporting Information). The kinetic processes of the bulky 

NiCo-OH and ultrathin NiCo-LDH-G samples were further 
evaluated at different scan rates ranging from 0.5 to 50 mV s−1 
(Figure  S24, Supporting Information). It can be clearly seen 
that the slope of the linear plot from log Ip versus log ν for 
both the NiCo-LDH-G and the NiCo-OH electrodes are nearly 
the same. The slope is ≈1 at low scan rates ranging from 
0.5 to 2 mV s−1, indicating that the kinetics are dominated by 
the surface electrochemical reactions.[51,52] Nevertheless, the 

Adv. Funct. Mater. 2018, 28, 1803272

Figure 6.  Electrochemical activity of the as-prepared samples for catalytic OER: a) the LSV curves of the bulky NiCo-OH plates, ultrathin NiCo-LDH-
G nanosheets, Ni(OH)2-G, CoiCoii-LDH/Co3O4-G, Pt/C catalyst and the RuO2 catalyst at a scan rate of 10 mV s−1 with iR compensation; b) onset 
potentials and overpotentials at a current density of 10 mA cm−2; c) Tafel plots of the various samples at the scan rate of 0.1 mV s−1; d) mass activity 
of the pristine NiCo-OH and NiCo-LDH-G nanosheets; e) the catalytic stability of the ultrathin NiCo-LDH-G nanosheets at the overpotential of 0.337 V; 
f) EIS of the bulky NiCo-OH plates and ultrathin NiCo-LDH-G nanosheets.
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slope of the NiCo-OH and NiCo-LDH-G nanosheet electrode is 
reduced to 0.6–0.7 at high scan rates (2–50 mV s−1), implying 
that the electron and electrolyte ion transfer/diffusion gradually 
become the rate-limiting step of the charge storage. It should be 
noted that the surface capacitive and diffusion contribution to 
the total charge storage can be further quantified (Figure S25, 
Supporting Information). The ratio of the capacitive contribu-
tion of the NiCo-LDH-G nanosheet electrode is calculated to be 
62.1% at a scan rate of 0.5 mV s−1, and even as high as 89.4% 
at a scan rate of 10 mV s−1, indicating a fast electron and ion 
transport in the ultrathin and highly tortuous hybrid structures. 
The specific capacitance based on the charge-discharge curves 
(Figure 7c and Figure S26, Supporting Information), is shown 

in Figure  7d. The NiCo-LDH-G electrodes can deliver a high 
specific capacitance of 1489 F g−1, higher than 932 F g−1 of the 
NiCo-OH at a current density of 1 A g−1, and a capacitance 
retention rate of 68% (1007 F g−1 at 100 A g−1) can be achieved, 
this is obvious superior to those of the other NiCo-hydroxide 
materials as reported previously.[53–56] Such a remarkable high-
rate performance can be ascribed to the relatively wide inter-
layer distance and the ultrathin and highly tortuous structures 
of NiCo-LDH-G nanosheets with the large specific surface area 
and multilevel pore structure, which provides numerous chan-
nels for the access of electrolyte ions, thus leading to the fast 
reaction kinetics. In addition, the high electrical conductivity of 
the NiCo-LDH-G nanosheet electrodes due to the incorporation 

Figure 7.  Electrochemical performance of the bulky NiCo-OH plates and ultrathin NiCo-LDH-G nanosheets for supercapacitors: a) CV curves of the 
bulky NiCo-OH plates and ultrathin NiCo-LDH-G nanosheets at 10 mV s−1; b) CV curves of the ultrathin NiCo-LDH-G nanosheets at different scan 
rates ranging from 5 to 50 mV s−1; c) charge/discharge curves of the bulky NiCo-OH plates and ultrathin NiCo-LDH-G nanosheets at 1 A g−1; d) the 
specific capacitance of the bulky NiCo-OH plates and ultrathin NiCo-LDH-G nanosheets at different current densities ranging from 1 to 100 A g−1; and 
e) the cycling performance of the ultrathin NiCo-LDH-G nanosheets at 6 A g−1.
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of graphene also delivers a fast electron transport. Benefiting 
from these advantages, the ultrathin NiCo-LDH-G nanosheet 
electrodes also keep an excellent electrochemical stability of 
≈80% at 6 A g−1 for 5000 cycles (Figure  6e). It is found that 
the specific capacitance is increased by 10% of its initial capaci-
tance during the first 200 cycles, which may be related to the 
electrochemical activation of electrode materials.

3. Conclusion

In summary, we have developed a GO surface-confined strategy 
for fabrication of ultrathin and highly tortuous NiCo-LDH-G  
nanosheets, where the C/O functional groups on the GO 
surface promote the oxidation of Co2+ to Co3+, and induce 
transformation of the NiCo-OH from the β-phase to the LDH-
phase, resulting in the homogenous and guided-growth of the 
ultrathin NiCo-LDH nanosheets on the graphene surface. By 
duplicating the large surface of the graphene substrate, the as-
obtained NiCo-LDH-G nanosheets feature ultrathin and highly 
wrinkled structures. It has demonstrated that the NiCo-LDH-
G nanosheets show a high electrochemical activity for catalytic 
OER and an excellent charge storage capability for superca-
pacitors. This work may open a new way for the controlled 
fabrication of ultrathin 2D materials with tuned structure for 
energy-storage and energy-conversion.

4. Experimental Section
Surface-Confined Fabrication of Ultrathin NiCo-LDH Nanosheets: All 

of the chemical reagents with analytical purity were directly used as 
received. In a typical run, the as-exfoliated GO (30  mg) was dispersed 
into the water of 250 mL to form a dispersion solution under continuous 
ultrasonication. Subsequently, 1  mmol nickel chloride hexahydrate 
(NiCl2·6H2O), 1  mmol cobalt chloride hexahydrate (CoCl2·6H2O), 
and 8.75  mmol hexamethylenetetramine (HMT) were added into the 
above solution under vigorous stirring. The solution was refluxed at 
95  °C for 5 h in an oil bath, and then the precipitates were collected 
by centrifugation for several times with water and alcohol. The samples 
were dried at 80  °C overnight to obtain NiCo-LDH-G nanosheets. 
For comparison, the bulky NiCo-OH samples without GO were also 
obtained under the same conditions. Other metal compound-G hybrids, 
namely, Ni(OH)2-G and CoiCoii-LDH/Co3O4-G, were also prepared in the 
presence of single metal salt NiCl2·6H2O or CoCl2·6H2O, respectively.

Materials Characterization: The structures and morphologies of 
as-obtained samples were examined by XRD (Cu Kα, λ  = 1.5406 Å), 
FE-SEM (FEI NOVA NanoSEM 450), and TEM (FEI Tecnai G2 F30 
and T20). The FEI Titan instrument with EDS was used for elemental 
analysis. The XPS, XAS, and EELS were performed to analyze the 
chemical bonding states. The thickness of the samples was determined 
by AFM. The surface structural information was detected by FT-IR and 
Raman spectroscopy.

Electrochemical Characterization: The electrochemical measurements 
were carried out on CHI 760D electrochemical workstation in a standard 
three-electrode system. For the OER, the working electrode was prepared 
according to our previous work.[57] 4  mg catalyst was added to 1  mL 
mixture solution of ethanol and Nafion (5 wt%) to form a homogeneous 
ink. Then, the catalyst ink was coated onto a glassy carbon electrode with 
a loading of 0.20 mg cm−2. The Pt wire and Ag/AgCl were applied as the 
counter and reference electrodes, respectively. All potentials measured 
were calibrated versus RHE by E(RHE) = E(Ag/AgCl) + 0.059 × pH + 0.197, 
in 0.1 m KOH electrolyte. The LSV curves were measured at a scan rate 
of 0.1 and 10  mV s−1, respectively. All LSV curves were corrected with 

iR-compensation. The mass activity (A g−1) of the sample was calculated 
from the loading m (mg cm−2) and the current density j (mA cm−2) at 
the overpotential η (for example, η = 300 mV)

Mass activity /j m= 	 (1)

The electrochemical stability of the sample was recorded at the 
overpotential η  = 0.337  V and the current density of 2  mA cm−2, 
respectively.

For supercapacitors, the working electrode was fabricated as 
following: the mixture slurry of active materials (80%), carbon black 
(10%), and polyvinylidene fluoride (10%) was coated on the current 
collectors, and then the electrode was vacuum dried at 120 °C for 12 h. 
The mass loading of samples on the current collector was calculated 
to be 2.0  mg cm−2. The counter and reference electrodes were Pt foil 
and Hg/HgO electrodes, respectively, with 6 m KOH aqueous solution 
as the electrolyte. The CV curves were measured by sweeping from the 
potential of 0–0.55  V at various scan rates. The specific capacitance 
(Cs, F g−1) of the sample was evaluated by the following equation[58]

/ d /dsC I m V t( )= 	 (2)

Here, I is the current density (A g−1), dV/dt is the gradient of the 
discharge curve (V s−1), and m is the loading mass of the electrodes (g).

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