
1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

Vertically Oriented Graphene Nanosheets for
Electrochemical Energy Storage
Pingge He[a, b] and Shaowei Chen*[a]

ChemElectroChem
Reviews
doi.org/10.1002/celc.202001364

783ChemElectroChem 2021, 8, 783–797 © 2020 Wiley-VCH GmbH

Wiley VCH Dienstag, 23.02.2021

2105 / 191269 [S. 783/797] 1

http://orcid.org/0000-0002-6369-253X
http://orcid.org/0000-0002-3668-8551


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

Vertically oriented graphene (VG) nanosheets exhibit unique
structural characteristics, such as large accessible surface area,
rich edges, high electrical conductivity, open network channels,
and agglomeration resistance, for electrochemical energy-
storage applications (e.g., supercapacitors, lithium-ion batteries,
etc.). In this Review article, we summarize recent progress in the
design and engineering of VG-based electrodes for high-

performance electrochemical energy technologies within the
context of energy-storage mechanisms and charge-transfer
kinetics, and include a perspective to highlight the challenges
and promises in the exploitation of vertically oriented two-
dimensional carbon nanostructures for further enhancement of
the performance of electrochemical energy-storage devices.

1. Introduction

Graphene, with sp2-bonded carbon atoms hexagonally arranged
in single-atom thickness, has been attracting extensive atten-
tion, due to its unique electronic, mechanical, and thermal
properties[1] and diverse applications in various fields, such as
field emission, electronics, sensors, and energy technologies.[2,3]

Among these, graphene has been used extensively as electrode
materials for electrochemical energy conversion and storage,
thanks largely to its high theoretical specific surface area (up to
2600 m2g� 1) and electrical conductivity.[4] In fact, remarkable
performance has been achieved with graphene-based super-
capacitors and secondary batteries (e.g., lithium-ion battery,
sodium-ion battery, etc.).[5–7] Nevertheless, despite substantial
progress in recent years, critical issues remain, as aggregation
of graphene nanosheets may occur in practical applications and
compromise the device performance, due to a reduced
accessible surface area and diminished electron-transfer ki-
netics.

Conventional graphene materials are horizontally attached
(grown) on a substrate (Figure 1a), showing a smooth and flat
surface, and when mixed, can easily agglomerate, due to π-π
van der Waals interactions between the graphene nanosheets,
leading to a reduced active area. By contrast, with a free-
standing structure, vertically-grown graphene (VG) nanosheets
of a few layers in thickness (Figure 1b) features a large
accessible surface area and open channels for effective mass
transport of electrolyte ions and reaction species, sharp edges
for adsorption of reaction intermediates and fast electron
transfer,[8] and resistance against agglomeration. These charac-
teristics are conducive to facile electron-transfer reactions in
electrochemical energy storage technologies.

In this review, we will summarize recent progress in the
synthesis and applications of VG in contemporary electro-
chemical energy storage technologies, with a focus on the
mechanistic origin of the growth and electron-transfer dynam-
ics of the materials. A perspective is also included to highlight

the potential of two-dimensional carbon nanostructures in the
development of high-performance electrochemical energy stor-
age systems.

2. Unique Morphology and Properties

VG, standing vertically on a substrate, typically consists of a few
graphene layers and exhibit sharp edges and a high aspect ratio
(Figure 2a–c), corresponding to a thickness from a few to a few
tens of nanometers (Figure 2d).[9–11] A variety of substrates have
been used for the growth of VG, such as carbon cloth
(Figure 2a),[9] Ni foam (Figure 2b),[10] Si (Figure 2c) and SiO2,

[11]

which show virtually no influence on the morphology of the
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Figure 1. Schematic illustrations of graphene nanosheets by a) conventional
horizontal growth and b) vertical growth.

Figure 2. SEM images of VG grown on a) carbon cloth (reproduced with
permission from Ref. [9]; copyright 2015, Royal Society of Chemistry); b) Ni
foam (reproduced with permission from Ref. [10]; copyright 2016, Wiley-
VCH); and c) Si (scale bar 400 nm, reproduced with permission from Ref. [11];
copyright 2016, Elsevier). d) TEM image (reproduced with permission from
Ref. [9]; copyright 2015, Royal Society of Chemistry); e) Raman spectrum
(reproduced with permission from Ref. [11]; copyright 2016, Elsevier) and f) C
1s XPS spectrum of VG with a growth time of 10 min (reproduced with
permission from Ref. [18]; copyright 2014, Wiley-VCH). Inset to panel (a) is a
magnified SEM image and inset to panel (b) is a photograph of the resulting
VG.
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final VG products. In Raman measurements, several character-
istic vibrational bands of VG can be readily identified at ca.
1350 cm� 1 (D band), 1585 cm� 1 (G band), and 2700 cm� 1 (2D
band). The D band originates from the disordered structure of
VG, such as the random orientation of crystalline carbon,[12,13]

out-of-plane defects,[14] and fullerene-like structures;[15] the G
band is due to the sp2-hybridized carbon in the graphitic
planes;[16] and the position and shape of the 2D peak are
correlated to the number of the graphene nanosheet layers.[17]

That is, the high intensity of the D and 2D bands signifies
abundant defects in the graphene nanosheets, and vice versa
(Figure 2e).[11] This can be further confirmed by results from X-
ray photoelectron spectroscopy (XPS) measurements, where sp2

and sp3 hybridized carbon can be readily resolved and
quantified (Figure 2f).[18]

With such unique morphologies, VG exhibits distinctive
features, as compared to conventional horizontally-grown
graphene nanosheets.[19] First, VG shows a large specific surface
area and is less prone to stacking/aggregation than the
horizontally grown counterparts. Second, VG possesses open
channels between the nanosheets making the entire surface
area accessible by electrolyte ions in electrochemical applica-
tions, as the spacing between adjacent VG nanosheets ranges
from a few tens to several hundred nanometers.[20,21] In fact, the
specific surface area of VG can be as high as 1100 m2g� 1.[22]

Besides, the exposed thin edges of VG provide abundant active
sites for ion/charge absorption/desorption, a critical step in
electrochemical reactions. An individual VG nanosheet typically
shows a tapered shape, with a few graphene layers formed at
the base and atomically thin carbon layers at the top. Such
sharp edges have been demonstrated to significantly concen-
trate charge density during charge/discharge processes, leading
to enhanced energy storage capacity.[23] Third, VG nanosheets
can act as strengthening ribs, remarkably improving mechanical
performance.[24] Individual VG nanosheets have been used as
free-standing and self-support walls, which effectively stand up
against the van der Waals interactions between nanosheets and
prevent collapsing and stacking with each other in random
directions, leading to enhanced mechanical strength.

3. Synthesis and Characterizations

3.1. Synthetic Methods

Great efforts have been devoted to controllable and effective
preparation of VG in high quality, and plasma-coupled chemical
vapor deposition (CVD) has been the most widely used
technique, which can be operated at low reaction temperatures,
and without the need of a catalyst. The method can be further
classified according to the plasma sources, such as microwave
plasma,[25,26] radio frequency (RF) inductively coupled plasma
(ICP),[20] RF capacitively coupled plasma (CCP) assisted by
hydrogen radical injection,[27,28] DC plasma,[29] helicon-wave
plasma,[30] and electron beam excited plasma (EBEP).[31] Among
them, microwave plasma, RF-ICP, and EBEP-based CVD methods
have been highly developed for the fabrication of VG.

Thanks to its high intensity, microwave plasma can be used
for decomposing H2 molecules to generate H atoms
effectively.[19] As shown in Figure 3, a microwave (2.45 GHz) is
coupled from the rectangular waveguide into the cavity via an
axial antenna. A discharge called a “plasma ball” is generated
above the substrate, and heats the substrate. In this system, the
CVD process is operated at relatively low pressures of a few
tens of Torr. However, at too high a pressure or too low a
microwave power, plasma cannot be sustained. If the micro-
wave power is too high for a given pressure, the plasma
becomes unstable and tends to jump to the quartz (fused silica)
window, occasionally resulting in the destruction of the window
by the heat.[19]

RF-ICP (13.56 MHz) has been used to etch a range of
materials, such as Si, SiOx, SiNx, and metal films, in a large-scale
integration fabrication process. The ICP is operated at relatively
low pressures below 100 mTorr (13.3 Pa). The plasma is
contained inside a chamber, which is surrounded by an
inductive coil antenna. There are two types of ICP geometries:
planar and cylindrical. In the planar geometry, the electrode is a
coil antenna of the flat metal wound like a spiral, and in the
cylindrical geometry, it is like a helical spring.[32] An RF-ICP CVD
system has the advantages of simple design and scalability for
large area growth. Notably, the growth rate of carbon nano-
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walls using RF-ICP CVD with a CH4/Ar mixture can be rather
high, as compared to other methods.[19]

EBEP is a high-intensity plasma directly introduced by a
high-current and low-energy electron beam.[19,33] The electron-
beam energy and electron current can be controlled independ-
ently by changing the accelerating voltage and discharge
current, respectively. When the electron beam energy is close
to the energy corresponding to the maximum electron impact
ionization cross-section of the source gases, highly ionized and
dissociated plasmas can be produced even at low pressures.
Generally, VG sheets fabricated by the EBEP-CVD with CH4/H2
can be easily detached from the substrate, and such isolated
free-standing VG can be used for the fabrication of novel
electronic devices.[33]

3.2. Characterization Methods

Effective characterization methods are essential to unravel the
microstructures of VG and distinguish VG from other carbon
nanostructures. These include the conventional characterization
tools of X-ray diffraction (XRD), XPS, scanning electron micro-
scopy (SEM), transmission electron microscopy (TEM), and
Raman spectroscopy.

SEM is a direct way to visualize the morphology and
orientation of VG (Figure 2a–c). VG grown on conductive
substrates can be directly used as SEM samples, where the
sharp edge of VG can be distinguished based on the contrast
depth. The number of layers of the VG edges can be quantified
by TEM measurements based on an accurate assessment of the
thickness (Figure 2d). Further structural insights can be ob-
tained from XRD and selected area electron diffraction (SAED)
measurements, where the hexagonal patterns of the graphene
crystal structure can be readily identified. Raman spectroscopy
is a quick and effective way for structural characterization and
quality control of VG (Figure 2e), based on a careful analysis
and comparison of the vibrational energy and intensity of the
D, G, and 2D bands (Figure 2e).[17] These results can then be
correlated with the carbon atoms in different chemical
structures, as resolved in XPS measurements (Figure 2f).

Experimentally, these characterization methods are usually
combined to yield a holistic picture of the VG microstructures, a

key step towards the correlation between VG structure and
electrochemical performance.

4. Growth Mechanism

Although various methods have been adopted to prepare VG,
the growth mechanism remains elusive,[34] limiting further
development of VG in practical applications. Different from
conventional CVD for horizontal graphene growth, plasma-
based CVD shows a more complicated growth process, and
numerous factors, such as plasma source, plasma power, carbon
source, etc., may impact the VG’s growth dynamics. Generally,
the growth process involves three steps: nucleation, vertical
growth, and saturation: (i) a buffer layer is formed on the
substrate surface with irregular cracks and dangling bonds,
where vertical nanosheets preferentially grow; (ii) with an
increase of the growth time, both the spacing between the
nanosheets at the top (forming open edges) and the nanosheet
size increase gradually; and (iii) due to the balance between
material deposition and etching effects by the plasma, the
growth process becomes saturated, resulting in the formation
of two-dimensional carbon nanosheets standing vertically on
the substrate with a high aspect ratio.[35]

4.1. Nucleation

Nucleation is an important first step in VG growth. Studies have
demonstrated that a thin carbon film formed on the substrate
surface will act as nucleation sites for VG growth,[36] and the
upward curling force leads to the takeoff of some top carbon
layers at the grain boundaries that continue to grow perpendic-
ularly to the substrate.[37] In a previous study,[11] Zhang et al.
proposed a defect-guided mechanism of VG growth, whereby a
buffer layer was formed parallel to the substrate surface, and
defects propagated with nucleation of VG stemming preferen-
tially from the defects (Figure 4a). It was shown that defects on
the buffer layers promoted the growth of VG nanosheets, due
to the high activity (Figure 4b–c). Reifenberger et al.[38] showed
that carbon deposits firstly formed nanoislands (Figure 4d),
which were thought to be the nucleation sites of VG on Si
substrates. Rummeli et al.[39] demonstrated that the nucleation
of VG growth was either from the buffer layer or the surface of
carbon onions. The buffer layer was composed of amorphous
and graphitic carbon on the surface with some mismatches
(Figure 4e). In contrast, the upper layer of VG nucleated from
the carbon onions (Figure 4f). Similar to the buffer layer, the
onions also serve as active nucleation sites for VG growth. The
graphene layers then grow in the tangential direction, naturally
leading to a flower-shaped VG structure. Moreover, as shown in
Figure 4g, in a plasma-enhanced CVD with H radical injection
employing a C2F6/H2 mixture, the height of VG grown on a Si
substrate increased linearly with the growth time within the
range of 5 to 60 min,[40] indicating a steady-state growth
process. However, in the earlier stage (<5 min), the height of

Figure 3. Schematic illustration of a microwave plasma CVD instrument.
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VG exhibited nonlinear dependence on time, indicating a more
complicated growth dynamics during the nucleation process.

These various theories are generally based on defects-
derived formation mechanism that at the nucleation stage,
carbon species are condensed to form nanoislands (buffer
layers) with dangling bonds. At these dangling bonds, disor-
dered carbon nanosheets of small sizes are then nucleated,
followed by the two-dimensional growth and subsequent
formation of graphene nanosheets.

4.2. Vertical Growth

After nucleation sites are formed on the substrate, graphene
nanosheets start to grow. As shown in Figure 5a, similar to the
growth of 1D carbon nanotubes which follows either the top or
bottom mode, vertical 2D growth has several possibilities: at
the top edge, on the surface (in the lateral direction), or at the

bottom. During this growth process, a continuum model based
on surface diffusion and moving boundary (mass flow) has
been developed to describe the intermediate states of the steps
and edges of graphene (Figure 5b), and these steps near the
top edge have often been observed in various studies.[39]

Meanwhile, several factors, e. g., electric field, internal stress,
and anisotropic growth, have been found to significantly impact
the vertical growth of VG.[8] Specifically, the electric field can
produce a relatively large chemical-potential gradient near the
surface, due to ion focusing effects and fast delivery of
precursors.[8,39] Meanwhile, during the growth process, as the
electrical field is normal to the (conductive) substrate surface
and is stronger near the edges and sharp points than in other
areas, the localized electric field above the substrate can control
the density and orientation of the VG networks.[41] Another
important factor is the internal stress that arises from the
temperature gradient, ion bombardment, and lattice mismatch
between the substrate and graphene materials, which may
become a driving force for VG growth.[35] Moreover, the direc-
tional growth of VG can also be attributed to the anisotropic
growth effect. The growth rates in the directions that are
parallel and perpendicular to the graphene layer have been
demonstrated to be different.[21] Among the nucleated gra-
phene sheets with random orientations, those standing almost
vertically on the substrate surface continue to grow preferen-
tially, owing to the difference in the growth rates along the
strongly bonded planes of graphene sheets and the weakly
bonded stacking direction. Reactive carbon species arriving at
the edge of the graphene layer are easily bonded to the edge,
and eventually, the graphene layer will expand preferentially
along the direction of radical diffusion, perpendicular to the
substrate plane.[19]

During the vertical growth stage, the height of VG is usually
in a positive correlation with the experimental time, and the
growth rate is constant, indicating a steady-state process.

4.3. Saturation

Due to the competition between carbon deposition and plasma
etching, the growth process will reach saturation. In this stage,
the height of VG remains largely unchanged with the increase
of time, indicating the completion of VG growth. The closure of
open edges determines the final size of the vertical graphene
and together with the overall curvature provides the necessary
mechanical support for vertical alignment.

5. Applications in Electrochemical
Energy-Storage Systems

5.1. Supercapacitors

Supercapacitors are promising energy storage systems in
diverse applications, due to their high power density, desirable
rate capability, and outstanding cyclic stability.[42] According to

Figure 4. a) Schematic illustration of VG growth. b) Side-view TEM image of
VG (buffer layer) on Si substrate. c) HRTEM image of the interface between Si
and VG (reproduced with permission from Ref. [11]; copyright 2016, Elsevier).
d) Nanoisland nucleation sites for VG growth (reproduced with permission
from Ref. [38]; copyright 2012, Elsevier). e) HRTEM image of the buffer layer
composed of amorphous carbon and graphitic layer. f) HRTEM image of
carbon onion (reproduced with permission from Ref. [39]; copyright 2014,
American Chemical Society). g) Height of VGs as a function of growth time
(reproduced with permission from Ref. [40]; copyright 2009, American
Institute of Physics).

Figure 5. a) Schemes of the growth of 1D and 2D nanostructures where the
arrows represent the mass supply for growth. b) A continuum model based
on the surface diffusion and moving boundary (reproduced with permission
from Ref. [39]; copyright 2014, American Chemical Society).
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different energy storage mechanisms, supercapacitors are
typically classified into electrical double-layer capacitors (EDLC)
and pseudocapacitors. EDLC stores energy from the accumu-
lation of charges at the electrode/electrolyte interface, whereas
the pseudocapacitance originates from faradaic reactions
occurring at the electrode surface.[43]

5.1.1. VG-Based Carbon Electrodes for EDLCs

Because of a large specific surface area, high electrical
conductivity, open network structure, and robust chemical
stability in the electrolyte, VG is promising electrode material
for EDLCs. Compared to conventional horizontally grown
graphene, VG is less prone to aggregation and exhibits more
active sites, due to the sharp edges. Bare VG as binder-free
EDLC electrodes can exhibit a high specific capacitance up to
230 Fg� 1 (at the scan rate of 10 mVs� 1) and high areal
capacitance of 8.4 mFcm� 2 at the scan rate of 10 mVs� 1.[44]

Notably, the simulated current-voltage curves for the different
types of electrodes (vertical, horizontal graphene, and bulk
graphite, with the respective models shown in Figure 6a–c,
respectively) indicate that the VG electrode exhibits the largest
current density (Figure 6d). As shown in Figure 6e, VG entails
open channels for facile ion exchange with the shortest straight
path, while ions need to pass a more complicated pathway to
access the bottom of horizontal graphene. Thus, VG-based
electrodes are conducive to ion/charge transfer during the
charge/discharge process, and hence a high electrochemical
performance.

The interfacial structure and capacitive behaviors of VG
edges with representative interlayer spacing have also been
studied via molecular dynamics (MD) simulations.[45] Compared
with planar graphite surfaces, edges exhibit a two-fold increase
in specific capacitance at a wider interlayer spacing of ~5.0 Å.
Interestingly, a similar screening effect and thickness of the
electrical double-layer was observed at the edges with a variety
of electrolyte ions. Yet, water molecules can counterbalance the
interfacial electrical field more effectively at the edge sites than

on planar graphite surface. This enhanced screening efficiency
by water molecules on the edges significantly reduces the total
electrical potentials, corroborating the observed capacitance
enhancement at edge sites.

To further improve the capacitance of VG electrodes,
activation treatments, such as oxidation, plasma treatment, and
doping, have been conducted to tune the intrinsic hydro-
phobicity of VG. Simple oxidation using strong acid/alkali
oxidizing agents can improve the wettability of VG.[46] As shown
in Figure 7a, after KOH treatment, ultrathin nanosheets and
nanopores were generated on the VG surface, mainly due to
the exfoliation of VG sheets during the oxidation process.
Moreover, the water contact angle had significantly decreased
after KOH treatment (Figure 7b–7c), indicating improved wett-
ability of treated VG. Additionally, Sahoo et al.[47] observed that
oxygen-plasma treatments of VG remarkably enhanced the
wettability, with the water contact angle decreasing to 0°
(Figure 7d–7e). Moreover, the contents of hydroxyl and
carbonyl functional groups on VG increased with increasing
plasma powers. Electrochemically, plasma-treated VG electrodes
showed a much higher areal capacitance (ten times higher),
compared to the pristine ones (Figure 7f). Notably, a high
degree of oxidization of VG might deteriorate the electrical
conductivity, leading to poor rate capability and cyclic stability
of the electrodes. Thus, the electrochemical performance of
oxidized VG should be optimized by striking a delicate balance
between hydrophilicity and electrical conductivity of the
materials.

Figure 6. 2D cross-section characteristic concentration profiles of a) vertical
electrodes, b) horizontal electrodes, and c) bulk electrodes. d) Simulation of
current -voltage curves for the three different electrodes. e) Schematic
illustration of ion diffusion direction based on two kinds of graphene
electrodes. (reproduced with permission from Ref. [44], copyright 2016,
American Chemical Society).

Figure 7. KOH treatment on VG: a) SEM image of VG after KOH treatment.
Inset is an SEM image showing the nanopores generated on the VG surface.
Water contact angle of b) original and c) KOH-activated VG. (reproduced
with permission from Ref. [46]; copyright 2017, American Institute of
Physics). Water contact angle of d) original and e) plasma-treated VG. f) CV
curves of different VG samples at a scan rate of 100 mVs� 1 (reproduced with
permission from Ref. [47]; copyright 2018, Elsevier). g) Schematic illustration
of an active carbon powder-coated electrode and a VG-coated electrode
(right-top is the structure of the positive electrode and right-down is the
structure of the negative electrode). h) Charge/discharge curves of the
positive electrode (red curve), negative electrode (blue curve), and
asymmetric device (black curve) (reproduced with permission from Ref. [48];
copyright 2016, American Chemical Society).
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Also, doping is an effective way to manipulate the intrinsic
property of carbon-based EDLC electrodes. Hu et al.[48] prepared
N-doped VG electrodes through a plasma-enhanced CVD
process using a mixed flow of CH4 and N2, and constructed an
asymmetric supercapacitor based on a VG positive electrode
and an N-doped VG negative electrode (in 1 M tetraethylammo-
nium tetrafluoroborate/propylene carbonate (TEABF4/PC) elec-
trolyte) (Figure 7g). In such an asymmetric cell, nitrogen doping
significantly suppressed the irreversible reduction of residual
water and organic electrolyte at the negative potential end,
consequently widening the negative potential window (Fig-
ure 7h), and the binder-free VG without oxygen-containing
functional groups was inert to the irreversible oxidation of
organic electrolytes, resulting in an even wider working
potential window. As a result, the as-prepared asymmetric
supercapacitor exhibited a cell voltage up to 4 V, high energy
density (52 Whkg� 1), high power density (8 kWkg� 1), and out-
standing cyclic stability (with approximately 100% capacitance
retention after 10000 cycles), effectively mitigating the critical
issues of low working voltage and energy density of conven-
tional supercapacitors.

Other structural factors, such as the mass ratio of the
positive and negative electrodes,[49] impurity in the
electrolyte,[50] and electrolyte wettability,[51] have also been
demonstrated to show a significant influence on the charge-
storage capacity of VG electrodes.

The electrochemical performance can be further enhanced
by using all-carbon composite electrodes with VG in combina-
tion with other carbon nanostructures of large specific surface
areas and appropriate porosity. In these composite electrodes,
VG can significantly increase the mechanical strength and
surface area of 3D or arrayed carbon nanostructures, making
such all-carbon materials feasible in practical applications. For
example, for 3D graphene aerogel (GA)[24] and carbon nanotube
(CNT) micro-conduit arrays[23] that generally show a large
specific surface but poor mechanical strength, the incorporation
of VG can significantly improve the structural stability and
electrochemical performance. In a previous study, using a
microwave plasma CVD method, VG was uniformly grown on a
substrate (GA or CNT) surface (Figure 8a–c). Importantly, the
deposition of VG on GA (Figure 8a) significantly enhanced the
mechanical strength (Figure 8d), where VG acted as stiffening
ribs layered over the thin cellular sheets within the GA
(Figure 8e) and concurrently rendered a uniform stress distribu-
tion (Figure 8f), leading to over seven-times improvement in
compression strength, as compared to pristine GA. Thus, the
obtained free-standing and binder-free VG/GA electrode ex-
hibited a high specific capacitance of 245 Fg� 1 (based on the
entire electrode mass), which corresponded to a high areal
capacitance of 1.1 Fcm� 2, desirable rate capability, and out-
standing cyclic stability with capacitance retention of 92% after
10000 cycles.[24]

Deposition of VG on CNT also significantly enhanced the
mechanical strength and structural stability of such all-carbon
electrodes (inset to Figure 8g), leading to a markedly increased
specific capacitance (ca. 500 Fg� 1, Figure 8g) and outstanding
cycle life (capacitance retention of ca. 95% over 10000 cycles).

Importantly, as shown in Figure 8h, results from density func-
tional theory (DFT) calculations suggested that during the
charge/discharge process, charges/ions were concentrated at
the edge region of VG, resulting in a much higher (almost eight
times) surface charge density in the edge region than that in
the basal region, and the surface charge density of VG was also
much higher than that of CNT (Figure 8i), suggesting that the
edges of VG were responsible for the outstanding electro-
chemical performance of such all-carbon electrodes.[23]

In short, whereas traditional carbon-based ELDC electrodes
usually suffer low capacitance, the introduction of VG can lead
to significant enhancement of the surface area and mechanical
stability (structural stability), and consequently a markedly
improved electrochemical performance. Nevertheless, further
improvement is desired, in particular, with regards to the work
voltage and capacity of VG-based carbon electrodes for super-
capacitors. Loading pseudocapacitive materials on VG repre-
sents a unique strategy to increase the capacity of the electro-
des, as detailed below.

5.1.2. VG-Based Hybrid Electrodes for Pseudocapacitors

VG with a large specific surface area and high electrical
conductivity also shows great promise as structural scaffolds for
the deposition of pseudocapacitive materials, e. g., metal
oxides/hydroxides and conducting polymers, to ameliorate the
charge transfer efficiency and further enhance the structural

Figure 8. SEM images of a) VG grown on GA. Inset is a photograph of the
VG/GA sample (reproduced with permission from Ref. [24]; copyright 2018,
Elsevier). b) VG grown on CNT micro-conduit. c) VG uniformly grown on a
single CNT surface. Inset is an SEM image showing the dense and
homogenous coverage. (reproduced with permission from Ref. [23]; copy-
right 2018, Nature). d) Mechanical properties of bare GA and VG/GA. e)
Schematic model of finite element simulation for the mechanical strengthen-
ing mechanism of VG layered over GA templates. f) Stress mapping analysis
of a cellular wall within a GA-GN structure. (reproduced with permission
from Ref. [24]; copyright 2018, Elsevier). g) CV curves of VG/CNT/CC and
CNT/CC electrodes, and inset is an SEM image of the bare CNT arrays after
immersion into the electrolyte. h) Simulated charge concentration distribu-
tion on VG and CNT. i) Calculated surface charge density of VG/CNT.
(reproduced with permission from Ref. [23]; copyright 2018, Nature).
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stability of the electrodes. MnO2 has been one of the most
widely used pseudocapacitive electrode materials, due to its
rapid redox kinetics, wide operating voltage, and low cost,[52]

which shows great promise to composite with VG as high-
performance hybrid electrodes. The direct reaction of VG with
KMnO4 is the most common method in the preparation of
MnO2/VG composites. In this reaction, the VG (carbon) substrate
acts as a sacrificial reductant, and meanwhile, aqueous
permanganate is converted to insoluble MnO2, which is
deposited onto the surface of VG. Fisher et al.[53] prepared a
hybrid electrode with a uniform coverage of MnO2 on the VG
surface, and observed a high specific capacitance of 580 Fg� 1 in
1 M Na2SO4 aqueous electrolyte. In such a hybrid electrode, VG
entailed conductive channels to facilitate charge transfer at the
VG/MnO2 interface, leading to a low interfacial resistance and
high cyclic stability of the hybrid electrodes. Moreover, MnO2

nanosheets can be grown on the VG surface through a facile
electrodeposition process.[54] The performance of the as-
prepared MnO2/VG composite electrodes could be optimized
by adjusting the electrodeposition time, reaching a high specific
capacitance of 565.32 Fg� 1 at a current density of 1 Ag� 1.
Besides MnO2, other metal oxides, such as RuO2,

[55] Co3O4,
[56] and

TiO2,
[57] have also been investigated as active materials to

combine with VG as hybrid electrodes. For instance, an all-solid-
state symmetric supercapacitor was fabricated based on Co3O4

nanoparticle/VG hybrid electrodes.[56] The VG served as an
excellent backbone, together with the carbon fabric, and the
as-prepared composite electrodes showed an ultrahigh specific
capacitance of 3480 Fg� 1, approaching the theoretical value of
Co3O4 (3560 Fg� 1). As a result, an all-solid-state symmetric
supercapacitor device based on such composite electrodes
delivered a high capacitance (580 Fg� 1), good cycling ability
(86.2% capacitance retention after 20000 cycles), high energy
density (80 Whkg� 1), and high power-density (20 kWkg� 1 at
27 Whkg� 1).

Compared to metal oxides,[58] metal hydroxides generally
show higher electrochemical activity, but lower conductivity
and structural stability severely limit their wide applications in
supercapacitors. Thus, VG has been employed as substrates for
metal hydroxides of various nanostructures (Figure 9a) to
effectively facilitate charge transfer and improve the structural
stability of the hybrid electrodes. For instance, Zheng et al.[59]

prepared a hybrid electrode with Ni(OH)2 nanosheets electro-
deposited on a VG surface (supported on Ni foam). The
introduction of VG led to the dense growth of nanocrystalline
β-Ni(OH)2, and the hybrid electrode exhibited a high specific
capacitance of 2215 Fg� 1, improved cycling stability, and high
rate capability.

To further improve the electrical conductivity and electro-
chemical activity of metal hydroxides, binary (e.g., Ni� Co
hydroxide, Ni� Mn hydroxide) or multi-component metal hy-
droxides have been used. For instance, binary Ni� Co hydroxide
nanosheets have been electrodeposited on the VG foam surface
to prepare a hybrid electrode (Figure 9b).[10] The hierarchical
structure with smaller Ni� Co hydroxide nanosheets on larger
VG endowed the lightweight hybrid electrode with an ultrahigh
volumetric capacitance of 765 Fcm� 3, which was the highest

that has been reported for a metal oxide/hydroxide-based
electrode, and asymmetric supercapacitor devices based on
such electrodes also showed excellent energy and power
densities (Figure 9c).[10] In another study, multi-component
Ni� Co� Mn hydroxide nanoneedles were prepared on a VG
surface, forming a unique “nanoneedle-on-petal” structure (Fig-
ure 9d),[9] where the Ni, Co, and Mn elements were homoge-
neously distributed within the nanoneedle structure (Figure 9e).
Notably, such VG nanotemplates remarkably facilitated charge
transfer, resulting in an ultrahigh rate capability of the hybrid
electrodes, with a high capacitance retention up to 95% at the
current density of 100 mAcm� 2, much higher than that of VG-
free electrodes (Figure 9f).

Moreover, VG can act as a “bridge” between pseudocapaci-
tive materials and current collectors, and provide quick
channels for electron transfer. Such bridging effects have been
systematically investigated by Bo et al.[60] As schematically
shown in Figure 9g, due to the surface roughness of both the
current collector and the active materials, there were only a
very limited number of contact points at the interface; yet the
dense, exposed edges of VG could provide abundant pathways
for charge transport. Moreover, the introduction of VG bridges
on a nickel-foam current collector greatly reduced the con-
striction/spreading resistance caused by the limited contact
points at the active layer/current collector interface. As a result,
VG-bridged supercapacitors exhibited a much reduced interfa-
cial resistance (Figure 9h) and markedly improved rate capa-

Figure 9. a) Scheme of metal hydroxides with various nanostructures on VG.
b) SEM images of a uniform distribution of Ni� Co hydroxide nanosheets on
the VG surface. Inset is the close-up view of the VG surface. c) Ragone plot of
an asymmetric device compared to other contemporary cells. (reproduced
with permission from Ref. [10]; copyright 2016, Wiley-VCH). d) Ni� Co� Mn
hydroxide nanoneedles deposited on the VG surface. Inset is an enlarged
SEM image showing the sharp edge of VGs. e) EDX-based elemental maps
showing the homogenous distribution of Ni, Co, and Mn in the nanoneedle
structure anchored on the VG surface. f) Capacitance retentions of different
samples as a function of current density. (reproduced with permission from
Ref. [9]; copyright 2015, Royal Society of Chemistry). g) Schematic illustration
of the electron contact point on horizontal graphene and VG. h) Nyquist
plots of No-CC, Foil-CC, Foam-CC, and VG/Foam-CC working electrodes.
(reproduced with permission from Ref. [60]; copyright 2013, Wiley-VCH).

ChemElectroChem
Reviews
doi.org/10.1002/celc.202001364

790ChemElectroChem 2021, 8, 783–797 www.chemelectrochem.org © 2020 Wiley-VCH GmbH

Wiley VCH Dienstag, 23.02.2021

2105 / 191269 [S. 790/797] 1

http://orcid.org/0000-0002-3668-8551


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

bility and cyclic stability. Indeed, such a “bridge” functionality
has been widely observed in VG-based hybrid supercapacitor
electrodes with significantly enhanced rate capability and
structural stability.[61,62] In addition to metal oxide/hydroxides,
metal nitrides[63] and conducting polymer[64] have also been
loaded on the VG surface as high-performance pseudocapaci-
tive electrodes.

5.1.3. Microsupercapacitors

The rapid development of miniaturized portable electronic
devices in modern life has driven an increasing demand for
micro-power sources and micro-energy storage units.[65] Among
them, micro-supercapacitors have been attracting considerable
attention, because of their high power density, desirable rate
capability, and outstanding cyclic stability.

High-power micro-supercapacitors have been fabricated,
consisting of an insulating substrate, an interdigitated VG
electrode, and a Ti/Au current collector (Figure 10a).[66] The VG
microelectrodes were several micrometers in thickness (Fig-
ure 10b) and the as-prepared micro-supercapacitors exhibited a
perfect capacitive behavior at scan rates up to 100 Vs� 1

(Figure 10c, 1000 times faster than conventional supercapaci-
tors), a maximum power density of 292 Wcm� 3 at a current of
100 mA (Figure 10d), and excellent cycling stability. Moreover, it
has been demonstrated that the design of the VG micro-
electrode plays an essential role in determining the perform-
ance of the final micro-supercapacitor devices. In a study that

combined theoretical simulations and experimental studies,
Chen et al.[41] found that the electrical field distribution above
the substrate material played a key role in the graphene
coverage during micropattern fabrication. Figure 10e shows the
electrical field at 50 nm above the substrate. It can be seen that
the electric field above the gold stripe, especially near the
edges (with even smaller radii of curvature) of the gold stripe
was much higher than that above SiO2. As a result, the gases
were ionized more efficiently above the gold stripe during the
growth process, leading to preferential production of VG on the
Au surface after the introduction of carbon precursors (Fig-
ure 10f). Indeed, the VG patterns can thus be controlled by
manipulating the surface electric field distribution. Subse-
quently, a “selective-growth” method was proposed for the
fabrication of CNT-VG micro-supercapacitors.[67] Due to the high
binding energy of carbon atoms absorbed on the CNT surface,
VG prefers to grow on the CNT surface, rather than on the SiO2

substrate, resulting in the formation of gaps (VG-free zone)
between adjacent electrodes (Figure 10g-h). The as-prepared
VG/CNT based micro-supercapacitors exhibit an ultrahigh areal
capacitance of approximately 110 mFcm� 2 at a current density
of 0.3 mAcm� 2, outstanding long-term cycling stability (only
�7% loss of the initial capacitance after 10000 cycles), high
thermal stability and high functional flexibility. The selective
growth of VG on CNT patterns provides a novel technique for
micro-supercapacitor fabrication with highly controllable gap
width and high utilization efficiency of electrode materials
along the axial direction, which is difficult to achieve by the
conventional multistep micro-supercapacitor fabrication ap-
proaches.

In short, micro-supercapacitors based on VG has shown an
ultrahigh power density, fast frequency response, and excellent
long-term cyclability, since VG arrays display a high density of
ordered alignment of few-layer graphene nanosheets, edge-
enriched structure, open channels, and high electrical
conductivity.[68,69] Further investigations will focus on the
manipulation of surface plasma and electrical field during the
preparation of VG-microelectrodes, to realize the controllable
and cost-effective fabrication of micro-supercapacitor devices.

In addition, VG grown on select current collectors (e.g.,
carbon cloth, Ni foam, etc.) can be used directly as free-standing
electrodes without any binder or conductive additives, exhibit-
ing high electrical conductivity and stability during electro-
chemical applications. To further increase the capacity and
working voltage, it is critical to develop strategies whereby VG
can be effectively and synergistically combined with other
pseudocapacitive materials to produce high-performance elec-
trodes.

5.2. Lithium-Ion Batteries

Secondary batteries, particularly lithium-ion battery (LIB), have
been attracting extensive attention in both academic research
and commercial applications, due to their high energy density,
wide working-voltage window, and relatively long cycle life.[6,70]

Although widely used in portable electronic devices, some

Figure 10. a) Scheme of a microsupercapacitor consisting of an insulating
substrate, interdigitated VG electrodes, and Ti/Au current collectors. b) SEM
image of the cross-section of a VG microelectrode. Inset is an enlarged SEM
image. c) CV curves of microsupercapacitor devices at different scan rates. d)
Ragone plot of the as-prepared VG-based microsupercapacitor in compar-
ison to other contemporary devices. (reproduced with permission from Ref.
[66]; copyright 2014, Wiley-VCH). e) Electric field distribution at 50 nm above
the substrate surface of case I. The 1 μm-wide gold stripe is grounded
(V=0). f) VG grown on a single gold stripe in 2 min. (reproduced with
permission from Ref. [41]; copyright 2011, American Chemical Society). g)
Schematic picture of the formation of a VG/CNT microsupercapacitor. h)
Uniform coverage of VG on CNT arrays. Inset shows the sharp edges of VG.
(reproduced with permission from Ref. [67]; copyright 2019, Elsevier).
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critical issues remain with LIB, e.g., low rate performance, poor
cyclic stability, and safety problems,[71–73] that limit the develop-
ment in the commercial market of electrical vehicles.[7] The key
to high energy-density LIB with a long cycle life and good
safety is the development of high-performance electrodes
(anodes and cathodes) that can improve the performance of LIB
to meet the increasing demand for energy in modern life.[6,74,75]

Graphite has been widely used as the anode material for
commercialized LIB, due to its low and flat working potential,
long cycle life, and low cost. However, the lithium storage
performance of graphite is limited, in terms of energy and
power densities, due to the low theoretical capacity (LiC6,
372 mAhg� 1) and low Li-ion transport rate (10� 12~10� 14 cm2s� 1).
As a unique derivative of carbon, graphene has attracted much
attention as LIB anodes, with its high electrical conductivity,
large specific surface area, and high mechanical strength.[76]

Moreover, it has been shown that graphene edges can
significantly affect the reactivity of the carbon material toward
the adsorption as well as the diffusion of Li ions.[77] VG with
abundant sharp edges can provide active sites for Li-ion
insertion and extraction as well as fast electron transfer
channels, showing great potential as high-performance LIB
anodes. For instance, Xiao et al.[78] directly prepared VG nano-
sheets on a current collector as binder-free LIB anodes,
effectively facilitating both electron and lithium-ion transport
and improving the rate capability. They demonstrated that the
vertical alignment with an effective electrical connection to the
substrate was beneficial to minimize electrical resistance.
Subsequently, Cheng et al.[79] investigated the effect of deposi-
tion time of VG on the electrochemical performance of VG
anodes, and found that prolonging the deposition time of VG
effectively increased the specific surface area of the graphene
nanowalls, and thereby improved the performance of coin-type
lithium-ion cells.[79]

However, bare VG as LIB anodes still suffers low capacity,
which cannot meet the requirement for practical applications.
Great efforts have therefore been devoted to the design of VG-
based composite anodes to enhance lithium-ion storage
performance. Coating of VG nanosheets on Si particles[80] or
commercial SiO microparticles was found to provide a stable
conducting network through interconnected VG encapsulation
during lithiation, and remarkably improve the cycling stability
of high mass-loading SiO anodes (Figure 11a).[81] The macro-
scopic conductivity of the electrodes was then assessed by
quantifying the sheet resistance of the composite electrodes on
an insulating polyimide (PI) film. As shown in Figure 11b, the
sheet resistance of the SiO@VG electrode (~200Ω/sq) was
much lower than those of SiO (~2200Ω/sq) and SiO@horizontal
graphene-based electrodes (~700 Ω/sq). As a result, a full LIB
based on SiO@VG anode exhibited outstanding cycling stability
(~80% retention over 400 cycles) at a charge/discharge rate of
0.5 C/1 C (Figure 11c). Furthermore, 3D VG@SiOx/B-doped car-
bon (3DVG@SiOx/BC) composite electrodes were prepared with
a high lithium-ion diffusion coefficient (1.7×10� 9 cm2s� 1) and
an ultralow volume change (13.8%).[82] Consequently, a full cell
with such a composite anode and LiCoO2 cathode showed a
high gravimetric and volumetric energy density of

459.4 Whkg� 1 and 1167.9 WhL� 1, respectively. The excellent
electrochemical performance was attributed to the combination
of uniformly dispersed sub-nanoscale black carbon (BC) and a
3D VG coating layer on the surface of SiOx spheres to form a 3D
conductive and robust network, which supplied a fast transport
path for Li ions and effectively suppressed the volume change
of SiOx (Figure 11d-e).

[82]

Besides SiOx-based anodes, Yang et al.[83] employed VG as
substrates to load MoS2 nanosheets as a hybrid LIB anode.
Compared with MoS2/carbon black, MoS2/VG nanocomposites
exhibited an enhanced electrochemical performance, delivering
a specific capacity of 1277 mAhg� 1 at a current density of
100 mAg� 1 and a high first-cycle coulombic efficiency of 76.6%.
The MoS2/VG nanostructures also retained a high capacity of
1109 mAhg� 1 after 100 cycles at a current density of
200 mAg� 1, indicating outstanding cyclic stability.[83] Moreover,
Rawat et al. prepared MoS2 on a VG foam and planar graphene
foam respectively, and compared their electrochemical proper-
ties. The MoS2@VG electrodes exhibited an improved capacity
of 670 mAhg� 1 with 99% capacity retention after 30 cycles at
100 mAg� 1, much better than that of MoS2@planar graphene
electrodes (only 550 mAhg� 1 at 100 mAg� 1). Such a superior
performance of the VG-based electrode was attributed to the
unique hierarchical structure and densely packed reactive edges
of VG.[84]

In fact, for LIB anode design, VG is widely used as a scaffold
for active materials forming 3D structures to enhance structural
stability and alleviate volume change. For instance, a 3D free-
standing electrode based on a VG foam loaded with oriented
TiO2 nanosheets (Figure 12a) for LIB was designed and exhibited
a high discharge capacity and extremely long cycling stability
that after testing at 8 C over 12000 cycles, the capacity of the
cell retained 82% of the initial state, and when the current
density was scaled back to 2 C, the cell still delivered high
capacity retention of over 86% (Figure 12b).[85] Such cycling

Figure 11. a) Scheme of the functional mechanism of VG coating on Si-based
materials during the charge/discharge process. b) 2D mapping images of the
sheet resistance of SiO, d-SiO@horizontal graphene, and d-SiO@VG compos-
ited electrodes on a PI film. c) Cyclic stability of d-SiO and d-SiO@VG
electrodes at a current density of 320 mAg� 1. (reproduced with permission
from Ref. [81]; copyright 2017, American Chemical Society). d,e) Schematic
illustrations of the lithium-ion storage mechanism of the 3D VG@SiOx/BC
electrode. (reproduced with permission from Ref. [82]; copyright 2020, Wiley-
VCH).
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stability was much better than that of many state-of-the-art
TiO2-based LIB anodes, likely because VG with sharp edges
contributed to dense nucleation and growth of TiO2 nano-
sheets, which provided effective channels for electrolyte ions,
facile access of the sheet surface, and thin sheets for a reduced
Li+ transport path.[85] Besides TiO2, high-performance binder-
free ZnO/VG hybrid anodes have also been fabricated by
anchoring ZnO nanoparticles on VG through a facile hydro-
thermal process (Figure 12c).[86] In such a hybrid structure, the
good conductivity of VG and the ultrasmall size of ZnO particles
were beneficial to the completely reversible electrochemical
reaction of anodes, resulting in high structural stability and
long cycle life (Figure 12c inset).

Moreover, highly conductive networks introduced on VG-
based structures can further improve the electrochemical
performance of the composite anodes. Recently, a hierarchical
structure with a VG/TiNb2O7/S-doped carbon (S� C) shell was
prepared as a LIB anode, where VG and S� C worked coopera-
tively to establish a conductive network on TiNb2O7 through
internal and external integration (Figure12d–f).[87] Notably, the
hybrid electrode shows an excellent rate performance at
medium-high temperatures ranging from 25 to 70 °C. Similarly,
in a “core-shell” electrode with hydrogen molybdenum bronze
(HMB)/titanium niobium oxide (Ti2Nb10O29, TNO)/VG (Fig-
ure 12g–h),[88] VG and HMB served as powerful conductive
“body guards” for the TNO guest with enhanced conductivity
and reinforced structural stability (Figure 12i). Consequently,

the VG/TNO/HMB anode showed high capacities (317 mAhg� 1

at 2 C, and 163 mAhg� 1 at 60 C), excellent cycling life, and
superior high-rate capability.

In summary, for LIB applications, VG with sharp edges can
provide numerous active sites and fast channels for electron/
ion transfer, but VG itself shows limited lithium storage. With
high-capacity materials coated on VG, the capacitive perform-
ance of the electrodes can be significantly enhanced. Yet the
concurrent increase of the overall electrode mass results in a
reduced energy density. Further research is desired to address
this dilemma.

5.3. Lithium-Metal Batteries

Recently, high energy-density Li metal anodes have been widely
investigated, because of their irreplaceable position in the
development of “next-generation” rechargeable batteries, such
as Li-air and Li� S batteries.[89,90] However, safety issues remain,
which originate from the formation of Li dendrites as well as
unstable solid electrolyte interphase.[91,92] Therefore, VG has
been proposed as an effective scaffold for lithium metal to form
composite electrodes to mitigate these issues. Peng et al.
investigated the Li plating behaviors using an electrode of VG
grown on Ni foam (VG/Ni).[93] Such a hybrid structure exhibited
a significant pseudocapacitive interfacial feature, greatly im-
proved Li+ transfer kinetics, and uniform Li plating/stripping for
stable Li metal cycling (Figure 13a) even at a high depth of
discharge of 50%. In another study,[94] a composite electrode
based on Si@VG arrays-supported lithium was prepared
through a simple melt infusion process (Figure 13b). According
to the simulation results (Figure 13c), the current density of the
internal interface of the VG structure was larger than those of
other areas, indicating that Li-ion flux was preferentially
deposited into the porous structure of the VG substrate rather

Figure 12. a) SEM of TiO2 nanosheets on a VG foam. b) Cycling stability of
TiO2/VG foam at continuous cycling at 2.67 Ag� 1 (8 C) and sampling at
0.66 Ag� 1 (2 C). (reproduced with permission from Ref. [85]; copyright 2016,
Elsevier). c) SEM images of a ZnO/VG electrode before and (inset) after
cycling. (reproduced with permission from Ref. [86]; copyright 2014,
American Chemical Society). d) Schematic of the formation process of VG/
TiNb2O7@S� C core/shell arrays. e, f) SEM images of VG/TiNb2O7@S� C core/
shell structure. (reproduced with permission from Ref. [87]; copyright 2018,
Royal Society of Chemistry). g) Scheme of the VG/TNO/HMB Core/shell
structure. h) SEM image of VG/TNO/HMB core/shell arrays. Inset is a
magnified image. i) Schematic illustration of electron transfer in the VG/TNO/
HMB structure. (reproduced with permission from Ref. [88]; copyright 2018,
Elsevier).

Figure 13. a) Top surface morphologies of Li plating at 2, 4, 8 mAhcm� 2 on
VG/Ni (reproduced with permission from Ref. [93]; copyright 2018, Wiley-
VCH). b) Schematic illustrations of the melt-infusion process of Si@VG arrays.
c) Simulation and calculation results of the current density between the
electrolyte and Si@VG/Li electrode. (reproduced with permission from Ref.
[94]; copyright 2018, Elsevier).
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than onto the external surface of the VG arrays. Additionally,
the porous VG scaffold structure could alleviate the volume
expansion and inhibit the formation of dendritic lithium
significantly, leading to excellent cyclic stability of the Li
composite anode.

Notably, in lithium-metal battery applications, a range of
interfacial issues have been found between the lithium metal
and solid-state electrolytes that limit the device performance,[95]

such as poor contact, growth of lithium dendrites, structural
instability, etc. These may be mitigated by deliberate structural
engineering of VG, which is the focus of ongoing research.

5.4. Other Secondary Batteries

Compared to LIB, sodium-ion battery (SIB) shows great promise
in large-scale industrial applications, due to similar chemical/
physical properties of Na to Li, but significantly reduced cost
and abundant resources.[96] In recent years, exploring and
designing novel electrode materials for high-performance SIB
has become a research hotspot.[97] VG-based structures have
been demonstrated to effectively improve the electrochemical
performance of SIB electrodes. Tu et al. designed a hierarchical
structure with wrinkled MoSe2 nanosheets sandwiched by a VG
core and a N-doped carbon (N� C) shell (Figure 14a).[98] Such a
sandwiched core/shell array showed multiple benefits, includ-
ing omni-bearing conductive networks from interconnected VG
arrays and N� C layers (Figure 14b), structural protection,
suppression of active materials loss from the N� C shell, as well
as large porosity. Consequently, the VG/MoSe2/NC anode
exhibited a high capacity (540 mAhg� 1), enhanced rate capa-
bility (Figure 14c), and long-term cycling stability (298 mAhg� 1

at 2.0 Ag� 1 after 1000 cycles).[98] Similarly, a free-standing
composite electrode based on hydrogen molybdenum bronze
(HMB) sandwiched between a VG skeleton and a poly(3,4-
ethylene dioxythiophene) (PEDOT) shell was prepared (Fig-
ure 14d), and showed improved rate capability and cyclic
stability (Figure 14e-f).[99] These results suggest that the design
of hierarchical structures with a conductive coating on the
active materials is an effective way to further improve the
electrochemical properties of VG-based SIB electrodes. Addi-
tionally, tailoring VG with a special morphology and large
porosity is critical in developing high-capacity and fast rate-
response SIB. Fan et al.[100] prepared VG on CuO nanowires
forming a hierarchical VG-based nanotube structure (Fig-
ure 14g), and active materials could be further loaded on the
VG surface. The resultant VG nanotube framework was demon-
strated to deliver a high capacity and excellent high-rate long-
term cyclability (Figure 14h–i), due to the unique hierarchical
architecture.[100]

In another study, nitrogen and phosphorus dual-doped
vertical graphene (N,P-VG) was uniformly grown on carbon
cloth (N,P-VG@CC) as a binder-free anode for flexible potassium
ion battery (PIB).[101] With the combined advantages of rich
active sites, highly accessible surface, highly conductive net-
work, large interlayer spacing, as well as robust structural
stability, this anode exhibited a high capacity (344.3 mAhg� 1),
excellent rate capability (2000 mAg� 1; 46.5% capacity reten-
tion), and prominent long-term cycling stability (82% capacity
retention after 1000 cycles), outperforming most of the recently
reported carbonaceous anodes. Moreover, VG has also been
proposed as nanotemplates for V2O5 for high-performance zinc
ion battery (ZIB).[102] In such a hybrid structure, VG provided fast
channels for electron transfer and large accessible surface area
to the electrolyte, and acted as a bridge between the V2O5

nanosheets and current collector, offering a sufficient room for
volume change. As a result, the V2O5/VG cathodes exhibited
significantly improved rate capability and cyclic stability.

In short, similar to the application in LIB, VG is usually
combined with other active materials to form hybrid electrodes
so as to enhance the capacity in these secondary battery
systems. The rational design of a hierarchical structure based on
VG plays an essential role in achieving a high device perform-
ance.

5.5. Modification of Current Collectors

For the design of high-performance batteries, the current
collector/electrode interfaces have also attracted extensive
attention, due to their essential role in facilitating charge
transport and achieving a high rate and good durability.
Although traditional current collectors, such as Cu and Al foils,
have been widely used in secondary batteries, they usually lack
strong adhesion with the active materials, which compromises
the interfacial conductivity and electrode stability and limits the
rate capability of the batteries. Thus, modification strategies by
VG decoration onto the current collectors have been developed
to address such interfacial issues. Zhang et al.[103] compared the

Figure 14. a) SEM image of VG/MoSe2/N� C core/shell arrays. Inset is an
enlarged SEM image. b) TEM image of the ternary sandwiched VG/MoSe2/
N� C core/shell arrays. c) Rate capability of VG/MoSe2/N� C and VG/MoSe2
electrodes. (reproduced with permission from Ref. [98]; copyright 2017,
Wiley-VCH). d) SEM image of VG/HMB/PEDOT arrays. e) Rate capability of VG/
HMB/PEDOT and VG/HMB electrodes. f) Cyclic stability of VG/HMB/PEDOT
and VG/HMB electrodes. (reproduced with permission from Ref. [99];
copyright 2018, Elsevier). g) SEM images of a free-standing VG nanotube
array. h) Rate capability of hierarchical VG nanotubes. i) Cyclic stability of
hierarchical VG nanotubes. (reproduced with permission from Ref. [100];
copyright 2019, Elsevier).
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electrochemical properties of bare Cu (BC), VG coating Cu (VG),
and commercial carbon-coated Cu (CC) current collectors in LIB
(Figure 15a–c). As shown in Figure 15d, the main interfacial
contact area of copper could be classified into the interfaces of
copper/active material and copper/conductive material/adhe-
sive. However, for both VG and CC, copper was always in
contact with carbon. Since the wetting property of Cu on
carbon (referred to as graphite anode materials) was inferior to
that of carbon (e.g., amorphous carbon and graphene) on
carbon, the interface in BC contained a lower contact area with
active materials than VG and CC. After several cycles, a solid
electrolyte interface film was generated at the interfaces
(Figure 15e). For carbon-coated copper foils (VG and CC), the
increasing contact surface area between the active materials
and current collectors decreased the interfacial resistance, and
for VG-coated Cu, a stable low-resistance solid electrolyte
interface film was formed instead.[103] As a result, VG-coated Cu
exhibited an enhanced rate performance at high current
densities (Figure 15f) and excellent cyclic stability (Figure 15g).

Peng et al.[104] demonstrated that VG nanosheets grown on
a commercial Al foil (VG� Al) formed a robust connection with
the carbon-based conductive network of the electrode, thereby
significantly reducing the electrode/current collector interfacial
resistance. For Al current collectors, due to the relatively
smooth surface and weak interaction between alumina, the
polar native oxide layer on the Al surface, and the non-polar
conductive carbon black, the contact sites between the Al foil
and electrodes were limited, resulting in a high interfacial
resistance and severely hindering interfacial charge transfer. In
sharp contrast, VG with a large specific surface area on the
VG� Al surface possessed abundant contacting sites with the

electrode, providing microscopic conductive paths at the
electrode/current collector interface. Furthermore, VG nano-
sheets and carbon black, which are both non-polar sp2 carbon
materials, can be tightly connected through strong π-π
interactions. At the interface between the electrode and VG� Al,
carbon black nanoparticles were indeed found to be spread
evenly on the VG nanosheets, which indicated that the
conductive network in the electrode was in tight contact with
the current collector, resulting in a low interfacial resistance.[104]

6. Conclusions and Outlook

The intrinsic structures and outstanding properties of VG have
significantly widened the applications of graphene materials in
various advanced technologies. VG nanosheets can be grown
by plasma-enhanced CVD methods featuring a vertical orienta-
tion, sharp edges, few-layer thickness, and open network
channels, and show great potential as effective electrode
materials for important electrochemical energy technologies.
Mechanistically, it is believed that the vertical growth of VG is
based on a defect-derived nucleation process and is signifi-
cantly influenced by the electric field, internal stress, and
anisotropic growth effect. Compared to conventional horizontal
graphene, VG shows a large accessible surface area with
resistance against aggregation and numerous exposed thin
edges that provide abundant active sites for ion/charge
absorption/desorption in electrochemical reactions. VG nano-
sheets can also act as strengthening ribs, remarkably improving
the mechanical strength of the electrodes. These outstanding
properties make VG promising as both an active material and
nanotemplate for electrochemical energy storage systems. The
electrochemical performance of VG-based electrodes can be
further improved by deliberate structural engineering, such as
doping, surface treatment, nanoengineering, active-material
loading, and conductive-network construction.

Nevertheless, whereas substantial progress has been
achieved in the development of VG-based electrodes for
supercapacitors and LIB, the applications of VG for other novel
multivalent-ion battery systems have been rarely reported. In
fact, as compared to conventional graphene materials, the
potential of VG has not been fully exploited, in particular, in
light of recent research progress where VG has been found to
exhibit highly active sites for catalysis and sensing.[105,106] Several
critical issues emerge in the further development of VG-based
functional materials for electrochemical energy storage technol-
ogies:

(1) High cost and low yield of VG. The area and mass of VG
produced so far are severely limited due to the restriction of
plasma-based synthesis methods. Moreover, high-cost equip-
ment and maintenance hinder the further development of VG
in industrial applications. Meanwhile, the relationship between
experimental parameters (e.g., plasma source, plasma power,
gas source, growth time, etc.) and VG microstructures needs to
be carefully examined to establish a fundamental framework for
structural engineering of VG (e.g., graphene interlayer, defect,
lateral size, etc.).

Figure 15. SEM images of different anode surfaces: a) BC, b) VG, and c) CC.
Schemes of d) various interfaces of anodes using BC, VG, and CC as the
current collector, the left denotes the BC interface, the right represents the
CC interface and the middle is the VG interface, and e) the interface after
several cycles. f) Rate performance of BC, VG, and CC at 0.1, 0.2, 0.3, 0.5, 1, 3,
5, and 0.1 C; g) discharge capacity of BC, VG, and CC in 100 cycles at 3 C.
(reproduced with permission from Ref. [103]; copyright 2018, Elsevier).
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(2) Low usage efficiency of VG in hybrid electrodes. VG-
based composites are expected to show extraordinary proper-
ties, due to the synergistic effects between VG and other
components. However, the introduction of VG into the hybrid
electrodes inevitably increases the total mass and thus
decreases the energy density. Thus, to achieve high-perform-
ance VG-based energy devices, it is critical to make the best use
of the high conductivity and large surface area of VG in the
composite electrodes.

(3) Limited understanding of the growth and energy storage
mechanism of VG. Although various theories have been
proposed to account for the growth mechanism of VG, clear
and direct evidence has been lacking. Moreover, in-depth
investigation of the energy storage mechanism in VG-based
electrodes has been mostly neglected in research work.

To mitigate these issues, further research is desired with a
focus on the following areas:

(1) Scale-up production of VG. A deep understanding of the
plasm-based CVD techniques and customized instrumentation
are required for the large-scale fabrication of VG at reduced
cost, where roll-to-roll manufacturing and multi-linear antenna
microwave plasma-assisted methods are viable technologies.[107]

Moreover, novel liquid-/solid-state precursors are needed to
further reduce the production cost and improve safety during
the fabrication process.

(2) Rational design of hierarchical structures. Whereas VG
can be used as nanotemplates or modification layers for hybrid
electrode materials, size matching between VG and other
nanostructures should be taken into consideration in the
structural design, as every component in the composite plays a
significant role in dictating the performance. Moreover, surface
modification and functionalization of VG is crucial to enhance
the contact with other materials and thus improve the perform-
ance of the hybrid electrodes.

(3) Advanced in-situ characterization and modeling meth-
ods for mechanism investigation. Specifically, in-situ character-
ization can yield clear insights into the VG growth dynamics, as
well as the energy storage mechanism of VG-based electrodes.
This will be helpful in constructing relevant structural models
for theoretical simulation. The correlation between the exper-
imental and theoretical results can then be exploited for the
establishment of an unambiguous fundamental framework
within which the structure of the electrode materials can be
systematically engineered for an optimal performance.
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