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 Recently lots of strategies have been 
utilized to construct 3D graphene archi-
tectures with specialized morphologies. 
Due to the great advance of single-crystal 
carbon architectures in nanoelectronics, a 
SiC wafer was used to grow designed 3D 
free standing single-crystal graphene by 
performing a simple single-step thermal 
process to meet the potential use in 3D 
electronic devices. [ 15 ]  Because of low cost, 
high yield, easy scalability, and adjust-
ability, the self-assembly of graphene 
oxide (GO), which is easily obtained by 
the oxidation of graphite, has been exten-
sively developed for the fabrication of 3D 
graphene macroporous structures, such 

as graphene paper with great rigidity and strength, [ 16 ]  honey-
comb-like 3D graphene with superior electrical conductivity for 
supercapacitor application, [ 17 ]  and transparent conductive fi bers 
as conductive wire. [ 18 ]  It is noted that these integrated 3D gra-
phene structures present poor electric conductivity due to large 
structural defects in reduced graphene oxide (rGO) during the 
peeling and reduction, which limits their practical potentials. 
In order to obtain high quality 3D graphene with few defects, 
chemical vapor deposition (CVD) method is believed as an 
effective way using 3D porous metal as catalysts and templates, 
such as commercial Ni foams, [ 19 ]  Ni nanowires, [ 20 ]  templated 
Ni scaffold originated from polystyrene microspheres, [ 21 ]  and 
Ni mesh. [ 22 ]  After the CVD growth, free standing 3D graphene 
architectures can be acquired by etching of the porous metal 
catalysts. These 3D graphene architectures possess a monolithic 
interconnected structure with prominent electrical conductivity, 
compared to 3D graphene by self-assembly methods. However, 
the properties of 3D graphene are intensively related to their 
structures, more effi cient controls of pore sizes and patterns 
of 3D graphene architectures are needed. Controllable fabrica-
tion of 3D graphene architectures with precise dimension and 
patterns not only manipulates the properties of 3D graphene to 
meet various demands, but also gives an access to interpret the 
functional mechanism of 3D graphene at different levels. Nev-
ertheless, controllable fabricating of macroscopic, freestanding 
3D graphene architectures has been rarely achieved. 

 In this work, we report a method for fabrication of macro-
scopic, freestanding 3D controllable graphene (3D-CG) archi-
tectures with well-defi ned patterns, pore, and skeleton sizes via 
CVD, using 3D Ni scaffolds with uniform patterns and sizes as 
sacrifi cial catalysts. Comparing to structures constructed by self-
assembly and other CVD methods, the macroscopic 3D-CGs 
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  1.     Introduction 

 Graphene, a 2D monolayer of carbon atoms in a covalently 
bonded honeycomb arrangement, has attracted enormous 
research interests since its discovery by simple mechanical 
cleavage of graphite crystals. [ 1 ]  Due to its unique structure, gra-
phene possesses a lot of intriguing properties such as tremen-
dous electron mobility, [ 2 ]  remarkable thermal conductivity, [ 3 ]  
high surface area, [ 4 ]  and excellent mechanical strength. [ 5 ]  To 
integrate these promising properties into a practical system, 
one of the effective ways is to fabricate macroscopic 3D gra-
phene architectures from individual graphene sheets. [ 6 ]  Up to 
now, a number of 3D graphene architectures with different 
structures and various functions have been reported. [ 7 ]  These 
novel materials not only preserve the structural merits and 
intrinsic properties inherited from graphene sheets, but also 
provide a high surface area, good electrical conductivity, porous 
structure, and strong operability, [ 8 ]  making them widely applied 
in energy storage, catalysis, [ 10 ]  and biomedicine. [ 11–13 ]  
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are of continuous and uniform interconnected structures 
with controlled patterns and sizes. Furthermore, the obtained 
3D-CG sheets consist of fewer than ten stacked layers of carbon 
atoms with almost no defects. The electrical and mechanical 
properties based on 3D-CG/poly (dimethyl siloxane) composites 
as fl exible conductors and 3D-CGs as supercapacitor electrodes 
were also investigated.  

  2.     Results and Discussion 

 The overall experimental procedure for fabrication of 3D-CG is 
outlined in  Scheme    1  . Electroplating, which is convenient and 
economical to deposit large-area, thick metals, was utilized to 
construct 3D Ni scaffold. 200 nm thick polymethyl methacrylate 
(PMMA) fi lm was fi rst coated on SiO 2  substrate to separate 
monolayer Ni skeletons (Scheme  1 a) from the substrate after 
photolithography. Monolayers were aligned at a certain degree 
to assemble designed multilayer Ni template (Scheme  1 b). The 
Ni template was then annealed at 700 °C for bonding from each 
other to form an integrated 3D Ni scaffold (Scheme  1 c). The 
3D Ni scaffold was used as a template and catalyst for graphene 
growth in CVD system, where carbon atoms diffused into Ni by 
depositing CH 4  at 950 °C and subsequently precipitated as gra-
phene on the Ni surface during cooling process. [ 23,24 ]  To obtain 
free-standing 3D-CG, a thin layer of PMMA was deposited on 
the sample surface as a support to prevent the graphene net-
work from collapsing during Ni etching by FeCl 3 /HCl. After 
the PMMA layer was carefully removed by hot acetone, a mac-
roscopic and freestanding 3D-CG was obtained (Scheme  1 d). In 
this fabrication process, we can effi ciently control the pore and 
skeleton size of 3D-CG by defi ning the photolithography mask 

and modifying the electroplating conditions. Additionally, we 
can also control the pattern of 3D-CG by aligning the multilayer 
Ni templates at certain degrees. 

  Generally, graphene can be readily fabricated based on Ni or 
Cu catalysts via CVD method. In this work, we fi rst defi ned 3D 
Ni patterns with a controlled manner, thus the morphology and 
structures of prepared 3D-CGs follow the Ni templates, which 
allow to achieve a controllable fabricating of 3D graphene. 
Typical scanning electron microscopy (SEM) image of the Ni 
pattern after annealing at 700 °C is shown in  Figure    1  a. The 
regularly stacked Ni skeletons exhibit a highly interconnected 
structure with a thin surface oxidation layer (Figure  1 b). After 
the CVD growth, Ni skeletons covered by graphene exhibited 
wrinkles and ripples structures (Figure  1 c). The oxidation 
layer was totally removed by a reduction process (Figure  1 d). 
Successful etching of Ni catalyst without any residual was 
confi rmed by energy dispersive spectrometer (EDS) analysis 
after the etching (Figure  1 f). Meanwhile, very tiny quantity of 
oxygen is probably induced during Ni wet etching. [ 22 ]  The free-
standing 3D-CG exhibits a highly regular pattern and size with 
a strong interconnected porous structure after the Ni etching 
(Figure  1 e), although a small shrinkage of the graphene skel-
eton occurs. The 3D-CG inherits the interconnected 3D scaffold 
structure of the Ni template and all the graphene sheets in the 
3D-CG are strongly connected from each other with no signifi -
cant breaks and agglomeration. 

  The macroscopic, freestanding 3D-CGs are extremely light 
and fl exible.  Figure    2  a shows an optical image of a four-layer 
skeleton of 3D-CG with 20 µm pore size and 40 µm skeleton 
size, possessing an ultralow density of ≈3.6 mg cm −3 . SEM 
image of Figure  2 b indicates the sheet comprises hollow 
3D-CG in a large-area, uniform, and well interconnected 
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 Scheme 1.    Schematic illustration of the procedure used to fabricate a 3D-CG. a) Monolayer Ni skeletons fabricated based on semiconductor manu-
facturing technology. b) Multilayer Ni template aligned at 90°. c) 3D Ni template annealed at 700 °C with interconnected structure. d) A macroscopic, 
freestanding 3D-CG acquired using CVD method, followed by Ni etching process.
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structures. Because of different thermal expansion coeffi cients 
of nickel and graphene, ripples and wrinkles were commonly 
exhibited on the graphene fi lm [ 25 ]  (Figure  2 c). These wrinkles 
were proven to be positive on the differentiation of neural 
stem cells (NSCs) when 3D graphene foam (3D-GF) was used 
as the culture scaffold for NSCs. [ 11 ]  Raman spectra (Figure  2 d) 
acquired on 3D-CG present few-layer graphene features, which 
can be identifi ed as three characteristic peaks, including a D 
peak at ≈1348 cm −1  associated with sp 3 -hybridized carbon, 
showing defects or impurities in carbon materials; a G peak 
at ≈1580 cm −1  resulted from the  E  2g  vibrational mode of sp 2  
carbon; and a 2D peak at ≈2704 cm −1  generated from the scat-
tering of phonons at the zone boundary. The micro-Raman 
spectra illuminates a strongly suppressed defect-related D band, 
indicating overall high quality of the graphene in 3D-CG. We 
can also fi nd that the number of graphene layers is different 
in various domains, which is attributed to the polycrystalline 
nature of the nickel scaffold, in which individual nickel grains 
may independently affect the thickness of the graphene fi lm 
during CVD. [ 23 ]  High-resolution transmission electron micros-
copy (TEM) micrographs (Figure  2 e) show that the 3D-CG con-
sists of few layers (less than ten) graphene, which is consistent 

with the Raman spectra. Most noteworthy are 
the graphene-ended square shape (Figure  2 f), 
which can be effortlessly opened via mechan-
ically cutting the ends of the graphene/
Ni scaffold prior the Ni etching. Therefore, 
square, hollow 3D-CG with characteristic size 
is clearly present. 

  The fabrication process enables us to pre-
cisely modify the microstructure of 3D-CGs. 
The pore and skeleton sizes of 3D-CGs can 
be controlled by defi ning the mask and 
changing the electroplating conditions. We 
can further precisely control the pattern 
of 3D-CGs by aligning the multilayer Ni 
templates at certain degrees. For example, 
 Figure    3   depicts SEM images of four kinds 
of 3D-CGs, in which Figure  3 a,c shows two 
different 3D-CGs designed by a mask with 
25 µm pore size, 5 µm skeleton size and 
aligned the multilayer Ni scaffolds with 90° 
and 45°, respectively. Figure  3 b,d shows two 
3D-CGs designed by a mask with 20 µm 
pore size, 40 µm skeleton size and aligned 
the multilayer Ni scaffolds with 90° and 45°, 
respectively. The well-defi ned patterns and 
well-connected skeletons are observed. It 
is evident that by utilizing Ni scaffold with 
controllable size, a new type of 3D graphene 
with well-defi ned and predetermined dimen-
sions has been fabricated, consequently pro-
viding key materials for advanced technology 
of controlled preparation of carbon materials 
from nanoscopic to macroscopic scales. 

  Elastic conductors and electric circuits are 
highly desirable for applications in fl exible 
displays, smart clothing, and actuators. [ 27 ]  
Porous structure of 3D-CGs provides a great 

potential of retaining high conductivity of interconnects under 
substantial degrees of bending, twisting, and stretching defor-
mation to meet the demand of fl exible electric applications. 
To address those points, we fabricated 3D-CG/Polydimethylsi-
loxane (PDMS) composites by infi ltrating 3D-CG with PDMS 
polymer. The electrical resistance testing results of the samples 
before and after PDMS infi ltration presented no difference. 
Additionally, our 3D-CG/PDMS composites show a higher 
electrical conductivity of 60–80 S cm −1  with different pore and 
skeleton sizes of 3D-CGs, compared with that of previously 
reported 3D graphene grown via CVD. 

 Stretching effects on the resistance variation of the fl exible 
composite conductors were investigated by testing the resist-
ance change of the fl exible composite conductors with two, 
six, and ten skeleton layers under different stretching ratios 
from 5% to 40% ( Figure    4  a). Higher resistance variations 
occur with an increasing degree of stretching. Meanwhile, 
the smaller number of skeleton layers results in the higher 
resistance variation that occurs under the same stretching 
ratios. The measured resistance change of fl exible composite 
conductors with six skeleton layers tends to increase gradu-
ally from 15% to 150% as the extent of stretching increases 
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 Figure 1.    a) SEM images of the fabricated 3D Ni scaffold; c) 3D Ni covered by graphene after 
CVD; e) macroscopic, freestanding 3D-CG; and b,d,f) corresponding EDS spectra.
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up to a maximum of 40%; on the contrary, 8%–56% for ten 
skeleton layers, which is much lower than that of six skel-
eton layers. Furthermore, the measured resistance of fl exible 

composite conductors with two skeleton layers surpassed the 
measuring range, which might have broken the structure of 
the 3D-CG. Thus, the more number of skeletons layers, the 
less change of the resistance of fl exible conductor and less 
the structure destruction during the mechanical deforma-
tion. The recovery of the resistance of the 3D-CG/PDMS fl ex-
ible composite electrodes with six skeleton layers was also 
investigated, with degrees of stretching of 10%, 20%, 30%, 
as shown in Figure  4 c. The change of resistance indicates a 
gradual increase as the stretching ratio increases from 10% to 
30%, which is consistent to the behavior shown in Figure  4 a. 
Once the stretched electrode is released, the initial resistance 
is recovered due to the high density of its interconnected gra-
phene architecture. 

  Furthermore, bending test was carried out using various 
radii of curvature fi xed to the sample. The results in Figure  4 b 
are similar with those of stretching tests. The measured resist-
ance change of fl exible composite electrodes with six skel-
eton layers increased gradually to 45% at a bending radius of 
1.5 mm, but the resistance change for ten skeleton layers is 
13.5%, which is much lower than that of six skeleton layers. 
This bending stability was constant throughout repeated tests 
at a bending radius of 3.5 mm, as shown in Figure  4 d, where 
an average increase of 43% was observed and the resistance 
was well recovered when the degree of bending was relaxed 
after ten cycles. These results indicate the great potential 
of 3D-CG/PDMS composites for high-performance elastic 
conductors. 
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 Figure 2.    Morphological and structural characterizations of 3D-CGs. a) Photograph of a typical macroscopic, freestanding 3D-CG with ten-layer 
skeletons. b) SEM image of 3D-CG. c) Enlarged higher-magnifi cation SEM image of 3D-CG. d) Typical Raman spectra acquired on the 3D-CG surface 
at different positions. e) HRTEM image on the wall edges of the 3D-CG. f) SEM image of the cross-section of the 3D-CG.

 Figure 3.    SEM images of 4 layer freestanding 3D-CGs with different pat-
terns, pore, and skeleton sizes. a) 90° angle, 25 µm pore size, and 5 µm 
skeleton size. b) 90° angle, 20 µm pore size, and 40 µm skeleton size. 
c) 45° angle, 25 µm pore size, and 5 µm skeleton size. d) 45° angle, 20 µm 
pore size, and 40 µm skeleton size.
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 In order to assess the utilization potential of 3D-CGs as 
supercapacitor electrodes, we investigated their electrochem-
ical performance and compared them with the 3D-GFs. We 
chose a 3D-GF and a 3D-CG with four skeleton layers, 20 µm 
pore size and 40 µm skeleton size as the electrodes in elec-
trical double-layer capacitors (EDLCs). Electrical connection 
to the foams is made via Cu wire attached with silver paste, 
which is coated with a nonconducting resin to prevent contact 
with the electrolyte. Three-electrode testing (Pt counter and 
Ag/AgCl reference electrodes) is performed in an aqueous 
0.5  M  Na 2 SO 4  electrolyte. CV curves at a variety of scan rates 
are performed on all fabricated foams. The CVs retain a 
nearly symmetrical rectangular shape within a range of scan 
rates employed, which is characteristic of electrochemical 
double-layer capacitive behavior ( Figure    5  a). Galvanostatic 
charge−discharge plots (Figure  5 c) show similar results; a 
pseudolinear discharge curve is apparent with slight nonlin-
earity apparent at similar potentials as the features seen in 
CV. Moreover, the current density of 3D-CG is much higher 
than that of 3D-GF, at the same scan rate of 2000 mV s −1  
(Figure  5 b). 

  To reveal the relationship between the specific areal 
capacitance and number of skeleton layers, we chose 
3D-CGs with 20 µm pore size and 40 µm skeleton size and 
three different number of skeleton layers as the electrodes 
in EDLCs. The specific capacitance of the foam can be 
calculated using 

     
Δ Δ

=
/ proj

C
I

V tS
  

(1)
 

 Where  C  is the specifi c areal capacitance,  I  is the average dis-
charge current, Δ Δ/V t  is the average potential sweep rate 
during discharge, and  S  proj  is the projected area of the sample. 
For a simple geometric consideration, the specifi c surface area 
per projected area,  S  A , of a close packed array of hollow cuboid 
can be calculated using 

    

α α( ) ( )
=
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nN x t n N x
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(2)

 

   Where  n  is the number of layers of skeletons,  x  is the width 
of skeleton,  y  is the width of pore between skeletons,  t  is the 
thickness of skeleton,  N  is the number of skeletons per layer in 
the projected area,  α  is the side length of the square electrode. 
The fi rst factor “2” is present to account for both the inside and 
outside surfaces of the cuboid. We assume the number of skel-
etons and pores are the same 

     α α= ×projS   
(3)

 

      α ( )+=N x y   
(4)
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 Figure 4.    Resistance changes of 3D-CG/PDMS composite conductors under different mechanical deformation. a) Resistance change versus stretching 
of three composite conductors with different skeleton layers. b) Resistance variation of two composite conductors with different skeleton layers as 
a function of bending radius. c) Resistance variation of a six-layer skeleton 3D-CG/PDMS composite conductor depending on the stretching cycles. 
d) Resistance variation of a six-layer skeleton 3D-CG/PDMS composite conductor depending on the bending and recovery at a bending radius of 
3.5 mm for 10 cycles.
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   Combing Equations  ( 2)  ,  ( 3)  , and  ( 4)   yields 
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   revealing that for the specifi c pore and skeleton size, the spe-
cifi c surface area per projected area ( S  A ), and hence the spe-
cifi c areal capacitance is expected to increase linearly with the 
number of layers, which is in a great agreement of experi-
mental measurements (Figure  5 d). Consequently, it is safe to 
conclude the macroscopic 3D-CGs has great potential in free-
standing, fl exible supercapacitor electrodes, which would also 
provide an ideal support for active materials, such as MnO 2 , [ 28 ]  
Ni 3 S 2 , [ 29 ]  NiO. [ 30 ]   

  3.     Conclusion 

 In summary, we have developed a template-assistant CVD 
technique for a controllable fabrication of highly conductive 
interconnected graphene networks with precise pattern and 
dimension. The graphene sheets in the 3D-CG are seamlessly 
interconnected into uniform 3D fl exible network with con-
trolled pattern and skeleton size, which results into outstanding 
mechanical stability, ultralight, excellent electrical conductivity, 
and superior electrochemical performance. These properties 

show great promise for exploring new functions and advanced 
applications in high-performance electrically conductive 
polymer composites, elastic and fl exible conductors for portable 
electronics and wearable sensors, electrode materials for high-
performance supercapacitors.  

  4.     Experimental Section 
  Fabrication Processes of Ni Scaffolds : The fabrication of Ni scaffolds 

follows a typical top-down microfabrication strategy. First, 200 nm thick 
PMMA layer was spin coated on a precleaned silicon dioxide (SiO 2 ) 
substrate, followed by 150 nm thick Au fi lm deposition via magnetron 
sputtering (FHR Anlagenbau GmbH, Germany). AZ 4620 photoresist 
(AZ Electronic Materials, USA) was further spin-coated on the Au fi lm 
with a spin rate of 1200 rpm for 40 s, followed by 180 °C prebake for 
3 min. Afterwards, MA6/BA6 aligner (Süss Microtech, Germany) was 
utilized to expose the line patterns under hard mode. The exposure time 
was set as 45 s to obtain the designed feature sizes. After development, 
the substrate was immersed into an electroplating bath for Ni 
deposition. The thickness of Ni skeletons can be effectively controlled 
by sophisticated adjusting of the electroplating currents and time. The 
as-fabricated monolayer of Ni skeletons was then peeled off from the 
substrate after dipping in acetone for 12 h. Subsequently, we stacked 
and aligned —two to ten monolayers of Ni skeletons with specifi c angles 
and annealed at 700 °C for 3 min in a muffl e furnace (TM-0912P, China) 
to bond the monolayers together. After naturally cooled down to room 
temperature, 3D Ni scaffolds with controllable patterns, pore, and 
skeleton sizes can be obtained. 

  Fabrication of Free-Standing 3D-CGs : The 3D-CGs were fabricated via 
CVD in a horizontal tube furnace (Thermcraft, USA). The as-prepared 

 Figure 5.    Electrochemical performance of 3D-CGs. a) CV curves of a 3D-CG in 0.5  M  Na 2 SO 4  solution from 100 to 2000 mV s −1 . b) CV curves compared 
between 3D-CG and 3D-GF at 2000 mV s −1 . c) Galvanostatic charge−discharge plots of a 3D-CG with eight layers of skeletons in 0.5  M  Na 2 SO 4  solution 
at various current densities from 0.4 to 4 mA cm 2 . d) Calculated areal capacitance of three samples from discharge date. Inset shows discharge plots 
of three different numbers of skeleton layer at the same current densities of 0.8 mA cm −2 .
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3D Ni scaffolds were cut into 1 × 1 cm pieces and placed in a 1 in. 
-diameter quartz tube which was premounted in the furnace. The Ni 
scaffolds were fi rst annealed at 950 °C for 10 min under H 2  (100 sccm) 
and Ar (100 sccm) atmosphere to clean their surface and eliminate 
surface oxidation layers. Next, 50 sccm of H 2  and CH 4  was introduced 
into the CVD system for 60 min, followed by cooled down to room 
temperature to allow graphene growth on the Ni scaffold surfaces. For 
comparison, 3D-GFs on commercial Ni foams (PPI 100 ± 10, Alantum 
Advanced Technology Materials, China) were prepared with identical 
conditions. To prevent structural collapse of 3D-CGs and 3D-GFs after 
the Ni etching process, the as-fabricated samples were fi rst immersed 
in 4% PMMA for 2 h, followed by drying overnight at room temperature 
in a fume hood. This allowed a thin PMMA fi lm to deposit between the 
pores and on the surfaces of the as-fabricated graphene/Ni scaffolds. 
The samples were then submerged into a FeCl 3  (1  M ) solution for 48 h 
to chemically etch Ni from the scaffolds. The acquired 3D-CGs/PMMA 
and 3D-GFs/PMMA composites were sequentially rinsed with 1, 0.1, and 
0.01  M  HCl solutions, followed by rinsing with deionized water for 48 h 
to remove residual etching agents. Finally, PMMA fi lm was dissolved in 
acetone at 60 °C to obtain clean 3D-CGs with controlled patterns and 
sizes and 3D-GFs. 

  Morphological and Microstructural Characterizations : The 
morphological and microstructural characterizations of the 3D-CG 
samples were investigated by fi eld-emission SEM equipped with EDS 
(Quanta 400 FEG, FEI, USA). The crystallinity and number of the layer 
presented within graphene were examined by Raman spectrometer 
(LabRAMHR800, HORIBA, France) and TEM (Tecnai G2 F20 S-TWIN). 
For TEM observations, 3D-CG sheets were ultrasonically dispersed in 
ethanol for 45 min and then dropped onto a copper grid. The edges 
of the graphene fi lms tend to fold back, thus allowing for a cross-
sectional view and consequently determining the number of layers of 
the fi lm. [ 31 ]  

  Electrical and Mechanical Characterization : In order to explore the 
fl exible electrode application of 3D-CGs, PDMS was used to fabricate 
electrodes. Prior to infi ltration with PDMS, a copper wire was connected 
to 3D-CG using conductive silver paste, which enabled effi cient and 
reliable electric contact between copper wire and 3D-CG. The electrical 
and mechanical tests were carried out by measuring the electric 
resistance changes of 3D-CG/PDMS composite fl exible conductors 
for deformation processes (stretching and bending). Stretching and 
bending effects on the resistance variation of the fl exible composite 
conductors were carried out to test the relationship between mechanical 
deformation and electrical stability. 

  Supercapacitor Characterization : For the supercapacitor application 
investigation, three-electrode setup was utilized with a electrochemical 
workstation (CHI760E, Chenhua Instrument Co. Ltd., China), in which 
the macroscopic, freestanding 3D-CGs and 3D-GFs were used directly 
as work electrodes, a platinum wire as counter electrode and Ag/AgCl 
(3  M  KCl) as reference electrode. 0.5  M  Na 2 SO 4  solution was used as 
electrolyte. Cyclic voltammetry (CV) scans were performed with a 
potential range from 100 to 2000 mV s −1 .  
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