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3D Graphene Fibers Grown by Thermal Chemical

Vapor Deposition

Jie Zeng, Xixi Ji, Yihui Ma, Zhongxing Zhang, Shuguang Wang, Zhonghua Ren,

Chunyi Zhi, and Jie Yu*

3D assembly of graphene sheets (GSs) is important for preserving the
merits of the single-atomic-layered structure. Simultaneously, vertical growth
of GSs has long been a challenge for thermal chemical vapor deposition
(CVD). Here, vertical growth of the GSs is achieved in a thermal CVD

reactor and a novel 3D graphene structure, 3D graphene fibers (3DGFs), is
developed. The 3DGFs are prepared by carbonizing electrospun polyacrylo-
nitrile fibers in NH;3 and subsequently in situ growing the radially oriented
GSs using thermal CVD. The GSs on the 3DGFs are densely arranged and
interconnected with the edges fully exposed on the surface, resulting in high
performances in multiple aspects such as electrical conductivity (3.4 X 10*-
1.2 x 10° S m™"), electromagnetic shielding (60 932 dB cm? g7'), and super-
hydrophobicity and superoleophilicity, which are far superior to the existing
3D graphene materials. With the extraordinary properties along with the easy
scalability of the simple thermal CVD, the novel 3DGFs are highly promising
for many applications such as high-strength and conducting composites,
flexible conductors, electromagnetic shielding, energy storage, catalysis, and
separation and purification. Furthermore, this strategy can be widely used to
grow the vertical GSs on many other substrates by thermal CVD.

Graphene possesses many extraordinary properties such as high
electrical conductivity (=2.4 x 10° S m™),? thermal conduc-
tivity (=5300 W m! K1), charge carrier mobility (=2 x 10° cm?
V-1 571), 45 and specific surface area (SSA) (2630 m? g™1),l° gen-
erating many fascinating applications in the areas of electronic
device,l®”) energy storage,#1% catalysis, ' electrical and thermal
conducting composites,'>13] and so forth. Nevertheless, these
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excellent properties were obtained only on
single crystal graphene. Practically, except
for the application of electronic devices,
graphene is generally used by assembling
microscale sheets into macroscopic objects
for most other applications, resulting
in sharp decline of the properties due to
stacking agglomeration and weak sheet-to-
sheet bonding.!'%

A major route to coping with this
problem is to prepare 3D graphene net-
work, in which the graphene sheets (GSs)
are separated from each other and fixed,
thereby preventing agglomeration. Up
to now, several strategies to prepare the
3D graphene have been developed, the
typical ones include liquid self-assembly
withl"l and without!*>!®l templates, tem-
plate-assisted chemical vapor deposition
(CVD),"I gas-assisted “cutting-thin,”(181%]
and self-propagating.l?l The pore size of
the reported 3D graphene generally ranges
from several to hundreds of micrometers
and the electrical conductivity as high as
1000-1204 S m™! has been achieved.'*!”] Although much pro-
gress has been made along this route, currently, the 3D gra-
phene still suffers from the problems of too large pore size, low
electrical conductivity, and less exposure of the edges. There-
fore, further efforts are needed to improve the network struc-
ture and thus the properties of the 3D graphene.

Electrospinning is a simple and scalable method producing
polymer-based continuous nanofibers in the form of large
area membranes. Carbon nanofibers (CNFs) derived from the
electrospun polymer nanofibers are intrinsically resistant to
agglomeration due to the continuous fiber morphology. Few
years ago, we have prepared the CNFs with radially grown
GSs by carbonizing the electrospun polyacrylonitrile (PAN)
nanofibers in NH; in conventional tube furnace.*'??l The
radially oriented GSs may arise from the preferential etching
of NH; on the graphitic layers oriented along circumferential
direction during the carbonization process. However, these sur-
face GSs are too small and only several nanometers in height
as the process is only carbonization rather than continuous
growth. We envisaged that further growth of the surface GSs
into large size may generate an ideal graphene structure, 3D
graphene fibers (3DGFs), where the GSs are fixed vertically
on the CNFs with the edges exposed on the surface, avoiding
agglomeration and preserving the active edges.
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Figure 1. Preparation process and structure of the 3DGFs. a) A schematic illustration of the preparation process. b) A SEM image of the CNFs
carbonized in NHj3. ¢,d) SEM images of the 3DGFs grown for 4 h at CH, concentration of 11.1% and 1100 °C. e,f) SEM images of the 3DGFs grown
for 10 h at CH, concentration of 11.1% and 1100 °C. g) An optical image of the 3DGF membrane.

A reasonable idea to realize the continuous growth of the
surface GSs is to introduce carbon-containing gases during or
after the carbonization process. However, we noticed that thus
far vertical growth of the GSs remains challenging for thermal
CVD. The thermal CVD has been widely used to grow high-
quality or monocrystal graphene on different substrates such
as Cu foil »¥ nickel film, and Si/SiO, wafer.’”! For these
cases, the graphene is grown flat on the substrates. Up to now,
most of the successful experiments growing vertical GSs were
accomplished by plasma CVD,%28 which may be caused by
the sheath potential and ion bombardment.

Nonetheless, we expected that vertical growth of the GSs on the
CNFs by thermal CVD is possible using the preformed graphene
structure as the active nucleation sites or crystal seeds for epitaxy.
Finally, we succeeded in growing the vertical GSs by thermal
CVD and thus obtaining the 3DGFs. In particular, after long time
growth the GSs on different CNFs interconnect and merge with
each other, forming a unique porous bulk solid of GSs.

The preparation steps include electrospinning of the PAN
nanofibers, stabilization in air, carbonization in NH;, and
growth of the GSs in the mixture of CH, and H, by thermal
CVD (Figure 1a). Conventionally, the carbonization process is
carried out in protective atmosphere of Ar or N,. Here, applica-
tion of NH; during the carbonization is for forming graphene
structure on the obtained CNFs. It is observed that many clear
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streaks form on the CNFs after carbonization in NHj3, corre-
sponding to the small radially grown GSs (Figure 1b).2122 This
is in sharp contrast to the CNFs carbonized in inert atmosphere,
which possess smooth surface (Figure S1, Supporting Informa-
tion).[?”) Temperature plays an important role in the formation
of the graphene structure and higher temperature is favorable.
In the temperature range of 1000-1100 °C the graphene
structure develops well. At too low temperature no graphene
structure appears and at too high temperature little products
can be obtained due to the strong etching effect of NH;.[2122
Simultaneously, the diameter of the CNFs can be reduced effec-
tively due to the etching effect of NH;, which decreases with
increasing the temperature and duration time. In this work, the
CNFs were carbonized at 1100 °C for 2 h, leading to an average
diameter about 100 nm (Figure 1b).

After finishing carbonization the GSs growth process was in
situ initiated by shutting off NH; flow and introducing CH,/
H, gases without switching off the power source. Figure 1c,d
shows the scanning electron microscopy (SEM) images of the
sample grown for 4 h at the CH, concentration (Cy,) of 11.1%.
As expected, the GSs grew out vertically on the CNFs without
using any catalysts and templates. The fibers exhibit a fluffy
appearance and average diameter about 490 nm. Subtracting
the diameter of the original CNF substrates, the height of the
GSs is about 195 nm. These vertical GSs show a bending and
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crumpling morphology with the edges exposed on the surface,
which interconnect to form porous structure. The pore size
(interspace between the GSs) ranges from 20 to 100 nm, which
are well below those of the widely reported 3D graphene. The
dependence of the structure and growth rate of the 3DGFs on
the growth time was investigated by growing the GSs for 1-35 h.
Itis found that only after 1 h well-developed GSs can be observed
(Figures S2 and S3, Supporting Information). With increasing
growth time the density of the GSs and diameter of the 3DGFs
increase remarkably (Figures S2-S4, Supporting Information).
When increasing the growth time from 1 to 4 h the average
diameter of the 3DGFs increases from 138 to 490 nm (Figure S4,
Supporting Information). Interestingly, when prolonging the
growth time to 10 h, the GSs on different CNFs meet and
merge each other and fill all the space between the CNFs,
forming a unique porous bulk solids of the GSs (Figure 1le,f).
The surface of the 3DGF membranes is uniform, flat,
and porous with no larger voids. The morphology of the GSs
and porous structure are about similar to those on the indi-
vidual CNFs. This means that the GSs grow upward uniformly
and continuously after the GSs on the different CNFs meet
and fill the interfiber space.

In order to further explore the time-dependent struc-
ture evolution of the GSs we extended the growth time to
35 h. For this sample the surface are still interconnected GSs
(Figure S5, Supporting Information). But the GSs look denser
and thicker and the unidirectionality degrades. On this sample,
we observed a fiber protruding from the surface as thick as
6 um, for which both the inner and surface part are radially
oriented GSs (Figure S5, Supporting Information). Besides
time, the growth of the GSs is also dependent on the tem-
perature and Cp,. The growth rate, density, and thickness of
the GSs all increase with increasing the temperature and C,.
The temperature and C,, are strongly interactive, and at higher
temperature the appropriate C,, range for the GS growth shifts
down, which may be due to the enhanced decomposition of
CH, at high temperature. In this work, the growth tempera-
ture from 1000 to 1300 °C was investigated, which indicates
that the GSs start to grow from 1050 °C at the C,, of 11.1%.
We here focused on the temperature of 1100 °C by balancing
the materials structure and growth rate. The appropriate Cy,
range at 1100 °C is 5-20%, beyond the upper limit only contin-
uous overcoatings form rather the GSs (Figure S6, Supporting
Information).

The 3DGFs were prepared in the form of membranes. Even
for a small tube furnace (50 mm in diameter) large area 3DGFs
membranes can be prepared. Shown in Figure 1f is a piece of
the 3DGFs membrane with a size of 137 x 66 mm?. The pre-
sent 3DGFs membranes possess excellent flexibility and resil-
ience. Even bending over 90° and percussing for many times
the membrane is intact (Figure S7 and Movie S1, Supporting
Information). This excellent flexibility and resilience may be
due to the ultrathin diameter of the core CNFs. During applica-
tion the strength could be further strengthened by supporting
on a sticking tap (Figure S7 and Movie S2, Supporting Informa-
tion) or preparing into 3DGFs/polymer composite membranes
(Figure S7 and Movie S3, Supporting Information). It can be
seen that the present 3DGFs membrane is strong enough for
device application.

Adv. Mater. 2018, 1705380

1705380 (3 of 9)

www.advmat.de

We also endeavored to find measures to increase the growth
rate of the GSs. In principle, the growth rate of the GSs should
be strongly dependent on the dissociation rate of CH,. We have
found that the growth rate of the GSs is higher at higher tem-
perature, which should be caused by the higher dissociation
rate of CH,. We expected that the growth rate of the GSs may
be increased by promoting the dissociation of CH,. In a pre-
vious report, copper has been used to enhance the dissociation
of CH, due to its catalyzing effect, and thus inducing formation
of bilayer Bernal graphene.l3% Inspired by this work, we put a
block of foam copper before the sample in the upstream posi-
tion to enhance the CH, dissociation during the CVD growth
of the GSs (Figure S8, Supporting Information). We delight-
edly observed that the growth rate of the GSs could be greatly
increased by this measure. Only after 10 min well-developed
3DGFs can be obtained (Figure S9, Supporting Information).
For the sample grown for 1 h the fiber diameter reached about
570 nm (Figure S9, Supporting Information). Judging from the
diameter the growth rate of the GSs is over four times higher
when using the copper catalyst than that without using catalyst.
Copper element was not detected in the 3DGFs membrane by
energy dispersive X-ray spectroscopy (Figure S10, Supporting
Information), indicating that the application of the copper cata-
lyst does not bring contaminants to the sample.

Cross-sectional SEM images can give further structural
understanding on the 3DGFs. Figure 2a—c shows the cross-
sectional SEM images of the 3DGFs grown at 1100 °C and C,,
of 16.7% for 4 h. It is observed that the GSs grew uniformly
on all the CNFs, even for those in the interior (Figure 2b).
The average diameter of this sample is about 760 nm, giving
an average height of the GSs about 330 nm. The structure of
the 3DGFs can be more clearly observed from the cross-section
images of a single fiber (Figure 2c). This 3DGF is about 850 nm
and the central CNF is about 100 nm (the area with granular
morphology), meaning a height about 375 nm for the GSs.
The growth rate is higher than that at the C,, of 11.1%. For the
3DGFs grown for 10 h almost no voids are found on the cross-
section, indicating that all the interfiber space is filled with the
GSs (Figure 2d). Many GSs can be observed both in interior
(Figure 2e) and near the surface (Figure 2f). For the 3DGF
membrane grown for 35 h the GSs can also be observed both
in the interior and surface area. But some sheets became much
thicker and larger (Figure S11, Supporting Information).

Transmission electron microscopy (TEM) images shown in
Figure 3a,b indicate that the GSs grow on all the CNFs uni-
formly and densely with the fiber diameter about similar to that
measured by the SEM images (Figure 1c). The GSs become
thinner with approaching the edges, exhibiting a tapered shape.
The high-resolution TEM images clearly demonstrate the edge
structure of the GSs, e.g., with approaching the edges the thick-
ness decreases from three to one atomic layer (Figure 3c). The
interlayer spacing is close to 0.33 nm, consistent with that of
the reported GSs.?* The inner part of the GSs is generally sev-
eral to more than ten atomic layers in thickness. Numerous
images reveal that most of the GSs are one or two atomic layers
in thickness in the edge area (Figure 3c,d). The tapered shape
seems to be a common feature of the CVD grown nanosheets
both for carbonl!! and boron nitride.?? The formation of the
tapered structure may be related to the growth mechanism of
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Figure 2. Cross-sectional SEM images of the 3DGFs grown at different conditions. a—c) Growth time 4 h, CH, concentration 16.7%. d—f) Growth time
10 h, CH, concentration 11.1%. Images (e) and (f) were taken from the interior and surface part of the cross section shown in image (d), respectively.

the GSs such as nucleus structure and etching atmosphere,
which needs to be further investigated deeply. From Figure 4c
it is noted that the single layer edges may not scroll due to the
supporting force from adjacent scrolled edges. Selected area
electron diffraction (SAED) pattern measured from the GSs
comprises four concentric rings, well corresponding to the
(002), (100), (102), and (110) planes of the graphitic structure
(Figure S12, Supporting Information), respectively. The ring-
shaped SAED pattern is typical of polycrystalline materials.*’]
On the (002) ring scattered diffraction spots can be vaguely dis-
cerned, indicating that the SAED pattern is from several GSs.
The dependence of the thickness of the GSs on the growth
time was further investigated by TEM. It is found that with
increasing the growth time the edge thickness of the GSs is
stable at one to two atomic layers while the thickness of the
inner part increases gradually (Figure S3, Supporting Informa-
tion). As shown in Figure 3e, with increasing the growth time
from 1 to 35 h the thickness range of the GSs in the inner part
increases from 5-14 to 8-48 atomic layers.

Both the CNFs before growing the GSs and the 3DGFs were
characterized by X-ray diffraction (XRD) (Figure 3f). The XRD
pattern of the CNFs shows a broad peak centered at 22.5°, cor-
responding to the (002) reflection of the graphitic structure with
a d-spacing about 0.395 nm. The broad shape and big d-spacing
arise from the highly defective structure of the CNFs derived
from polymer pyrolysis and formation of the surface graphene
structure. In our previous work it was found that the d-spacing
increases with increasing the carbonization temperature,!??
which conflicts the common sense that the d-spacing should be
smaller at higher temperature. We ascribed this phenomenon
to the formation of the graphene structure at higher tempera-
ture. The (002) peak of the 3DGFs upshifts to about 25° (cor-
responding to a d-spacing of 0.356 nm) with the intensity and
d-spacing decreased comparing with the CNFs. The decrease of
the d-spacing is because the CVD grown GSs is better crystal-
lized than the carbonized CNFs while the decrease in intensity
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is due to the presence of the GSs. Discontinuous arrangement
and less stacking layers for the GSs result in the decrease of
the (002) peak intensity. The measured d-spacing of 0.356 nm
for the 3DGFs is larger than the theoretical value of graphite,
which is because the (002) peak is from the combination of the
highly defective CNFs and the well crystallized GSs. The inter-
layer spacing measured from the XRD pattern is consistent the
TEM results. This peak is typical of the graphene structure and
similar to the graphene papers and hydrogels derived from gra-
phene oxide in shape and position.+3]

Raman spectra can provide more specific information on the
graphene structure. As shown in Figure 3g, obvious 2D peaks
appear on the spectra of the 3DGFs grown for different times.
The intensity of the 2D peak increases with the growth time
and the 3DGFs grown for longer time exhibit very strong 2D
peaks. The Ig/L,p ratio decreases with the growth time and
reaches 0.88 at the growth time of 10 h (Figure S13, Supporting
Information). Appearance of the intensive 2D peak with small
I/ I,p ratio is indicative of the structure of single or few layered
graphene, where the I¢/p ratios of 0.18, 0.35, and 1.3 corre-
spond to one, two, and three-layered structure,?*3”] respectively.
For the present GSs, the edges are one to two layered while the
inner parts away from the edges are multilayered as indicated
by the TEM, which all contribute to the G peak, leading to the
overestimation of the I/, ratio relative to the edge areas. The
present Ig/I,p ratios confirm that the GSs are one to two lay-
ered at the edge areas, consistent with the TEM results. The
higher I/I,p, ratio at shorter growth time is caused by the lower
density of the GSs (Figures S2 and S3, Supporting Informa-
tion), where more information is from the core CNFs. Further-
more, with prolonging growth time the I/l ratio increases
initially and then decrease after 3 h (Figure S13, Supporting
Information). This is because the CVD grown GSs have higher
crystallinity than the PAN-pyrolyzed CNFs. With increasing
the growth time the amount of the GSs increases, resulting in
the increase of the I/l ratio. Simultaneously, more graphene
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Figure 3. TEM, XRD, and Raman characterization of 3DGFs grown at CH, concentration of 11.1%. a,b) TEM images of the 3DGFs grown for 4 h.
c,d) Edge structure of the GSs grown for 4 h. e) Thickness of the GSs in the inner parts of the 3DGFs grown for different time. f) XRD patterns of the
original CNFs and 3DGFs grown for 4 h. g) Raman spectra of the 3DGFs grown for different times.

edges are concentrated on the surface, which increase the D
peak intensity as the edges are highly defective.>**”] Therefore,
after longer time growth the Ig/Ip ratio decreases instead due
to more contribution from the edge structure.

As expected, the GSs were vertically grown on the CNFs
successfully by the simple and easily scalable thermal CVD.
We considered that the unique graphene structure of the
NH; etched CNFs (as the substrates) and appropriate etching
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atmosphere caused by H, account for the vertical growth of
the GSs. The preformed graphene structure on the CNFs may
provide favorable nucleation sites or epitaxial seeds for the ver-
tical growth of the GSs. Unfortunately, we have no way to deter-
mine whether the vertical growth of the GSs is epitaxy or not
currently. We have also tried to grow the vertical GSs on the
CNFs carbonized in Ar with smooth surface, but only particles
were obtained. Etching atmosphere is a similarly important
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Figure 4. Specific surface area, wetting behavior, electrical conductivity, and electromagnetic interference shielding effectiveness of the 3DGFs grown
at CH,4 concentration of 11.1%. a) Specific surface area of the 3DGFs grown for different time. b) An optical image of the water droplet on the 3DGF
membrane grown for 10 h. ¢) Electrical conductivity (o) of the 3DGFs grown for different times. d) Electromagnetic interference shielding effectiveness
of the 3DGF membranes at different thickness. e) Average shielding effectiveness, shielding effectiveness absorption, and shielding effectiveness

reflection of the 3DGF membranes at different thickness.

factor to ensure the vertical growth of the GSs, which inhibits
the out-of-plane nucleation and growth of the graphitic crystals
and promotes formation of the sheet shape. Here H, acts as
the etchant due to its high reactivity on graphitic carbon. The
etching effect increases with increasing the temperature and H,
concentration. All the experimental results support the present
speculation as exemplified by the phenomena that only smooth
overcoatings can be obtained at too high CH, concentration
and in the mixture of Ar/CH, (Figures S6 and S14, Supporting
Information).

As a basic property and structural feature SSA was meas-
ured for the different samples (Figure 4a and Figure S15, Sup-
porting Information). The original CNFs possess a high SSA
of 850 m? g!. This is because the polymer-derived carbon
is highly defective due to NHj etching, generating many
micropores. However, after growing the GSs for 1 h the SSA
decreases sharply to 110 m? g1 This should be because the
defective structure, mainly the micropores, of the CNFs is cov-
ered during the CVD process. Interestingly, the SSA increases
back to 150 m? g™! after growing for 4 h. This increase is caused
by the amount increase of the GSs. After growing for 10 and
35 h, the SSA decreases sharply to 34 and 7 m? g1, respectively.
These low SSA values suggest that the GSs may become thick
and form closed pores after long time growth. This is consistent
with the structure evolution of the 3DGFs observed above.

Surface wetting property is also a basic property and impor-
tant for many applications such as water-resistant, anti-icing,
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corrosion resistant, self-cleaning, and adsorption and segrega-
tion.?¥#1I The superhydrophobicity has been considerably inves-
tigated for the conventional graphene materials for extending
their application. In previous reports, the seuperhydrophobicity
was engendered mainly following two routes, i.e., generating
micro/nanoroughness and combining surface roughness with
modification using low surface energy chemicals, such as
coating the graphene sheets on melamine sponge,*”! crumpling
graphene films,*J generating microscale grating-like structures
by laser ablation,*!l laser-induced formation of graphene films
in Ar or H,,* and modifying the porous graphene with low
surface energy chemicals.***] It is noted that in most reports
surface modification is needed to obtain superhydrophobicity
for the graphene materials mainly due to the difficulty in gen-
erating appropriate porous structure, which introduces impu-
rity and may degrade the intrinsic property of the graphene
materials. As to the vertical GSs prepared by plasma CVD, the
superhydrophobicity can only be achieved by growing on micro-
pillared Si substrates and modifying with octadecylamine.?!
Therefore, to further develop novel graphene structure with
improved superhydrophobic performance is necessary.

As a novel material, the wetting property was investigated for
the 3DGFs. It is found that the wetting property of the 3DGFs
toward water is dependent on the growth time and the water
contact angle increases with increasing the growth time. For the
original CNFs the contact angle is 130° (Figure S16, Supporting
Information). For the 3DGPFs, the contact angle reaches 153°,
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168°,173°, and 173° after growing for 4, 7, 10, and 35 h (Figure 4b
and Figures S16 and S17, Supporting Information), respec-
tively. During measurements, it was found that the water drop-
lets were difficult to be transferred onto the sample surface due
to the too great repelling force at smaller droplet volume (<5 uL)
(Movie S4, Supporting Information). In this work, the water
contact angles were all measured at a larger droplet volume of
5 L. Judging from the water contact angle, the superhydropho-
bicity of the present 3DGFs is prominent among the graphene-
based materials (Table S1, Supporting Information). The supe-
rhydrophobicity results from the combination of the intrinsic
hydrophobic nature of the GSs and the nanoscale roughness of
the vertical GSs. The smaller contact angle for the CNFs and
the 3DGFs at shorter growth time is mainly due to the pres-
ence of the larger interfiber space and the lower GS density
(Figures S2 and S3, Supporting Information). With increasing
the growth time the density of the GSs increases and the inter-
fiber space decreases, resulting in the increase of the contact
angle. The contact angles of water solution with different PH
values were measured for the sample grown for 10 h, which
indicates that the superhydrophobicity can be well retained with
the contact angle fluctuating in the range of 165°-173° when
the PH value changes in the range of 2-12 (Figure S16, Sup-
porting Information) This suggests that 3DGFs possess excel-
lent corrosion-resistant capability. Meanwhile, the 3DGF mem-
branes are superoleophilic with the contact angle of 8° for oil
and near 0° for ethanol (Figure S18, Supporting Information).
We also etched the 3DGFs by introducing O, gas at 600 °C for
10 min after finishing the growth of the GSs. It is found that the
surface of the 3DGFs switches from superhydrophobic to supe-
rhydrophilic successfully after heat treatment in O, (Figure S19,
Supporting Information). It is indicated the 3DGFs possess
attractive surface wetting properties adjustable from corrosion-
resistant superhydrophobicity, superhydrophilicity, and supero-
leophilicity, suggesting high potential for different applications.

High electrical conductivity is highly required for many appli-
cations of the 3D graphene such as energy storage, catalysis, and
sensing. Currently, it is still a serious challenge to achieve high
electrical conductivity for the 3D graphene materials due to the
weak bonding between the constituent GSs. Xin et al. achieved a
high electrical conductivity of 2.21 x 10> S m™ for the graphene
fibers after annealing at 2850 °C.[*%I Li et al. achieved a high elec-
trical conductivity of 1.3 x 10* S m™! by pressing the graphene
powder into a pallet at high pressure.?”l Liu et al. prepared con-
tinuous graphene fibers by wet spinning of graphene oxide (GO)
solution and graphitization treatment at 3000 °C, achieving a
superconductivity after Ca intercalation.”® However, it is noted
that the above high electrical conductivities were achieved based
on the solid graphitic structure, where the graphitic layers are
stacked and connected densely and continuously. When assem-
bling the graphene sheets into well separated 3D porous struc-
ture the electrical conductivity decreases greatly as stated above.
As shown in Figure 4c, the electrical conductivity of the 3DGF
membranes grown for different times was measured using
four-probe method. It is found that the electrical conductivity
of the original CNFs is very low (184 S m™). After growing the
GSs the electrical conductivity increases quickly. For the 3DGF
membranes grown for 4, 10, and 35 h the electrical conductivity
reaches 3.4 x 10% 6.3 x 10%, and 1.2 x 10° S m™, respectively.
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The present electrical conductivity is much higher than most of
the reported 3D graphene (Table S2, Supporting Information).
As the electrical conductivity of the original CNFs is very small
the high electrical conductivity of the 3DGFs is mainly contri-
buted by the GSs. High crystallinity and tight interconnecting
of the GSs account for the high electrical conductivity of the
3DGFs.

For exploring the application form of this material, we
pasted the 3DGFs membrane on a transparent sticking tape
(Figure S7, Supporting Information) and prepared 3DGFs/
poly(dimethylsiloxane) (PDMS) composite membrane by
infiltrating PDMS into the 3DGFs membrane (Figure S7,
Supporting Information). For these two forms of the 3DGFs-
based composite materials we tested their structure durability
by measuring their electrical conductivity during bending. It
is observed that their electrical conductivities are stable after
bending for many times both for the 3DGFs membranes on
the sticking tap (Movie S2, Supporting Information) and the
3DGFs/PDMS composite membrane (Movie S3, Supporting
Information). Their electrical conductivity kept stable after
bending for 80 times (Figure S20, Supporting Information),
showing good stability in structure and property. It is indicated
that the 3DGFs can be conveniently handled during application.

Viewing from the nanoscale porous structure (abundant
interface), continuously interconnected network, high elec-
trical conductivity, and the materials form of large area mem-
brane the 3DGFs is expected to be suitable for application of
electromagnetic interference (EMI) shielding. The EMI has
become a serious problem with the rapid increase of elec-
tronic devices, which influences safe operation of devices and
poses hazards to human health. Recently, high performance
EMI shielding materials have attracted intensive attention due
to the pressing demands.P'™3 As an excellent EMI shielding
material, high effectiveness, light weight, and thinness are the
main criteria. The EMI shielding effectiveness (SE) of a mate-
rial is conventionally defined as the logarithm of the ratio of
incoming power (P}) to transmitted power (Pr) formulated as
SE (dB) = 10log(Py/ Py). But this formula is not enough to reflect
the intrinsic shielding property of a material as it does not
include any material parameters.

A more realistic formula was proposed by considering the
influences of weight and thickness of the shielding materials as
following, SSE,, (dB cm?” g™!) = SE/(d x t), where SSE,,, d, and
t are the specific shielding effectiveness, density (g cm™3), and
thickness (cm) of the shielding materials, respectively.’? We
measured the EMI shielding capability of the 3DGFs in X-band
frequency range, as shown in Figure 4d,e. The 3DGF mem-
branes used for the EMI shielding measurements were grown
for 10 h at the C,, of 11.1% with the thickness about 2.8-3.5 um
and density about 0.93 g cm™>. In order to test the effects of the
thickness we stacked several pieces of the 3DGF membranes
together for measurements. In Figure 4d,e, the thickness of 3.0,
6.4,12.7, and 26.3 um corresponds to one, two, four, and eight
pieces of the 3DGF membranes, respectively. As expected, the
3DGF membranes exhibit ultrahigh EMI shielding capability.
For the 3DGF membranes with thicknesses of 3.0, 6.4, 12.7,
and 26.3 um the average SE can reach 17, 26, 37, and 56 dB
(Figure 4d), corresponding to the SSE, of 60 932, 43 683, 31
327, and 22 895 dB cm? g7}, respectively.
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Comparing with the reported carbon-based materials the
3DGF membranes are tens to hundreds times thinner at sim-
ilar SE (Table S3, Supporting Information). The SSE, of the
3DGF membranes is much higher than the values reported
thus far (Table S3, Supporting Information), indicating the
high intrinsic EMI shielding performance of the 3DGFs. Obvi-
ously, high SE can be attained easily by using more shielding
materials; but this is not acceptable due to the corresponding
increase of the device weight and size. The present 3DGFs
with ultrahigh SSE; ensuring high SE at ultrathin thickness
and light weight represent a significant progress in the area
of EMI shielding after the recent progresses such as graphene
foams,P!l MXene (Ti;C,T,) (30 830 dB cm? g™),F?l and carbon
nanotube/graphene hybrid foams (51 000 dB cm? g~%).15

In principle, the total SE mainly comprises the contribution
of surface reflection (SEg) and internal absorption (SE,) with
SE = SEg + SE,. For the present 3DGFs the contribution from
the internal absorption dominates (Figure 4e and Figure S21,
Supporting Information). The excellent EMI shielding perfor-
mance of the 3DGFs is obviously resulted from the superior
structure mainly the nanoscale porous structure and continu-
ously interconnected network, which generates abundant inter-
face and high electrical conductivity. It is worth noting that the
single-layered suspended graphene edges may play important
roles in the shielding process as they possess high electrical
conductivity and thermal conductivity.['~’]

Vertical GSs have aroused great interest since their
successful growth by plasma CVD.?32433 Many attractive
applications have been reported for the vertical GSs such as
supercapacitor,’¥ Li-ion battery,® catalysts,® sensors,”] and
composites.’8! However, despite the numerous advantages
of the vertical GSs the low production capacity of the plasma-
based CVD could not meet the demands of many important
applications requiring large size or huge amounts of materials
such as the above mentioned supercapacitors, Li-ion battery,
and composites, which hinders the practical application of the
vertical GSs. Therefore, it is a key step to greatly increase the
yields of the GSs for their practical application. In the present
work, vertical growth of the GSs has been successfully realized
by the simple thermal CVD using our unique technique. As
well known, the thermal CVD is capable of large-scale produc-
tion of materials. The present work removed the main obstacle
to the practical application of the vertical GSs. In order to
demonstrate the production capability and applicability to dif-
ferent substrates of the present technique, we grew the vertical
GSs on different substrates with large size including carbon
felt (300 x 100 x 12 mm?) (Figures S22 and S23, Supporting
Information), carbon cloth (300 x 100 X 0.4 mm?) (Figures S24
and S25, Supporting Information), and graphitic paper (280 x
10 x 0.2 mm?) (Figure S26, Supporting Information). We first
coated a layer of PAN on these substrates and then grew the
vertical GSs following the above described procedures. It is
demonstrated that the vertical GSs were successfully grown on
these large-size substrates uniformly. The present sample size
is much larger than the size of several to tens of square centim-
eters reported for the samples prepared by plasma CVD. Due to
the tremendous production capacity, low cost, and simplicity of
the industrial thermal CVD reactor, the present technique is of
high promise for the practical application of the vertical GSs.
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In summary, we have realized vertical growth of the GSs on
the CNFs carbonized in NH; and thus prepared the 3DGFs in
a thermal CVD. Comparing with the previous 3D graphene
materials the 3DGFs possess unique structure with fibrous
shape, nanoscale pores, and exposed single-layered gra-
phene edges. After long-time growth the GSs fill all the space
between the CNFs, forming a unique porous solid composed
of interconnected graphene and CNFs. The 3DGFs possess
high electrical conductivity up to 1.2 x 10> S m™!, high EMI
shielding performance with the SSE;; up to 60 932 dB cm? g/,
and adjustable wetting property from superhydrophobicity to
superhydrophilicity and superoleophilicity, which are much
improved comparing with the existing 3D graphene materials.
With the extraordinary comprehensive properties and the easy
scalability of the simple thermal CVD the novel 3DGFs are
highly promising for many applications such as high-strength
and conducting composites, flexible conductors, electromag-
netic shielding, energy storage devices, catalysis, and separa-
tion and purification. Furthermore, the present strategy can be
widely used to grow the vertical GSs on many other substrates
by predepositing a polymer overlayer and then carbonizing in
NH; using the thermal CVD.
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