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Abstract: We report three-dimensional (3D) nanoporous
graphene with preserved 2D electronic properties, tunable
pore sizes, and high electron mobility for electronic applica-
tions. The complex 3D network comprised of interconnected
graphene retains a 2D coherent electron system of massless
Dirac fermions. The transport properties of the nanoporous
graphene show a semiconducting behavior and strong pore-
size dependence, together with unique angular independence.
The free-standing, large-scale nanoporous graphene with 2D
electronic properties and high electron mobility holds great
promise for practical applications in 3D electronic devices.

Graphene is a massless Dirac fermion system with high
electron mobility, which holds great promise for replacing
silicon in future electronics.!! For practical applications in
devices, it is essential to construct the 2D materials in 3D
configurations with preservation of graphene electronic
properties. Herein, we report three-dimensional (3D) nano-
porous monolayer graphene with 2D electronic properties,
tunable pore sizes, and high electron mobility for electronic
applications. The complex 3D network comprised of inter-
connected graphene retains a 2D coherent electron system of
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massless Dirac fermions. The transport properties of the
nanoporous graphene show a semiconductor behavior and
strong pore-size dependence, together with unique angular
independence. Free-standing, large-scale nanoporous gra-
phene with 2D electronic properties holds great promise for
practical applications in 3D devices.

To construct the two-dimensional graphene into 3D
structures, several approaches, such as template? gel,”!
layer stack, and chemical vapor deposition (CVD),” with
controllable pore sizes and feasible fabrication, have recently
been developed. Although those 3D graphene materials show
excellent electrochemical, catalytic, optoelectronic, and
mechanical properties, the unique physical characteristics of
graphene, such as massless Dirac fermions with high electron
mobility, cannot be well preserved owing to poor intercon-
nectivity and high defect density, which precludes their
application in electronics and spintronics. Herein we reveal
a novel nanoporous Ni-based CVD approach to fabricate
high-quality 3D nanoporous graphene, which allows us to
tailor the pore size of 3D graphene. Marvelously, the 3D
nanoporous graphene can preserve the distinctive 2D coher-
ent electronic properties in the 3D nanostructure. The open
porous structure with a bicontinuous porosity, small pore size,
large surface area, and high electron mobility holds great
promise for physical and chemical applications of nanoporous
graphene.

The fabrication process of 3D nanoporous graphene is
elucidated in Scheme 1. A nanoporous Ni (np-Ni) substrate
with a thickness of ca. 30 um was prepared by electrochemi-
cally leaching Mn from a Ni;,Mn,, precursor in a weak acid
solution.®”! The as-prepared np-Ni, with an average nanopore/
ligament size of ca. 10 nm, was annealed at 900°C for 5-
30 min in a CVD system under a mixed atmosphere of H,, Ar,
and benzene."! The usage of benzene as the carbon source
benefits the growth of high quality graphene with a low
formation energy."™ Graphene uniformly grew on the surface
of nanosized Ni ligaments, which became coarser during
graphene growth at high temperatures. The size of the Ni
ligaments, and thus the pore size of the graphene, can be
tailored from 100 nm to 2.0 um by controlling the CVD time
and temperatures (Supporting Information, Figure S1). Fig-
ure 1a depicts the graphene@np-Ni synthesized at 900°C for
5 min. After graphene growth, the averaged nanopore size of
the np-Ni was measured to be ca. 210 nm within a wide
distribution range of 100-300 nm by a fast Fourier method.[*"’
The nanoporous graphene was exfoliated by chemically
removing the np-Ni substrate in a hydrogen chloride solution
(Figure 1b). The interconnected nanoporous structure of the
bulk np-Ni was fully inherited by the 3D graphene (Fig-
ure 1c). Chemical analysis verified that residual Ni in the
nanoporous graphene is less than 0.08 atom % (Figure S2).
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Scheme 1. a) Image of NisMnj, foil. b) SEM image of nanoporous Ni
after dealloying. c) SEM image of nanoporous graphene on nano-
porous Ni after CVD at 900°C for 5-30 min. d) SEM and optical
images of nanoporous graphene after removing the nanoporous Ni
substrate using a HCl solution.
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Figure 1. a) SEM images of nanoporous graphene on nanoporous Ni
grown at 900°C for 5 min. SEM images of nanoporous graphene,

b) overview and c) close-up, after removing the nanoporous Ni sub-
strate. d) Raman spectra of nanoporous graphene with and without Ni
substrates. The 1.5-2.0 um sample was prepared by CVD at 900°C for
30 min.

The pore size of the nanoporous graphene was measured by
using the Barrett-Joyner-Hallender (BJH) method.®! As
shown in Figure S3, the mean pore size of the graphene
sample is ca. 200 nm, which is fairly consistent with that of the
nanoporous Ni substrate. The quality of the nanoporous
graphene was characterized by Raman spectroscopy. As
shown in Figure 1d, the sharp 2D bands, together with the
high intensity ratio between the 2D and G bands, indicates
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that the 3D nanoporous sample is high-quality monolayered
graphene.'*) We have randomly probed the different regions
of the nanoporous sample. The intensity ratio between the 2D
and G bands remains nearly constant (Figure S4), demon-
strating that the 3D nanoporous structure is mainly con-
structed by monolayered graphene. There is no obvious
change in the graphene Raman bands after removing the np-
Ni substrates, which suggests that chemical exfoliation does
not introduce noticeable structural damage to the nanoporous
graphene. It can be self-supported as a free-standing bulk
material for device applications. The appearance of weak
D bands in the Raman spectra (Figure 1d) indicates the
existence of structural defects in the 3D nanoporous gra-
phene, which most likely originate from the curved parts of
the graphene sheets, which are geometrically required to
coordinate the 3D nanoporosity. Therefore, a smaller pore
size with a larger curvature gradient gives rise to relatively
stronger D band intensity, a lower I,p/I; ratio, and larger
upward shift of the Raman 2D band.

The structure of nanoporous graphene was inspected by
scanning transmission electron microscopy (STEM). The low-
magnification bright-field STEM image (Figures 2a and S5)
shows the complex 3D morphology of the nanoporous
graphene with concave and convex curvatures and nanopores,
which is consistent with SEM observations. The selected area
electron diffraction (inset in Figure 2a) reveals that the 3D
graphene has multiple orientations, which is associated with
the random distribution of the interconnected graphene
sheets in three dimensions. The atomic structure of the
nanoporous graphene, as imaged by high-resolution TEM
(HR-TEM) and BF-STEM, shows that the majority of the 3D
graphene has a perfect hexagonal structure, the same as flat
2D graphene (Figure 2b).'*!! However, pronounced topo-
logical defects, such as 5-7 defects,'*!! can be observed in the
regions where there is a large curvature gradient (marked by
the yellow lines in Figure 2¢) between concave and convex
sheets and the edges of nanopores. These atomic-scale defects
are geometrically required to manage the 3D nanoporous
configuration, and are evidently expected to affect the
electronic structure and electric transport properties of the
nanoporous graphene. Moreover, multilayer graphene (con-
sisting of a few layers) can also be found, particularly at the
neck parts of the interconnected nanopores.

The electronic structure of the nanoporous graphene with
100-300 nm and 1.5-2.0 pm pores was investigated by photo-
emission spectroscopy (PES). The valence band spectra of the
two types of nanoporous graphene are shown in Figure 3 a.
The overall features of the spectra are similar to that of 2D
graphene, with a small band at ca. 3 eV and an intense band at
5-9 eV."l However, there are richer details in the spectra that
2D graphene does not have. Some of them are analogous to
the prominent features of HOPG!"®! (Figure 3a), which may
arise from some defective regions with bent lattices contain-
ing sp® configurations and local interlayer interactions in the
3D nanoporous structure. Importantly, there is a linear
electronic density of states near the Fermi level (inset in
Figure 3a), which is consistent with the Dirac cone, thus
indicating that the prevailing electronic properties of 3D
nanoporous graphene preserve a 2D electron system of Dirac
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Figure 2. a) Typical low-magnification BF-STEM image of nanoporous gra-
phene. The selected area electron diffraction pattern (inset) shows multiply
orientated graphene sheets in the nanoporous configuration. b) HRTEM
image and the electron diffraction pattern taken from the flat region of the
nanoporous graphene. The atomic structure is consistent with the 2D
model. ¢) The BF-STEM image and the electron diffraction patterns taken
from a region with a large curvature gradient. The pentagon—heptagon pair
lattices, together with large lattice bending, can be observed. The yellow
dashed lines show the lattice directions.
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Figure 3. a) Angle-integrated photoemission spectra of 100-300 nm
(blue) and 1.5-2.0 um (red) porous graphene samples measured by
a He llo resonance line (hv=40.814 eV) at room temperature. The
inset shows the angle-integrated PES spectrum near the Fermi level
divided by the Fermi-Dirac function convoluted with the instrumental
energy resolution. b) Angle-resolved PES spectra of nanoporous gra-
phene with pore sizes of 1.5-2.0 pm.

fermions particularly in the sample with a large pore size.
Moreover, the pore-size dependence can be observed from
the o band at 5-9 eV. This may be due to the fact that small
pores require more bent lattices with a sp® configuration to
adopt the large curvature gradient." Unlike 2D graphene,
which has a strong angle dependence,” the angle-resolved
PES spectra of the 3D nanoporous graphene does not show
detectable changes with the emission angles (Figure 3b); this
results from the randomly oriented graphene sheets in the
complex nanoporous configuration. Therefore, the nano-
porous graphene preserves 2D graphene electronic character
in the 3D structure, and effectively eliminates the angular
dependence that often limits applications in 3D devices.

The electric transport properties of the 3D nanoporous
graphene with different pore sizes were experimentally
evaluated and compared with those of 2D graphene.
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Figure 4 demonstrates the magnetic field (B) dependence

"»7;1:?\1‘\:\ of magnetoresistance as well as the temperature depend-
S )¢ . eqs
{:;f:\u\ \: ence of electronic conductance (o), and mobility ().

\\\:\nz Although the quantum oscillation and magnetization
»
1 2 N

ascribed to itinerant electrons may be suppressed owing
to the asymmetric 3D network structure, as well as local
defects in 3D nanoporous graphene (Figure S6), a linear
magnetoresistance (LMR) is evidently confirmed in

”"‘“\—\{»%‘?{, a wide temperature range for 3D nanoporous graphene
=X with pore sizes of 1.5-2.0 um. As LMR can be inves-

tigated as a characteristic of Dirac cones, ' Dirac-cone-
type linear electronic dispersion is considered to take
place in the 3D interconnected graphene framework,
which is consistent with the angle-integrated PES results
discussed earlier (Figure 3a). At temperatures below
10 K, the 3D nanoporous graphene shows anomalous
negative magnetoresistance at lower magnetic fields. This
interesting transport phenomenon is not yet well under-
stood, and may originate from local defects and domain
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Figure 4. a) Magnetic field dependence of magnetoresistance (R(B)/R)
of a 1.5-2.0 pm porous graphene sample. The inset shows the
magnified plot of R(B)/R at 2 K. b) Temperature (T) dependence of
normalized electrical conductance (6(T)/0(100 K)) of 1.5-2.0 um (red)
and 100-300 nm (blue) nanoporous samples on a logarithmic scale.
The experimental data were linearly fitted by the solid lines. The inset
shows the T dependence of 6(T)/0(100 K) in the linear scale. c) Mag-
netic field dependence of the magnetoresistance (R(B)/R) of a 100—
300 nm nanoporous sample. d) Temperature dependence of the mobi-
lity () of 1.5-2.0 pm (red) and 100-300 nm (blue) nanoporous
graphene samples estimated from the single-carrier model. For com-
parison, the tan region represents the literature data on CVD 2D
graphene.

structures in the 3D framework, which give rise to back-
scattering in 2D graphene sheets, or the effect from possible
3D Dirac fermions. In fact, a logarithmic decrease in the
electrical conductance as a function of temperature was found
at low temperatures, again demonstrating that the 2D
electronic nature of graphene is preserved in the 3D nano-
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porous framework (Figure 4b).'"”! This observation distin-
guishes the 3D nanoporous graphene both from all other
reported 3D carbon materials that do not have 2D electronic
features,'® and from sp’-rich diamond films!" For 100-
300 nm porous graphene, a convex magnetoresistance (CMR)
was observed at higher temperatures, which changes to LMR
at lower temperatures, together with more obvious negative
magnetoresistance at lower magnetic fields (Figure 4c). With
smaller pore sizes the graphene sheet is more deformed and
the contribution of the domain boundary and defects can be
enhanced; this potentially opens the energy gap of the
nanoporous graphene.” Consequently, it can be conceived
that the CMR observed at high temperatures may be
understood in the multicarrier transport of both the Dirac
cone and the gapped parabolic band, and the carrier transport
of the parabolic band is strongly suppressed owing to the
potential scattering arising from the local defects and the
domain structure, thus resulting in LMR at low temperatures.
The electron mobility of the 3D nanoporous graphene was
estimated under the assumption of a single carrier model and
compared with CVD 2D graphene reported in the literature.
The mobility of the 3D graphene depends on the pore sizes,
with larger pores yielding higher mobility. The overall
mobility of the 3D nanoporous graphene (Figure4d) is
lower than that of the CVD 2D graphene (700-
4000 cm?(Vs)™),'*2!! mainly due to the topological defects
and 3D geometry. However, the mobility is still sufficiently
high for making 3D electronic devices, in particular, with
configurations that cannot be created from the 2D graphene
sheets.

In summary, we have successfully developed a nanoporous
Ni-based CVD technique for the growth of high-quality 3D
nanoporous graphene with tunable pore sizes from ca. 100 nm
to ca. 2.0 um, as well as coherent quantum electronic proper-
ties in the interconnected 3D structure. The nanoporous
graphene preserves the massless Dirac fermion system,
whereas the PES spectrum shows no significant angular
dependence of photoelectron emission. The transport proper-
ties of 3D graphene demonstrate the Dirac cone electronic
states without the quantum Hall effect, which reflects the
uniqueness of the 3D interconnected graphene structure. The
high electron mobility of the nanoporous graphene with
preserved intrinsic 2D electronic characteristics at room
temperature may pave a new way for the practical application
of graphene in 3D devices in the future and for realizing high-
dimensional Dirac fermion systems by 3D structure design of
2D graphene.
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