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Chemical reduction of graphene oxide (GO) is the main route to produce the mass graphene-based materials
with tailored surface chemistry and functions. However, the toxic reducing circumstances, multiple steps,
and even incomplete removal of the oxygen-containing groups were involved, and the produced graphenes
existed usually as the assembly-absent precipitates. Herein, a substrate-assisted reduction and assembly of
GO (SARA-GO) method was developed for spontaneous formation of 3D graphene network on arbitrary
conductive substrates including active and inert metals, semiconducting Si, nonmetallic carbon, and even
indium-tin oxide glass without any additional reducing agents. The SARA-GO process offers a facile,
efficient approach for constructing unique graphene assemblies such as microtubes, multi-channel
networks, micropatterns, and allows the fabrication of high-performance binder-free rechargeable
lithium-ion batteries. The versatile SARD-GO method significantly improves the processablity of
graphenes, which could thus benefit many important applications in sensors and energy-related devices.

G
raphene, an atomic-thick layer of carbon atoms with unique properties such as high electrical conduc-
tivity, large surface area, good chemical, environmental and mechanical stability, has drawn extensive
attention from both the experimental and theoretical communities due to its promising applications in

energy, environment, biology, and electronics1–6.
For preparation of graphenes, chemical reduction of graphene oxide (GO) is one of the most important routes

owing to its feasibility for mass production of graphene-based materials with tailored surface chemistry and
functions7. However, chemical treatment of GO was usually carried out in reducing circumstances such as
hydrazine (N2H4)8, H2/Ar with alcohol under high temperatures9, strong alkaline sodium/potassium hydrox-
ide10,11, sodium borohydride/sulfuric acid12, hydriodic acid13, sodium-ammonia solution14. Besides that the reduc-
tion reactions are often involved in the toxicity of the reducing agents, multiple steps, long reaction time, and even
incomplete removal of the oxygen-containing groups15, the produced graphenes are usually collected as random
precipitates or agglomeration lacking of well-confined organization such as three-dimensional (3D) graphene
assembles16–19, which largely limit their applications in energy-related devices.

The recent findings that GO can be directly reduced by active metals (e.g., Al, Fe, Cu)20–22 open the new
possibility for controlled assembly of graphenes on conductive substrates. Herein, we demonstrate a powerful,
facile but efficient substrate-assisted reduction and assembly of GO (SARA-GO) (Figure 1). The spontaneous
reduction of GO and its well-organized assembly into 3D network on arbitrary conductive surfaces such as the
active metals of Zn, Fe, and Cu, inert metals of Ag, Pt, and Au, semiconducting Si wafer, nonmetallic carbon-
based film, and even indium-tin oxide (ITO) glass are achieved readily without any additional reducing agents. As
we shall see later, the versatile SARD-GO method offers an efficient approach for constructing a variety of unique
graphene assemblies such as microtubes, four-way pipes, spiral tubes, multi-channel networks, and micropat-
terns, and allowing the fabrication of high-performance binder-free rechargeable lithium-ion batteries (LIBs) by
spontaneously deposition of 3D graphene network on Cu foil as anode. The SARD-GO method significantly
improves the versatile process of graphenes, which could thus benefit many important applications of graphenes
in sensors and energy-related devices.
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Results
SARA-GO on active metal surface. As one example, the Cu foil has
been standing in the aqueous 1 mg/mL GO suspension with a pH 5

4.0 for several hours without any additives, a black layer of reduced
GO (RGO) covers its whole surface (Fig. 2a and Supplementary Fig.
S1), which is composed of the 3D network of RGO sheets (Fig. 2b and
Supplementary Fig. S2). The amount of deposited RGO on Cu foil
can be modulated conveniently by the reaction time (Supplementary
Fig. S3).

TEM investigation reveals that the as-prepared RGO sheets are
decorated with nanoparticles (Fig. 2c), which are easily removed after
washing with aqueous HCl solution (Fig. 2d, and Supplementary Fig.
S4). Electron diffraction pattern of the RGO sheets presents clear
diffraction spots without halation (Fig. 2d, inset), implying the highly
crystalline graphene structure.

X-ray diffraction (XRD) further confirms that the representative
peak of GO (2h 5 ca. 11u, the bottom curve in Fig. 2e) has completely
disappeared in the as-prepared RGO samples, accompanied with a
new broad peak centered at around 24u and a series of sharp peaks
(the middle curve in Fig. 2e). The peaks at 2h 5 ca. 40u, 47u, 68u, 82u,
and 86u correspond to the (111), (200), (220), (311) and (222) planes
of face-centered cubic (fcc) structure of Cu2O (JCPDS ICDD card
NO. 01-1194). After washed with aqueous HCl solution, the RGO
presents a dominant peak centered at 2h 5 ca. 24u (the upper curve in
Fig. 2e), corresponding to the (002) plane of stacked graphene sheets
with an interlayer spacing of about 0.37 nm. It is larger than the d-
spacing (0.336 nm) of graphite, suggesting the incompact stacking of
as-produced graphenes in the sample.

The chemical structure of the RGO deposited on Cu foil was also
studied by Raman and X-ray photoelectron spectroscopy (XPS).
Raman spectrum indicates that GO sheets were reduced and their
conjugated structures were partly restored (Supplementary Fig. S5).
XPS analysis shows that the intensity of O peak for RGO has

decreased drastically in comparison with GO (Fig. 2f). A Cu peak
appears on the as-prepared RGO (the middle curve in Fig. 2f) and on
the residues in the GO suspension (Supplementary Fig. S6), suggest-
ing the Cu has been involved in the reduction reaction of GO. The Cu
related peaks vanished in the RGO sample with aqueous HCl treat-
ment (Fig. 2f, the upper curve) in consistent with the XRD obser-
vation. Fig. 2g shows the high resolution Cu2p spectrum, which
reveals that Cu exists in an oxidized form with two peaks at around
932.2 and 951.9 eV assigned to Cu 2p3/2and Cu 2p1/2 of Cu1,
respectively23,24. The XPS also indicates the presence of Cu21, sug-
gesting that the surfaces of the Cu2O nanoparticles were partially
oxidized to CuO. The results are consistent with other observations
of copper oxidation at the nanoscale25–27. Combined with the fact that
no diffractions from CuO were detected in XRD pattern (the middle
curve Fig. 2e), it can be concluded that only a small amount of Cu2O
was oxidized and/or the formed CuO might be amorphous.

High resolution C1s peak of the final RGO proves that oxygen-
containing groups have been removed significantly. The C1s
spectrum of the original GO (Fig. 2h) reveals four types of car-
bon bonds: C5C/C–C (,284.8 eV), C–O (hydroxyl and epoxy,
,286.6 eV), C5O (carbonyl, ,287.5 eV) and O–C5O (carboxyl,
,288.7 eV)25. For the RGO formed on Cu foil, however, the majority
of oxygen functional groups have been removed and the C–C bonds
become dominant (Fig. 2h). The C/O atomic ratio of RGO is ca. 9.1
(Table S1), which, although not the best, is much higher than that of
RGO synthesized by other typical reduction process (Table S2).

Through the extensive investigation mentioned above, we con-
clude that, based on the SARA-GO in Fig. 1a, GO has been sponta-
neously reduced to graphene (also called RGO in this work) in a 3D
network form, while the Cu substrate is oxidized into the Cu oxide.
Other active metals such as Al, Zn, Fe, Co also play well for direct
formation the 3D graphene network on their foils (Fig. 2i–l and
Supplementary Fig. S7–S16).

SARA-GO on inert metal surface. Although the spontaneous reduc-
tion of GO induced by active metals is impressive as demonstrated in
current work and others22–24, it is not yet applicable to the inert metals
such as Ag, Pt and Au (Supplementary Fig. S16), not to mention the
nonmetallic conductive substrates. The reduction of GO and the
oxidation of metal substrates are associated with the electron
harvest of GO and the electron loss of metal (Fig. 1a), which
provides the opportunity to reduce GO onto arbitrary conductive
surfaces via SARA-GO process in Fig. 1b. This concept is inspired
by the substrate-enhanced electroless deposition (SEED) we deve-
loped previously26. As schematically shown in Fig. 1b, by simply
supporting the inert metals or other conductive surfaces (Target)
with an active metal substrate (Sub0), GO could be reduced and
deposited on the Target surface via a process analogous to the galva-
nic displacement reaction26. The inert conductive substrate acts as a
‘‘cathode’’ for GO reduction and deposition of RGO from its sus-
pension, while the active metal foil serves as an ‘‘anode’’ where Sub0 is
oxidized into Subn1. Therefore, the SARA-GO process should allow
the assembly of RGO on any conducting substrate as long as a proper
base substrate is defined.

To demonstrate this concept, we supported the inert Au sheet
(purity: 99.9%) with the Cu foil (Au/Cu) and exposed them to the
aqueous GO suspension. As can be seen in Fig. 3b, the Au surface is
covered with graphene network just like the porous structure on Cu
foil (Fig. 2b), while the Au sheet without Cu support remains clear
regardless of the reaction time (Fig. 3a). These results confirm the
effective deposition of RGO network on inert metal surface via the
SARA-GO.

TEM investigation reveals the transparent RGO sheet with clear
electron diffraction spots (Fig. 3c and inset) characteristic of the
highly crystalline graphene structure. XRD further confirms that
the representative peak of GO (2h< 11u) has completely disappeared

Figure 1 | SARD-GO process. Schemes of the SARD-GO process on (a)

active metal substrate and (b) on the arbitrary conductive target supported

by active metal. The active metal substrates (Sub0) are oxidized to Subn1

ions with electron (e2) loss, while the GO is reduced by electron reception.

The electron transport through the target to the GO allows the 3D assembly

of RGO on it.

www.nature.com/scientificreports
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Figure 2 | SARA-GO on active metal surface. (a) A photograph of the as-deposited 3D RGO on Cu foil. (b) SEM image of the freeze-dried sample in (a).

(c and d) TEM images of RGO on Cu foil before and after treatment with aqueous HCl solution, respectively. The inset in (d) is the corresponding

electron diffraction pattern. (e and f) XRD patterns and XPS spectra of initial GO, as-deposited RGO on Cu before and after washing with aqueous HCl

solution, respectively. (g) High-resolution of Cu 2p peak of RGO as shown in (c) before washing with aqueous HCl solution, and (h) C1s peak

comparison of GO with RGO after washing with aqueous HCl solution. (i–l) Photographs of Al, Zn, Fe and Co foils (ca. 2 3 3 cm2) as-deposited with

RGO. Scale bars: (a), 1 cm; (b), 10 mm; (c), 200 nm; (d), 100 nm.

www.nature.com/scientificreports
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in the RGO samples, accompanied with a new broad peak centered at
around 23u for loosely stacked graphenes (Fig. 3d). Accordingly, the
C 1s XPS spectra of GO and RGO (Fig. 3e) reflect that most of the
oxygenated functional groups of GO have been removed. The C/O
ratio for the RGO on Au surface is 7.8, in consistent with that of
RGO mentioned above (Fig. 2h). These characterizations dem-
onstrate the deposited RGO network on Au surface has a feature
of high-quality graphene similar to that on Cu, indicating the feas-
ibility of SARA-GO.

Apart from the Au, the SARA-GO process also works well on such
inert metals as Pt and Ag when their sheets were supported by Cu
layers (Fig. 3f&g, and Supplementary Fig. S17). Similarly, RGO net-
work can also be deposited on the Cu covered inert metals, such as Pt,
Ag and Au (Supplementary Fig. S18).

To further demonstrate the effectiveness of SARA-GO process on
the nanostructures of inert metals, we have put the Au, Ag, and Pt
nanostructures with different sizes and shapes on Cu foil into the
aqueous GO suspension (Supplementary Fig. S19). As expected, they

Figure 3 | SARA-GO on inert metal surfaces and nonmetallic surfaces. (a and b) SEM images of Au surfaces without and with Cu support after exposure

to 1 mg/mL GO solution and lyophilization, respectively. (c) TEM image and electron diffraction pattern of RGO produced on Au surface supported by

Cu by SARA-GO. (d and e) XRD patterns and high-resolution of C 1 s peaks of RGO produced on Au surface supported by Cu in comparison with initial

GO, respectively. (f–h) SEM images of RGO produced on Pt, Ag and Ag nanostructure surfaces supported with Cu, respectively. (i) SEM image of RGO

produced on semiconducting Si supported with Cu. (j and k) Photograph and SEM image of ITO (ca. 2 3 3 cm2) with RGO on it by SARA-GO,

respectively. (l) SEM image of RGO produced on graphene film supported by Cu foil. Scale bars: (a, b, f, g, h, i), and (k), 10 mm; (c), 100 nm; (j), 1 cm; (l),

100 mm.

www.nature.com/scientificreports
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behavior as the good substrates to reduce the GO and assemble 3D
RGO network on them (Supplementary Fig. S20–S22), indicating the
morphology-independent feature of the practicable SARA-GO.
Fig. 3h shows the deposited RGO network on Ag nanoleaves.

SARA-GO on nonmetallic surface. More importantly, the SARA-
GO process allows the RGO spontaneously deposited on any conduc-
tive surfaces such as semiconducting Si (Fig. 3i and Supplementary
Fig. S23&24), ITO glass (Fig. 3j&k and Supplementary Fig. S25),
carbon (Fig. S26) and graphene films (Fig. 3l and Supplementary
Fig. S27&28), indicating the versatile SARA-GO method is univer-
sal for formation of graphene network on conductive surfaces for
various applications. Specially, the RGO network formed on ITO
surface can have no obvious influence on the transparency with a
proper reaction time (Fig. 3j&k and Supplementary Fig. S25).

Fabrication of graphene microtubes, four-way pipe, multi-
channel network and graphene micropatterns via SARA-GO
process. The SARA-GO process allowing the spontaneous reduc-
tion of GO on various conductive surfaces offers a facile but
efficient method for construction of unique graphene assemblies of
practical importance. As exemplified in Fig. 4a&b, the reduction of
GO along a Cu wire will lead to the formation of graphene microtube
(mGT)27,28. The Cu wire will act as the support for aggregation of RGO
network, and meters of mGTs with a diameter depending on the used
Cu wire are collected after Cu etching in aqueous FeCl3/HCl solution
(Fig. 4b, Supplementary Fig. S29–S31). Further, specifically defined
configurations such as spiral tubes (Fig. S32), four-way pipe (Fig. 4c,
Supplementary Fig. S33), and multi-channel network of graphenes
(Fig. 4f, Supplementary Fig. S34) with tunable length and diameter in
large scale can be done readily.

Fig. 4c displays the as-prepared four-way pipe, and the inserts in
Fig. 4c are the SEM images for the four nozzles, indicating the char-
acteristics of hollow interior as the schematic diagram in Fig. 4d.
Similarly, Cu mesh (Fig. 4e), as well as the Fe mesh (Supplemen-
tary Fig. S34), will induce the woven fabric of mGTs (Fig. 4f–h,
Supplementary Fig. S34).

The region-defined patterns of RGO network are also available
through the powerful SARA-GO. As presented in Fig. 4i and
Supplementary Fig. S35, by pressing a Cu grid (200 mm in side
length) on Pt foil and exposing them to the GO suspension, we can
achieve the RGO patterns on Pt foil after removing the Cu grid. The
region-confined 3D graphene network remains well with freeze-
drying (Fig. 4j). Depending on the Cu masks, a variety of specific
patterns on nonconductive substrates can also be designed for vari-
ous applications (Supplementary Fig. S36&37).

SARA-GO for construction of binder-free lithium-ion batteries
(LIBs). Apart from the construction of unique graphene configura-
tions of practical importance mentioned above, the SARA-GO
method enabling the self-organization of 3D graphene network on
various conductive substrates will largely facilitates the fabrication of
graphene electrodes, and thus benefits the device applications.

As one of the important energy storage devices, rechargeable LIBs
have drawn worldwide interest2,3. However, graphite, the most com-
monly used commercial anode material, encounters serious disad-
vantages such as low theoretical specific capacity (372 mAh g21) and
limited rate capability. As a result, great efforts are being devoted to
developing new electrode materials for high performance LIBs.
Graphene is expected to be a good candidate as a high-power and
high-energy electrode material due to its intrinsically superior elec-
trical conductivity, excellent mechanical flexibility, remarkable ther-
mal conductivity, high surface area29,30, and high chemical diffusivity
of Li, ,1027–1026 (cm2 s21)31,32. Herein, the SARA-GO method pro-
vides a straightforward route to assemble graphene network on the
Cu foil in the form of 3D pore-interconnected structure, which can
be directly used as anode electrode in LIBs without need of any

ancillary materials such as binders and conductive additives required
for the conventional LIB fabrication.

The cropped Cu foil (Fig. 5a) was first deposited with RGO net-
work on one side via SARA-GO (Fig. 5b). After slightly washing with
aqueous HCl to remove the Cu oxides, the freeze-dried sample
(Fig. 5c) as anode was directly assembled in a coin battery (Fig. 5d).

As shown in Fig. 5e, the RGO/Cu electrode shows typical cyclic
voltammogram (CV) curves (1 to 5 cycles) of the carbonaceous
anode materials at a scan rate of 0.5 (mV s21). The peak at around
0.8 V can be ascribed to the decomposition of the electrolyte on the
surface of RGO, leading to the formation of the solid electrolyte
interphase (SEI) layer33,34. The CV curves of the second to the fifth
cycle almost overlap, implying an excellent cycling ability of the
RGO/Cu electrode.

Fig. 5f shows the galvanostatic charge/discharge profiles of the
RGO/Cu electrode between 0.01–3 V at a current density of 0.1 A
g21. The initial discharge and charge specific capacities are 2472 and
1605 mAh g21, respectively. The irreversible capacity loss is generally
attributed to the formation of SEI33,34. The RGO/Cu electrode
becomes stable at the ninth cycle with a capacity of 1076 mAh g21,
which is about 2.9 times higher than the theoretical one of graphite
(372 mAh g21).

Fig. 5g shows the cycling performance and the corresponding
coulombic efficiency at a current of 0.3 A g21 after aging at 0.1 A
g21 for 10 cycles. The discharge capacity stabilizes at 725 mAh g21 for
60 cycles, which is about 2 times higher than the theoretical capacity
of graphite, superior to that of many other carbon materials (Table
S3) including carbon nanosprings35, carbon nanocages36, carbon
nanofibers (CNF)37, carbon nanotubes (CNT)38, CNF/CNT39, N-
doped graphene40 and N,S-codoped porous graphene41, as well as
metal oxides of CoMn2O4 microspheres42, and their composites such
as MnO2/CNT43 and Fe3O4/RGO44. At the meanwhile, the coulombic
efficiency of the battery retained at nearly 100% during the cycling,
showing an excellent reversibility. Furthermore, the 3D RGO/Cu-
based battery has also a great rate behavior as tested under variable
rates from 0.1 A g21 to 20 A g21 (Fig. 5h). Even at 20 A g21, the
reversible capacity is still 231 mAh g21, which is closed to the highly
N-doped carbon materials with excellent performance34,45. Remark-
ably, after the high-rate measurements, the specific capacities of the
RGO/Cu electrode almost recover to the initial values cycled at
100 mA g21. A long-term cycling stability has also been carried out
at a high current density of 2 A g21. As shown in Fig. 5i, the anode
material shows stable cycling behavior, and the reversible capacity of
up to about 500 mAh g21 is achieved for 300 cycles, which is still ca.
134% of the theoretical capacity of graphite. On the other hand, the
electrochemical impedance spectra of the RGO/Cu electrode before
and after cycling at 0.3 A g21 for 100 cycles indicate the activated and
improved reaction kinetics upon cycling, and the good contact
between the RGO/Cu electrode and the current collector (Supple-
mentary Fig. S38).

Discussion
As we know, GO can be reduced by strong reduction reagents such as
hydrazine8. However, GO as a strong oxidant is paid the little atten-
tion. In fact, GO has the capability to oxidize Fe21 to Fe31 in despite of
the relatively high redox potential of 10.77 V (vs. standard hydrogen
electrode, SHE) for (Fe21/Fe31)46. Example also includes the oxida-
tion of iodic ions (I-) into neutral iodine (I2) (10.54 V vs. SHE for I-/
I2) by GO suspension47. Therefore, it is reasonable to observe that GO
was reduced by active metals such as Al, Fe, Cu20–22.

By curve fitting analysis of the XPS results (Fig. 2h), we can find
that the hydroxyl, epoxy and carbonyl groups decrease drastically,
while the carboxylic acid groups remain relatively stable. Consi-
dering that the epoxy and hydroxyl groups are the main active oxide
groups of GO for the typical reduction process48,49, and epoxy group
can also convert to hydroxyl group in aqueous acidic solution, we

www.nature.com/scientificreports
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proposed the reaction mechanism via an electron transfer process of
GO with hydroxyl groups as exemplified model in Figure 6. The
hydrions are easy to form the complex with the oxygen-related
groups in GO, which could induce a dehydration process and allow
the positively charged GO system to receive the electrons from the
active metals20–22. Accordingly, metal ions produced by electron-lost
metals could combine the hydroxide (OH-) ions to balance hydrogen
(H1). These metastable metal hydroxides then further performed a

dehydration process to form metal oxides as we have experimentally
observed the formation of such metal oxides as Cu2O (Fig. 2c), ZnO
(Supplementary Fig. S7–S9), and Fe3O4 (Supplementary Fig.
S10&S11) during SARA-GO.

Besides, we also performed the first principle calculation to com-
pare the electron properties of metal surfaces on the basis of the work
functions. The work function is the minimum energy required to
release electrons from the reactive surface, which should give some

Figure 4 | Fabrication of graphene microtubes, four-way pipe, multi-channel network and graphene micropatterns via SARA-GO process. (a and b)

Photograph and SEM image of the graphene microtube produced by SARA-GO on Cu wire. (c) Photograph of a four-way tube with the corresponding

SEM images of the nozzles. (d) The corresponding schematic diagram of (c). (e and f) The Cu mesh and the derived graphene mesh by SARA-GO,

respectively. (g and h) Top and side SEM images of graphene mesh in (f), respectively. (i) Graphene patterns on the Pt foil and (j) the enlarged view of the

marked area in (i). Scale bars: (a, c, e, f). 1 cm; (b), 50 mm; (g), (h), 500 mm; (i), and (c) inset, 100 mm; (j), 1 mm.

www.nature.com/scientificreports
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clues why different metals have the quite different performances for
reducing GO. In our calculation the generalized gradient approxi-
mation with the Perdew-Burke-Ernzerhof functional50 was used, the
basis set contains plane waves up to an energy cutoff of 380 eV and
the structure is relaxed until the force on each atom is less than
0.03 eV/Å in the Vienna ab initio software package (VASP)51,52.

We performed the calculation on several metal slabs of Zn (0001),
Al (111), Cu(111), Pt (111) and Au (111) surfaces with seven layers as
examples using Periodic Boundary Conditions (PBC) (Supplemen-
tary Fig. S39). The work functions of these metals are 4.02 eV,
4.13 eV, 4.73 eV, 5.85 eV and 5.01 eV, respectively. These results
indicate the capacity to lose electrons of the different metals.

Figure 5 | Characterization of the binder-free LIBs. (a) Photograph of the trimmed Cu foil with circular shape. (b) RGO assembled on Cu foil by

SARA-GO. (c) The 3D RGO formed on Cu foil after lyophilization process. (d) The Li coin battery using the Cu foil supported 3D RGO as anode. (e) CVs

of the first five cycles of the RGO/Cu electrode. (f) Charge and discharge voltage profiles for the first, second, ninth, and tenth cycles between 0.01–3.00 V

at a current density of 0.1A g21. (g) Discharge capacity vs. cycle number of the coin battery at a current density of 0.3 A g21 and the corresponding

coulombic efficiency. (h) Rate capability test at various current densities. (i) Cycling performance of the coin battery at a current density of 2 A g21 for 300

cycles. The scale bars in (a–d) are 1 cm.

www.nature.com/scientificreports
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Obviously, the active metals like Zn, Al and Cu are much more active
than Pt and Au for GO reduction in consistent with the experimental
observation. Although the difficulty to directly reduce GO on inert
metals of Pt and Au, the SARA-GO (Figure 1b) developed in this
study provide the solution.

It is also notable that the SARA-GO method will generate the
graphene assemblies with easy in-situ functionalization. As can be
seen in Fig. 2c and Supplementary Fig. S7–S11, the functional com-
ponents such as Cu2O, ZnO and Fe3O4, if not washed away by
aqueous HCl, could be spontaneously attached on the graphene
sheets during the SARA-GO process. Therefore, new functions could
be expected due to these incorporated components. As an example
shown in Supplementary Fig. S40, the as-prepared ZnO-containing
graphene film presents the fast photocurrent response with good
repeatability upon exposure to a daylight lamp (100 W).

In conclusion, a general method of substrate-assisted reduction
and assembly of graphene oxide has been developed for spontaneous
deposition of 3D graphene network on arbitrary conductive sub-
strates without any additional reducing agent. The SARA-GO pro-
cess offers a facile, but efficient approach for constructing a variety of
unique graphene assemblies of practical importance. For examples,
graphene microtubes, four-way pipes, spiral tubes, multi-channel
networks, and micropatterns have been conveniently manufactured
by using Cu or Fe wires and meshes as templates. The SARA-GO
enabling the self-organization of 3D graphene network on various
conductive substrates largely facilitates the fabrication of graphene
electrodes. The binder-free LIBs using spontaneously deposited 3D
graphene network on Cu foil as anode materials have been demon-
strated, which exhibit high capacity, cycling stability and rate per-
formance superior to many other carbon-based materials and metal
oxide composites. The versatile SARD-GO method with significantly
improved processability of graphenes will benefit a variety of appli-
cations beyond those specifically demonstrated in this preliminary
study.

Methods
Synthesis of Graphene Oxide (GO). GO was prepared from natural graphite powder
via acid-oxidation according to a modified Hummers method as mentioned in our
previous papers53,54.

Spontaneous deposition of 3D RGO network on Al, Zn, Fe, Co, Cu foils. Zn, Fe,
Cu, Co and Al foils were exposure to 1 mg/mL GO solution for a certain time (e.g, 1–
12 h) at ambient condition (Supplementary Fig. S1), and RGO was spontaneously
assembled on the metal foils. The metal oxides on RGO were carefully washed away
with over 2 M HCl aqueous solution, followed with deionized water. The
lyophilization was carried out to get the 3D RGO network. All the metal foils were
purchased from Alfa Aesar with a purity of .99.9%. To accelerate the reaction and
prevent the passivation effect due to the coating of the produced nonconductive metal
oxides, a mild temperature of 60uC is also applied on demand.

Spontaneous deposition of RGO network on the surfaces of inert metals of Au, Ag,
Pt and semiconducting Si (N-type). We first deposited a layer of Cu on one sides of
Au, Ag, Pt foils, and Si wafer by vacuum sputtering, which were then exposure to
1 mg/mL GO solution for several hours. Apart from the Cu sides, RGO network was
also spontaneously deposited on the Cu-free sides of Au, Ag, Pt foils and Si wafer. The
alternative method for depositing RGO network on the surface of inert metals and Si

is covering them by Cu foil partly, followed by directly immersing them in 1 mg/mL
GO solution for a certain time.

Spontaneous deposition of RGO network on the surfaces of Au, Ag, Pt
nanostructures. The preparation of Au, Ag, Pt nanostructures with different size
shape on Cu foils were carried out as described in our previous publications26,55.
Briefly, on sides of the Cu foils were contacted with aqueous 0.01 M HAuCl4, 0.02 M
AgNO3, and 0.01 M H2PtCl6 solutions for 1 min, respectively, for the deposition of
the nanostructured Au, Ag or Pt with different sizes and shapes on Cu foils as shown
in Supplementary Fig. S19–S22. Subsequently, Cu foils were washed with HCl
solution and deionized water several times carefully before further experiments. For
the formation of RGO network on the nanostructures, the Cu foils with
nanostructured Au, Ag, Pt were exposed to 1 mg/mL GO solution for 8 h, which were
then washed by HCl solution, deionized water several times, characterized after
lyophilization.

Spontaneous deposition of RGO network on indium-tin oxide (ITO) surface. ITO
glass was half covered with Cu layer by vacuum sputtering, which was then exposed to
1 mg/mL GO solution for 12 h at room temperature (Supplementary Fig. S25).
After that, the ITO was washed with deionized water slightly before lyophilization.
Finally, the remained Cu was removed from the ITO glass carefully, and the region of
RGO on ITO was still transparent due to the short reaction time.

Spontaneous deposition of RGO network on carbon film. We used the carbon
film coated Cu-based TEM grid as an example to demonstrate the effective deposition
of RGO on carbon film. A carbon-coated Cu TEM grid was immersed in the 1 mg/mL
GO solution for 10 h, which was then washed with aqueous HCl and deionized
water, followed by lyophilization before characterization.

Spontaneous deposition of RGO network on graphene film. A two step deposition
of RGO was devised for this purpose (Supplementary Fig. S27&28). The graphene
film supported by Cu was first prepared by exposure of Cu foil to the 0.5 mg/mL
GO solution for 10 h, which was washed with HCl solution and deionized water
several times carefully, followed by naturally drying to form a graphene film on Cu.
This Cu supported graphene film was then immersed in 1 mg/mL GO solution for
10 h for the further deposition of RGO on the preformed graphene film. The
RGO on graphene film could be directly peeled off from the Cu foil or separated from
the Cu foil by 1 M FeCl3 treatment for 0.5 h. Finally, the 3D RGO assembled on
graphene film was collected after washing with deionized water and lyophilization.

Preparation of graphene microtubes (mGTs). The formation of mGTs is
schematically shown in Supplementary Fig. S29. A Cu wire was immersing into 1 mg/
mL GO solution for 10 h to allow the assembly of RGO along the Cu wire. Then the
wet graphene enwrapped Cu wire was taken out from the solution, and densely
packed graphene layer surrounding Cu wire was formed after drying naturally.
Subsequently, mGTs with a diameter depending on the supporting Cu wire were
collected after etching Cu wire in an aqueous 2.5 M FeCl3 solution containing 0.5 M
HCl and thoroughly washing with distilled water. The Cu wire can not only reduce the
GO to RGO, but also act as the support during the drying process. The mGTs with
diameters of ca. 100 (Supplementary Fig. S30) and 40 mm (Fig. 4b) were produced by
choosing the Cu wires with corresponding diameters as supporting core.

The preparation of Y-shaped mGT with spiral structure, four-way pipe and multi-
channel network of graphenes. Based on the formation of mGTs mentioned above,
different configurations of Cu wires (Supplementary Fig. S32&33), and Cu or Fe
meshes (Supplementary Fig. S34) were exposed to the 1 mg/mL GO solution to allow
the formation of Y-shaped mGT with spiral structure, four-way pipe and multi-
channel network of graphenes.

The preparation of RGO pattern on Pt foil. As presented in Supplementary Fig. S35,
by pressing a Cu grid (200 mm in side length) on Pt foil and then exposing them to
the 1 mg/mL GO suspension for 12 h, we can achieve the RGO patterns on
Pt foil after removing the Cu grid. The region-confined 3D graphene network
remains well with freeze-drying (Fig. 4i& j).

Figure 6 | The proposed reaction mechanism. The hydrion forms a complex with the oxide groups (e.g., hydroxyl group) in GO. After the dehydration

process, the positively charged GO gets the electrons from the active metal (M) and the metal is oxidized to M1 ions. Only one electron transfer is

presented in this schematic diagram.
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The preparation of region-defined pattern of RGO on SiO2. Cu islands on SiO2

were first obtained by vacuum sputtering with a Cu grid (400 mm in side length) as
mask (Supplementary Fig. S36), which was then immersed in 1 mg/mL GO for 12 h
to assembly the RGO on the Cu deposited regions. 3D porous RGO patterns on SiO2

ware produced by freeze-drying procedure. The patterns of RGO film were obtained
with naturally drying.

Fabrication of 3D RGO/Cu electrode. Firstly, the trimmed Cu foil with circular
shape was immersed in 1 mg/mL GO solution for 10 h for the spontaneous assembly
of RGO on Cu foil. After slightly washing with aqueous HCl, the sample was freeze-
dried to keep 3D pore-interconnected graphene structure on Cu, which was directly
used as working electrode in LIBs without need of any ancillary materials such as
binders and conductive additives required for the conventional LIB fabrication.

LIB investigation. The as-obtained sample was directly used as working electrode
without any ancillary materials for cell assembly. A lithium foil was used as the
counter electrode and a solution of 1 M LiPF6 in ethylene carbonate (EC)/dimethyl
carbonate (DMC)/diethyl carbonate (DEC) (15151 in volume) was used as
electrolyte. The assembly of the cells was performed in an argon-filled glove box. The
cells were then aged for 8 h before measurement. The cycling tests were charged and
discharged using an LAND CT2001A test station. The impendence spectra were
obtained by applying a sine wave with amplitude of 5 mV over the frequency range
from 100 kHz to 0.01 Hz. The weights of graphenes on Cu foil were determined by
measuring more than 10 parallel samples under the same condition. A mean value
was used in this study.

Characterization. The morphology of the samples was determined by FET TECNAI
F30 high resolution transmission electron microscopy (HR-TEM) at an acceleration
voltage of 200 kV. Field-emission scanning electron microscope (FE-SEM) images
and EDS data of the samples were taken on JSM-7001F SEM unit. X-ray diffraction
(XRD) patterns were obtained by using a Netherlands 1,710 diffractometer with a Cu
Ka irradiation source (l5 1.54 Å), and a self-calibration process was performed with
a SiO2 internal standard sample prior to target measurement. X-ray Photograph
electron spectroscopy (XPS) data were obtained with an ESCALab220i-XL electron
spectrometer from VG Scientific using 300 W AlKa radiation. The base pressure was
about 3 3 1029 mbar. The binding energies were referenced to the C 1 s line at
284.8 eV from adventitious carbon.
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