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ABSTRACT: Inorganic porous materials have found a great
many applications in fields such as filtration, catalysis, and so
forth. However, most of these materials have been prepared
using complicated template and foaming methods and
furthermore in many cases suffer from low electrical and
thermal conductivity. Herein, we developed a universal and
simple method for the synthesis of dual network reduced
graphene oxide—ceramic/metal foam materials from commercial
powders directly with graphene oxide as a 2D dispersant
following a two-step process (solvothermal and partial |
sintering). This approach leads to the formation of a three- E-"%&@a&a b
dimensional and interpenetrating dual network of both reduced |’ i
graphene oxide and inorganic material. Importantly, this method
not only is rather scalable but can also be applied universally for various ceramic materials, such as Al,O; and TiO,, and even
metals such as Al and Cu. Furthermore, the material’s porosity can be controlled by varying sintering temperatures and using
different sizes of starting materials, ranging from several nanometers to a dozen micrometers. Because of the dual network
architecture of both reduced graphene oxide and inorganic components, these materials exhibit multiple functions such as high
porosity, improved electrical conductivity, and so forth. These results thus offer a general platform from various commercial
inorganic powder materials directly for preparing porous but mechanically stable bulk materials, which are in high demand for
catalysis, filtration, conductive ceramic, and porous electrode materials.

Graphene oxide

©  Inorganic particles :

Dual network foam

B INTRODUCTION Graphene sheets possess extraordinary conductivity, flexi-
bility, and strength and have previously been used to prepare
various composites with SiOz,11 A1203,12 copper,13 gold,14 and
other inorganic materials for the applications in catalysis,
supercapacitors, lithium-ion batteries, and other fields.'>~
But in these works, most of the aforementioned bulk

and functions. Currently, most of the processes can be divided composite materials are powders with randomly dispersed
into four types, including (i) partial sintering, (i) direct and individually isolated graphene sheets, so the excellent
foaming, (iii) replica templates, and (iv) sacrificial fugitives.5'6 characteristics of graphene cannot be utilized completely. If
Recently, blow-spinning,” freeze-drying,® and three-dimen- graphene could be used to form a 3D and cross-linked
sional (3D) printing techniques’ have also been developed. framework, the obtained bulk material could exhibit the

Porous materials have been used for a wide variety of
applications ranging from electrodes, catalyst support,
absorption, and artificial skeletons to low-density structural
materials.'~* Thus, tremendous efforts have been devoted to
the preparation of porous materials with controlled structure

In the fabrication process of such porous materials, sacrificial multiple functions derived from graphene, such as improved
components including foaming agents, template, and pore electronic conductivity. 3D graphene neztzwggk materials have
formers are necessary in most cases and need to be removed been prepared by template or assembly™™ ™" in recent years.
during or after sintering, leading to waste and pollution. Partial Previously, we have developed a method for the preparation of
sintering is a conventional approach for the fabrication of 3D chemical cross-linked graphene sponges showing super-
porous ceramic and metal materials'® without any sacrificial elasticity®® using a simple solvothermal process’” and found
agent. Nevertheless, the materials produced with this approach

often have low porosity, and low conductivity in the case of Received: September 25, 2018
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Figure 1. lllustration of the preparation of dual network reduced graphene oxide—inorganic foam materials: alumina as an example. (a) Photograph
of AL,O; particles dispersed in GO (1 mg mL™', 1 wt %) aqueous solution. (b) Columnar composite of 3DG network wrapping AL O; particles
after the solvothermal process. (c) The foam composite with dual network of rGO and AlL,O; after drying and sintering. The scale bars are 1 cm.

possible agglications in microwave absorption,”® oil/water powders could also be dispersed homogeneously in GO
separation,”” and water desalination.”® Applying this idea to solution. More surprisingly, a stable dispersion could be
ceramic/metal materials, we propose a simple and scalable obtained with a rather low GO content (<1 wt % of all the
strategy combining a solvothermal approach and partial solid components) for various inorganic materials with various
sintering for the preparation of dual network graphene— grain sizes, especially for the micrometer-sized powders. For
inorganic foam materials (DNGIF) with tunable porosity and example, Figure Sla demonstrates the stability of Al,O,
other properties in the present work. In this dual network foam (particle size 200 nm in average diameter) dispersion in
material, the inorganic network acts as a skeleton to strengthen water with only 1 wt % GO after 24 h standing compared with
the structure, and the reduced graphene oxide (rGO) network the rather low stability of the dispersion without GO. For
confines inorganic particles and offers the composite multiple metal materials, taking copper powders as an example, similar
functions, such as structural integrity and stability, and behavior was also observed (Figure S2). The stability of the
increased electrical conductivity for ceramic skeleton. Most dispersion with GO may come from the strong interaction of
importantly, for the first time, our approach offers a universal GO sheets with the inorganic particles due to amphipathic
but simple powder metallurgy method which could be applied characteristic caused by functional groups of OH/COOH and
for various metals, such as aluminum, copper, and ceramic aromatic rings in GO sheets.”> These multifunctional

particles such as Al,O; and TiO,, with grain size widely tunable

‘ ) interactions may also cause the wrapping and confinement of
ranging from several nanometers to a dozen micrometers.

the inorganic particles by GO sheets to prevent aggregation, as
shown in Figure S1b,c. And for this method, large lamellar GO
B RESULTS AND DISCUSSION sheets (with average diameter of about 10 ym, but including
some sheets over 30 ym, as shown in Figure S3) were chosen
to stabilize nanometer- and micrometer-sized powders.

After obtaining a homogeneous dispersion, we prepared
DNGIF materials via the solvothermal self-assembly procedure

Figure 1 illustrates the typical fabrication process. In brief,
commercial inorganic particles without any treatment were
used directly and dispersed in a solution of graphene oxide as a
2D dispersant. After solvothermal treatment, the 3D cross-

linked rGO network was obtained, and it wrapped and and sintering (details in the Experimental Section and
confined particles like a cage leading to a stable and Supporting Information). There are many OH, COOH, and
homogeneous bulk structure. The final product DNGIF was epoxy groups located on GO sheets, and during the
obtained by drying and sintering at a temperature lower than solvothermal treatment, superheated H,O promotes acid-
the melting point of inorganic materials applied. catalyzed reaction of those organic functional groups because
For the fabrication of DNGIF, one of the prerequisites is to of high H* concentration. These functional groups are
obtain a homogeneous dispersion of these ceramic/metal expected to covalently interconnect the sheets, thereby
particles. It has been previously reported that the amphiphilic forming 3D reduced graphene oxide (3DG) network.””** At
character of graphene oxide (GO) allows it to function as a the same time, the inorganic particles absorbed and anchored
two-dimensional surfactant to create organic solvent droplets on the rGO sheets in the 3DG network. After completely
stable in water.”’ Furthermore, carbon nanotubes and removing the solvent by air drying, the interaction between
polyaniline powders®* can also be dispersed well by GO. In particles increases due to the capillary force™ in the
this work, we found that metal, metal oxide, and ceramic architecture, like the formation of a sandcastle.’® Then the
8369 DOI: 10.1021/acs.chemmater.8b04081
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Figure 2. (3, b) SEM images of GO-1-Al,05-1300 indicating the dual network of rGO and aluminia. (c) Raman spectra of the single graphene
network and the sample GO-1-SiO,-1200 indicating there is no observed difference for the 3DG network after removing the inorganic components.
GO-1-Si0,-1200 (d) is etched by hydrofluoric acid solution to get three-dimensional intercrossed graphene network (e). (f) SEM images of
residual three-dimensional graphene network after etching. The sample GO-2-Cu-800 (g) is etched by FeCly aqueous solution to get three-
dimensional intercrossed graphene network (h). (i) SEM images of three-dimensional graphene network left after etching. Another sample GO-1-
$i0,-1200 (j) is annealed at 800 °C for 2 h in air to get inorganic network (k). (1) SEM images of SiO, network left after annealing in air.

free-standing porous green body was produced with volume
shrinkage. Finally, partial sintering was carried out to
strengthen the inorganic network and further reduce graphene
oxide, leading to the formation of DNGIF materials. For
example, GO-1-AL,05-1300 (original graphene oxide is 1 wt %
of the total solid content and sintered at 1300 °C for 4 h in
argon forming Al,O;-based DNGIF) with high porosity (65%)
was obtained, and a clear Al,0;-rGO dual network structure
could be observed as shown by the scanning electron
microscopic (SEM) images in Figure 2a,b.

The dual framework structure of DNGIF materials is further
proved by removing the inorganic or rGO single network.
Figure 2d shows the optical photograph of GO-1-SiO,-1200
prepared in the same way (Supporting Information). After
being etched in hydrofluoric acid solution (10%) for S days to
remove SiO, completely, followed by a freeze-drying process, a
free-standing bulk graphene sponge was left as shown in Figure
2e. The SEM image demonstrated that graphene sheets existed
as 3D cross-linked network with micrometer-sized porous
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channels in the matrix (Figure 2f), and the XRD spectrum of
left graphene network shows that there is only a broad peak at
about 24°, indicating relatively poorer ordering of graphene
sheets compared with that (Figure S4) of GO directly but
similar as that of 3DG prepared directly from GO without
other components.”® For metal-based DNGIF materials, a
similar graphene sponge with structural integrity was left after
etching a GO-2-Cu-800 sample in FeCl; aqueous solution as
shown in Figure 3g—i. Importantly, there is no observed
difference for the 3DG network after removing the inorganic
components as demonstrated in Raman spectra (Figure 2c).
Also, the inorganic component network could also be kept
after removing the graphene by annealing in air. For example,
after annealing GO-1-Si0,-1200 sample at 800 °C for 2 h in
air, the entire SiO, network was still kept as shown in Figure
2j—1 without any difference compared with the product GO-1-
Si0,-1200. The XRD spectrum of SiO, and the composite
GO-1-5i0,-1200 both show main peaks at 21.6°, indicating the
crystal face (—4 0 4) of tridymite (PDF #18-1170, Figure S4).
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Figure 3. (a) Porosity of GO-1-Al,05-1300 prepared from starting materials with different grain sizes. (b) Compression strength and porosity of
GO-0.5-AL,0; sintered at different temperatures from 1000 to 1600 °C. (c) Compression strength and modulus vs density of GO-0.5-AL,0,
sintered at different temperatures from 1000 to 1600 °C. (d) Porosity of Al,O;-based DNGIF with different original GO contents sintered at 1300
°C for 4 h. (e) Compression strength and conductivity of Al,0;-based DNGIF with different original GO content sintered at 1300 °C for 4 h. (f) A
comparison of the specific conductivity and enhancer C content for this work and the literature data.

These results indicate that a dual network of both rGO and
inorganic materials exists in the products.

In addition, the porosity of DNGIF materials can be tuned
by varying the size of the starting materials, sintering
temperature, and GO content. Commercial alumina powders
with the grain size of 3 nm, 200 nm, 1250 mesh, 800 mesh, and
600 mesh were utilized directly for the preparation of DNGIF
materials (Figures SS and S6). As shown in Figure 3a, the
porosity of GO-1-Al,03-1300 samples decreases with increased
grain size of starting powders. Powders with larger grain size by
nature have higher compactness, leading to lower porosity after
sintering in the same temperature than small particles. The
sintering temperature also can control the porosity of the
composites. When the samples GO-0.5-Al,O; were sintered at
different temperatures ranging from 1000 to 1600 °C, the
porosity could be tuned between 67.4% and 29.8% and the
density increased from 1.3 to 2.9 g cm™>. At the same time, the
compression strength increased from 4 to 166 MPa and the
modulus increased from 98 to 5273 MPa as the sintering
temperature was elevated (Figure 3b,c). In addition, the grain
size grows from 0.3 to 2.5 pm when raising the sintering
temperature from 1200 to 1600 °C because of the intrinsic
grain coarsening of alumina (Figure S7). Additionally, the
structure of graphene sheets is repaired better with the
increased temperature, as demonstrated by the decrease of the
intensity ratio of Raman D to G bands (Ip/I;) from 1.60 to
0.58 (Figure S8a). Moreover, different GO contents can also
change the porosity of DNGIF materials. These results indicate
that with increasing GO loading, the porosity of the products
could be increased due to graphene sheets better wrapping on
the inorganic particles to prevent the particles from sintering
and coarsening, as shown in Figure 3d. Similar works for
different grain sizes and temperatures can also be applied to
other materials such as Cu, TiO,, and so forth, and similar
results are obtained (Tables S1 and S2).

8371

3D cross-linked rGO networks endow inorganic matrixes
more functions, such as improved electrical and thermal
conductivity in ceramic base porous composites. Figure 3e
shows the compression strength and conductivity of Al,O;-
based DNGIF with different original GO loadings from 0.5 to
S wt % sintered at 1300 °C. The generated 3DG in the
products acts as an electrically conducting network, and the
composites show orders of increased electrical conductivity in
the range of 7.0 S m™" for GO-0.5-AL,05-1300 and 11.7 S m™*
for GO-1-Al,0;-1300 compared to the insulation nature
(conductivity <107 S m™) of the materials without
graphene. As can be expected, a higher original graphene
oxide content leads to higher conductivity in the Al,O;-based
DNGIF, reaching to 194.6 S m™" for GO-5-Al,0;-1300. While
the density, compression strength, and modulus decrease when
GO loading increases as expected, the porosity and
conductivity of the products increase (Figure S9). Carbon
materials have been widely used to increase the conductivity of
ceramic matrix.”” —>" As shown in Figure 3f, we compared the
specific conductivity and carbon content of Al,Oj-based
DNGIF in our work with related reported results of Al,O;
and carbon composites. The Al,0;-based DNGIF we prepared
clearly has a higher specific conductivity in the same carbon
content compared with previous works. In particular, the
specific conductivity of the sample GO-0.5-Al,03-1300 reaches
to 446 S m™'/(g cm™) with only 0.17 wt % carbon amount
(carbon amount was confirmed from thermogravimetry
analysis and elemental analysis, Figure S10 and Table S3).
Unlike most of the composites where graphene or other
carbon materials are randomly dispersed in the matrix,
DNGIF’s three-dimensional cross-linked rGO network is
more efficient in utilizing graphene for bulk materials, which
can make a dramatic increase of electrical conductivity for the
ceramic matrix. Additionally, we observed about 16% increase
in thermal conductivity for GO-1-Al,05-1300 compared to the
comparison sample without graphene (Figure S11).
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Table 1. Properties of Various DNGIF Materials

sample porosity (%) density (g cm™) compression strength (MPa)
GO-I—A1203—1300 65.0 1.4 11.9
GO-1-TiO,-1000 41.3 2.5 20.9
GO-1-5i0,-1200 34.8 1.4 8.4
GO-2-HA-1000 61.0 1.2 4.4
GO-2-Al-650 64.0 1.0 0.4
GO-2-Fe-900 58.7 3.2 2.1
GO-2-Cu-800 50.7 4.3 1.1

conductivity (S m™) modulus (MPa) specific modulus (10° m* s72)

11.7 462.5 330.4
463.9 1034.6 412.8
39.0 591.2 422.3
0.1 164.7 137.2
1.8 x 10* 159 15.9
4.4 x 10* 82.8 25.9
5.4 x 10* 13.8 32

To identify the universality of this novel powder metallurgy
method, we proceeded with further experiments using more
ceramic powder materials, such as TiO, (particle size 40 nm),
SiO, (2 um), hydroxyapatite (HA, 30 nm), and metal powders,
like Cu (0.45 um), Fe (~2 um), and Al (~1 um) as the raw
powders, and the fabrication process was similar as described
above as shown in the Supporting Information. Furthermore,
this method can be used in different solvent systems as needed
because GO sheets can form stable suspension in various
solvents, such as water and alcohol, while still maintaining
excellent flexibility and strength to wrap and immobilize the
inorganic particles. For ceramic powders, the most common
and cheapest water was chosen in this work, but for metal
powders like copper and aluminum, N,N-dimethylformamide
(DMF) was chosen because of its aprotic property and its
inactivity to metals. After solvothermal and sintering processes,
different DNGIF materials were prepared successfully in a
cylindrical shape with obvious inorganic—rGO dual network
structure as illustrated in Figure S12. These DNGIF materials
maintain high porosity with decent compression strength and
modulus but dramatically increased conductivity for ceramic
matrix as shown in Table 1. The BET surface area data of these
DNGIF materials were reported in Figure S13 and Table S4,
showing that the surface area of composites increased because
of the existence of rGO for the submicro- and micropowders.
Furthermore, XRD and X-ray photoelectron spectroscopy
(Figures S8b and S14—S16) of the DNGIF materials at every
fabrication stage indicate that the composition and homoge-
neity was kept in solvothermal and sintering process. The
results showed that the inorganic materials were stable during
the whole preparation procedure. In particular, active metals,
like aluminum and iron particles, were not oxidized owing to
the use of aprotic solvent and the coating of rGO. In addition,
different raw powders of various grain size also could be used
to fabricate DNGIF materials with different porosity and
strength (Figure 3a and Table S1). In summary, the strategy
we reported in this work is versatile for different inorganic
particles, including metal and ceramic particles with various
grain sizes from several nanometers to a dozen micrometers.

B CONCLUSIONS

In conclusion, we have demonstrated a novel and simple
fabrication strategy for the synthesis of dual network reduced
graphene oxide—ceramic/metal foam materials from homoge-
neously dispersed powders in a graphene oxide solution. This
offers a new method for powder metallurgy techniques,
combining a solvothermal approach and partial sintering
(Figure 4a). In these novel porous materials, the inorganic
network strengthens the whole architecture, while the 3D
cross-linked rGO network contributes the previously men-
tioned effects: (i) locking inorganic particles in place by
forming cages around them, producing a definite shape during
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Figure 4. (a) Schematic diagram of the forming process of dual
network rGO—inorganic foam materials. (b) The roles of single rGO
network and inorganic network. 3DG network makes inorganic
powders to form bulk materials and endows the composites functions
while inorganic network strengthens the whole structure.

the solvothermal self-assembly process; (ii) ensuring porosity
by preventing excessive compacting and grain coarsening
during the partial sintering process; and (iii) endowing the
inorganic materials with more functions, such as improved
electrical and thermal conductivity in the ceramic-based
composites with low carbon content (Figure 4b). The porosity,
conductivity, and strength of DNGIF materials can also be
tuned by controlling the GO content, sintering temperature,
and grain size of the raw powders. Most importantly, this
strategy is universal for not only ceramic powders, like Al,O;
and TiO,, but also metal powders, like aluminum and iron, in a
wide grain size ranging from several nanometers to a dozen
micrometers. Thus, these DNGIF materials might be well
suited for scalable fabrication and have potential application in
catalyst, filtration, conductive ceramic, and porous electrode.

B EXPERIMENTAL SECTION

Materials. Al,O; particles (0.2 ym, Lot C10050432), TiO,
particles (40 nm, Lot C10072686), SiO, powders (2 um, Lot
C10002052), hydroxyapatite (30 nm, Lot C1007214S5), and Cu
powders (0.45 pm, Lot C10081930) were purchased from Macklin
Reagent Co. Al powder (~1 ym, Lot D1811025) was purchased from
Aladdin Reagent Co. Fe (~2 pum) were purchased from Xindun alloy
Co. SEM images of these original inorganic powders were shown in
Figure S17. All reagents were used as received without further
purification and modification.

Synthesis of DNGIF. Graphene oxide (GO) was synthesized
using a modified Hummers’ method,** and the procedure is described
in detail in the Supporting Information. In the precursor dispersion,
the concentration of GO is from 1 to 2 mg mL™" with the original GO
content from 0.5 to S wt %. In this report, the concentration of GO is
1 mg mL™' for ceramic particles, which is enough to obtain
homogeneous dispersion. For some metal powders with higher
densities, like copper and iron, we need to elevate the concentration
of GO, and 2 mg mL™" is appropriate in this work. The fabrication of
GO-1-AL,0;-1300 as a typical example, 5.94 g of Al,O; particles (0.2
um, 99 wt %) was added into GO aqueous solution (1 mg mL™", 60

DOI: 10.1021/acs.chemmater.8b04081
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mL, 1 wt %) in a beaker under strong agitation for S h. Then a little
sulfuric acid (60 yL) was added for more stable dispersion. After that,
the dispersion was poured into a Teflon-lined autoclave (100 mL) for
a solvothermal process at 180 °C for 12 h. Then the porous product
was transferred to a beaker and washed with water several times. After
being dried at 60 °C for 24 h in air, the sample was annealed at 1300
°C for 4 h in an argon atmosphere to obtain GO-1-Al,05-1300. For
metal-based DNGIF, taking GO-2-Cu-800 as an example, 5.88 g of
Cu particles (0.45 pm, 98 wt %) was added into GO DMF solution (2
mg mL™}, 60 mL, 2 wt %) under strong agitation for 5 h. Then the
dispersion was poured into a Teflon-lined autoclave (100 mL) for a
solvothermal process at 180 °C for 12 h. After being dried at 60 °C
for 36 h in air, the sample was annealed at 800 °C for 2 h in an argon
atmosphere.

Characterizations. The compression strength of DNGIF
materials (cut into S mm X S mm X S mm cube by diamond saw)
was tested on an MTS CMT4204 universal testing machine at a
loading rate of 0.5 mm min~". The electrical conductivity of DNGIF
materials (cut into about ¢ 16 X 2 mm” cylinder by a diamond saw)
was tested by the four-point probe method with a Keithley 2450
digital source meter, and three or four pieces of each sample were
tested and average results reported. The thermal conductivity of
samples (cut into ¢ 12.5 X 2.5 mm” cylinder by a diamond saw) was
tested on a Netzsch LFA 457 laser thermal conducting instrument,
and the average values were reported. The measurement of porosity
was described in detail in the Supporting Information. XRD was
carried out on a Rigaku Ultima IV X-ray diffractometer with Cu Ka
radiation (4 = 0.15418 nm) at a scanning speed of 20 deg min™".
Raman spectra were examined with a Renishaw inVia Raman
spectrometer using laser excitation at 514.5 nm. SEM images were
recorded using a Phenom Pro scanning electron microscope.
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