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Formation of 3D graphene foams on soft
templated metal monoliths+t
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Graphene foams are leading contenders as frameworks for polymer thermosets, filtration/pollution

control and for use as an electrode material in energy storage devices, taking advantage of graphene’s

high electrical conductivity and the porous structure of the foam. Here we demonstrate a simple synthesis
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Introduction

Graphene, a single layer of graphite, has attracted much inter-
est since its discovery in 2004," due to a host of exceptional
properties. These properties include a high mechanical
strength,” high electrical conductivity," high thermal conduc-
tivity,> and large surface area.” Potential graphene applications
include filtration,> hydrogen storage,® catalysis supports,’
solar cells,® batteries,” composites,’® thermal management
devices,"" and supercapacitors.">** Macroporous graphenes,
more specifically monoliths with pores sizes >1 pm, have been
developed towards three principal application areas namely:
electrodes,">'® conducting frameworks for polymer thermo-
sets,'””'® and filtration/pollution control.>'® These appli-
cations all have a shared requirement for easily accessible
pores of the type inherent to macroporous structures. In appli-
cations where electrical conductivity is needed, such as elec-
trode materials, the easily accessible pores and continuous
electrically conducting structure of macroporous graphene can
improve electron transport and electrolyte diffusion compared
to discontinuous powder electrodes.”

Macroporous graphene is most commonly produced from
either the self-assembly of graphene oxide,**>* or from gra-
phene growth on a ‘hard’ porous continuous metal tem-
plate.>*** The popularity of graphene oxide centers on the
cheap and scalable production methods. However, the oxi-
dation and exfoliating processes introduce defects into the gra-
phene structure disrupting the delocalized sp> network,
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of a macroporous 3D graphene material templated from a dextran/metal salt gel, where the metal was
cobalt, nickel, copper, and iron. The gel was annealed to form a metal oxide foam prior to a methane
chemical vapour deposition (CVD). Cobalt metal gels were shown to afford the highest quality material as
determined by electron microscopy (SEM and TEM) and Raman spectroscopy.

adversely affecting its physical and electrical properties and
decreasing its chemical stability.”>*® By contrast, the ‘hard’
template approach typically involves chemical vapor depo-
sition (CVD) onto commercially available nickel foams with an
average pore size in excess of 50 pum.'>'”*”*® The template
CVD graphene produced typically has much higher electrical
conductivity than that of graphene derived from graphite oxide
however, yields are much lower than those found in graphene
oxide self-assembly routes.>® An alternative route to graphene
foams via the sintering of metal oxide particles followed by
CVD has been reported.**' The materials produced, although
low density and high surface area, have relatively low levels of
overall graphitisation. Similarly, the sintering of metal salt
crystals can also be used to produce high density graphene
foams.* Several related routes also exist involving the doping
of aerogels,*® polymer particles,** or xerogels,> with catalytic
metal particles prior to carbonization.

The formation of porous metal frameworks by templating has
long been an area of study for those working in the fields of cata-
lysis, filtration and electrochemistry.***® Such materials can be
produced by a variety of routes involving either soft or hard tem-
plates.*”*® The use of so-called soft templates was first developed
by Mann et al.*® who demonstrated that dextran hydrogels could
be used as sacrificial templates for production of copper oxide
and silver and gold metal monoliths.?® The principle advantages
of soft-templating include the facile, scalable and benign nature
of the chemistry used. In addition, soft-templating can offer a
degree of control over the macrostructure properties including
mechanical strength and pore size.***%*°

Here we demonstrate for the first time the application of
soft-templated metal frameworks for the CVD growth of macro-
porous graphene. The graphene material produced preserved
the original template’s porous structure following removal of
the metal by a simple acid wash. Copper, nickel, iron and
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cobalt templates were investigated giving a copper graphene
foam (CuGF), nickel graphene foam (NiGF), iron graphene
foam (FeGF) and cobalt graphene foam (CoGF). Unlike gra-
phene growth on hard metal foams, the soft-templated metal
framework procedure described herein requires no cleaning of
the metal substrate prior to use, works at atmospheric pressure
and has a low sensitivity to changes in conditions.

Experimental

Materials

Cobalt(u) nitrate hexahydrate (98%), nickel(u) nitrate hexa-
hydrate (98%), copper(u) sulphate pentahydrate (99%), iron (i)
chloride (99%), Triton X-45, and dextran (1500-2800 kDa) were
purchased from Sigma Aldrich and used as received. Argon
(99.998%), hydrogen (99.995%) and methane (99.995%) were
purchased from BOC.

Synthesis of metal salt gel

Gels were prepared according to a procedure outlined by Khan
and Mann.?® Briefly, metal salt (10 g) was dissolved into high
purity water (15 g) to which Triton X-45 (10 g) was added. In a
separate vessel dextran (10 g, 1500-2800 kDa) was mixed with
high purity water (10 g) and then placed on a sample roller for
1 h. The nascent dextran gel and metal salt solutions were
combined and stirred (30 min, 60 °C). The gel was then
allowed to age for 4 days prior to use.*®

Synthesis of metal oxide foam

Metal salt/dextran gel was placed in an alumina boat and
placed inside a quartz furnace tube. The system was heated
inside a Carbolite tube furnace to 600 °C at 5 °C min~" and
held there for two hours.*®

Synthesis of metal foam

Metal oxide foam was placed in an alumina boat inside a
quartz worktube (I.D. = 32 mm, length = 750 mm) inside a Car-
bolite tube furnace. The system was then purged with argon
(48 1 h™") for 30 minutes. Hydrogen (8 sccm) was then added
to the flow and the furnace ramped up to 1000 °C at 20 °C
min~" and held at temperature for two hours. The system was
then allowed to cool under the flow of argon and hydrogen.

CVD on metal oxide foam

Metal oxide foam was placed in an alumina boat inside a
quartz worktube (I.D. = 32 mm, length = 750 mm) inside a Car-
bolite tube furnace. The system was then purged with argon
(48 1 h™") for 30 minutes. Hydrogen (8 sccm) was then added
to the flow and the furnace ramped up to 1000 °C at 20 °C
min~' and held at this temperature for one hour before
methane (5 sccm) was introduced to the flow for 10 minutes.
The methane was then stopped and the furnace was held at
temperature for another 50 minutes. The system was then
allowed to cool under a flow of argon and hydrogen. The
metal/graphene foam was then washed in 6 M hydrochloric
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acid for 19 hours to remove the metal, filtered and dried in a
vacuum oven at 60 °C under a reduced pressure (10" Pa).

Characterization

Raman spectra were collected on a Horiba LabRam Evolution
using a 532 nm laser and a x 50 long working distance objec-
tive lens. The instrument was calibrated against a silicon refer-
ence. Spectra were background corrected and normalized to
the G band using the Horiba Labspec 6 software. Thermo-
gravimetric analysis (TGA) was carried out using a Perkin
Elmer Pyris I. Samples were exposed to air and the temperature
increased from ambient to 1000 °C at 10 °C min~". For scan-
ning electron microscopy (SEM), materials were mounted on a
metal stub with silver paint. SEM images were collected using
a Hitachi SU-70 FEG SEM. Energy dispersive X-ray spectroscopy
(EDX) was taken inside the SU70 SEM and collected using an
Oxford Instruments EDX system (INCA x-act LN,-free analytical
Silicon Drift Detector), and the data analysis was performed on
the proprietary INCA software. For transmission electron
microscopy (TEM), samples were prepared by bath sonicating
monoliths in N-methylpyrolidone (NMP) for 15 minutes to form a
dispersion with a nominal concentration of 0.1 mg mL~". The
sample was then deposited onto a lacey carbon TEM grid (Agar
Scientific) by drop casting (20 pL). Samples were then allowed
to dry overnight prior to imaging. Imaging was carried out on
a JEOL 2100F FEG TEM. Powder X-ray diffraction (PXRD) was
recorded on a Bruker AXS d8 Advance X-ray powder diffracto-
meter operated at 40 kV and 40 mA, using a Mo Ko, , X-ray
source (4 = 0.7093 A). Samples were loaded into a glass capil-
lary for analysis. Sheet resistance was measured using a Keith-
ley 2602 Source Measure Unit (SMU) and a Guardian SRM-232
SP4-62.5-45-TC-FH R = 10 MIL 4-point, in-line probe head.
Samples were dispersed in NMP (1 mg mL™") by sonication
and then made into thin films by vacuum filtration onto poly-
carbonate membranes (0.45 pm, Millipore). Film thickness
was measured using a Phillips FEI XL30 SEM after a coating in
gold using an Edwards Scancoat 6 sputter coater. Brunauer-
Emmett-Teller (BET) surface area measurements were taken
using a Micromeritics ASAP 2020 nitrogen porosimeter.
Samples were dried on the instrument at 300 °C until press-
ures of <10 mmHg were achieved and held for 2 h. BET surface
areas were measured by nitrogen adsorption at 77 K using 1/2
inch glassware fitted with a filler rod, sealed frit and iso-
thermal jacket.

Results and discussion

Dextran has been shown to be an efficient template to form
metal oxide foams. The pore size, while still macroporous
(>50 nm diameter) is an order of magnitude lower than com-
mercial nickel foams which have been used to grow gra-
phene.’” The process involves the annealing of a dextran
hydrogel containing metal salt in air (Fig. 1) in order to both
dehydrate the gel and subsequently burn off the dextran.
During this process the metal salt is oxidized and forms a con-

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Schematic of the synthesis of metal graphene foams.

tinuous metal oxide monolith (Fig. 1). This process has been
used to produce copper oxide, gold and silver monoliths.*®
Here we have extended this process to include metal oxide
monolithic foams of cobalt, iron and nickel that are more
suited to carbon growth through CVD. An example of a cobalt
oxide foam obtained by heating a cobalt salt/dextran gel to
600 °C in air can be seen in Fig. 2(A). The representative SEM
image of the cobalt oxide foam shows the macroporous nature
of the material. Further, these metal oxide monoliths, includ-
ing copper oxide, can easily be reduced to the elemental metal
by simply annealing in hydrogen gas. An example cobalt metal
foam is shown in Fig. 2(B). The metal foam was produced by
heating the cobalt oxide to 1000 °C under argon and hydrogen.
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The macroporosity of the foam is retained upon reduction and
grain boundaries are now also clearly visible in the polycrystal-
line metal structure.

The reduced metal oxide foam, where the metal is iron,
copper, nickel or cobalt, can be used as a template to grow gra-
phene on the surface by methane CVD. For simplicity, the
reduction and CVD can be combined into a single step. A sche-
matic of the synthesis is shown in Fig. 1. Firstly, the metal
oxide is reduced using flowing hydrogen in argon at 1000 °C
and then methane is slowly introduced to act as the carbon
source.

In the case of the metals nickel and iron; carbon from the
methane precursor is thought to dissolve into the metal,

Fig. 2 SEM (SE) images (A) showing the cobalt oxide foam, image taken at 10 kV with scale bar 100 pm, and (B) showing the cobalt metal foam
obtained from cobalt oxide reduced at 1000 °C in the presence of hydrogen. Image taken at 8 kV with scale bar 20 ym.

This journal is © The Royal Society of Chemistry 2016
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forming a solid solution, and then precipitate upon cooling.*!
Graphene has been shown to form this way with nickel,*!
and the same mechanism is thought to apply to cobalt
due to the similar solubility of carbon in both nickel and
cobalt.*?

Representative Raman spectra for graphene grown on
copper foam (CuGF), nickel foam (NiGF), iron foam (FeGF)
and cobalt foam (CoGF) are shown in Fig. 3. Interestingly, very
different spectra were obtained for each metal. All spectra
contain the characteristic peaks for graphitic material with a G
band at 1577 cm™" and a 2D band at 2695 cm™'.** The CuGF
material exhibits an additional peak at 1346 cm™", assigned to
the D band, which is presumably present due to nanocrystal-
line domain sizes."* Using the equation L,(nm) = (2.4 x
107'9)2*(Ip/Ig) ", where L, is average crystallite size, 1 is laser
excitation wavelength and Ip/I; the ratio of intensities of the D
and G band,*® the average crystallite size of the graphene on
the copper foam was found to be 42.5 nm (SD = 8.4), averaged
over 307 spectra. A frequency histogram of I/l for CuGF can
be found in the ESI (Fig. S1}). The D-band is absent in NiGF,
FeGF and CoGF indicating that the carbon material formed is
more crystalline. This is probably due to the different mechan-
ism operating for copper mediated carbon growth. On copper,
carbon adsorbs onto the metal surface and then joins together
to form the sp> framework.’® As this is a surface related
mechanism, it is more sensitive to defects and curvature in the
metal template. Although, copper is often the metal of choice
for controlled graphene growth on flat metal surfaces, such
substrates tend to be highly polished.”” The formation of
highly defective graphene/graphitic material is likely to be as a
consequence of the surface roughness and poor crystallinity of
the underlying 3-D copper catalyst monoliths generated in situ
prior to carbon growth.

In graphene the 2D band, a second-order overtone of the
in-plane vibration, D, can be particularly informative. It has

2D band
G band
|
D band | Cobalt
J A Nickel
| e e PP S R
Copper
Py
P L WL phinreninaiir i e
1700 2200 2700

Wavenumber cm™

Fig. 3 Raman spectra of graphene derived from four different metals.
Blue shows the cobalt graphene foam (CoGF), red the nickel graphene
foam (NiGF), green the copper graphene foam (CuGF) and purple the
iron graphene foam (FeGF). Spectra are normalized with respect to the
G band.
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been shown that for CVD graphene there is a correlation
between the ratio of the intensities of the G and the 2D band
(Io/Lyp) and graphene layer number.>****° The I/, ratio for
CoGF, NiGF, FeGF and CuGF are 0.5, 2.1, 2.9 and 2.5 respect-
ively suggesting that the cobalt derived graphene is 1-3 layers
thick whereas the nickel, iron and copper derived graphene is
>3 layers.”* Growth of the graphene foams on the cobalt mono-
liths consistently gave fewer-layer graphene and will be the
focus herein.

Extensive Raman analysis reveals that the macroporous gra-
phene foam grown on cobalt contains regions of 1-3 layer gra-
phene and regions of >3 layers. This was determined from
both the I5/I,;, ratio and the full width half maximum
(FWHM) of the 2D peak. A scatter plot of I;/L,, against 2D
FWHM, representing 288 individual spectra, is shown in Fig. 4
along with representative spectra. 1-3 layer material was
identified with Is/L,, of 0.5 and 2D FWHM of 30 cm™*
and multilayer material with a typical Ig/I,p of 2.2 and 2D
FWHM of 92 cm™'. These values are in agreement with
reported values 1-3 and >3 layer CVD grown graphene.** The
non-uniform graphene thickness is attributed to the preferen-
tial precipitation of carbon at grain boundaries on the metal
template resulting in thicker graphene regions.>®

Further evidence of the different graphene thickness in
CoGF is shown in Fig. 5. Fig. 5(A) shows an SEM image of the

<
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8 30 o; T 4 ‘e .
<O 3 o .
o~ 4 $ 30 .
= 1-3layer o .:;rgf' ;E" Se
Steesy’ gtdiet tato et
PIPCTR00 b pE 202904
R L .
.eagst multi-layer
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> 3 Layers Jfk VAN
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Fig. 4 Top: Scatter plot of Ig/l5p ratio vs. FWHM for CoGF showing the
mixture of 1-3 layer graphene (blue region) and multi-layer graphene
(orange region). Bottom: Individual Raman spectra of two commonly
occurring regions in the cobalt derived graphene (CoGF), 1-3 layers
(blue) and >3 layers (orange). Positions in the scatter plot are marked
with blue and orange diamonds respectively.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 (A) SEM image of the cobalt graphene foam (CoGF) pre-acid wash and (B) carbon intensity EDX map showing regions of high carbon signal
(red) and low carbon signal (green). Scale bars are 10 pm and images taken at 15 kV in SE mode.

CoGF before an acid wash while Fig. 5(B) shows an EDX map
of carbon across the same area. The EDX map of the carbon
signal intensity across the region shows areas of both low
(green) and high (red) carbon intensity. These distinct regions

are attributed to areas of 1-3 layer graphene (green) and >3
layer graphene (red). Comparing Fig. 5(A) with Fig. 2, it can be
seen that the macroporosity of the template is retained upon
graphene growth.

Fig. 6 (A)—(D) SEM (SE) images of the cobalt graphene foam (CoGF) after HCl wash. Scale bars are 50 ym, 30 pm, 1 pm and 500 nm respectively

and images taken at 15 kV, 5 kV, 5 kV and 15 kV respectively.

This journal is © The Royal Society of Chemistry 2016
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The metal can be readily removed from the material, by a
simple acid wash, leaving a self supporting macroporous gra-
phene material, Fig. 6. BET surface area measurements of the
3D graphene foam grown on cobalt gave values between 60
and 105 m” g~'. EDX data (Fig. S21), averaged across the entire
image in Fig. 6A confirms that most of the cobalt has been
removed from the graphene foam during the washing process.
Cobalt peaks are expected at approximately 0.77 keV. This is
confirmed by TGA (Fig. S41) where under 7% by mass remains
after heating to 1000 °C in air, which is attributed to cobalt

Fig. 7

e
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oxide. Fig. 6(C) and (D) show numerous graphene sheets on
top of each other and that the graphene material is very sheet
like while (C) shows that the sheets are wrinkled. Wrinkles are
thought to be present due to the difference in thermal expan-
sion coefficients of the cobalt and the graphene.’® The high
level of transparency observed for the graphene material in the
SEM images suggests that the sheets are very thin.

To gain further information on the graphene sheets
making up the macroporous structure, COGF was bath soni-
cated in N-methylpyrolidone to break up the monolithic struc-

Frequency
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(A) Low magnification TEM image of graphene sheets from the cobalt graphene foam (CoGF). (B) HRTEM image of a single graphene sheet.

(C) HRTEM image of a multi-layer graphitic sheet. (D) Histogram of the number of layers observed for the graphene in the TEM across 107 images.
(E) TEM image of graphene and the region where the SAED pattern was taken. (F) SAED from region shown in (E) and intensity profile inset.
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ture. TEM images of the graphene sheets, shown in Fig. 7,
were found to be thin and entirely graphene like with no other
carbon based structures present. In agreement with the
Raman and SEM data, the graphene sheets were observed to
be single (Fig. 7B) and multi-layered (Fig. 7(C)). Fig. 7(D)
shows a frequency histogram of the distribution of single- few-
and multi-layer sheets observed in the TEM. The normal-inci-
dence selected area electron diffraction (SAED) pattern
(Fig. 7(F) inset) taken from marked region in Fig. 7(E) shows
the typical six-fold symmetry for graphene with reflections, at
0.212, 0.123 nm which correspond to the (0110) and (1210)
indices respectively.’> The multiple hexagonal patterns present
suggest a number of graphene sheets are lying on top of each
other. Three sets of spots are clearly visible in the diffraction
pattern indicating three layers stacked on top of each other,
the offset of the spots relative to the most intense shows that
the second and third sheets are rotated approximately 5° and
7° respectively. The intensity of the dominant reflections can
be used to provide information on any stacking that may be
present. Previous studies have shown that for few-layer
graphene and graphite with Bernal (AB) stacking the intensity
ratio of [{1100}/K2110} is <1, whereas monolayer graphene
[1100}/2110} is >1.>>>* The intensity profile (Fig. 7(F) inset)
shows that the intensity of the (0110) and (1010) are signifi-
cantly greater than (1210) and (2110), indicating monolayer
graphene.>

Conclusion

Macroporous graphene foams were synthesized using a simple
soft-template procedure, for the first time, starting from a
dextran gel mixed with metal salt followed by methane CVD.
In the case of iron and nickel, the macroporous foams were
made up of few-layer (>3) graphene/graphite. When copper
was used the few-layer graphene/graphite was found to be
more defective with a large D band present in the Raman spec-
trum. However, when the metal was cobalt, the macroporous
graphene contained thin graphene sheets of 1-3 layers as well
as regions of thicker graphene sheets (>3 layers). The presence
of the thicker regions are thought to help structurally support
the 3D foam monolith.
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