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ABSTRACT: We demonstrate a facile new and environ-
mentally friendly strategy to fabricate monolithic macroporous
gold (MPG) films using graphene sheets as a sacrificial
template. Gold nanoparticle (AuNP) decorated graphene sheets
were prepared by a one-pot simultaneous reduction of graphene
oxide (GO) and gold precursor (HAuCl,) by sodium citrate.
Two thermal annealing methods, direct thermal annealing in air
and a two-step thermal treatment (in N, first and subsequently
in air), were then employed to remove the template (graphene
sheets), which can both produce macroporous structures, but
with distinctly different morphologies. We additionally inves-
tigated the porosity evolution mechanism as well as the effect of
graphene/Au weight ratio and annealing temperature on the
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nanoarchitecture. The two-step treatment has a more significant templating effect than direct thermal annealing to fabricate MPG
films because of the existence of a preaggregation process of AuNPs assisted by graphene sheets in N,. Moreover, the resulting
MPG films were found to exhibit excellent surface-enhanced Raman scattering (SERS) activity. Our method can be hopefully
extended to the synthesis of other porous materials (such as Ag, Cu, Pt, and ceramic) and much wider applications.
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1. INTRODUCTION

Porous metals represent a new class of functional materials
combining properties of metals such as good thermal and
electrical conductivity, catalytic activity, and ductility with
properties characteristic of nanoarchitectures such as aerogels
with h1§h surface area, low density and high strength-to-weight
ratio.” ° Owing to a rich surface chemlstry, porous metals are
of great interests in catal?fs1s, electrocatalys1s, 8 sensmg,
supercapacitor,'® optical'' and biological'*"* applications.
Currently, the most common strategles to make porous metals
are mainly based on dealloying,'*"> combustion,*’ templat—
ing,l7_19 sol—gel assembly,20 electrochemical etchlng and
laser ablation.”” Among them, templating is a rather powerful
method to incorporate and control porosity within metals by
using sacrificial inorganic or organic materials as templates,
which, however, is usually limited in practice by the difficult
infiltration of metal or metal precursors into templates (often
colloidal nanospheres).?

Graphene is regarded as one of the most promising building
blocks to make various functional composite materials due to
its excellent mechanical, thermal, and electrical properties.B’24
Benefiting from the unique 2D planar nanocarbon structure,
graphene is proved to be an excellent substrate for
immobilizing metal nanoparticles.”>~>’ Plenty of reports show
that the metal nanoparticles anchored on graphene sheets
potentially exhibit enhanced catalytic, electrical and optical
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activities. For example, gold nanoparticle/graphene oxide
(AuNP/GO) composites prepared by noncovalent attachment
of AuNPs premodified with 2-mercaptopyridine to GO sheets
exhibit significantly higher catalytic activities than the
corresponding AuNPs in the reduction of o-nitroaniline to
1,2-benzenediamine by NaBH,.>® By electrostatic self-assembly
and thermal annealing, the resultant AuNP embedded graphene
films show improved electrical and thermal conductivity as well
as electrochemical performance.”®*° By combination of metallic
nanostructures and graphene, a drastic Raman enhancement
and efficient adsorption of aromatic molecules can also be
observed, which are suitably used as surface-enhanced Raman
scattering (SERS) substrates.>*™%®

Although nearly all the previous reports up to now about
graphene and metallic nanoparticles are related to the
preparation and properties of their composites, in this paper,
we prefer to remove the graphene sheets from their composites
by a simple thermal annealing process. We found that
monolithic macroporous gold (MPG) films can also be easily
fabricated by this method. Herein, graphene sheets are found to
be a new kind of sacrificial template except commonly used
colloidal nanospheres and organic soft templates. The
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operation conditions are easy and environmentally friendly
without using any toxic or corrosive reagents, and the porosity
and morphology of MPG films can be finely controlled by
adjusting the graphene/Au weight ratio and operation
conditions. Additionally, the evolution mechanism of porosity
and their SERS activity are also explored.

2. EXPERIMENTAL SECTION

2.1. Preparation of GO Sheets. GO was prepared by a modified
Hummers’ method.®" Briefly, expandable graphite powders (5 g, 8000
mesh, Aladdin Co. Ltd.) and sodium nitrate (2.5 g) were mixed in
concentrated H,SO, (115 mL) at 0 °C, followed by the addition of
potassium permanganate (15 g) under vigorous stirring. After
increasing the temperature to 35 °C, excess deionized water (300
mL) was added to the mixture before stirring for another 30 min and
the temperature was then increased to 90 °C for 15 min before adding
30% H,0, (100 mL). The resultant suspension was filtered, washed
with 5% HCI and dialyzed for 7 days to remove the remaining metal
species. The GO aqueous dispersion was diluted prior to use.

2.2. Preparation of Graphene/Au Composites. Graphene/Au
composites were prepared by a simple one-pot method according to
our previous paper.>* HAuCl,-3H,0 (0.6, 1.6, 2.5, or 6.5 mM), GO
(0.1 mg/mL) and sodium citrate (10 mg/mL) were mixed with the
assistance of sonication for 2 min and then placed in an oil bath at 100
°C for 24 h with stirring. After washing by centrifugation until the
supernatant was colorless, the resultant graphene/Au composites (G/
Au = 1:1.3, 1:3.1, 1:5.0 and 1:6.3, named by the feed ratio due to the
complete reduction reaction) were redispersed in water (graphene, 0.1
mg/ mL).

2.3. Preparation of Graphene/Au Hybrid Papers and MPG
Films through Thermal Annealing. Graphene/Au hybrid papers
were prepared by vacuum-assisted filtration of 20 mL graphene/Au
composite aqueous dispersions with Millipore filter membrane (S0
mm*0.2 pm, mixed cellulose ester). The hybrid paper was then
washed with water and air-dried.

Two annealing methods were adopted to prepare MPG films:

(a) Direct thermal annealing: the dried graphene/Au hybrid papers
were placed in a preheated furnace and annealed at 600—800
°C in air for 1 h.

Two-step thermal annealing: the dried graphene/Au hybrid
papers were placed in a sealed chamber equipped for
thermogravimetric analysis (TGA) measurement and heated
to 600—800 °C in N, atmosphere at a heating rate of 20 °C/
min. Then the hybrid papers were exposed in air by opening
the chamber immediately to obtain yellow MPG films. For the
control experiment, after heating to 600 °C, the sample was
cooled down to room temperature still in N, atmosphere.

(b)

2.4. Characterization. The ultraviolet—visible (UV—vis) spectra
of graphene/Au aqueous dispersions (graphene, 0.01 mg/mL) were
measured on a Hitachi U-2910 spectrophotometer. High-resolution
transmission electron microscopy (HRTEM) images were taken with a
JEOL JEM 2011 at 200 kV. TGA was performed under N, or air
atmosphere with a Perkin-Elmer Thermal Analyzer at a heating rate of
20 °C/min. Scanning electron microscopy (SEM) images were
recorded on a TS 5136MM scanning electron microscope. Energy
dispersive X-ray (EDX) analysis was performed on a Hitachi S-4800
field-emission scanning electron microscope (FE-SEM). The MPG
samples for SERS experiments were immersed in the aqueous solution
of Nile bule A (NBA) with a specified concentration (107, 107 and
107° M) for 12 h and air-dried before Raman measurements. Raman
spectra were recorded on a Renishaw inVia Reflex micro-Raman
spectrometer with 785 nm laser excitation. A 200X objective was used
to focus the laser beam and to collect the Raman signals. To ensure
the obtained spectra were comparable, the settings, including the
laser’s power and the exposure time, were all the same.
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3. RESULTS AND DISCUSSION

AuNPs decorated graphene sheets with increasing weight ratios
(G/Au = 1:1.3, 1:3.1, 1:5.0, 1:6.3) were synthesized by a one-
pot simultaneous reduction of GO and gold precursor
(HAuCl,) by sodium citrate as described in our previous
paper.®® The resulting graphene/Au composites can be well
dispersed in water showing two apparent absorption peaks in
UV—vis spectra at 255 nm (restored 7—7 conjugated structure
of graphene) and 533 nm (plasmonic peak of AuNPs) (Figure
S1 in Supporting Information). From TEM images (Figure S2)
the AuNPs are uniformly attached to the graphene sheets with
an average size of 20 nm. TGA curves (Figure S3) exhibit a
gradual content increase of AuNPs in resultant composites as
the initial feed ratio changes.

Graphene/Au hybrid papers were then prepared by a
commonly used vacuum-assisted filtration method® and
subsequently air-dried. To choose a proper annealing temper-
ature, we perform TGA measurements of graphene/Au hybrid
film (G/Au = 1:3.1) under air atmosphere, as shown in Figure
1. Graphene/Au hybrid film shows the maximum decom-
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951
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Figure 1. TGA curves of the graphene/Au hydrid film (G/Au = 1:3.1)
and the obtained MPG films after two-step annealing and direct
annealing under an air atmosphere.

position peak around 400 °C, corresponding to the complete
removal of graphene sheets from their composites. Thus an
annealing temperature above 500 °C should be necessary for
the fabrication of MPG films. In this paper, we mainly chose
600 and 800 °C as the annealing temperatures for comparison.
Two thermal annealing methods were employed: (a) anneal
graphene/Au hybrid papers at 600—800 °C in air for 1 h to
directly remove the template (graphene sheets); (b) heat
graphene/Au hybrid papers to 600—800 °C in N, atmosphere
(20 °C/min) first and then expose the hybrid papers
immediately in air to remove the template (graphene sheets).
The SEM images of the exterior of MPG films upon two
thermal annealing procedures at an annealing temperature of
600 °C are shown in Figure 2. The color of graphene/Au
hybrid paper changes from black to yellow after annealing,
suggesting the removal of graphene components. The removal
of graphene components can also be evidenced by the TGA
curves of the resultant MPG films under air atmosphere. As
shown in Figure 1, nearly no weight loss can be observed for
the two MPG films up to 800 °C, indicating that the graphene
sheets have been largely removed through combustion in air.
It is noted that both the two methods can produce MPG
films, but with apparently different morphologies. By direct
annealing in air, the uniform and compact graphene/Au
multilayer films would transform into MPG films with
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Annealing in air, 600 °C, 1h

N,, 600 °C, 20 °C/min » exposed in air

G/Au 1:6.3

Figure 2. SEM images of the exterior of MPG films upon two thermal annealing procedures (annealing temperature = 600 °C) produced from initial
graphene/Au hybrid papers with different weight ratios. The right three images are of smaller magnification, showing the porous structure is large-
scalely uniform. The white arrows mark the positions of shaded areas. The scale bar under the images of the two pieces represents 50 mm.

completely interconnected networks, while by a two-step
treatment (annealing in N, and then exposing in air) openly
bicontinuous MPG films with recognizable ligaments and pores
can be obtained. The formation of bicontinuous porous
structure by the two-step annealing treatment can also be
confirmed by TEM (Figure S4). Additionally, take the samples
G/Au =1.1.3 and 1:3.1 for example, the porous structures
formed by the two annealing methods are both uniform on a
large scale, as presented in Figure 2. However, for comparison,
applying the two annealing methods to the films formed by the
deposition of only AuNPs on Si substrates leads to merely
messily distributed porous structures (Figure SS), indicating the
significant templating effect of graphene sheets.

Except for the annealing treatment method, different
graphene/Au weight ratios also result in different morphologies
and porosity, as shown in Figure 2. For direct annealing in air,
only the samples with lower content of AuNPs (G/Au = 1:1.3,
1:3.1) exhibit defined interconnected porous structures, while
there are only minor amounts of pores on the surface of the
samples with higher content of AuNPs (G/Au = 1:5.0, 1:6.3).
The sample G/Au = 1:3.1 with moderate content of AuNPs has
the highest porosity. For the two-step annealing treatment, all
the four samples show an openly bicontinuous structure with
large ligaments and small pores. We also plotted the pore and
ligament size distributions according to the SEM images in
Figure 2, which can be found in Figure S6 in the Supporting
Information, and all the average pore and ligament sizes have
been listed in Table 1. Generally, increasing the content of
AuNPs in graphene/Au composites leads to an obvious
increase of both the pore and ligament sizes in the resultant
MPG films. Judging from the morphology and porosity
evolution of porous structures, it is supposed that the two
annealing treatment methods may adopt distinctly different
mechanisms.

The annealing temperature also affects the porosity and
morphology of the resultant MPG films. As shown in Figure 3,
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Table 1. Average Pore and Ligament Sizes of MPG Films
Obtained from Different Annealing Methods, G/Au Ratios,
and Annealing Temperatures

two-step annealing direct annealing

600 °C 800 °C 600 °C 800 °C
om G . G w Gw G
1:1.3 330 610 460
1:3.1 250 620 390 820 580 2330
1:5.0 350 730
1:6.3 550 1080

either two-step or direct annealing at 400 °C cannot produce
any porous nanostructures, in conformity with our former
analysis that an annealing temperature above 500 °C should be
necessary for the fabrication of MPG films. Increasing the
annealing temperature to 800 °C leads to the formation of well-
defined porous structures for both the two annealing methods,
similar to those in Figure 2 at the annealing temperature of 600
°C. The pore and ligament size distribution plots of the MPG
films upon annealing at 800 °C can be found in Figure S7 in the
Supporting Information, and the average sizes are also
presented in Table 1. It is noted that a higher annealing
temperature would cause the increase of both the pore and/or
ligament sizes, either for two-step annealing or for direct
annealing, indicating that during thermal annealing there may
exist a very similar change between AuNPs for the two
annealing methods.

Before the discussion of porosity evolution mechanism, we
also find that there are several shaded areas on the surfaces of
the samples after the two-step treatment, as indicated by the
arrows in Figure 2. More evidence for the shaded areas can be
found in Figure 4. It seems to be some crystalline residues after
the removal of graphene sheets in air. We performed the EDX
analysis of the sample G/Au = 1:3.1 before and after the two-
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G/Au 1:3.1 400 °C
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G/Au 1:3.1 400 °C

Figure 3. SEM images of the exterior of the sample G/Au = 1:3.1
upon two-step annealing and direct annealing at 400 and 800 °C.

Figure 4. Evidence for the shaded areas in MPG films (G/Au = 1:3.1).

step annealing treatment with/without the shaded area, as
shown in Figure S. The element Na should come from the
sodium citrate moieties attached on the surface of graphene
sheets and AuNPs as a capping agent.”® The element C content
changes strongly support the removal of graphene sheets and
the formation of MPG. The existence of small amounts of C in
the resultant MPG film may arise from the incomplete
combustion during the two-step annealing treatment because
of a drastic temperature drop after exposing the film in air. It is
worth noting that the shaded area has a much higher content of
Na, which reveals that it may be the residual decomposition
product of sodium citrate moieties (such as Na,O). Obviously,
upon thermal annealing in N, at 600 °C, all the surface oxygen
groups on graphene sheets and AuNPs start to decompose,”
which inevitably leads to the detachment of AuNPs from
graphene sheets. It is presumed that the uncapped AuNPs
would tend to aggregate and fuse into larger AuNPs at the high
temperature, similar to the thermal coarsening of nanoporous
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Figure S. EDX spectra of the sample G/Au = 1:3.1 before (RT) and
after two-step annealing treatment with/without the shaded area,
respectively.

35,36

gold produced by dealloying as reported previously.
Indeed, we find some imperfect porous structures by SEM
with small AuNPs surrounded by large ligaments (Figure S8 in
the Supporting Information).

It is notable that recently Chen and Yang’s group reported
the fabrication of AuNPs embedded porous graphene thin films
by layer-by-layer self-assembly and subsequent thermal
annealing in air at 340 oc Similarly, in their work, the
thermal annealing treatment was introduced to decompose the
capping agent bovine serum albumin (BSA), and they clearly
observed the aggregation and size growth of AuNPs. Differing
from their work aiming at the application in electrochemical
sensing, we adopted a much higher annealing temperature to
completely remove the template (graphene sheets).

To further understand the templating effect of graphene
sheets on the formation of macroporous structure, we
additionally did a control experiment. Other than exposing
the graphene/Au hybrid paper in air after thermal annealing in
the two-step treatment, we made the hybrid paper cool down
still in N, atmosphere to retain the template. As shown in
Figure 6, if graphene sheets are not removed, no porous
structure can be formed as expected, but only irregular large

Figure 6. SEM image of the exterior of the sample G/Au = 1:6.3 after
thermal annealing and subsequent cooling both in N, atmosphere. The
white arrows mark the positions of shaded areas.
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Figure 7. Porosity evolution mechanism of MPG films using graphene sheets as a template upon two thermal annealing procedures.

AuNPs .and shaded areas are existing, which also supports our } o000 coums cmutal
former judgment. Two-step annealing

Therefore, we propose the porosity evolution mechanism of
MPG films using graphene sheets as a template, as depicted in
Figure 7. By direct thermal annealing in air, graphene sheets
start to decompose at 600 °C, and only thermally induced u

. . . . 10* M NBA
aggregation and fusion of AuNPs exist, resulting in a completely = 10° M NBA
interconnected porous structure. Too much or too few AuNPs 2 10° M NBA
decorated on graphene sheets both lead to the decrease of % } 20000 couns Direet armealing
porosity. By thermal annealing in N, atmosphere, the oxygen =
groups on graphene sheets and AuNPs start to decompose first
causing the detachment of AuNPs from graphene sheets, which
subsequently leads to the aggregation and fusion of AuNPs .
among graphene multilayers into irregular large AuNPs as 13-5 m ﬁgﬁ
ligaments. Then exposing the composites in air to remove : : . . : 10° M NBA
800 1000 1200 1400 1600 1800 2000

graphene sheets produces MPG films with different porosity. It
is easily accepted that more AuNPs on graphene sheets would
lead to the increase of ligament size. Obviously, the two-step
treatment has a more significant templating effect than direct
thermal annealing to fabricate MPG films, because a
preaggregation process of AuNPs assisted by graphene sheets
has taken place before the removal of the template.

As reported, porous metals possess outstanding surface
plasmon resonance (SPR),""*” which have especially gained
potenital applications in SERS.**~** We also performed Raman
experiments to roughly testify the SERS activity of our
synthesized MPG films, as shown in Figure 8. NBA was
chosen as a model analyte. As expected, the MPG films
obtained either by direct thermal annealing or by the two-step
treatment show SERS spectra with well-defined high-intensity
bands characteristic of NBA: ring stretching (1490, 1435, 1378,
and 1320 cm™') and CH bending (1258 and 1182 cm™). The
MPG film obtained by the two-step treatment exhibits more
significant SERS activity than that by direct thermal annealing.
It may be caused by the small nanopores and large ligaments in
the MPG film obtained by two-step treatment, which, as
reported, can produce intensified localized SPR for a high SERS
enhancement resulting from strong electromagnetic coupling.®

4. CONCLUSION

We have developed a straightforward and environmentally
friendly strategy to fabricate MPG films using graphene sheets
as a template. Either direct thermal annealing in air or a two-
step thermal treatment (in N, atmosphere first and
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Raman shift/cm”

Figure 8. SERS spectra of NBA deposited on MPG films (G/Au =
3.1) upon two thermal annealing procedures (annealing temperature =
600 °C). Raman laser excitation: 785 nm.

subsequently in air) can produce porous nanostructures, but
with different morphologies. We further investigated the
evolution mechanism of porosity and the effect of graphene/
gold weight ratio and annealing temperature on the nano-
architecture. The two-step treatment was found to show a more
significant templating effect than direct thermal annealing to
fabricate MPG films due to the existence of a preaggregation
process of AuNPs assisted by graphene sheets in N,. Finally,
the resulting MPG films were also found to exhibit excellent
SERS activity. Our method can hopefully be extended to the
synthesis of other porous materials (such as Ag, Cu, Pt, and
ceramic) and much wider applications.
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UV—vis spectra, TEM image, and TGA curves of graphene/
AuNPs composites, TGA curves of MPG films, TEM image of
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distributions, SEM images of AuNPs films after thermal
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