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Abstract

In this study, one- and two-dimensional (1D and 2D) Au
nanostructure/reduced graphene oxide (rGO) composites are simultaneously
prepared via a redox-active ionic liquid (RAIL)|water (W) interfacial method
without the use of a capping agent. The RAIL
(ferrocenylmethyl)dodecyldimethylammonium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate ((FcMDDA][TFPB]) plays the dual role of
a hydrophobic liquid supporting the interfacial system as well as a reducing agent
for the metal precursor and graphene oxide (GO). The RAIL|W interfacial
system provides two kinds of composites in the growth regions with no
interference between them, namely, Au nanofiber/rGO composites at the
RAIL|W interface and Au nanosheet/rGO composites in the bulk of W, which
can be easily separated after synthesis. The spontaneous formation mechanism
of the two Au-rGO composites has been discussed in detail. Thus, an efficient
strategy to prepare 1D and 2D Au-rGO composites simultaneously is developed
by employing an interfacial system, which provides a new direction in the

synthesis of metal-GO composites.
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Introduction

Au nanostructures, with a variety of morphologies, have at least one
dimension that is limited to a nanoscale. They have received considerable
attention from researchers owing to the fascinating chemical and physical
properties that bulk Au does not exhibit. Among them, a series of one-or two-
dimensional (1D or 2D) Au nanostructures, including nanowires [1, 2],
nanofibers (NFs) [3], nanobelts [4], nanosheets (NSs) [5], and nanoplates [6],
have shown extraordinary application performance in the fields of electronics
[7], photonics [8], catalysis [9], and sensing [10—14]. From previous studies, it
has been widely recognized that the properties of Au nanostructures are highly
associated with the size, shape, morphology, and dimensionality [15, 16]. 1D or
2D Au nanostructures exhibit some unique properties owing to their distinctive
morphologies, which can be specifically applied in different application fields
[17, 18].

Recently, the introduction of Au nanostructures on graphene-based
derivatives to form composites has attracted significant interest of researchers
[19-22]. Graphene is a one-atom-thick, 2D planar material with a sp?-bonded
carbon structure, showing fascinating properties such as high specific surface
area, high mechanical strength, and excellent electrical conductivity. GO, which
can be produced by the chemical oxidation of graphite, possesses good
dispersibility in water because of the presence of oxygen-containing functional
groups. This property of GO is beneficial to prepare GO-based composites by
wet-chemical methods [23-25]. Graphene derivatives in such composites not
only support the nanostructures for preventing aggregation, but also, more
importantly, improve their application performance resulting from its unique
properties. For example, graphene derivatives can facilitate the adsorption of
some molecules via n—x stacking or hydrophobic interactions [26]. The electrical
conductivity of composites can be greatly improved after GO is reduced to rGO

[27]. Moreover, studies revealed that GO contributes to improving surface-
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enhanced Raman spectroscopy (SERS) activity through chemical enhancement
for Au—GO composites [28, 29]. To date, there are several strategies to produce
anisotropic Au nanostructures on graphene derivatives [20, 30, 31-38]. Xiao et
al. reported an in situ synthesis of ultrathin Au nanowires (NWs) on GO sheets
by using 1-amino-9-octadecene adsorbed on the GO surface as the reducing
agent for AuCly as well as the 1D structure-directing agent [20]. Zhang et al.
fabricated Au nanoplate/GO composites using tannic acid as the reducing agent
for Au precursor and the immobilizing agent on GO surfaces [30]. Owing to the
shape-dependent properties of anisotropic Au nanostructures [39, 40], the
specific synthesis of 1D or 2D Au nanostructures on graphene derivatives is
useful in different application fields. However, most of the synthesis strategies
proceed in one-phase systems, restricting Au nanostructures to form only one
shape owing to the homogenous environment. A strategy that can simultaneously
prepare 1D and 2D Au nanostructures on graphene derivatives and easily
separate them after the synthesis would be efficient and productive, which will
decrease the time, source, and energy consumption during the synthesis. To the
best of our knowledge, there is no reported method that can produce 1D and 2D
Au nanostructures on graphene derivatives simultaneously.

The liquid-liquid (L-L) interface between oil (O) and water (W) has been
applied as the formation site for the synthesis of noble metal nanoparticles in the
past [41-51]. Rao et al. prepared a broad range of nanostructures made of
materials, including metals, chalcogenides, and oxides, at the toluene—water
interface [45—48], thereby, verifying the wide practicability of the L—L interfacial
strategy in the field of nanomaterial synthesis. This interfacial method separates
the metal precursor from the reducing agent by dissolving them into different
liquid phases, thus confining the redox reaction to occur spatial-selectively only
at the interface. Moreover, the formed metal nanoparticles at the L-L interface
can also be the redox catalyst, facilitating heterogeneous electron transfer (ET)

reactions between two liquid phases [52—-54]. Traditional organic solvents in the
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O|W interfacial method can be replaced with ionic liquids (ILs), which are liquid
salts entirely composed of cations and anions. The IL|W interfacial method has
been investigated to prepare metal nanostructures [55-58]. The introduction of
an IL endows the interfacial method with controllability, since the chemical and
physical properties of ILs are adjustable by elaborate designs of the chemical
structures of cations and anions. Except for just as a hydrophobic solvent, ILs
can actively play multiple roles in the IL|W interfacial system. For instance, the
high viscosity of an IL as well as the interfacial structure formed by IL ions could
induce the anisotropic growth of 1D nanostructures. We have successfully
prepared 1D nanostructures of Au [59, 60], Pt [61], Pd [62], and Au—Pd bimetal
[63] by employing the IL|W interface method in our previous studies. The metal
nanostructures formed at the IL|W interface are prevented from agglomeration,
which is possibly due to the rigid multilayering structures formed by IL ions at
the interface [64]. Moreover, the IL|W interfacial system provides two disparate
growth environments towards W and IL for metal nanostructures and makes it
possible to connect the two portions with different morphologies together with
the joint at the IL|W interface [61]. When an IL contains a redox-active group
with cations or anions, such as RAIL, it can act as a reducing agent for metal
precursor and liquid substrate simultaneously in the RAIL|W interfacial system.
Our previous studies manifested that the RAIL|W interfacial system can be used
for the synthesis of metal nanostructures and play an indispensable role for the
growth of metal nanostructures [62, 63].

In the present work, we introduce a facile method to prepare 1D and 2D Au
nanostructures/rGO  composites in the RAIL|W interfacial system
simultaneously without the use of a capping agent or a surfactant. The RAIL
(ferrocenylmethyl)dodecyldimethylammonium tetrakis|[3,5-
bis(trifluoromethyl)phenyl]borate (([FCMDDA][TFPB™]) [65, 66] not only plays
the role of a reducing agent but also supports the interfacial system as the liquid

substrate, and its high viscosity is also crucial for inducing 1D Au nanostructures.
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The RAIL|W interfacial system provides two formation regions: i) the RAIL|W
interface for Au nanofiber/rGO (Au NF/rGO) composites, and ii) the bulk of W
for Au nanosheet/rGO (Au NS/rGO) composites. The two composites can be
easily separated from each other after the synthesis. GO plays crucial roles in
realizing the reduction of Au precursor and the formation of Au NS in W. The
possible formation mechanisms for Au NF/rGO and Au NS/rGO are investigated
in detail. Our study provides a new strategy for the simple and simultaneous

synthesis of Au 1D and 2D nanostructure/rGO composites in one system.

Experimental
1. Synthesis of the RAIL [FcMDDA|[TFPB ]

The synthesis of [FECMDDA][TFPB™] follows the same method in our

previous report [63].

2. Preparation of GO dispersed solution

GO was prepared by modified Hummers’ method [67]. Graphite powder (2
g, Fujifilm Wako Pure Chemical Corporation, Wako Special Grade) and NaNO;
(1.8 g) were introduced into ice-cooled concentrated H2SO4 (98%, 50 mL).
KMnOs (6 g) was slowly added to the solution while it was stirred; the solution
was stirred at 35 °C for 30 min. 100 mL of deionized water was added to dilute
the solution that induced the temperature to increase rapidly to 98 °C, and the
system was maintained at this temperature for 15 min. Finally, the reaction was
terminated by adding H>O> (3 wt% aqueous solution, 20 mL) dropwise while
stirring the solution at room temperature until the suspension turned bright
yellow. The obtained product was first washed by a 5% HCI solution, and then
50 mL of deionized water was added, followed by centrifuging at 3000 rpm. The
resulting supernatant was collected and was repeatedly washed by deionized
water with a centrifugation of 12000 rpm, until pH of the liquid approached 7.

The prepared GO was dried in vacuum and dispersed in deionized water of 5
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mg/mL by an ultrasonic bath.

3. The simultaneous synthesis of Au NF/rGO and NS/rGO composites

The simultaneous synthesis of Au NF/rGO and NS/rGO composites was
realized by the following procedures: 1) 20 pL of GO dispersed water (5 mg/mL)
was added to 2 mL of 10 mM HAuCls (0.1 M HCI aqueous solution) and then
treated with an ultrasonic bath for 10 min in order to sufficiently mix the two
components, and ii) The GO-dispersed solution was gently pipetted onto 0.2 g
of RAIL [FcMDDA"][TFPB ] in a 3 mL glass bottle, and then the L-L two-phase
system was kept at 70 °C for 24 h in a thermostatic bath without disturbing the
solution. In the present system, a static reaction environment was particularly
crucial for obtaining the uniform growth of the Au nanostructures. After the 24
h reaction, an immobile black deposit layer was found at the RAIL|W interface.
Meanwhile, some flocculent precipitates in W were found that had piled upon
the RAIL|W interface, which was easily collected by pipetting the W that was
followed by centrifugation. After W was removed, the black deposit at the RAIL
surface was collected by adding the mixed solvent (50:50 vol%) of methanol and
dichloromethane (DCM) to dissolve the RAIL that was followed by
centrifugation. The obtained two precipitates were washed more than ten times

by methanol and DCM and was conserved separately.

4. Characterization of materials

The prepared Au NF/rGO and Au NS/rGO composites were suspended in
DCM, dropped onto an Al foil and a copper grid, and observed using a scanning
electron microscope (SEM) (SU8220, HITACHI) that was equipped with energy
dispersive X-ray spectrometer (EDX) and a transmission electron microscope
(TEM) (JEM-2100F, JEOL), respectively. X-ray diffraction (XRD)
measurements were performed using a RINT-2500 (RIGAKU) equipped with a
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Cu Ka source (40 kV, 200 mA, A = 0.154 nm). The Fourier transform infrared
spectroscopy (FTIR) (Infinity Gold MI Plus, Thermo Mattson) measurements

were carried out by dispersing samples in potassium bromide pellets.

Results and discussion

Fig. 1(a) shows the photos of the L—L two-phase system before and after 10
min, 1 h, and 24 h reactions, respectively. Before the reaction, GO was uniformly
dispersed in W. After 10 mins, brown flocculent precipitates were observed in
W, and a black deposit layer was found at the RAIL|W interface. After 1 h, the
precipitates in W gradually sank and finally piled upon the RAIL|W interface
after the 24 h reaction. Moreover, the color of the RAIL gradually became black
during the reaction because of the oxidation of FECMDDA' to FcMDDA?,
implying that the RAIL was actively involved in the interfacial ET reaction,
rather than remaining a liquid substrate to form an interface with W. The brown
flocculent precipitates found in W after 10 min should be the aggregated GO.
The acidic environment of W (0.1 M HCIl) hindered the ionization of carboxylic
groups in GO and thereby induced its aggregation [68]. Several studies reported
that GO can be self-assembled at the O|W interface owing to its amphiphilic
property [69-71]. In the present study using an acidic solution, the
hydrophobicity of GO is enhanced due to the low ionization of the carboxylic
groups, which not only promoted the adsorption of GO near the RAIL|W
interface at the interface, but also facilitated the aggregation of GO far away from
the interface in bulk W (¢ = 10 min as shown in Fig. 1(a)). As can be observed in
the photographs from # = 10 min to 24 h (Fig. 1(a)), the aggregated GO gradually
sinks owing to gravity and finally piles upon the RAIL|W interface. Two kinds
of precipitates can be observed in the system after the 24 h reaction (Fig. 1(a));
one is piled upon the RAIL|W interface in W, and the other is the black layer
deposited at RAIL|W interface. They were separately collected and investigated
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using SEM and EDX measurements. For the precipitates in W that are piled upon
the RAIL|W interface (Fig. 1(b)), it can be observed that many triangular and
hexagonal Au NSs (marked with the green arrow) are uniformly distributed on
rGO layers (marked with the white arrow, the formation of rGO will be proved
later), with thicknesses of approximately 60 nm (Fig. S1) and widths of several
micrometers. The Au NSs in the present study are significantly wider than those
with sub-micrometer widths in Au—graphene derivative composites that were
reported previously [30, 33, 36, 37]. For the precipitate deposited at the RAIL|W
interface (Fig. 1(c)), it can be observed that a large amount of Au NFs (marked
with the red arrow) are immobilized on the surface of the rGO (marked with the
white arrow; the formation of rGO will be proved later). The formed Au NFs are
highly flexible with a uniform diameter of approximately 50~100 nm and a
length of several tens of micrometers; they are similar to the ones synthesized at
the IL|W interface [59] and the RAIL|W interface [63] in our previous studies
without using GO. The EDX mappings for the two composites are shown in Fig.
1(d) and Fig. 1(e). The element distributions of Au and carbon are identical with
their morphology in the corresponding SEM images, demonstrating the
successful formation of Au-rGO composites.

XRD analysis was performed to further identify the phase of the prepared
composites and the results are shown in Fig. 2(a). GO shows a typical diffraction
peak at 26 = 9.96°, which corresponds to (111) plane of GO, confirming the
successful preparation of GO. The XRD patterns of the prepared composites of
Au NF/rGO and Au NS/rGO exhibit typical diffraction peaks of Au,
demonstrating the successful reduction of Au. The peak at 9.96° thoroughly
disappeared due to the disruption of the regular layer structures of GO by
deposition of Au on the rGO surface. It is noted that the diffraction peak at 20 =
38.2° for the Au NS/rGO composite is considerably stronger than that of the
others; this indicates that Au NS has a preferred orientation of (111) surface

along the XRD substrate and implies that the triangular and hexagonal surface
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of Au NS is Au (111) plane. Fig. 2(b) shows a TEM image for the Au NS/rGO
composites, where the hexagonal morphology of Au NS on a large piece of GO
layer with wrinkles can be clearly discerned. The corresponding selected area
electron diffraction (SAED) pattern (Fig. 2(b), inset) presents a hexagonal
symmetry and a single-crystalline feature, reflecting the hexagonal arrangement
of Au atoms along the (111) surface. The above results confirmed the single-
crystalline structure for the Au NS composited with rGO.

The fact that Au NF/rGO composites were collected from the RAIL|W
interface revealed their formation sites. In a previous study, we had successfully
prepared Janus-type Au/polythiophene composites by applying the IL|W
interfacial method [60]. In the present study, Au NF/rGO composites were
formed by taking the RAIL|W interface as a confined self-assembly region,
where GO was spontaneously adsorbed on the RAIL|W interface, and AuCls~
was spontaneously reduced to form Au NFs on the RAIL side of the RAIL|W
interface. In our previous research [63], we had measured the standard redox
potential of the reducing agent FcMDDA", which was approximately —0.14 V vs.
SHE (standard hydrogen electrode) in acetonitrile containing 0.1 M
tetraecthylammonium perchlorate at 298 K. It was much lower than the standard
redox potential of AuCls™ (+1.00 vs. SHE [73]) and that of GO (+0.38 vs. SHE
[74]), indicating that FcMDDA™ has the ability to reduce AuCls~ and GO.
However, whether an interfacial ET reaction take place not only depends on their
redox potential, but also relies on the existence of an ion transfer (IT) reaction
that can be coupled with the ET reaction. Since the metal precursor and the
reducing agent in IL and W were dissolved separately, the ET reaction across the
interface will generate excess negative charges for W and positive charges for
IL. Thus, the interfacial ET cannot take place individually, unless it was coupled
with another charge transfer reaction (for instance, the IT of the anion from W to
IL or the IT of the cation from RAIL to W) to neutralize the excess charges
brought by ET [59-63]. Previous studies confirmed that AuCls ™, as a moderately

10
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hydrophobic species, could be easily transferred across the O|W [75] and IL|W
[59, 60, 63] interfaces within the potential window. In our study, we used the
same RAIL|W interfacial system [63], and it was demonstrated that the IT of
AuCls (Equation 1) from W to RAIL was coupled with the ET between AuCls~
and the redox-active cation FEMDDA™ (Equation 2) [63], which led to the total

interfacial reaction (Equation 3).
AuCly (W) —»AuCls (RAIL) (1)
3FcMDDA* (RAIL) + AuCls” (W) — 3FcMDDA?* (RAIL) + Au + 4Cl- (W) (2)

3FcMDDA* (RAIL) + 4AuCls™ (W) — 3FcMDDAZ* (RAIL) + Au + 4CI- (W)
+3AuCls™ (RAIL) 3)

Similarly, the above interfacial reactions occurred in the present system, which
enabled the occurrence of the spontaneous reduction of AuCls™ at the RAIL|W
interface. The IT of AuCls™ from W to IL (Equation 1) was driven by the ET
between the reducing agent in IL and AuCls in W (Equation 2), the latter
released four hydrophilic C1™ ions towards W. This liberation of hydrophilic C1”
to W was a big driving force for the interfacial ET reaction. For the spontaneous
formation of Au NF/rGO composites at the RAIL|W interface, the adsorption of
GO and the IT and ET of AuCls™ had taken place at the interface simultaneously,
which led to the formation of Au NF/rGO composites. Since AuCls~ and GO
could directly contact the reducing agent FEMDDA™ at the RAIL|W interface,
AuCly™ (+1.00 vs. SHE [73]) was likely to be reduced earlier than GO (+0.38 vs.
SHE [74]) due to its more positive standard redox potential.

In our previous study [72], the IL was replaced with 1,2-dichloroethane
(DCE) in the interfacial system to determine the effect of the IL on the

morphology of the formed Au nanostructures. We also examined a thickened
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DCE by adding a polymer, which functioned as a thickener, to the DCE. The
morphology of Au nanostructures changed from irregular particles for the neat
DCE to 1D NFs for the thickened DCE. However, even when an amount of IL
was added to DCE with a marginal viscosity change, morphology change was
still observed. These experiments manifested that the high viscosity of IL as well
as the interfacial structure formed by IL ions contributed to inducing the
anisotropic growth of 1D metal nanostructures. This conclusion was repeatedly
confirmed in our subsequent studies [59—-63], which explains the formation of
Au NFs in the present case. A control experiment was performed to further
confirm the idea. The RAIL phase was diluted with DCE (2 mL) so that its
viscosity was greatly lowered, and the interfacial system reacted with the other
conditions remained unchanged. According to the corresponding SEM images
for the obtained product in the system (Fig. S2), Au in the composites, collected
in W, 1s the morphology of NS (Fig. S2(a)), thereby indicating that the formation
of NS morphology in W is irrelevant to the state of RAIL phase. However, Au
dendrites rather than Au NFs are obtained for the composites collected at the
DCE(RAIL)|W interface (Fig. S2(b)). This clearly verified that the 1D
morphology of Au NF resulted from the use of RAIL rather than GO.
According to Fig. 1(b) and Fig. 1(d), the black precipitates collected in Ware
Au NS/rGO composites. However, it is difficult to understand how AuCls is
reduced in W, because the only reducing agent FEMDDA™ (the redox-active
cation of RAIL) is separated from W in the present interfacial system. Two
control experiments were performed to explain the above question. In the first
case, W used in the synthesis of GO and AuCls reacted at 70 °C without RAIL.
UV-vis spectra for W and the photos of the system before and after 24 h reaction
are shown in Fig. 2(c). Before the reaction (¢ = 0), the UV—vis spectrum of the
W manifests an overlapped absorption of GO and AuCls™ (red), corresponding to
the photo (# = 0), showing that GO is uniformly mixed with AuCls™ in W. After
the 24 h reaction, it is (z = 24 h) clearly seen that GO is aggregated and sinks to

12
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the bottom of the bottle owing to the acidic condition. The corresponding UV
spectrum of the W (¢ = 24 h, supernatant) manifests only AuCls™ adsorption peak
at 313 nm with a basically unchanged intensity (blue, the slight decrease is due
to the removal of GO absorption because of the aggregation). The following two
conclusions can be obtained from the above control experiment: (i) AuCls™
cannot be reduced by GO, and (ii) the reduction of AuCls™ in W related to the use
of RAIL. In the second case, GO was dispersed in 0.1 M HCI or deionized water
in the absence of AuCls™ that was applied as W to form the interface with RAIL,
and the systems were reacted at 70 °C for 24 h. The photos of the two systems
before and after the reactions are shown in Fig. S3. When only GO is dispersed
in 0.1 M HCI (Fig. S3A) in the absence of AuCls™, it can be clearly observed that
GO in W aggregated and contacted the RAIL|W interface through linkage with
each other after the 24 h reaction. However, when GO is dispersed in deionized
water (Fig. S3B), GO remains in the dispersed state in W after 24 h, verifying
that the aggregation of GO is due to the acidic condition of W. UV—vis
measurements were performed for the W containing 0.1 M HCI in the RAIL|W
interfacial system after the 24 h reaction (Fig. S4) in the presence (blue, the W
in Fig. S3A after reaction) or absence of GO (green). A peak at 627 nm arises for
the W with the presence of GO (blue), which is attributable to the oxidized cation
FcMDDA?" transferred from RAIL to W [62, 63]. However, this peak cannot be
found for W without GO (green). The above results imply that FceMDDA?* was
generated by the ET reaction between GO and the reducing agent FEMDDA,
and some FcMDDA?" was transferred from RAIL to W, in order to balance the
excess charges brought by ET. This is in contrast to the condition where both
AuCls and GO were added in W, and IT of AuCls occurred instead of
FcMDDA?". This can be explained thermodynamically. The IT of AuCls~ from
W to RAIL was more favored to take place and coupled with the ET compared
to the IT of FcMDDA?" from RAIL to W, owing to the more positive formal
potential (see SI for details). For the case where GO was added to W without

13
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AuCly™, there remained only one candidate for IT reaction, which was the IT of
FcMDDA?" from RAIL to W. The above control experiment implies that GO can
be reduced by RAIL in the RAIL|W interfacial system. In order to verify this
conclusion, FTIR measurements were performed for GO, rGO reduced by RAIL
(RAIL-rGO, collected from the system in Fig. S3A), and rGO reduced by L-
Ascorbic acid (L-rGO) as a comparison, and the results are shown in Fig. 2(d).
The RAIL-rGO shows similar absorption with L-rGO, where the intensities of
the absorption peaks related to C=0 (1720 cm™), C-O-H (1388 cm™"), and C-O
(1180 and 1095 cm!) stretching are apparently decreased compared to GO [76,
77], indicating the successful reduction of GO to rGO using RAIL as the
reducing agent in the RAIL|W interfacial system. It should be noted that only a
small amount of GO could directly contact the reducing agent FEMDDA™ by
adsorbing at the RAIL|W interface; the redundant GO in W was aggregated and
piled on the RAIL|W interface as shown in Fig. S3A. However, FTIR results
demonstrated that all of GO, including the aggregated GO in W, was reduced to
rGO, implying that the reduction of GO in W may not require the actual contact
with the reducing agent FcMDDA™, but the reduction could happen through an
indirect contact mode. GO adsorbed at the RAIL|W interface will be reduced
first due to the direct contact with the reducing agent, and transform to rGO film
with good electron conductivity fully covering the RAIL|W interface. The GO
in W can be reduced through rGO delivering electrons from RAIL to W. The
above situation can be extended to the present synthesis condition for Au-GO
composites. The acidic condition of W facilitates GO to be aggregated, followed
by being reduced to rGO to form an electron conduction route to deliver electrons,
and then AuCls™ can be reduced by the delivered electron on the rGO surface.
The above discussion explained how AuCls™ was reduced in W; however,
the reason for obtaining 2D Au NSs instead of other morphologies is not clear.
In most reported studies [78—80], the formation of Au NSs involved the use of

capping agents (such as poly (vinylpyrrolidone) or
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hexadecyltrimethylammonium bromide) to selectively adsorb the specific facet
of Au, thereby inducing an anisotropic growth of Au toward 2D nanostructures.
In the present study, no species in W, which only contains H*, AuCls~, C1-, and
GO, could play the role of a capping agent. Considering the 2D planar
characteristic of GO, the formation of Au 2D nanostructures was likely to be
templated by GO. According to some references, Au NS/GO composites were
prepared by immobilization of the Au precursor or the reducing agent on the GO
surface [30-36] so that Au could grow toward 2D nanostructures by taking GO
as the template. In these cases, through anchoring one of the reaction species on
the GO planes, the free growth of Au in the directions other than along the GO
plane was prevented, so that GO could play the role of the template to induce the
2D growth of Au. Therefore, we assumed that the limit of the reduction sites of
AuCly on the GO surface was the key factor to activate the 2D template function
of GO (we further discuss the mechanism in the following paragraph). A control
experiment was performed to verify the aforementioned assumption. Methanol
(10 mL) was added to the typical synthesis system to remove the interface, and
the obtained one-phase mixture reacted at 70 °C, when it was stirred. The SEM
image and schematic for Au-rGO composites obtained in the one-phase system
is shown in Fig. 3 (upper panel). Although large amount of GO still exists in the
one-phase mixture and can play the role of the 2D template, only Au particles
can be found on the GO surfaces. In this case, the limited growth of Au along
the GO plane was eliminated by the free contact of the two redox species (AuCls™
and FcMDDA™) in the one-phase mixture. The irregular morphology of Au
nanostructures might be formed first in the one-phase mixture, and then attached
to the GO surface. However, in the case of the formation of Au NS by using the
RAIL|W interfacial system (Fig. 3, lower), owing to the lack of a reducing agent
in W, the reduction of AuCls™ is only limited on the rGO plane, through rGO
delivering electrons from RAIL to W. The acidic condition of W facilitated small

GO flakes to aggregate and form a larger piece. According to Fig. 1(b), although
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the lateral size of Au NS has reached several micrometers, it can be clearly
observed that the rGO underneath Au NS is considerably larger than Au NS. The
control experiment demonstrated that rGO plays the role of the 2D template by
restricting the reduction sites of AuCls™ on the GO surface. We checked whether
the acidic environment was related to the formation of 2D Au NSs in the present
study. We added 0.1 M LiCl instead of 0.1 M HCI to W to form a neutral
environment, and the other conditions remained unchanged. The high
concentration of the electrolyte LiCl (0.1 M) could still induce the aggregation
of GO in W owing to the weak electrostatic repulsion (short Debye length) [81],
so that AuCls™ in W could be reduced on the rGO surface because of similar
reasons that have been discussed in the case of the acidic condition. The
corresponding SEM images of the obtained product are shown in Fig. S5. It can
be clearly observed that Au shows the same morphology of NS and NF in the
two composites that were collected in W and at the RAIL|W interface,
respectively, thereby indicating that the formation of Au NS was independent of
the acidic environment.

The SEM images of Au NS/rGO composites with a high resolution
displaying the details of Au NSs are shown in Fig. S6. In Fig. S6(a), it is seen
that Au NSs are overlapped, and the wrinkles of rGO can also be distinctly
observed on the Au surface. Moreover, according to Fig. S6(b) and Fig. 6(c), it
can be clearly discerned that all Au NSs are wrapped by some transparent films.
EDX mappings in Fig. S7 show the element distributions for Au and carbon.
They are identical to the corresponding morphology of Au NSs and the typical
wrinkles of rGO, respectively, confirming that these transparent films are rGO.
The above results manifest that the Au NS/rGO composites possess piled
nanostructures with multiple layers of rGO, where Au NSs are inserted between
rGO layers, as shown schematically in Fig. S6(d). Such unusual piled
nanostructures are caused by the two situations, namely, rGO is piled either

before or after the formation period of Au. The former situation is more
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reasonable for our case, since GO was found to be aggregated only after 10 min
of the reaction (Fig. 1(a)), and was followed by reduction to rGO. Liang et al.
prepared 2D Au nanostructures by using layered double hydroxides (LDHs) with
lamellar structures as the 2D template. In this method, Au precursors (AuCls)
were introduced into the interlayer space of Mg/Al LDH due to the anion-
exchange capability of LDH, thereby confining the 2D Au NSs formed between
the metal hydroxide layers of LDH after the chemical reduction [82]. In the
present case, considering that aggregated rGO also had lamellar structures with
similar 2D planar characteristic, we can infer that the formation of such multi-
piled Au NS/rGO nanostructures is realized by the intercalation and reduction of
AuCly between the rGO layers. The overlap of Au NSs observed in Fig. S6(a)
is due to the multi-piled nanostructures of composites, where Au NSs are
sandwiched between the rGO layers.

The possible mechanism for the simultaneous formation of 1D and 2D Au
nanostructures/rGO composites in the RAIL|W interfacial system is illustrated
in Fig. 4. Initially, GO flakes were uniformly dispersed in W (Fig. 4(a)). As the
reaction proceeded, GO flakes were spontaneously adsorbed at the RAIL|W
interface followed by being reduced as rGO films, whereas the redundant GO
flakes in W were aggregated and gradually piled upon the RAIL|W interface.
The IT of AuCls from W to RAIL, which took place throughout the reaction,
was coupled with the ET for the reduction of AuCls™ (Fig. 4(b)). After making
contact with the RAIL|W interface, which was already covered by rGO films,
the aggregated GO in W was reduced by the electrons delivered from FEMDDA™*
in RAIL through the rGO film. The rGO became the electron media, enabling
the reduction of AuCls between the multilayers (Fig. 4(c)). Finally, Au NSs
were formed by taking rGO as the 2D template, while the high viscosity of RAIL
as well as the interfacial structure formed by IL-ions induced Au NFs that were
formed on the RAIL side of the RAIL|W interface (Fig. 3(d)). The spontaneous

formation of Au NF/rGO and Au NS/rGO composites simultancously was
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realized in the RAIL|W interfacial system.

Conclusions

We prepared two composites of Au NF/rGO and Au NS/rGO in one
RAIL|W interfacial system simultaneously, where the use of the capping agent
or surfactant was not required. The RAIL [FcMDDA*][TFPB™] was the reducing
agent for both AuCls™ and GO. Au NS/rGO and Au NF/rGO composites were
formed in bulk W and at the RAIL|W interface of the system, respectively, which
could be easily separated from each other after the synthesis. The acidic
condition facilitated the GO to be adsorbed at the RAIL|W interface and the
redundant GO in W aggregated to establish contact between them. GO adsorbed
at the RAIL|W interface was first reduced to rGO with good conductivity, which
became the electron transfer media, enabling reduction of the redundantly
aggregated GO and the Au precursor in W in the absence of the reducing agent
initially. The high viscosity of the RAIL induced the formation of Au NF
deposited on rGO at the RAIL|W interface. Au NS/rGO composites were formed
in W by taking rGO planes as the reduction sites and 2D templates. Our study
provides a new strategy for the efficient and simultaneous synthesis of Au 1D

and 2D nanostructure/rGO composites in one system.
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Fig. 1 Photographs of the reaction system before reaction and after 10 min, 1 h, 24 h
of reaction (a); SEM images and EDX mappings of Au NS/rGO composites (b, d)
and Au NF/rGO composites (c, e).
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Fig. 2 (a) XRD patterns for the GO obtained by Hummers’ method, Au NF/rGO
composites, and Au NS/rGO composites; (b) TEM and SAED images (inset) of Au
NS/rGO composites; (¢c) UV-vis spectra for the W (diluted for 15 times) before (red)
and after (blue) 24 h reaction as well as the GO dispersed solution diluted as the same
concentration that added in W. Inset: Photos of the system before and after 24 h
reaction; (d) FTIR spectra for GO, rGO reduced by RAIL (RAIL-rGO), and rGO
reduced by L-Asorbic acid (L-rGO) dispersed in KBr pellets.
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Fig. 3 SEM images and schematics for Au-rGO composites collected from
the methanol-diluted one-phase system (see main text for the details, upper),

and the bulk W in RAIL|W interfacial system (lower).
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Fig. 4 Schematic for the possible mechanism of the formation of Au NF/rGO and Au
NS/rGO composites.
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