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Introduction

Metallic nanostructures with hollow interiors have generated

One-step fabrication of hollow-channel gold
nanoflowers with excellent catalytic performance
and large single-particle SERS activityy

Sunjie Ye,* Felix Benz,© May C. Wheeler,? Joseph Oram,? Jeremy J. Baumberg,®
Oscar Cespedes,® Hugo K. Christenson,? Patricia Louise Coletta,” Lars J. C. Jeuken,®
Alexander. F. Markham,? Kevin Critchley® and Stephen D. Evans*®

Hollow metallic nanostructures have shown potential in various applications including catalysis, drug
delivery and phototherapy, owing to their large surface areas, reduced net density, and unique optical
properties. In this study, novel hollow gold nanoflowers (HAuNFs) consisting of an open hollow channel in
the center and multiple branches/tips on the outer surface are fabricated for the first time, via a facile
one-step synthesis using an auto-degradable nanofiber as a bifunctional template. The one-dimensional
(1D) nanofiber acts as both a threading template as well as a promoter of the anisotropic growth of the
gold crystal, the combination of which leads to the formation of HAuNFs with a hollow channel and
nanospikes. The synergy of favorable structural/surface features, including sharp edges, open cavity and
high-index facets, provides our HAuNFs with excellent catalytic performance (activity and cycling stability)
coupled with large single-particle SERS activity (including ~30 times of activity in ethanol electro-oxi-
dation and ~40 times of single-particle SERS intensity, benchmarked against similar-sized solid gold
nanospheres with smooth surfaces, as well as retaining 86.7% of the initial catalytic activity after 500
cycles in ethanol electro-oxidation). This innovative synthesis gives a nanostructure of the geometry dis-
tinct from the template and is extendable to fabricating other systems for example, hollow-channel silver
nanoflowers (HAgNFs). It thus provides an insight into the design of hollow nanostructures via template
methods, and offers a versatile synthetic strategy for diverse metal nanomaterials suited for a broad range
of applications.

solid counterparts in drug delivery,> photothermal ablation
therapy,™ surface enhanced Raman scattering (SERS),*” and
catalytic properties.*® However, the majority of the existing

widespread interest, owing to their high surface areas, reduced
mass of material required and hence improved cost effective-
ness. Of particular interest are their unique structure-
dependent optical and electronic features that lead to a wide
range of promising applications.””” For example, hollow met-
allic nanostructures have been shown to be superior to their
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hollow nanostructures (e.g., hollow nanospheres, nanocages and
nanoshells) have closed outer shells, which reduce the accessible
surface and limits the diffusivity of guest molecules into/out of
the cavity."® In contrast, the presence of an open internal cavity
has been demonstrated to provide a large accessible surface area,
enhanced up-take capacity for guest molecules and highly
effective diffusivity, all of which are beneficial for drug delivery,""
catalytic’*™'* and SERS"® capabilities of hollow nanostructures.
Gold “nanoflowers” represent specialized gold nano-
structures with large numbers of branches that give the overall
appearance of a flower. Owing to the presence of sharp tips
acting as “hot spots” for localized near-field enhancements, as
well as their high surface area-to-volume ratios, nanoflowers
could be more effective in SERS,"®'® photothermal con-
version'® and drug loading®® than nanoparticles with smooth
surfaces. The synthesis of branched and flower-shaped nano-
metals is a recent development,'” and it is unprecedented and
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even more challenging to fabricate gold nanoflowers with an
open hollow structure, that can integrate the advantages of the
internal open cavity and external multiple tips/branches.

Despite a series of reported approaches, the fabrication of
metal hollow nanostructures via a rational, facile and cost-
effective method remains a challenge. To date, template-
directed approaches have been demonstrated to be most
efficient for the preparation of hollow structures. These typi-
cally include the formation of nanocrystals on the surface/in
the cavity of templates and the removal of the templates after-
wards.>** As an extended template method, the galvanic
replacement reaction adopts the pre-synthesized metal nano-
structures as sacrificial templates to generate another metal
nanostructure with complementary morphology.>® However,
these methods tend to have some drawbacks including low
efficiency, high cost, complicated preparation and/or removal
processes for the templates, which limit their practical
applications.****

A practical templating method for nanostructure synthesis
should ideally meet the following key criteria: (1) the con-
venient availability of well-defined templates in large quantity
at low cost, (2) the precise control of the nanocrystal growth on
the surface/in the cavity of the templates, and (3) a reliable
and simple process to selectively remove the templates,
without compromising the structural integrity of the final
nanostructures.*® Additionally, templates are usually elegantly
designed to exploit the differences in spatially distributed
nucleation for constructing complex plasmonic
architecture.>”

Here we describe the first preparation of novel hollow Au
nanoflowers (HAuNFs) with an open cavity in the center and
multiple branches on the outer surface. A facile one-step
approach has been developed employing a bifunctional tem-
plate of MO-FeCl; nanofiber. The 1D template not only con-
tributes to the formation of an open hollow channel by a
threading template effect, but also promotes the generation of
spiky features by inducing the anisotropic growth of Au crystal
around the template. The catalytically induced auto-degra-
dation of the template enables its easy removal. This method
for synthesizing hollow-channel nanostructure is not restricted
to Au, but can be readily extended to other metals, e.g. Ag.

Furthermore, owing to the synergy of favorable structural/
surface features including sharp edges, open cavity and high-
index facets, our HAuNFs have shown excellent catalytic per-
formances (activity and cycling stability) and large single-par-
ticle SERS activity (e.g. ~30 times of activity in ethanol electro-
oxidation and ~40 times of single-particle SERS intensity,
benchmarked against similar-sized solid gold nanospheres
with smooth surface).

nano-

Results and discussion
Fabrication of HAuNFs

Fig. 1A shows a schematic illustration of our approach for fab-
ricating the HAuNFs. The templated synthesis involves 3 main

This journal is © The Royal Society of Chemistry 2016
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steps: (1) the in situ nucleation of the primary Au nanocrystal
on the methyl orange-FeCl; (MO-FeCl;) template, via the
reduction of HAuCl, by ascorbic acid (AA); (2) the anisotropic
growth of the primary nanoparticles into flower-like structures;
(3) the auto-degradation of the template in the presence of AA,
catalyzed by the as-formed Au nanoflowers.

Different stages of the growth of the HAuNFs (synthesized
with 150 mM AA) were studied by electron microscopy
(EM). The MO-FeCl; nanofiber template has been previously
employed for the preparation of conducting polymer nano-
tubes (e.g. polypyrrole).”®*° The nanofiber dispersion
(Fig. 1B) was prepared by simply dissolving FeCl;-6H,0O
in 5 mM methyl orange solution (for details see ESI}). The
nanofibers have a rod shape with a width of (74 + 22) nm (ESI:
Fig. S17).

After the nanofiber templates were added to the HAuCl,
solution, the strong interactions (the coordination between
Au(m) and azobenzene in MO molecules,® as well as the
electrostatic interaction between AuCl,” ions and Fe3+) lead
the AuCl,” to be absorbed onto the MO-FeCl; nanofiber (see
ESIT). Following the introduction of the reducing agent AA,
Au nucleates on the surface of the template to generate the
primary Au nanocrystal (Fig. 1C).*" The template hinders iso-
tropic growth of the nanocrystal, thus inducing anisotropic
growth of the primary nanocrystals, from which the branches
protrude and extend in length, forming the observed flower-
shape (Fig. 1D).'° The as-formed AuNFs in turn act as a catalyst
towards the degradation of MO in the presence of FeCls, excess
reducing agent AA and O, in the solution, resulting in the dis-
assembly of the MO-FeCl; nanofiber template, leaving an
open hollow channel in the center of Au NF (The mechanism
of template degradation is discussed in detail in ESLt). The
scanning electron microscopy (SEM) images (Fig. 1E and inset
showing the connected channel from different orientations) of
two partially formed AuNFs, which share one connected
hollow channel, demonstrate the growth of the Au crystal
around the elongated threading template. The SEM image of
the products before purification by centrifugation (ESIL:
Fig. S2t) shows no trace of nanofiber, which corroborates
the auto-destruction of the template. These experimental
observations agree well with the schematic illustration shown
in Fig. 1A.

The formation of the HAuNFs and the auto-degradation of
the template were also indicated by a change in the optical pro-
perties. As can be seen from Fig. 1F, the solution of free MO
molecules and the MO-FeCl; dispersion displayed a peak at
465 nm and 505 nm respectively. Shortly after the addition
of AA to the mixture of MO-FeCl; and HAuCl,, the solution
turned from an orange color to a ruby color, and a new
absorption peak was observed around 530 nm (Fig. 1G),
which overlapped with the peak of MO-FeCl; template. These
observations indicate the generation of the primary Au nano-
crystals, corresponding to Stage I in the HAuNF formation.
As the growth continued, the solution color gradually changed
from ruby to purple, and a plasmon band centered at a longer
wavelength (~650 nm) appeared (Fig. 1H), intensified and red-
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Fig. 1 (A) Schematic illustration of the proposed mechanism for the formation of hollow gold nanoflowers: Stage (I) Au nucleates on the template

surface; Stage () Au primary crystal undergoes anisotropic growth to form branches; Stage (lll) the as-formed Au nanoflowers catalyze the degra-
dation of the template in the presence of AA, leaving the open hollow channel and releasing the individual HAuNFs. (B) TEM images of MO—FeCls
nanofibers. (C)-(E) EM images of the products harvested at different stages. (F) UV-vis absorption spectra of MO aqueous solution and MO—-FeClz
nanofiber dispersion. (G)—-(l) UV-vis absorption spectra of aliquots removed from reaction mixtures at various time points.

shifted, suggesting the anisotropic growth of the Au nano-
crystals to form the branches and correlating well with Stage
II. Afterwards, the absorption spectrum displayed a shoulder
around 470 nm, which can be ascribed to free MO molecules,
due to the disassembly of the MO-FeCl; template. With the
reaction proceeding, the solution color turned from purple to
blue and the absorption around 470 nm weakened until it
finally disappeared, suggesting the auto-degradation of the
template corresponding to Stage III. Noticeably, the long wave-
length peak (600-700 nm) assigned to the HAuNFs showed no
further red-shift after the peak of MO appeared, revealing that
the template destruction occurred after the completed for-
mation of the nanoflower structure. The absorption peak of
MO/MO-FeCl; was absent in the spectrum of the supernatant
after centrifugation of the reaction solution (ESI: Fig. S3Aft),
providing more evidence for the template degradation. To
verify that the as-formed HAuNFs catalyzed the degradation of
MO-FeCl; template in the presence of the excess AA, we added

14934 | Nanoscale, 2016, 8, 14932-14942

purified HAuNFs to the mixture of MO-FeCl; template and AA
solution, the absorption assigned to MO/MO-FeCl; decreased
and then disappeared within 12 min (ESI: Fig. S3Bf). In con-
trast, the absorption of MO-FeCl; template dispersions was
almost unaltered after 3 h, in the absence of either AA or
HAuNFs.

Structural and optical properties of HAUNFs

Fig. 2A shows a typical SEM image of as-prepared quasi-spheri-
cal nanocrystals with an average overall dimension of (193 =+
47) nm. The XRD pattern (ESL: Fig. S47) displays five peaks
assigned to diffraction from the (111), (200), (220), (311), and
(222) planes of face-centered-cubic (fcc) gold, demonstrating
the pure and well crystallized nature of the Au nanocrystals
produced. The selected area electron diffraction pattern of an
individual HAuNF (Fig. S5T) shows a combination of diffrac-
tion spots and rings, indicative of the limited polycrystallinity.
The SEM image of higher magnification (Fig. 2B) shows

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (A) SEM image of the HAuNFs (synthesized with 100 mM AA) at
low magnification; (B) SEM image of the HAuNFs at higher magnification
with the arrows pointing out the structural defects on the nanoparticle
surface indicating the hollow structure; SEM image of an individual
nanoflower showing the hollow channel (C) and an incomplete
nanoflower (D) displaying the inner wall; (E) SEM image of Au nano-
particles synthesized by adding AA solution to HAuCl, solution in the
absence of template; (F) size distribution of AuNSs (by counting 300
nanoparticles). Inset: UV-vis spectrum of AuNSs; (G) UV-vis absorption
spectra of HAuNFs synthesized with different concentrations of AA; (H)
Size distributions of HAuNFs synthesized with different concentrations
of AA, by counting 300 nanoparticles for each sample. The size rep-
resents the overall dimension (longest span) of HAUNF.

more detailed morphology features that these quasi-spherical
nanocrystals are flower-shaped, consisting of many randomly
arranged, irregular protrusions. In addition, the structural
features (highlighted by the arrows in Fig. 2B) indicate the

This journal is © The Royal Society of Chemistry 2016
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inner cavity. Fig. 2C shows that each individual Au nanoflower
has a hollow channel in the center. The hollow structure
is further revealed by the SEM image of an incomplete nano-
flower (Fig. 2D), which depicts smooth inner wall with the
shape and dimensions matching that of the nanofiber
template, in agreement with our proposed mechanism for the
formation of HAuNFs. Following this synthetic route, HAgNFs
(shown in ESI: Fig. S61) were also obtained applying a slightly
modified template (MO-Fe(NO;3);) nanofibers (for details see
ESIt).

In order to investigate the dual roles of the template in
the formation of both the hollow channel and the multiple
branches on the outer surface, a control experiment for synthe-
sizing Au nanoparticles was performed by adding the AA solu-
tion to the HAuCl, solution in the absence of template. The
obtained Au nanoparticles showed similar size distribution of
(210 + 65) nm (Fig. 2F) to that of HAuNFs (Fig. 2H), but
they were spherical in shape (ESI: Fig. S71), exhibited
smoother surfaces (Fig. 2E), and had an absorption peak
at 550 nm (Inset of Fig. 2F). These results indicate that
the templates are critical for the formation of a flower-like
morphology, due to the following two effects: (1) physically
restricting the nanocrystal growth in a particular direction and
hence leading to the anisotropic growth; (2) increasing the
local concentration of Au precursor by adsorbing AuCl,™ ions,
thus enhancing the supersaturation, which is responsible
for the formation of the branches.*!**

The surface topography of the HAuNFs is dependent on the
concentration of the reducing agent ascorbic acid (AA).
Fig. S8A(ESI}) shows that the HAuNFs synthesized with 50 mM
AA exhibit a “meatball” shape, of which the branches have the
lengths of 5-10 nm and the tip angles >90°. When 100 mM AA
was used, the tips of obtained HAuNFs (shown in Fig. 2B)
become longer (10-15 nm) and sharper (70°-90°). The use of
higher concentration of AA (150 mM) changes the product
morphology to sea urchin-like, spike-coated structures, with
the spike lengths of 20-30 nm and the tips <50° (ESL
Fig. S8BY), suggesting the length and sharpness of the spikes
on the nanoflower surface increase with higher reducing agent
concentration, likely caused by the secondary nucleation
induced by the larger amount of reducing agent.**?* The
longer spikes and increased roughness of branched gold nano-
particles have been demonstrated to result in the red-shift of
SPR.**"%¢ Similarly, in our work, the absorption peak of the
HAuNFs was tuned from 610 nm in the visible region to
690 nm in the near infrared (NIR) region, by increasing the AA
concentration from 50 mM to 150 mM (Fig. 2G), while the
size distribution did not show discernible variation (Fig. 2H).
The NIR absorption suggests that these HAuNFs have potential
uses for NIR-based photothermal therapy and enhanced
photoacoustic imaging.®”

High resolution transmission electron microscopy
(HR-TEM) measurements of the HAuNFs (synthesized with
150 mM AA) showed that the spikes had edges and corners
(Fig. 3A, ESI: S9A and S10AY), and they exhibit zig-zag features
on the borders, demonstrating the presence of low-coordinate

Nanoscale, 2016, 8, 14932-14942 | 14935
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(A) TEM image of one spike of an HAuNF; (B) HR-TEM image from the region indicated within the box in (A) showing the {211} facets made of

(111) and (100) sub-facets. (C) The corresponding atomic models of {211} planes projected from the [110] zone axis. (D—F) HR-TEM images of individ-

ual spikes displaying dislocation, step and kink features.

atomic steps. Fig. 3B, S9B and S10Bt show the atomic steps on
the branch surface with a series of (100) and (111) sub-facets.
These small facets are combined to form the high-index facets,
for examples, (211) and (311) planes composed of (111)
terraces and (100) steps, and (411) planes composed of (100)
terraces and (111) steps, matching the corresponding atomic
models (Fig. 3C, S9C and S10CT) well.>**® The projection
angle (ESI: Fig. S11t) between the surface and the {100} facets
confirmed the presence of {211}, {311} and {411} facets.*" In
addition, it can be seen from Fig. 3D-F that, a high density of
dislocations, steps and kinks are exposed on the HAuNF
spikes, which have been reported to be the basis of high
catalytic activity in gold catalysts.*>*?

The above results show that our HAuNFs integrate several
beneficial and attractive morphological/structural properties,
on the nano- and atomic-scale, for their use as nanocatalysts,
including large surface area, high degree of roughness, a large
number of active sites (edges and corners),"*** high-index
facets,">*® a high density of dislocations, steps and kinks
on the branch tips,*® “clean surface” which is free from
surfactants conventionally involved in fabricating other
types of multiple-branched Au nanostructures and hence more
accessible for the reactants."”” Compared with the solid
counterpart, the inner surface of HAuNFs increases the total
surface area by ~18.3% (The details of estimating the surface
area are shown in ESLf{), the open cavity facilitates

14936 | Nanoscale, 2016, 8, 1493214942

the diffusion of reactants to the inner surface, thus effectively
activating its catalytic activity,">** and the confinement (cage)
effect enables the interior cavity to act as a nanoreactor build-
ing up the concentrations of the species involved in the reac-

tion.**

Owing to the synergy of these characteristics, our
HAuNFs are expected to possess excellent catalytic effect,
which was indeed displayed in the aforementioned process in

the template degradation stage.

Catalytic performances of HAuNFs

We tested the catalytic performances of the HAuNFs (syn-
thesized with 150 mM AA), using the degradation of methyl
orange in the presence of NaBH, and the reduction of 4-nitro-
phenol (4-NP) to 4-aminophenol by NaBH, as two model reac-
tions. As a control, the “smooth” AuNSs (Fig. 2E) were tested
under the same conditions. These well-established reactions
can be catalyzed by a variety of noble metal nanocrystals and
the reaction kinetics can be monitored by spectroscopic
measurements. In both reactions, the concentration of NaBH,
is comparatively large with respect to that of MO/4-NP, and can
be considered as a constant during the reaction.*®*® Therefore,
we assume that pseudo-first-order kinetics with respect to
MO/4-NP can be applied. According to equation of first-order
kinetics (eqn (1)), the apparent rate constant (k,pp) can be
determined by calculating the slope of a linear plot of In(Cy/C;)
versus reaction time (¢), where C, and C, are the concentrations

This journal is © The Royal Society of Chemistry 2016
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of MO/4-NP at time 0 and ¢, respectively, and C,/C; equals to
Ao/A;, where A, and A, are the peak absorbance of MO/4-NP at
time 0 and ¢, respectively.

—dCt/dt - kappCt
In(C;) = — kappt + In(Co)
kappt = In(Cy/Cy)

(1)

Fig. 4A shows the catalytic degradation of MO with time at
20 °C, and it can be observed that the absorption peak at
465 nm from MO decreases gradually as the reaction proceeds
in the presence of HAuNFs (ESL: Scheme S27 depicts the mech-
anism of catalytic degradation of MO by NaBH,, and Fig. S12
shows the time-dependent UV-vis spectra of MO, in the pres-
ence of NaBH, and AuNSs), and complete degradation occurs
within 100 s. The plot of In[C,/C,] versus time for these spectra
is linear, demonstrating that the reaction follows first-order
kinetics. At the concentration of 8 mg 17", the HAuNFs and
AuNSs have respective kapp, 0f 3.4 x 107 s  and 1.7 x 107% s,
We further measured the k,,, in the reaction systems with
different concentration of nanocatalysts (HAuNFs or AuNSs),
finding that the k,,, is proportional to the nanocatalyst con-
centration, (M, mg 17"). Therefore, we derived the slope of the
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line (k;) from eqn (2), which reflects the intrinsic catalytic
activity.*’

—dC,/d; = kappC: = yMC; 2)
ky = app/ M

The slope (ki) related to HAuNFs and AuNSs were deter-
mined to be 3.99 x 107 and 2.18 x 107" 1 s™" mg™"', which
shows that the HAuNFs are ~18 times more catalytically active
than the AuNSs for this reaction.

In addition to activity, stability and reusability are also
essential factors and desired properties for the practical appli-
cations of catalysts.”™! Fig. 4D shows the plots of k.p, and
conversion versus the number of successive MO degradation
that repeatedly employed the HAuNFs (concentration: 8§ mg
I"") as catalyst. Notably, the HAUNF catalyst retained its high
activity and achieved high conversions even after 10 cycles.

In the case of the reduction of 4-nitrophenol (4-NP) by
NaBH,, we investigated the kinetic process by monitoring the
intensity of the absorption peak at 400 nm (assigned to 4-nitro-
phenolate ions in the mixture of 4-NP and NaBH,). After the
addition of HAuNFs, a new peak at 315 nm of the product
4-aminophenol (4-aminophenolate) appeared, and the absorp-
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Fig. 4 Catalytic properties of HAuUNFs methyl orange degradation: (A) extinction spectra recorded at different reaction time points using HAuNFs
(concentration: 8 mg I7%) as catalyst, indicating the disappearance of 465 nm peak owing to the degradation of MO; (B) plots of In(C./Co) versus reac-
tion time for the MO degradation (concentration of HAUNFs/AuNSs: 8 mg |™); (C) plots of the apparent rate constants (kapp) as a function of the
mass concentration (M); (D) conversion within 100 s (Table S2f shows the data for calculating conversions) and k., against the number of succes-
sive cycles. (Concentration of HAuUNFs: 8 mg 1. 4-Nitrophenol reduction: (E) the extinction spectra recorded at different reaction time points using
HAUNFs (concentration: 8 mg I7%) as catalyst, showing the decrease in intensity for the peak at 400 nm associated with 4-nitrophenolate as the
reduction reaction proceeded; (F) plot of In(C,/Cy) versus reaction time for the 4-NP reduction (concentration of HAUNFs/AuNSs: 8 mg I™%); (G) plots
of the apparent rate constants (k,pp) as a function of the mass concentration; (H) conversion within 120 s (Table S3 shows the data for calculating
conversions) and k., against the number of successive cycles (concentration of HAuNFs: 8 mg I71). The concentration of gold nanoparticles
(HAuNFs and AuNSs) in solution was determined using an atomic absorption spectrometer (AAS).

This journal is © The Royal Society of Chemistry 2016 Nanoscale, 2016, 8, 14932-14942 | 14937
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tion peak at 400 nm gradually dropped and then disappeared
after 120 s. The gas bubbles of H, evolved by the decompo-
sition of NaBH, may impede absorbance measurements
during the reaction, resulting in the absence of isosbestic
points in Fig. 4E (and Fig. S131).>** Because the peak at
400 nm dominated for most of the time, it is reasonable to
derive the concentration of 4-NP ions from absorbance
at 400 nm and thus to investigate the reaction kinetics.*® The
HAuNFs also showed excellent activity (k; = 3.12 x 107> 1 s7*
mg ' for HAUNFs, while k; = 4.62 x 10~* 157" mg™" for AuNSs),
stability and reusability (Fig. 4H showed that no significant
loss was observed in the conversion or K, after 10 successive
cycles). It is noteworthy that, compared with the recently
reported solid Au nanostars,>> our HAuNFs enjoy ~1.7 times of
catalytic activity in this model reaction (Table 1).

We also examined the electrocatalytic performances of our
HAuNFs by adopting electro-oxidation of ethanol as a model
reaction. Fig. 5A shows cyclic voltammetry (CV) curves of the
ethanol oxidation activities of HAuNFs and AuNSs in a 0.1 M
KOH with 0.5 M ethanol solution. The mass normalized peak
current density (376.3 mA mg™") of ethanol oxidation on the
HAuNFs in the forward direction scan was ~30 times of that of
AuNSs (11.7 mA mg ') and ~3.4 times of that of commercially
available Pt black (0.11 A mg™")*" when measured under the

Table 1 Comparison of catalytic activity of HAuNFs, solid Au nanostars
and AuNSs towards 4-NP reduction at 20 °C

Au concentration

Kapp (571 M (mg1™) Iy (1s™ mg™)
HAuNFs 3.12x 1073
Au nanostars 4.02 x107° 2.2 1.83 x107°
AuNSs 4.62 x107*

Note: kupp of solid Au nanostars was measured at one concentration
(2.2 mg I'") in ref. 55 and &, is calculated according to k; = Kapp/M

(eqn (2))-
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Fig. 5 Electrocatalytic properties of HAuNFs: (A) cyclic voltammetry
curves measured for the HAuNFs and Au nanospheres (AuNSs) in an Ar
gas-purged 0.1 M KOH + 0.5 M ethanol solution (B) electrocatalytic
stability test of HAuNFs showing the variation of peak current densities
of ethanol oxidation during the potential cycling.
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same conditions, demonstrating the superior electrocatalytic
activity of our HAuNFs towards ethanol oxidation. It is further
noted that the catalytic activity of the HAuNFs was also higher
than that of recent state-of-the-art Au-based nanocatalysts,
such as Au NPs supported on activated carbon,”® and Au
dendritic nanostructures with hyperbranched architectures.””
Furthermore, our HAuNFs with spatially separated spikes dras-
tically suppress the activity loss caused by the undesirable
agglomeration of Au active sites, which therefore contribute to
the high electrocatalytic stability.”® As shown in Fig. 5B, after
500 cycles, 86.7% of the initial catalytic activity was still
maintained.

Single-particle SERS (spSERS) of HAuNFs

These HAuNFs are also expected to display high local field
enhancement, which can be used to increase the signal in
Surface Enhanced Raman Spectroscopy (SERS). We used
biphenyl-4-thiol (BPT) as a non-resonant Raman reporter
molecule to evaluate the Raman enhancements on individual
HAuNFs (synthesized with 150 mM AA).

The dark-field microscopy image of the HAuNFs on the
Si substrate (inset of Fig. 6A) shows that, the individual nano-
particles were well separated from each other, with interparti-
cle distances much larger than the dimension of each particle.
As a result, interparticle plasmonic coupling was negligible
and should have no contribution to the Raman enhancement.
The large interparticle distances allowed us to focus the laser
beam on one particle each time, using a confocal Raman
microscope to collect single-particle SERS (spSERS) signals.

SERS spectra were collected from 50 individual particles for
each sample (HAuNFs or AuNSs), and the average SERS spectra
of a monolayer of BPT adsorbed on individual HAuNFs or
AuNSs are shown in Fig. 6A. The Raman features of BPT mole-
cules were detectable at single nanoparticle level for both
HAUuNF and AuNS (The broad Raman mode around 940 cm™*
originates from the used silicon substrate). The spectral
features are in good agreement with earlier experimental and
theoretical work.” Strikingly, the SERS intensity on individual
HAuUNFs was ~40 times higher compared with that on AuNSs.

We further estimated the enhancement factors (EFs) by
comparing SERS signals to normal Raman intensities obtained
from neat BPT powders (ESL Fig. S147). Two intense Raman
bands at 1100 cm™' (C-H stretching mode) and 1589 cm™"
(phenol ring C-C stretching mode) were chosen for EF esti-
mation (The detailed method for estimating the EFs is
described in ESLf). It can be seen from Fig. 6B that, the
phenol ring C-C stretching showed larger enhancements
than the C-H stretching mode, most likely due to the stronger
coupling between the transition dipole moment and local
electric field.>* The EFs were estimated to be on (or close to)
the order of 10° for HAuNFs, while on the order of 10° for
AuNSs.

Among the structural features of HAuNFs, the open cavity
makes the inner walls accessible, and the facing inner walls
form nanogaps of several tens of nanometers or even sub-
10 nm, greatly enhancing the plasmon electromagnetic

This journal is © The Royal Society of Chemistry 2016
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(A) SERS spectra of BPT on individual HAuNFs (red line) and AuNSs (black line). Laser wavelength 632.8 nm, 180 pW power, 1s and 10 s inte-

gration time for HAUNF and AuNSs, respectively. The inset shows a typical dark-field optical image of isolated HAuNFs deposited on a silicon sub-
strate. (B) SERS EFs on individual HAuNFs/AuNSs. (C) SEM image of HAuNFs, showing the structural features contributing to the SERS signals.

field.®>®" Moreover, the increased surface area and roughness,
tips, edges, intra-particle gaps and nanoscale porosity between
the spikes of the HAuNFs (shown in Fig. 6C) all contribute to
significant  electromagnetic field enhancements, thus
affording strong spSERS signals.®>®

Conclusion

In summary, we have proposed a facile and cost-effective one-
step approach to fabricating novel HAuNFs with an open
hollow channel in the center and multiple spikes on the outer
surface. The simply prepared MO-FeCl; nanofiber templates
play an essential role in both the formation of the hollow
channel and the flower-shaped morphology, and undergo
auto-degradation catalyzed by the as-formed Au nanoflowers.
This approach has also shown applicability to fabricating
HAgNFs. Crucially, unlike the conventional template synthesis
in which the product tends to inherit the shape or symmetry
of the template,'® the dual roles of the nanofiber template lead
our hollow-channel nanoflowers to display a geometry and
dimensionality distinct from the template, offering innovative
ideas for the design of nanostructures via template-assisted
synthesis.

The optical absorption of these HAuNFs can be modulated
to NIR region by tailoring the topology/roughness, without
enlarging the dominant dimension of the nanoparticles, pro-
viding them with the benefits of both smaller size and NIR
absorption desirable for future in vivo applications. Moreover,
our HAuNFs enjoy a large surface area, rich edges and corners,
an open hollow cavity, high-index facets and a clean surface,
which synergistically lead to the excellent (electro) catalytic
performances and SERS activity.

It is envisaged that these HAuNFs can be utilized as
effective catalysts and SERS probes, and hold potential uses as
drug carriers and photothermal conversion agents. We also
envisage that our novel synthesis protocol is generic and pro-
vides an insight into the room-temperature aqueous phase
synthesis of a variety of hollow metal nanomaterials for diverse
future applications.

This journal is © The Royal Society of Chemistry 2016

Experimental

Materials

Gold(m) chloride trihydrate (520918), 4-nitrophenol (Fluka-
73560), Nafion® perfluorinated resin solution (Aldrich-
510211), iron(m) nitrate nonahydrate (Fe(NO3);-9H,0, 254223)
and ethanol (32221) were purchased from Sigma-Aldrich.
L-(+)-Ascorbic acid (A15613), iron(ur) chloride hexahydrate
(FeCl3-6H,0, A16231), methyl orange (ACS, 17874) and silver
nitrate (11414) were purchased from Alfa Aesar. Sodium boro-
hydride (NaBH,, 10599010), hydrochloric acid (37%, UN1789),
potassium hydroxide (KOH, P/5640/53) and nitric acid (70%,
UN2031) were purchased from Fisher Scientific. All chemicals
were used without further purification.

Reaction preparation

Vials were cleaned with aqua regia (nitric acid and hydro-
chloric acid in a volume ratio of 1:3) thoroughly rinsed with
DI water, and dried in an 80 °C oven before use. Once dry, the
flasks were allowed to cool to room temperature before any
reactants were added.

Synthesis of hollow-channel Au Nanoflowers (HAuNFs)

In a typical procedure, 13.5 mg of FeCl;-6H,0 was dissolved in
1 ml of 5 mM methyl orange aqueous solution to prepare the
template dispersions. 120 pl of the template dispersion and
2 ml of ascorbic acid aqueous solution (50 mM, 100 mM or
150 mM) were added sequentially into 2 ml HAuCl, aqueous
solution (5 mM) without stirring. After an undisturbed growth
for 45 min at room temperature, the reaction products were
isolated by centrifugation at 1000 rpm (188g) for 10 min fol-
lowed by removal of the supernatant. The pellet was washed
with Milli-Q twice. The final product of HAuNFs was collected
in Milli-Q.

Synthesis of Au Nanospheres (AuNSs)

120 pl Milli-Q and 2 ml of ascorbic acid aqueous solution
(150 mM) were added sequentially into 2 ml HAuCl, aqueous
solution (5 mM) without stirring. After an undisturbed growth
for 45 min at room temperature, the reaction products were

Nanoscale, 2016, 8, 14932-14942 | 14939
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isolated by centrifugation at 1000 rpm (188g) for 10 min fol-
lowed by removal of the supernatant. The pellet was washed
with Milli-Q twice. The final product of AuNSs was collected
in Milli-Q.

Synthesis of hollow-channel Ag Nanoflowers (HAgNFs)

In a typical procedure, 20.2 mg of Fe(NO;);-9H,0 was dissolved
in 1 ml of 5 mM methyl orange aqueous solution to prepare
the template dispersions. 120 pl of the template dispersion
and 2 ml of ascorbic acid aqueous solution (100 mM) were
added sequentially into 2 ml AgNO; aqueous solution (5 mM)
without stirring. After an undisturbed growth for 90 min at room
temperature, the reaction products were isolated by centrifu-
gation at 1000 rpm (188g) for 10 min followed by removal of the
supernatant. The pellet was washed with Milli-Q twice. The final
product of HAUNFs was collected in Milli-Q.

Characterizations

The UV-vis absorption spectra were recorded with a Perkin-
Elmer Model Lambda35 spectrophotometer. SEM micrographs
were obtained using a Hitachi SU8230. Each SEM sample was
prepared by placing 5 pl nanoparticle dispersion (in Milli-Q)
onto an aluminium substrate and drying at room temperature
naturally. A transmission electron microscope (TEM; Tecnai™
G*> Spirit TWIN/BioTWIN) with an acceleration voltage of
120 kv was used to take lower resolution TEM images. A field
emission gun TEM microscope (Philips CM200 FEGTEM; 200
kV) equipped with a Gatan GIF200 imaging filter running Digital-
Micrograph software was used to take higher magnification
TEM images and energy dispersive X-ray spectroscopy (EDX).
For preparing for the TEM samples, 5 pl nanoparticle dis-
persion (in Milli-Q) was dropped onto a carbon-coated copper
grid and dried at room temperature naturally. The XRD pattern
was obtained by using a Panalytical Model X’Pert Pro MPD
X-ray diffractometer with Cu Ka source and an X'cellerator
detector. A continuous scan over a 26 range from 30° to 90°
was performed with an acquisition time of 1 h per sample at a
step size of 0.05°. Samples were prepared by depositing and
drying slurries directly on low-background Si sample holders.
The concentration of gold nanoparticles (HAuNFs and AuNSs)
in solution was determined using an atomic absorption
spectrometer (AAS, Varian 240fs).

Catalytic degradation of methyl orange (MO) and reduction of
4-nitrophenol (4-NP)

Degradation of MO. (1) The freshly prepared MO aqueous
solution (10 pl, 5 mM) and NaBH, aqueous solution (980 pl,
0.1 M), HAuNF (or AuNS) dispersions (10 pl, 800 pg ml™") were
added successively into a cuvette at 20 °C. (The concentration
of HAUNFs in the reaction system is 8 pg ml™", i.e., 8§ mg 17".)
The kinetic process of the reduction reaction was monitored
by the variation of absorbance at 465 nm as the function of
time.

(2) Since the catalytic activity of HAuNFs was independent
of their concentration, we tracked the variation in their cata-
Iytic activity by repeated addition of new MO.°* After each cycle
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of reaction proceeded for 100 s, another 10 pl of MO aqueous
solution (5 mM) was added to the reaction system.

(3) Following the protocol in (1), the catalytic activities of
HAuNFs/AuNSs at different concentrations were measured by
adding 10 pl dispersions of HAUNFs/AuNSs (200 pg ml™,
400 pg ml™ or 1600 pg ml™, respectively corresponding to
2mgl™", 4 mg 1" and 16 mg 17" in the reaction system).

Reduction of 4-nitrophenol (4-NP). (1) The freshly prepared
4-NP aqueous solution (10 ul, 20 mM) and NaBH, aqueous
solution (980 pl, 0.1 M), HAuUNF (or AuNS) dispersions (10 pl,
800 pg ml™") were added successively into a cuvette at 20 °C.
The kinetic process of the reduction reaction was monitored
by the variation of absorbance at 400 nm as a function of time.

(2) Since the catalytic activity of HAuNFs was independent
of their concentration, we tracked the variation in their cata-
lytic activity by repeated addition of new 4-NP.°* After each
cycle of reaction proceeded for 120 s, another 10 pl of 4-NP
aqueous solution (20 mM) was added to the reaction system.
This step was repeated ten times to investigate the stability of
catalyst particles.

(3) Following the protocol in (1), the catalytic activities of
HAuNFs/AuNSs at different concentrations were measured by
adding 10 pl dispersions of HAUNFs/AuNSs (200 pg ml™,
400 pg ml™ or 1600 pg ml™', respectively corresponding to
2mgl1™", 4 mg 1" and 16 mg 17" in the reaction system).

Electrocatalytic performances of HAuNFs (or AuNSs) towards
ethanol oxidation (cyclic voltammetry measurements)

Cyclic voltammetry (CV) measurements were conducted in a
conventional three-electrode glass cell using an Autolab
electrochemical analyzer (Ecochemie, Utrecht, Netherlands)
equipped with a PGSTAT128N potentiostat. The HAuNFs and
AuNSs were drop-casted on freshly polished pyrolytic graphite
‘edge’ electrodes (PGE, diameter = 3 mm), which served as
working electrodes. The glassy carbon electrodes were polished
with an aqueous slurry of 1 pm alumina particles and briefly
immersed in water in a bath sonicator to remove the alumina.
A Pt wire and a Ag/AgCl (saturated KCl, Radiometer) were used
as the counter and reference electrodes, respectively. Prior to
conducting the CV measurements, 1 pl of an aqueous Au nano-
particle (HAuNFs or AuNSs) solution was placed onto the PGE
surface and dried in air for about 10 minutes. After the solu-
tion was dried, 10 pl of a Nafion solution (ca. 0.05%, prepared
by mixing 10 pl Nafion® perfuorinated resin solution of 5%
w/v, 440 pl Milli-Q and 550 pl ethanol) was added, followed by
being dried in a desiccator for 30 min. The dried PGE were
rinsed sequentially with ethanol and water, and then electro-
chemically cleaned by 20 potential cycles between —0.75 and
0.60 V (vs. Ag/AgCl) in 0.1 M KOH and 0.5 M ethanol mixed
solution at a scan rate of 50 mV s*. All CVs were obtained at
room temperature, and the electrolyte solutions
thoroughly purged with argon.

were

Single-particle SERS of HAuNFs (or AuNSs)

Both HAuNFs and AuNSs were deposited on a silicon substrate
by drop-casting. The drop-casting time was adjusted to obtain

This journal is © The Royal Society of Chemistry 2016
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a uniform but sparse sample allowing single particle analysis.
Subsequently the samples were rinsed with deionized H,O,
blown dry, and submerged in a 10 mM BPT solution in EtOH
for 1 h. A home-built dark field Raman microscope was used
to collect the SERS spectra of one particle at a time. A helium
neon laser (632.8 nm) was coupled into an Olympus
BX51 microscope. All experiments were performed using a
long working distance 100x objective (NA = 0.8) and a laser
power of 0.18 mW (on the sample). The signal was collected
using an Andor Shamrock i303 spectrograph and an Andor
Newton EMCCD.
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