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ABSTRACT: Surface-enhanced Raman scattering (SERS) is considered
to be a highly sensitive platform for chemical and biological sensing.
Recently, owing to their high porosity and large surface area, metal—
organic frameworks (MOFs) have attracted considerable attention in
sensing applications. Porous carbon nanostructures are promising SERS
substrates due to their strong broadband charge-transfer resonance and
reproducible fabrication. Furthermore, an extraordinarily large enhance-
ment of the electromagnetic field enables plasmonic nanomaterials to be

[l Metrics & More | @ Supporting Information

nanoporous
carbon (NPC)

Porous Au@Ag NRs
decoration

ideal SERS substrates. Here, we demonstrate the porous Au@Ag %&;’ *
nanostructure-decorated MOF-derived nanoporous carbon (NPC) for ‘= \\V ) ——
highly efficient SERS sensing. Specifically, this plasmonic nanomaterial— A ek

Plasmonic nanostructures
decorated NPC

NPC composite offers high Raman signal enhancement with the ability to
detect the model Raman reporter 2-naphthalenethiol (2-NT) at

picomolar concentration levels.

Bl INTRODUCTION

Sensitive and rapid detection of analytes is of great importance
in the fields ranging from clinical diagnosis, biomedical
research, analytical chemistry, and food safety to environ-
mental sciences.'’ Surface-enhanced Raman scattering
(SERS) is considered to be a highly sensitive and promising
technique for chemical and biological sensing.*”” The
capability to identify the analyte from characteristic finger-
prints enables this technique to be utilized for trace detection
of analytes.”” In the past few decades, extensive research
efforts have been dedicated to the design and formation of the
SERS substrates with both large SERS enhancement and high
reproducibility. ' °~">

Noble metal nanomaterials have been employed in a variety
of biomedical aIpplications, including imaging, drug delivery,
and sensing."*~"® Many of these applications rely heavily on
their unique optical properties resulting from localized surface
plasmon resonance (LSPR)."”~'>'” Phenomenal progress in
the synthesis of size- and shape-controlled plasmonic
nanostructures with tunable LSPR wavelength in the visible
range to parts of the near-infrared range has led to these
nanostructures as powerful nanomaterials for analytical plat-
forms.'”'”*° The strong electric field on the surface of
plasmonic nanostructures, as well as the hotspots formed
between the nanostructures, suggests that the plasmonic
nanostructures are ideal for SERS-based sensing applica-
tions.>"** Metal—organic frameworks (MOFs), consisting of
metal ions or clusters linked by organic ligands, are a relatively
new class of hybrid organic—inorganic supramolecular
materials and have attracted great research attention due to
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their tunable porosity and large surface area.”””>° These
attractive properties, owing to their porous nature, render
novel MOF materials for catalysts, gas storage, drug delivery,
and chemical sensing.”*** Recently, porous carbon nano-
structures have been demonstrated as an effective substrate for
highly sensitive and biocompatible SERS sensing.”* The large
chemical enhancement due to the strong broadband charge-
transfer resonance and reproducible fabrication process makes
porous carbon nanostructures promising SERS substrates.
Among the methods for the preparation of porous carbon
nanomaterials, the direct carbonization of porous MOFs has
been considered to be a rapid and effective way.”> To the best
of our knowledge, there have been rare reports on the
employment of plasmonic nanomaterials/ MOF-derived porous
carbon composites for sensing application.

In this work, we report the plasmonic nanostructure
decoration on the surface of MOF-derived nanoporous carbon
(NPC) for SERS detection. Taking advantage of the porous
nature of MOFs as well as the uniformity and strong charge-
transfer resonance of porous carbon nanostructures, we
demonstrate that the plasmonic nanostructure decoration on
the surface of MOF-derived NPC provides not only high signal
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Figure 1. Schematic illustration depicting the fabrication of plasmonic nanomaterial-decorated ZIF-8-derived nanoporous carbon for SERS

detection.
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Figure 2. TEM images of (a) AuNRs, (b) Au@Ag NRs, and (c) porous Au@Ag NRs. Inset in panel (c) shows a porous structure with a scale bar
of 20 nm. (d) UV—vis—NIR spectra of AuNRs, Au@Ag NRs, and porous Au@Ag NRs.

enhancement but also high reproducibility in the SERS
spectrum.

B RESULTS AND DISCUSSION

Figure 1 illustrates the fabrication of plasmonic nanomaterial-
decorated MOF-derived NPC for SERS detection. Porous
core—shell nanostructures consisting of plasmonic Au nano-
octahedron as core and porous Au nanocage as shell have
recently been demonstrated with higher SERS enhancement
due to the electromagnetic hotspots within the nanostruc-
tures.”® Galvanic replacement, which involves the oxidation of
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one metal with lower reduction potential by the ions of
another metal with higher reduction potential, is a versatile
method for the synthesis of bimetallic (Au, Ag, Pt, or Pd) and
porous core—shell nanostructures with morphology-control-
lable and wavelength-tunable properties.”’~*’ Herein, a two-
step process was used for the synthesis of porous core—shell
nanostructures. In the first step, a seed-mediated method was
employed to synthesize gold nanorods (AuNRs).*"** The
length and diameter of AuNRs were measured to be around 54
+ 42 and 15 + 1.4 nm, respectively, using transmission
electron microscopy (TEM) images (Figure 2a). Silver-coated
gold nanorods (Au@Ag NRs) were synthesized using a
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Figure 3. SEM images of ZIF-8 with relatively (a) low and (b) high magnification. (c¢) TEM image of ZIF-8. Inset shows the representative TEM
image of ZIF-8 with a scale bar of 200 nm. (d) XRD pattern of ZIF-8. SEM images of the ZIF-8-derived nanoporous carbon (NPC) with relatively
(e) low and (f) high magnification. (g) TEM image of the NPC. Inset shows the representative TEM image of NPC with a scale bar of 100 nm. (h)
Raman spectrum of the NPC. XPS survey scans of (i) ZIF-8 and (j) NPC. XPS spectra of (k) ZIF-8 and (1) NPC show the binding energy for

carbon (C 1s).

recently reported method with slight modification.'® Basically,
the AuNRs served as the cores in the growth solution
consisting of silver nitrate as the Ag precursor, hexadecyl-
trimethylammonium chloride (CTAC) as the surfactant, and
ascorbic acid as the reducing agent. From the TEM image, the
length and width of the Au@Ag NRs were measured to be
around 57 + 5.1 and 25 + 2.2 nm, respectively (Figure 2b). As
mentioned above, the galvanic replacement reaction is a facile
method for the preparation of hollow and porous bimetallic
nanostructures with tunable LSPR wavelength. To achieve a
high SERS signal, the galvanic replacement reaction is
employed to tailor the LSPR wavelength of the bimetallic
nanostructures. The titration of HAuCl, aqueous solution into
the Au@Ag NR solution was controlled to obtain an LSPR
band of hollow and porous core—shell nanostructures to be
maximally overlapped with the laser excitation of a Raman
spectrometer. Adding the aqueous solution of HAuCl, into the
Au@Ag NRs, the progressive red shift in the LSPR wavelength
was observed and the hollow and porous Au@Ag nanostruc-
tures were formed (Figure S1). The length and width of the
porous Au@Ag NRs were measured to be around 58 + 4.2 and
26 + 2.8 nm, respectively, and the porous structure can be
observed from the TEM images (Figure 2c). The UV—vis—
NIR spectra of the AuNRs, Au@Ag NRs, and porous Au@Ag
NRs were collected in the solution and are shown in Figure 2d.
The UV—vis—NIR spectrum reveals that the AuNRs exhibited
transverse and longitudinal plasmon resonance bands at 512
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and 785 nm, respectively. For Au@Ag NRs, the LSPR peak at
the wavelength around 605 nm is ascribed to the longitudinal
dipolar plasmon mode.*”** The main peak of the porous Au@
Ag NRs was measured to be around 630 nm in the UV—vis—
NIR spectrum. The porous structure of the Au@Ag NRs and
histogram of the size distribution of the AuNRs, Au@Ag NRs,
and porous Au@Ag NRs as measured from TEM images are
shown in Figure S2 and S3, respectively.

We then turn our attention to the fabrication and
characterization of MOF and NPC. The typical MOFs, zeolitic
imidazolate framework-8 (ZIF-8), were synthesized by the
mixture of 2-methylimidazole and zinc nitrate hexahydrate in
methanol at room temperature (the detailed procedure is
provided in the Experimental Section). From the SEM images
of the ZIF-8 crystals synthesized with various molar ratios of 2-
methylimidazole and zinc nitrate hexahydrate, the size of the
crystal was found to be decreased as the ratio of 2-
methylimidazole and zinc nitrate hexahydrate increased
(Figure S4). 2-Methylimidazole and zinc nitrate hexahydrate
at a molar ratio of 4:1 were selected due to the relatively large
size of the particle (Figure 3ab). The size of the ZIF-8
nanostructures was measured to be around 0.5—1 ym from
TEM (Figure 3c). X-ray diffraction (XRD) analysis was
performed to confirm the crystal structure of ZIF-8
nanostructures. The XRD peak positions as well as the
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) curves of the as-synthesized ZIF-8 crystals
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Figure 4. (a) Optical image of the porous Au@Ag NR-coated NPC on the paper substrate. Inset shows the SEM image of the porous Au@Ag NR-
coated NPC with a scale bar of 200 nm. (b) Raman spectra of 2-NT (100 pM) on NPC with and without porous Au@Ag NR decoration. (c)
Raman spectra of 2-NT at various concentrations on the porous Au@Ag NR-decorated NPC. (d) Plot showing the Raman intensity of the 1381

cm™! Raman band at various concentrations of 2-NT.

were in agreement with the typical structure of ZIF-8 (Figures
3d and S5).*~* For the preparation of NPC nanostructures,
direct carbonization of ZIF-8 crystals was employed accordin%
to a previously reported method with slight modification.”

Briefly, the ZIF-8 crystals were heated without any additional
carbon precursor under an argon atmosphere at 900 °C for 6 h
(Figure 3e,3f). From the TEM images, it reveals that the size of
the NPC nanostructures is in the range of 0.3—0.6 ym, which
is slightly shrank owing to the cleavage of the organic ligands in
the carbonization process (Figure 3g). Raman spectrum of the
NPC nanostructures revealed the characteristic G-band at the
wavenumber of around 1580—1600 cm™"' and D-band at the
wavenumber of around ~1330—1350 cm™, which correspond
to the graphitic structure and the disordered carbon structures,
respectively (Figure 3h). The surface area of the ZIF-8
nanostructures was calculated to be around 1430 m?/ g by the
Brunauer—Emmett—Teller (BET) method, which was close to
the reported value (Table $2).*** Compared with the original
ZIF-8 nanostructures, the surface area of the NPC nanostruc-
tures was reduced to be around 1099 m?/ g, and this was
probably the result of the dimensional shrinkage in the
carbonization process.”’ X-ray photoelectron spectroscopy
(XPS) was employed to investigate the chemical composition
of the ZIF-8 and NPC nanostructures (Figure 3i—I and Figure
S6). The XPS spectrum of ZIF-8 reveals the presence of C, N,
O, and Zn elements (Figure 3i). While in the XPS spectrum of
NPC, only the high-intensity peak of C and the relatively weak
peaks of N and O are present, indicating that the content of Zn
is low due to the evaporation during the carbonization process
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(Figure 3j). The 1s spectra of carbon can be deconvoluted into
two peaks corresponding to the C—C bond with a binding
energy of around 284.1 eV and the C—N bond with a binding
energy of around 285.4 eV (Figure 3k1).>" The elemental
mapping results reveal that the content of Zn is rich in ZIF-8
and less in NPC, while the content of C is rich in NPC (Figure
S7). The FTIR spectrum of the ZIF-8 crystals shows the main
bands at 3135, 1576, 1418, 1328, and 1146 cm ™, which are in
consistent with the previously reported literature (Figure
$8).°* The FTIR band at 3135 cm™" was associated with the
aromatic C—H stretching vibration, while the band at 1576
cm™! corresponded to the C=N stretch vibration. The bands
at 1300—1460 and 1146 cm™" were assigned for the ring
stretching and the aromatic C—N stretching modes,
respectively. In the XRD spectrum of NPC nanostructures, a
broad diffraction band at 25° can be observed, which is
assig41;ed to the (002) diffraction of graphitic carbon (Figure
S9).

Paper has been demonstrated to be an attractive substrate
for flexible biochips owing to their unique properties, such as
flexibility, high specific surface area, and abundance."”*® Hence,
paper has been employed as the flexible substrate in this study.
We first decorated plasmonic nanostructures on NPC, which
shows the uniform adsorption of porous Au@Ag NRs on NPC
(Figures S10 and S11). A simple filtration method was
employed to realize the paper-based flexible SERS substrates,
which showed that the surface of NPC was coated with a large
number of porous Au@Ag NRs (Figure 4a). The SERS
substrates demonstrate the robusticity after exposure to
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ethanol various times (Figure S12). To investigate the SERS
activity, we first exposed the NPC paper with and without
plasmonic nanostructure decoration to the same concentration
of the Raman reporter, 2-naphthalenethiol (2-NT). The
Raman spectra were collected using a 632.8 nm laser as an
excitation source. From the Raman spectrum of 2-NT-exposed
plasmonic nanostructure-decorated NPC paper, it clearly
revealed that the Raman bands at 1070 and 1381 cm™
correspond to the C—H bending and ring stretch vibrations
of 2-NT, respectively (Figure 4b).’® The strong Raman signals
of 2-NT were arising from the hotspots of the porous Au@Ag
NRs and the charge transfer between the molecule and NPC.
While in the Raman spectrum of 2-NT-exposed NPC paper
without plasmonic nanostructure decoration, no distinguish-
able Raman bands of 2-NT can be observed. These results
clearly indicate that the SERS substrates prepared by the
adsorption of porous Au@Ag NRs on NPC can lead to the
generation of high intensity of Raman signal. SERS spectra
obtained from the plasmonic nanostructure-decorated NPC
paper after exposure to different concentrations of 2-NT are
shown in Figure 4c. The most prominent Raman bands of 2-
NT appeared at 1070, 1381, and 1627 cm™’, and the Raman
band at 1381 cm™" was used to determine the trace detection
ability of the plasmonic nanostructure-decorated NPC paper.
From the plot of the relationship between the concentration of
2-NT and the Raman intensity, it clearly revealed that the
SERS intensity increases with the increase in the concentration
of the analyte (Figure 4d). The SERS signals of 2-NT at the
concentration of 100 pM can still be observed, which indicates
that the porous Au@Ag NR-decorated NPC papers are
promising SERS substrates for trace detection.

B CONCLUSIONS

In summary, we have demonstrated the fabrication of porous
Au@Ag nanostructures and MOF-derived nanoporous carbon
for SERS detection. By incorporating the porous Au@Ag NRs
into the nanoporous carbon, the SERS signals can be
significantly improved. This sensing platform is promising for
the applications in chemical and biological sensing applica-
tions.

B EXPERIMENTAL SECTION

Materials and Chemicals. Gold chloride trihydrate
(HAuCl,-3H,0), hexadecyltrimethylammonium bromide
(CTAB), sodium borohydride (NaBH,), silver nitrate
(AgNO;), ascorbic acid, zinc nitrate hexahydrate (reagent
grade, 98%), 2-methylimidazole, and 2-naphthalenethiol (2-
NT) were purchased from Sigma-Aldrich. Hexadecyltrimethy-
lammonium chloride (CTAC) was purchased from Tokyo
Chemical Industry (TCI). All chemicals were used as received
without further purification.

Synthesis of Au Nanorods. Au nanorods were synthe-
sized using the seed-mediated method.*""** A seed solution was
synthesized by adding 0.6 mL of an ice-cold NaBH, (10 mM)
solution into the solution containing 0.25 mL of HAuCl, (10
mM) and 9.75 mL of CTAB (0.1 M) under vigorous stirring at
room temperature. The color of the seed solution changed
from yellow to brown. Growth solution was prepared by
mixing S mL of HAuCl, (10 mM), 95 mL of CTAB (0.1 M), 1
mL of AgNO; (10 mM), and 0.55 mL of ascorbic acid (0.1 M)
consecutively. The solution was homogenized by gentle
shaking. To the colorless solution, 0.12 mL of freshly prepared

seed solution was added and kept undisturbed in the dark for
14 h. Prior to use, the AuNR solution was centrifuged twice at
8000 rpm for 10 min to remove excess CTAB and redispersed
in nanopure water.

Synthesis of Au@Ag NRs. Four milliliters of AuNRs was
centrifuged twice and 8 mL of CTAC (20 mM) were mixed at
60 °C under stirring for 20 min. Then, 1.6 mL of AgNO; (2
mM), 2 mL of CTAC (20 mM), and 0.8 mL of ascorbic acid
(0.1 M) were added under stirring at 60 °C for 4 h. The Au@
Ag NR solution was centrifuged at 8000 rpm for 10 min and
redispersed in 50 mM CTAC solution.

Synthesis of Porous Au@Ag NRs. Porous Au@Ag NRs
were synthesized by transforming the Ag shell of Au@Ag NRs
into the porous shell of Au via the galvanic replacement
reaction. The as-synthesized Au@Ag NRs were centrifuged
and redispersed in the CTAC solution (20 mM). HAuCl,
aqueous solution (0.5 mM) was injected into the Au@Ag NR
solution at a rate of 0.5 mL/min under magnetic stirring.

Synthesis of ZIF-8. ZIF-8 was synthesized according to a
previous report with slight modification.* Briefly, 10 mL of
zinc nitrate hexahydrate (0.2 M in methanol) and 10 mL of 2-
methylimidazole (0.8 M in methanol) were mixed with gently
stirring at room temperature for 10 min and kept undisturbed
for 14 h. The ZIF-8 nanocrystals were washed with methanol
through centrifugation and dried at 80 °C for further use.

Synthesis of ZIF-8-Derived Nanoporous Carbon. ZIF-
8-derived nanoporous carbon was prepared by carbonization of
the ZIF-8 nanocrystals. Basically, the ZIF-8 nanocrystals were
heated from room temperature to 900 °C at a rate of 5 °C/min
and kept at 900 °C for 6 h under an argon flow.

Spectroscopy Measurements. SERS spectra measure-
ments were performed by adding 2-NT (in ethanol) to the
plasmonic nanomaterial-decorated NPC. SERS spectra were
collected using a confocal Raman spectrometer (LABRAM HR
800 UV, Horiba Jobin Yvon, Japan). Spectra were collected
using the 632.8 nm laser, which was focused on the sample
using a 50X objective. At least three spectra were collected
from different spots across each sample.

Fabrication of Porous Au@Ag NR-Decorated NPC on
Paper Substrates. Porous Au@Ag NR-decorated NPC on
paper substrates was fabricated via a vacuum-assisted filtration
method. Briefly, 3 mL of NPC (in water, around 67 mg/mL)
was filtered, followed by 12 mL of porous Au@Ag NRs
(extinction ~2) on paper substrates.

Characterization. UV—vis extinction spectra were col-
lected using a Shimadzu UV-1900 UV—vis spectrophotometer.
Scanning electron microscopy (SEM) images were obtained
using a JEOL JSM-7000F field-emission SEM at an
accelerating voltage of 10 kV. Transmission electron
microscopy (TEM) images were collected using a JEOL
JEM-2100 field-emission microscope. ICP-MS measurements
were performed using an Agilent 7500ce spectrometer. XPS
spectra were obtained using a ULVAC-PHI high-resolution
electron spectrometer. The X-ray diffraction (XRD) measure-
ments of the samples were collected using a Rigaku TTRAX III
X-ray powder diffractometer. Fourier transform infrared
spectroscopy (FTIR) measurements were performed using a
Bruker Vertex 80v spectrometer.
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Representative SEM images, UV—vis—NIR spectra of
the Au@Ag NRs, porous Au@Ag NRs and TEM image
of the porous Au@Ag NRs; size distribution of the
AuNRs, Au@Ag NRs, and porous Au@Ag NRs; ICP-
MS analysis; SEM images, TGA, and DSC of ZIF-8; and
BET, XPS, elemental mapping, and FTIR of ZIF-8 and
NPC (PDF)
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