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Ag-Nanoparticles-Decorated Ge-Nanowhisker Grafted on
Carbon Fiber Cloth as Flexible and Effective SERS

Substrates

Jing Liu,”®¥ Chuhong Zhu,” Qijun Pan,”< Guowen Meng,**< and Yong Lei'”

Three-dimensional (3D) flexible surface enhanced Raman
scattering (SERS) substrates of silver nanoparticles (Ag-NPs)
decorated Germanium nanowhiskers (Ge-NWHKs) grafted on
carbon fiber cloth (CFC) (denoted as Ag-NPs@Ge-NWHKs@CFC)
are constructed via chemical vapor deposition growth of high-
density Ge-NWHKs on CFC and then assembly of Ag-NPs on the
Ge-NWHKs by galvanic displacement. Ordered 3D framework of
Ge-NWHKs grafted flexible CFC impels the formation of large
amounts of Ag-NPs with homogenous distribution via sponta-

1. Introduction

Surface enhanced Raman scattering (SERS), as a rapid, highly
sensitive and non-destructive method for fingerprint detection,
has been widely used in chemical and biochemical analysis."™”
To carry out perfect SERS measurement, SERS substrates are
supposed to not only have high-density “hot spots” with highly
concentrated electromagnetic (EM) field to make a significant
contribution to the Raman signal enhancement, but also have
good uniformity to guarantee reproducible  SERS
measurements.® Since ordered three-dimensional (3D) mi-
cro/nanostructures (mainly plasmonic nanoparticles) with large
surface area can support high-density “hot spots” while
ensuring a good uniformity, various SERS substrates of noble
metal nanoparticles (NPs) decorated 3D nanostructures were
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neous reduction of Ag*' ions. Thus, the Ag-NPs@Ge-
NWHKs@CFC SERS substrates present ultra-high sensitivity,
good reproducibility, and high flexibility. This SERS sensor has
achieved a detection limit of 1 pM for Rhodamine 6G and
0.1 nM for thiram respectively. The as-fabricated SERS sub-
strates show promising potential for applications in rapid
detection of trace organic pollutants in the aquatic environ-
ment.

constructed,”'® such as Ag-NPs@ZnO nanowire arrays,!'” Ag-
NPs@vertical graphene-nanosheet,”™ Ag-nanocubes@photoli-
thographic microstructures and Pt@TiO, nanotube arrays.?'?
In particular, flexible 3D nanostructures are more desirable for
constructing SERS substrates, because of the fragile and
inconvenience performance of traditional rigid templates.”>
For example, gold nanoplates (Au-nanoplates) were grafted
onto carbon-nanotube sheets by hydrothermal reduction
process to achieve flexible SERS substrates.”” Also, Ag-NPs
were decorated on PAN nanohump arrays or Au-NPs were
assembled onto free-standing Si-nanowire paper via
sputtering.”®**! However, these reported methods of bonding
Ag-NPs to flexible nanostructures are expensive and/or com-
plex, where expensive instruments or reducing agents are
used, and restricting their popularity.

Galvanic displacement, which depends on the potential
difference between substrates and metal ions, has become a
popular method for synthesizing metal nanoparticles, due to its
low cost and easy operation.”” Ag-nanostructures were facilely
synthesized right before SERS detection by galvanic displace-
ment method so that the oxidization of Ag can be avoided and
the high SERS sensitivity can be guaranteed. Germanium (Ge)
with the capability of reducing Ag™ and AuCl,” spontaneously
via galvanic displacement has been applied in the fabrication
of SERS substrates.®" For example, Ag-NPs were decorated on
Ge nanowires or Ge wafers through galvanic displacement to
obtain highly sensitive SERS substrates.***® We also con-
structed Ag-NPs-decorated Ge-nanowhiskers (Ge-NWHKs)
grafted on Si-micropillars which present both ultra-high
sensitivity and good reproducibility.* However, all these SERS
substrates are rigid, which are not conducive in some
applications, that need flexible and bendable substrates. For
example, analytes on irregular surfaces are difficult to detect
with rigid substrates, but can be loaded and tested by
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swabbing it with flexible SERS substrates.®*>® Also, wearable
sensors need to be flexible.”

Herein, we report a simple large-scale synthetic approach
for flexible 3D SERS substrates made of Ag-NPs decorated Ge-
NWHKs grafted on carbon fiber cloth (CFC), denoted as Ag-
NPs@Ge-NWHKs@CFC, with high sensitivity and good reprodu-
cibility. The CFC is promising as flexible materials and has wide
application and development prospects due to its low cost,
fatigue and corrosion resistance.*® The fabrication procedure
of flexible 3D SERS substrates based on CFC is shown in
Figure 1. Firstly, CFC was immersed in a mixed solution of
graphene oxide (GO) and nickel nitrate (Ni(NOs),) to effectively
decorate the catalyst precursor Ni(NO;), and GO on the surface
of each carbon fiber. Then, flocky Ge-NWHKs were grafted on
CFC via chemical vapor deposition (CVD) in a mixed gas of
germane (GeH,) and hydrogen (H,). Finally, Ag-NPs were
decorated onto the Ge-NWHKs by immersing the Ge-NWHKs
grafted CFC in an aqueous solution of silver nitrate (AgNO;) for
a few minutes. The fabrication approach and the resultant Ag-
NPs@Ge-NWHKs@CFC SERS substrates have the following
advantages. Firstly, substantial amounts of Ag-NPs are evenly
distributed on the ordered 3D nanostructures of Ge-
NWHKs@CFC, leading to high SERS activity and good SERS-
signal reproducibility. Secondly, galvanic displacement requir-
ing no reducing agents and expensive instruments shall be a
green and facile way to decorate Ag-NPs on the 3D-frame-
works. Thirdly, based on CFC with good durability and
flexibility, the 3D SERS substrates can be easily tailored into
many desired shapes for practical applications. As an applica-
tion demonstration, the Ag-NPs@Ge-NWHKs@CFC SERS sub-
strates are utilized for probing Rhodamine 6G (R6G) and thiram
(a fungicide), and have achieved a maximum detection of 1 pM
and 0.1 nM for R6G and thiram respectively, showing promising
potential in SERS-based rapid detection of trace organic
pollutants in environment.
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Figure 1. Schematic for the synthesis of Ag-NPs@Ge-NWHKs@CFC.
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2. Results and Discussion

After CVD growth of Ge-NWHKs on CFC, Ge-NWHKs grafted
CFC was obtained, as shown in Figure 2. Scanning electron
microscopy (SEM) observations reveal that large amounts of
Ge-NWHKs with average length of about 2 um were homoge-
nously distributed on CFC (Figure 2a, b, c). The cross-sectional
image of Ge-NWHKs in Figure 2c shows that the diameters
were about 500 nm and 250 nm at the bottom and the middle
of Ge-NWHKs respectively. The immersion of CFCs in the
aqueous solution of Ni(NO,), and GO took an important role in
the growth of dense and uniform Ge-NWHKs. The Ni**
adsorbed on CFCs were later reduced in H, at 330 °C and
converted into Ni nanoparticles, which acted as catalyst to
form Ni-Ge eutectic alloy in GeH,. When the alloy was
supersaturated, Ge nanocrystals nucleated and formed Ge
substance.?** With the Ni nanoparticles gradually integrating
into Ge, an evolution of Ge morphology changing from
nanofilm to needle-like nanowhisker was observed (Figure 2c).
The lattice-resolved TEM image (Figure 2d) of the Ge-NWHK
shows clear lattice fringes, demonstrating the crystalline nature
of the Ge-NWHK."? It is worth to mention that the hydrophilic
functional groups (-COOH, -C=0, and -OH) on the surface of
GO are essential for immobilizing sufficient Ni*™ onto CFCs."'~
1 Without GO, only few Ge NWHKs with smaller size (about
0.5 um in length) were grown onto the CFC unevenly (Fig-
ure S1, Supporting Information).

Then Ag-NPs were assembled on Ge-NWHKs (Figure 2a-c)
through galvanic displacement. Different standard reduction
potentials of Ge and Ag are given as below,

Ag" +e =Ag E, = 0.799V

Ge*" +4e " =Ge E, = 0.124V

Ag has a higher standard reduction potential than that of
Ge, leading to the spontaneous formation of Ag-NPs when Ag™
ions come in contact with Ge. For the deposition of Ag-NPs,
Ge-NWHKs grafted CFC was immersed in an aqueous solution
of AgNO;. Since electromagnetic fields increase dramatically
with the narrowing of the junctions of Ag-NPs™*¥ it is
important to optimize their distribution by controlling the
AgNO; immersion time. As shown in Figure 3a, after 3 mins of
AgNO; immersion, small Ag-NPs (with diameters less than
20 nm) were sparsely assembled on the Ge-NWHKs, where the
average gap between the neighboring Ag-NPs is about 33 nm.
The above-mentioned diameters and average gap size of Ag-
NPs were obtained from the size distribution and the junction
size distribution of Ag-NPs in Figure 3a (shown in Figure S2b
and ¢, Supporting Information). With the immersion duration
increases to 9 mins, the SEM image (shown in Figure 3b) shows
that from the Ge-NWHK root towards the Ge-NWHK tip, Ag-NPs
become larger and larger and tend to aggregate. This is due to
the larger curvature and higher surface free energy on the top
of Ge-NWHK. The reaction of galvanic displacement undergoes
fast at the position with higher surface free energy, leading to
the formation of larger Ag-NPs. The corresponding size and

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Chemistry

Full Papers Europe
doi.org/10.1002/slct.202001290

European Chemical
Societies Publishing

ChemistrySelect

Figure 2. (a, b) SEM views of the Ge-NWHKSs grafted on CFC with different magnifications. (c) cross-sectional view of the Ge-NWHKs and (d) TEM view of a Ge-

NWHK.

gap size distribution of Ag-NPs (shown in Figure S2e and f)
reveal that most of the Ag-NPs grow to about 20 nm and most
of the gaps between the neighboring Ag-NPs decrease to
about 10 nm (Figure 3b). There exist large amounts of “hot
spots” appearing in such gaps. Further elongating the
immersion duration to 12 mins, bulk Ag nanostructures with
larger volumes were covered onto the Ge-NWHKs and lots of
gaps disappeared (Figure 3c). The formation of Ag-NPs was
confirmed by energy dispersive X-ray spectroscopy (EDS) (Fig-
ure 3d) on Ag-NPs@Ge-NWHKs with the immersion duration of
9 mins (the inset shows the SEM image of the corresponding
Ag-NPs@Ge-NWHKs). Higher resolution SEM image of Ag-
NPs@Ge-NWHK (Figure S3 in Supporting Information) further
verifies the existence of high density “hot spots” on the
fabricated SERS substrate. The optical absorption spectra of Ge-
NWHKs@CFC and Ag-NPs@Ge-NWHKs@CFC are shown in Fig-
ure S4 (Supporting Information), indicating that the absorption
band for Ag-NPs is located at around 360 nm.

To optimize SERS performance, SERS activities of Ag-
NPs@Ge-NWHKs@CFC with different AgNO; immersion dura-
tions were tested by using aqueous R6G solutions (107¢ M), as
shown in Figure4a. The SERS spectra demonstrate the
characteristic peaks of R6G at 612 cm™' (C—C—C ring in-plane
bending mode), 775 cm™' (C—C—C ring out-of-plane bending
mode), and 1361 cm™' (aromatic C—C stretching vibration
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mode), respectively.* The SERS peak intensities of R6G
increase with the AgNO; immersion time prolonging for the
first 9 mins and then decrease with further elongating the
immersion time. As the AgNO; immersing duration increased
from 3 mins to 9 mins, the Ag-NPs grows bigger and the gaps
between nearby Ag-NPs decreased which generate the “hot
spots” (Figure 3a-b), thus the intensity of the Raman peaks
increased observably. When the immersing duration was
further increased from 9 mins to 15 mins, the Ag-NPs became
so large that they aggregated together to form blocky nano-
structures which eliminate some "hot spots”, thus decreasing
the intensity of the Raman peaks. Therefore, about 9 mins of
AgNO; immersion is the most appropriate duration for
constructing the ultrasensitive SERS substrates.

To demonstrate the high sensitivity of the 3D flexible SERS
substrates, SERS measurement was carried out with different
concentrations of R6G. The spectral features of R6G can be
identified clearly even at a concentration as low as 1pM
(shown in Figure 4b), verifying the high sensitivity of the Ag-
NPs@Ge-NWHKs@CFC for SERS detection. Also, the average
enhancement factor (EF) value for the Ag-NPs@Ge-NWHKs@CFC
was estimated to be 1.05x 107 (see Part S6 in the Supporting
Information for details), confirming the high sensitivity again.

To display the SERS signal reproducibility of the as-
prepared 3D flexible SERS substrates, the SERS mapping of

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. SEM images of the Ag-NPs@Ge-NWHKs with different AGNO; immersion durations of 3 min (a), 9 min (b) and 15 min (c). (d) EDS spectrum of the red
rectangle area in the inserted SEM image of Ag-NPs@Ge-NWHKs with AgNO; immersion duration of 9 min.
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Figure 4. SERS sensitivity of the Ag-NPs@Ge-NWHKs@CFC to R6G. (a) SERS spectra of 10°® M R6G adsorbed on the Ag-NPs@Ge-NWHKs@CFC fabricated under
different AgNO; immersion durations. (b) SERS spectra of R6G with different concentrations adsorbed on the optimal Ag-NPs@Ge-NWHKs@CFC achieved by

9 min AgNO; immersion.

1077 M p-mercaptobenzoic acid (p-MBA) taken from a 100x
100 um? area on the Ag-NPs@Ge-NWHKs@CFC was measured,
as shown in Figure 5a. The homogeneity of SERS signals of p-
MBA collected at one hundred spots on the substrate were
shown in Figure 5b, and the average relative standard devia-
tion of the intensities of the peaks 1585 cm™" is less than 10%.
The relative standard deviation of 1361 cm™' peak intensities of
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R6G taken from 25 substrates from different batches (shown in
Figure S6, in the Supporting Information) was 20.7%. These
results reveal the good signal reproducibility of Ag-NPs@Ge-
NWHKs@CFC.

Comparing with the conventional rigid SERS substrates, the
obtained 3D flexible SERS substrates are bendable and
deformable (as shown in Figure S7), which is convenient for
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Figure 5. (a) A SERS intensity map (100 um x 100 pum) of the 1585 cm ™' band of p-MBA observed from the Ag-NPs@Ge-NWHKs@CFC. (b) SERS spectra of

10”7 M p-MBA collected from 100 random spots on Ag-NPs@Ge-NWHKs@CFC.

different practical applications. Finally, to further explore the
potential application of the as-fabricated SERS substrates, Ag-
NPs@Ge-NWHKs@CFC were employed to detect thiram (a
fungicide). Figure 6 shows the SERS spectra of thiram with
different concentrations from 100 uM to 0.1 nM adsorbed on
the Ag-NPs@Ge-NWHKs@CFC. It demonstrates that with a low
concentration even down to 0.1 nM, the characteristic peaks of
CN stretch (1512 cm™), the rocking CH; mode weakly coupled
to the CN stretching mode (1382 cm™), the symmetric CH,
deformation mode weakly coupled to the CN stretching mode
(1143 cm™), and the SS stretching mode (561 cm™) of thiram
can still be identified.***" Therefore, the Ag-NPs@Ge-
NWHKs@CFC can serve as effective SERS-substrates for the
detection of toxic organic pollutants in the environment.
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Figure 6. SERS spectra of thiram with different concentrations (from 100 uM
to 0.1 nM) adsorbed on the optimal Ag-NPs@Ge-NWHKs@CFC. The inset
shows the molecular structure of thiram.
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3. Conclusion

In summary, 3D flexible SERS substrates of Ag-NPs@Ge-
NWHKs@CFC were achieved via a combined process of CVD
and galvanic displacement. Here, galvanic displacement is an
easy and cost-effective method for Ag-NPs synthesis. The flocky
Ge-NWHKs grafted on CFC with large surface area lead to a
good Ag-NPs-carrying capacity, and thus high SERS sensitivity.
The regular morphology of Ag-NPs@Ge-NWHKs@CFC guaran-
tees reproducible SERS signal. In addition, trace thiram were
recognized successfully by using the as-fabricated SERS sub-
strates, showing its potential for rapid detection of organic
pollutants in environment.

Supporting Information

This supporting information includes: experimental section,
SEM image of Ge-NWHKs@CFC achieved without using GO, size
distributions of Ag-NPs, high resolution SEM image of Ag-
NPs@Ge-NWHKs, optical absorption spectrum of Ag-NPs@Ge-
NWHKs@CFC, enhancement factor calculation, intensity distri-
bution of SERS spectra of 25 Ag-NPs@Ge-NWHKs@CFC SERS
substrates from different batches, photographs of Ge-
NWHKs@CFC and SEM image of carbon fiber cluster.
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