Showcasing research from Professor Zhipeng Li’s
laboratory, Department of Physics, Capital Normal
University, Beijing, China.

Three-dimensional porous SERS powder for sensitive liquid
and gas detections fabricated by engineering dense “hot
spots” on silica aerogel

A three dimensional porous SERS powder material was
developed in this study. Highly sensitive and homogeneous
SERS detections on liquid and gas have been achieved,
which demonstrates potential application for an artificial
“nose”.
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Three-dimensional porous SERS powder for
sensitive liquid and gas detections fabricated by
engineering dense “hot spots” on silica aerogel}

Longkun Yang,? Zhifang Ren,® Meng Zhang,? Yanli Song,® Pan Li,?® Yun Qiu,?
Pingye Deng® and Zhipeng Li {2 *@

A three-dimensional porous SERS powder material, Ag nanoparticles-engineered-silica aerogel, was
developed. Utilizing an in situ chemical reduction strategy, Ag nanoparticles were densely assembled on
porous aerogel structures, thus forming three-dimensional "hot spots” distribution with intrinsic large
specific surface area and high porosity. These features can effectively enrich the analytes on the metal
surface and provide huge near field enhancement. Highly sensitive and homogeneous SERS detections
were achieved not only on the conventional liquid analytes but also on gas with the enhancement factor
up to ~108 and relative standard deviation as small as ~13%. Robust calibration curves were obtained
from the SERS data, which demonstrates the potential for the quantification analysis. Moreover, the
powder shows extraordinary SERS stability than the conventional Ag nanostructures, which makes long
term storage and convenient usage feasible. With all of these advantages, the porous SERS powder
material can be extended to on-site SERS "nose” applications such as liquid and gas detections for

rsc.li/nanoscale-advances

Introduction

“Hot spots” generated by the surface plasmons coupling of
neighboring metal nanostructures play a critical role in surface-
enhanced Raman scattering (SERS)."* Benefitting from the
enormous local field, the SERS detection sensitivity can even
reach a single-molecule level.>*® As is well known, the “hot
spot” is small in size, and the enhancement ability is highly
dependent on the random and complex light-substrate-analyte
interactions. These intrinsic features always make the SERS
enhancement irregular, which has been the main obstacle in
the expansion of practical SERS applications, particularly for
the on-site SERS detections."*> Considerable efforts have been
made to achieve SERS with high sensitivity and homogeneity.
One feasible way is to largely increase the density of “hot spots”
on SERS substrates. The irregularity of SERS can be well
homogenized by the statistical average of multiple “hot spots”.
Various metal nanostructures have been rationally designed to
increase the density of “hot spots” such as nanoparticle aggre-

gates,”?® periodic 25 and mesostructures with

arrays,
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chemical analysis, environmental monitoring, and anti-terrorism.

roughened surfaces.®®” While, the nearly planar SERS
substrates inevitably restrict the space density of “hot spots”.
Hence, three dimensional (3D) SERS active substrates have
recently attracted great attention.”®** At present, two main
technical routes have been reported to fabricate the 3D SERS
substrates. One is to assemble the metallic nanostructures layer
by layer at a liquid-liquid or liquid-air interface.***® The other
is to assemble/synthesize the nanoparticles directly on a 3D
scaffold such as the butterfly wings,*” metal-organic frame-
works,*® filter paper,* graphene foam,* and some hierarchical
structures.**~** These 3D SERS substrates with a high density of
“hot spots” in three dimensions, large surface area, and toler-
ance in focus misalignhment have demonstrated considerable
improvements in both sensitivity and homogeneity. Based on
them, many studies have reported the construction of robust
calibration curves from the SERS data, which advances the
quantification analysis of SERS.*** To fabricate 3D SERS
substrates of high quality, it is critical to select proper scaffold
materials and engineer dense “hot spots” on templates. Porous
silica aerogel with high porosity (~99%), large specific surface
area (~1000 m”> g~ '), and especially high optical transparency
(~99%) in the visible region can be an ideal scaffold mate-
rial.*** However, the average pore size is only tens of nano-
meters. There is still a lack of effective methods to “build”
metallic nanostructures in such small pores.

In this paper, a facile in situ reducing method was developed
to synthesize Ag nanoparticles on porous silica aerogel scaffold
to form a 3D SERS powder material. The obtained Ag

© 2021 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles-engineered-silica aerogel (AgNPs-SA) powder has
a large specific surface area (~17 times larger than the
conventional AgNPs aggregates) and dense Ag nanoparticles
distribution on and inside the porous structure. We applied it
for both liquid and gaseous SERS detections. Due to the unique
structural characteristics, this 3D SERS powder material
demonstrated high sensitivity and homogeneity, with an
enhancement factor as high as ~10° and relative standard
deviation as small as ~13%. Robust SERS calibration curves
have been achieved over wide concentration ranges. Further-
more, we demonstrated that the porous AgNPs-SA powder has
higher SERS stability than the conventional AgNPs aggregates,
which would be convenient for storage and usage, thereby
facilitating on-site SERS “nose” applications.

Methods

Materials

All chemical reagents were purchased from Sigma-Aldrich,
including silver nitrate (AgNO3, 99%), sodium citrate (99%),
rhodamine 6G (R6G, 95%), 4-aminothiophenol (4-ATP, 97%),
melamine (99%), thiram (analytical standard), and pyridine
(99%). The hydrophilic silica aerogel was purchased from
Guangdong Alison Hi-Tech Co., Ltd.

Preparation of the Ag nanoparticles-engineered-porous silica
aerogel

The bulky aerogel was ground to a powder before use. Firstly,
the reactant solution was prepared by mixing 15 ml AgNO; (20
mM) and 15 ml sodium citrate (4 mM). Then, the silica aerogel
powder (15 mg) was added to the mixture. It was clearly seen
that the silica aerogel could soak the reagent like a sponge
because of the porous structure. After stirring for 10 min, the
reactant mixture was heated to 100 °C. Then, the solution
turned into a light green color, which indicated the formation of
silver nanoparticles. The reaction was then continued for the
next 20 min, and the silver nanoparticles grew directly on and
inside the silica aerogel. Finally, the Ag nanoparticles-
engineered-silica aerogel was formed and precipitated at the
bottom. The sediment was washed by water two times and dried
in ambient conditions for use.

Characterizations

The surface morphology and elemental compositions were
characterized by a scanning electron microscope on a Hitachi
S4800 equipped with an energy-dispersive X-ray spectrometer.
The surface area and pore properties of the silica aerogel and
AgNPs-SA were determined from nitrogen adsorption-desorp-
tion experiments at 77.3 K using an accelerated surface area and
porosity system (ASAP 2460, Micromeritics instrument Ltd.,
USA). The specific surface area was determined by a multipoint
Brunauer-Emmett-Teller (BET) method using the adsorption
data. The desorption isotherm was used to determine the pore
size distribution and cumulative pore volume using the Barrett-
Joyner-Halenda (BJH) method. The UV-Vis spectrum was
measured using a SHIMADZU UV-Vis spectrophotometer in the
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wavelength range from 300 to 900 nm. The SERS measurements
were performed on inVia Renishaw Raman Spectrometer using
a 50x objective lens (N.A. = 0.5) and 532 nm as the excitation
wavelength. The excitation power was about 70 uW, and the
integration time was 10 s, if not stated otherwise.

Results and discussion

Fig. 1a shows the scanning electron microscope (SEM) image of
a typical micro-size silica aerogel particle. The magnified view in
the inset clearly demonstrates its porous structure. The
synthesized AgNPs-SA structure is presented in Fig. 1b. The Ag
nanoparticles with an average diameter of about 50 nm grow
densely on the surface of the silica aerogel. The energy-
dispersive X-ray spectroscopy (EDS) elemental mappings of Si
and Ag (Fig. 1c and d) can reconstruct the morphology of
particles in Fig. 1b, which confirms the formation of the AgNPs-
SA composite. Additionally, we reported that the size and
coverage of Ag nanoparticles on the aerogel scaffold were highly
dependent on the AgNO; concentration, as shown in Fig. S1.7 It
is demonstrated that 20 mM silver nitrate and 4 mM sodium
citrate can be the optimum condition for AgNPs-SA synthesis,
with Ag nanoparticles densely and uniformly distributed on the
aerogel scaffold, which facilitates the SERS measurements.
Here, note that the silica aerogel particles were first thoroughly
soaked with chemical reagents, and then the reduction process
was triggered. Hence, it can be expected that the Ag nano-
particles can effectively grow in the bulk of silica aerogel. This
can be confirmed by cross-sectional SEM images (Fig. S21) and
EDS mapping analysis (Fig. S31), where we cut open the AgNPs-
SA particle by a micromanipulator. The results clearly demon-
strate that the Ag nanoparticles can densely spread on both the
external surface and inside the aerogel, thus forming a 3D
structure.

Utilizing nitrogen adsorption-desorption measurements,
the specific surface area, pore size, and cumulative pore volume
of silica aerogel, collapsed-aerogel, AgNPs-SA, and AgNPs
aggregates were investigated, which are summarized in Table 1
(see ESIT for the details of AgNPs aggregates preparation). It is
well known that the porous structure of silica aerogel has
a tendency to collapse during the drying process because of the
capillary force. Consequently, the surface area slightly reduces
from 502 to 482 m*> g~ ", followed by a significant reduction in
the pore diameter (from 27 to 8 nm) and cumulative pore
volume (from 3.3 to 1.0 m® g~ '). However, for AgNPs-SA, the
specific surface area and cumulative pore volume decreased
further to 123 m> g~" and 0.35 m® g~ ', though the corre-
sponding average pore diameter was almost the same as the
collapsed-aerogel. This can be understood by the fact that the
pores will be filled with massive Ag nanoparticles during the
reduction process, which thus dramatically decreases the
surface area and pore volume. Here, note that the specific
surface area of AgNPs-SA was still much larger than that of the
conventional AgNPs aggregate (7 m* g~ '). Thus, it can be ex-
pected that these porous AgNPs-SA powder would provide much
more active sites for the adsorption of analyte molecules than
the conventional AgNPs aggregate.

Nanoscale Adv., 2021, 3,1012-1018 | 1013
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Fig.1 The surface morphology and elemental analysis of the AQNPs-SA powder. (a) The SEM image of the silica aerogel particle. The inset shows
the corresponding magnified image. (b) The surface morphology of the synthesized AgNPs-SA. The inset shows the corresponding magnified
image. (c) and (d) The elemental mappings of AgNPs-SA composite in (b) by using Si and Ag, respectively.

The SERS performance of this porous AgNPs-SA substrate
was then evaluated using R6G as a Raman probing molecule.
According to the UV-Vis extinction spectrum of the AgNPs-SA
powder (Fig. S51), broadband with a peak at around 510 nm
was observed. Hence, the 532 nm laser was selected for the
SERS excitation. In experiments, a certain amount of the
AgNPs-SA powder (3 mg) was added into 10 ml of R6G solution
(1.0 x 107'° M), which was then and left undisturbed for
about 4 h at 4 °C. Then, the precipitate was dropped on the Si
slice and dried under ambient conditions for use. The SERS
spectra of R6G were acquired from randomly selected 30 spots
on different AgNPs-SA particles. As shown in Fig. 2a, these
spectra demonstrate superior consistency with each other,
and the Raman fingerprints of R6G can be clearly identified at
1648 cm™ %, 1573 cm ™%, 1509 cm ™Y, 1362 cm ™Y, and 1309 cm ™.
Fig. 2b shows the histogram of the SERS intensity at
1362 cm ™' (C-C stretching of the aromatic ring). The SERS
enhancement factor (EF) was then estimated by the equation
as follows:>*>*

I N;
EF — ZSERS - IVBuk

(1)

b
Ipux  Nsers

where Isgrs and Iy are the intensity of a Raman mode with
and without the surface enhancement, respectively. Nsgrs and
Nguik refer to the number of R6G molecules contributing to the
SERS and Raman scattering, respectively. By selecting the R6G
band at 1362 cm ™" as a reference, the SERS EF of the 3D AgNPs-
SA was estimated to be ~1.0 x 10® (see ESI{ for details). Here,
the EF is an average value over the whole laser-substrate inter-
action space, and the enhancement from a single “hot spot” of
nanoaggregates could be much larger. Furthermore, we noticed
that the relative standard deviation (RSD) of I 365 o~ could be
as small as ~13% for the SERS acquired from randomly selected
30 spots on different AgNPs-SA particles. If the spectra were
measured from one AgNPs-SA particle, the RSD can even lower
down up to 7% (Fig. S7t), which indicates the excellent SERS
homogeneity.

We further verified the calibrated SERS of AgNPs-SA at
different concentrations ranging from 10~% to 10> M. At each

Table 1 The specific surface area, average pore size, and cumulative pore volume of silica aerogel, collapsed-aerogel, AgQNPs-SA, and AgNPs
aggregates, based on nitrogen adsorption—desorption measurements (Fig. S4)

Silica aerogel Collapsed-aerogel AgNPs-SA AgNPs aggregates
Specific surface area 502 m”> g " 482 m> g * 123 m> g * 7m>g!
Average pore size 27 nm 8 nm 10 nm —
Cumulative pore 3.3m’ g’ 1.0m*g™! 0.35m> g! —

volume
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Fig. 2 The SERS detection on liquid R6G solution. (a) The SERS spectra of R6G measured at 1071° M. 30 spots on different AGNPs-SA particles
were randomly selected to acquire the spectra. (b) The statistics of SERS intensity at 1362 cm™. (c) The SERS spectra of R6G at different
concentrations (1078 to 1072 M). (d) The SERS intensity at 1362 cm ™ as a function of R6G logarithmic concentrations. The error bars indicate the
standard deviations of SERS measurements at the randomly selected spots. The red curve presents the corresponding linear fitting line.

concentration, the SERS spectra of R6G were acquired by
randomly selecting 30 spots on different AgNPs-SA particles
(Fig. S81). The representative SERS spectra are shown in Fig. 2c.
Most of the Raman fingerprints of R6G, such as 1648 cm ™,
1509 cm™ ', and 1362 cm ™, can still be clearly distinguished
even at a concentration as low as 10~ '> M. Fig. 2d shows the
average SERS intensity (I1362 cm-) versus the logarithms of R6G
concentration. Interestingly, a robust linear relationship was
obtained, with the fitting correlation coefficient R* = 0.988. This
wide linear response benefits from the unique structural char-
acteristics of the AgNPs-SA powder. First, the closely packed
nanoparticles on and inside the porous silica aerogel would
greatly increase the density of “hot spots” in the 3D space such
that the intensity fluctuation during the measurements can be
suppressed to a large extent. Second, the specific surface area of
the AgNPs-SA powder was ~17 times larger than that of the
conventional AgNPs aggregates, where more molecules would
be adsorbed. The ultra-trace detections of melamine and thiram
in the liquid using this unique AgNPs-SA powder were validated
and are shown in the ESI (Fig. S97).

So far, the gas-phase SERS detection remains extremely
challenging due to the low affinity of airborne species to the
metal surface.>*** Our porous AgNPs-SA powder with a high
density of “hot spots” and large specific surface area would be
an ideal solution for the gas-phase SERS detections. Here, we
utilized porous AgNPs-SA to detect gaseous 4-ATP, which is an
inhalation noxious. To produce gas-phase 4-ATP molecules,
a certain amount of 4-ATP solution in alcohol was heated at
50 °C inside an airtight oven (total volume ~27 L). Furthermore,
the AgNPs-SA powder was left in the oven for 4 h to reach the

© 2021 The Author(s). Published by the Royal Society of Chemistry

adsorption equilibrium of gas-phase 4-ATP. After that, the
powder was collected in a cuvette for further SERS measure-
ments. Moreover, 30 spectra were measured at each concen-
tration (Fig. S107). Fig. 3a shows the representative SERS spectra
of 4-ATP at different concentrations ranging from 0.05 to 1 ppm.
Raman fingerprints at 1576 cm™ ', 1436 cm ', 1389 cm !,
1141 em ', and 1075 cm ™' can be clearly identified even at
0.05 ppm. Such ultrasensitive and reliable gaseous detections
demonstrate the unique advantages of the porous AgNPs-SA
powder over the conventional Ag aggregates.

Subsequently, the strongest characteristic peak at 1436 cm™
was selected to plot the calibrated SERS curves versus the 4-ATP
concentrations, as shown in Fig. 3b. It was found that the SERS
intensities were almost linear at low concentrations (0.05-0.25
ppm). However, at higher concentrations (>0.25 ppm), an
obvious plateau region was observed, indicating that the
adsorption of 4-ATP onto the AgNPs-SA has reached the satu-
ration level. To understand the interaction of 4-ATP with the
silver surface, the experimental data were fitted using the Hill
equation.’®*® Averagely, it is reasonable to assume that the SERS
intensity (Isgrs) is proportional to the surface coverage (©) of
adsorbed molecules on the AgNPs-SA surface. The surface
coverage (®) can be described by the Hill equation. Then, Igggrs
can be expressed as:

1

1

1 i
(@)

where I, is the SERS intensity at the saturated coverage ® =1, C
is the concentration of 4-ATP molecules, 7 is the Hill coefficient,

Isgrs = Iy x O = I

(2)
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Fig.3 The SERS of gaseous 4-ATP molecules. (a) The SERS spectra showing the increasing concentration of gaseous 4-ATP from 0.05 to 1 ppm.

(b) Calibration measurements as the function of gaseous 4-ATP concentrations. Black squares: the experimental SERS intensity at 1436 cm
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Red curve: fitting by the Hill model. The inset shows the linear fitting of /1436 «m-* Versus the concentrations of gaseous 4-ATP (0.05-0.25 ppm).
The error bars indicate the standard deviations of SERS measurements at randomly selected spots.
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Fig. 4 SERS stability of the AgNPs-SA powder. Squares and triangles
demonstrate the SERS intensity (/1436 cm-t Of 4-ATP) evolutions of 3D
AgNPs-SA powder and conventional 2D AgNPs aggregates with
different preserved time in ambient condition, respectively. For
comparison, three groups of controlled experiments were done. The
dash lines are plotted to guide eyes.

and K, is the concentration of molecules producing half
coverage. As shown in Fig. 3b, the fitting curve agrees well with
the experimental results (R* = 0.994), where we can extract the
key parameters: n = 3.16 and K, = 0.13 ppm. Here, n > 1 indi-
cates the positive cooperativity with respect to 4-ATP binding to
the silver surface.®®* The relatively small value of K, (0.13 ppm)
further confirms the high affinity of 4-ATP towards the silver
surface.’®®* It also implies that the AgNPs-SA powder was so
sensitive that only 5% coverage of 4-ATP would be enough for an
effective detection (for the calculation of 4-ATP coverage, see
ESIt). Moreover, at low concentrations (0.05-0.25 ppm), a linear
relationship between I 436 m-* and 4-ATP concentrations was
obtained (inset of Fig. 3b), which demonstrates the potential of
this porous AgNPs-SA powder for the gaseous quantification
analysis. Furthermore, the gaseous pyridine with inhalation
toxicity was effectively detected at concentrations ranging from

1016 | Nanoscale Adv.,, 2021, 3, 1012-1018

0.1 to 1.5 ppm (Fig. $111). The main Raman peaks at 624 cm ™,

1035 cm™ ', and 1599 cm ™' can be clearly observed even at
0.1 ppm (far below the safety limit of 5 ppm set by the Material
Safety Data Sheet). The intensity of 1035 cm ™ mode can be
fitted by the Hill equation as well, with n = 1.7 and K, =
0.23 ppm.

The stability of SERS substrates in ambient conditions is
another major concern for practical applications. The key to
enhancing stability was to prevent silver metal nanostructures
from oxidation in the air.®> Herein, we monitored the temporal
evolution of the 4-ATP SERS intensity (10~'° M) with AgNPs-SA
powder preserved in the air. Three independent groups of the
data are shown by the red squares in Fig. 4. We found that the
SERS enhancement of the AgNPs-SA powder dramatically
decreased in the first 7 days, which can be explained by the
inevitable activity loss of Ag nanoparticles on the external
surface when exposed to air. Then, in the following four weeks,
the drop in the SERS enhancement slowed down and gradually
reached an equilibrium state. Averagely, 40% of the enhance-
ment ability can still be retained after 40 days' exposure to air.
For comparison, the SERS performance of the conventional
AgNPs aggregates under the same experimental conditions was
studied. To make the SERS data comparable with that obtained
from the aerogel-silver structure, only the aggregates with a size
larger than laser spot (>2 pm) were measured. As shown by blue
triangles, the enhancement decreased rapidly with time. After
three weeks' exposure to air, only 10% of the enhancement was
reserved. Obviously, the SERS of our porous AgNPs-SA powder
was much more stable than that of the conventional AgNPs
aggregates. It seems that the nanoporous structure of the
AgNPs-SA powder plays a key role in preventing or slowing the
oxidation of silver nanoparticles inside the silica aerogel,*
which is important for future studies.

Conclusions

In summary, we developed a facile in situ reduction method to
synthesize silver nanoparticles in and on porous silica aerogel.
The obtained AgNPs-SA powder can be an ideal 3D SERS

© 2021 The Author(s). Published by the Royal Society of Chemistry
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material, possessing dense “hot spots” in three dimensions,
large specific surface area, and high porosity. Benefiting from
the unique structural characteristics, highly sensitive and
homogeneous SERS detections on liquid R6G and gaseous 4-
ATP were achieved, with the EF up to ~10% and RSD as small as
~13%. Well and wide calibration SERS curves were obtained,
which demonstrates the promising potential for the quantifi-
cation analysis. Moreover, AgNPs-SA showed extraordinary
SERS stability in air. Unlike the conventional SERS substrate,
this stable AgNPs-SA existing in the form of porous powder
would be quite convenient for the storage and usage, thereby
facilitating on-site SERS “nose” applications such as quick and
reliable liquid/gas detection for the chemical analysis, food
safety inspections, and anti-terrorism.
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