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Design of Metal Aerogels-Based 3D SERS Substrates by

Gentle Compression

Lin Zhou, Yu Liu, Yanli Li, Chunlei Long, Shujin Zhou, René Hiibner, Yueqi Li, Geng Xue,

Dejun Lin, Weigao Xu,* Yue Hu,* and Ran Du*

Metal aerogels (MAs) are emerging all-nanometal-structured self-standing
porous materials featuring exceptional performances in diverse fields. They
have recently been adopted as 3D surface-enhanced Raman scattering (SERS)
substrates, while the less utilization of the unique porous structure leads to
limited performance. Here, a fascinating compression-mediated regulation
strategy is presented to largely boost the SERS performance of Au-Ag
aerogels. By gently pressing, both the density of hot spots and the
inter-ligament distance can be efficiently modulated, thus enabling to flexibly
manipulate the SERS properties of MAs. On this basis, a record-high misfocus
tolerance (~8.8 mm), low detection limit (down to 0.1 nM), high stability

1. Introduction

As one of the youngest members in the ae-
rogel family, metal aerogels (MAs) are cha-
racterized as self-standing porous materials
entirely made up of nanostructured met-
als.[?] Since their discovery in 2009,3 tre-
mendous efforts have been made to expand
the composition/structure  diversityl*®]
and investigate application potentiall’®-13]
due to their fascinating properties. In
this context, the use of MAs has been
expanded from electrocatalysis, sensing,

(>1 month), reusability, and multiplex detection ability are concurrently
realized. This study may point out a new direction for engineering 3D SERS

substrates with tunable and exceptional performance.
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programmable actuators, and to surface-
enhanced Raman scattering (SERS).[614-18]

SERS is one of the most sensitive detec-
tion techniques that can reach the single-
molecule level, which is realized by the sub-
stantially enhanced local electromagnetic
field triggered by nanostructured noble metals.'>?% Conven-
tionally, SERS is performed on a 2D flat substrate deposited
with nanostructured metals.?1->*] Due to the limited active ad-
sorption sites and poor misfocus tolerance, 3D SERS sub-
strates have gained increasing attention.?’! However, many re-
ported 3D SERS substrates only have a z-axis height of a few
micrometers, 22 which is insufficient to address the aforemen-
tioned issues. An interesting aerosol-based SERS platform with
a z-axis height of up to 2.3 cm was reported recently,?°! while it
is only validated for airborne analytes.

In comparison with other 3D SERS substrates, the porous
millimeter- to centimeter-height (z-axis) MAs sustain extended
hot spots and adsorption sites for analytes along three dimen-
sions, thus potentially affording high Raman signal enhance-
ment and large misfocus tolerance. Several studies reported that
structure-tailored MAs display better SERS performances com-
pared to metal NPs or flat metallic substrates.!'33031] Consider-
ing the nano-size effect, we systematically studied and revealed
the ligament-size-dependent SERS properties of Au aerogels, of-
fering a guideline to optimize the SERS performance.??] How-
ever, the aforementioned studies can only modulate SERS per-
formance by tediously adjusting the synthetic parameters, which
is not desired for practice.

It is known that the intensity of the local electric field triggered
by the incident light—which dictates the SERS performance—
is sensitive to the distance between metallic nanostructures. On
this basis, we developed here a facile compression-mediated
method to flexibly tune and boost the SERS performance of Au—
Ag aerogels by taking advantage of the porous and compressible
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Figure 1. Structure characterizations of indicated MAs. a—c) SEM images, d—f) TEM images, and g) XRD patterns (PDF#04-0784 for Au and PDF#04-
0783 for Ag). h) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images and corresponding energy-dispersive

x-ray spectroscopy (EDX) mappings.

features of aerogels. The pore size of MAs can be easily adjusted
by gently pressing. This enables the modulation of the density of
“hot spots” and inter-ligament distance, thus realizing the con-
trol of SERS properties. By using the appropriately compressed
AugAg, aerogel as the SERS substrate, we cannot only implement
the focus step with a low-magnification 5x objective lens, but also
concurrently realize a record-high misfocus tolerance (>8.8 mm),
low detection limit (0.1 nM), high stability (>1 month), reusabil-
ity, and multiplex detection ability. Therefore, this study may
open a new door for designing aerogel-based 3D substrates with
excellent and highly tunable SERS performance.

2. Results and Discussion

2.1. Fabrication and Characterizations of Metal Aerogels

Single-component Au and Ag aerogels, as well as bi-metallic Au—
Ag and Au-Pd aerogels were fabricated based on our previously
developed salt-induced methods!®! (see Experimental Section).
Au-Ag aerogels with various Au/Ag ratios were prepared and de-
noted as Au,Ag,, where x/y indicates the molar ratio of Au to Ag
involved in the precursors.
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To investigate the composition effect on the morphology and
ligament size, scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) were performed. According
to Figures 1a—f and S1 and S2 (Supporting Information), all aero-
gels feature highly porous networks. Except for a relatively large
ligament size for the Ag aerogel (29.3 + 2.2 nm), the ligament
sizes of all other Au-Ag samples are close to each other (6.3—
8.2 nm, see Figure S3, Supporting Information) and they fea-
ture specific surface areas of 15.4-27.9 m* g=' (Figure S4 and
Table S1, Supporting Information). The crystalline structure was
determined by X-ray diffraction (XRD) (Figure 1g; Figures S5
and S6, Supporting Information), where the presence of sharp
diffraction peaks suggests good crystallinity of all as-obtained
aerogels (the weak hump located at ~30° comes from the sam-
ple holder). The difference in the peak width could be associated
with the difference in both the crystalline size and chemical com-
position of those aerogels.[®]

To evaluate the composition of the obtained Au-Ag aero-
gels, energy-dispersive X-ray spectroscopy (EDX) was performed
(Figure S7, Supporting Information). The Au-to-Ag ratios in
the initial reaction systems are in line with those in the aero-
gels, which allows for direct adoption of the Au-to-Ag ratios of
the precursors in the following studies. Note that the spatial
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Figure 2. Composition-dependent SERS properties of aerogels. a) Ag proportion in the aerogels versus that in the precursors (i.e., feeded Ag). b) Raman
spectra of R6G on aerogels with different Ag proportion using an excitation wavelength of 532 nm. Plots of the ¢) Raman intensity and the d) EF versus

the Ag proportion in the aerogels.

element distribution is also critical for bimetallic aerogels. Scan-
ning transmission electron microscopy imaging combined with
STEM-EDX discloses a composition-dependent element distribu-
tion (Figure 1h; Figures S8 and S9, Supporting Information). An
Au-Ag core—shell structure was found for aerogels with >20%
gold (i.e., Au,Ags, AusAgs, and AugAg, aerogels), as observed
previously,!®8] which is attributed to the segregation of the low-
surface-energy metal on the high-surface-energy one.*3] The ex-
posed highly SERS-active Ag shell may promote the detection
performance compared to Au or Au—Ag alloy. Interestingly, cer-
tain Ag—Au core-shell structures were found for the Au, Ag, aero-
gel. This may result from a faster formation of Ag nanostructures
as nuclei due to the much higher concentration of Ag* compared
to that for AuCl,~, on which the Au shell will deposit via either
reduction by NaBH, or by Galvanic replacement reaction.

2.2. Composition-Dependent SERS Properties

The aerogels structured from Au, Ag, and Au-Ag have been re-
ported for SERS applications, while a systematic investigation
of the composition-dependent SERS properties is lacking. Here,
the Au, AugAg,, AusAg;, Au,Ag, Au,Ag,, and Ag aerogels were
adopted to clarify the composition effect by using rhodamine 6G
(R6G) as a probe, and the loading period for the probe is opti-
mized to be ~24 h.
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As seen in Figures 2a—c and S10 (Supporting Information),
the Raman intensity stepwise grows stronger with increasing Ag
proportion ranging from 0% to 80%, while it becomes weaker
for the bare Ag. The enhanced performance with a higher Ag
proportion could be attributed to the intrinsically high SERS ac-
tivity of Ag compared to that of Au. Particularly, the as-mentioned
Au-Ag core-shell structure can largely expose the highly SERS-
active Ag component, thus boosting the performance. Further in-
crease of the Ag content, however, leads to a substantial increase
of the ligament size to 29.3 nm for the Ag aerogel. This reduces
the available adsorption sites for analytes and thus deteriorates
the SERS performance. From Figure 2d and Table S2 (Support-
ing Information), the calculated enhancement factors (EFs) for
the aforementioned Au—Ag aerogels follow a similar trend, which
achieves the maximized value of 2.75 x 10® at 613 cm™ for the
Au,Agg aerogel. This value considerably outperforms the single-
component Au and Ag aerogels (1.09 X 107 and 1.37 x 108, respec-
tively), highlighting the importance of composition modulation
for performance optimization. Therefore, the optimized Au,Agg
aerogel was selected for the following studies.

2.3. Compression-Modulated SERS Properties
Au-Ag aerogels feature a 3D porous structure that allows

light penetration. Hence, most probe molecules within the 3D
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Figure 3. Compression-modulated SERS properties of metal aerogel. a) Schematic structure evolution of the aerogel upon compression. b,c) SEM
images and digital photos of the Au,Agg aerogel compressed at 50 kPa and 20 MPa, respectively. d) The transmittance and reflectance recorded at
500 nm for the Au,Agg aerogel compressed at different pressures. e) Relative density and EF of the indicated aerogels versus the applied pressure.
f) Raman spectra of the Au,Agg aerogel for various applied pressures. The probe is R6G and the calculation in (e) was based on the peak centered at

613 cm™'.

confocal volume will be excited and detected upon irradiation for
aerogel-based 3D SERS substrates. In this regard, the detected
Raman signal should positively correlate to the number of hot
spots within the confocal volume. Hence, to further boost the
SERS performance, one feasible way is to increase the density
of the aerogel and thus the density of hot spots. However, the
manipulation of the density of hot spots in MAs has not been
achieved yet.

Our previous study shows that MAs are highly compress-
ible, where a more than 98% volume reduction can be reached
by manually pressing.[®l As schemed in Figure 3a, on the one
hand, the pore size of the aerogel will decrease upon compres-
sion, resulting in a larger density. Because light can hardly pen-
etrate metal, the density increase will result in an overall de-
creased refractive index, thus reducing the size of the confocal
volume. On the other hand, the density of hot spots will increase
with decreasing pore size. Additionally, the z-direction gap be-
tween metal ligaments is also reduced along with compression,
which can enhance the strength of the inter-nanowire electro-
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magnetic field and thus contribute to enhanced signal enhance-
ment. Therefore, the interplay between the reduced confocal vol-
ume, the increased density of hot spots, and the decreased gap be-
tween metal ligaments will co-govern the SERS performance of
MAs.

Based on the above analysis, the Au,Ag, aerogel was com-
pressed at different pressures from 0 to 20 MPa. The corre-
sponding sample is denoted as Au,Agg-p, where p indicates the
adopted pressure. The structure change is identified by SEM
(Figure 3b—c and Figure S11, Supporting Information), which
reveals that pressuring flattens the surface, reduces the poros-
ity, and densifies the structure of the aerogel. The porosity and
pore size reduction is also evidenced by the nitrogen adsorp-
tion tests with the pressure rising from 0 to 20 MPa (Figure S12
and Table S3, Supporting Information). Such compression-led
structure evolution was also observed for the Au and AusPd;
aerogels (Figures S14 and S15, Supporting Information). Along
with the pore volume reduction, the density of all aerogels
increases accordingly (Figure S15, Supporting Information),
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eventually reaching values 20-30 times higher than those for the
uncompressed ones.

Apart from the structure change, we have also characterized
the optical properties of uncompressed and compressed Au,Agg
aerogel. As displayed in Figure 3d and Figure S16 (Supporting In-
formation), the light transmission decreases while the reflectance
increases along with pressuring. This can be rationalized by the
very small skin depth and large real refractive index of electri-
cally conductive metals. Once a densified networked structure
is formed by compression, light will interact more strongly with
metal ligaments, thus causing retarded transmission and signif-
icant reflection. Therefore, excessive compression (e.g., 10 MPa)
will discourage the SERS performance because the incident light
is hard to excite probes located inside the compressed aerogel.

To verify the aforementioned hypothesis, Raman spectra were
recorded on various compressed Au,Ag, aerogels by using R6G
as probes. As shown in Figure 3e,f and Figure S17 (Support-
ing Information), the Raman intensity increases by raising the
pressure from 0 to 50 kPa, then decreases with larger pressures
(50 kPa—20 MPa). The change of the EF shows a generally sim-
ilar trend as that of the Raman intensity (Table S4, Supporting
Information), achieving the maximum value at 50 kPa pressure
(Au,Agg-50 kPa, 1.44 x 10® at 613 cm™!) within the range of
5 kPa—20 MPa. Notably, compression can also significantly in-
crease the uniformity of measurements, with the relative stan-
dard deviation of SERS tests from 19.6% for the Au,Agg aerogel
to 4.1% for the Au,Ag,-20 MPa aerogel (Figure S18, Supporting
Information). Such compression-modulated SERS properties are
attributed to concomitant effects of 1) the density of hot spots, 2)
the available adsorption sites, 3) the light penetration ability, and
4) the uniformity of pore size.

With enhanced densification at the initial stage, the number
density of nanostructures increases, thus increasing the density
of hot spots and leading to improved Raman intensity for pres-
sures increasing from 0 to 50 kPa. Meanwhile, the compression-
induced densification will reduce the porosity of the aerogels,
which discourages the penetration of the incident light for an-
alyte excitation and the collection of the scattered light for de-
tection, thus decreasing the received Raman signal. An inten-
sive compression will eventually convert the 3D aerogel to an al-
most 2D object with limited sites for accommodating analytes.
Combining the aforementioned effects, the Au,Agg-50 kPa aero-
gel displays the largest total detected Raman signal (i.e., the Ra-
man intensity), while its average Raman signal from each probe
molecule (i.e., the calculated EF) is slightly lower than that for
the uncompressed Au,Ag; aerogel. To confirm the generality of
the above analysis, studies on compression-modulated Au aero-
gels and Au;Pd; aerogels were implemented. As displayed in
Figures S18 and S19 and Tables S5 and S6 (Supporting Informa-
tion), the optimized Raman intensity was also acquired at a com-
pression of 50 kPa, which agrees with the previous results for the
Au,Agg system. Therefore, the compression-modulated method
may open a new perspective on facilely manipulating the SERS
performance of MAs.

It is worth mentioning that both the Raman intensities and
EFs of the Au,Agg-50 kPa aerogel are more than one order
of magnitude larger than those values of the optimized Au-
50 kPa aerogel for a library of probes (R6G, Nile blue A (NBA),
methylene blue (MB), and 4-mercaptobenzonitrile (4-MBN), see
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Figures S18-S20, Supporting Information), pointing out the im-
portance of composition engineering. Moreover, the obtained EF
for the Au,Ag;-50 kPa aerogel using R6G as an analyte probe
(1.44 x 108) is substantially higher than that of previously re-
ported 3D SERS substrates based on MAs or other systems (typ-
ically around 10°).118:26.27.29.30.32] Thege facts imply that both the
composition and the microstructure are critical for designing
high-performance MAs for SERS applications. The composition
design is mainly based on the smart selection of intrinsically
highly SERS-active metals, while the microstructure design fo-
cuses on modulating the density of hot spots. The aforemen-
tioned design concept not only leads to the high-performance
Au,Age-50 kPa aerogel, but also points out an unambiguous
way of on-target designing 3D SERS substrates for ultrasensitive
detection.

2.4. Compressed Au—Ag Aerogels for SERS Detection

To fully reveal the SERS performance of the composition and
density-optimized Au,Ag,-50 kPa aerogel, firstly, the detection
limit was probed at first by using the R6G as an analyte. Usu-
ally, Raman measurement was conducted by using a relatively
high-magnification objective lens (e.g., 50x objective lens) for ex-
actly focusing the laser on the surface of the substrate. As seen
from Figure 4a, clear Raman signals are identified at a concen-
tration of as low as 0.1 nM (50x objective lens), outperforming
previously reported Ag nanofoams (10~7 M) and Au—Ag aerogels
(1072 M).[172%] Impressively, attributed to the 3D structure of the
Au,Agg-50 kPa aerogel, the same low detection limit (0.1 nM) can
be acquired even by using a low-magnification 5x objective lens
(Figure 4b), suggesting the vast potential of the MAs-based SERS
substrate for practical use.

Second, the misfocus tolerance of the aerogel, which is the
critical advantage of a 3D SERS platform compared to a conven-
tional 2D SERS platform, was evaluated. Generally, the Au,Ag,-
50 kPa aerogel outperforms an 8-nm-thick Au film (the bench-
mark 2D SERS substrate) and the Au-50 kPa aerogel at defocus
values ranging from 0 to 312 um (Figure S20, Supporting Infor-
mation). As illustrated in Figure 4c, the Raman signhal measured
on an 8-nm-thick Au film can only be identified with a defocus
of less than 100 pm. In comparison, the Au,Ag,-50 kPa aerogel
manifests a defocus tolerance of up to 8.8 mm by using a 5x ob-
jective lens (Figure 4d). The remarkable performance of the aero-
gel substrate is attributed to two aspects. On the one hand, the
porous aerogel allows the laser to excite the molecules below the
upper surface, thus enabling the collection of Raman signals de-
viating from the on-focus state. On the other hand, compared to
the 8-nm-thick Au film which suffers from a strong fluorescence
background, the aerogel substrate substantially suppressed the
fluorescence and thus acquired sharp Raman signals, which fur-
ther strengthened the defocus tolerance.

Third, in the field of analytic chemistry, multiplex SERS de-
tection is one of the most important directions for processing
complicated systems. Here, combining the high sensitivity and
defocus-tolerant capacity of the Au,Age-50 kPa aerogel, aque-
ous solutions of the mixture of common dyes (NBA, MB, and
4-MBN) were measured. For identification, the Raman shifts lo-
cated at 595, 1617, and 1585 cm™! are used to mark NBA, MB, and
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Figure 4. Comprehensive investigation of the SERS performance of the Au,Agg-50 kPa aerogel. a,b) Raman spectra recorded for the Au,Agg-50 kPa
aerogel by testing R6G of different concentrations and different objective lenses. Cascade Raman spectra of R6G loaded on c) an 8-nm-thick Au film
(50x objective lens) and d) the Au,Agg-50 kPa aerogel (5x objective lens) for the indicated defocus range. ) Raman spectra recorded on the Au,Agg-
50 kPa aerogel loaded with one or more probe molecules. Multiplex detection of f) 1074 M 4-MBN + 10> MB and g) 10~ M 4-MBN + 1075 M NBA
on the Au,Agg-50 kPa aerogel for the indicated defocus range. h) Stability test of the Au,Agg-50-kPa-based SERS substrate loaded with R6G.

4-MBN, respectively. As shown in Figure 4e, the mixture of two
dyes can be clearly identified on the Au,Ag,-50 kPa aerogel, sug-
gesting the multi-channel detection capability. In a further step,
the multiplex detection at different defocus values was conducted
(Figure 4f,g). Impressively, at a misfocus of ~300 pm, different
dyes can still be identified, which demonstrates the unique ad-
vantage of applying the Au, Ags-50 kPa aerogel for rapid detection
of multiple analytes without the need for a tight focus.

Finally, the long-term stability and reusability of the Au,Agg-
50 kPa aerogel were tested to evaluate their practical value. The
Raman intensity for R6G remains almost the same after one
month of exposure to air (Figure 4h), suggesting the high sta-
bility of the aerogel substrate. Additionally, our aerogels can be
repeatedly used, which sustain preserved performance for 10 cy-
cles (Figure S25, Supporting Information). Overall, the Au,Ag,-
50-kPa-based 3D SERS substrate not only strengthens the Raman
signal by accommodating more hot spots as well as analytes, but
also offers excellent defocus tolerance even for multiplex detec-
tion. Moreover, the compression-modulated design smartly uti-
lizes the monolithic and porous features of aerogels, pointing
out a new way to fully take advantage of the structural features
and further boost the performance of aerogels-based SERS sub-
strates.

Adv. Funct. Mater. 2025, 35, 2412006

2412006 (6 of 7)

3. Summary

To sum up, a general and fascinating compression-mediated reg-
ulation strategy was proposed, which is capable of efficiently
manipulating the density of hot spots and the inter-ligament
distance of metal aerogels by gently pressing. Combining with
composition investigations, a moderately compressed Au,Ag,-
50 kPa aerogel, which displays an Au-Ag core-shell NWs-
fused network, was created and displayed the best SERS per-
formance with an EF of 1.44 x 10%. Meanwhile, the 3D self-
supported aerogel offers a record-large misfocus tolerance of
~8.8 mm, along with high stability (>1 month), reusability, low
detection limit (0.1 nM achieved by using a low-magnification
5x objective lens), and multiplex detection ability, highlight-
ing the large practical potential of applying compressible aero-
gels for SERS detection. The current research not only pro-
vides new insights for on-target manipulating SERS proper-
ties of aerogel-based 3D SERS platforms by simple pressing,
but also promotes practical SERS detection without the need
for a tight focus and high-magnification objective lens. There-
fore, this study may open a new door for designing aerogel-
based 3D substrates with excellent and highly tunable SERS
performance.

© 2024 Wiley-VCH GmbH
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