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Abstract
Gold nanoparticles (AuNPs) and their composites have been applied in surface-enhanced Raman scattering (SERS) detection 
methods, owing to their stable and excellent surface plasmon resonance. Unfortunately, methods for synthesizing AuNPs often 
require harsh conditions and complicated external steps. Additionally, removing residual surfactants or unreacted reductants 
is critical for improving the sensitivity of SERS detection, especially when employing AuNPs-assembled multidimensional 
substrates. In this study, we propose a simple and green method for AuNPs synthesis via photoreduction, which does not 
require external surfactant additives or stabilizers. All the processes were completed within 20 min. Along this way, only 
methanol was employed as the electron acceptor. Based on this photoreduction synthesis strategy, AuNPs can be directly 
and circularly assembled in situ in multidimensional substrates for SERS detection. The removal of residual methanol was 
easy because of its low boiling point. This strategy was employed for the preparation of three different dimensional SERS 
substrates: filter paper@AuNPs, g-C3N4@AuNPs, and MIL-101(Cr)@AuNPs. The limit of detection of filter paper@AuNPs 
for thiabendazole SERS detection was 1.0 ×  10−7 mol/L, while the limits of detection of g-C3N4@AuNPs and MIL-101(Cr)@
AuNPs for malachite green SERS detection were both 5.0 ×  10−11 mol/L. This strategy presents potential in AuNP doping 
materials and SERS detection.

Keywords Gold nanoparticles · Photoreduction synthesis · Green synthesis · Surface-enhanced Raman scattering · 
Multidimensional materials

Introduction

Gold nanoparticles (AuNPs) have received extensive atten-
tion in the field of surface-enhanced Raman spectroscopy 
(SERS) [1]. Their long-term stability [2], good biocompat-
ibility [3], easily controllable size distribution [4], and fas-
cinating optical properties [5] can efficiently scatter visible 
light and do not blink or photobleach. Importantly, AuNPs 
are endowed with the amplification of the Raman scatter-
ing efficiencies via their natural surface plasmon resonance, 
achieving analytes spectroscopic detection even at the sin-
gle-molecule level [6], which results from electromagnetic 
and chemical enhancement mechanisms [7]. As the core 
of SERS, AuNPs can be obtained through many chemical 
methods [8], using different reducing agents such as sodium 
citrate, borohydrides, hydrogen peroxide, and stabilizing 
agents such as surfactants. However, these chemical methods 
have adverse effects on the environment and social health, 
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owing to the application of toxic chemicals and solvents dur-
ing synthesis.

Therefore, to overcome these limitations, green meth-
ods are being developed for AuNPs synthesis. These green 
methods usually employ plant extracts [9] or microorgan-
isms [10, 11] as reducing and stabilizing agents. Although 
these biological syntheses of AuNPs offer significant ben-
efits to the development of green chemistry, an in-depth 
understanding of the mechanisms underlying the biologi-
cal synthesis of nanoparticles is challenging, and remains 
to be elucidated because of the complex compounds (with 
unknown structure, composition, concentration, and purity) 
[12]. Moreover, the size and shape of the AuNPs are not pre-
cisely controlled, and the particles may have poor chemical 
purity. Biomimetic synthesis [11] has become an attractive 
green strategy for AuNPs with well-defined size, shape, and 
chemical purity, as it uses specific biomolecules of known 
compositions, structures, and chemical properties, such as 
amino acids, peptides, proteins, nucleotides, and lipids. On 
the other hand, synthesis via laser ablation[13] or using solid 
reducing agents (e.g., stainless steel [14]) provide feasible 
strategies to solve the poor chemical purity problems during 
AuNPs producing because they does not require a stabiliz-
ing agent.

Despite these substantial achievements, a few issues still 
need to be addressed for SERS detection using AuNPs. 
Generally, the residual reducing agents or stabilizing agents 
absorbing on the AuNPs should be removed before SERS 
detection, because the Raman intensity of the molecules can 
significantly amplify when they are placed in close proxim-
ity of the hot spots of AuNPs (< 1 nm) [15]. For example, 
citrate is a frequently used reducing and stabilizing agents 
for chemical synthesis of AuNPs, and its influence for SERS 
detection was deeply investigated by the group of Prof. 
Karen Johnston [16]. Therefore, removing the surfactant 
from the surface of AuNPs becomes necessary before SERS 
detection or modification [17]. These procedures are labor-
intensive, and can easily cause the AuNPs to aggregate. 
Additionally, assembling AuNPs in multidimensional mate-
rials has been a concern, because the sensitivity and stability 
of SERS detection can be significantly improved by fixing 
the hot spots in an ordered regular arrangement on a large 
surface [18]. Many multidimensional materials are available 
for SERS substrates, such as cellulose paper (one dimension) 
[15], graphene (two dimensions) [19], and MOFs (three 
dimensions) [20]. In order to assemble AuNPs in multidi-
mensional materials, many methods have been developed, 
such as in situ chemical reduction and self-assembling [20]. 
In these ways, the surfactants or unreacted reductants would 
be trapped into the pores of the multidimensional materi-
als, resulting in poor Raman enhancement ability because 
of the loss of hot spots. In this status, removing the residual 
surfactants or unreacted reductants became necessary but it 

seemed difficult because of their high surface area of multi-
dimensional materials. Therefore, for AuNP synthesis, it is 
challenging to develop a strategy that allows their efficient 
assembly in multidimensional materials without surfactants 
and removes the unreacted reductants easily.

The photoreduction of metal precursors on different sur-
faces has been widely studied, owing to its advantages of 
not requiring harmful and strong reducing agents, possible 
room-temperature operation, and noninvasive and immedi-
ate acting features of light [21–23]. Unfortunately, most of 
the photoreduction to create AuNPs unavoidably employed 
reducing agents or surfactants, such as polypeptide copoly-
mer [23] and polyoxyethylene 4-lauryl ether [24], which are 
difficult to remove and unfavorable for assembling AuNPs 
in multidimensional materials. Marek Wojnicki’s group 
reported the tetrachloroaurate acid could be photo-reduced 
by methanol [25]. Although they did not find AuNPs for-
mation in their experiments, it inspired us to continue to 
use methanol for AuNPs synthesis because methanol could 
not be absorbed in multidimensional materials and easily 
washed. In this work, we propose a green strategy based 
on photoreduction for AuNPs synthesis without surfactants, 
which was employed for direct in situ assembling of AuNPs 
in multidimensional substrates for SERS. To demonstrate 
the feasibility of these SERS substrates, they are employed 
for the SERS analysis of malachite green and thiabendazole.

Experimental

Materials and instruments

Chloroauric acid  (HAuCl4·4H2O, 99.9%), malachite green 
(MG), and thiabendazole (TBA) were purchased from Bei-
jing HWRK Chemical Co., Ltd. (Beijing, China). Methanol 
(high-performance liquid chromatography (HPLC) grade), 
ethanol, isopropyl alcohol, and N-butyl alcohol were pur-
chased from Sigma-Aldrich (Shanghai, China). Melamine, 
terephthalic acid, Cr(NO3)3·9H2O, hydrofluoric acid, NaCl, 
and 2,4-dinitrophenylhydrazine were purchased from 
Macklin Biochemical Co., Ltd. (Shanghai, China). UV–vis 
absorption spectra were recorded on a Cary 60 spectro-
photometer (Agilent, USA). Raman measurements were 
performed using a Thermo Fisher DXR Raman spectrom-
eter that was equipped with a standard 632.8 nm HeNe 10 
mW laser and CCD detector (Thermo, USA). Transmission 
electron microscopy (TEM) images were obtained using an 
FEI TECNAI G20 instrument (FEI, USA). Dynamic light 
scattering (DLS) measurements were performed using a 
NanoZS90 (Malvern, UK) instrument. HPLC measurements 
were performed using a Waters Acquity H-CLASS (Waters, 
USA). Powder X-ray diffraction patterns were obtained 
using a D/max 2550 VB/PC diffractometer (Rigaku, Japan). 
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Water samples were from the fishpond in local. Apples are 
bought from local market.

Synthesis of pure AuNPs in solution

In a quartz bottle, 2.0 mL of 0.2 g/L  HAuCl4 solution was 
mixed with 2.0 mL of 40% methanol solution. Subsequently, 
this solution was irradiated with a 70-W UV lamp (365 nm) 
for 15 min. The obtained purple AuNP solution was stored 
in a refrigerator at 4 °C.

In situ  assembling of AuNPs on filter paper

The well-cut filter paper (W × L = 15 × 35 mm) was loaded 
vertically into a quartz bottle. Subsequently, 2.0 mL of 40% 
methanol solution and 2.0 mL of different concentrations of 
 HAuCl4 solution (0.2, 0.4, 0.6, 0.8, 1.0 g/L) were added and 
mixed. The mixed solution in the quartz bottle was irradiated 
with a 70-W UV lamp for 20 min. Finally, the AuNP-loaded 
filter paper was removed, washed with deionized water sev-
eral times, and allowed to air dry.

Synthesis of g‑C3N4 @AuNPs

The bulk g-C3N4 was synthesized by the pyrolysis of mela-
mine, following previous procedures with some modifica-
tions [26]. Briefly, 15 g of melamine was placed in a crucible 
and heated at 550 °C in a furnace for 3 h (temperature ramp 
of 5 °C  min−1). After cooling to room temperature naturally, 
a light-yellow bulk of g-C3N4 was obtained. To obtain the 
g-C3N4 nanosheets, 0.5 g of bulk g-C3N4 powder was dis-
persed in 25 mL methanol. Subsequently, the mixed solution 
was probe-sonicated (Ultrasonic Processor KQ-400KDV) 
for 150 min at 380 W. The g-C3N4 nanosheet supernatant, 
with a high concentration, was collected using centrifugal 
separation, and stored in a refrigerator at 4 °C.

In a quartz bottle, 2.0 mL of g-C3N4 nanosheet methanol 
supernatant and 2.0 mL of 1.0 g/L  HAuCl4 solution were 
mixed. Subsequently, the mixed solution was irradiated with 
a 70 W UV lamp for 25 min. Finally, the resulting solution 
was centrifuged at 11,000 rpm for 10 min. The precipitated 
g-C3N4 @AuNPs were washed three times with deionized 
water, re-dispersed in water, and stored in a refrigerator at 
4 °C.

Synthesis of MIL‑101(Cr)@AuNPs

MIL-101(Cr) was synthesized according to our previous 
work [27], with some modifications. Briefly, 800 mg of 
Cr(NO3)3·9H2O, 332 mg of terephthalic acid, and 0.1 mL 
of hydrofluoric acid were mixed well with 9.6 mL deion-
ized water in a teflon-lined bomb, and subsequently, 
reacted in an oven and heated at 220 °C for 8 h. The 

precipitated MIL-101(Cr) was collected using centri-
fuge separation, and washed five times with ethanol and 
deionized water. Finally, the samples were dried over-
night at 150 °C in vacuo.

In a quartz bottle, 5.0 mg of MIL-101(Cr) dispersed in 
20 mL of 40% methanol solution was mixed with 2.0 mL of 
1.0 g/L  HAuCl4 solution. Subsequently, the mixed solution 
was irradiated with a 70 W UV lamp for 90 min. The result-
ing solution was centrifuged at 11,000 rpm for 5 min, and 
the precipitated MIL-101(Cr) @AuNPs were washed three 
times with deionized water, re-dispersed in water, and stored 
in a refrigerator at 4 °C.

Determination of formaldehyde via HPLC method

The formaldehyde, which was generated from methanol dur-
ing the photochemical synthesis of AuNPs, was analyzed 
using HPLC. Briefly, 1.0 mL of freshly synthesized AuNPs 
was centrifuged at 11,000 rpm for 15 min. Subsequently, 
100 μL of the supernatant was removed using a pipette, and 
immediately mixed with 400 μL of deionized water and 400 
μL of 2.0 mg/mL 2,4-dinitrophenylhydrazine acetonitrile 
solution. The solution was incubated for 30 min at 70 °C. 
After the reaction, the solution was filtered through a 0.25-
μm nylon membrane filter, and analyzed immediately using 
HPLC. Conditions were as follows.

The column was Shim-pack GIST C18 [2.1  mm 
(i.d) × 100 mm (L), 3 μm], which was produced from Shi-
madzu company (Japan). The mobile phase consisted of 
0.1% trifluoroacetic acid aqueous solution (solvent A) and 
acetonitrile (solvent B). The mobile phases were eluted at 
0.5 mL/min at 40 °C with the gradient as follows: 30% B at 
beginning was kept in 0.50 min and then linear ascended to 
80% within 4.50 min and held for 1.0 min, then decreased to 
30% within 0.50 min and held for 2.50 min. The wavelength 
of UV detector was set at 355 nm.

SERS determination of MG by homogeneous AuNPs, 
g‑C3N4 @AuNPs, and MIL‑101(Cr)@AuNPs active 
substrates

1.0 mL of serial concentration of 0.05 ×  10−7–1.64 ×  10−7 mol/L 
MG solution was mixed well with 120 μL of AuNPs, and then, 
50 μL of 10 mg/L NaCl solution was added. For g-C3N4 @
AuNPs, and MIL-101(Cr)@AuNPs, 1.0 ×  10−10 mol/L MG 
solution was mixed well with them. After 2 min, the mixture 
was measured using a Raman spectrometer over the spectral 
response range of 500–3000  cm−1, with a laser wavelength of 
633 nm, power of 3 mW, and acquisition time of 10 s. Cen-
trifugal treatment was for fishpond water at 8000 r/min. And 
then, AuNPs, g-C3N4 @AuNPs, and MIL-101(Cr)@AuNPs 
for SER detection of MG in the supernatant were as the same 
of MG standard solution.
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SERS determination of MG and TBA by AuNPs 
loaded filter paper

A piece of AuNPs-loaded filter paper was prepared, and a 
circle with a diameter of 5 mm was drawn using a hydropho-
bic pen. Subsequently, 50 μL of MG solution was dropped 
on the circle, and allowed to air dry. The dropped-air dried 
sequence was repeated five times. 10 μL of TBA solution 
was spread onto to the surface of apple peel (about 1  cm2). 
When the solvent was evaporated, 10 μL of methanol was 
dropped onto apple surface. Then, the prepared filter paper@
AuNPs were entirely attached to the apple surface. When 
the filter paper@AuNPs was applied to swab apple peel, a 
certain pressure (about 2 N) was kept by making the reading 
on a scale of filter paper@AuNPs. After swabbing, the fil-
ter paper@AuNPs were for further SERS analysis. The MG 
and TBA containing AuNP-loaded filter paper was meas-
ured using a Raman spectrometer over the spectral response 
range of 500–3000  cm−1, with a laser wavelength of 633 nm, 
power of 3 mW, and acquisition time of 10 s.

Results and discussion

Strategy

The process of photoreduction synthesis of dispersible 
gold nanoparticles and their direct in situ assembling in 

multidimensional substrates for SERS detection were illus-
trated in Scheme 1. The AuNPs were synthesized through 
the photoreduction of  AuCl4

− by methanol, which acted 
as an electron acceptor. The entire process was performed 
in minutes rather than hours, under mild conditions, with-
out using any stabilizing ligands containing S, N, and P, 
which are considered necessary for conventional synthetic 
approaches of AuNPs [28]. Furthermore, AuNPs were 
easily assembled in multidimensional materials via this 
strategy, and removing residual methanol was easier than 
removing other reductants. To demonstrate this method for 
multidimensional substrate synthesis, filter paper, g-C3N4, 
and MIL-101(Cr) were employed as one-dimensional, two-
dimensional, and three-dimensional materials, respectively. 
And their application for SERS were investigated by MG or 
TBA, which were the widely concerned targets in environ-
ment and food safety. The details associated with each step 
of this study are as follows.

Characterization and application for SERS

Figure 1A exhibits the typical localized surface plasmon 
resonance (LSPR) band of AuNPs at 530 nm after 3 min 
of irradiation. Notably, longer wavelength absorption at 
λ > 600 nm appeared after 15 min of irradiation. It was 
assigned to interparticle plasmon excitons of AuNP mul-
timers or other shape of AuNPs (rods, hexagonal, or tri-
angular) [29], which were observed using transmission 

Scheme 1  Process of photoreduction synthesis of dispersible AuNPs and direct in situ assembly in multidimensional substrates
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Fig. 1  Characterization of photoreduction synthesis of AuNPs and 
its application for SERS detection. A UV–vis spectra of AuNPs as a 
function of ultraviolet irradiation time. Inset: Corresponding photo-
graphs. B TEM of AuNPs. Condition: 40% methanol (v/v), 15 min. 

DLS measurements of the effects of methanol concentration (C) and 
alcohols (D) on AuNPs. Inset: Corresponding photographs. E SERS 
spectra of different concentrations of MG. F Linear scale of MG at 
1611 cm.−1 of Raman shift
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electron microscopy (TEM) (Fig. 1B; Fig. S1) This sug-
gested that the complexity of the formed AuNPs occurred 
after 15 min of irradiation. This result agreed with the 
dynamic light scattering (DLS) data (Fig. S2), exhibit-
ing bimodal distribution of AuNPs, which confirmed 
the existence of other shapes of AuNPs. As shown in 
Fig. 1B, the TEM observations of the AuNPs, which were 
obtained after 15 min of irradiation, confirmed the forma-
tion of AuNPs with an average diameter of approximately 
35 ± 2.0 nm, ranging from 10 to 40 nm. However, the 
AuNPs were well dispersed in the solution, as confirmed 
by the photographs in Fig. 1A. Notably, an interesting 
phenomenon was observed on careful comparison of the 
UV scan curves between 3 and 5 min. The absorbance 
increased significantly; therefore, a careful UV scan-
ning was conducted at 0.5-min intervals of irradiation. 
The results (as illustrated in Fig. S3) demonstrate that 
the shape of the UV scan curves became consistent after 
5.5 min of irradiation (Fig. S3A), and that the absorb-
ance change rate at 4.5 min of irradiation was the fast-
est (Fig. S3B). This phenomenon was different from the 
other AuNPs preparations via UV methods [30, 31]. We 
speculated that it was because of the autocatalytic surface 
growth mechanism of AuNPs (formation of Au nuclei and 
catalytic  AuCl4

2− reduction on the surface, which was fol-
lowed by Au deposition) [32] and the electron acceptor 
agent of  CH3OH without UV absorption. 

A schematic of the probable mechanism of AuNPs 
formation, using  CH3OH as the electron acceptor, is 
depicted in Fig. S4. The initial photochemical step by 
excitation of  [AuCl4]− species involved electron transfer 
from  Cl− to the metal center owing to the ligand-to-metal 
charge transfer of the absorption bands, generating Cl· 
radicals and  [AuCl4]2− intermediate species [33]. Sub-
sequently, the Cl· radicals interacted with methanol via 
hydrogen abstraction to form hydroxymethyl radicals 
(ĊH2OH) (reaction 1). These radicals exhibited high 
reducing ability and participated in the reduction of 
 [AuCl4]− species, to yield formaldehyde (HCHO) (reac-
tion 2). Contrarily, the  [AuCl4]2− ions were unstable and 
transformed into more stable  [AuCl2]− and  [AuCl4]− ions 
via a fast disproportionation reaction (reaction 3). Subse-
quently,  [AuCl2]− was combined with  [AuCl4]2− species 
through a disproportionation reaction, to generate  Au0 
(reaction 4). Finally, many  Au0 nuclei were formed and 
grew into AuNPs (reaction 5). The methanol behaved as 
a sacrificial agent to trap photogenerated electrons, and 
was oxidized to HCHO (reaction 6). HPLC was used for 
the quantitative analysis of the HCHO generated in reac-
tions 2 and 6 (Fig. S5A, B). As shown in Fig. S5C, a char-
acteristic peak of the HCHO derivative was observed, 

and its signal increased with the increase in irradiation 
time. This indicated the oxidation of  CH3OH into HCHO 
in the irradiation synthesis pathway. This photoreduction 
of tetrachloroaurate acid by methanol resulting in HCHO 
was reported by Marek Wojnicki’s work [25]. Impor-
tantly, these results confirmed that AuNPs were mainly 
formed via the autocatalytic mechanism. As shown in 
Fig. S5D, the profile for HCHO formation agreed with 
the increased LSPR absorbance profile (Fig. S3B), where 
the HCHO formation was accelerated by the formation of 
AuNPs. This indicated the acceleration in the photore-
duction of  [AuCl4]− (reaction 2, Fig. S4) on the surface, 
owing to the local heating of the AuNP surface via light 
absorption [34]. This allowed smooth Au deposition on 
the surface and led to AuNPs growth.

Figure 1C exhibits the effects of the amount of  CH3OH 
on the DLS of the AuNPs. The average diameter of the 
AuNPs decreased with the increase in the amount of 
 CH3OH, because it created numerous  [AuCl4]2− and pro-
duced several  Au0 nuclei. The inset photographs in Fig. 1C 
illustrates the blue shift of LSPR with an increase in the 
amount of  CH3OH, which was caused by the triangular 
and hexagonal large Au plates with (111) planes formed 
in the presence of a low amount of  CH3OH. Figure 1D 
demonstrates that other alcohols can also be employed 
as reductants for the photoreduction synthesis of AuNPs, 
such as ethanol, propanol, and N-butanol. However, a red 
shift of LSPR occurred on employing long-chain alcohols, 
such as propanol and N-butanol (as shown in the photo-
graphs in Fig. 1D). This suggested that the synthesis of 
AuNPs via the proposed strategy could be controlled by 
the amount and type of alcohol used

Before application for SERS analysis, the stability 
of AuNPs preparation was confirmed under the condi-
tion of 40%  CH3OH and 15 min of irradiation (Fig. S6). 
Subsequently, the AuNPs were employed as the SERS 
substrate for detecting malachite green (MG), which was 
related to the safety of aquatic lifeforms. On the other 
hand, the addition of NaCl was necessary because it 
made the AuNPs and the analytes aggregated together, 
resulting in the improving SERS signal via “hot spot” 
formation [35]. Therefore, the investigation of NaCl con-
centration was carried out. Figs. S7 and S8 show that 
the SERS signal of MG increased with the increasing 
concentration of NaCl in the range of 1 to 10 mg/L but 
decreased when increasing to 20 mg/L. The reason might 
be the excessive aggregation of AuNPs, which were con-
firmed by the UV spectrum (Fig. S9). After obtaining 
the optimizing the concentration of NaCl (10  mg/L), 
quantitative SERS detection was achieved by changing 
the MG concentration. As shown in Fig. 1E, the SERS 
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signal of the MG steadily increased with the increasing 
MG concentration. The intensity of the strongest peak 
at 1611  cm−1 was used for the quantitative evaluation of 
MG. A good linear relationship was observed in the range 
of 0.05 ×  10−7–1.64 ×  10−7 mol/L with a correlation coef-
ficient of 0.9973 (Fig. 1F). The limit of detection was 
0.02 ×  10−7 mol/L with a signal-to-noise ratio of 3. These 
results demonstrated the excellent SERS activity and abil-
ity of quantitative analysis of the synthesized AuNPs.

Filter paper@AuNPs for SERS

The paper-based SERS substrates have been highlighted 
as versatile green platforms, owing to their weak SERS 
response, flexibility, and portability, and have been widely 
used in real-time detection [36, 37]. Figure 2 illustrates the 
proposed strategy of photoreduction synthesis of AuNPs 
assembled in situ on filter paper for SERS detection. Fig-
ure 2A indicates that the color of the filter paper deepens 
with an increase in the concentration of  [AuCl4]−, sug-
gesting the assembling of more AuNPs on it. The amount 
of AuNPs could be controlled by the concentration of 
 [AuCl4]− (Fig. 2A) as well as the growth time, as shown 
in Fig. 2B. The TEM images illustrate the deposition of 
AuNPs on the filter paper (Fig. 2C). Figure 2D indicates 
that when filter paper@AuNPs was used, the SERS signal 
of MG (1.0 ×  10−8 mol/L) was dramatically stronger than 
that (1.6 ×  10−7 mol/L MG) of the AuNPs at 1611  cm−1 of 

Raman shift, suggesting the sample concentration property 
of the filter paper. On the other hand, the flexible of filter 
paper@AuNPs suits to the in situ SERS detection [38] via 
swabbing the surface of sample, such as fruits. Therefore, 
the obtained filter paper@AuNPs were employed for SERS 
detection of pesticide residues on the surface of apples. 
Considering thiabendazole (TBA) was a typical pesticide 
which has been widely used; we chose TBA as the analyte to 
check up the feasibility and validity of filter paper@AuNPs. 
Fig. S10 A shows that the SERS signal of the TBA steadily 
increased with its increasing concentration. The intensity of 
the strongest peak at 1594  cm−1 was used for the quantitative 
evaluation of TBA. A good linear relationship was observed 
in the range of 3.0 ×  10−7–18.0 ×  10−7 mol/L with a correla-
tion coefficient of 0.9930 (Fig. S10B). The limit of detection 
was 1.0 ×  10−7 mol/L with a signal-to-noise ratio of 3.

g‑C3N4@AuNPs for SERS

Recently, noble metal growth on 2D nanomaterials has been 
studied extensively, owing to their unique properties and 
various applications in electronics, catalysis, energy storage 
devices, and SERS [39]. The growth method of noble met-
als on 2D materials in solution is more advantageous than 
the traditional vapor-phase deposition method because of 
its low throughput and high cost, arising from the require-
ment of ultra-high vacuum conditions and special equip-
ment [40]. Figure 3 illustrates the proposed strategy for the 

Fig. 2  In situ assembling of 
AuNPs on filter paper and its 
application for SERS detec-
tion. A Photographs of in situ 
assembling of AuNPs on filter 
paper with various concentra-
tions of  HAuCl4. B Photo-
graphs of multiple growths 
of AuNPs on filter paper. C 
TEM of AuNPs assembled on 
filter paper. D SERS detection 
of MG with the filter paper@
AuNPs. 1.6 ×  10−7 mol/L MG 
for AuNPs; 1.0 × 10.−8 mol/L of 
MG for paper@AuNPs
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in situ assembly of AuNPs in g-C3N4 for SERS detection. 
Figure 3A and B illustrate that the g-C3N4@AuNPs were 
well dispersed and the color of the g-C3N4 aqueous solu-
tion turned brown (red shift) after AuNPs assembly. This 
suggests that the g-C3N4@AuNPs were successfully pre-
pared, as verified by TEM (Fig. 3C). Figure 3D illustrates 
that the Raman shift of MG from g-C3N4@AuNPs corre-
sponded to that of the AuNPs, except the peak at 1592  cm−1 
and 1394  cm−1, corresponding to the D-band and G-band 
of g-C3N4 [42.[41] However, the SERS signal of MG 
(1.0 ×  10−10 mol/L) was dramatically stronger than that 
(1.6 ×  10−7 mol/L MG) of the AuNPs at 1611  cm−1 of Raman 
shift, owing to the enrichment ability of the g-C3N4 and the 
3D hot spots [42]. Fig. S11 A compares the SERS signal of 
the same concentration MG obtained from g-C3N4@AuNPs 
and AuNPs. The SERS signal of MG from g-C3N4@AuNPs 
was about 62-fold as high as AuNPs.

MIL‑101(Cr)@AuNPs for SERS

3D materials have been extensively employed in SERS 
detection owing to their rapid concentration/enrichment 
effects for target molecules and to the construction of 3D 
hot spots after assembling of noble metals [20]. However, 
removing the unwanted impurities in these 3D materials 
becomes more difficult because of their porosity, allowing 
for the strong absorption of molecules [43], and therefore, 

interfering with SERS detection. Figure 4 illustrates the 
proposed strategy of photoreduction synthesis of AuNPs 
in situ assembling in MOF (MIL-101(Cr)) for SERS detec-
tion. Figure 4A and B illustrate that the MIL-101(Cr)@
AuNPs were well dispersed, and that the color of the 
g-C3N4 aqueous solution turned dark (red shift) after 
AuNPs assembly. This indicated that the MIL-101(Cr)@
AuNPs were successfully prepared, which was verified 
by TEM (Fig. 4C). Figure 4D illustrates that the Raman 
shift of MG from MIL-101(Cr)@AuNPs corresponded 
to AuNPs, except the peak at 1218  cm−1 and 800  cm−1, 
which corresponded to the MIL-101(Cr) [44]. On the other 
hand, the SERS signal of MG (1.0 ×  10−10 mol/L) was dra-
matically stronger than that (1.6 ×  10−7 mol/L MG) of the 
AuNPs at 1611  cm−1 of Raman shift. Fig. S11 B compares 
the SERS signal of the same concentration MG obtained 
from MIL-101(Cr)@AuNPs and AuNPs. The SERS signal 
of MG from MIL-101(Cr)@AuNPs was about 45-fold as 
high as AuNPs, while the SERS signal of MG from MIL-
101(Cr)@AuNPs was lower than g-C3N4@AuNPs, owing 
to the π–π and electrostatic interactions of g-C3N4 [39].

Evaluation of the proposed strategy

A comparison between the proposed method and other 
methods for AuNPs synthesis is presented in Table 1S. 

Fig. 3  In situ assembling 
of AuNPs in g-C3N4 and its 
application for SERS detection. 
A Photographs of g-C3N4 aque-
ous solution. B Photographs 
of g-C3N4@AuNPs aqueous 
solution. C TEM images of 
g-C3N4@AuNPs. D SERS 
detection of MG with g-C3N4@
AuNPs. 1.6 ×  10−7 mol/L of MG 
for AuNPs; 1.0 × 10.−10 mol/L 
of MG for g-C3N4@AuNPs
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The comparison of these methods clearly depicts that the 
proposed method is simple and more feasible than other 
reported methods. When in term of the application of 
AuNPs assembled substrates in different dimension, the 
sensitivity of the SERS substrates prepared via our pro-
posed methods reached that of most of the previous assays 
for MG and TBA (Table S2). These results suggest that the 
proposed strategy have the potential to assemble AuNPs in 
other materials and to be applied to the fields of catalysis, 
biology, and materials engineering.

Conclusions

Dispersible AuNPs were synthesized using a simple sur-
factant-free photochemical method with  CH3OH under 
UV irradiation. Additionally, the mechanism of AuNPs 
preparation was investigated. Moreover, this method 
could directly assemble AuNPs in situ on the multidi-
mensional substrates, and the residual  CH3OH could be 
easily removed. The present work provides an alternative 
method for the green synthesis of AuNPs and highlights 
the potential of this method in preparing other multidimen-
sional SERS substrates. Finally, this synthesis method is 
expected to have wide applications in sensing, catalysis, 
and photothermal therapy.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00604- 022- 05379-2.
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