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A B S T R A C T   

Photocatalytic degradation by visible-light responsive photocatalysts is an efficient strategy to treat organic dye 
pollutants and monitoring of the photocatalytic reaction mechanisms and kinetics is important to the design of 
high-performance photocatalysts. Herein, a dual-functional graphitic carbon nitride/gold nanoparticles (g-C3N4/ 
AuNPs) nanocomposite film is introduced to monitor the photocatalytic reactions by surface-enhanced Raman 
scattering (SERS) while degrading organic dyes photocatalytically. The nanocomposite film fabricated by two- 
step interfacial self-assembly consists of orderly arranged g-C3N4 film anchored on a closely packed AuNPs 
monolayer film. The nanoplatform has excellent SERS characteristics such as a rhodamine 6G (R6G) detection 
limit of 8.8 × 10− 10 M, and good SERS detection uniformity with a relative standard deviation (RSD) of 9.62%, 
which is crucial to quantitative determination and accurate monitoring of the photocatalytic reactions. The 
nanoplatform is employed in visible-light photocatalytic degradation of organic dyes including R6G, methylene 
blue, acid orange II, and acid orange 74. The reactions follow the pseudo-first-order kinetics as revealed by SERS 
and the photocatalytic degradation mechanism is postulated to be the promoted charge separation. The results 
reveal a high-performance dual-functional nanoplatform suitable for visible-light photocatalytic degradation of 
organic dye pollutants and SERS monitoring of the reactions.   

1. Introduction 

Organic dye pollutants produced by the textile, clothing and printing 
industry are not only detrimental to public health, but also damage the 
ecosystem, and efforts have been made to solve the problem [1]. Pho
tocatalytic degradation of organic dyes has developed to be one of the 
promising pollution control technologies due to the high efficiency, mild 
reaction conditions, simplicity, and environmental benign [2], and 
visible-light responsive photocatalysis is especially attractive because it 
can realize the utilization and transformation of clean solar energy [3]. 
Generally, active visible-light photocatalysts that have high intrinsic 
adsorption in the visible light region are a requisite in visible-light 
responsive photocatalysis. Graphitic carbon nitride (g-C3N4), a 

polymeric two-dimensional semiconductor, is a rising star among the 
visible-light photocatalysts because of the tunable bandgap, visible light 
absorption, excellent chemical stability, low cost, as well as the large 
surface area [4,5]. However, the recombination of photogenerated 
electron-hole pairs in pristine g-C3N4 affects the photocatalytic perfor
mance and the recombination rate must be restrained. Therefore, there 
is high demand in developing g-C3N4-based composite photocatalysts 
and constructing heterojunctions, to reduce electron-hole pair recom
bination and achieve superior visible-light photocatalytic effect [6]. 

In addition to degradation, monitoring of the photocatalytic re
actions is crucial to elucidating the mechanisms and kinetics as well as 
design of high-performance photocatalysts [7]. Surface-enhanced 
Raman scattering (SERS) can impart vibrational information with high 
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efficiency and sensitivity by taking advantage of the enhanced Raman 
signals arising from localized surface plasmon resonance (LSPR), typi
cally on metallic nanostructures [8]. In fact, SERS has exhibited 
remarkable capability of photocatalysis analysis, such as bond formation 
analysis [9,10], catalytic sites locating [11,12], and intermediate species 
identification [13,14], thus is a fully competent in the photocatalytic 
degradation reaction monitoring. 

Applying SERS to the monitoring of photocatalytic reactions requires 
the development of a dual-functional platform that is both plasmonically 
and catalytically active, to simultaneously realize the photocatalytic 
reaction stimulation and Raman signals enhancement. In this respect, 
nanocomposites consisting of noble metal nanoparticles and semi
conductors are attractive [15,16]. On one hand, these nanocomposites 
exhibit elevated photocatalytic activity because of efficient separation 
and transfer of photogenerated charges as a result of the potential dif
ference between the metal nanoparticles and semiconductors [17]. On 
the other hand, the SERS performance is augmented by the combination 
of electromagnetic enhancement endowed by metallic plasmonic reso
nance as well as chemical enhancement stemming from the interactions 
and charge transfer between semiconductors and molecules [18]. 
Hence, introduction of noble metal nanoparticles to g-C3N4-based 
visible-light photocatalytic degradation system is a viable strategy to 
realize SERS monitoring of photocatalytic reactions. However, disor
dered nanocomposites in forms of random clusters or aggregates tend to 
exhibit large deviation in their SERS signal intensity and this non-uni
formity negatively affects the detection reproducibility and quantitative 
determination [19], leading to inaccurate analysis and incomplete in
formation about the reactions. Fortunately, self-assembled ordered 
nanostructures can offer homogeneous distributed SERS “hot spots”, 
rendering the SERS detection with high sensitivity and reproducibility 
[20,21]. 

Herein, a self-assembled nanocomposite film comprising g-C3N4 
nanosheets and AuNPs is designed and demonstrated as a dual- 
functional platform for both photocatalytic degradation of organic 
dyes and SERS monitoring of the degradation reactions. The g-C3N4/ 
AuNPs nanocomposite film consisting of orderly arranged g-C3N4 film 
on a closely packed AuNPs monolayer film is fabricated by liquid-liquid 
interfacial self-assembly and pattern transfer. The ordered structure not 
only contributes to the uniform distribution of “hot spots” for sensitive 
and reproducible SERS detection [22,23], but also facilitates the uni
form formation of active sites for photocatalytic reaction. The SERS 
enhancement can be attributed to a combination of electromagnetic 
enhancement and chemical enhancement. More excitingly, the photo
catalysis activity evaluation and reaction kinetics investigation can be 
achieved by SERS monitoring with the nanocomposite film in photo
catalytic degradation of R6G and other organic dyes, and the photo
catalytic mechanism is proposed. The results reveal a nanocomposite 
film platform and efficient technique for photocatalytic degradation of 
organic dye pollutants and SERS monitoring of the reactions. 

2. Experimental section 

2.1. Materials 

Hexadecyl trimethyl ammonium bromide (CTAB), sodium hydroxide 
(NaOH), ascorbic acid (AA), polyvinylpyrrolidone (PVP, K30), nitric 
acid (HNO3), ethanol, dichloromethane, n-hexane, rhodamine 6G (R6G) 
and methylene blue were bought from Sinopharm Chemical Reagent Co. 
Ltd. (Shanghai, China). Chloroauric acid (HAuCl4⋅4H2O, 99.99%), 
melamine, acid orange II and acid orange 74 were purchased from 
Aladdin Reagents (Shanghai, China) and sodium borohydride (NaBH4) 
was obtained from Sigma-Aldrich Co. (St Louis, USA). All the chemicals 
were used as received without further purification and Millipore™ Milli- 
Q water (resistivity >18 MΩ/cm at 25◦C) was used throughout the 
experiments. 

2.2. Preparation and ligand exchange of AuNPs 

The CTAB coated AuNPs (CTAB-AuNPs) were prepared by a seed- 
mediated method at room temperature [24]. Firstly, fresh ice-cold 
NaBH4 (10 mM, 620 μL) was added into the mixture of CTAB (0.2 M, 
5 mL), H2O (4.5 mL), and HAuCl4⋅4H2O (5 mM, 500 μL), and vigorously 
stirred for 2 min, to obtain the gold seed solution. Then, HAuCl4⋅4H2O (5 
mM, 12 mL) and NaOH (1 M, 300 μL) were added to CTAB (0.2 M, 60 
mL), followed by the addition of AA (10 mM, 8 mL), and gently stirred 
until the solution became colorless. Afterwards, 120 μL of the gold seed 
solution were introduced rapidly to the above solution and sat for 3 h 
under 37◦C. The solution was centrifuged at 11,000 rpm for 15 min, and 
the precipitate was re-dispersed in 80 mL H2O, obtaining the 
CTAB-AuNPs solution. 

To perform ligand exchange for the AuNPs, 30 mL of the CTAB- 
AuNPs solution were subjected to centrifugation, and the precipitate 
was re-dispersed in 30 mL of the PVP solution (1 wt% in ethanol) by 
stirring for 1 h. The solution was then centrifuged at 11,000 rpm for 15 
min, and the obtained PVP-AuNPs precipitate was washed with ethanol, 
centrifuged and re-dispersed in 3 mL of ethanol, and stored at 4◦C before 
use. 

2.3. Preparation of g-C3N4 nanosheets 

The bulk g-C3N4 was synthesized by polymerizing melamine in a 
muffle furnace at a high temperature. 30 g of melamine were placed in 
the muffle furnace and the temperature was raised to 550◦C at a ramping 
rate of 5◦C min− 1 for 4 h. After natural cooling to room temperature, 
bright yellow g-C3N4 was obtained. It was ground into powder and 
modified by an acid treatment. The powder was dispersed in 30% 
aqueous HNO3 and sonicated at 15◦C for 10 h at a power of 200 W. The 
g-C3N4 nanosheets were obtained and rinsed with water. 

2.4. Interfacial self-assembly of the g-C3N4/AuNPs nanocomposite film 

The g-C3N4/AuNPs nanocomposite film was synthesized by two-step 
liquid-liquid interfacial self-assembly. The AuNPs monolayer film was 
fabricated by a modified oil/water/oil (O/W/O) three phase interfacial 
self-assembly method [25]. 125 μL of PVP-AuNPs were mixed with 2 mL 
of dichloromethane and 3.6 mL of H2O were then added. The solution 
was stirred for 1 min to allow adequate contact between the aqueous 
phase and PVP-AuNPs in the oil phase. The solution was transferred to 
the hydrophobic PTFE sample slot and sat for 1 min. Subsequently, 2 mL 
of n-hexane were added along the wall of the container and the 
PVP-AuNPs were driven to the upper interface of the aqueous phase and 
n-hexane to form a closely packed PVP-AuNPs monolayer. After stand
ing for 20 min, Si wafers were immersed in the solution and pulled out 
slowly to deposit and transfer the PVP-AuNPs monolayer film. 

The g-C3N4 nanosheets were prepared by oil/water (O/W) interfacial 
self-assembly. 1 mL of the g-C3N4 nanosheets solution (0.18 mg/mL), 1 
mL of H2O, and 1 mL of n-hexane were mixed to form an O/W interface. 
2 mL of ethanol were added dropwise to the interface to enable rapid 
arrangement of g-C3N4 at the O/W interface. After evaporation of n- 
hexane, the g-C3N4 film was taken out by the AuNPs monolayer film 
substrate to produce the g-C3N4/AuNPs nanocomposite film. 

2.5. SERS activity 

The g-C3N4 film, AuNPs monolayer film, and g-C3N4/AuNPs nano
composite film were immersed in 1 mL of aqueous R6G aqueous solu
tions with different concentrations and placed in darkness overnight. 
Afterwards, the substrates were taken out and washed with water and 
dried at room temperature. The Raman scattering spectra were acquired 
on the Horiba Jobin-Yvon LabRam HR Vis high-resolution confocal 
Raman microscope with the 633 nm laser as the excitation source at 
room temperature. A 10 × objective lens was used, the laser power was 
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12 mW, and the integration time was 10 s. The Raman spectral range 
was 200 ~ 2000 cm− 1. 

2.6. Photocatalytic activity 

The photocatalytic activity of the g-C3N4 film and g-C3N4/AuNPs 
nanocomposite film was evaluated with the degradation of R6G under 
visible-light irradiation. The samples were immersed in 1 mL of aqueous 
R6G (1 × 10− 5 M) and placed in darkness for 30 min to establish 
adsorption–desorption equilibrium. They were then irradiated by a 300 
W Xenon lamp (I = 200 mW/cm2) with a ≤400 nm cut-off filter. The 
solutions were subjected to absorption analysis at intervals of 5 min to 
determine the photocatalytic activity. 

2.7. SERS monitoring of photocatalytic degradation of organic dyes 

Similar to the aforementioned photocatalytic activity evaluation, the 
g-C3N4 film and g-C3N4/AuNPs nanocomposite film were immersed in 
the R6G solutions in darkness, rinsed with water, and dried at room 
temperature. The R6G-adsorbed of g-C3N4 film and g-C3N4/AuNPs 
nanocomposite film were placed in water (1 mL) and irradiated with 
visible light. The samples were taken out at intervals of 5 min and after 
washing and drying, and SERS measurements was then carried out. SERS 
monitoring of photocatalytic degradation of other organic dyes 
including methylene blue, acid orange II, and acid orange 74 was per
formed on g-C3N4/AuNPs nanocomposite film. 

2.8. Characterizations 

Scanning electron microscopy (SEM) and energy-dispersive X-ray 
spectroscopy (EDS) elemental mapping were performed on the field- 
emission scanning electron microscope (ZEISS SUPRA®55, Carl Zeiss, 
Germany). The X-ray diffraction (XRD) patterns were recorded on an X- 
ray diffractometer (SmartLab, Rigaku, Japan) with Cu Kα irradiation (λ 
= 1.5406 Å) and the absorption spectra were acquired on the ultra
violet–visible-near infrared (UV-vis-NIR) spectrophotometer (TU-1810, 
Puxi, China). 

3. Results and discussion 

3.1. Interfacial self-assembly and characterizations 

The g-C3N4/AuNPs nanocomposite film is fabricated with a two-step 
interfacial self-assembly method, as illustrated in Scheme 1 [25]. Firstly, 
the Marangoni effect-assisted oil/water/oil (O/W/O) three-phase 
interfacial self-assembly process is adopted to prepare the dense and 
closely packed AuNPs monolayer film (Scheme 1a). Concretely, the 
PVP-coated AuNPs (PVP-AuNPs with a diameter of 26.2±4.7 nm) are 
obtained by ligand exchange with the CTAB-coated AuNPs and serve as 
the building blocks (Fig. S1), because the electrostatic repulsion of CTAB 
hinders the assembly at the O/W interface, whereas the PVP ligands 
facilitate the assembly [26]. The PVP-AuNPs exhibit the same LSPR peak 
at 534 nm as the CTAB-coated AuNPs (Fig. S1c) and the zeta potential 
changes from 37.40±0.62 mV to -7.18±0.49 mV (Fig. S1d), indicating 
the success of ligand exchange. As illustrated in Scheme 1, the ethanol 
solution of PVP-AuNPs is added to dichloromethane to form the oil 

Scheme 1. Schematic illustration of the two-step liquid-liquid interface self-assembly process for the fabrication of the g-C3N4/AuNPs nanocomposite film.  
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phase and mixed with water in a hydrophobic PTFE container. After 
mechanical shaking, a gold film is formed at the dichloromethane/water 
interface (lower O/W interface) due to migration of AuNPs out of the oil 
phase. After introduction of n-hexane (another oil phase lighter than 
water), the gold film moves spontaneously to the n-hexane/water 
interface (upper O/W interface) so that a more closely packed AuNPs 
monolayer film is obtained. The Marangoni force originating from the 
surface tension gradient/difference between the two O/W interfaces is 
the main driving force for the transfer and compression of AuNPs in the 
three-phase assembly [27]. The surface tension of the upper n-hex
ane/water interface (γ=51.1 mN/m) is higher than that of the lower 
dichloromethane/water interface (γ=28.3 mN/m), and the resulting 
force pulls the AuNPs towards the upper O/W interface [25]. Mean
while, the Marangoni force and lower surface potential of PVP-AuNPs 
help to overcome the electrostatic repulsion between AuNPs, which 
also contribute to the yield of the more closely packed monolayer film. 
The monolayer film can be transferred to a solid substrate after removal 
of n-hexane. The SEM image in Fig. 1a and cross-section SEM image in 
Fig. S2a confirm the close-packed AuNPs monolayer film without 
obvious aggregation and large voids. 

The second interfacial self-assembly step is carried out with g-C3N4 
nanosheets as the building blocks (Scheme 1b). The aqueous solution of 
g-C3N4 nanosheets and n-hexane are mixed to form the O/W interface. 
By injecting ethanol slowly, the g-C3N4 nanosheets move out from water 
and are compressed into the O/W interface due to the interfacial tension 
to form uniformly arranged g-C3N4 nanosheets. The g-C3N4 film is 
transferred to the AuNPs monolayer film after evaporation of n-hexane. 
Fig. 1b and Fig. S2c show the successful production of the g-C3N4/AuNPs 
nanocomposite film, in which g-C3N4 nanosheets are uniformly 
dispersed and supported by the ordered and closely packed AuNPs 
monolayer film. It is quite different from the random aggregating or 
dispersing of g-C3N4 nanosheets without assembly (Fig. S3). 

The structure of the g-C3N4/AuNPs nanocomposite film is 

investigated by XRD and the XRD patterns are shown in Fig. 1c. The g- 
C3N4 film exhibits a peak at 27.65◦ corresponding to d-spacing of 3.34 Å 
for (002) for the crystal plane of g-C3N4 from stacking of the conjugated 
aromatic system [28]. The crystallized AuNPs display characteristic 
diffraction peaks of Au at 38.25◦ and 44.46◦ from the (111) and (200) 
planes of Au crystals (JCPDS No. 03-065-8601) [29]. These diffraction 
peaks can also be clearly observed from the pattern of g-C3N4/AuNPs, 
corroborating successful fabrication of the nanocomposite film. The EDS 
elemental maps (Fig. 1d) disclose uniform distributions of C, N, and Au, 
and the atomic concentrations of C, N and Au are determined to be 
58.91%, 37.68%, and 3.41%, respectively. The g-C3N4/AuNPs nano
composite film shows a broad absorption band from 500 to 1,000 nm 
due to LSPR of the AuNPs monolayer film [30] (Fig. 1e). More and 
broader absorption of visible compared to the g-C3N4 film bodes well for 
the g-C3N4/AuNPs nanocomposite film in the potential application in 
visible light absorption fields. 

3.2. SERS activity and enhancement mechanism 

The SERS activity of the g-C3N4/AuNPs nanocomposite film is 
investigated with the aid of the probe molecule R6G in comparison with 
AuNPs monolayer film and g-C3N4 film. Fig. 2a shows the SERS spectra 
of R6G at a concentration of 1 × 10− 5 M for the different substrates. The 
SERS signals from the g-C3N4/AuNPs nanocomposite film is apparently 
the most significant. The SERS signal of R6G recorded from g-C3N4 film 
is negligible, while the R6G characteristic SERS signals are significantly 
amplified and can be clearly distinguished from the AuNPs monolayer 
film substrate. The R6G characteristic SERS signals on the AuNPs 
monolayer film are amplified due to LSPR-induced electromagnetic field 
enhancement of the periodic AuNPs arrays with nanogaps, where the 
strong electric field locates, as displayed in the electric field distribution 
analyzed by finite difference-time domain (FDTD) simulation (Fig. S4). 
The peaks at 612, 772, and 1126 cm− 1 are assigned to C-C-C ring in- 

Fig. 1. (a, b) SEM images of the AuNPs monolayer film and g-C3N4/AuNPs nanocomposite film, respectively; (c) XRD patterns of the different films; (d) Elemental 
maps and EDS spectrum of the g-C3N4/AuNPs nanocomposite film; (e) Absorption spectra of the different films. Scale bars = 200 nm. 
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plane bending, out-of-plane bending, and C-H in-plane bending, 
respectively, and those at 1185, 1360, 1509, and 1649cm− 1 correspond 
to in-plane C-C stretching of R6G [31]. The SERS signals of the R6G 
molecules on the g-C3N4/AuNPs nanocomposite film are stronger than 
those from the AuNPs monolayer film alone (Fig. 2a) due to the syner
gistic effects of electromagnetic enhancement and chemical enhance
ment. Specifically, as confirmed by FDTD simulation, besides the strong 
electrical fields located at the AuNPs gaps (Fig. S4), the covering of 
g-C3N4 contributes to the enhanced electric field at the g-C3N4/AuNPs 
nanogaps and AuNPs/Si nanogaps (Fig. 2b), rendering g-C3N4/AuNPs 
nanocomposite film improved electric field for the signal enhancement 
[32]. Meanwhile, the possible electrostatic interaction, π-π stacking and 
hydrogen bonding between g-C3N4 and R6G molecules not only lead to 
more adsorption of target molecules on the g-C3N4/AuNPs nano
composite film, but also may contribute to possible chemical enhance
ment [33,34]. The enhancement factor (EF) of the g-C3N4/AuNPs 
nanocomposite film for R6G is also determined to evaluate the SERS 
performance [35] and the EF of the g-C3N4/AuNPs nanocomposite film 
is larger than that of the AuNPs monolayer film (1.31 × 107 v.s. 3.44 ×
106, calculation details are provided in Supplementary Material), which 
confirms the more excellent SERS activity of the g-C3N4/AuNPs nano
composite film. 

The SERS spectra of R6G for different concentrations (1 × 10− 5 to 1 
× 10− 9 M) acquired from the g-C3N4/AuNPs nanocomposite film are 
presented in Fig. 2c-d. The intensity drops gradually with decreasing 
concentration from 1 × 10− 5 M to 5 × 10− 9 M. The linear relationship 
between the intensity of the characteristic peak and concentration 
plotted on a logarithmic scale is generally used for quantitative analysis. 
As expected, the calibration curve ranged from 1 × 10− 5 M to 5 × 10− 9 

M fitted well with the equation: lg I = 0.4249 lg C + 5.9233, with a 
squared correlation coefficient (R2) of 0.9423 (Fig. 2e). The detection 
limit is calculated to be 8.8 × 10− 10 M (S/N=3), which is comparable to 
the previously reported AuNPs based nanocomposite substrates in terms 
of detection sensitivity (Table S1). To evaluate the SERS detection 

uniformity, spectra are acquired from 15 random spots on the g-C3N4/ 
AuNPs nanocomposite film and AuNPs monolayer film (Fig. 3a-b), and 
all the spectra display the quite consistent characteristic peaks of R6G. 
The peak at 612 cm− 1 for R6G is monitored and relative standard de
viation (RSD) is calculated [36]. As shown in Fig. 3c-d, the RSD of the 
AuNPs monolayer film is calculated to be 5.53%, and g-C3N4/AuNPs 
nanocomposite film also exhibits excellent reproducibility with an RSD 
of 9.62%. The excellent SERS activity and detection uniformity of the 
g-C3N4/AuNPs nanocomposite film suggest large potential in quantita
tive analysis capacity for SERS monitoring of photocatalytic reactions. 

3.3. Photocatalytic degradation evaluation and mechanism 

The photocatalytic degradation activity of the g-C3N4/AuNPs nano
composite film is investigated by monitoring the normalized temporal 
concentration changes upon visible light irradiation in a short time using 
R6G as the organic dye model. The g-C3N4/AuNPs nanocomposite film is 
immersed in the 1 × 10− 5 M R6G solution for 30 min in darkness to 
adsorb R6G and the concentration is determined based on the absorption 
peak of R6G at 526 nm. The absorption decline in Fig. S5a confirms 
adsorption of R6G in darkness. Afterwards, degradation of R6G is 
monitored at 5 min intervals based on the changes in absorption upon 
exposure to visible light. As shown in Fig. 4a, the absorption peak of R6G 
decreases gradually with irradiation time for the g-C3N4/AuNPs nano
composite film. In comparison, absorption of R6G with the g-C3N4 film 
decreases more slowly within 20 min visible light irradiation (Fig. 4b). 
The R6G solution without visible light irradiation serves as the control 
and shows hardly any change (Fig. S5b). The relationship between the ln 
(Ct/C0) and reaction time is obtained, where C0 and Ct are the concen
trations of R6G initially and after irradiation for time t, respectively. As 
shown in Fig. 4c, photocatalytic degradation on the two substrates fol
lows the pseudo-first-order mechanism following ln (Ct/C0) = − kt [3]. 
The first-order rate constant (k) of the g-C3N4/AuNPs nanocomposite 
film (0.0161 min− 1) is bigger than that of the g-C3N4 film (0.0111 

Fig. 2. (a) SERS spectra of R6G at a concentration of 1 × 10− 5 M acquired from the g-C3N4 film, AuNPs monolayer film, and g-C3N4/AuNPs nanocomposite film; (b) 
FDTD simulation of the electromagnetic field distributions in the (i) single AuNP and (ii) g-C3N4 covered AuNP on Si; (c, d) Concentration-dependent SERS spectra of 
R6G acquired from the g-C3N4/AuNPs nanocomposite film for concentrations from 1 × 10− 5 M to 1 × 10− 9 M; (e) Intensity-concentration relationship derived from 
the peak at 612 cm− 1. 
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min− 1), indicating that g-C3N4/AuNPs has better performance. The 
enhanced photocatalytic activity can be explained with the possible 
mechanism illustrated in Fig. 4d. Upon irradiation by visible light, the 
g-C3N4 valence band electrons are excited to the conduction band 
forming electron-hole pairs, and most of the photogenerated electrons 
move to AuNPs [37]. The electron tapping promotes separation of the 
photogenerated charge carriers of g-C3N4, which is one of the perfor
mance enhancing features of metal-semiconductor composites photo
catalysts [6]. More importantly, electrons can also be generated on the 
surface of AuNPs due to SPR and the SPR electric field leads to more 
efficient charge separation. The generated and transferred electrons 
reduce O2 to ⋅O2

− , and ⋅OH radicals can also be produced by ⋅O2
− and the 

holes at the valence band of g-C3N4 [38]. These oxidizing radial species 
and holes undergo the redox reactions with adsorbed R6G molecules 
resulting decomposition and degradation [39]. Hence, the promoted 
charge separation, LSPR effect, and more visible light absorption 
(Fig. 1e) of the nanocomposite film jointly contribute to the enhanced 
photocatalytic degradation activity comparing to the g-C3N4 film. 

3.4. SERS monitoring of photocatalytic degradation of organic dyes 

It is worthwhile to establish a SERS monitoring platform for the 
photocatalytic degradation of organic dyes, which is essential in the 
photocatalytic degradation studies. The photocatalytic degradation and 
SERS monitoring based on g-C3N4/AuNPs nanocomposite film is 

investigated with R6G. Prior to the monitoring of degradation by SERS, 
the influence of local heating induced by light irradiation on the nano
composite film SERS substrate is investigated. As shown in Fig. S6, the 
SERS intensities of the 1 × 10− 6 M R6G acquired from the substrate 
exhibit no significant change upon light irradiation with different time 
durations (0-20 min), suggesting the stable SERS activity of the nano
composite film substrates. After adsorption of R6G molecules in dark
ness, visible light illumination is performed and SERS examination is 
carried out on the two substrates separately at 5 min intervals (Fig. 5a). 
Fig. 5b depicts the SERS spectra of R6G exposed to visible light irradi
ation for different time for the g-C3N4/AuNPs nanocomposite film. All 
the characteristic peaks of R6G are evident, whereas the SERS intensity 
decreases rapidly with irradiation time. This result suggests that R6G 
molecules are probably decomposed or degraded into CO2, H2O, and 
other small molecules that are less evident in SERS examination [33]. 
The SERS intensity variation of R6G observed from the AuNPs mono
layer film is not significant (Fig. 5c), demonstrating poor photocatalytic 
activity comparatively. The control experiments without light exposure 
show that during the same time interval, signal decay is not obvious 
(Fig. S7), indicating little decomposition of R6G in darkness. The vari
ations in the SERS intensity versus irradiation times enable analysis of 
the kinetics in the photocatalytic degradation process. The natural log
arithm of the SERS intensities at 612 cm− 1 are plotted versus time and 
the curves acquired from g-C3N4/AuNPs nanocomposite film and AuNPs 
monolayer film are displayed in Fig. 5d-e. The reactions are both found 

Fig. 3. (a, b) SERS spectra of R6G (1 × 10− 5 M) acquired from 15 random spots on the g-C3N4/AuNPs nanocomposite film and AuNPs monolayer film, respectively; 
(c, d) Corresponding histograms of the SERS peak intensity at 612 cm− 1 for the two substrates. 
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to follow the pseudo-first-order kinetics and the curve of g-C3N4/AuNPs 
nanocomposite film shows a good linear relationship: ln (It/I0) =
–0.1102t (R2 = 0.9939), while that from AuNPs monolayer shows the 
following relationship: ln (It/I0) = –0.0479t (R2 = 0.9658). The plots of 
ln (It/I0) versus time for the peaks at 772, 1126, 1185, 1360, 1509, and 
1649cm− 1 during photocatalytic degradation on g-C3N4/AuNPs nano
composite film are also drawn in Fig. S8, and results show that the 
characteristic bonds of R6G degrade at the similar reaction rate. The 
high reaction rate photocatalytic degradation of organic dyes and the 
reaction kinetics analysis are successfully achieved on g-C3N4/AuNPs 
nanocomposite film. 

The g-C3N4/AuNPs nanocomposite film is further applied to the 
photocatalytic degradation and reaction monitoring of other organic 
dyes including methylene blue, acid orange II, and acid orange 74. The 
g-C3N4/AuNPs nanocomposite films are immersed separately in the dye 
solutions (1 × 10− 5 M methylene blue, 1 × 10− 3 M acid orange II, and 1 
× 10− 3 M acid orange 74), sat in darkness, and then exposed to visible 
light similar to the protocols for R6G. The SERS spectral features of 
methylene blue, orange II, and acid orange 74 after photocatalytic 
degradation for different time by g-C3N4/AuNPs nanocomposite film are 
presented in Fig. 6a-c, respectively. The major characteristic bands of 
methylene blue (466, 499, 710, 1152, 1395 and 1623 cm− 1), acid or
ange II (1230, 1496, and 1594 cm− 1), and acid orange 74 (520, 783, 

1037 and 1386 cm− 1) are observed and the detailed assignments are 
listed in Table S2. The peak intensities diminish with irradiation time 
indicating degradation proceeds with light irradiation. The relationships 
between the SERS intensities and irradiation time for the three dyes are 
presented in Fig. 6d-f, respectively. Similar to the SERS monitoring of 
photocatalytic degradation of R6G, the degradation kinetics of methy
lene blue, acid orange II, and acid orange 74 also follow the pseudo-first- 
order mechanism: ln (It/I0) = − 0.1630t, ln (It/I0) = − 0.0893t, and ln (It/ 
I0) = − 0.0826t for methylene blue, acid orange II, and acid orange 74, 
respectively. These results suggest the good capability of g-C3N4/AuNPs 
nanocomposite film in the detection and monitoring of photocatalytic 
degradation of different organic dyes. 

4. Conclusions 

The g-C3N4/AuNPs nanocomposite film consisting of orderly ar
ranged g-C3N4 film anchored on the closely packed AuNPs monolayer 
film is designed and fabricated by two-step interfacial assembly, and is 
developed as dual-functional nanoplatform for photocatalytic degrada
tion of organic dyes and SERS monitoring of degradation reactions. The 
nanocomposite film delivers excellent SERS performance with excellent 
detection sensitivity and uniformity. The g-C3N4/AuNPs film has 
excellent visible-light photocatalytic degradation capability for different 

Fig. 4. (a, b) Time-dependent absorption spectra of the aqueous R6G solution within 20 min visible light irradiation for the two photocatalysts, respectively; (c) Plots 
of ln (Ct/C0) versus time in the presence and absence of photocatalysts; (d) Postulated photocatalytic degradation mechanism by the g-C3N4/AuNPs nanocomposite 
film during visible light exposure. 
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organic dye molecules including R6G, methylene blue, acid orange II, 
and acid orange 74, while the reaction kinetics can be studied by SERS 
monitoring at the same time. The photocatalytic degradation mecha
nisms are proposed and determined. The results show that g-C3N4/ 
AuNPs nanocomposite film has large potential in visible-light photo
catalytic degradation of organic dye pollutants besides reaction moni
toring by means of SERS. 
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Fig. S1. (a) Schematic illustration for the preparation of PVP-AuNPs by surface ligand 

exchange; (b) SEM image of PVP-AuNPs with the inset showing the size distribution acquired 

by Image J; (c) UV-vis spectra of CTAB-AuNPs and PVP-AuNPs; (d) Zeta potential changes 

of AuNPs after ligand exchange. 
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Fig. S2. (a-c) Cross-section SEM images of AuNPs monolayer film, g-C3N4 nanosheets layer, 

and g-C3N4/AuNPs nanocomposite film on Si substrates, respectively. Scale bars = 200 nm.  
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Fig. S3. (a) UV-vis spectrum of the g-C3N4 nanosheets aqueous suspension and (b) SEM image 

of g-C3N4 nanosheets.  
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Finite difference-time domain (FDTD) modeling 

For the FDTD simulations, a model consisting of g-C3N4/AuNPs nanocomposite on Si is 

established using a FDTD program. The mesh size is chosen to achieve a balance between the 

required computer memory and the simulation time while ensuring convergence of the results. 

The diameter of AuNPs is set to 26.5 nm and their gap is set to 1.5 nm. The thickness of g-

C3N4 is 10 nm and the refractive index of g-C3N4 is estimated to be 1.65 [1]. A plane-wave 

source with a wavelength of 633 nm illuminates the substrates vertically from the (100) and 

(010) direction considering scattering in actual situation. The boundary condition (010) 

direction is set to provide a perfectly matched layer, and the boundary condition in (100) 

direction is set to be periodic boundary. 

 

Fig. S4. (a, b) FDTD simulation of the electromagnetic field distributions of the periodic 

AuNPs array without and with covering g-C3N4 nanosheets. 
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Calculation of Enhancement Factor 

The enhancement factor (EF) of the substrates for R6G is estimated according to the 

following equation [2]:  

EF = (ISERS/IRaman) × (CRaman/CSERS), 

where ISERS is the SERS intensity of R6G with a concentration of CSERS obtained on SERS 

substrate and IRaman is the normal Raman intensity of R6G with a concentration of CRaman 

obtained on silicon. For the g-C3N4/AuNPs nanocomposite film substrate, ISERS of 612 cm-1 for 

CSERS of 5×10-9 M is 291.88 counts. IRaman for CRaman of 0.1 M obtained on silicon is 446.69 

counts and EF is calculated to be 1.31×107. For the AuNPs monolayer film substrate, ISERS of 

612 cm-1 for CSERS of 5×10-9 M is 76.74 counts. IRaman for CRaman of 0.1 M obtained on silicon is 

446.69 counts and EF is calculated to be 3.44×106. 
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Table S1. Comparison of the SERS performance in terms of limit of detection towards R6G 

with AuNPs based nanocomposites. 

Substrate  Detection limit  Ref. 

gold nanoparticles/reduced graphene oxide 5×10-7 M [3] 

Au-decorated cellulose 1×10-9 M [4] 

CVD graphene- AuNPs 8×10-7 M [5] 

graphene-Au nanosphere 1×10-6 M [6] 

Au nanoparticles/graphene oxide/cicada wing  1×10-8 M [7] 

g-C3N4/AuNPs nanocomposite films 8.8×10-10 M this work 
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Fig. S5. (a) Absorption spectra of the R6G aqueous solution before and after adsorption for the 

g-C3N4/AuNPs nanocomposite film and g-C3N4 film in darkness; (b) Time-dependent 

absorption spectra of the R6G aqueous solution without visible light irradiation and 

photocatalysts. 
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Fig. S6. (a) SERS spectra of 1×10-6 M R6G recorded on the g-C3N4/AuNPs nanocomposite 

film substrates subjected to different periods of light irradiation, and (b) corresponding 

intensities of the peaks at 612 cm-1.  
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Fig. S7. SERS spectra of 1×10-5 M R6G recorded at 5 min intervals without light irradiation 

on (a) g-C3N4/AuNPs nanocomposite film and (b) AuNPs monolayer film. 
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Fig. S8. (a-f) Plots of ln (It/I0) versus time for the peaks at 772, 1126, 1185, 1360, 1509, and 

1649 cm−1 during photocatalytic degradation of 1×10-5 M R6G on the g-C3N4/AuNPs 

nanocomposite film. 
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Table S2. Band assignments for the major peaks of methylene blue, acid orange II, and acid 

orange 74. 

Organic Dyes 
Raman shift 

(cm-1) 
    Assignments 

Methylene blue [8] 466, 499 Skeletal deformation of C-N-C 

770, 1152 In-plane bending of C-H 

1395 Symmetrical stretching of C-N 

1623 Ring stretching of C-C 

Acid orange II [9] 1230 Symmetrical stretching of C-N on the benzene 

ring and symmetrical stretching of C=C on the 

benzene and naphthalene rings 

1496 Symmetrical stretching of C-N and C=C, 

asymmetrical stretching and rocking of C-H, and 

rocking of C-O on the benzene ring  

1594 Non-plane rocking of C-N, in-plane rocking of 

C-H, and asymmetrical stretching of C-N and 

symmetrical stretching of C=C 

Acid orange 74 [10] 520, 783 In-plane bending of C-C-C 

1037 Stretching of C-O 

1386 Stretching of C-C on the benzene ring and in-

plane bending of C-H on the benzene ring 
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