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Abstract
Acetone is a reliable index to evaluate the aging state of oil paper insulation. It is of great significance to study a fast, highly 
sensitive and accurate method of detecting acetone in oil to ensure the safe and stable operation of oil-immersed transformers. 
In this paper, a method based on surface enhanced Raman spectroscopy for the detection of acetone in oil is investigated. 
Based on the mechanism of surface-enhanced Raman spectroscopy (SERS), a simulation model of surface-enhanced sub-
strate was constructed using COMSOL software, and it was determined that the enhancement effect was better when silver 
nanowires/zinc oxide nanorods (Ag/ZnO) composite structure was selected. Ag/ZnO substrates were prepared by solvother-
mal method and experimentally tuned and characterized to obtain SERS substrates with high enhancement properties. The 
substrate coupled partial least square (PLS) model was used to establish a method for the detection of acetone in insulating 
oils, and its limit of quantification for acetone was 0.003 mg/g, which meets the requirements for engineering testing.
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1  Introduction

Oil-immersed power transformer is one of the core hub 
equipment of the power system [1]. The aging state of the 
oil-paper insulation is an important indicator for assessing 
the health of the transformer. Thus, accurate diagnosis of the 
aging state of a transformer is critical to the safe operation 
of a power system [2, 3].

The insulation system of oil-immersed power transformer 
is mainly composed of insulating oil and insulating paper 
[4]. In the process of long-term operation, the oil paper insu-
lation material decomposes under the action of electric and 
thermal factors, producing a series of substances reflecting 

operational faults and insulation aging characteristics [5, 6]. 
The content of acetone, as one of the aging characteristics 
of oil-paper insulation, can be used as a parameter to assess 
the aging condition of the insulation system [7]. Means of 
detection of dissolved acetone content in transformer oil 
mainly include high performance liquid chromatography 
(HPLC) [8], electrochemical method [9] and spectropho-
tometric method [10]. The most commonly used method 
is HPLC, but the complexity of the operation and the fre-
quent replacement of columns determine that this method 
can only be completed in the laboratory and is not suitable 
for long-term monitoring [11]. Therefore, the development 
of an easy-to-operate, highly accurate and field-applicable 
method to detect the dissolved acetone content in insulating 
oils is of great value in enhancing the field analysis of oil-
immersed transformer equipment.

Raman spectroscopy is a widely used spectroscopic tech-
nique to effectively detect and analyze the content of spe-
cific dissolved substances in liquid materials [12]. However, 
Raman spectroscopy has a weak scattering signal, which 
limits the accuracy and sensitivity in detecting trace sub-
stances [13]. SERS can effectively amplify the inherently 
weak Raman surface interface, and the Raman signals of 
molecules adsorbed on the surface of rough metal nano-
structures can be amplified by 10–109 times, which can 
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effectively solve the problem of insufficient signals in the 
detection of trace substances [14]. The SERS technique 
allows for rapid quantitative prediction by acquiring spec-
tral information about the analyte. Zhu et al. [15] applied 
gold and silver core–shell nanoflowers (Au@Ag NFs) as 
SERS active substrates to predict 2,4-D and imidacloprid 
in milk in the range of 1.0 × 10–3 to 1.0 × 102 ng/mL. Jiao 
et al. [16] prepared silver nanoparticles coated with zinc 
oxide nanoflowers (Ag@ZnO NFs) as a SERS substrate and 
combined it with a chemometric method for the quantitative 
detection of deltamethrin in wheat with a detection limit of 
0.16 μg·kg−1.

In this study, combined with simulation guidance, Ag/
ZnO SERS substrates were first prepared by in situ modifi-
cation of ZnO on Ag nanomaterials by chemical reduction. 
Then, a high sensitivity and high accuracy method for the 
determination of dissolved acetone in transformer oil was 
established based on PLS model. The method is applicable 
to the rapid and accurate determination of acetone content in 
oil-paper insulated electrical equipment, which can monitor 
the safety and stability of the power system in time.

2 � Materials and methods

2.1 � Materials

The details of the materials used in this paper are shown in 
Table 1.

2.2 � Surface enhanced substrate simulation design

In the application of SERS, it is very important to choose 
a suitable substrate because the composition, size, shape 
and other parameters of the SERS substrate will directly 
affect the SERS signal enhancement effect. Therefore, it is 
first necessary to simulate and analyze the electromagnetic 
enhancement performance of the surface-enhanced substrate 
based on the mechanism of SERS and using the COMSOL 
multiphysics field simulation software on the computer. 
Its 3-dimensional model is shown in Fig. 1a. Finally, the 

optimal parameters were determined to provide guidance 
for the preparation of materials for later experiments, while 
saving experimental costs and time. This simulation method 
is helping to understand the effects of various parameters on 
EM enhancement and guiding the subsequent preparation 
of highly SERS-active substrates. Figure 1b demonstrates 
the 2-dimensional configuration of the Ag/ZnO composite 
surface-enhanced substrate.

2.3 � Apparatus

In this paper, high-resolution transmission electron micros-
copy (HRTEM) and selected-area electron diffraction 
(SAED) will be performed on a transmission electron micro-
scope (Tecnai G2 F30, FEI, USA). Samples were prepared 
by placing a drop of sample solution on a porous carbon 
film supported by a copper grid and dried naturally, and 
imaged at an accelerating voltage of 200 kV. In this work, 
all Raman spectroscopy experiments were performed based 

Table 1   Chemical reagents 
and materials required for the 
experiment

Materials Molecular formula Clarification

Silver nanowire-ethanol suspension CST-NW-S30 10 mg/L
1,4-Benzenedithiol (BDT) C6H6S2 >98%
Rhodamine 6G (R6G) C28H31N2O3Cl ≥95%
Zinc chloride ZnCl2 >99.99%
N,N-dimethylformamide (DMF) HCON(CH3)2 >99.5%
Dimethylsiloxane [–Si(CH3)2O–]n For oil bath heating
Pure water H2O –
Anhydrous ethanol C2H6O >95%

Fig. 1   a 3D simulation model diagrams and b 2D configurations of 
surface-enhanced substrates
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on an integrated detection platform for confocal laser Raman 
spectroscopy built by our group. The platform includes laser, 
optical microscope, filters, Raman spectrometer, a CCD 
detector, etc., as described in detail in [17].

In addition, a liquid–liquid extraction method was used 
and pure water was selected as the extractant, and an extrac-
tion ratio of 20:1 was chosen for the enrichment of acetone. 
Pure water is chemically relatively stable, and its Raman 
scattering is weak and does not interfere with fluorescence 
in the measurement range of Raman spectroscopy [18].

2.4 � SERS detection

The SERS test procedure for acetone in insulating oil is as 
follows.

(1)	 Liquid–liquid extraction. Using pure water as the 
extractant, the standard liquid, which is insulating oil 
with acetone dissolved in it, was mixed thoroughly with 
the extractant, and the lower acetone extract was taken 
and passed into a quartz band-tube cuvette.

(2)	 Placement of substrate and acetone extracts. Place the 
prepared substrate in the sample cell so that the acetone 
extraction solution is in full contact with the substrate.

(3)	 Spectrum correction. The Raman peak at 520.7 cm−1 of 
the silicon wafer was used as a reference for the calibra-
tion spectra.

(4)	 Selection of detection point. The spatial position of the 
sample stage is adjusted by a 3D fine-tuning stage and 
combined with a color CMOS monitoring camera to 
ensure that the laser is focused on the SERS substrate 
and the final SERS detection point is selected.

(5)	 Setting parameters. A 50× telephoto objective and a 
1200 line/750 nm grating were used. Laser powers of 
70 and 50 mW were selected for the detection of R6G 
molecules and acetone molecules, respectively. For 
the detection of R6G molecular probes, the integra-
tion time was set to 0.1 s and the cumulative number 
of integrations was 10. For the acetone molecule, the 
number of accumulated integrations was chosen to be 
100 due to its weak signal strength.

(6)	 Spectral analysis. First, the raw spectral data are pre-
processed to improve the data quality. Then, the Raman 
spectral data were qualitative and quantitative analyses.

2.5 � PLS model

PLS is a multivariate data statistical analysis method for 
solving regression problems with multiple independent vari-
ables and one or more dependent variables [19, 20]. In this 
way, PLS can reduce the correlation between variables and 
improve the accuracy and stability of the regression model 
while retaining most of the original variable information.

Calibration correlation coefficient Rc and prediction cor-
relation coefficient Rp can be used to evaluate the fitting 
effect of PLS model. The closer Rc and Rp are to 1, the 
better the model fits the sample data. In addition, in order 
to evaluate the predictive ability of the PLS model, met-
rics such as corrected root mean square error (RMSECV), 
root mean square error of prediction (RMSEP), and MAPE 
are used. The formulas for RMSECV and RMSEP are as 
follows.

where c is the number of samples in the calibration set, yi 
is the standard concentration of sample i in the standard 
series, ŷi is the estimated concentration of sample i in the 
standard series.

3 � Results and discussion

3.1 � Selection of nanomaterials and morphology

Figure 2a shows the simulation results of the relationship 
between the maximum surface electric field enhancement 
|E/E0|max and the excitation wavelength λ of the nanosphere 
dimer of gold, silver and copper materials. As can be seen 
from the figure, silver has a better electric field enhancement 
compared to gold and copper. The wavelength in the actual 
Raman spectroscopy test is 532 nm. Figure 2b–d shows the 
surface electric field distribution of Au, Ag and Cu materials 
at the wavelength of 532 nm, respectively. The maximum 
electric field enhancement multiples |E/E0|max are 219.69, 
282.07, and 203.6 for gold, silver, and copper materials, 
respectively, and the average electric field enhancement sizes 
|E/E0|ave are 10.594, 13.471, and 10.445, respectively. It can 
be seen that at a wavelength of 532 nm, the silver material 
usually has a higher SERS enhancement with more hot-spot 
distribution and greater strength.

Figure 3 illustrates the electric field distribution of nan-
odimers with different structures. As can be seen in Fig. 3a, 
the hot spots of silver nanosphere dimers exist in the double-
sphere gap (①) and between the sphere and the substrate 
(②). From Fig. 3b, it can be seen that the hotspots of the 
silver nanowire dimer exist at the ends of the silver nanowire 
structure (①), in the gap between the two silver nanowires 
(②), and in the region where the silver nanowires are con-
nected to the underlying substrate (③). From Fig. 3b, it can 
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ŷi − yi
�2

p



68	 Optical Review (2024) 31:65–74

be seen that the “hot spots” mainly exist in two aspects. On 
the one hand, the hot spots at the top of the silver nanowire 
structure (①), in the gap between two silver nanowires (②), 
and between the silver nanowire and the underlying silver 
film (③) originate from the silver nanowire structure itself. 
On the other hand, new hotspots with higher hotspot intensi-
ties appear in the gap between the silver nanowire and the 
ZnO NPs (④) as well as in the gap between two ZnO NPs 
(⑤). The silver nanowire composite structure has the high-
est SERS enhancement ability, so the silver nanowire/zinc 
oxide nanorods composite structure was chosen for Raman 
enhancement in this paper.

3.2 � Substrate performance optimization

According to the simulation results, silver nanowire/zinc 
oxide nanorods (Ag/ZnO) composite structure is selected for 
the SERS substrate in this paper. Ag/ZnO composite SERS 
substrates were experimentally prepared and optimally tuned 
for practical enhancement. The preparation process is shown 
in Fig. 4.

Figure 5a–f demonstrates the SEM images of Ag NWs 
self-assembled substrates with different Ag NWs dosages 
(dispersion densities from 10 to 0.312 mg/mL). As the 

Fig. 2   a The relationship between the particle size of dimers with different shapes and the electric field enhancement characteristics (excitation 
wavelength is 532 nm, gap is 5 nm). Electric field distribution of nanosphere dimers of b gold, c silver, and d copper

Fig. 3   Electric field distribution of a silver nanospheres, b silver 
nanowires, c silver nanowires/zinc oxide nanocomposite (on the right 
is the enlarged view of SERS hotspot area)
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density of the Ag NWs dispersion decreases, the formed 
reticulation gradually decreases and the formed 3D structure 
is gradually sparse. Figure 5g shows the Raman spectra of 
self-assembled substrates of Ag NWs and SERS spectra of 
Ag NWs with different dispersion densities adsorbed with 
10–6 M R6G. Figure 5h shows that the average SERS sig-
nal intensity at 1644 cm−1 shows a decreasing trend as the 
dispersion density of Ag NWs decreases. Considering the 
cost and SERS sensitivity, the SERS substrate with Ag NWs 
dispersion density of 2.5 mg/mL was selected for subsequent 
experiments.

3.3 � Ag/ZnO substrate characterization

The elements and morphology of the prepared Ag/ZnO 
composites were characterized using transmission electron 

microscopy. As can be seen from the TEM image (Fig. 6a), 
the Ag NWs in the Ag/ZnO composites still maintain the 
original cross-network morphology, forming a dense 
porous structure. The modified ZnO NPs are mostly loaded 
with small particles and uniformly anchored on the surface 
of Ag NWs, which are mainly distributed at the edges and 
porous structures of Ag NWs. As a result, the Ag NWs 
generated LSPR and the electron transfer interface of Ag 
NWs/ZnO was formed. As can be seen from the EDS plot 
in Fig. 6b, except for the peaks of Ag, Zn, O, and Cu, and 
there are no other obvious miscellaneous peaks. The peak 
assigned Cu is generated by the copper mesh, indicating 
that no other impurities are present in the prepared Ag/
ZnO composites. From the SEM image of Fig. 6c, it can be 
seen that the ZnO NPs are distributed on the Ag surface.

Fig. 4   Preparation process of 
ZnO particles compounded on 
Ag NWs

Fig. 5   SEM images of Ag NWs 
substrates with different dos-
ages: a 10 mg/mL, b 5 mg/mL, 
c 2.5 mg/mL, d 1.25 mg/mL, e 
0.625 mg/mL, f 0.312 mg/mL; g 
all adsorbed 10−6 M R6G with 
different SERS spectra of Ag 
NWs substrates of with different 
amounts; h comparison of the 
intensity of the correspond-
ing characteristic peaks at 
1649 cm−1
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3.4 � Sensitivity of the substrate

The enhancement factor is an important metric to quantify 
the performance of the substrate SERS. The commonly used 
enhancement factor during practical feature detection is cal-
culated by Eq. (3):

where ISERS and NSERS represent the signal intensity of 
Raman spectra of surface-enhanced target molecules and the 
number of molecules contained within the signal region; Iout 
and Nout represent the signal intensity of ordinary Raman 
signals of target molecules and the number of molecules 
contained within the signal region.

Figure 7 demonstrates the SERS spectrum of 10–12 M 
R6G versus the 10–6 M R6G normal Raman spectrum where 
the peak at 1649 cm–1 was selected as the characteristic peak 
for the enhancement factor calculation. The SERS detection 
intensity ISERS of 10–12 M R6G adsorbed on ZnO NPs@
Ag NWs substrate was about 528.498, while the ordinary 
Raman detection intensity Iout of 10–6 M R6G was about 
12.558. Since the SERS detection and the ordinary Raman 
detection use the same measurement and preparation con-
ditions, they therefore have similar detection volumes and 
molecular absorption surface areas. Therefore, NSERS and 
Nout are mainly determined by the concentration of R6G, i.e., 
NSERS/Nout = CSERS/Cout = 106. This gives an enhance-
ment factor of about 4.21 × 107 for the ZnO NPs@Ag 
NWs substrate. The same method was used to calculate the 
enhancement factor of pure Ag NWs, which was obtained 
to be about 9.8 × 106. Compared with the pure Ag NWs, the 
SERS enhancement performance of the ZnO NPs@Ag NWs 
composite substrate is improved by a factor of 4.3, which 

(3)EFSERS

(

�
�

)
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SERS

∕NSERS

I
out
∕Nout

again suggests that the introduction of ZnO NPs improves 
the effective charge transfer effect in the metal-semiconduc-
tor-molecule system and thus enhances the SERS activity of 
the composite substrate.

3.5 � Simulation and analysis of Raman spectra 
of acetone

Prior to Raman testing of trace amounts of acetone, the 
Raman peaks of acetone need to be identified. The Raman 
vibrational properties of the acetone molecule were simu-
lated and analyzed using Gaussian09W software, and the 
vibrational attributions of the main Raman signals were 
pointed out. Among the Raman spectral peaks of pure ace-
tone, 786, 1069, 1219, 1428, 1707 and, 2923 cm−1 were 
more pronounced, which corresponded to 769, 1037, 1193, 
1394, 1719, and 2934 cm−1 of the simulation model, respec-
tively (Fig. 8).

Figure 9 compares the Raman spectra of a transformer oil 
solution, a transformer oil solution with a high concentration 
of acetone dissolved in it, pure acetone, and an extracted 
solution with a high concentration of acetone. From the fig-
ure, it can be seen that the spectral information in the trans-
former oil is extremely complex, and most of the Raman 
peaks of acetone (e.g., 1069, 1219, 1428, and 2923 cm−1) 
are covered by the complex background Raman peaks of the 
transformer oil itself, and in particular, the spectral peak at 
2923 cm−1, which is the strongest signal of the Raman of 
acetone, is completely submerged. This is due to the extreme 
complexity of the substances in the transformer oil, which 
seriously affects the Raman spectroscopic detection of ace-
tone. The interference of other stray peaks in the transformer 

Fig. 6   Characterization of Ag/ZnO by transmission electron micros-
copy: a TEM; b EDS spectrum c SEM

Fig. 7   SERS spectra of 10−12  M R6G adsorbed on ZnO NPs@Ag 
NWs and ordinary Raman spectra of 10−6 M R6G
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oil can be effectively reduced by utilizing the method of 
liquid–liquid extraction.

As shown in Fig. 10, under the same test conditions, (a) 
surface-enhanced Raman spectroscopy based on Ag/ZnO 
substrate and (b) ordinary Raman spectroscopy were per-
formed on 7.29 mg/g acetone extract, respectively, and com-
pared with (c) Raman spectra of pure acetone, (d) Raman 
spectra of pure water, and (e) Raman spectra of Ag/ZnO sub-
strate at the same time. Combined with the Raman spectrum 
of the pure acetone molecule, the peak 800 cm−1 was identi-
fied as originating from the C–C bond stretching vibration 
in the acetone molecule. The Raman signal at 1074 cm−1 is 
caused by C–C shear motion and C–H wobble in the acetone 

molecule. The Raman signal at 1238 cm−1 is attributed to 
C–C shear motion as well as C–H shear motion. The Raman 
peak at 1699 cm−1 originates from C=O stretching in the 
acetone molecule. The Raman peak at 2930 cm−1 is caused 
by C–H stretching.

Among the five acetone-enhanced Raman signals, the 
Raman peak at 2930  cm−1 is the strongest. Therefore, 
2930 cm−1 was selected as the characteristic peak of the 
dissolved acetone molecules in the transformer oil extract 
in the surface-enhanced Raman spectroscopy detection, and 
was used for further analysis.

3.6 � Quantitative detection of acetone in oil based 
on PLS

In order to determine the surface enhancement properties of 
the prepared ZnO NPs@Ag NWs composite SERS substrate 
for use in different concentrations of acetone extracts, SERS 
was performed on configured acetone standard gradient 

Fig. 8   Raman spectra and simulation plots of acetone

Fig. 9   Raman spectra of different solutions

Fig. 10   Raman spectroscopy (a surface-enhanced Raman spectro-
scopic detection based on Ag/ZnO substrate, b normal Raman spec-
troscopic detection, c Raman spectroscopy of pure acetone, d Raman 
spectroscopy of pure water and e Raman spectroscopy of Ag/ZnO 
substrate)
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extracts in this paper. The measured spectral data were base-
line corrected using LabSpec Raman data analysis software. 
Then, the Savitzky-Golay module in Origin software was 
utilized for smoothing noise reduction. Finally, the Raman 
peak at 3200 cm−1 of pure water was used as the internal 
standard peak for normalization, and the SERS spectrum of 
the pre-treated acetone standard gradient extract is shown 
in Fig. 11.

Raman spectral data for SERS detection of acetone stand-
ard gradient extracts were obtained using the above experi-
ments. The 2930 cm−1 Raman peak was used as the target 
characteristic peak for SERS detection of acetone. Gauss-
ian fitting of the target characteristic curve for each sample 
was performed using Origin software to obtain the Raman 
intensity of the target characteristic peak at 2930 cm−1. The 
mathematical regression relationship between the charac-
teristic peak intensity of acetone and the acetone content in 
the corresponding insulating oil was established using the 
acetone content as the independent variable and the charac-
teristic peak intensity as the dependent variable. In order to 
better present the results, the horizontal coordinates were 
logarithmized and the results of the regression built based 
on the least squares method are shown in Fig. 12.

The linear regression equation established is shown in 
Fig. 12. Where x is the concentration of acetone in oil; y is 
the Raman intensity corresponding to the target character-
istic peak at 2930 cm−1.

The linear regression equation established is:

where x is the concentration of acetone in the corresponding 
insulating oil; y is the Raman intensity of the target charac-
teristic peak at 2930 cm−1 correspondingly.

In the measured range, there is a good linear relationship 
between the intensity of the characteristic peak of acetone 
and the content of acetone in the corresponding insulating 
oil, and the goodness of fit is 0.984. The average peak inten-
sity of the noise signal is about 989.240 a.u. Considering 

(4.1)y = 18860.701x + 2857.784

the triple signal-to-noise ratio, the lower limit of detection 
of acetone is calculated to be 0.00583 mg/g, which meets 
the demand of practical engineering testing in the field of 
power industry.

The results showed that the quantitative model did not 
fit well in the lower concentration range. This is because 
the linear regression model uses only one Eigenpeak and 
ignores information in multi-featured peaks and even in the 
full spectrum.

In this paper, a PLS model was used to establish a statisti-
cal relationship between acetone content and full-spectrum 
intensity. The 32 samples from 48 standard acetone extracts 
were used as the training set and 16 samples as the pre-
diction set. The SERS spectra and acetone concentration 
matrix of the acetone extracts were imported into Unscram-
bler X multivariate data analysis software for PLS regres-
sion analysis. The model performed well in the calibra-
tion set with Rc = 0.992 and RMSECV = 0.215 mg/g. The 
model performed well in the test set with Rc = 0.981 and 
RMSECV = 0.328 mg/g. The results show that the predictive 
stability of the PLS model is better than that of the linear 
quantitative model. The PLS model was chosen as the quan-
titative analysis method for acetone extraction SERS, and its 
limit of quantification (LOQ) for acetone was 0.003 mg/g, 
which meets the requirements of engineering testing.

4 � Conclusion

In this paper, combined with the developed Ag/ZnO com-
posite substrate, based on the integrated detection platform 
and extraction technology, SERS detection of acetone in 
insulating oil was performed. Firstly, the electric field dis-
tribution of the surface-enhanced substrate is investigated 
by simulation to provide some basis and guidance for the 
subsequent preparation of the surface-enhanced substrate. 
Then, Ag/ZnO composite SERS substrates were prepared 
using solvothermal and self-assembly methods, and experi-
mentally tuned and characterized in various ways in order 

Fig. 11   SERS detection spec-
trum of acetone standard gradi-
ent extracts based on surface 
enhancement of ZnO NPs@
Ag NWs: a 7.29–0.27 mg/g; b 
0.09–0.003 mg/g
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to obtain SERS substrates with high enhancement proper-
ties. Finally, the substrate was used for the SERS detection 
of dissolved trace acetone in insulating oils, and a SERS-
coupled PLS quantitative detection method for acetone in 
insulating oils was established, with a limit of quantification 
of 0.003 mg/g for acetone, which meets the requirements of 
engineering detection.
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