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a b s t r a c t   

Semiconductor surface-enhanced Raman scattering (SERS) substrates with excellent stability and uni
formity have attracted more and more attention and can theoretically address deficiencies of noble metal. 
However, a key problem ahead of practical is how to improve sensitivity. Here, we introduce a metal-free, 
Ni-doped MoS2 nanoflowers (NFs) as SERS substrates with a significant enhancement factor of 3.56 × 105. 
This remarkable enhancement is attributed to three factors: (1) 1 T-2 H mixed-phase provides more 
electrons, significantly improved the charge transfer process and electromagnetic enhancement; (2) Ni 
doping improves the polarity of MoS2 NFs and enhances the interface dipole-dipole interaction with MB 
molecules; (3) increases the specific surface area of MoS2 NFs enabled sufficient interaction with the 
Methylene blue (MB) molecules. The Ni-doped MoS2 NFs was used to detect pollutants such as bilirubin, 
which shows super sensitive SERS activity with the detection limit as low as 10−7 M. Moreover, this sub
strate has excellent stability and uniformity. Importantly, Ni doped MoS2 NFs also exhibits excellent cata
lytic activity. We believe that this research will not only help promote the application of MoS2 NFs for 
biosensor application but also provide help for understanding the enhancement mechanism of semi
conductors as SERS substrates. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Surface enhanced Raman spectroscopy (SERS), as a potent and 
powerful real-time surface analysis technology [1–4], has unique 
advantages such as non-destructive, single-molecule level detection 
sensitivity and molecular specificity, which has been widely used in 
environmental monitoring [5–7], biosensing [8–10] and food safety  
[11–14]. At present, the main mechanisms of SERS are electro
magnetic enhancement (EM) and chemical enhancement (CM) [15]. 
EM is related to the Local surface plasmon resonance (LSPR) on the 
metal surface [16–19]. The LSPR effect can greatly increase the 
Raman signal of the molecule. Therefore, metal materials are the 

most important substrate materials on SERS research. However, it is 
not complete to explain the SERS phenomenon only through EM. For 
example, the ability of the substrate to adsorb target molecules is 
positively correlated with the performance of SERS. This is due to 
charge transfer between the substrate and the molecule [20,21]. The 
reason for these phenomena can be attributed to CM. At the same 
time, metal substrates also have some inherent disadvantages such 
as complex synthesis process, high cost, poor stability and bio
compatibility [22]. Hence, the top priority is to discover new ma
terials that can replace precious metals. 

Semiconductors have been manifested have the potential to 
displace metal materials as reliable SERS substrates [23]. Two-di
mensional (2D) transition metal dichalcogenides (TMDs) have been 
universally concerned account of their unique qualities in multiple 
application fields, such as catalysis [24,25], field-effect transistors  
[26,27], and photodetectors [28]. Among TMD materials, mo
lybdenum disulfide (MoS2) is the most extensively explored one, 
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with large reserves, low cost and high carrier mobility [29,30]. At the 
same time, MoS2 also has two characteristic phases: semiconductor 
2H phase and metal 1 T phase. The 1 T phase has high conductivity 
and electronic density of states, which not only promotes charge 
transfer between the substrate and molecules, but also effectively 
reduces the recombination of electron and hole, and is expected to 
become one of the candidate materials for SERS substrates [31–34]. 
However, the carrier concentration of pure MoS2 is low, pure MoS2 

has a three-atom layer symmetric structure of S–Mo–S, and its po
larity is weak. Its enhancement effect is only about two orders of 
magnitude [35], which severely restricts its practical application. 

Currently, more and more studies have been given priority to 
promoting the poor SERS performance of MoS2 substrates [36]. Such 
as, some have combined noble metal nanoparticles with MoS2, since 
there are advantages like high physical enhancement in noble me
tals. Liang et al. prepared a 3D MoS2-NS @Ag-NP composite material 
and used this material as a SERS substrate, and the enhancement 
factor (EF) as high as 1.2 × 108 [37]. However, the substrate is not 
stable due to the presence of precious metals, so the synthesis of 
stable and high SERS performance substrate is still a significant 
challenge. Besides, the doping of oxygen atoms in the semiconductor 
will effectively improve the enhanced performance of the semi
conductor SERS substrate. Zheng et al. doped molybdenum disulfide 
with oxygen atoms. Compared with pure molybdenum disulfide, its 
enhancement factor is increased by 106 times and the lowest de
tection limit for R6G can reach 10−7 M [22]. Doping is often used as a 
means of modifying materials. It can replace atoms in MoS2 or dope 
heteroatoms into lattice gaps, which increases the number of defects 
in MoS2, breaks the three-atom symmetry structure of MoS2, and 
improves the polarity of MoS2. Therefore, we choose doping to 
modify the material, improving the polarity of the material, ad
justing its carrier concentration, changing its electronic energy band 
structure, and enhancing its photoelectric performance [38,39]. The 
transition metal element Ni is cheap and environmentally friendly, 
and the radius of Ni2+ ions (r = 0.69 Å) is slightly larger than the 

radius of Mo4+ ions (r = 0.65 Å), which is beneficial to the doping of 
MoS2 [40]. 

In this paper, Ni-doped MoS2 nanoflowers (Ni–MoS2 NFs) are 
synthesized by hydrothermal method, and the SERS performance of 
Ni–MoS2 NFs is optimized by adjusting the doping concentration. 
The results show that the synthesized 1.0Ni-MoS2 NFs has the best 
SERS performance, and the enhancement mechanism of the 1.0Ni- 
MoS2-MB system was systematically analyzed in detail. Destroying 
the structure of MoS2 leads to an increase in polarity, the appearance 
of 1 T phase MoS2 and Ni doping increase the defects and carrier 
concentration of MoS2 NFs, which are the reasons for the excellent 
SERS performance of 1.0Ni–MoS2 NFs. And 1.0Ni–MoS2 NFs as a SERS 
substrate has good stability, repeatability and high sensitivity to 
bilirubin. Furthermore, the catalytic performance of the doped MoS2 

NFs is also greatly improved. Compared with pure MoS2 NFs, its 
catalytic performance for MB increased by 46.73%. 

2. Results and discussion 

2.1. Structure and morphology of MoS2 NFs and Ni-MoS2 NFs 

As shown in Fig. 1a, MoS2 NFs and Ni-MoS2 NFs were prepared 
via a hydrothermal process and linked to probe molecule as SERS 
substrates (See supporting information for experimental details). 

The XRD patterns of MoS2 NFs, 1.0Ni–MoS2 NFs, and 2.0Ni–MoS2 

NFs are shown in Fig. 2a. All main characteristic peaks in 1.0Ni–MoS2 

NFs are precisely matched according to MoS2 NFs as reported in the 
JCPDS card (no. 37-1492). The results illustrate that for 1.0Ni-MoS2 

NFs, the MoS2 NFs crystal structure is completely retained after 
doping of Ni, indicating that doping did not destroy the main 
structure of MoS2 NFs [41]. The dominant peaks of 17.479°, 32.649° 
and 56.825° are assigned to the (002), (100), and (110) crystal planes 
of the pure MoS2 NFs [30,42]. The (002) diffraction peak indicates 
that MoS2 NFs forms a good stacked layer structure during the hy
drothermal process. In addition, the solubility of Ni ions in MoS2 NFs 

Fig. 1. (a) Illustrative representation for the synthesis of MoS2 NFs and Ni–MoS2 NFs samples. (b) Simulation diagram of SERS measurement.  
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is limited. The XRD spectrum of 2.0Ni-MoS2 NFs shows that excess 
Ni ions react with S ions to form NiS precipitation (JCPDS card 
number 02-1280) [43]. This shows that when the doping con
centration is too high, the hydrothermal reaction generates NiS/ 
MoS2 composite materials. However, this thesis mainly studies the 
influence of doping on the SERS and catalytic performance of MoS2 

NFs and the mechanism analysis, so the following will mainly ana
lyze pure MoS2 NFs and 1.0Ni-MoS2 NFs. Raman spectra were used to 
further explore the crystal structure of pure MoS2 NFs and 1.0Ni- 
MoS2 NFs in Fig. 2b. The pure MoS2 NFs and 1.0Ni-MoS2 NFs show 
two characteristic peaks at 379 and 404 cm−1, which are consistent 
with the E1

2 g and A1 g modes of the hexagonal MoS2 NFs crystal  
[43,44]. The vibration peak of E1

2 g is related to plane vibration, while 
the peak of A1 g represents the vibration along the out-of-plane di
rection of the sulfide (the inset of Fig. 2b). After Ni-doping, the fre
quency of the E1

2 g and A1 g are slightly red shifted due to the new 
interaction weakening the Mo-S bond vibration [45,46]. Besides, this 
shift also indicates the strain has changed in MoS2 NFs and weaken 

the relative action between two adjacent MoS2 NFs layers, which 
will cause a change in appearance [47]. Interestingly, in the Raman 
image of 1.0Ni-MoS2 NFs, new Raman peaks (marked by purple 
circles) appeared at 148, 286, and 337 cm−1. The existence of these 
peaks confirmed the formation of 1 T MoS2 [41]. 

XPS spectra show the chemical composition and status of pure 
MoS2 NFs and 1.0Ni-MoS2 NFs. In the XPS spectrum of 1.0Ni-MoS2 

NFs, Mo, S and Ni peaks can be clearly identified (Fig. 3a). For pure 
MoS2 NFs, the peaks at 228.88 eV and 232.04 eV are attributed to Mo 
3d5/2 and Mo 3d3/2 core levels (Fig. 3b), respectively. While for 1.0Ni- 
MoS2 NFs, they shifted ~0.30 eV towards the higher binding energy 
than pure MoS2 NFs due to the Ni2+ ions doping and the electro
negativity of Ni2+ is higher than that of Mo4+ [43]. A small low-en
ergy peak was found at 226.18 eV, which was attributed to the S 2 s 
orbital of sulfide ion. For the S 2p XPS spectra of pure MoS2 NFs and 
1.0Ni-MoS2 NFs (Fig. 3c), the binding energies of S 2p is 161.77 eV 
and 163.00 eV [48]. At the same time, compared with pure MoS2 NFs, 
the S 2p peak in 1.0 Ni-MoS2 NFs is also found to move in the same 

Fig. 2. (a) XRD patterns of the pristine MoS2 NFs, 1.0Ni-MoS2 NFs, 2.0Ni-MoS2 NFs. (b) Raman spectra of MoS2 NFs, 1.0Ni-MoS2 NFs (the inset is A1 g and E1
2 g Raman vibration 

modes). 

Fig. 3. (a) XPS total spectrum of MoS2 NFs and 1.0Ni–MoS2 NFs. High-resolution XPS spectra of (b) Mo 3d, (c) S 2p, and (d) Ni 2p of the 1.0Ni–MoS2 NFs, pristine MoS2 NFs. XPS 
spectra of O 1 s of (e) the pristine MoS2 NFs, (f) the 1.0Ni–MoS2 NFs. 
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trend as the Mo 3d peak. A characteristic peak at 856.60 eV can be 
greatly observed in the XPS spectrum of the high-resolution Ni 2p 
state of 1.0Ni-MoS2 NFs, which is related to the Ni2+ 2p3/2 orbital 
(Fig. 3d) [43]. No characteristic peaks are observed in the XPS 
spectrum of pure MoS2 NFs with the same binding energy. The ty
pical Ni 2 P spectrum could be well fitted. The double peak at 
862.20 eV and 879.87 eV are attributed to satellite peak. It is attri
butable to Niδ+ at the binding energy of 854.00 eV (δ is the value 
close to 0). The existence of this peak proves that Ni forms the Ni-S- 
Mo bond in MoS2 NFs [49]. In addition, Fig. 3d shows the Ni 2p core 
energy level spectrum, which can also directly prove the Ni dopant 
forms a bond with Mo and S in 1.0Ni-MoS2 NFs. In addition, the 
known Mo 3d spectrum was fitted, and two binding energy peaks 
corresponding were found at 232.22 eV and 235.80 eV, which were 
attributed to the binding energy peaks of the Mo6+ 3d core energy 
level. This is mainly due to the incomplete sulfidation during the 
hydrothermal synthesis process [25]. Similarly, fitting the S 2p 
spectrum, the binding energy peak at 169.40 eV is attributed to 
SO4

2-, and the existence of the S-O bond is due to a small amount of 
sulfate residues in the sample [49]. In addition, there are other peaks 
in the Mo 3d region and S 2p region. These additional peaks indicate 
that not only the semiconductor 2 H phase but also the metal 1 T 
phase exists in MoS2 NFs and 1.0 Ni-MoS2 NFs [31,50–52]. After 
calculation, the 1 T phase content increased from 6.75% in pure MoS2 

NFs to 43.12% in 1.0Ni-MoS2 NFs. It can be found that for MoS2 NFs, 
doping can greatly increase the metal 1 T phase. This is the same as 
the intrinsic Raman results. It can be seen from the XPS spectrum of 
Mo that the content of Mo6+ increases significantly, which is mainly 
due to the interaction between Mo and O to form a Mo-O bond. It is 
found through XPS total spectrum that the O content in pure MoS2 

NFs is lower than the O content in 1.0Ni-MoS2 NFs. In Fig. 3e-f, the 
XPS spectrum of O 1 s core levels are fitted, and the peaks at 
533.26 eV, 532.09 eV, and 531.32 eV are derived from O2/MoS2, O 
bond, and Mo-O bond [53]. The existence of O2/MoS2 and Mo-O 
indicates that MoS2 NFs has both physical and chemical adsorption 
capabilities for O. In order to show the changes of Mo and O more 
intuitively, through calculation, the detailed percentage content of 

Mo6+ in the total amount of molybdenum and the detailed percen
tage content of Mo-O and O2/MoS2 in the total amount of oxygen are 
obtained (See Table S1). Compared with MoS2 NFs, the Mo6+ content 
in 1.0Ni-MoS2 NFs has increased, due to the formation of more Mo-O 
bonds after Ni-doped MoS2 NFs. It can be calculated that 1.0Ni-MoS2 

NFs can adsorb more oxygen atoms than pure MoS2 NFs, and the 
number of Mo-O bonds is also greater than that of pure MoS2 NFs. 
Indicate that more oxygen atoms are physically and chemically ad
sorbed on 1.0Ni-MoS2 NFs, which indicates that the ability of 1.0Ni- 
MoS2 NFs to adsorb foreign molecules is enhanced. 

The morphology of the pure MoS2 NFs and 1.0Ni-MoS2 NFs were 
investigated by SEM and TEM. The uniform flower-like architecture 
of MoS2 clusters with a diameter of about 300 nm are obtained by 
hydrothermal method (Fig. 4a and Fig. S1a). And petal like MoS2 

sheets are well assembled together from high-magnification SEM 
image (inset of the Fig. 4a), exhibiting a clear multilayered structure. 
This is particularly interesting because there are some groups such 
as -SH, -NH2, COO- in L-cysteine, and these groups can be combined 
with metal ions and other functional groups. Therefore, during the 
reaction, L-cysteine is not only a reduction agent, but also a source of 
sulfur in MoS2 NFs. L-cysteine releases H2S, reducing the MoO4

2- 

precursor in Na2MoO4·H2O to MoS2 NFs. The synthetic process of 
MoS2 NFs can be expressed by Eqs. (1, 2 and 3).  

9HSCH2CHNH2COOH + 9H2O → 9CH3COCOOH + 9NH3 + 9H2S        (1)  

4MoO4
2- + H2S + 6CHCOCOOH → 4MoO2 + SO4

2- + 6CHCOCOO- + 4H2O                                                                                             
(2)  

4MoO2 + 8H2S → 4MoS2 + 8H2O                                                (3)  

In the course of the stirring process after blending 
Na2MoO4.2H2O and L-cysteine, the blended solution becomes 
transparent. This may be due to the combination of the hexavalent 
molybdenum ion and the side chain of L-cysteine to form a Mo 
(Cys)6+ complex. After heating, the complexes would decompose, 
thereby producing Mo6 + and L-cysteine. Then, the strong nucleo
philic O atom of the H2O molecules attacks L-cysteine and slowly 
releases the S2- anion. At the same time, Mo6+ cation is reduced by 

Fig. 4. (a) SEM image of MoS2 NFs (inset is a partial enlarged view); (b) TEM image of MoS2 NFs (yellow circle is enlarged on the right side of the (b) figure, and the circle 
represents a defect); (c) 1.0Ni–MoS2 NFs SEM Image (inset is a partial enlarged view); (d) TEM image of 1.0Ni–MoS2 NFs (on the right side of the figure (d), the red area and blue 
area are respectively enlarged, the red area is the lattice arrangement of 1 T phase MoS2 NFs, the blue area is the lattice arrangement of 2H phase MoS2 NFs). 
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S2- anion to MoO2. Then, the remaining S2- reacts with MoO2, and the 
final product is MoS2 NFs. In addition, the amino group at one end of 
the L-cysteine molecule can react with the carboxyl group at the 
other end to form dipeptides or polymorphisms and provide a 
template for the growth of molybdenum disulfide nanoflowers  
[54,55]. The SEM image of 1.0Ni–MoS2 NFs is shown in Fig. 4c and  
Fig. S1b. Due to the increase number of defects after Ni atom doping, 
the layer-to-layer interaction is weak, so the MoS2 NFs are separated 
into small nanoflowers [56]. However due to the magnetism of Ni, 
these small nanoflowers agglomerate and form larger clusters [39]. 

The HRTEM images of pure MoS2 NFs and 1.0Ni–MoS2 NFs are 
shown in Fig. 4b and d. Through measurement, it is found that the 
(002) interlayer spacing of 1.0Ni-MoS2 NFs is 0.614 nm, which is 
greater than the MoS2 NFs (002) interlayer spacing of 0.584 nm. The 
atomic ratio in the sample can be obtained by XPS test (Table S2). 
According to the proportions of Mo, Ni and S, it can be obtained that 
Ni replaces Mo atoms during the doping process. The doping of Ni 
ions with a larger radius causes the lattice to expand, thereby in
creasing the MoS2 NFs layer spacing [57]. The yellow circle in the 
figure shows the typical defects of the material (the illustration 
shows a larger view of the yellow circle). It is obvious that there are 
more defects in 1.0Ni–MoS2 NFs than pure MoS2 NFs. In addition, 
HRTEM image of the 1.0Ni–MoS2 NFs also shows the lattice fringe of 
the basal plane with both 1 T and 2H phases. The red area and blue 
area in Fig. 4d are further enlarged. The symmetrical arrangement of 
the octahedral phase sulfur atoms and molybdenum can be observed 
in the blue region, which belongs to the characteristic structure of 
1 T phase MoS2 NFs. The red region has a structure surrounded by a 
symmetric Mo-Mo spacer region by three S atoms, which is a typical 
structure of 2H phase MoS2 NFs [42]. This is consistent with the 
conclusion of Raman results. At the same time, the lower magnifi
cation TEM images of MoS2 NFs and 1.0Ni–MoS2 NFs are shown in  
Fig. S2. It can be obtained from the Fig. S2 that the pure MoS2 na
noflower petals have obvious layered structure and thicker petals. 
The 1.0Ni-MoS2 nanoflower petals have a thinner layered structure 
and more diverse growth directions, which may generate more ac
tive sites. The reason for this phenomenon can be attributed to the 
destruction of the layered structure of MoS2 NFs by Ni doping. 

2.2. SERS activity of Ni–MoS2 NFs 

In order to evaluate the SERS performance of the synthesized 
samples, SERS detection was carried out on MB molecules (10−3 M). 
The results showed that the SERS performance of different samples 
is quite different. Table S3 lists the positions of the intrinsic Raman 

peaks of the MB molecules, and assigns the vibration modes of the 
MB molecules to the imperfectly symmetrical mode (E) and the fully 
symmetrical mode (A1), respectively. The SERS spectra of MoS2 NFs, 
1.0Ni–MoS2 NFs and 2.0Ni–MoS2 NFs were collected in Fig. 5a. To 
clearly show the change of intensity relative to the doping Ni con
centration, the SERS intensity of 1625 cm−1 was plotted (Fig. 5b). It 
can be found from the MB characteristic peak at 1625 cm−1 that 
1.0Ni-MoS2 NFs was used as the substrate, the SERS enhanced per
formance was the best. Fig. 5c further magnifies the peak at 
1625 cm−1. It is found that compared with other Raman peaks, with 
1.0Ni-MoS2 NFs as the substrate, the MB molecule moves the most to 
the right. This is because charge transfer between MB molecules and 
1.0Ni-MoS2 NFs substrate is stronger than that between MB mole
cules and other substrates [58]. In order to reflect the SERS perfor
mance of 1.0Ni–MoS2 NFs, the enhancement factor of the 
1.0Ni–MoS2 sample is calculated, and the final result is 3.56 × 105 

(the detailed calculation process is in Supplementary Note 1) [59]. 
And we also measured the Raman signal of MB molecules when 
2.0Ni–MoS2 NFs was used as the substrate, and the results showed 
that the SERS performance of the 2.0Ni-MoS2 NFs substrate was 
lower than that of the 1.0Ni-MoS2 NFs substrate. This is because the 
precipitated NiS impurities adhere to the surface of MoS2 NFs and 
hinder the contact between the molecules and MoS2 NFs, thus re
ducing the SERS performance of MoS2 NFs. 

2.3. SERS enhancement mechanism of Ni–MoS2 NFs 

Generally, CM enhancement is a main contribution to the SERS 
effect as for most semiconductors. According to the Herzberg-Teller 
vibronic coupling mechanism, the charge transfer effect can lead to 
an increase in the strength of the non-totally symmetric modes of 
the molecule [60]. Therefore, the SERS intensity of the MB molecule 
non-totally symmetric modes on 1.0Ni-MoS2 NFs was studied, and 
the contribution of charge transfer (CT) in the SERS system was 
further evaluated. So, the vibration mode of the MB molecule needs 
to be determined. According to Table S3, the vibration mode of the 
MB molecule is determined, the non-totally symmetric modes at 
672 cm−1 and the totally symmetric modes at 770 cm−1 are selected 
to evaluate the charge transfer degree of the 1.0Ni–MoS2 NFs sub
strate (Fig. 5a). 

The degree of charge transfer (ρCT) can be known by the formula: 

=
+
I I

I I
/

1 ( / )CT
ntsm tsm

ntsm tsm (4) 

Fig. 5. (a) SERS spectra of MB molecules on four different substrates: 2.0Ni–MoS2 NFs substrates, 1.0Ni-MoS2 NFs substrates, MoS2 NFs substrates and MB powders; (b) 1625 cm−1 

Raman intensity of MB molecules adsorbed on different SERS-active substrates; (c) SERS spectra in the range of 1500–1700 cm−1. 
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Where Intsm is the intensity of the Raman peak in the non-totally 
symmetric mode, and Itsm is the intensity of the Raman peak in the 
totally symmetric mode. To test the ρCT in the SERS system, it is 
necessary to select a Raman peak that is less affected by the nearby 
peaks. Here, the 672 cm−1 non-totally symmetric mode and the 
770 cm−1 totally symmetric mode have been selected [61]. Ob
viously, the non-totally symmetric Raman peak at 672 cm−1 has a 
stronger intensity. The calculation results show that ρCT is only about 
43%. This result proves the role of CT in the SERS system. 

At the same time, the interface dipole-dipole interaction be
tween 1.0 Ni-MoS2 NFs and MB molecules leads to the related per
turbation of MB molecules, which further increases the Raman 
signal of MB molecules [62]. S atom is located on the layered surface 
and connected with Mo atom in the layer through covalent bond in 
the layered structure of MoS2 NFs. There is a polar co-valent bond of 
Mo-S on the surface perpendicular to molybdenum disulfide. So 
MoS2 NFs and MB molecules have a dipole-dipole interaction at the 
interface. But because of the symmetry in MoS2 NFs protocells, most 
polarities cancel each other out, so there is a weak dipole-dipole 
interaction between MoS2 NFs and MB. However, when MoS2 NFs is 
doped, Ni atoms replace Mo atoms, destroying the symmetrical 
structure of MoS2 NFs, and forming Ni–S–Mo bonds in the crystal, 
thereby increasing the polarity of MoS2 NFs. Therefore, the dipole- 
dipole interaction between 1.0Ni–MoS2 NFs and MB molecules is 
stronger than pure MoS2 NFs [51,62]. In addition, linear sweep vol
tammetry (LSV) and electrochemical impedance spectroscopy (EIS) 
are used to further study the properties of 1.0Ni–MoS2. As shown in  
Fig. 6a and Fig. S4, under the same conditions, 1.0Ni–MoS2 NFs has a 
larger current density, and the Tafel slope is 104 mV, which is much 

lower than pure MoS2 NFs. In Fig. 6b, the semicircle represents the 
charge transfer resistance. Compared with pure MoS2 NFs, 1.0Ni- 
MoS2 NFs has a smaller charge transfer resistance, which shows that 
1.0Ni-MoS2 NFs has a stronger charge transfer process. This is due to 
the appearance of the 1 T phase, which increases the carrier con
centration in MoS2 NFs, improves the available electron density in 
the state near the HOMO and LUMO of the molecule, thereby en
hancing the charge transfer interaction of 1.0Ni–MoS2-MB system  
[62,63]. According to Fermi’s Golden Rule, the possibility of an 
electronic conversion can be expressed: 

= g E H
2

( )lk k kl
2

(5) 

Where g(Ek) is the density of electronic state, lH'kll is the matrix 
element of the LUMO-HOMO transition. Among them, the interface 
dipole-dipole interaction will cause local correlation disturbances in 
MoS2 NFs, which will increase the matrix element lH'kll in Eq. (5). 
The above analysis shows that 1.0Ni-MoS2 NFs has a high electron 
state density and the strong interface dipole-dipole interaction be
tween 1.0Ni–MoS2 NFs and MB molecules, which further increases 
the Raman signal of MB molecules [62]. 

As everyone knows that the EM enhancement mechanism ori
ginates from the local electric field produced by the surface plasma 
in metal particles collective oscillation. When semiconductors are 
used as substrates, for semiconductors of different shapes, its 
plasmon resonance can also change as observed in metals, which is 
due to Mie scattering [20]. Therefore, as the size of the semi
conductor substrate particles increases, the electric field in the 
semiconductor micron or nanostructures also increases, which 

Fig. 6. (a) LSV curves of MoS2 NFs and 1.0Ni–MoS2 NFs; (b) Nyquist plots of MoS2 NFs and 1.0Ni–MoS2 NFs; (c) N2 adsorption-desorption isotherm and pore size (inset) 
distribution of MoS2 NFs; (d) N2 adsorption desorption isotherm and pore size (inset) distribution of 1.0Ni–MoS2 NFs. 
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promotes the improvement of Raman signals. From the SEM of 
1.0Ni–MoS2 NFs, it can be observed that the material agglomerates 
significantly, forming clusters with larger diameters, this is bene
ficial to the Raman signal enhancement of MB molecule in the 1.0 
Ni–MoS2–MB system. In addition, there are more metal 1 T phases in 
1.0Ni–MoS2 NFs. The original lattice is disturbed by Ni doping to 
induce electrons to compensate defects and increase free carriers, 
showing stronger LSPR perturbation, which is considered to be the 
electromagnetic enhancement of the SERS system [20]. 

In addition, the SERS activity of semiconductor nanomaterials is 
also determined by the specific surface area of the material and the 
strength of the adsorption performance. Through nitrogen 
adsorption experiments, the specific surface area of MoS2 NFs 
and 1.0Ni-MoS2 NFs were compared. The representative N2 

adsorption−desorption isotherms of MoS2 and 1.0Ni-MoS2 NFs are 
typical IV-shaped curves (Fig. 6c-d). The specific surface areas of the 
prepared MoS2 NFs and 1.0Ni-MoS2 NFs are 87.31 and 128.40 m2/g, 
respectively, and the pore volume is 0.133 and 0.288 cm3/g, respec
tively. It shows that the specific surface area of 1.0Ni-MoS2 NFs is 
larger, which is more conducive to molecular adsorption. Fig. S4a-b 
shows water contact angle measurement on MoS2 NFs and 1.0Ni- 
MoS2 NFs. The contact angle of the original MoS2 NFs is 63.0, and 
after doping, the contact angle of 1.0Ni-MoS2 NFs is 49.5. It directly 
shows that doping can increase the hydrophilicity of MoS2 NFs. The 
reason is that there is more hydrophilic 1 T MoS2 on 1.0Ni-MoS2 NFs, 
which promotes molecular absorption [41]. This enhanced hydro
philicity facilitates the diffusion of molecules to the surface of 
1.0Ni–MoS2 NFs and promotes the SERS performance of the material. 

In summary, the high SERS activity of the 1.0Ni–MoS2 NFs sub
strate is mainly the result of the combined effect of electromagnetic 
enhancement and chemical enhancement [64]. The chemical en
hancement mainly comes from the charge transfer between MB 
molecule and 1.0Ni-MoS2, and the dipole-dipole interaction between 
MB molecule and 1.0Ni-MoS2 NFs interface. In addition, the strong 
adsorption capacity also provides more possibilities for charge 
transfer and interface dipole-dipole interaction. 

2.4. SERS performance of 1.0Ni–MoS2 NFs 

High stability, repeatability and uniformity are essential para
meters for an outstanding SERS substrate. Hence, while keeping the 
experimental conditions unchanged, the SERS spectra of MB are 
gathered to estimate these parameters of the 1.0Ni–MoS2 NFs sub
strates. As shown in Fig. 7a, 30 points were randomly selected on the 
substrate to collect SERS spectra of 10−3 M MB. Fig. 7b shows 
the signal intensity distribution at 1625 cm−1. The result implied that 
the 1.0Ni–MoS2 NFs substrate exhibited outstanding reproducibility. 
This may be due to the uniform distribution of active sites on the 
substrate. In order to verify its stability, a substrate within 6 months 
was selected for SERS performance test. The result is shown in Fig. 7c, 
and no significant changes were observed. Therefore, the 1.0Ni–MoS2 

NFs substrate is stable. The recyclable detection performance of the 
1.0Ni–MoS2 NFs is tested with the concentration of 10−3 M for MB in  
Fig. 7d. The results showed that the substrate exhibited good sensi
tivity and recoverable stability in 5 cycles of testing. 

Fig. 7. (a) SERS spectrum of 10−3 M MB with 1.0Ni–MoS2 NFs acquired from 30 random points; (b) the RSD result of the SERS peak intensity of MB at 1625 cm−1; (c) SERS spectra of 
MB tested with 1.0Ni–MoS2 NFs samples of stored different times; (d) SERS spectra of MB before and after self-cleaning test. 
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As a component of human blood, bilirubin is an important bio
logical molecule. Its content in the organism reflects the health of 
the human body. When the bilirubin in the blood is low, it is easy to 
cause chronic kidneys, and too high content can easily cause pro
blems such as liver cirrhosis [65,66]. Therefore, we use 1.0Ni-MoS2 

NFs substrates to further test the bilirubin in the serum. Fig. 8a 
shows the Raman signal of different concentration (10−3 to 10−8 M) 
bilirubin molecules on 1.0Ni-MoS2 NFs substrates. Bilirubin mole
cules show a wonderful SERS signal and achieved a minimum LOD of 
1.0 × 10−7 M. The Raman spectrum of bilirubin is given in Fig. S5 and 
the Raman mode assignment of bilirubin is given in Supplementary 
Note 2. The Raman signal at 1612 cm−1 is chosen to prove the 

relationship between bilirubin concentration and SERS intensity. The 
logistic linear fitting curve (R2 = 0.977) in Fig. 8b demonstrates to the 
excellent ability of quantitatively detecting bilirubin. Table S4 shows 
the detection limit of bilirubin by different analytical methods. The 
results show that the prepared 1.0Ni–MoS2 NFs have high sensitivity, 
and the substrate can detect 10−7 M bilirubin. This is very rare for 
non-precious metal materials. 

In order to explore the unknown application of 1.0Ni–MoS2 NFs 
in the SERS field, we tested different target molecules, including 
thiram and cytochrome c which are typical representatives of pes
ticides and pigments in organisms. The preparation method is given 
in Supplementary Note 3. The Raman characteristic peaks of 

Fig. 8. (a) SERS spectra recorded from 1.0Ni–MoS2 NFs substrate for bilirubin with different concentrations (10−3 to 10−8 M); (b) Plot of logarithmic Raman intensity at 1610 cm−1 

versus logarithmic bilirubin concentration. 

Fig. 9. (a) UV-Vis Absorption Spectra of MB Solution Catalyzed by MoS2 NFs; (b) UV-Vis Absorption Spectra of MB Solution Catalyzed by 1.0Ni-MoS2 NFs; (c) Variation of MB 
relative concentration (C/C0) with irradiation time under different samples; (d) Reusability of 1.0Ni–MoS2 NFs for degradation process of MB during the five cycles. 
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different target molecules are obtained in Fig S6, which are the same 
as the previous test results [67,68]. It shows that 1.0Ni–MoS2 NFs as 
SERS substrate has the ability to detect different probe molecule and 
has good universality. 

2.5. Photocatalytic activity of 1.0Ni–MoS2 NFs 

Through the above test, we found that 1.0Ni-MoS2 NFs has a 
larger specific surface area, a stronger current density, and a smaller 
impedance. These not only promote the SERS of the material, but 
also play a key role in the catalytic performance of the material. 
Therefore, we also evaluated the photocatalytic activity of 1.0Ni- 
MoS2 NFs. As shown in Fig. 9a-b, the degradation of MB by MoS2 NFs 
and 1.0Ni–MoS2 NFs preliminarily shows that 1.0Ni-MoS2 NFs has 
better photocatalytic activity. Before light irradiation, a 30-minute 
darkroom adsorption experiment was carried out to ensure that the 
sample reached the adsorption-desorption equilibrium. As shown in  
Fig. 9c, we define the degradation efficiency of MB as C/C0, where C is 
the concentration of MB solution in the degradation process, and C0 

is the concentration of MB solution after adsorption equilibrium. The 
results showed that the photocatalytic efficiencies of pure MoS2 NFs 
and 1.0Ni-MoS2 NFs are 46.5% and 94.23%, respectively, within 
50 min. At the same time, MG and MO were also catalytically de
graded, and their catalytic rates were 92.1% and 91.9% (Fig. S7). To 
better understand the degradation process, the kinetics is proved by 
the Langmuir-Hinshelwood equation: 

=C C ktln( 0/ ) (8) 

Where k is the reaction rate constant and t is the reaction time. The 
results show that the degradation reaction conforms to a typical 
first-order reaction (Fig. S8). In addition, in order to verify the re
peatability of 1.0Ni–MoS2 NFs, the sample was tested for 5 cycles. As 
shown in Fig. 9d, in the fifth cycle test, the MB degradation rate was 
92.54%, indicating that 1.0Ni-MoS2 NFs still has high catalytic ac
tivity. The above results indicate that 1.0Ni-MoS2 NFs has good 
catalytic activity, which may be related to the large specific surface 
area, low resistance and strong polarity of 1.0Ni-MoS2 NFs. 

3. Conclusion 

In summary, a simple one-step hydrothermal method success
fully obtained 1.0Ni–MoS2 NFs containing more defects and 1 T 
phase. The enhancement mechanism of the 1.0Ni–MoS2–MB system 
is studied by MB as the probe molecule. The experimental analysis 
results show that Ni doping destroys the structure of MoS2 NFs and 
induces defects, increases the electronic density of MoS2 NFs, and 
increases the 1 T phase in MoS2 NFs, which is beneficial to enhance 
the adsorption capacity of MoS2 NFs to foreign molecules and im
proving the charge transfer between MoS2 NFs and foreign mole
cules. At the same time, 1.0Ni-MoS2 NFs as a SERS substrate has high 
reproducibility and stability. And 1.0Ni–MoS2 NFs, as a non-precious 
metal material, shows good sensitive in the detection of bilirubin. 
Therefore, 1.0Ni–MoS2 NFs has sufficient potential as a potential 
SERS active substrate for detecting trace targets. In addition, the 
photocatalytic activity of 1.0Ni–MoS2 NFs has also been greatly im
proved. This study shows that Ni doping not only contributes to the 
improvement of SERS performance, but also enhances the catalytic 
activity of MoS2 NFs. This is conducive to the detection and de
gradation of dyes and other harmful substances. In addition, the 
enhancement mechanism of the 1.0Ni–MoS2–MB system is analyzed 
in detail, which provides a reference for the SERS mechanism of 
semiconductor substrates. 
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