
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/1
6/

20
26

 1
1:

06
:5

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Single-crystal-or
aKey Laboratory of Consumer Product Quali

for State Market Regulation, Chinese Acade

Beijing 100176, China. E-mail: xiguangchen
bSchool of the Environment and Safety En

212013, China. E-mail: kongqh@ujs.edu.cn
cLaboratory of Advanced Theranostic Mater

Materials Technology and Engineering,

315201, China. E-mail: linjie@nimte.ac.cn
dSchool of Physics and Physical Engineering

China

Cite this: Chem. Sci., 2026, 17, 6632

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 29th November 2025
Accepted 1st February 2026

DOI: 10.1039/d5sc09344a

rsc.li/chemical-science

6632 | Chem. Sci., 2026, 17, 6632–6
dered-mesoporous metal nitrides
without intrinsic Raman signals for highly sensitive
SERS detection

Linchangqing Yang,a Yijing Zong,a Meng Yin,a Wencai Yi, d Junfang Li,a Jie Lin, *c

Qinghong Kong *b and Guangcheng Xi *a

The formation of transition metal nitrides (TMNs) necessitates overcoming extremely high reaction barriers,

which renders the precise synthesis of TMNmaterials with tailored structures a significant challenge. Herein,

we propose amolten-salt/template strategy for the accurate customization of TMNs featuring a rare single-

crystal ordered mesoporous (SCOM) structure. By leveraging this strategy, 5 types of SCOM-structured

TMNs—including WN, MoN, TiN, VN, and CoN were synthesized. Hydroxylation of templates and the

subsequent formation of SCOM-structured metal oxides were identified as the key factors governing the

formation of SCOM-TMNs. Interestingly, these SCOM-structured WN lack the intrinsic Raman signals

typically possessed by non-metallic materials, effectively resolving the long-standing issue of

background interference in non-metallic surface-enhanced Raman scattering (SERS) substrates. The WN

substrate achieves an ultrahigh Raman enhancement factor of up to 7.5 × 107 and an ultralow detection

limit of 1 × 10−12 M.
Introduction

Transition metal nitrides (TMNs) constitute a signicant cate-
gory of interstitial compounds. Within these compounds,
nitrogen atoms are arranged in an orderly manner at the
interstitial sites of the transition metal lattice. The formation of
metal–nitrogen (M–N) bonds triggers two notable phenomena:
the expansion of the metal lattice and the contraction of the
metal d-band. Together, these effects contribute to an elevation
in the density of states (DOS).1,2 These structural and electronic
alterations endow TMNs with intriguing and valuable metal-like
characteristics. Specically, they exhibit high electrical
conductivity, a robust localized surface plasmon resonance
(SPR) effect, and catalytic performance analogous to that of
platinum. Owing to these properties, TMNs have found wide-
spread applications in domains such as microelectronics,
chemical sensing, and energy conversion.3–9 Furthermore, in
comparison to platinum-group metals, TMNs possess a distinct
advantage: the introduction of nitrogen defects enables the
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more straightforward creation of abundant active sites. This not
only facilitates the occurrence of interfacial reactions but also
enhances reaction efficiency.10–12 Of particular signicance,
metal-like TMNs, including WN, MoN, VN, and TiN, demon-
strate exceptional conductivity, thermal stability, and corrosion
resistance. These attributes render them suitable for applica-
tions under extremely harsh conditions, such as high temper-
atures, irradiation, and strong acid or alkali environments,
thereby broadening their scope of application.13–20 Additionally,
unlike platinum-group metals, TMNs are more abundantly
available in nature, leading to a considerably lower utilization
cost.

High specic surface area and high porosity are effective
approaches to enhancing material properties. In recent years,
functional TMN materials with high specic surface area have
garnered signicant attention, and their synthesis methods
have been continuously rened.21–23 In early synthesis strate-
gies, the target TMNs were synthesized by directly heating the
corresponding metal precursors with nitrogen gas.24,25 However,
due to the unfavorable thermodynamics of the nitridation
reaction, this method typically requires high temperatures
(>1000 °C) and pressures (several GPa) to overcome the
extremely high reaction barrier. These harsh conditions oen
result in severe grain sintering and a small specic surface area
of the nal product (<10 m2 g−1). Subsequent studies revealed
that replacing nitrogen with ammonia, a more chemically
reactive gas effectively reduces the required synthesis temper-
ature and pressure, thereby increasing the specic surface area
of the resulting TMNs. As a result, ammonia-assisted thermal
© 2026 The Author(s). Published by the Royal Society of Chemistry
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nitridation has become the dominant method for TMN
synthesis at present.26–31 Recently, with the emergence of
molten-salt-assisted synthesis as a cutting-edge technique, the
unique properties of molten salts enable them to play distinct
roles in the synthesis process. This advancement has made it
feasible to synthesize TMN materials with a high specic
surface area and special structures, such as layered, sheet-like,
and spongy morphologies.9,32–34

Surface-enhanced Raman spectroscopy (SERS), renowned for
its ultra-high sensitivity and ngerprint identication capa-
bility, has become a pivotal tool in elds such as analytical
chemistry, biosensing, and environmental monitoring.35–38 In
recent years, a class of TMNs exhibiting quasi-metallic proper-
ties has attracted widespread attention. Thesematerials possess
excellent chemical stability, tunable optical properties, and
localized surface plasmon resonance (LSPR) behavior similar to
noble metals, positioning them as highly promising alternatives
to precious metals.39,40 However, most current SERS studies
based on TMNs still focus on solid thin lms, disordered
nanoparticles, or simple two-dimensional nanostructures.41–43

When applied to more practically relevant solution-phase
detection, these structures face a fundamental bottleneck:
target molecules struggle to efficiently reach the limited surface
hot-spot regions via passive diffusion. As a result, the intrinsic
electromagnetic enhancement capability of the materials is not
fully utilized, limiting overall sensitivity and reliability.

Over the past decade, while researchers have developed
various methods to synthesize TMN materials with distinct
morphologies, there remains a lack of effective synthetic strat-
egies to precisely control the structure and composition of
TMNs.44–47 For instance, the conventional ammonia thermal
method requires the insertion of nitrogen atoms into the metal
lattice or the substitution of oxygen atoms in the corresponding
metal oxide at elevated temperatures conditions that easily lead
to sample fragmentation. The molten-salt method can effec-
tively mitigate such issues,48,49 nevertheless, the molten-salt
method also introduces uncertainty regarding the product
structure, and it is oen challenging to predict the morphology
of the resulting nitrided products. Although TMNs have been
widely applied across numerous elds, there is still a shortage
of customized morphological structures featuring high specic
surface areas and high porosity—attributes that are critical to
unlocking their full performance potential. Thus, developing
precise synthesis methods for TMN materials with high crys-
tallinity, high specic surface area, high porosity, and tailored
compositions and structures holds great signicance.

Herein, we propose a molten-salt/template strategy for
precise synthesis of TMN materials with customized structures.
These products exhibit rare SCOM characteristics in their
structure. Based on this molten-salt/template strategy, 5 kinds
of SCOM-TMNs were synthesized. Hydroxylation and the
consequent formation of SCOM-structured metal oxides were
identied as the key factors governing the formation of the
SCOM-TMNs. As an important application, these SCOM WNs
synthesized by us exhibit extraordinary SERS sensing proper-
ties, with Raman EF up to 7.5 × 107, and the lowest detection
limit is as low as 1 × 10−12 M. The current research results
© 2026 The Author(s). Published by the Royal Society of Chemistry
provide a feasible method for the precise synthesis of TMN
materials with adjustable structure and composition.

Results and discussion
Synthesis and characterization of SCOM-WN

As illustrated in Fig. 1a, TMNs with SCOM structure were
synthesized via a proposed molten-salt/template strategy. To
elaborate on this strategy, the preparation process of SCOM-WN
sample is taken as an example, and the detailed steps are as
follows: commercially available ordered mesoporous SBA-15
(serving as the template; its morphology is presented in
Fig. S1) was immersed in H2O2 solution and subjected to
ultrasonication for 10 min, which treatment was intended to
achieve hydroxylation of SBA-15. The hydroxylated SBA-15 was
then impregnated in an anhydrous ethanol solution of tungsten
hexachloride (WCl6). Leveraging the bonding interaction of
hydroxyl groups and the capillary effect of mesoporous chan-
nels, W6+ ions were effectively adsorbed and anchored inside
the channels of SBA-15. Once SBA-15 had sufficiently adsorbed
W6+ ions, the W6+/SBA-15 composite was separated from the
ethanol solution by centrifugation. Subsequently, it was
vacuum freeze-dried at −80 °C. The dried W6+/SBA-15 product
was thoroughly mixed with KCl (used as the molten salt). The
mixture was placed in a tube furnace, and a mixture of NH3 and
N2 was introduced into the furnace. The temperature was slowly
raised to 600 °C to carry out the nitridation reaction. Aer the
completion of nitridation, deionized water was used to remove
the KCl molten salt, and NaOH was employed to eliminate the
SBA-15 template.

The morphology and structure of the as-prepared WN
samples were characterized systematically. As presented in
Fig. 1b, X-ray powder diffraction (XRD) pattern of the product
exhibits characteristic peaks at 37.3°, 43.6°, 63.3°, and 75.7°,
which can be indexed to the (111), (200), (220), and (311) crystal
planes of cubic-phase WN (JCPDS no. 75-1012), respectively.
Fig. 1c displays the scanning electron microscope (SEM) image
of the sample, revealing a highly regular and ordered meso-
porous structure with ortho-hexagonal pore walls. This well-
dened structure is attributed to the template effect of SBA-
15. The transmission electron microscope (TEM) images of
the sample are shown in Fig. 1d and e; both the dark-eld image
(Fig. 1d) and bright-eld image (Fig. 1e) clearly visualize this
highly ordered mesoporous architecture, with a pore size of
approximately 5–7 nm and a pore wall thickness of around 3–
5 nm. Fig. 1f present the high-resolution TEM (HRTEM) image
of the sample, indicating that the WN material possesses high
crystallinity. Notably, the HRTEM images reveal that these
ordered mesoporous structures not only exhibit high crystal-
linity but also feature highly uniform lattice stripe orientations
throughout the entire structure. This unique combination
forms a very rare type of SCOM structure. Large-scale HRTEM
images provide more distinct evidence for this structural
feature (Fig. S2). Furthermore, the selected area electron
diffraction (SAED) pattern of this region (Fig. S3) shows a typical
single-crystal cubic-phase diffraction pattern, which further
veries the SCOM characteristics. Additionally, the mutually
Chem. Sci., 2026, 17, 6632–6643 | 6633
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Fig. 1 Synthesis and characterization of the SCOM-WN synthesized with SBA-15 as template. (a) Schematic illustrating themolten-salt/template
strategy. (b) XRD pattern. (c) SEM image. (d) HAADF image. (e) TEM image, inset: FFT pattern. (f and g) HRTEM images. (h) HAADF image. (i–k) EDS
mapping images.
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perpendicular crystal planes with a lattice spacing of 0.21 nm
can be indexed to the (002) and (020) crystal planes of cubic-
phase WN, as illustrated in Fig. 1g.

Energy-dispersive X-ray spectroscopy (EDS) mapping images
(Fig. 1h–k) illustrate the uniform distribution of W and N
elements throughout the mesoporous structure. Furthermore,
the atomic ratio of W to N is determined to be 1.05 : 1, which is
in excellent agreement with the stoichiometric ratio of WN
(Fig. S4). To gain deeper insights into the product's composition
and chemical state, X-ray photoelectron spectroscopy (XPS)
analysis was performed. In the XPS survey spectrum, the high-
6634 | Chem. Sci., 2026, 17, 6632–6643
resolution spectra of W 4f and N 1s conrm the formation of
cubic-phase WN from the perspective of valence states. These
spectra also verify the high purity of the WN product; the weak
W6+ signal observed can be ascribed to the slight oxidation of
the WN surface, which leads to the formation of trace amounts
of WO3 (Fig. S5). In comparison with previously reported TMN
materials, the SCOM-WN products exhibit higher specic
surface area and pore volume (Table S1). Nitrogen adsorption–
desorption measurements reveal that the SCOM-WN samples
have a specic surface area of 135.6 m2 g−1 and a pore volume of
0.45 cm3 g−1, respectively. Additionally, the pore size
© 2026 The Author(s). Published by the Royal Society of Chemistry
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distribution presents a distinct peak at 6.3 nm (Fig. S6), which is
consistent with the observations from TEM images.

Formation mechanism of SCOM-WN

The hydroxylation treatment of SBA-15 plays a crucial role in the
formation of SCOM structures. This conclusion is primarily
supported by the following experimental observations. When
the temperature of the tube furnace is increased to 150 °C,
200 °C, and 300 °C, the collected intermediate products were
identied as amorphous and crystalline WO3 (Fig. 2a–c and S7);
notably, the WO3 obtained at 300 °C exhibits distinct SCOM
structures. Based on these key observation, it can be inferred
that during the heating process, the tungsten ions adsorbed
within the pores of SBA-15 undergo hydrolysis with hydroxyl
groups to form WO3. Subsequent observations indicate that
these SCOM-structured WO3 intermediate products were rst
Fig. 2 Formation mechanism of the SCOM-WN. (a) Amorphous WO3 o
CrystallineWO3 obtained at 300 °C. (d) AmorphousWN obtained after 0.5
(f) Crystalline WN obtained after 2 h of nitriding. (g) Schematic diagram o
mechanism.

© 2026 The Author(s). Published by the Royal Society of Chemistry
converted into amorphous WN during the nitridation process
(Fig. 2d, S8a and b). With the extension of reaction time, these
amorphous WN gradually transformed into crystalline WN
while maintaining the characteristics of the SCOM structure
(Fig. 2e, f and S8c–f).

These observational results revealed that it is precisely the
initial formation of SCOM-structured WO3 that enables the
subsequent generation of SCOM-structured WN. Thus, hydrox-
ylation serves as an indispensable prerequisite for the forma-
tion of SCOM-TMNs. To further substantiate this conclusion,
a set of comparative experiments was conducted. The results
revealed that when non-hydroxylated SBA-15 was used as the
template and all other experimental procedures kept consistent,
noWO3 intermediates were detected during the heating process
(from room temperature to 300 °C). Instead, the nitrided
product was found to be random particle aggregates of WN
btained at 150 °C. (b) Partially crystallized WO3 obtained at 200 °C. (c)
h of nitriding. (e) Partially crystallizedWN obtained after 1 h of nitriding.
f the proposed hydroxylation-induced molten salt/template synthesis

Chem. Sci., 2026, 17, 6632–6643 | 6635
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(Fig. S9). Collectively, these results conrm the critical role of
hydroxylation in the formation of SCOM structures. Moreover,
for the rst time in the experiment, the transition from amor-
phous to single crystal during the nitridation process of metal
oxides with SCOM structure in conned space was observed,
providing a new perspective for understanding the formation of
SCOM-TMN structures. Fig. 2g illustrates the proposed mech-
anism underlying hydroxylation-induced SCOM structure
formation.

Furthermore, with all other experimental conditions held
constant, in the absence of the SBA-15, WCl6 directly reacted
with NH3 in molten KCl. The obtained product consisted of
crystalline WN nanosheets with a thickness of approximately 5–
7 nm (Fig. S10). This result demonstrates that SBA-15 exerts an
indispensable templating effect on the formation of SCOM-WN.
Fig. 3 Structure and composition of the SCOM-TMNs (MoN, WN, TiN, C
mapping images of the SCOM-MoN. (d–f) TEM, HAADF and EDSmapping
of the SCOM-TiN. (j–l) TEM, HAADF and EDS mapping images of the SC

6636 | Chem. Sci., 2026, 17, 6632–6643
The inuence of molten salt on the experimental outcomes was
also examined. When the W6+/SBA-15 composite was directly
exposed to NH3 for nitridation treatment, the nal product was
irregular particle aggregates (Fig. S11). This nding indicates
that molten KCl functions to isolate WN grains during the
nitridation process, thereby preventing sintering. Collectively,
these comparative experimental results unequivocally conrm
that both the SBA-15 template and molten KCl are indispens-
able to the successful preparation of such SCOM-structured
TMN materials.
Synthesis and characterization of SCOM-TMNs (MoN, VN,
TiN, CoN)

Employing this molten-salt/template strategy, we successfully
prepared not only SCOM-structured WN but also MoN, VN, TiN,
oN) synthesized with SBA-15 as template. (a–c) TEM, HAADF and EDS
images of the SCOM-VN. (g–i) TEM, HAADF and EDS mapping images
OM-CoN.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and CoN with analogous morphology and structure. TEM
images (Fig. 3a, d, g, and j) and HAADF images (Fig. 3b, e, h, and
k) reveal that these four samples possess a highly similar
framework structure to the aforementioned SCOM-WN.
Furthermore, large-area HRTEM images demonstrate that
these four samples also exhibit high crystallinity and display
large-area SCOM characteristics (Fig. S12–S15). EDS mapping
images of MoN, VN, TiN, and CoN conrm the uniform distri-
bution of nitrogen and the corresponding metal elements
within each sample (Fig. 3c, f, i, and l).

The specic surface areas of MoN, VN, and TiN were deter-
mined to be 113.5 m2 g−1, 124.7 m2 g−1, 117.9 m2 g−1, and 103.8
m2 g−1, respectively (Fig. S16). Additionally, XRD patterns, EDS
Fig. 4 SERS properties of the SCOM-WN. (a) Electronic density of states o
distribution of the SCOM-WN. (e) Raman spectra of the SCOM-WN. (f) P
diagram for SERS Experiments. (h) Raman spectrum of 1 × 10−7 M R6G. (i
Raman EFs obtained by counting the peak intensities (R1) at three diffe
isosurfaces for R6G chemisorbed onto the surface of SCOM-WN. (l) RSD

© 2026 The Author(s). Published by the Royal Society of Chemistry
spectra, and XPS spectra comprehensively veried the success-
ful synthesis of MoN, VN, TiN, and CoN from the perspectives of
crystal phase, elemental composition, and oxidation state of
constituent elements, respectively (Fig. S17–S19). These
outcomes underscores the versatility of the molten-salt/
template strategy for fabricating SCOM-structured TMNs with
high specic surface area.
SERS properties of SCOM-WN

Density functional theory (DFT) calculations reveal that the
energy levels of cubic-phase WN near the Fermi level are
composed of W 5d orbitals, endowing the material with distinct
metallic-like properties (Fig. 4a). Furthermore, the free electron
f cubic WN. (b) ELF of cubicWN. (c) LSPR effect. (d) Simulated hot-spot
reparation of SERS substrates via spin-coating method. (g) Schematic
) Raman spectrum of R6G with different concentrations. (j) The average
rent concentrations. (k) Side views of the electron density difference
of R1 of 1 × 10−9 M R6G.

Chem. Sci., 2026, 17, 6632–6643 | 6637
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gas (FEG) distribution map, derived from electron localization
function (ELF) simulations, demonstrates a high FEG density
for cubic-phase WN (Fig. 4b). Owing to these prominent
metallic characteristics, UV-visible absorption spectroscopy
shows that the SCOM-WN exhibits a strong localized surface
plasmon resonance (LSPR) effect in the visible light region, with
an absorption peak centered at 522 nm (Fig. 4c). This
phenomenon can be attributed to the high density free elec-
trons respond to incident light. It should be noted that this
LSPR wavelength is close to the 532 nm excitation light
commonly used in Raman tests, and is also close to the
absorption wavelength (527 nm) of the most frequently used
probe molecule, Rhodamine 6G (R6G), facilitating electromag-
netic eld resonance enhancement. Leveraging this robust
localized-SPR effect, nite-difference time-domain (FDTD)
simulations were performed on the SCOM-WN. The simulation
results indicate that under excitation light with a wavelength of
532 nm, the SCOM-WN samples generate a strong near-eld
effect, leading to the formation of numerous electromagnetic
eld hotspots (Fig. 4d). The maximum electromagnetic eld
enhancement factor (EF) is 32.6, corresponding to a Raman EF
of up to 1.13 × 106.

These experimental and computational ndings conrm
that SCOM-WN samples hold great promise as metallic-like
SERS substrates. More notably, unlike semiconductor-based
SERS substrates, the SCOM-structured WN itself exhibits no
intrinsic Raman scattering peaks. As illustrated in Fig. 4e, no
signal features were detected in the Raman spectra of these
SCOM-WN samples when excited by three of the most
commonly used wavelengths (532 nm, 633 nm, and 785 nm).
These results suggest that the plasmonic oscillations generated
by the free electrons in WN induce a strong shielding effect in
the visible light range, preventing photons from effectively
coupling with lattice vibrations, and thus precluding the
formation of observable Raman signals.

To validate this conclusion, we conducted identical tests using
prepared Au nanoparticles; the results were nearly consistent
with those of SCOM-WN (Fig. S20a). For comparison, we also
repeated the aforementioned tests using previously reported
semiconductor-based SERS substrate materials. The results
showed that typical semiconductor SERS substrate materials,
including TiO2, W18O49, and MoO2,50–52 all exhibited intense
intrinsic Raman spectra without exception (Fig. S20b–d). The
intrinsic Raman spectrum of a substrate inevitably causes severe
interference with the SERS signal of the analyte. Therefore, the
unique characteristic of SCOM-WN, acting as a non-metallic
SERS substrate with no intrinsic Raman scattering, undoubt-
edly constitutes a signicant advantage for its practical SERS
applications.

To thoroughly investigate the surface-enhanced Raman
scattering (SERS) properties of the as-prepared SCOM-WN, we
utilized it as a Raman substrate. The SERS substrates were
fabricated by spin-coating the SCOM-WN powders onto glass
slides (Fig. 4f and S21). R6G was selected as the probe molecule,
and the laser excitation conditions were set as follows: an
excitation wavelength of 532 nm, a laser power of 0.7 mW, and
a laser beam incident perpendicularly to the substrate plane
6638 | Chem. Sci., 2026, 17, 6632–6643
(Fig. 4g). EDS mapping images show that these R6G molecules
can penetrate deep into the channels, indicating that the
SCOM-WN substrate has excellent adsorption capacity for R6G
molecules (Fig. S22). On this SCOM-WN substrate, the Raman
signals of R6G molecules at a concentration of 1 × 10−7 M were
clearly distinguishable (Fig. 4h). Detection results for a series of
R6G samples with varying concentrations revealed that the WN
substrate exerted a signicant Raman enhancement effect on
R6G within the concentration range of 1 × 10−8–1 × 10−11 M
(Fig. 4i). It is worth noting that due to the absence of Raman
spectroscopy in WN itself, background interference is elimi-
nated. Therefore, even if the concentration of R6G is as low as 1
× 10−12 M, distinguishable R6G signals is still obtained on the
substrate (Fig. S23). To the best of our knowledge, such high
sensitivity ranks among the top performers for non-metallic
SERS substrates (Table S2). Furthermore, a good linear relation-
ship between R6G concentration and Raman signal intensity was
observed in the concentration range of 1 × 10−7–1 × 10−11 M
(Fig. S24), which lays a foundation for quantitative analysis.

By calculating the Raman EF based on the scattering peak
intensity of R1 at 612 cm−1, the EF of the SCOM-WN substrate
for R6G molecules was determined to be 7.5 × 107 (Fig. 4j, see
the SI for detailed calculation procedures). This strong Raman
EF is fully comparable to that of noble-metal SERS substrates
(Table S3). It is interesting that the measured EF (7.5 × 107) is
one order of magnitude higher than the EF (1.13 × 106) calcu-
lated solely by electromagnetic eld enhancement theory,
indicating that there are other enhancing factors at play.
Theoretical calculations indicate that there is a signicant
chemical adsorption between the WN substrate and R6G
molecules, with an adsorption energy of approximately 3.901 eV
(Fig. 4k). Furthermore, formula calculations show that there is
a signicant interface charge transfer effect between R6G
molecules and SCOM-WN, with a charge transfer amount of
0.207 e. These results indicate that chemical enhancement
caused by interface charge transfer (ICT) also exists in the WN-
R6G system.52–54 Therefore, the high Raman EF can be ascribed
to the synergistic enhancement mechanism, which arises from
the strong localized-SPR effect and ICT effect of these SCOM-
WN substrates.

The SCOM-WN substrate also demonstrates excellent signal
uniformity. Taking R6G (1 × 10−9) as an example, its Raman
mapping image reveals an extremely uniform signal distribu-
tion (Fig. S25). For a more objective assessment of signal
uniformity, the peak intensities of R1 at 4000 discrete points
across 2 cm2 area of the substrate were counted. Calculations
showed that the relative standard deviation (RSD) of the R1

signal intensity was merely 4.4% (Fig. 4l), indicating superior
uniformity compared to noble metal array-based SERS
substrates.55,56 Such a low RSD value, coupled with a good
concentration-signal linear relationship, can be attributed to
the uniform SCOM structure, an obvious advantage when SERS
is applied to quantitative detection.

The versatility and stability of the WN substrate were evalu-
ated systematically. A series of high-risk chemicals were
selected as probe molecules to investigate their Raman signals
on the substrate. The results indicated that the substrate
© 2026 The Author(s). Published by the Royal Society of Chemistry
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exhibited an extremely sensitive response to crystal violet (CV),
melamine (MA), bisphenol A (BPA), 2,4-dichlorophenol (2,4-
DCP), 2,4,5-trichlorophenol (2,4,5-TCP), and 2,3,5,6-tetra-
chlorophenol (2,3,5,6-TECP) across a concentration range of 1
× 10−7 to 1 × 10−11 M (Fig. 5a–f). In the corrosion resistance
test, the substrate was immersed in 5 M HCl or 5 M NaOH
solutions for 3 h. Experimental results revealed that the
substrate retained its intact morphology and crystal lattice
(Fig. 5g, h, S26 and S27), with an almost unchanged crystalline
phase (Fig. S28 and S29). We have performed ten repeated
measurements on the same substrate and found that the
Raman spectra showed almost no variation. (Fig. S30). Addi-
tionally, the sample exhibited remarkable thermal stability and
Fig. 5 Versatility and stability of the SCOM-TMN substrates. (a–f) Raman
(d) 2,4-DCP, (e) 2,4,5-TCP, (f) 2,3,4,4-TECP. (h–j) High stability of the WN
treatment. (i) HRTEM image of the WN substrate after strong base treatm
(j–l) Raman spectra of R6G obtained in various SCOM-TMN substrates:

© 2026 The Author(s). Published by the Royal Society of Chemistry
oxidation resistance: it remained stable even when heated to
300 °C in air for 1 h (Fig. 5i and S31), and the SERS performance
of the samples stored in air for three months remains almost
unchanged (Fig. S32). Thermogravimetric analysis (TGA)
further showed that the sample was completely oxidized to WO3

only when the temperature reached 524 °C (Fig. S33). These
ndings strongly conrm that the WN substrate possesses
excellent corrosion resistance and thermal stability, laying
a solid foundation for its practical applications. In addition,
other substrates based on SCOM-structured TMNs have also
exhibited excellent SERS activity (Fig. 5j–l), which further
demonstrates that SCOM-structured TMNs represent a highly
promising class of non-metallic SERS substrates.
spectra of a series of environmental pollutants: (a) CV, (b) MA, (c) BPA,
SERS substrate: (h) HRTEM image of the WN substrate after strong acid
ent. (j) HRTEM image of the WN substrate after 300 °C heat treatment.
(j) MoN. (k) TiN. (l) VN.
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Conclusion

In conclusion, the current work has developed a facile and
general molten-salt/template strategy enabling the accurate
preparation of TMN materials. Specically, these TMN mate-
rials exhibit an uncommon SCOM structure, which provides
a promising candidate with considerable research signicance
and application prospects for the TMN family. The combination
of the molten salt method and template method is a valuable
exploratory effort, which offers a methodological reference for
the synthesis of high-lattice-energy TMNs with high specic
surface area and porous characteristics. Hydroxylation and the
subsequent formation of SCOM-structured metal oxides were
identied as critical factors that govern the fabrication of TMNs
with such SCOM structures. Additionally, due to the lack of
intrinsic Raman scattering properties, these SCOM-WN
substrates have effectively eliminated the background interfer-
ence that plagues traditional non-metallic SERS substrates—
this interference is primarily attributed to the inherent Raman
signals of the latter. It is precisely the elimination of interfer-
ence from their own Raman signals that has signicantly
enhanced the signal resolution of non-metallic SERS substrates,
where the lowest detection limit and Raman EF are 1 × 10−12 M
and 7.5 × 107, respectively. These SCOM-structured TMN
materials are anticipated to substitute for noble metals in
a wide range of applications within catalysis, energy storage,
sensing technology, and other related elds.
Experimental section
Synthesis of MBA-15/OH

1.0 g of SBA-15 and 20 mL of hydrogen peroxide (30 wt%) in
closed Teon liner of 100 mL were heated at 100 °C for 5 h. Aer
that, the sample was washed and freeze-dried at −80 °C to
produce SBA-15/OH.
Synthesis of SCOM-WN

In a typical synthesis, 0.4 g of WCl6 was taken and dissolved in
10 mL of anhydrous ethanol, and then 1 g of SBA-15/OH
template was added under stirring at 200 r min−1 for 2 h with
sufficient stirring. The solution was stayed overnight with the
SBA-15 template, followed by separation of SBA-15/W-OH from
ethanol using a centrifuge and vacuum freeze-drying at −80 °C.
The dried product SBA-15/W-OH was fully mixed with KCl
powder and heated to 600 °C at a rate of 1 °C min−1 under NH3/
N2 conditions, kept for 1 h and then cooled down naturally. WN
samples were obtained by washing the samples using deionized
water and NaOH, respectively. In the synthesis of MoN, VN, TiN,
and CoN, the tungsten source is simply replaced by a molyb-
denum source (MoCl3), a vanadium source (VCl3), a titanium
source (TiCl3), and cobalt chloride (CoCl2).

Raman tests. To study the SERS properties of these as-
synthesized SCOM-WN samples, a confocal micro Raman
spectrometer (Renishaw-in Via Qontor) was used as the
measuring instrument. In all SERS tests, unless specically
stated, the excitation wavelength is 532 nm, laser power is 0.5
6640 | Chem. Sci., 2026, 17, 6632–6643
mW, and the specication of the objective is ×50 L. A series of
standard solution (aqueous) of R6G, with concentrations of
10−7–10−12 M were used as the probe molecules. A series of
standard solution of CV, MA, BPA, 2,4-DCP, 2,4,5-TCP, 2,3,5,6-
TECP with concentrations of 1× 10−7–10−11 M were used as the
probe molecules. To improve the signal reproducibility and
uniformity, 20 mg of the SCOM-WN particles are immersed into
the probe solution (30 mL) to be measured for 10 min, then
taken out and dried in air for 10 min. In all SERS tests, the laser
beam is perpendicular to the top of the sample to be tested with
a resultant beam spot diameter of 5 mm. The uorescent back-
ground of the probe molecule is deducted by the soware that
comes with the instrument.

Characterization. These samples were measured by a variety
of characterization techniques. XRD patterns of the products
were obtained on a Bruker D8 focus X-ray diffractometer by
using CuKa radiation (l = 1.54178 Å). XPS experiments are
performed in an ESCALab 250Xi usingmonochromated Al Ka X-
rays at hy = 1486.6 eV. Peak positions are internally referenced
to the C 1s peak at 284.1 eV. SEM images were obtained on
a HitachiS-4800. Ultraviolet-vis absorption spectra were recor-
ded by a Shimadzu UV-3600-Plus with integrating sphere. TEM,
HRTEM, and EDS characterizations were performed with a JEOL
F200 operated at 200 kV. The specic surface area wasmeasured
in a Micro Tristar II 3020. Raman spectra were recorded from
Renishaw-inVia Qontor.
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