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Titanium nitride sensor for selective NO2
detection

Xuefei Zhao 1, Zhihang Xu 2, Zhaorui Zhang1,3, Jiahao Liu1, Xiaohui Yan1,
Ye Zhu2, J. Paul Attfield 4 & Minghui Yang 1

Efficient detection methods are needed to monitor nitrogen dioxide (NO2), a
major NOx pollutant from fossil fuel combustion that poses significant threats
to both ecology and human health. Current NO2 detection technologies face
limitations in stability and selectivity. Here, we present a transition metal
nitride sensor that exhibits exceptional selectivity for NO2, demonstrating a
sensitivity 30 times greater than that of the strongest interfering gas, NO. The
sensormaintains stability over 6months anddoes not utilize platinumorother
precious metals. This notable performance has been achieved through pre-
paration of highly active titanium nitride (TiNx) nanoparticles with excep-
tionally large surface area and a high concentration of nitrogen vacancies. By
contrast, a commercial sample of TiN shows no gas sensing activity. Such
devices are potentially scalable for everyday NO2 detection and demonstrate
that robust high-performance gas sensors based on inexpensivemetal nitrides
without precious metals are leading candidates for environmental monitoring
technologies.

Nitrogendioxide (NO2) is listed among the sixprimary air pollutants by
both the U.S. Clean Air Act and the World Health Organization
(WHO)1,2, and is widely recognized as a primary culprit in triggering
asthma and other respiratory diseases3. However, 99% of the global
population is exposed to air that fails to meet the WHO standard,
leading to significant public health deficits4. Therefore, monitoring
NO2 pollution in the air is crucial for protecting public health. The US
Environmental ProtectionAgency (EPA) has set the annual average safe
concentration of NO2 in ambient air at 53ppb, with over 117 countries
actively participating in air quality monitoring using various gas
sensors4,5.

Several technologies for measuring low atmospheric concentra-
tions of NO2 are available, but all have some limitations. Metal oxide
semiconductors like SnO2 and ZnO have poor selectivity and do not
perform well under high humidity and at low temperatures6. Electro-
chemical sensors based on precious metals such as platinum (Pt) offer
high performance but are costly and lack long-term stability due to

detachment and aggregation of Pt nanoparticles during extended
operation7,8. Recent research on incorporating quantum dots into gels
has been shown to enhance surface area and increase availability of
active sites but duration is limited to <100h9. Single-atom catalyst
sensors offer active sites at the atomic level, but are challenged by low
synthesis efficiency and poor stability10.

In this work, we focus on transition metal nitrides (TMNs), which
hold significant potential for sensing applications due to their high
electronic conductivity and chemical stabilities11. Recent studies have
demonstrated that TMNs act as active supports for Pt-based sensing of
several pollutant gases such as H2S, CO and formaldehyde12–14. Fur-
thermore, one study found that nitriding In2O3 improves NO2 sensing
performance without use of Pt15. This has motivated the present study
to design a highly active TMN sensor for NO2. We have chosen TiN as
this material has been extensively studied as a stable and highly con-
ducting TMN16,17. TiN is widely used as a durable coating and also
occurs naturally as the mineral osbornite18. Our initial explorations
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showed that commercial TiN is inactive (see later results for TiN-CM
sample), so we focused on developing more active materials by
introducing nitrogen vacancies (NVs) to increase surface activity, and
by nanostructuring to increase surface area. Several methods such as
molten-salt synthesis19, solid-solid separation20, and the urea-glass
route21 are used to prepare nanostructured TMNs, but these methods
do not yield sufficiently active TiN surfaces for NO2 sensing. High
temperatures (over 600 °C) or pressures are needed to generate
NVs16,22, so our strategy has been to synthesize TiNx through the high-
temperature ammonolysis of a metal-organic framework (MOF) pre-
cursor, MIL-125(Ti)23. The resulting TiNx exhibits the highest surface
area reported for a TMN and high levels of NVs (up to 20%), leading to
notable sensor performance without use of Pt. We have also used
spectroscopic methods to demonstrate that the NO2 sensing
mechanism occurs through the NO2→NO2

− →NO reduction sequence.

Results and discussion
Samples preparation and characterization
We synthesized TiNx via ammonolysis of MOF MIL-125 (Ti), retaining
its high surface area and forming abundant NVs around metal sites
(Figs. S1, S2). The powder X-ray diffraction (XRD) patterns confirmed
successful synthesis at various temperatures, designated as TiN-500 to
TiN-900 whose properties were compared with those of a commercial
sample TiN-CM (Fig. S3, Table S1). The MOF-derived TiN-600 nano-
particles exhibited a significantly high specific surface area of 221.9m²/
g (Fig. 1a, S4, S5, Table S2), 90 times that of TiN-CM. The High-
ResolutionTransmission ElectronMicroscopy (HRTEM) image showed

lattice fringes of the (331) and (400) planes of TiN-600 (Fig. S6a),
indicating randomly oriented grains. The scanning electron micro-
scopy (SEM) images (inset of Fig. S6a) confirmed the uniform square
morphology consistent with MIL-125 (Fig. S6b). Electron Energy-Loss
Spectroscopy (EELS) elementalmapping images andEnergyDispersive
Spectrometer (EDS) mapping images verified the homogeneous dis-
tribution of N and Ti elements in TiN (Fig. S7–S11).

The X-ray photoelectron spectroscopy (XPS) results indicate a
0.11 eV negative shift in the Ti 2ppeak of TiN-600, and an increased peak
intensity of N 1s (attributed to NVs) compared to TiN-900, suggesting a
lower oxidation state of Ti in TiN-600 and a higher concentration of NVs
(Fig. S12)24. We subsequently conducted element-sensitive synchrotron
radiation X-ray absorption spectroscopy (XAS) measurements to inves-
tigate the local coordination of NVs at the atomic level. The X-ray
absorption near-edge structure (XANES) spectrum (Fig. 1b) shows that
the near-edge absorption energy of TiN-600 is negatively shifted com-
pared to TiN-CM, indicating a slight decrease in average Ti oxidation
state due to NVs formation25, which is consistent with the Ti 2p XPS
observations. The local coordination of NVs at the atomic level was
studied through Fourier transform extended X-ray absorption fine
structure (EXAFS) analysis. As shown in Fig. S13, the Ti-N bond intensity
in TiN-600 is weaker compared to TiN-CM, indicating a reduction in the
Ti-N coordination number24, increased NVs26, thus providing strong
evidence for the formation of NVs. Discontinuous lattice stripes and
blurred or missing lattice sites in the filtered image (Fig. 1c) indicate the
presence of vacancy defects. These vacancies can function as active
centers, thereby increasing catalytic activity27. The corresponding

Fig. 1 | High surface area TiNx with abundant nitrogen vacancies (NVs) derived
from MOF. a A comparison of the MOF-derived transition metal nitride (TMNs)
synthesis method with previously reported methods for enhancing the specific
surface area of TMNs. References in the plot can be found in the Supplementary
Information. b The K-edge X-ray absorption near edge structure (XANES) of TiN-

600, TiN-CM, and Ti foil. c High-resolution transmission electron microscopy
(HRTEM) filtered image of the area within the square in Fig. S6a. The red circles
represent NVs. d The wavelet transform curve of and TiN-600. Source data are
provided as a Source Data file.
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wavelet transform EXAFS contour plots for TiN-600 and TiN-CM show
that the intensity maximum of the Ti-N bond at k≈4.5Å−1 in TiN-600
(Fig. 1d) is significantly reduced compared to TiN-CM (Fig. S14), further
indicating the presence of NVs. A series of EPR experiments showed a
clear pair of peaks at g = 2.003 in TiN-600 (Fig. S15), indicating the
presence of unpaired electrons28,29. The high intensity of these EPR sig-
nals reflects the concentration of unsaturated sites with unpaired elec-
trons, thereby confirming the abundant formation of NV centers in the
TiN-600 material. This phenomenon is closely related to its gas-sensing
response25,30.

Gas sensing performance
Selectivity, a critical parameter for assessing gas sensor performance,
is evaluated by recording the current changes of the sensor in different
concentrations and types of gases. As shown in Fig. 2a and S16, the
response of TiN-600 toNO2 is substantially higher than that of TiN-CM
and Pt/C sensors. Figure 2b further demonstrates that the responses to
various interfering gases, including 200ppm NO, acetone, methanol,

trimethylamine (TMA), ammonia (NH3), hydrogen (H2), sulfur dioxide
(SO2) and ethanol, are negligible. Density functional theory (DFT)
calculations for the adsorption behavior of different gases on the
surface of TiN-NVs, indicate that the adsorption energy of NO2 on TiN-
NVs (−4.61 eV) is significantly higher than that of other gases (see
Figs. S17 and S18). This suggests a stronger interaction between NO2

and TiN-NVs. Additionally, the geometric parameters of the above gas
molecules inboth adsorbed and free states onTiN-NVswereoptimized
(Table S3). The distance between N and O atoms in the NO2 molecule
(dN−O) and the intrinsic NO2 bond angle (∠ONO) were analyzed,
revealing that when NO2 is adsorbed on TiN-NVs, dN−O is 1.452 Å, and
∠ONO is 110.1°. Therefore, the geometric parameters of the NO2

molecule change more significantly upon adsorption on TiN-NVs
compared to other gases, which can be explained by ion-dipole
interactions31. The increased changes ingeometric parameters indicate
lower resistance to electron transfer from NO2 to TiN-NVs32. The
stronger interaction andmore significant charge transfer betweenNO2

and TiN-NVs reflect the superior selectivity of the sensor for NO2. In

Fig. 2 | The selectivity, response-recovery characteristics, and response-
concentration correlation of TiNx sensors. a Selectivity of TiN-600, TiN-CM, and
Pt/C sensors toward various analyte gases. b Sensor response of TiN-600 to a
transient of 50ppm nitrogen dioxide (NO2), followed by eight transients of mixed
gases (50 ppm NO2 with 200 ppm acetone, methanol, nitric oxide (NO), ammonia
(NH3), hydrogen (H2), trimethylamine (TMA), ethanol and sulfur dioxide (SO2),
respectively). c The response transients of TiN-500, TiN-600, TiN-700 and TiN-800

sensors to 50 ppm NO2. d Response recovery transient curve of TiN-600 sensor to
50 ppm NO2. e Summary of the response and recovery times of NO2 gas sensors.
f,gReal-time responses andhNO2 concentrationdependent response value of TiN-
600 sensor to 0.05–50ppm NO2. Error bars represent the standard deviation of at
least three independent measurements. Source data are provided as a Source
Data file.
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contrast, the changes in geometric parameters (like dN−O and ∠ONO)
for other gases adsorbed on TiN-NVs are minimal. This indicates weak
interactions with the material surface, resulting in lower sensitivity to
these gases.

To determine the optimal ammonolysis reaction temperature, we
evaluated the gas-sensing properties of a series of TiN samples by
monitoring their responses to NO2. As shown in Fig. 2c, TiN-600
exhibited the highest response to NO2, with response and recovery
times of 7.4 s and 5.2 s, respectively (Fig. 2d), which are the fastest
among the TiN samples (Fig. S19). An interesting trend was observed
between the specific surface areas of TiN synthesized at different
ammonia treatment temperatures and their responses to NO2: the
sensor response was proportional to the specific surface area
(Table S4). Additionally, we summarized the response and recovery
times of different types of gas sensors to NO2 (Fig. 2e, S20, Table S5),
demonstrating again the advantage of using MOF-derived methods to
prepare high specific surface area samples for sensing applications.
Moreover, the response of the TiN-600 sensor quickly reaches a peak
after exposure to NO2 and then slightly decreases (Fig. 2d). This
behavior may result from the rapid occupation of active sites by NO2

during initial exposure, leading to a swift rise in the sensor’s response.

The subsequent slight decline in the response signal could be attrib-
uted to the sensor’s self-recovery mechanism, which allows for partial
desorption after a certain amount of NO2 is adsorbed. Thismechanism
prevents sensor failure due to prolonged exposure to high con-
centrations of NO2. The TiN-600 sensor exhibits a positive linear
response to NO2 in the range of 50 ppb to 50ppm (Fig. 2f, g), with a
sensitivity of 0.12 μA/ppm (Fig. 2h), and a Limit of Detection (LoD) as
low as 50 ppb, which is capable of detecting the minimum con-
centration set by the EPA (53 ppb)5. Additionally, the baseline current
of the sensor operating in air for 30min was recorded (Fig. S21), and
the low current fluctuations facilitate the identification of the sensor
response signal. Based on the Root Mean Square Deviation (RMSD)
method33, the theoretical LoD of the TiN-600 sensor is determined to
be 2.4 ppb.

A series of TiN sensors demonstrated excellent cyclic stability
(Fig. 3a and S22), with the TiN-600 sensor showing nearly fluctuation-
free response when repeatedly tested for 30 cycles in 50ppm NO2,
with a standard deviation (SD) of approximately 0.037 μA. In addition,
we validated the reproducibility of TiN-600 sensors from different
batches (Fig. S23). Considering the practical applications of the TiN-
600 gas sensor, a dynamic sensing response monitoring over
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6months was conducted. It was found that the response decreased by
only 4.2% compared to the first day, indicating excellent long-term
stability of the TiN-600 sensor (Fig. 3b). In previous studies,
researchers have attempted to enhance gas sensor response by load-
ing Pt onto the sensitive materials. However, this approach has often
resulted in poor long-term stability of the gas sensors (Fig. 3c and
Table S6). To investigate the impact of relative humidity (RH) on the
gas-sensing performance of the sensor, gases with varying humidity
levels were prepared using the saturated salt solution method. Fig-
ure S24 shows that the impact of RH on baseline current is minimal,
with fluctuations in different humidity environments being even lower
than the current bias, a result validated by previous studies20,34. Fig. 3d
depicts the transient response to 50 ppm NO2 under different
humidity conditions. SD of the response at various humidity levels is
0.111μA, indicating the response current of the sensor is minimally
affectedbyhumidity. Furthermore, the responseand recovery timesof
the TiN-600 sensor demonstrate minor variation under different RH
(Fig. S25). This stability may be attributed to the small sealed water
reservoir in the counter electrode (CE), which assists in maintaining a
relatively constant humidity level and reduces sensitivity to changes in
external RH. Therefore, the TiN-600-based electrochemical gas sensor
successfully addresses the issue of poor environmental tolerance in
chemical resistive gas sensors caused by the competitive adsorption of
water molecules and oxygen molecules at active adsorption sites35.
Given the significant practical importance of detecting gases in low-
temperature environments such as cold winters, polar regions, and
refrigerated storage, which is rarely addressed and achieved in current
NO2 sensors, we have investigated the low-temperature sensing char-
acteristics of the TiN-600 sensor. Notably, even when the operating
temperature is reduced to −20 °C, the sensor response to NO2

decreases by only 2.7% compared to the response at RT (Fig. 3e). This
may be due to the plentiful NVs in TiN-600, whose concentration is
temperature independent and which function as active reaction sites
and reduce the activation energy36, thereby lessening the impact of
temperature on the gas sensing reaction rate. The slight decrease in
response can be primarily attributed to the reduced electrochemical
reactivity and slower reaction dynamic of the material at sub-zero
temperatures37. Additionally, the response of the TiN-600 sensor to
NO2 is nearly identical whether nitrogen or air is used as the back-
ground gas (Fig. S26). This may be attributed to the negligible impact
of oxygen concentration on the response38.

Gas sensing mechanism
The proposed gas-sensing mechanism of the TiN-600 electrochemical
gas sensor is depicted in Fig. 4a. When the working electrode (WE)
contacts with NO2 molecules, a reduction reaction occurs, producing
the intermediateNO2

− (reaction (1)). TheNO2
− can further be reduced to

NO under acidic conditions (reaction (2))39. Simultaneously, an oxida-
tion reaction takes place at the CE (reaction (3)), generating protons
(H+) that migrate through the Nafion membrane to the WE. The gen-
erated electrons (e−) cannot pass through the Nafion membrane and
instead are transferred to the WE via an external circuit. This electron
transfer in the external circuit results in a detectable current signal.

WE : NO2 + e
� ! NO2

� ð1Þ

NO2
� + e� +2H+ ! NO+H2O ð2Þ

CE : H2O ! +2H+ +
1
2
O2 + 2e

� ð3Þ

In-situ monitoring of NVs in TiN-600 is essential for under-
standing the adsorption mechanism of the material. As shown in

Fig. 4b, the EPR signal intensity of TiN-600 decreases over time after
NO2 adsorption. This decay is due to the formation of a gas layer on the
material surface caused by gas molecule adsorption40–42. This process
enhances spin-lattice interactions, resulting in a weakened EPR signal.
Moreover, as the number of adsorbed gasmolecules increases, the gas
layers become thicker and denser, further contributing to the
attenuation of the EPR signal43. Understanding the rapid dynamic
equilibrium exchange between surface species and the gas phase is
essential for designing efficient catalyst desorption systems. Building
on previous work and the hypothesis (NO2 + 2e− + 2H+ =NO+H2O)

38,
we further investigated the NO2 sensing reaction process using in-situ
FTIR spectroscopy to provide a more comprehensive mechanism
(Fig. S27). During NO2 catalysis on the TiN-600 catalyst, characteristic
vibrational peaks at 1200 cm⁻¹ and 1219 cm⁻¹ were attributed to NO2

−

and bridging nitrite, respectively (Fig. 4c)44,45. Additionally, Fig. 4d
shows a gradual increase in the vibrational peak of gaseous
NO (1909 cm⁻¹) over time, indicating the presence of NO2⁻

intermediates46. As shown in Fig. 4e, f, these peaks disappear within
5minutes upon the introduction of N₂, demonstrating the rapid des-
orption of NO2

− and gaseous NO from the catalyst surface.
In summary, our study presents a TiN-based gas sensor syn-

thesized via ammonolysis of titanium cluster MOF MIL-125, fea-
turing an ultra-high specific surface area (221.9 m²/g) and abundant
NVs. This TiN-600 sensor exhibits exceptional selectivity for NO2,
with a response of 6.05 μA at 50 ppm, outperforming other inter-
fering gases with a signal that is 30 times greater than that for NO. It
also demonstrates reliable repetitive detection with long-term sta-
bility, showing minimal sensitivity drift of 4.2% over 6 months. Our
TiN electrochemical gas sensor priced at US$0.08 g−1 is significantly
more cost-effective than Pt-based sensors at US$30.15 g−1 (average
prices in 2024)47. Utilizing in-situ FTIR and EPR, we have clarified the
underlying NO2 sensing mechanism. This work not only advances
the development of high-performance gas sensing materials
but also provides a direction for optimizing electrochemical gas
sensors for practical environmental monitoring and industrial
applications.

Methods
Sample preparation
MIL-125 (Ti) (MIL: Materials of Institute Lavoisier) was synthesized
using a modified method based on the literature23. H2BDC (C8H6O4,
1000mg, 6mmol) and TTIP (C12H28O4Ti, 864mg, 0.9mL, 3mmol)
were added to a solution of anhydrous DMF (25mL) and methanol
(25mL). The mixture was stirred thoroughly at room temperature,
then transferred to a 100mL Teflon-lined autoclave and heated at
150 °C for 16 h. The resulting suspension was filtered, washed alter-
nately with DMF and methanol three times, and dried to yield a white
solid sample. Approximately 100mg of MIL-125 (Ti) powder was
placed in a ceramic boat inside a tube furnace. UsingNH3 as theflowing
gas (flow rate of 100 cm3/min), the temperature was raised at a rate of
5 °C/min to the target temperature (500–900 °C) and maintained for
3 h for heat treatment. After completion of the ammonolysis reaction,
the sample was kept in the NH3 atmosphere until the tube furnace
cooled to room temperature. Finally, the sample is taken out of the
tube furnace.

Material characterization
PowderX-raydiffraction (XRD)measurementswereperformedusing a
Bruker D8 Advance powder X-ray diffractometer with Cu Kα radiation
(λ = 1.5418 Å). The specific surface area and microporous analysis for
the TiN series samples were determined using a 3FLEX analyzer (USA)
based on the Brunauer-Emmett-Teller (BET) method. Scanning Elec-
tron Microscopy (SEM) images were captured using a JSM-7900F
instrument (Japan). High Resolution Transmission Electron Micro-
scopy (HRTEM) imaging and Electron Energy-Loss Spectroscopy
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(EELS) elemental mapping were conducted with Spectra 300 (TFS,
USA) equipped with Super-X detector system. X-ray Photoelectron
Spectroscopy (XPS)wasperformedusing aThermoScientificK-Alpha+
spectrometer with Al Kα radiation under ultrahigh vacuum, and the
binding energy was calibrated using the C 1s peak (284.8 eV). Trans-
mission X-ray Absorption (XAS) measurements were obtained using
the easy XAFS300 laboratory system from easy XAFS LLC, which
includes Rowland circle geometries, spherically bent crystal analyzers
(SBCA), and a silicon drift detector. The in-situ Fourier transform
infrared (FTIR) was tested using anMCT detector (Bruker VERTEX 70).
Electron Paramagnetic Resonance (EPR) spectroscopy was used to
examine the NVs in the TiN series samples, utilizing a Bruker A200-9.5/
12 instrument.

Preparation of gas sensor
The gas sensor is prepared according to the further improvement of the
reported literature20. The actual image of the core component, the
membrane electrode assembly (MEA), is shown in Fig. S28. It has a dia-
meter of approximately 10mm and a thickness of approximately
0.5mm. The preparation method is as follows: 5mg of TiN powder,
40μL of Nafion solution (5wt%, DuPont, USA), and 460μL of iso-
propanol were ultrasonically treated to form a catalyst ink, which was
then drop-cast onto the surface of carbon paper at 90 °C. Subsequently,
theNafionN-115membrane (DuPont, USA)was sandwichedbetween two
sheets of carbon paper and protected with two Polytetrafluoroethylene
(PTFE)membranes, then hot-pressed at 90°C and 1MPa for 120 s. Finally,
the PTFE membranes were peeled off to obtain the MEA.
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Gas preparation method
In this work, we employed a method that combines a dynamic gas
mixing system (Fig. S29) with a static gas preparation technique
(Fig. S30). Initially, a flowmeter accurately controlled the flow of ppm-
level NO2 and purified air into a mixing chamber of approximately 1 L,
ensuring thorough mixing. The resulting gas then exited through the
outlet at the opposite end, achieving the desired concentration. The
method used for mixing other interfering gases mirrors that of NO2.
The concentration of the prepared standard gas is calculated using the
following formula:

C1 =C0 � Q0

Q+Q0
ð4Þ

where C1 is the gas concentration obtained using the dynamic gas
mixingmethod (ppm),C0 is the initial concentration of test gas (ppm),
Q0 is the flow rate of NO2 (mL/min), and Q is the flow rate of air (mL/
min). To prepare test gases at ppm -level (≥1 ppm), the dynamic gas
mixing method facilitates direct dilution. However, achieving ppb-
level concentrations of NO2 is challenging with just a dynamic gas
mixing system and flowmeter, requiring the integration of a static gas
preparation method. This process begins with a gas source at
concentration C1 derived from the dynamic method. First, a 20 L glass
bottle is cleaned and dried at atmospheric pressure. It is then
evacuated and purged several times with purified air before another
evacuation. A specific volume of NO2 at concentration C1 is injected,
and purified air is added to bring the bottle to atmospheric pressure.
The bottle is shaken and allowed to rest to ensure uniformmixing. The
concentration of the standard gas is calculated using the following
formula:

C2 =
C1 � V 1

V 2
ð5Þ

where C2 is the final concentration of NO2, V 1 is the volume of NO2

injected, andV 2 is the volumeof the gas bottle. The combinationof the
two gas mixing methods ensures the reliability of gas concentration
ranging from 50ppm to 50ppb. In this study, the source gas is
200ppm NO2 (purity of 99.999%, diluted with high-purity N2). The
background gas used for testing is high-purity air.

Gas sensing measurements
Thegas sensitivity performanceof the sensor is evaluatedby recording
the current changes of the sensor in different concentrations and types
of gases. The sensor response is defined as ΔI = I − I0, where I0 and I
represent the current of the sensor in atmospheric air/N2 and the
target gas, respectively.

Data availability
The data supporting the findings of this study are reported in themain
text or the Supplementary Information. Source data are provided with
this paper and in the figsharedatabasewith the link: https://doi.org/10.
6084/m9.figshare.27175389. Source data are provided with this paper.
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