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Detection of NH3 gas using CrVO4 nanoparticles 
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A B S T R A C T   

Nanostructured chromium orthovanadate with an average particle size of 65 nm was prepared by the co- 
precipitation technique for the chemiresistive sensor. The morphology and particle size distribution of CrVO4 
nanoparticles were examined by SEM and TEM. According to XRD, most of the prepared CrVO4 material 
(crystallites) has a monoclinic structure belonging to the space group C2/m. XPS and UV-Vis absorbance mea-
surements provided additional information on the main phase and the surface. The material has shown 
reasonable selectivity towards the NH3 gas. The as-prepared CrVO4 nanostructures exhibit a maximum relative 
response of 32% to 50 ppm NH3. The identical dynamic response profiles during the sequential injections of 50 
ppm NH3 evinced the repeatability of the sensor. The limit of detection (LOD) value of the sensor was estimated 
ca 0.7 ppm using relative response values towards a wide range of NH3 concentrations from 10 ppm to 100 ppm. 
The sensing mechanism was expressed in terms of the surface band bending phenomenon caused by the 
adsorption and desorption of the ammonia. The best sensor performance was achieved at 330 ◦C, where the 
effects of humidity and moisture can be neglected. The results confirmed that the CrVO4 nanomaterial has the 
potential to fabricate an affordable, easy-to-make, and reliable gas sensor for NH3 gas.   

1. Introduction 

New gas sensors have been developed and used in a number of sec-
tors in the last few decades for the applications including environmental 
monitoring, automotive industry, medical applications, and indoor air 
quality control [1–4]. Precautionary monitoring of gases like CO, CO2, 
NO, N2O, NO2, SO2, SO3, NH3, and etc. is important for a sustainable 
future as concerns about climate change and public health grow. 
Ammonia is one of the harmful gases used in a variety of industries 
[5–11]. The agricultural industry, and specifically the animal hus-
bandry, is where the majority of NH3 that enters our environment is 
released [12]. Since ammonia is very reactive in gaseous form, its life-
span might range from a few hours to days [13,14]. Despite its wide-
spread presence, ammonia is not typically considered a significant 
health hazard at usual levels. However, when ammonia reacts with other 
atmospheric chemicals, such as sulfuric and nitric acid, it can contribute 

to the formation of secondary inorganic particles, significantly impact-
ing human health [15,16]. Chronic exposure to these particles in urban 
areas has been associated with 307,000 premature deaths in the 27 EU 
Member States in 2019 [17]. In addition to its indirect impact on human 
health, ammonia can also adversely affect the environment. It can 
contribute to the acidification of natural habitats, harming aquatic or-
ganisms and affecting the delicate balance of these ecosystems [18]. It is 
well known that excessive NH3 concentrations directly cause chronic 
and acute damage (such as slowed growth and grayed-white foliage) to 
plants and can directly affect food security [19]. Despite its potential 
impact, ammonia levels in ambient air are currently not regulated in 
Europe, as there are no official limit values or threshold values. 
Ammonia also has medical applications, as it is considered a useful 
biomarker for medical diagnostics [20]. By analyzing exhaled breath, 
healthcare professionals can detect elevated levels of ammonia, which 
can indicate kidney failure [21]. The correlation between ammonia 
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concentrations in breath and blood urea nitrogen makes the use of 
chemiresistive gas sensors for breath analysis a practical and straight-
forward approach to medical diagnostics [22–24]. Consequently, regu-
lating ambient air and specific ammonia concentrations is essential. 

There exists a broad range of various sensor types, including surface 
acoustic wave sensors, optical gas analyzers, amperometric gas sensors, 
potentiometric gas sensors, and catalytic field effect devices. [25]. The 
simplicity and performance of chemiresistive gas sensors make them 
suitable in most case scenarios for detecting ammonia [26]. As part of 
the Internet of Things (IoT) revolution, the innovation requirement for 
the construction of intelligent sensors of NH3 could be used in 
conjunction with complementary metal oxide semiconductor (CMOS) 
circuits [27]. 

Materials such as standard monometallic oxides such as ZnO in thin 
film chemiresistive sensing show a detection level of 50 ppm at 150 ◦C 
[28]. In another approach Ishpal et al. used ZnO nanoparticles to sense 
up to 46 ppm of NH3 at 100 ◦C [29]. Bimetallic oxides have also been 
extensively used in innovative sensing methods [30]. Khan et al. have 
presented an interesting use of a bimetallic alloy loaded in MOF with a 
limit of detection up to 1 ppm of NH3 at room temperature, although 
with the usage of noble elements such as Pd, making it non-viable for 
practical use in consumer electronics [31]. Another interesting com-
posite material using zeolites and reduced graphene oxide employs a 
complicated material preparation process. It has been shown to detect 
20 ppm of NH3 at room temperature. [32]. Perovskite structures in 
doped and undoped forms are also used as active materials for sensing 
ammonia. They have been modified structurally to show better prop-
erties in applications for gas analyte detection. [33]. 

Similarly, there has recently been renewed interest in AVO4 struc-
tures for applications in oxygen evolution reaction, super protonic 
conductors, high-performance cathode material and photocatalytic 
research [34–37]. These oxides have been the subject of several studies 
due to their unique properties, such as ionic conductivity [38]. The 
isostructural polymorphs, such as FeVO4 nanorods, have recently been 
proposed to detect volatile organic compounds [39]. Several 
vanadium-based bimetallic oxides, including rare earth and transition 
metal vanadates such as CeVO4, BiVO4, and InVO4, have been developed 
to detect NH3, showing good performance [40–42]. Among them, CrVO4 
has recently been used to detect NH3 as a high-temperature potentio-
metric sensor that shows exquisite selectivity, albeit at a high operating 
temperature [43]. . 

In the present work, we investigate the chemiresistive NH3 gas 
sensing properties of CrVO4 for the first time. The sensor fabrication and 
optimal operating temperature were analyzed. The NH3 response and 
recovery rate, repeatability, and relative response (relative change of the 
original resistance of the sensor, expressed in %) LOD (Limit of detec-
tion) were also studied. According to the experimental findings, CrVO4 

has a significant potential as an ammonia-detecting active material for 
chemiresistive gas sensing. 

2. Experimental 

2.1. Materials and sample preparation 

A modification of the co-precipitation process described by Lan et al. 
[45] was used to synthesise CrVO4. 1 mM chromium nitrate was dis-
solved in 50 mL of deionized (DI) water. Similarly, 50 mL of warm DI 
water was used to dissolve 1 mM of ammonium metavanadate. The 
solutions were then mixed and stirred for an additional two hours. After 
that, a precipitate was formed and carefully collected. The precipitate 
was then rinsed three times with ethanol and DI water. Then it was 
calcined in a tube furnace for two hours at 600 ◦C in an argon atmo-
sphere, yielding the desired product, CrVO4. 

The powder sample was dissolved in α-terpinol, 10% by weight. 10 
μL of the solution was added onto a 4-pin-TO39 prepared sensor sub-
strate from UST Umwelt sensor Technik GmbH. The sensor was dried for 
18 h at 80 ◦C to ensure its long-term stability and a smooth surface. The 
sensor was then heated at 500 ◦C for two hours to prepare it for testing 
and gas sensing measurements. Three sensor specimens were prepared 
using the same methodology. 

2.2. Characterization techniques and methodology 

The surface morphology and particle shape were examined using a 
field emission scanning electron microscope (FE-SEM), and elemental 
analysis was performed using an energy dispersive X-ray spectroscopy 
(EDX) assembled in Nova NanoSEM450 scanning electron microscope 
setup (FEI, United States). Transmission electron microscopy (TEM) of 
the material was performed using a JEOL TEM microscope JEM – 2100/ 
HR (Japan). The MiniFlex 600 XRD diffractometer (RIGAKU, Japan) was 
employed to conduct X-ray diffraction measurements utilizing Co Kα 
radiation (λ = 0.179 nm). The voltage and emission current were set at 
40 kV and 15 mA, respectively. The diffraction patterns were recorded in 
the range of the diffraction angles 2θ from 3◦ to 90◦ at a scanning speed 
of 6◦ min− 1. An external NIST® SRM® 660c line position and line shape 
standard LaB6 purchased from Merck (MERCK spol. s r. o., Prague, 
Czechia) was used for coherently diffracting domain average size esti-
mation with the aid of Halder-Wagner method. 

FTIR spectra were collected in ATR mode with diamond crystal using 
a Nicolet iS5 spectrometer (Thermo Fisher Scientific, USA). The spectral 
resolution was 4 cm− 1, and the number of scans was 64. The Raman 
spectra of the sample were acquired using a Nicolet DXR Raman mi-
croscope (Thermo Scientific, USA) with an Olympus optical microscope 
equipped with an objective with the 50X magnification. A laser (532 
nm) was used as the excitation source. A high-resolution grating of 1800 
lines per millimeter was installed, providing a spectral resolution of 
0.9642 cm− 1. Spectra were collected with 5 s exposure and 20 scans. UV 
visible spectra were acquired using UV–vis spectrophotometer SPE-
CORD 210 Plus (Analytik Jena AG, Germany) for the optical study of the 
freshly synthesized sample. The spectra show a wavelength ranging 
from 200 to 800 nm in diffuse reflectance mode. XPS analysis was per-
formed using a Thermo Scientific Nexsa G2 instrument (ThermoFisher 
Scientific Co., Waltham, MA, USA), employing an Al Kα X-ray source 
with a spot size of 400 µm. The analyzer’s pass energy was adjusted to 
100 eV with a 1.0 eV energy step size for obtaining general spectra of 
CrVO4 powder. For elemental spectra, the pass energy was set to 50 eV 
with a 0.1 eV step size. The Avantage v.5 software (ThermoFisher Sci-
entific Co., Waltham, MA, USA) was used for data acquisition and pro-
cessing. Using the ASAP® 2020 Plus: Accelerated Surface Area and 
Porosimetry System (Micromeritics Instrument Corp., USA) the pore 
characteristics and surface area of the sample were studied and analyzed 
using the Brunauer-Emmett-Teller (BET) technique. 

In an arrangement shown in the supplementary material in Fig. S1, 

Table 1 
Comparative sensing studies towards to detect NH3.  

Sample LOD Usage of 
Noble 
metals 

Operating 
Temperature 

Material feature 
size 

ZnO[28] 50 
ppm 

no 150 ◦C 20 - 30 nm 
nanoparticles 

ZnO/SnO2[29] 46 
ppm 

no 100 ◦C 15 / 20 nm 
nanoparticles 

Pd-Co@IRMOF- 
1[31] 

1 
ppm 

yes Room 
Temperature 

5 - 10 nm 
nanoparticles 

ZIF-67/rGO[32] 20 
ppm 

no Room 
Temperature 

530 ± 50 nm 
nanoparticles 

MAPbBr3− xIx 

[33] 
50 
ppm 

no 15 ◦C Thin film 

Mesoporous Pt- 
WO3[44] 

200 
ppm 

yes 125 ◦C 9-10 nm pore size 

CrVO4 (this 
work) 

10 
ppm 

no 330 ◦C 60-70 nm 
nanoparticles  
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gas sensing measurements were examined in a 250 mL airtight container 
with gas injection and exhaust provision. The required concentration 
(ppm) was reached by mixing the analyte gas flow with the synthetic air 
gas flow while utilizing two mass flow controllers (Aera FC-7700 C). The 
background environment was generated using a dry air gas cylinder (Air 
Products and Chemicals, Inc., certified for 0% humidity) to rule out 
surface moisture interactions. The target gases (NH3, CO, NO2, and 
C2H6O) in certified gas cylinders were diluted for the measurements. 
Using a Keithley K2700 (Solon, Ohio, USA) data acquisition system, the 
resistance to exposure to air and analyte mixtures was constantly 
monitored from the sensor. For precise heating, a calibration curve was 
created between voltage and temperature. The platinum heater on the 
sensor substrate TO-39 was powered by the Elektro Automatik power 
source meter, model ES-PS 3065–03B. 

A specially developed LabVIEW application was used to run and 
operate every system and component in this arrangement and collect 
experimental data. The sensor responds to the change in ammonia 
concentration in the measurement chamber by changing its electrical 
resistance R, which is recorded. Moreover, the following formula was 
used to calculate the relative response expressed in per cents, 100⋅ΔR/ 
Ra, to the presence of the target gas analyte. 

Relative Response(%) = 100 • ΔR
/

Ra =
Ra − Rg

Ra
• 100 (1)  

Relative Response(%) = 100 • ΔR
/

Ra =
Rg − Ra

Ra
• 100 (2) 

For reducing gases, Eq. (1) was applied while for oxidizing gases, Eq. 
(2) was emplyed. The symbols Rg and Ra represent the resistance values 
of the sensors in the presence of target gas and synthetic air, respec-
tively. Their difference ΔR is calculated according to the character of the 
gas. The acronyms T-90 response and T-90 recovery time refer to the 
time required for the sensor to saturate to 90% of total resistance [46, 
47]. Gas sensing measurements were performed once a stable baseline 
had been achieved, after a preconditioning time of 2 h at optimal 

temperature. 

3. Results and discussions 

3.1. Material characterization 

The data in Fig. 1 represent the X-ray diffraction patterns of the 
CrVO4 material. The powder was identified as the monoclinic phase of 
the CrVO4 based on agreement with the PDF Card No: 01–083-0761. The 
(001), (110), (021), (220), (− 112), (− 311), (− 222), (400), (003), 
(− 223), (113), (− 511) and (421) crystallographic planes were indexed 
to the XRD diffraction maxima at 2θ values of 15.81◦, 16.07◦, 28.38◦, 
32.46◦, 32.69◦, 34.58◦, 40.85◦, 45.22◦, 48.75◦, 53.22◦,55.09◦, 55.96◦

and 58.65◦, respectively. This indicates that the synthesised substance 
belongs to the orthovanadate family with the general formula MVO4. 
The database also identifies a very small quantity of chromium- 
vanadium oxide (CrxV1− x)2O3 in the trigonal crystal system belonging 
to the R-3c space group, as some diffraction lines overlap and match PDF 
Card No: 01–089-8205. This could be attributed to a minor quantity of 
unspent precursor or a possible formation of a byproduct as the impurity 
in CrVO4 [48]. However, most of the diffraction pattern matches the 
crystal structure of CrVO4-I [43]. 

The structure in polyhedral form is shown in the supplementary 
document in Fig. S2. The CrVO4-I phase belongs to the monoclinic C2/m 
space group. The key feature is the presence of two different forms of 
CrO6 octahedra and VO4 tetrahedra unlike one form in the orthorhombic 
(CrVO4-III) phase. As reported by Tetsuya et al., the crystal structure is 
influenced by calcination temperature[49]. They have shown that 
CrVO4-I activity for selective oxidation requires optimisation of the 
calcination temperature and that the bridging oxygen in V-O-Cr bonds is 
the structural moiety responsible for the catalytic activity favouring thus 
the monoclinic phase over orthorhombic phase of CrVO4 for such pur-
pose. Using external standard LaB6 and Halder-Wagner method, the 
average size of coherently diffracting domains is (42.1 ± 0.5) nm sug-
gesting preparation of ca two times larger crystalline nanodomains than 

Fig. 1. XRD patterns of synthesized CrVO4 sensing material and the corresponding PDF card data.  
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in synthesis published by other authors who used sucrose carbonization 
supported preparation technique[36]. 

In Fig. 2, the SEM micrograph shows the morphology of CrVO4 
particles. The nanoparticles are aggregated and agglomerated, and 
randomly distributed, making the surface of the material rough. They 
are about 100 nm in size and have an irregular shape, indicating poly-
crystallinity. This is in agreement with the estimation of the average size 
of coherently diffracting domains obtained from XRD analysis. Such 
morphology can potentially aid the gas sensing ability because of the 
increased surface area. Such structure may also affect the electrical 
conduction mechanism, as shown by Shreenivasa et al. [36]. 

Energy-dispersive X-ray spectroscopy (EDS) was performed to reveal 
elemental composition of the material. A 12 micrometers long line scan 
was performed at the prepared sample surface, and the recorded SEM 
image and the compositional graph are shown in the supplementary file 
in Fig. S3 and Fig. S4. In spite of local variations and noise, the ratio 
between Cr and V atoms continues to be almost perfect (1:1) showing an 
average value of 1.00 ± 0.08 ( ± indicating standard deviation). The 
intercept value of a constant linear fit (with slope fixed at 0) is 1.002 
± 0.008 ( ± indicating standard error), see the Supplementary file 
Fig. S5. The analysis confirms the presence of the target elements Cr, V, 

and O, as reported in similar research by Yogeeshwari et al. [50]. The 
average atomic concentration of Cr was (18 ± 3) %, V was (18 ± 3) %, 
and O was found (64 ± 6) % suggesting almost ideal stoichiometric ratio 
1:1:3.6 corresponding to a formula CrVO3.6 which agrees to CrVO4 
formula within the experimental error. 

As shown in Fig. 3, a representative TEM image (A) shows that the 
oblong-shaped agglomerate/aggregate particles are composed of nano-
particles with the size well below 100 nm. A high fraction of the parti-
cles between 50 nm and 70 nm is manifested in the inset showing the 
particle size distribution. However, there appears to be a wide distri-
bution between 20 and 100 nm in general, which is consistent with 
expectations based on the literature [37]. In the second image (B), we 
calculate the d spacing in the images after the required processing to 
obtain a fringe distance profile and the average calculated d spacing of 
0.32 nm and 0.31 nm, as shown in the Supplementary File Fig. S6 and 
S7. This seems to match, with high accuracy, the hkℓ lattice planes with 
Miller indices of (220) and (− 112) corresponding to X-ray diffraction 
maxima at 2θ = 32.46◦ and 32.69◦ (PDF Card No.: 01–083-0761). 

The liquid N2 adsorption analysis resolved the pore characteristics 
and the specific surface area of the sample using the Brunauer-Emmett- 
Teller (BET) technique. Fig. S8 shows the adsorption isotherm, and 
Fig. S9 shows the BET analysis results. The physisorption isotherms 
belong more to type-III, which typically is the result of a weak interac-
tion between the sample surface and the adsorbate. It signifies that 
multiple layers of gas adsorbate are quickly formed, pointing towards a 
nonporous surface, which showed a calculated mean pore diameter of 
29.2 nm, which is comparable to the size range of irregularly shaped 
particles observed by electron microscopy. The specific surface area was 
8.3 m2 g− 1, which corresponds to the data reported in other works, 
partly due to high-temperature synthesis [51]. 

The fingerprint region of the FT-IR spectrum of CrVO4 nanoparticles 
is shown in Fig. 4(a). The main vibrational bands, assigned to mixed 
bridging of the V – O – V and Cr – O – V stretching, are found in the 
wavenumber range of 1000 cm− 1 to 550 cm− 1. The IR bands between 
1050 cm− 1 and 880 cm− 1 can be assigned to the terminal V – O 
stretching according to reports on isostructural polymorphs by Yusuf 
et al. [52]. The band at 721 cm− 1 represents mixed bridging stretching 
of V – O – Cr, while the bands at 862 cm− 1 and 923 cm− 1 can be 
attributed to V – O asymmetric and symmetric stretching vibrations, 
respectively [53,54]. The bands between 410 cm− 1 and 424 cm− 1 

correspond to Cr – O stretching vibrations in CrVO4 [55,56]. Essential 
deformation vibrations of the V – O – V bridges can be observed at 

Fig. 2. SEM image of synthesized chromium vanadate (inset shows a detail at 
higher magnification) showing that the larger particles consist of smaller 
nanoparticles. 

Fig. 3. TEM image of synthesized a) Chromium vanadate material with the particle size distribution b) Lattice fringes calculated to match the hkℓ lattice planes.  
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450 cm− 1 and 501 cm− 1, as reported previously [53,57]. 
The Raman spectrum of the material is shown in Fig. 4(b). An 

interpretational analogy can be found in the spectra of FeVO4, which is a 
close polymorph. Bera et al. explain that the emergence of all bands at 
higher wave numbers from 580 cm− 1 to 1000 cm− 1 signifies the V-O-Fe 
and V––O stretching, whereas the lower frequency modes are similarly 
noted intensity peaks for relative torsional motion between polyhedrons 
[58,59]. The most notable modes between (915 cm− 1 – 930 cm− 1) are 
assigned to the symmetric bending and asymmetric stretching of the V-O 
bonds. The shoulder peak at 882 cm− 1 is attributed to the presence of a 
precursor impurity or byproduct. The modes between 270 cm− 1 and 
380 cm− 1 are known to correspond to pure rotation and symmetric 
bending of tetrahedral VO4 units [60–62]. Additionally, the modes be-
tween 380 cm− 1 and 502 cm− 1 are related to symmetric bending and 
asymmetric bending of tetrahedral VO4 units. The other consistent 
bands are at 527 cm− 1, 655 cm− 1 and 763 cm− 1. The former is assigned 
to the mixed stretching of V – O – Cr bridging, while the latter two can be 
associated with the symmetric and two asymmetric stretching modes of 
isolated VO4 tetrahedra as found in other orthovandates such as CeVO4 

and NdVO4 [63,64] These vibrational studies confirmed the presence of 
the bonds allowing for a more cleaved and well-distributed unit cell 
lattice, which might be beneficial for future gas sensing applications. 

The optical properties of the synthesised CrVO4 were investigated, 
and the resulting absorbance spectra are shown in Fig. 5(a). The 
reflectance of CrVO4 does not increase beyond 15% due to relativeky 
high absorption in the wavelength range between 200 nm and 500 nm. 
Between 500 nm to 800 nm, the reflectance increases quickly to 30%, 
albeit a small deviation from the trend forms a shoulder peak at 700 nm, 
after which the reflectance rises to 40% at 800 nm. This means less 
energy is absorbed in the near-infrared region. It is well known that the 
optical band gap and light absorption are related to the positions of the 
energy band of the semiconductor [65,66], as expressed by Eq. 3. 

[αhν]1/λ
= B(hν − Eg) (3) 

Where B is a constant, h is the Planck constant, ν is the photon fre-
quency, α stands for the optical absorption coefficient, Eg is the band gap 
energy, and λ factor represents the nature of the electronic transition 
and is equal to 1/2 for direct transition and 2 for indirect transition. As 

Fig. 4. The FT-IR spectra a), and Raman spectra b) of synthesized CrVO4 sensing material.  

Fig. 5. Left panel: A) Reflectance spectra of the synthesized CrVO4 sensing material; right panel: Tauc plot using the transformation of the reflectance to the Kubelka- 
Munk function to find the intercepts according to [65]. The upper graph B) finds the band gap for the CrVO4 typical absorption, whereas the lower graph C) evaluates 
the optical transition associated with the low energy shoulder peak at ca 700 nm. 
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explained by Makuła et al. [65], the Kubelka-Munk function can be used 
in the analysis of the Tauc plot to find the optical band gap. Hence, the 
final equation used below is 

[F(R)⋅hν]1/λ
= B(hν − Eg) (4) 

It must be noted that the function for a direct transition semi-
conductor is used to obtain the Tauc plot, as it shows the best fit for a 
straight line to make an intercept in Fig. 5, graphs (B) and (C). The 
optical band gap energy of the CrVO4 material in its prepared state is 
estimated to be 2.35 eV; see Fig. 5(B), which is in agreement with other 
reports [67,68]. However, the part of the curve in Fig. 5(C) corre-
sponding to the shoulder absorption peak gives another transition at 
1.58 eV. 

The XPS analysis confirms the presence of Cr, V, and O elements, 
revealing that the atomic percentage of V is higher than Cr in the 
composition, as shown in Fig. S10 (A) in the supplementary file. With 
respect to their penetration depths, XPS is surface sensitive whereas EDS 
analysis can be considered a volume sensitive method due to particle 
size in this case. The adventitious C 1 s peak at 284.8 eV corresponding 
to the C-C binding energy was used as the binding energy reference, 
whereas its presence problematizes the interpretation of this spectral 
band. The carbon peak components correspond to a mixed signal from 
the contamination on the surface and the eventual carbon signal from 
the material in Fig. S10 (B). Therefore, it is presented in the supple-
mentary file without further analysis and discussion. Fig. 6(B) depicts 
the deconvoluted Cr 2p spectra exhibiting two main valence states of 
chromium: Cr3+ is manifested at 573.3 eV, 576.6 eV and Cr6+ at 
578.6 eV. The Cr 2p shows two multiplet-split components for Cr3+ in 
Fig. 6(B), which lack usual resolution and instead display a much 
broadened band (expressed in terms of the full width at half maximum 
(FWHM) value) caused by the presence of unpaired d electrons [69,70]. 
Similarly, various oxidation states of V 2p are exposed during the for-
mation of CrVO4, indicating a strong hybridization between V 2p and O 
1 s states exhibiting a broadened peak of the V 2p. The binding energies 
of V 2p3/2 are as follows: 515.7 eV for the V3+ peak, 516.6 eV and 
518.0 eV for the V4+ peaks, and 518.5 eV for the V5+ peak (Fig. 6 (A)). In 
the literature, the O 1 s peak at 532.8 eV in Fig. 6(a) is a noted signature 
of the lattice oxygen present on the surface [71]. The ratio of the surface 
atomic Cr/V is approximately 9:14, possibly due to the slightly higher 
surface enrichment of the V atomic species. The outcome of XRD and 
EDS revealed that the major volume crystalline phase is monoclinic 
CrVO4 with 1:1 Cr to V stoichiometry requiring chromium and vana-
dium in states Cr3+ and V5+ to be predominantly built in the cores of the 
particles, as expected in the synthesis up to 700 ◦C according to the 

literature [72–74]. The XPS analyses revealed that the surface of the 
particles was composed of a plethora of mixed valence states of both 
contained metal elements, possibly caused by their unsaturated bonding 
spheres and interactions with the adventitious carbon contaminations, 
oxygen, and moisture. Differently from chromium vanadate, these spe-
cies could be associated with the low energy peak at 700 nm in the 
reflectance spectrum in Fig. 5. Nevertheless, it can be expected that the 
surface layer is responsible for the interaction with the analyte gas and 
that the surface quality is improved when the sensor is conditioned and 
operated at high temperatures. 

3.2. Gas sensing studies 

A preliminary screening of sensor responses was performed at 
various operating temperatures, and the results are given in the sup-
plementary document in Fig. S11 and the associated paragraph. The 
minimum temperature for the sensor operation yielding a measurable 
response with no significant recovery was 250 ◦C, so moisture and hu-
midity cross-sensitivity was not investigated. The sensor also showed 

Fig. 6. High-resolution photoelectron spectra of a) V 2p and O 1s orbital splitting and b) Cr 2p orbital splitting of CrVO4 powder.  

Fig. 7. An exemplary transient response curve of optimal sensing at operating 
temperature (330 ◦C) expressed using both the resistance values and percent 
change. The direct electrical resistance response of the sensor is on the left y- 
scale, whereas the right scale allows to follow the changes quantified in terms of 
the relative response (100⋅ΔR/Ra). 
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erratic behaviour beyond 450 ◦C as a result of instability in a baseline 
and reduced relative response. The optimal working temperature was 
determined to be 330 ◦C taking into account the higher relative response 
values, faster response and recovery times of the sensor towards 50 ppm 
NH3 injections with the consistent 200 sccm gas flow rate. 

Fig. 7 illustrates the CrVO4 sensor reaction to a gas injection of 
50 ppm of NH3 for 100 s at 330 ◦C: it gives a relative response of 32% 
with 82 s for T 90 response time and 280 s for T 90 recovery time. This 
extended response and recovery time for the reaction could be attributed 
to the lack of nanostructuring and possibly high work potential re-
quirements [47,75,76]. Effective surface adsorption/desorption cycles 
typically require adequate surface energy to exhibit rapid kinetics. 

Fig. 8 illustrates that the CrVO4 sensor response remained constant 
during three cycles of 50 ppm NH3 gas infusion with similar T-90 
response and recovery times around 83 s and 325 s at 330 ◦C and the 
consistent 200 sccm gas flow rate. This outcome suggests that the 
aforementioned material exhibited favorable recovery, consistency, and 

thus rendering it appropriate for utilization. This may be driven by the 
nanosize effect as well as the lattice structure, which allows more oxy-
gen vacancies [77,78]. 

The LOD value of the CrVO4 sensor was determined by evaluating the 
isothermal dynamic response towards 10, 20, 40, 80, and 100 ppm NH3 
injections shown in Fig. 9. In accordance with our system design, a 
greater flow rate of 800 sccm was employed to obtain low target gas 
concentrations in this measurement. Baseline drift was noted related to 
the change in flow rate intended to dilute the target gas. 

In Fig. 10(a), the calculated T-90 response and T-90 recovery times 
are shown. As the concentration of the target gas (NH3) increases, it 
exhibits the predicted pattern of faster T-90 response and slower T-90 
recovery times. This trend is observed across the gas concentration range 
from 10 ppm to 100 ppm. It usually depicts a possibly cascading reac-
tion with the increased presence of target gas, which is able to easily 
react with the surface material. However, the extended recovery time 
could possibly be credited to gas molecules deeply trapped in active 
bonding sites as similar trend mentioned in this work [79]. The recovery 
time can be further improved by smaller nanoparticle size or employing 
different measurement techniques [80–82]. A calibration curve created 
using the experimental data is shown in Fig. 10(b). A linear relationship 

Fig. 8. Transient response curve of sensor repeatability expressed in terms of 
both the resistance values and percent change towards 50 ppm of NH3 target 
gas in the synthetic air carrier gas. Recorded at the optimum operating tem-
perature of 330 ◦C. The direct electrical resistance response of the sensor is on 
the left y-scale, whereas the right scale allows to follow the changes quantified 
in terms of the relative response (100⋅ΔR/Ra). 

Fig. 9. Dynamic sensing characteristics expressed using both the resistance 
values and percent change to different concentrations of NH3 at the optimum 
operating temperature of 330 ◦C. The direct electrical resistance response of the 
sensor is on the left y-scale, whereas the right scale allows to follow the changes 
quantified in terms of the relative response (100⋅ΔR/Ra). 

Fig. 10. (a) Response/recovery dynamics for various NH3 concentrations (b) 
Logarithmic dependency of the relative response (100⋅ΔR/Ra) of the CrVO4 
sensor depicted below. 
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between the relative response and the logarithm of concentration of NH3 
gas is seen in the graph. It shows a good linear fit to the equation Y 
= 30.6X + 8.53, with the high R2 value of 0.99835. In other words, the 
sensor response shows logarithmic growth with increasing concentra-
tion, at least in the examined range of experimental conditions. 
Although the logarithmic growth model is a suitable mathematical 
description for the examined range, asymptotic exponential growth will 
be an appropriate model, if sensor saturation is observed for higher 
concentrations. 

The response to the lowest tested ammonia concentration was 
analyzed further, as shown in the supplementary document in Fig. S13. 
The response peak, when analyzing the LOD of the prepared sensor 
(10 ppm), exceeds by far the generally accepted minimum value of the 
signal-to-noise ratio (n = 3σ). This allows us the conslusion that its real 
LOD might be much lower than the one detected in this work, as the 
reported value is limited by the used gas sensing system using gas cyl-
inders of specific concentrations and given flow controllers. From the 
signal-to-noise ratio, it can be estimated that ca 0.7 ppm of target gas (as 
the signal for 10 ppm corresponds to about 39σ) is the point at which a 
clear distinction could be made from baseline noise. To the best of our 
knowledge, this LOD is comparable to, or better than the best values 
reported in the literature, namely [31] as mentioned in the introduction. 
In addition, the CrVO4 syntheised in this work contains no noble ele-
ments and can be synthesised in a simple way. 

The subsequent evaluation of the data shown in Fig. 11 included the 
cross-sensitivity test utilizing the current setup and experimental con-
ditions using 330 ◦C as the operating temperature with flow rate set to 
200 sccm to obtain the best response to the target gas. To establish the 
selectivity profile of CrVO4 sensor, the dynamic response profiles to-
wards various gases were examined using the same injection time 100 s. 
The compared concentration values of test gases were 50 ppm of NH3, 
100 ppm of C2H6O, 100 ppm of NO2, and 100 ppm of CO. The prepared 
sensor was highly selective to the target gas NH3; the response to the 
other gases, even when tested at double concentrations, was at best near 
half of the response to the target gas. Considering different concentra-
tions of tested gases, the selectivity factor was calculated to be 4.2 
against ethanol, 4.5 against NO2 and 4.5 against CO for the same flow 
rate. It is calculated by multiplying the ratio of the relative response of 
our target gas and its gas concentration with the ratio of the relative 
response and gas concentration of the competing gas. Weaker electron- 
donating capacity was credited with explaining the relatively lower 
response to the other tested gases. 

3.3. Sensing mechanism 

The current study discusses a potential ammonia gas sensing 

mechanism for the CrVO4. The resistance of our material decreases in 
the presence of a reducing gas such as NH3, which is typical for n-type 
semiconductors. On the other hand, orthorhombic CrVO4 was previ-
ously reported to have p-type electrical conductivity [83]. No report on 
conductivity type of monoclinic CrVO4 is available according to our best 
knowledge. Nevertheless, semiconductor surfaces were shown to switch 
between conductivity types due to certain reasons, such as pressure, 
doping, surface modification, defect formation, and exposition to the 
analyte gas, irreversible as well as even reversible changes were re-
ported [84–87]. A reason that helps us better understand the conduction 
mechanism of the material prepared in this work is the band bending 
induced by oxygen species adsorption and formation of the surface 
inversion layer [88]. 

The crystal structure of CrVO4 strongly influences its characteristics; 
how the atoms are arranged in the lattice determines the electrical band 
structure. As VO4 tetrahedra connect with the Cr4O16 clusters in the 
monoclinic structure, an extensive network is created [89]. As 
mentioned above, the presence of bridging O in the better-positioned V - 
O - Cr bond in the crystal structure could possibly be responsible for less 
steric hindrance and lower adsorption energy for adsorbing oxygen 
anions and target gases [90]. 

The literature provides limited information about the high- 
temperature electrical characteristics of CrVO4-type orthovanadates 
that contain cations with filled electron configurations. Hence, it is 
difficult to make final conclusions by comparing these orthovanadates 
with other transition metal compounds [83]. The dielectric and con-
duction processes may have separate effects in addition to the partici-
pation of electrons owing to valence fluctuation because of the 
substantial number of vacant spaces and severely deformed polyhedral 
units in the lattice of CrVO4-type structures [91,92]. 

The general working principle of nanomaterials was described by 
Barsan et al. [93]. It was demonstrated that many conduction mecha-
nisms can be involved in the sensing mechanism. There is also the 
possibility of the mean free path of the free charge carriers being com-
parable with the dimension of the nanoparticle. The surface of the 
studied material can contribute in various manners to the conduction 
mechanism due to its local variation in properties as the material has 
imperfectly sintered larger grains, small grains, and narrow necks of 
variable diameter. Nevertheless, the surface quality and energy band 
bending are assumed to play a major role in the sensing mechanism of 
the studied material. 

According to the literature [93], the surface of the material has 
surface coverage by active oxygen species influencing the hole concen-
tration when operated in air and at higher temperatures. At the working 
temperature of 330 ◦C, the dominant oxygen species adsorbed on the 
surface are O- ions, which cause energy band bending [94]. It can be 
presumed that the NH3 gas molecules, when injected into the gas sensing 
system, come into contact with the surface, and the NH3 reacts with the 
O--rich surface, which is manifested as a decrease in the overall resis-
tance of the sensor. The presence of exposed reducing gas leads to a 
partial consumption of pre-adsorbed oxygen ions on the surface of the 
sensitive film. This interaction reduces the concentration of electrons in 
the surface layer, so the resistance of the material decreases, while in the 
recovery process, the shift in the reaction towards removing NH3 being 
replaced by O- again increases the resistance to the baseline level. 

Changes in charge carrier concentration on the surface of the mate-
rial induce changes in the electron affinity (χ) band bending (qV) and the 
work function (φ) of the sensing material. These factors modify the 
electronic structure of the material and the change of band bending 
(qΔV) can be calculated from the sensing performance (in terms of 
observed resistance changes) of the sensor [95] and get Eq. 5 below. 

qΔV = − 2kBTln(
RG

RA
) (5)  

where kB is the Boltzmann constant, T is the temperature, RG is the 

Fig. 11. Results of the cross-sensitivity testing for CrVO4 sensor. The tested 
gases are indicated at each axis of the radar plot. The scale is identical for 
all axes. 
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sensor resistance in gas, and RA is the sensor resistance in air. The value 
of qΔV was computed in relation to the sensor response to varied NH3 
gas concentrations, and the resulting plot is shown in Fig. 12. The band 
bending shows a logarithmic growth shape or possibly an asymptotic 
exponential growth as saturation at high analyte concentration that can 
be reasonably expected. It correlates well with the calibration de-
pendency of the sensor response on the ammonia concentration in 
Fig. 10 (b). 

The surface reactions and mutual interactions of adsorbed species 
influence the surface conductivity due to changes in the charge density 
in the depletion layer on the surface of the material grains and the 
consequent decrease in the band bending qV. The positive value of qΔV 
indicates a decrease of the band bending qV and a shift of the Fermi level 
(EF) towards higher values, as illustrated in Fig. 13. The schematisation 
of the sensing principle is based on an analogy with the literature related 

to our specific operating temperature conditions, gas compositions and 
concentrations, and plausible surface effects [96–99]. 

To summarize, the reported bimetal chromium orthovanadate ma-
terial exhibited significant sensitivity, LOD, and selectivity, demon-
strating its potential for applications sensing ammonia gas in ppm 
concentrations. Moreover, we contributed to understanding of the 
sensing mechanism, although further and more profound instrumented 
studies will be necessary to clarify the mechanisms fully. 

4. Conclusions 

Chromium orthovanadate nanostructures were fabricated in this 
work using the co-precipitation technique. A polycrystalline CrVO4 
structure of a monoclinic system belonging to the space group C2/m was 
identified as the prevailing phase, followed by traces of (CrxV1− x)2O3 in 
the trigonal crystal system and minor surface amorphous contamina-
tions. The particle size and surface morphology are seen as nanoparticles 
aggregated from nanocrystallites and agglomerated to form larger par-
ticles. The chemiresistive sensor made from as-prepared nanostructures 
had the maximum response of 32% relative change in resistance when 
employed towards 50 ppm of NH3 gas in the air. The lowest experi-
mentally recorded response of the CrVO4 sensor towards 10 ppm of NH3 
gas allowed the estimation of the limit of detection (LOD) ca 0.7 ppm 
using the signal-to-noise 3σ ratio method. The LOD is at least compa-
rable or better than what can be found in contemporary literature. 
However, the material prepared in this work achieves good sensing 
properties without the use of noble elements. The highest tested con-
centration of 100 ppm also induced a significant response. The linear fit 
of the sensor response in dependence on the logarithm of the analyte 
concentration demonstrated no sign of saturation, verifying thus the 
wide concentration range of the sensor’s applicability. In the cross- 
sensitivity testing, the sensor shows upto 4.5 higher sensitivity to 
ammonia than to other gasses (CO, NO2, EtOH). As the optimum tem-
perature for the sensor operation is 330 ◦C, the moisture and humidity 
do not put in question its use outside the laboratory conditions. These 
findings support the ability of the CrVO4 nanomaterial to provide reli-
able selective NH3 gas sensing that is inexpensive and simple to manu-
facture. It was demonstrated that the material is worth of future research 

Fig. 12. The change in qΔV over NH3 concentration for the CrVO4 sensor.  

Fig. 13. Band bending (a) in the presence of solely oxygen species from the air atmosphere (b) in the presence of ammonia admixed in the air atmosphere towards 
the CrVO4 sensor. Ec,bulk and Ev, bulk indicate the valence and conduction band edge energy levels in bulk, respectively. Evac indicates the vacuum level, EF stands for 
Fermi level and Eg indicates the forbidden gap energy. The band bending is denoted as qV, and the change of the band bending is indicated by qΔV. 

D.J. Dmonte et al.                                                                                                                                                                                                                              



Sensors and Actuators: B. Chemical 406 (2024) 135380

10

interest, related especially to its long-term stability, repeatability, 
structural alterations and doping investigations. 
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[62] P. Botella, S. López-Moreno, D. Errandonea, F.J. Manjón, J.A. Sans, D. Vie, 
A. Vomiero, High-pressure characterization of multifunctional CrVO4, J. Phys. 
Condens. Matter 32 (2020), https://doi.org/10.1088/1361-648X/ab9408. 

[63] V. Panchal, S. López-Moreno, D. Santamaría-Pérez, D. Errandonea, F.J. Manjón, 
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