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Temperature-Dependent Operando Raman Analysis of a 
WO3-Based Metal-Oxide Gas Sensor Detecting Triacetone 
Triperoxide 

Johannes Warmer, Rene Breuch,* Michael J. Schöning, Patrick Wagner, and Peter Kaul 

In this work, the surface reactions of the homemade explosive triacetone 
triperoxide on tungsten oxide (WO3) sensor surfaces are studied to obtain 
detailed information about the chemical reactions taking place. Semiconductor 
gas sensors based on WO3 nanopowders are therefore produced and charac-
terized by scanning electron microscopy, X-ray diffraction, and Raman spec-
troscopy. To analyze the reaction mechanisms at the sensor surface, the sensor is 
monitored online under operation conditions using Raman spectroscopy, which 
allows to identify the temperature-dependent sensor reactions. By combining 
information from the Raman spectra with data on the changing resistivity of the 
underlying semiconductor, it is possible to establish a correlation between the 
adsorbed gas species and the physical properties of the WO3 layer. In the results, 
it is indicated that a Lewis acid–base reaction is the most likely mechanism for the 
increase in resistance observed at temperatures below 150 °C. In the results, at 
higher temperatures, the assumption of a radical mechanism that causes a 
decrease in resistance is supported. 
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1. Introduction 

Triacetone triperoxide (TATP) gained noto-
riety as an explosive in terrorist attacks over 
the last decades, e.g., in Madrid (2004), 
London (2005), Paris (2015), and Brussels 
(2016).[1] For the detection of TATP, some 
basic characteristics of the substance 
should be considered to find suitable 
approaches for sensors and procedures 
for bomb detection before a potential explo-
sion. TATP is a crystalline, colorless sub-
stance without any characteristic UV–vis 
or fluorescence spectra.[2] In literature, 
the melting point is reported at 94 °C, 
but depending on the purity, TATP decom-
poses before reaching this temperature.[3] 

The predicted rate-determining step for 
thermal decomposition is the homolytic 
cleavage of the peroxide bond, which 
has an energy barrier of approximately 

142–155 kJ mol 1 (34–37 kcal mol 1).[2] Different studies were 
performed on the determination of the decomposition products 
of TATP.[2,4] For an explosive, the vapor pressure of TATP is 
already quite high at room temperature (RT), with 6.31 Pa at 
25 °C.[5] TATP can be used as a main charge and as an ignition 
charge. Because of the easy availability of the educts (acetone, 
hydrogen peroxide, and an acid), TATP is often used in terroristic 
attacks. A variety of sensor systems was recently developed, based 
on different characteristic chemical and physical properties 
of the molecule, including quartz crystal microbalances,[6] 

fluorescence sensor systems,[7–9] solid membrane electrodes,[10] 

colorimetric sensors,[1,11] or thermodynamic sensors.[12] Further-
more, metal-oxide-semiconductor gas (MOX) sensors are also 
widely used to detect TATP and suitable metal oxides for 

[13] ZnO,[14] [15]this purpose are In2O3, TiO2, SnO2, and 
WO3.

[16] However, with the exception of the colorimetric 
sensor, which is commercially available, all of these sensors 
are in the stage of laboratory demonstrators and prototypes. 
As a result of the low stability, sensors are also being developed 
specifically for the detection of the reactants or decomposition 
products of TATP, such as solid-state fluorescence sensors[17] 

or MoS2 with reduced graphene oxide (RGO) sensors.[18] 

This publication is focusing on MOX sensors based on WO3, a  
yellow metal oxide with a melting point of 1473 °C. At standard 
conditions, WO3 has a ReO3 structure, consisting of WO6 octa-
hedra that are connected along the edges in all three spatial 
dimensions.[19] WO3 is a wide bandgap semiconductor with a 
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bandgap of 2.7 eV and additionally contains oxygen vacancies, 
which influence the electrical resistance.[20] These oxygen vacan-
cies (VO) act as an n-doping agent and increase the electronic 
conductivity according to the reaction Equation (1). 

1
WnO3n ⇆WnO3n 1 þ VO þ e þ O2 (1)

2 

In addition to pure tungsten oxide, different kinds of tungsten-
based composite materials are used as gas sensors,[21] for exam-
ple, C-doped WO3 for the detection of acetone,[22] or doping with 
other metal oxides, such as Cr2O3.

[23] Furthermore, polymorphic 
WO3 in the form of nanopowders or nanowires is applied for 
improved NOx detection.

[24] NO2 detection can also be enhanced 
with diverse WO3 composites such as WO3/RGO or with multi-
wall carbon nanotubes.[25] 

Moreover, WO3 is used as an electrochromic material in 
different coatings[26] or is applied as a catalyst in organic synthe-
sis.[27] The studied attributes of tungsten oxide differ in acidity, 
the amount of tungsten surface atoms, and the carbon and 
hydrate surface species.[27–34] In summary, variety of reactions 
and interactions can take place at a WO3 surface, which need 
to be considered when interpreting the surface reactions of 
TATP with WO3. 

In a previous study, we pointed out that WO3-based sensors 
are able to detect TATP down to concentrations of a few parts per 
billion and, by using a temperature-cycling technique, we could 
increase the selectivity due to the dual behavior of the WO3 sen-
sors.[16] At temperatures below 150 °C, the electrical resistance 
increases due to TATP and, at higher temperatures, the resis-
tance decreases upon exposure to TATP. A model for the surface 
reaction was designed based on the homolytic cleavage of the 
peroxide bond in the TATP molecule. This model describes 
an increase of resistance and acetone as degradation product 
at low temperatures, as well as the further reaction of the result-
ing acetone with the surface oxygen to CO2, H2O, and oxygen 
vacancies leading to a decrease of the sensors resistance at high 
temperatures.[16] 

To analyze the chemical reactions on the sensor surface at 
these temperatures in depth, and to establish a reaction model, 
we have chosen operando Raman spectroscopy in the present 
work. The method of “operando” or “in situ” Raman spectros-
copy has been used to analyze the behavior of metal-oxide gas 
sensors and catalysts as well as their adsorbed intermediates 
and decomposition products.[35] In this context, the Raman 
spectrum is recorded from the surface of an active gas sensor, 
e.g., ceria-based gas sensors,[36] indium oxide gas sensors,[37] 

and other metal-oxide gas sensors[38] or catalyst surfaces, like 
WO3/TiO2

[39] or Mo–V–W–O catalysts,[40] while being exposed 
to an analyte such as ethanol[37] or educts, like NO2

[39] or pro-
pane.[40] In the present study, we produced both WO3 and tin 
oxide (SnO2) sensors by drop-casting of suspended nanopowders 
in water and characterized the sensor surface with X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM) and Raman 
spectroscopy, including operando Raman experiments, to evalu-
ate the surface chemistry in real time. Finally, the results will be 
interpreted and a possible mechanism for the temperature-
dependent reactions of TATP at WO3 surfaces will be proposed. 

2. Experimental Section 

In the following section, the materials and instrumentation as 
well as the analytical methods are explained and described in 
detail. 

2.1. Gas Sensor Manufacturing 

The MOX sensors used in this work were based on X34X 
substrates (3 3mm2 chip with 2 1.4 mm2 interdigitated 
electrode structure) by UST (Umweltsensortechnik GmbH, 
Germany). These substrates consisted of aluminum oxide with 
an integrated heater and an interdigitated electrode structure 
made of platinum. Two different types of sensors were produced 
for this work, one consisting of WO3 and the other of SnO2. The 
sensing layers were deposited by drop-casting a dispersion on the 
substrate mentioned earlier. The dispersion consisted of 10 mg 
WO3 (Sigma Aldrich, nanopowder <100 nm average particle 
size) or SnO2 (Sigma Aldrich, nanopowder <100 nm average 
particle size), 40 μL distilled water, and 10 μL 30% acetic acid 
(Sigma Aldrich). A volume of 0.5 μL of this dispersion was 
dropped onto the sensor substrates and dried at RT with subse-
quent sintering at 600 °C for 36 h in air. At the end of the process, 
the interdigitated structure of the substrate was evenly covered 
with a thick layer of metal oxide. 

2.2. Morphological Sensor Characterization (XRD and SEM) 

The characterization of the sensor surface was performed by 
using a SEM (Jeol JSM-7200F) at 5–15 kV acceleration voltage 
with a working distance of 6.1–7.9 mm at magnifications from 
750 to 60 000 . The phase compositions of the sensor surface 
were analyzed by XRD (Bruker D8 with Cu Kα radiation, 50 kV 
detector Vantec-500 2D) at RT and at 300 °C. 

2.3. Gas Mixing Unit 

To control the gas phase above the sensor surface, a gas mixing 
unit was designed (Figure 1), consisting of three mass flow con-
trollers (MFC) (Model 1179C MKS Instruments GmbH, 
Germany). A flow of synthetic air (20.5% O2, 79.5% N2, hydro-
carbon free, Westfalen AG, Germany) was controlled up to a flow 
rate of 2 L min 1 (MFC 1). The humidity was adjusted by bub-
bling synthetic air through two flasks filled with ultrapure water 
(MFC 2). With the ratio of MFC 1 and MFC 2, the humidity could 
be adjusted between 5% and 95% relative humidity. MFC 3 was 
used to induce TATP into the gas stream by a flow of synthetic air 
through the flask filled with TATP, phlegmatized with sintered 
corundum, with a maximum flow of 20 mL min 1. Details of 
phlegmatization are given in the work of Warmer et al.[16] For 
the reference measurements, the flask with phlegmatized 
TATP was replaced with a flask of acetic acid and acetone 
and measurements with the same flow of 20mLmin 1 were 
performed. 

For the analysis of the gas phase, an infrared (IR) analysis was 
done with a gas-phase Fourier-transform infrared (FT-IR) spec-
troscopy spectrometer (Model CX4000 Gasmet Technologies 
GmbH, Germany). This spectrometer used a Peltier-cooled 

Phys. Status Solidi A 2024, 2300790 2300790 (2 of 12) © 2024 The Authors. physica status solidi (a) applications and materials science 

published by Wiley-VCH GmbH 

http://www.advancedsciencenews.com
http://www.pss-a.com


 18626319, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pssa.202300790 by H

ochschul- U
nd K

reisbibliothek, W
iley O

nline L
ibrary on [11/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

�
�

�

�
�

�

www.advancedsciencenews.com www.pss-a.com 

Figure 1. Schematic overview of the used gas exposure setup with gas mixing unit consisting of three mass flow controllers (MFC), the measuring 
chamber with a glass window, Raman microscope, IR spectrometer, and the electronic control unit for heating up the sensor and to measure the sensor 
resistance. 

mercury cadmium telluride detector and a SiC-IR source. The 
gas phase was scanned with 10 scans s 1 in the wave-number 
range from 900 to 4200 cm 1. All experiments were performed 
at 50% relative humidity with a total gas flow of 100mLmin 1. 
The electrical resistance of the sensors was measured in 
two-point direct current (DC) mode with a Keithley 2700 digital 
multimeter. 

2.4. Raman Microscopy 

For the Raman analysis, the Raman microscope Senterra R200L 
from Bruker (Germany) was used. It consisted of the Olympus 
BX51 microscope and a Raman spectrometer. A laser with the 
wavelength λ = 532 nm and a maximum power of 20 mW was 
focused by a 20 objective (LMPlan FL N 20x, Olympus, 
Japan) with a numerical aperture of 0.4 and a working distance 
of 12 mm. A grating with 1200 lines mm 1 and an Andor Du420-
OE detector with 2014 256 pixels were used to detect the 
Raman scattered light. During the analysis, the sensors were 
placed in a measuring chamber with a gas volume of 20 mL, with 
a sealed glass window at the upper side and a sealed electronic 
connection at the bottom. A photograph of the measuring 
chamber inside the Raman microscope is shown in Figure S1, 
Supporting Information. 

Within this work, different parameters were used to record the 
Raman spectra. For the main operando investigations, the Raman 
spectra were recorded with the wavelength λ = 532 nm  at  10mW  
laser power, added up 800 times, each recorded over 0.8 s. For 
specific purposes, also other values for the laser power, collection 
time, and number of spectra were used within this study. 

Due to the explosive character of crystalline TATP, the 
reference spectrum was recorded with λ = 532 nm at 2mW, 
60 spectra were added up, and each was collected over 1 s. 
For the comparison of the C–H vibrations of possible liquid 
decomposition products, the spectra were recorded with 
λ = 532 nm at 20 mW, and 15 spectra were added up, each 

one collected over 6 s. For the comparison of gaseous decompo-
sitions products on the active sensors with TATP, the spectra 
were recorded with λ = 532 nm at 10 mW, with 1 s integration 
time and with a sum of 500 times for RT measurements and 
2000 times for measurements at 100 °C, respectively. 
Furthermore, the Raman spectrum of WO3 with acetone at 
100 °C was recorded with λ = 532 nm at 2mW during 6 s and 
summed up over 50 repetitions. 

For further analysis of the Raman data, we used a spectrum 
subtraction method as a post-processing method to generate 
so-called difference Raman spectra. For this, every operando 
Raman measurement was collected twice, in the presence of 
the analyte and without the analyte (background), for each tem-
perature. After the spectra were added up for the actual measure-
ment, also the background spectra were summed up, and both 
sum-spectra were subtracted from each other to generate the 
difference operando Raman spectra. 

2.5. Temperature-Dependent Operando Experiments 

To understand the reactions between TATP and WO3, a  
temperature-dependent Raman study was performed. The differ-
ential Raman spectra of the WO3 gas sensor were recorded at 
temperatures ranging from RT up to 350 °C while 12 ppm 
TATP was present in an air stream above the sensor. Each tem-
perature was held for 6 h, the first 3 h without, the next 3 h with 
12 ppm TATP in the gas stream. Between each temperature step, 
the sensor chamber was flushed with synthetic air and the sensor 
was heated up to 500 °C for 3 h to release possible residues and 
ensure a clean surface. The Raman spectra were recorded 800 
times over 0.8 s (integration time for the recording of one 
spectrum) and then summed up (Bruker OPUS 7.5 software, 
co-addition) to obtain a high signal-to-noise ratio. Simu-
ltaneously, the electrical resistance of the sensor as well as the 
TATP concentration in the gas stream was analyzed by FT-IR. 
The sensor signal was calculated using Equation (2). 
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RTATP R0SN ¼ 100% (2)
R0 

Here, SN is the normalized signal, RTATP is the averaged 
resistance over the last 5 min of every temperature step with 
TATP, and R0 is the averaged resistance over the last 5 min of 
every temperature step without TATP. 

To interpret the amount of surface-bound oxygen species in 
Section 3.3, the integration of the Raman peak centered around 
1996 cm 1 was performed by Bruker OPUS 7.5 software, with 
linear background subtraction and the integration limits from 
1870 to 2100 cm 1. 

PATATP PA0PAC ¼ 100% (3)
PA0 

Similar to the normalization of the resistive sensor data, 
the change in peak area (PA) centered around 1996 cm 1 was 
normalized using Equation (3) for a better comparison. 
Therefore, the PA for further evaluation is recorded while 
TATP is present in the air stream (PATATP), and without 
TATP (PA0). 

2.6. TATP Synthesis and Used Chemicals 

TATP was prepared following the synthesis route of Matyás 
et al.[41] Sulfuric acid (Merck) was used as a catalyst. For the 
synthesis of TATP, a molar ratio between acid (31% H2SO4) 
and acetone (Optigrade HPLC, 99.5%, Promochem, Germany) 
of 0.5 was used. Detailed information on our synthesis protocol 
and phlegmatization is given in previous work.[16] As reference 
substances for a spectral comparison of the C–H vibrations, 
methanol, ethanol, isopropanol, acetone, formaldehyde, acetic 
acid, methyl acetate, and ethyl acetate (all substances obtained 
from Sigma Aldrich, purity >99.8%) were used. This selection 
was made because of the known degradation products 
of TATP based on literature data.[2,4] The synthesized TATP 
was confirmed by the Raman und IR spectra in Figure S2, 
Supporting Information. 

3. Results 

3.1. Sensor Characterization 

To characterize the surface morphology of WO3, SEM was used, 
see Figure 2. The SEM image (left) shows agglomerated particles 
with diameters of ≈5–30 μm. Due to its nanoscaled raw material 
and low sinter temperature, the surface structure of the 
agglomerated particles can still be considered as nanoscaled 
(50–200 nm), which causes a high surface area (Figure 2, right 
side). The X-ray diffractogram of the sensor in 2θ Bragg– 
Brentano geometry, see Figure 3, shows tungsten oxide in its 
monoclinic phase structure. The interference peaks are caused 
by the sensor substrate (Al2O3) and the interdigitated structure 
of the electrodes (platinum). 

To rule out that the sensor behavior at low (RT) and high 
temperatures (300 °C), described in our previous work,[16] is 
caused by a phase transition of WO3 from the monoclinic to 
an orthorhombic structure,[29] the same sensor was heated up 
to 300 °C and measured again. In literature, the phase transition 
should occur at 330 °C, however, due to impurities of the mate-
rial and the resistive heating setup of the UST sensor substrate, it 
could not be excluded that a phase transition occurs within the 
operating conditions in this experiment. No significant changes 
in the phase composition were observed and, therefore, we 
excluded this as a possible reason for the different sensor 
behavior at low and high temperatures. 

3.2. TATP Adsorption on a WO3-Coated Sensor 

In Figure 4, the Raman spectra of a WO3-based sensor are dis-
played at RT in a 100 mL min 1 gas stream of synthetic air with 
(black line) and without (red line) 12 ppm TATP. Tungsten oxide 
has an intense Raman spectrum with several peaks in the range 
below 1000 cm 1, and all peaks are listed in Table 1. The spec-
trum is dominated by two peaks at 808 cm 1 (vibration of the 
O–WO bond in the monoclinic phase) and at 717 cm 1 (vibration 
of W–O bond). Above 1000 cm 1, the intensity of the spectrum 
drops significantly, while peaks at 1161, 1396, and 1996 cm 1 are 
still detectable. The addition of TATP showed no noticeable effect 
on the spectrum below 1000 cm 1. Above 1000 cm 1, the 
addition affects the peak at 1996 cm 1 (W=O overtone) and 
new peaks around 3000 cm 1 (ν–C–H vibrations) emerge. 

Figure 2. SEM image of a WO3 sensor surface, at a magnification of 750 with 5 kV acceleration voltage and a working distance of 7.9 mm (left), and at a 
magnification of 60.000 with 15 kV acceleration voltage and a working distance of 6.0 mm (right). 
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Figure 3. Upper part: XRD spectra of an empty sensor substrate consisting of Al2O3 with Pt electrodes (black line), and a WO3 sensor at RT (red line) and 
300 °C (blue line), respectively. Lower part: library reflexes of monoclinic WO3 (black), Al2O3 (green), and platinum (red) references from Crystallography 
Open Database (COD).[55] 

Figure 4. Raman spectra of a WO3-based sensor at RT with (black) and 
without (red) 12 ppm TATP. The diagram has a split y axis, the upper part 
is in logarithmic scale, the lower part of the graph gives a more detailed, 
and linear-scaled view of the C–H vibrations, caused by organic adsorbates 
in the Raman spectrum (around 3000 cm 1). 

To analyze these peaks caused by TATP at 3000 cm 1 in detail, 
and to be able to detect more peaks caused by the addition of 
TATP (which may be covered by the intense WO3 spectra), we 
focused on the difference spectra. Therefore, a spectrum of 
the sensor surface with TATP and the background spectrum 
without TATP were recorded at the same position on the sensor. 
Afterward, the background spectrum was subtracted from the 

spectrum with TATP, the resulting difference spectra are shown 
in Figure 5. Thereby, Figure 5a illustrates a normal Raman spec-
trum of crystalline TATP as a reference, Figure 5b,c illustrates 
different Raman spectra for a SnO2-based sensor (as a metal-
oxide reference without an intense Raman spectrum) and for 
a WO3-based sensor, respectively. 

The comparison between the Raman spectrum of crystalline 
TATP (Figure 5a) and the different Raman spectra of the SnO2 

sensor (Figure 5b) shows a good agreement. Nonetheless, several 
peaks in the range between 800 and 1000 cm 1 have a deforma-
tion in peak symmetry and lower relative intensity. These peaks 
are caused by vibrations of the peroxide bonds belonging to 
TATP;[42] it can be assumed that the TATP molecule is still in 
its ring form adsorbed at the surface. The double peak above 
3000 cm 1 shows a similar deformation in symmetry and a lower 
relative intensity, both caused by the adsorbed TATP.[43] The 
WO3-based sensor has a more intense spectrum than the 
SnO2-based sensor: due to this, only the peaks in the area of 
3000 cm 1 are recognizable, similar to the peaks of the crystal-
line TATP spectrum. The intense Raman spectrum of WO3 

(see Figure 4) complicated the generation of a difference 
Raman spectrum. In addition, it is noticeable that the overtone 
of the stretching ν (W=O) vibration at 1996 cm 1 is slightly 
increased in the difference Raman spectrum. 

3.3. Temperature-Dependent Raman Studies 

In the next experiments, the spectrum subtraction method was 
investigated in more detail for the WO3 sensor. However, 
because of the intense spectrum of WO3, the method was only 
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Table 1. Overview of the Raman data obtained within this work on WO3, 
comparison to literature, and assignment of the peaks to specific vibration 
modes. 

This work Literature Literature Description Literature 
Raman peak Raman peak IR peak 
[cm 1] [cm 1] [cm 1] 

71.5 71 – Low-frequency phonon [24,47,48] 
temperature change 

marker lattice modes 

134.5 134–136 – Low-frequency phonon [24,47,48] 
temperature change 

marker 

187 187 – Low-frequency phonon [24,47,48] 
temperature change 

marker 

204.5 205 – – [47] 

220.5 220–221 – W–W [24,47] 

273 273 275 δ(O–W–O) in monoclinic [24,47–49] 
structure 

293.5 294 – – [47] 

327.5 326–328 330 δ(O–W–O) [24,47,48] 

348 348 – – [47] 

377 376–378 – δ(O–W–O) [24,47] 

399 397 – – [47] 

437 434–437 – WO2W:W group bridged [24,47,48] 
vibrations 

578.5 576 – – [47] 

642 639 – – [47] 

717 715 – ν (W–O) [24,47,48] 

807.5 807–808 – ν (O–WO) monoclinic [24,47] 
phase 

– – 948 ν (W=O) [48] 

– 1012–1016 – W=O [39] 

1161 – 1156 W–O–H [56] 

1396.5 – – – – 

1996 – 2009 W=O overtone [46] 

1996 – 1950– W=O overtone [39] 
2050 

used in the range between 2800 and 3150 cm 1 (C–H stretching 
vibrations). The sensor was heated up to different temperatures 
between RT and 150 °C and the difference spectra are shown in 
Figure 6. The related sensor responses are depicted in Figure S3 
together with the IR monitoring data for TATP. 

The increasing temperature has a significant influence on the 
spectra due to the increase in the desorption of TATP,[3] the 
beginning of degradation processes,[2,4] and the Raman excita-
tion itself.[44] The intensities of the peaks around 3000 cm 1, 
which can be assigned to the C–H vibration of TATP,[44,45] are 
only visible at 25 and 50 °C, and disappear completely at higher 
temperatures. The typical C–H stretching vibrations of TATP 
vanished completely at 100 °C. Only a peak at 2930 cm 1, which 
interferes with the more intense peak at 2952 cm 1 at RT, did not 

www.pss-a.com 

decrease in intensity in the same way and was visible up to 
150 °C. The interpretation and identification of these peaks are 
given in Section 3.4. 

The change in sensor resistance caused by the presence of 
TATP during the recording of the temperature-dependent spec-
tra can be seen in Figure 7, as well as the change in PA of the 
WO3 peak at 1996 cm 1 (W=O overtone) within the temperature 
range from RT up to 350 °C. 

At RT, the addition of TATP already resulted in a change 
of resistance. The maximum change of resistance was found 
at 75 °C. Above this temperature, the change in resistance 
decreased, and above 250 °C, the resistance change became neg-
ative. Below 200 °C, the change in the PA caused by TATP was 
positive with a maximum at 100 °C. At higher temperatures, the 
PA decreased up to 350 °C, where the average change in PA was 
close to zero. The temperature profile of the change in resistance 
and the change in PA at 1996 cm 1 shown here seem to be 
directly related to the oxidative character of TATP. This will 
be discussed in detail in Section 4.1. 

3.4. Identification of Decomposition Products at Low 
Temperatures 

To identify the decomposition product, which explains the peak 
at 2930 cm 1, different organic substances known from litera-
ture as thermal decomposition products of TATP[2,4] were tested 
and their spectra are displayed in Figure 8. The following stable 
organic substances were analyzed: acetic acid as aqueous solu-
tion and as pure liquids, isopropanol, formaldehyde, methanol, 
ethanol, methyl acetate, ethyl acetate, and acetone. 

Acetone and acetic acid provide the best matches with the peak 
of TATP on WO3 at 100 °C in terms of peak symmetry and peak 
position, although the peak position of acetone and acetic acid is 
slightly shifted in their liquid forms, making them possible 
candidates for degradations products. 

To have a closer look at the comparison, the spectra of TATP, 
acetone and acetic acid at the surface of the WO3-based sensors at 
RT and at 100 °C are displayed in Figure 9. 

The comparisons support the assumption that the peak shown 
in Figure 9b at 2930 cm 1 (red-dotted line (1)) is identical to the 
peak caused by acetone (Figure 9c), which was already present in 
the spectrum of WO3 with TATP at RT as a shoulder peak. The 
peak caused by acetic acid at 100 °C (Figure 9d) does not fit, so 
acetic acid can be excluded as a possible candidate for a main 
decomposition product of TATP. The differences in the basic 
intensity are due to different Raman parameters (see caption 
of Figure 9). Since in this comparison it is not the intensity 
of the signal that is decisive, but its position, parameters had 
to be selected that allow a comparison of the position and are 
not distorted by signals that are too high (acetone) or too low 
(TATP). 

4. Discussion 

XRD measurements and Raman spectra both confirm the pres-
ence of crystalline WO3 on the sensor substrate. SEM images 
display a highly structured surface, which results in a high effec-
tive surface area. This is beneficial to ensure that large amounts 
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Figure 5. a) Reference Raman spectrum of crystalline TATP, b) different Raman spectra of a SnO2-based sensor and c) a WO3-based sensor. Both Raman 
spectra of the sensors are recorded at RT in synthetic air with 12 ppm TATP. 

Figure 6. Difference spectra of a WO3-based sensor with TATP in the C–H 
vibration range between 2800 and 3150 cm 1 at different sensor temper-
atures from RT to 150 °C. Magnification factors (left side) are added and 
shifted vertically for better visualization. 

of TATP can adsorb on the WO3, which enhances the sensor per-
formance and eases the analysis of the reaction on the surface. 
Most of the WO3 Raman peaks could be assigned to the vibra-
tions documented in Table 1. 

The Raman data in Figure 4 show that the addition of TATP to 
the gas stream has an influence on the WO3 peak at 1996 cm 1, 
which can be assigned to the overtone vibration of the WO3 

double-bound oxygen surface species, known in the IR and 
Raman spectrum of WO3.

[39,46] The TATP addition also resulted 

in new peaks at around 3000 cm 1, that are similar to the peaks 
of TATP. The comparison in Figure 5 reveals multiple matches 
between the peaks and the crystalline TATP reference. In con-
trast to the bulk material, the deformation in peak symmetry 
and the relative intensity has been explained by the adsorbed 
species of the target molecule on the surface. This was already 
noticed for several other molecular species (H2O/D2O, acetone, 
proteins) on WO3 and other metal-oxide surfaces.[47–49] This 
observation also holds for the similarly observed peak deforma-
tion of TATP in contact with SnO2 surfaces, see Figure 5. 

It is possible that the different peak symmetry and intensity 
are caused by a change in the environment around the TATP 
molecule because of the adsorption and the resulting inhibition 
of certain vibrations. The nearly same changes in peak symmetry 
and intensity at the peaks around 3000 cm 1 were noticeable for 
TATP measurements on the tin oxide surface. Nonetheless, the 
peaks of the peroxide vibrations (around 800–1000 cm 1) could 
still be detected on the tin oxide surface, which leads to the inter-
pretation that at RT, the ring structure of the major amount of the 
observed TATP on tin oxide and tungsten oxide was still intact 
and not decomposed. 

With the major amount of TATP still intact, a closer look on 
the peak at 2930 cm 1 can lead to the assumption, that at RT a 
small amount of TATP decomposed. This suggestion is strength-
ened by temperature-dependent measurements where the peak 
at 2930 cm 1 does not decrease in the same way as the peaks of 
the TATP spectrum; instead, it stays observable up to a sensor 
temperature of 150 °C. The intensity decrease of the TATP spec-
trum can be explained by an increasing desorption rate of TATP 
at higher temperatures and the beginning of decomposition, 
which normally starts before reaching the melting point of 
94 °C. In addition to the changing peaks in the area around 
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Figure 7. Temperature-dependent behavior of the resistive sensor signal (upper diagram) and the peak area of the WO3 Raman peak at 1996 cm 1 (lower 
diagram). Both data sets were taken during the exposure to 12 ppm TATP in the temperature range between RT and 350 °C. The experiment was repeated 
three times at different measuring points on the sensor surface. The data points correspond to the average values and the error bars represent the 
standard deviation. 

3000 cm 1, also the WO3 peak at 1996 cm 1 changes its intensity 
through the addition of TATP, which may indicate oxidation of 
the WO3 surface. 

Through the small absolute mass (≈0.1 mg) of WO3 and the 
very small sensor surface compared to the gas volume, the 
decomposition conversion of TATP is quite small, so that no 
change in TATP concentration can be monitored by IR spectros-
copy; however, the described change in the Raman spectrum can 
be used to identify the main decomposition product. By compar-
ing the peaks around 3000 cm 1 (especially the 2930 cm 1 peak) 
with different organic alcohols, esters, ketones, and aldehydes, 
the best match seems to be acetone. In addition to the acetone 
peak, no evidence for other decomposition products could be 
found at low temperatures. This indicates that acetone and 
the increased amount of W=O double bonds are the decompo-
sition products at low sensor temperatures. 

4.1. Reaction-Scheme Model 

With this new evidence, identification of acetone as main 
reaction product and the change of the amount of double-bound 
oxygen as surface species are correlated with the resistance 
change of the sensor. Thereby the former theoretical model 
for TATP detection with WO3-based MOX sensors can be 
extended to the oxidative sensor reaction at low temperatures.[16] 

At higher temperatures (300 °C), the theory seems to be correct. 
The high temperature results in a thermal and radical decompo-
sition starting with a homolytic cleavage of the peroxide bond of 
the TATP molecule, which leads to many decomposition prod-
ucts that are oxidized by the high temperature of the sensor, 

increasing the amount of vacancies and decreasing the electrical 
resistance.[16] At low temperatures, the theory was also based on a 
radical mechanism (see Section 1, Introduction), which also 
leads to acetone and an oxidation of the WO3 surface, resulting 
in an increasing sensor resistance. The new findings of our pres-
ent work improve the old theory and clear up some observations 
and suggestions: in case of a radical decomposition of TATP, 
other by-products should be detectable in the Raman analysis, 
due to the high reactivity of radicals.[50] In our work, however, 
only acetone as the single decomposition product could be 
determined at low temperature, which contradicts a radical 
mechanism for this temperature range. To find an alternative 
reaction mechanism for low temperatures, a closer look at the 
reactivity of the system is necessary. In literature, different reac-
tion mechanisms for metal-oxide gas sensors in general, and in 
particular for the combination of tungsten oxide with TATP, are 
reported: adsorbed oxygen species,[51] oxygen vacancies,[35] 

adsorption of an analyte molecule,[52] formation of catalytic fila-
mentous carbon (CFC),[30] Lewis-active sites,[53] Brønstedt-active 
sites,[53] and thermal decomposition of TATP.[2] 

An accepted explanation for the functionality of metal-oxide 
gas sensors is related to a change in the amount of chemisorbed 
oxygen species at the metal-oxide surface, such as O , O2 , and 
O2 , formed from atmospheric oxygen and electrons released 
from the conduction band (CB). A higher amount of oxygen spe-
cies results in a higher electrical resistance. A second explanation 
is related to a change in the amount of oxygen vacancies and a 
lower amount of vacancies resulting in a higher electrical resis-
tance.[54] With the results shown in Figure 7, either the amount 
of oxygen surface species increased, or the amount of oxygen 
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Figure 8. Comparison of Raman spectra in the range from 2800 to 3200 cm 1 of WO3 with TATP in the gas phase at 100 °C and RT, and acetic acid as 
aqueous solution as well as isopropanol, formaldehyde, methanol, ethanol, methyl acetate, ethyl acetate, and acetone as pure liquids. Line (1) marks the 
C–H vibration of the dominant degradation species. Lines (2) and (3) mark the C–H vibrations of TATP. Possible candidates for the degradation products 
are acetone and acetic acid. 

vacancies decreased with the addition of TATP to the gas stream 
and this should be considered in the reaction scheme. In the 
following paragraph, we will explain the aforementioned 
reactions by means of examples and finally compare them with 
possible reactions of the TATP at the WO3 surface. 

As an example for both oxygen vacancies and oxygen 
surface species, oxidizing species, like O3, can act as reaction 
partners according to Equation (4) and (5) well described in lit-
erature:[24,35,50,54] 

WnO3n, þ VO þ e þ O3 ðGasÞ ! WnO3n þ O2 ðGasÞ (4)ðCBÞ 

O3 ðGasÞ þ e ! O2ðGasÞ þ O (5)ðCBÞ ðAdsÞ 

An adsorption of molecular TATP similar to water, see 
Equation (6), could also be a reason for the increase in resistance 
at low temperatures.[52] 
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Figure 9. Raman spectra in the range from 2800 to 3200 cm 1 of the WO3 sensor with a 100 mL min 1 gas stream with 12 ppm TATP at sensor temper-
atures of RT a) and 100 °C b). The spectra are recorded with a laser with the wavelength of 532 nm at 10 mW, with 1 s integration time and with a sum of 
500 repetitions at RT and 2000 times at 100 °C. Furthermore, the Raman spectrum of WO3 with acetone at 100 °C c) and with acetic acid at 100 °C d) is 
displayed, recorded with the same laser, but with 2 mW, 6 s and added up over 50 repetitions. The two marks (dotted lines) are at the positions: 
1) 2930 cm 1 and 2) 2952 cm 1. 

H2OGas ! H2OAds ! H2O
δþ (6)Ads þ δe0 

In case that the adsorption of TATP is the only reason for the 
sensor response, the highest sensor signal should be expected for 
the lowest temperature, here at RT. The results of Figure 7 clearly 
indicate, however, that the strongest resistance change occurs at 
75 °C. 

The formation of CFC on the surface of tungsten oxide nano-
particles up to 30 nm is also reported.[30] This CFC should have a 
major role in terms of its reactivity to oxidizing gases such as 
NO2.

[30] Nevertheless, we can rule out this possibility because 
we found no indications for CFC in the Raman spectra and 
no fibers in the SEM images, and also the particle size of 
WO3 was larger than 30 nm as determined by SEM (Figure 2). 

Furthermore, tungsten oxide is known as a strong Lewis 
(Equation (7)) and Brønsted acid (Equation (8)),[27] so that 
acid–base reactions between tungsten oxide and TATP are also 
possible, similar to the reaction with NH3 in the following 
equations.[53] 

W þ jNH3Gas ⇌ W NH3 (7) 

W OH þ jNH3Gas ⇌ W O þ NH4
þ (8) 

A Brønstedt acid–base reaction between WO3 and TATP 
would result in a protonated TATP molecule, which could lead 
to rapid decomposition, due to the remaining oxygen radical of 
the peroxide group. This process should then lead to the forma-
tion of alcohols, carboxylic acids, or esters. However, no evidence 

Figure 10. Possible reaction scheme for the sensor reaction at low sensor 
temperature. a) Due to the Lewis acid–base reaction, TATP gets a positive 
charge, which destabilizes the molecule and consumes an oxygen vacancy 
VO. b) The rapid decomposition of TATP (valence shifting marked with 
arrows) can either consume two electrons and another VO, furthermore 
resulting in an increase of the valence state of tungsten or c) just two 
electrons, leading to three molecules of acetone, one molecule oxygen 
and either a tungsten oxygen double bond or a negatively charged oxygen 
surface species. 
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of such decomposition product could be found. Thus, the Lewis 
acid–base reaction seems to be a plausible mechanism for the 
low-temperature sensor signal. 

In a Lewis acid–base scenario, a nonstoichiometric tungsten 
oxide site would react with TATP, consuming an oxygen vacancy 
und inducing a positive charge into the TATP molecule. This is 
illustrated in Figure 10, reaction scheme (a). The positive charge 
will then destabilize the TATP molecule, resulting in the rapid 
decomposition into molecular oxygen and three molecules of 
acetone. During this decomposition, either another vacancy 
and two electrons from the CB are consumed, forming a 
tungsten-oxygen double bond (Figure 10, reaction b), or only two 
electrons are consumed, forming an adsorbed oxygen species 
(Figure 10, reaction c). 

Both pathways as shown in Figure 10b,c explain the increase 
of resistance and the high amount of acetone found by the 
Raman spectroscopy together. The reaction (b) of Figure 10 
can also explain the increase of the Raman peak at 1996 cm 1 

caused by TATP, making this mechanism favorable for the 
reaction mechanism at low sensor temperature. 

5. Summary and Conclusions 

In conclusion, we have prepared drop-casted polycrystalline 
WO3-based gas sensors with a large active surface for the detec-
tion of TATP. An operando Raman setup was constructed and 
used to study the reaction between TATP and tungsten oxide. 
Thereby, characteristic Raman peaks of the C–H groups of 
adsorbed TATP were detected at RT on the tungsten oxide sur-
face as well as a change in the peak intensity of a W=O double-
band vibration. The temperature-dependent changes of the 
Raman peaks for C–H and W=O as well as the sensor behavior 
were analyzed, leading to two different reaction pathways. Below 
200 °C, the Lewis acid–base reaction dominates, while above 
200 °C the radical reaction dominates. For the sensor reaction 
at low temperatures, a comparison of the Raman signal was used 
to identify acetone as a stable decomposition product. Based on 
these findings, suggestions for different reaction schemes were 
discussed, leading to a Lewis acid–base reaction as the most 
likely reaction mechanism at low temperatures. Toward higher 
temperatures, the reaction mechanism most probably changes 
to a more complex mechanism with a higher content of radical 
reactions, starting with the cleavage of the peroxide bond, which 
leads to more complex reaction products and degradation 
mechanisms. 
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