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Fabrication of AgCu/TiO2 nanoparticle-based
sensors for selective detection of xylene vapor†

Popoti J. Maake,ab Teboho P. Mokoena,ch Amogelang S. Bolokang,d

Nomso Hintsho-Mbita,e James Tshilongo, f Franscious R. Cummings,g

Hendrik C. Swart, c Emmanuel I. Iwuohab and David E. Motaung *c

The design and fabrication of innovative nanostructured materials that could display improved sensitivity,

selectivity, and rapid response/recovery characteristics still present significant scientific challenges.

Herein we report the timely selective detection of xylene vapour in benzene, toluene, ethylbenzene

(BTE) and acetone vapours at low operating temperatures using an n-type AgCu/TiO2 nanoparticle-

based sensor. Switching from p-type to n-type conductivity was observed at higher AgCu loadings. The

findings showed that sensor switching was not temperature- or gas-dependent. Among the AgCu

loaded on TiO2 nanoparticles, n-type 0.5% AgCu loaded on TiO2 displayed a remarkable response

(Rg/Ra E 33.2) toward xylene vapour at 150 1C. The sensor exhibited superior selectivity, prompt

response/recovery swiftness and good repeatability and stability towards xylene vapour in dry air and 40%

relative humidity. This response was superior compared to the individual loading of 0.5 mol% Cu or Ag on

a TiO2 based sensor, validating that the contribution of both Ag and Cu had a substantial effect on the

spill-over effect mechanism. Additionally, a high loading of 1.0 mol% AgCu resulted in a poor sensing

performance. The superior xylene gas sensing characteristics were attributed to the catalytic activity and

point defects induced by the loading of AgCu in TiO2. The underlying mechanism for the improved

sensing characteristics can be predominantly ascribed to the strong synergistic catalytic influence of the

loading of n-type AgCu/TiO2 nanoparticles, which reduced the activation energy and accelerated the

reaction of xylene molecules and vigorous oxygen species. These findings could disclose a new potential

in the fabrication of reliable sensors for portable devices for indoor/outdoor air quality monitoring.

1. Introduction

The world today is facing serious health risks from global
warming because of air pollutants, such as carbon dioxide

(CO2), and hydrocarbons, such as benzene, toluene, and xylene
(BTX) emitted from industries and automotive vehicles.1,2

These pollutants, if inhaled in high concentrations cause
neurotoxicity that results in fatality.1,2 Thus, the timely detection
of such pollutants is of immense importance and requires gas-
sensing devices that regulate air quality in industrial emissions
and combustible developments. The fundamental characteristics
of gas sensors are better sensitivity and selectivity for specific
types of gases which provide short response-recovery times at low
temperatures for the early detection of gases to prevent fatality.3

Among the semiconductor metal oxides (SMOs), n-type
titanium dioxide (TiO2), which possesses a widespread optical
band gap of B3.6 eV at 300 K, has drawn significant attention
for possible commercial gas sensor applications, due to its
superior sensitivity, low cost, and low toxicity.4 Nonetheless,
the shortcomings of pristine TiO2 have fundamentally
restricted its real-world applications in the market because of
its limited selectivity and high operational temperature. Studies
have revealed that doping TiO2 with noble metals (e.g., Pt, Au,
Pd, and Ag) or transition metals (e.g., Cu, and Zn) enhances the
sensing characteristics, as they can regulate the morphology,
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enable surface reactions, transform the space charge distribu-
tion, and hence, advance the gas sensing characteristics.5–8

Lupan et al.9 reported the role of film thickness and surface
functionalization using noble metal nanoclusters on the gas
sensing performance of ultra-thin TiO2 layers. Their TiO2 ultra-
thin films exhibited superior selectivity toward hydrogen gas,
without being reliant on their thickness. Panayotov et al.10

studied the spillover of atomic hydrogen from Au particles
supported on TiO2. Infrared spectroscopy was used to probe
the electrons trapped in the TiO2 lattice created by atomic H
delivered from Au.

Studies have shown that heterojunctions between various
SMO nanostructures, particularly those derived from ultrathin
films with mixed phases, enhance the sensing response. Thus,
Lupan et al.11,12 demonstrated a novel approach for controlling
the sensing properties of TiO2/CuO/Cu2O mixed oxide hetero-
structure based sensors. Functionalization with Pd-nanoclusters,
selectivity shifted from alcohols to hydrogen, led to an excep-
tionally low power consumption.11

Wang et al.13 synthesized CoTiO3/TiO2 and Pd-doped
CoTiO3/TiO2 (Pd-CTT) nanocomposites using a hydrothermal
approach. Their Pd-CTT-based sensor demonstrated a superior
response towards 50 ppm benzene and a low limit of detection,
which was around 100 ppb at 25 1C. This excellent performance
toward benzene vapour was associated with the catalytic influence
of Pd and the creation of a p–n CoTiO3/TiO2 heterojunction.
Au–ZnO, WSe2, and Au–ZnO/exfoliated WSe2 nanocomposites
were fabricated by Zhang et al.14 The authors observed that among
the fabricated sensors, Au–ZnO/exfoliated WSe2 demonstrated
an excellent response towards benzene vapour at 25 1C. This
improved performance was linked to the incorporation of Au
nanoparticles, the formation of the ZnO/WSe2 heterojunction and
improved surface area.

Studies have also reported that triboelectric nanogenerators
can be utilized to construct self-powered systems, such as gas
sensors, and they can also be used in a wide range of applica-
tions in various electronic devices.15–17 Thus, Wang et al.17

fabricated a Ti3C2Tx MXene/Ag-based sensor driven by a hybrid
nanogenerator for the detection of ethanol vapour. The excellent
selectivity towards ethanol vapour using an MXene/Ag
nanocomposite-based sensor was validated using density func-
tional theory simulations and bulk electrosensitive analyses.
Remarkably, the self-powered sensors showed a higher
response of 204% towards 100 ppm ethanol compared to that
of a resistive sensor (8.3%). Their sensor response was
24.5 times higher in comparison to the resistive sensor. Among
the noble metals, Ag has attracted much attention as it is
considered a perfect candidate for commercial purposes,
because of its low cost. Among the different volatile organic
compounds (VOCs), benzene, toluene, ethyl-benzene, and
xylene (BTEX) have exceedingly inherent cancer-causing
features.9 Since BTEX is a natural component of coal and crude
oil, it is released into the air via vehicle exhaust and various
industrial developments, such as paints, cosmetics, glue, etc.10

Exposure to BTEX in a form of oral intake and/or skin absorption
could influence nervous and blood manufacture systems.18,19

Furthermore, BTEX monitoring and detection could be profitable
for agriculture because they are released from oranges at various
phases of maturity (or ripening).20 Therefore, appropriate and
selective detection of BTEX vapours, predominantly at minimal
concentrations, is very vital for efficient farming in which capable
conveyance and storage may be realized. Though several studies
exist on the loading of noble metals on various SMOs,1,6–15

however, to the best of our information, no study has been
conducted on the gas sensing properties of TiO2 nanoparticles
loaded with AgCu nanoparticles. In the current work, we show
that a higher loading of both Ag/Cu switches the conductivity of
TiO2 from p-type to n-type, where such switching is not tempera-
ture or gas dependent.

Thus, in this study, we report for the first time the gas
sensing characteristics of n-type Ag/Cu loaded on a TiO2

nanoparticle-based sensor for the detection of xylene vapour
at a low operating temperature. The results showed an
improved sensing performance toward xylene among the BTE
compounds, including acetone vapour. This improvement
could be due to the strong synergistic catalytic influence of
the loading of n-type AgCu in the TiO2 nanoparticles, which
reduced the activation energy and accelerated the reaction of
xylene molecules and vigorous oxygen species.

2. Experimental procedure
2.1. Materials

All chemicals, (copper nitrate, silver nitrate (Z99.0), TiO2 P25
Degussa, and sodium hydroxide (NaOH, purity 99%)) were
purchased from Sigma-Aldrich.

2.2. Synthesis of TiO2 nanoparticles

Pure TiO2 nanoparticles were synthesized by dissolving
approximately 2 g of TiO2 P25 Degussa in 100 ml distilled
water and stirring for 2 h to obtain a homogenous mixture. The
pH was maintained at 8 using an appropriate amount of NaOH
solution. After stirring, the solution was added to two separate
Aton Parr autoclaves and heated at 200 1C for 12 h. After the
autoclave reaction, the solutions cooled down to room tem-
perature, and the precipitates were collected and washed
several times with distilled water and dried at 90 1C for 15 h.
The final product was calcined at 250 1C in air for 2 h.

2.3. Synthesis of AgCu loaded on TiO2 nanoparticles

The AgCu loaded on TiO2 nanoparticles (i.e., AgCu/TiO2) was
synthesized by dissolving an appropriate amount of TiO2 P25
Degussa and different ratios of 0.1 and 0.5 mol% interchangeable
of Ag and Cu nanoparticles and dissolved in 100 ml of distilled
water and stirred for 2 h to achieve a homogenous solution.
NaOH was then added to the solution to reach a pH of 8 and
stirred continuously for 5 h. The solutions were added to a
Teflon liner made to fit inside a stainless-steel pressure vessel
for 12 h at 200 1C. Before washing the solutions, they were
permitted to cool to 25 1C. Then, the filtrates were carefully
washed with distilled water to eliminate impurities. The final
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products were dried at 90 1C for 12 h, then calcined at 250 1C in
air for 2 h.

2.4. Characterization

An X-ray diffractometer (Panalytical XPERT PRO PW 3040/60)
equipped with a Cu monochromatic radiation source was used
to examine the structures. The morphology was determined
utilizing Auriga Zeiss scanning electron microscopy, attached
with energy dispersive spectroscopy (EDS), which was used to
probe the elemental analyses of Ag/Cu loaded in TiO2. The
internal structure and high angle annular dark field-scanning
transmission electron microscopy (HAADF-STEM) were probed
by transmission electron microscopy, using an FEI Tecnai G2
20 twin field-emission gun TEM (FEG-TEM) at 200kV. Bright-field
micrographs were collected using a parallel e-beam; dark-field
micrographs were collected in scanning transmission electron
microscopy (STEM) mode, with the images collected using a
Fischione HAADF detector. The optical characteristics were
studied using a fully automated photoluminescence (PL) imaging
spectrometer with a Kimmon IK series 325 nm laser. The surface
area and N2 adsorption/desorption isotherms were probed
utilizing Brunauer–Emmett–Teller analysis (BET, Micromeritics
TRISTAR 3000). The chemical state of pure TiO2 and AgCu/TiO2

was studied using a PHI 5000 Versaprobe-Scanning ESCA Micro-
probe X-ray photo-electron spectroscopy (XPS).

2.5. Fabrication of gas sensor devices and characterization

The fabrication of TiO2 gas sensors was carried out according to
ref. 21. Pure TiO2 and AgCu/TiO2 nanostructures were dispersed
ultrasonically in ethanol (Analytical Reagent) to attain a
2.5 mol L�1 TiO2 suspension. The suspension was sonicated
for 30 minutes to achieve an even paste. The paste was carefully
coated onto an alumina substrate (2 mm� 0.5 mm) comprising
two Pt electrodes and a microheater on its top surface and its
bottom surface. The sensor resistance was measured by utilizing
a KSGAS6S KENOSISTEC sensing system (see Fig. S1, ESI†). The
fabricated sensors were placed in an airtight chamber and
exposed to several VOCs, like benzene, ethylbenzene, toluene,
xylene (BTEX), and acetone. The analyses were carried out at

different temperatures in the range of 25, 100 and 150 1C. The
flow rate of the gas mixture (synthetic air to the analyte gas) was
upheld at 500 sccm. Furthermore, a sensing system furnished with
a water bath that can generate humidity was utilized to conduct the
measurements under regulated relative humidity (RH) and kept at
40%. For analyses, water was filled in the bath and the temperature
was kept constant. Air moves via the bubbler, since it gets pushed
to the mixing chamber, and the RH is controlled prior to being
allowed to go through the sensing chamber.

3. Results and discussion

Fig. 1 displays the XRD patterns of the AgCu/TiO2 nanoparticles.
At the loading of 0.1 mol% of Ag and Cu, the crystallite sizes
decrease, while at a higher loading of 0.5 mol%, an increase in
crystallite sizes is observed (see Table S1 in the ESI†). Thus, when
both Cu and Ag are added to the TiO2 surface, they may suppress
the TiO2 growth rate up to an optimal concentration.22–25

Additionally, peak intensities increased with an increasing
concentration of AgCu/TiO2. At the loading level of 0.1 mol%
Ag 0.5 mol% Cu, no peak shifting was noted, instead the peak
intensity reduced strongly. Such behaviour was also witnessed
for 0.5 mol% Ag and 0.1 mol% Cu. A slight peak shift to higher
angles is observed in Fig. 1b. This behaviour is quite unusual,
since the peaks usually shift to lower angles with loading.24

The internal structure and selected area electron diffraction
(SAED) analyses of the pure TiO2 and AgCu/TiO2 were accom-
plished as depicted in Fig. 2. All the structures displayed
dislocated nanoparticle-like structures. HRTEM images showed
that the pure and AgCu/TiO2 particles were spherical in shape.
The size of the TiO2 particles decreased with increased doping
of either the Cu or Ag on the TiO2 surface, and these findings
are consistent with the XRD findings (see Fig. 2d, e, g, h, j, k, m
and n). It is further observed in Fig. 2d, e, g, h, j, k, m and n that
the Ag and Cu are randomly distributed on the TiO2 surface.
From the HRTEM micrographs, the lattice fringes are obviously
noticeable with inter planar spacings of 0.352 nm, 0.2043 nm,
and 0.24 nm corresponding to (101), (200), and (111) for TiO2,
and Ag in loaded AgCu, respectively.20 The SAED patterns of the

Fig. 1 (a) XRD patterns of Ag/Cu loaded on TiO2 nanoparticles and (b) magnified patterns showing (101) and (110) peaks.
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pure and AgCu/TiO2 validate that the nanoparticles are poly-
crystalline in nature. The distinctive diffraction rings of the

SAED patterns tagged with the Miller indices are displayed in
Fig. 2c, f, i and o.

Fig. 2 TEM images and SAED patterns of the (a–c) pure TiO2, AgCu/TiO2 nanoparticles (d–f) 0.1 mol% AgCu, (g–i) 0.5 mol% AgCu, (j–l) 0.1 mol% Ag
0.5 mol% Cu and (m–o) 0.5 mol% Ag 0.1 mol% Cu.
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High-angle annular dark field scanning transmission elec-
tron microscopy (HAADF-STEM) was accomplished as shown in
Fig. 3. The AgCu nanoparticles can be observed in STEM as
bright dots (see the arrows). This is because the HAADF-STEM
contrast is almost comparable to the atomic number squared,
where the Ag is much heavier than the Cu and Ti, while the Cu
is much heavier than Ti. It is interesting to note that at
0.5 mol% Ag 0.1 mol% Cu, the Cu nanoparticles are clearly
visible and can be easily differentiated from the Ag nano-
particles. This validates that the AgCu was indeed incorporated
on the TiO2 surface.

To validate the TEM micrographs, SEM analyses were per-
formed as shown in Fig. S2 (ESI†). Surface morphology analyses
also confirmed that the pure TiO2 and AgCu/TiO2 were made of
spherical nanoparticles The EDX spectra shown in Fig. S3 (ESI†)
indicate that only Ti, O, Ag and Cu were present on the surface.
Elemental mapping also showed that the Ag and Cu were evenly
dispersed on the TiO2 surface, Fig. S4 (ESI†).

To understand the influence of defects on the gas sensing
characteristics, the XPS and in-situ PL measurements were
conducted. In situ PL analyses were conducted at temperatures
matching the operational sensor temperatures ranging from 25
to 150 1C at an excitation wavelength of 320 nm. Fig. S5 (ESI†)
demonstrates the PL spectra of the pure and AgCu/TiO2 nano-
particles. The increased concentration of Ag to 0.5 mol%
resulted in broad emission ranging from 1.5 to 3.5 eV. This
behaviour in PL energy is possibly due to an increased defect
concentration, such as oxygen vacancies (VO) and Ti3+ ions. This
can be further observed in Fig. S5b and c (ESI†) in that the
intensity of the peaks decreased as the PL temperature
increased from 100 to 150 1C. This decrease was more signifi-
cant for the samples loaded with a low concentration of Ag.
Additionally, the width of the peaks became narrower with
increasing PL temperature. The deconvoluted graphs using
Gaussian fit illustrated four peaks centred at 3.42, 3.24, 2.99,
2.72, 2.42 and 2.0 eV (see Fig. S6, ESI†). The peaks located at
3.4 and 3.0 eV ascribed to direct electronic evolution from the
bottom of the conduction band (EC) to the top of the valence
band were witnessed for all the materials.26 The wide PL
emission is related to the point defect growth, such as VO.
The peaks positioned at 2.7 eV were associated with self-
trapped excitons in the octahedral.26–28 The peaks at approxi-
mately 2.6 eV and 2.4 eV are related to shallow and deep VO

correlated trap states (i.e., Ti3+ and F+ centres, respectively).27–30

Fig. 4a–d illustrates the XPS spectra of the Ti2p peaks of the
AgCu/TiO2 nanoparticles. The deconvoluted spectra of the
0.1 mol% AgCu and 0.1 mol% Ag 0.5 mol% Cu were fitted into
four peaks. For the 0.1 mol% AgCu, the peaks were located at
457.8, 458.9, 464.3 and 465.2 eV, while for the 0.1 mol% Ag
0.5 mol% Cu, the peaks were located at 456.1, 458.1, 461.3, and
464.1 eV. The peaks at approximately 458 and 463 eV are
associated with Ti4+ 2p3/2 and Ti3+ 2p1/2.

31,32 Whereas, for the
0.5 mol% Ag 0.1 mol% Cu and 0.5 mol% AgCu, the spectra were
fitted into five peaks. The 0.5 mol% AgCu spectrum shows a
strong shoulder at lower binding energy, probably induced by a
higher loading concentration of Ag and Cu, resulting to defects

(Ti3+) and this is consistent with the PL analyses. This beha-
viour was previously reported by Tshabalala et al.32

Fig. 4e–h illustrate the high resolution XPS spectra of the O
1s of AgCu/TiO2 nanoparticles. The deconvoluted spectra of the
0.1 mol% AgCu, 0.1 mol% Ag 0.5 mol% Cu, and 0.5 mol% Ag
0.1 mol% Cu loaded TiO2 nanoparticles in Fig. 9e–h show three
peaks, i.e., O1 and O2 and O3 centred at 529.8, 53 and 531.3 eV
ascribed to Ti4+ and O2�ions in the TiO2 crystal lattice33–35 and
Ti3+ oxygen vacancies on the surface. It is worth pointing out
that the 0.5 mol% AgCu/TiO2 shows a broad peak, with a tail
(shoulder) extending towards higher energies in comparison to its
counterparts, which displays three deconvoluted peaks at 528.5,
530.6 and 531.8 eV. In general, O2� is thought to be stable, which
may not contribute to an improved sensing response, whereas the
O� and Ti3+ oxygen vacancy components contain a considerable
influence in the gas sensing characteristics.36,37 Thus, the relative
concentration of the Ti3+ oxygen vacancy constituent for the
0.5 mol% AgCu/TiO2 shows a maximum value of 63.9%, as listed
in Table S2, ESI†), validating the reduction of Ti4+ to Ti3+.

The peaks in the XPS spectra of Cu2p were fitted using the
Gaussian function, as shown in Fig. S7a–d (ESI†). The Cu 2p3/2

profiles of the 0.1 mol% Ag/Cu and 0.5 mol% Ag/0.1 mol% Cu
of the AgCu/TiO2 nanoparticles in Fig. 10a and b display
minimal peaks located at 952.6 eV and 952.9 eV, respectively.
While those of the Cu 2p1/2 peak for both samples display peaks
at 932.6 eV and 933.1 eV, respectively. At a higher doping
concentration of Cu (i.e., 0.1 mol% Ag 0.5 mol% Cu and
0.5 mol% AgCu/TiO2 nanoparticles), the intensity of both Cu
2p peaks increased.

The XPS Ag 3d peaks of the AgCu/TiO2 nanoparticles are
shown in Fig. S7e–h (ESI†). High resolution XPS results con-
firmed the incorporation of Ag into the TiO2 surface. However,
at lower loading, the intensities of the peaks linked to Ag 3d3/2

and Ag 3d5/2 are very minimal and this observation is similar to
that of Cu in Fig. S7a and b (ESI†) at lower loading concentrations.
In addition, the higher Ag loading clearly shows that the peaks of
Ag are asymmetric. Thus, higher metal loadings contain larger
amounts of Ag+ and Cu2+, which undergo self-reduction.

To understand the sensing performance, we conducted
nitrogen adsorption analysis as depicted in Fig. 5. The N2

adsorption–desorption isotherms of pure and loaded on TiO2

materials indicated that the materials were mesoporous based
on IUPAC classification type V. The pure and loaded TiO2

materials presented an H3 type hysteresis loop related with
slit-shaped pores. The surface area of the loaded nanoparticles
was 34.9736 � 0.0458 m2 g�1 for 0.1 mol% AgCu, 34.2224 �
0.1629 m2 g�1 for 0.1 mol% Ag 0.5 mol% Cu, 36.1635 �
0.1917 m2 g�1 for 0.5 mol% Ag 0.1 mol% Cu, 32.0335 �
0.3842 m2 g�1 0.5 mol% Ag Cu. Additionally, the pore volume
of various contents analysed by the Barret–Joyner–Halenda
(BJH) method were 0.243931 cm3 g�1, 0.295374 cm3 g�1,
0.245314 cm3 g�1 and 0.291393 cm3 g�1 for 0.1 mol% AgCu,
0.1 mol% Ag 0.5 mol% Cu, 0.5 mol% Ag 0.1 mol% Cu, and
0.5 mol% Ag Cu, respectively. It is well recognized that the large
surface area can deliver additional active sites that are bene-
ficial for enhancing the gas sensing characteristics. Because the
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structures displayed similar surface areas and pore volumes, it
is very noticeable that the surface area has a minimal difference

in the current sensing characteristics of the loaded structures.
Such a similar surface area could be explained by the minimal

Fig. 3 STEM micrographs of the (a and b) pure TiO2, AgCu/TiO2 nanoparticles, (c and d) 0.1 mol% AgCu, (e and f) 0.5 mol% AgCu, (j–l) 0.1 mol% Ag
0.5 mol% Cu and (g–h) 0.5 mol% Ag 0.1 mol% Cu. The Ag and Cu nanoparticles are shown by arrows.
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difference in the crystallite sizes, as observed in the XRD
analyses.

It is well-known that the operational temperature has a
noticeable effect on the gas sensing characteristics.38 Fig. 6a

Fig. 4 Ti2p XPS spectra of (a) 0.1 mol% AgCu, (b) 0.1 mol% Ag 0.5 mol% Cu, (c) 0.5 mol% Ag 0.1 mol% Cu and (d) 0.5 mol% AgCu. Note (e–h) correspond
to the O 1s spectra of (e) 0.1 mol% AgCu, (f) 0.1 mol% Ag 0.5 mol% Cu, (g) 0.5 mol% Ag 0.1 mol% Cu and (h) 0.5 mol% AgCu/TiO2 nanoparticles.
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shows the sensor electrical resistance in air (Ra) versus the operat-
ing temperature (25–150 1C). The Ra of all the sensing materials
declined when increasing the active temperature. The plot basi-
cally displays a behavior of negative temperature coefficient of the
electrical resistance, which is in-line with n-type semiconductor
behaviour. This behaviour approximately follows the exponent law,
which is due to the ionization of donor impurity and defects. The
movement of electrons from the valence band (EV) to the EC of the
sensing material occurs and consequently further electrons are
accessible for transporting the current, leading to a reduction in
the sensor resistance. As shown in Fig. 4, the Ra increased with the
addition of either Ag or Cu. Interestingly, at a higher loading of Ag
and Cu (i.e. 0.5 mol% AgCu), a higher Ra was observed. This result
is consistent with the observations of Motsoeneng et al.39 They
observed an increase in Ra at a higher Au loading in SnO2/NiO/Au
(2.5 wt%) because of the nanoscale development of p–n nanojunc-
tions in NiO and SnO2 phases.

Fig. 6b presents the response of the various sensors versus
the operational temperature towards BTEX and acetone vapour.
As shown in Fig. 4b, as the sensors were exposed to benzene
vapour, the 0.5 mol% AgCu/TiO2 nanoparticle based sensor
displayed a higher response at 100 1C, which decreased at
150 1C operational temperature. This behaviour was also noted
for the toluene vapour, where the 0.5 mol% AgCu/TiO2 nano-
particles displayed a higher response at 100 1C. Upon exposing
the sensors to ethylene–benzene and toluene vapours, the
0.5 mol% AgCu/TiO2 nanoparticle-based sensor still showed a
better response. It is interesting to note that when the sensors
were exposed to xylene vapour, the 0.5 mol% AgCu/TiO2 nano-
particles displayed a response of 21.2, which is almost twice
higher than other gases at 100 1C. This improvement can be
explained by the synergistic effect of the Ag and Cu nano-
particles, indicating that loading functionalization may be
an active strategy to syndicate the advantages of individual

Fig. 5 N2 adsorption–desorption isotherms of the (a) 0.1 mol% AgCu/TiO2, 0.1 mol% Ag0.5 mol%Cu/TiO2, (c) 0.5 mol% Ag 0.1 mol% Cu/TiO2 and
(d) 0.5 mol% AgCu/TiO2 nanoparticles.
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metal nanoparticles. Remarkably, at higher operational tem-
perature the sensor exhibited a remarkable response of 33.2,
which was approximately three times higher than that of the
other gases. This clearly shows that at higher AgCu loadings,
more AgCu nanoparticles contribute to the sensing reaction
and improve the catalytic activity. Nevertheless, an extreme

loading of 1.0 mol% AgCu/TiO2 resulted in a lower sensing
performance, see Fig. S9a (ESI†). This is probably due to
aggregation of AgCu and resulted in roughening of the grain
growth, which then hampered the spillover effect mechanism.
This behaviour was also observed by Kruefu et al.40 They found
that when the Ru concentration was increased to 1.00 wt%, the

Fig. 6 (a) Resistance in air of various Ag/Cu loaded on TiO2 nanoparticle sensors at various operational temperatures, (b) benzene, (c) toluene,
(d) ethylbenzene, (e) xylene and (f) acetone. Note the operating temperatures were 25, 75, 100 and 150 1C.

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/2
0/

20
26

 4
:0

4:
14

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00587e


© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 7302–7318 |  7311

Ru nanoparticles agglomerated into larger particles, leading to
poorer dispersion, which led to a less effective spillover effect
and thus a reduced response. Based on the current real-time
resistance plot in Fig. 7, the pure TiO2 displays a p-type
semiconductor behaviour. Thus, the superior sensing response
may be elucidated by the formation of an n-type behaviour
observed for the 0.5 mol% AgCu/TiO2 nanoparticles. This
behaviour was observed on the real-time resistance plots shown
in Fig. 7a and b. We believe that this phenomenon of p-type
transformation to n-type can be attributed to the reduction of
Ag+ and Cu2+. TiO2 with higher metal loading contains larger
amounts of Ag+ and Cu2+, which may undergo self-reduction.

Fig. 7a and b shows that, as the loading concentration of Ag
was increased to 0.5 mol%, while that of Cu was kept at
0.1 mol%, the TiO2 structure switched to n-type. This behaviour
was observed when the sensor was tested at 100 and 150 1C with
xylene. Furthermore, when the loading concentrations of Ag
and Cu were increased to 0.5 mol% in TiO2 (i.e. 0.5 mol%
AgCu), n-type conductivity was still observed, though the
change in resistance was more pronounced than that of the
0.5 mol% Ag 0.1 mol% Cu/TiO2-based sensor. Notably this
behaviour was also observed for other target gases, such as
benzene and, toluene, see Fig. S8 (ESI†).

The response of the various AgCu/TiO2 based sensors tested
with different concentrations of BTEX and acetone vapours
ranging from 5 ppm to 100 ppm at 150 1C are displayed in
Fig. 8. As shown in Fig. 8, among all the sensors tested to all
these target gases, the 0.5 mol% AgCu/TiO2 nanoparticles
displayed improved the response in all the gases. In addition,
among all the tested gases, the 0.5 mol% AgCu/TiO2 nano-
particles displayed an improved response towards xylene, see
Fig. 8d. Its response increased exponentially without disclosing
any point of saturation. At 100 ppm, the response was approxi-
mately 33.2, which is almost three times in comparison to that
of other gases. Exponential behaviour with the gas concen-
tration was clearly observed in the real-time response plot in
Fig. 8f. These results are five times higher than those of the
individual loading of 0.1 mol% and 0.5 mol% of either Ag or Cu

on TiO2 as shown in Fig. S9b (ESI†). This clearly shows a
minimal response to individual loading compared to the loading
of both Ag and Cu on TiO2, verifying that the contribution of
both Ag and Cu had a significant influence on the spill-over
effect mechanism. Additionally, as shown in Fig. S9b (ESI†), the
single loadings of 0.5 mol% Cu/TiO2 and 0.5 mol% Ag/TiO2

showed a p-type and n-type conductivity, respectively. This
behviour is consistent with the loading of 0.1 mol% Ag
0.5 mol% Cu/TiO2, and 0.5 mol% Ag 0.1 mol% Cu/TiO2, which
showed p- and n-type conductivity.

The response time (Tres) and recovery times (Trec), which are
defined in ref. 3 are shown in the ESI† (Fig. S9b and c). The
rapid response and recovery characteristics could be associated
with the catalytic influence of AgCu, which accelerates the
xylene reaction process and energetic oxygen species.

In addition, the sensitivity, which is the variation in the
response of the sensor to the analyte gas concentration, was
shown in Fig. S10 (ESI†). The uppermost sensitivity (S) of
around 0.38 ppm�1 was observed for the 0.5 mol% AgCu/
TiO2. In addition, the limit of detection (LOD) was assessed
using the calibration curves shown in Fig. 8 and Fig. S10 (ESI†),
and was roughly 0.10, 4.80, 0.22, 0.06, and 0.03 ppm for pure
TiO2, 0.1 mol% AgCu/TiO2, 0.1 mol% Ag 0.5 mol% Cu loaded
on TiO2, 0.5 mol% Ag 0.1 mol% Cu loaded on TiO2 and
0.5 mol% AgCu/TiO2, respectively. This LOD was smaller than
that at 5 ppm, which could be experimentally tested owing to
the limits of the testing system. In addition, the lowest LOD,
and higher response, and sensitivity of 0.5 mol% AgCu/TiO2-
based sensor submits a prospective approach for the detection
of xylene at the ppb level.

Apart from the excellent response to the xylene vapour, the
gas selectivity is also another vital parameter to be considered
for the practical application of gas sensors. The gas selectivity
of the pure and AgCu/TiO2 nanoparticle-based sensors was
evaluated for five different vapours, including BTEX and acetone
(i.e., letter A in the radar plot) vapour at 100 ppm and an
operational temperature of 150 1C. Fig. 9 demonstrates that
among the sensors, the 0.5 mol% AgCu/TiO2 nanoparticle-based

Fig. 7 Real-time resistance plots of the pure TiO2 and AgCu/TiO2-based sensors tested to xylene at (a) 100 and (b) 150 1C.
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sensor was extremely selective toward xylene compared with
other gases and sensors. The sensor displayed a response of
33.2, which was almost three times higher than those of the
other gases under the same conditions. Xylene is a harmful
indoor aromatic hydrocarbon vapour, that is found in several
domestic products. Exposure to xylene causes different symptoms,

such as headache, dizziness, nausea, serious diseases of the
memory and nervous systems, etc. As a result, the current
selectivity could be useful for its timely detection.

To quantitatively measure the cross-selectivity of the 0.5 mol%
AgCu/TiO2 nanoparticle-based sensor to other interference gases,
the selectivity coefficient (K) was utilized by applying the following

Fig. 8 Response curves of the pure TiO2 and AgCu/TiO2 based sensors tested towards (a) benzene, (b) toluene, (c) ethylbenzene, (d) xylene and (e) acetone.
Note (f) corresponds to the real-time response curve of the 0.5 mol% AgCu/TiO2-based sensor towards xylene. Note that all the sensors were tested at 150 1C.
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relationship: K = Sxyelene/S0,41 where Sxyelene is linked to the
0.5 mol% AgCu/TiO2 nanoparticle-based sensor response and S0

is linked to the response of the interfering gases (i.e., benzene,
toluene, ethylbenzene, and acetone). Accordingly, the cross-
selectivity values of the 0.5 mol% AgCu/TiO2 nanoparticle-based
sensor towards xylene over interfering gases corresponding to
Sxyelene/Sbenzene, Sxylene/toluene, Sxylene/Sethyl-benzene and Sxyelene/Sacetone

are 2.9, 6.2, 4.6 and 16.3, respectively. The higher ‘K’ value
indicates the superior selectivity of the Co-140 based sensor
toward benzene vapour, see Fig. S11 (ESI†) for better clarity.

Table 1 shows a comparison of the gas sensing character-
istics of the n-type 0.5 mol% AgCu/TiO2 nanoparticle-based
sensor in the present work and other n-type and p-type sensing
nanomaterials in the literature. Matched to the xylene gas
sensing characteristics of pure TiO2,42 0.5 at% Ag/TiO2,43 Ni-
TiO2 submicron,44 Co3O4-TiO2,45 Co3O4-TiO2,46 SDBS-TiO2,47

TiO2/a-Fe2O3,48 and In-TiO2,31 our current sensor (i.e., the
n-type 0.5 mol% AgCu/TiO2) displays a competitive response
and timely selectivity toward xylene, especially when it is com-
pared to those operated at a higher temperature. Additionally, the
sensor in ref. 43 could not display a clear selectivity toward xylene;
there was cross sensitivity arising from benzene and toluene, and
other gases, showing a clear interference by benzene and toluene.

Constant gas detection by a sensor is essential to assess its
reproducibility, linearity, and stability. Fig. 10a and b exhibit

five cycles of the reproducibility plot of the sensor on successive
exposure to 80 and 100 ppm xylene gas in dry air and in the
presence of 40% relative humidity (RH). As depicted from the
figure, the sensor was exposed to five cycles at 80 ppm, 100 ppm
and then 80 ppm xylene for 30 days to observe its long-term
stability behaviour in dry air and in the existence of 40% RH.
As noted in Fig. 10b and c, the sensor showed a clear response
and recovery characteristics (i.e., repeatability) towards xylene
in dry air from day 1 to day 30 without collapsing or showing
any poisoning, and it was only reduced by roughly 15%.
Furthermore, when the sensor was exposed to xylene in the
presence of 40% RH, the sensor shows a minimal drift of 18%
in comparison to dry air. Besides, in the presence of RH, the
sensor response only reduced by 19% from day 1 to day 30. This
behaviour indicates that the sensor was indeed stable under
both conditions, and this was validated by the long-term
stability results (i.e., response versus number of days) in both
dry air and 40% RH, see Fig. 10c. Thus, these findings demon-
strate that the 0.5 mol% AgCu/TiO2 nanoparticle-based sensor
presents attractive characteristics for reliable and stable
sensors for the detection of xylene in real-time applications.

Xylene gas sensing mechanism

For a 0.5 mol% AgCu/TiO2-based sensor as an n-type SMO, the
sensing mechanism is established on the resistance difference
when exposed to the target gas. The adsorption–desorption
mechanism is associated with the oxygen species (O2�, O�,
and O2

�) that are adsorbed on the metal oxide surface.50,51 An
n-type surface, such as the 0.5 mol% AgCu/TiO2-based sensor
adsorbs the oxygen molecules ionized by EC electrons, generat-
ing a thick charge depleted region close to the surface, and
subsequent upward bending of the potential barrier is wit-
nessed due to an increase in electrical resistance.50,51

O2(gas) 2 O2(ads) (operating temperature of 25 1C) (1)

O2(ads) + e� -O2(ads)
� (operating temperature o 100 1C)

(2)

O2(ads)
� + 2e�-2O(ads)

� (operating temperature 100 1C

o T o 300 1C) (3)

When the 0.5 mol% AgCu/TiO2-based sensor is exposed to
VOCs, such as BTEX vapours, they interact with the chemisorbed
oxygen ions (O2

� and O� at 100 and 150 1C, respectively),
resulting in a release of electrons back to the EC which in turn
leads to a narrow depletion layer due to charge accumulation,
then results in a decrease in the sensor resistance (see reactions
(S4), (S5) and Scheme S1 in the ESI†).3,52

(C6H4CH3CH3)gas 2 (C6H4CH3CH3)ads (4)

(C6H4CH3CH3)ads + 21O� - 8CO2 + 5H2O(gas) + 21e� (5)

Thus, the improved performance of BTEX, especially the
xylene vapour, could result from the possible speculations.
Generally, the n-type SMO responses to a lesser amount of
responsive BTEX vapours are inferior in-line to those that are

Fig. 9 (a) Radar selectivity plot. Note letter A corresponds to acetone,
while the others are BTEX in a radar plot.

Table 1 Summary of pure, doped and heterostructures derived from TiO2

sensors for the detection of xylene vapour compared to that of our current
study

Sensing element
Conc.
(ppm)

Tres/Trec

(s) Response
Temp.
(1C) Ref.

TiO2-NWs 100 60/120 9.8 125 3
TiO2 NPs 0.1 20/14 — 75 42
0.5 at% Ag/TiO2 100 5/2 6.49 375 43
Ni–TiO2 submicron 100 9/12 2 302 44
Co3O4–TiO2 50 — 113 115 45
Co3O4–TiO2 50 o23/— 6.21 120 46
SDBS-TiO2 0.001 4/61 — R/T 47
TiO2/a-Fe2O3 100 4/3 27.5 370 48
In-TiO2 50 2.2/3 127.2 200 49
0.5 mol% AgCu/TiO2 100 22/33 33.2 150 Current work

Note: concen., temp. and ref. denote the concentration, temperature,
and references, respectively.
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highly reactive, such as ethanol or formaldehyde.53 Thus, the
improved sensing characteristics could be due to numerous
synergetic factors, such as the number of reaction sites, catalytic
influence, and electrical resistance of the sensor.54,55 The AgCu
improved the chemisorption of xylene and oxygen molecules via
a spill-over mechanism. This was validated by the fact that,
at higher AgCu loadings, the sensing performance improved,
indicating that more AgCu nanoparticles contributed to the
sensing reaction and improved the catalytic activity. Moreover,
the PL and XPS analyses proved that at a higher loading of AgCu, VO

increased, which provided additional active sites on the sensing
materials surface for the gas reaction and adsorption.51,52 Previous
studies have reported a link between the sensing properties and
paramagnetic VO from the electron spin resonance (ESR).56–59 They
found that the amount of VO recognized through ESR was related
to the number of electrons reaching the EC of SnO2.56–59 This clearly
confirms that the significant variation observed in the resistance of
the AgCu/TiO2 sensor is due to more oxygen molecules.

Using the above mechanism, it is possible to justify the
enhancement of the gas sensing performance of xylene.
Nonetheless, the exact reason for this superior selectivity toward
xylene remains unclear. In addition, we assume that the current
selectivity of the AgCu/TiO2-based sensor toward xylene can be
explained by the following factors: (1) target gas adsorption
amount and the energy needed for gas dissociation.60–64 For
example, among the BTEX, toluene possesses a lower binding
energy of 356 kJ mol�1, in comparison to xylene (375 kJ mol�1),
benzene (431 kJ mol�1), and ethylbenzene (435 kJ mol�1),
respectively.3,65 However, toluene has excellent chemical stability
under typical conditions and �CH3 is very stable in comparison
to �OH and �CHO. Thus, it is very difficult for toluene to react,
nonetheless it can react radically with an oxidant or acid.

(2) Moreover, the gas sensing is highly dependent on the
change in enthalpy of the organic target analyte in the dehy-
drogenation process.52,66,67 The change in enthalpy of the
dehydrogenation is generally assessed using the following

Fig. 10 Repeatability of 80 and 100 ppm xylene in (a) dry air and (b) 40% RH over 30 days at 150 1C. (c) Long-term stability tests towards 100 ppm xylene
in dry air and in the presence of 40% RH for the 0.5 mol% AgCu/TiO2-based sensor at 150 1C.
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relationship: DH = HR � HO, based on the data of standard
enthalpies of dehydro-radical (HR) and original molecule (HO)
shown in ref. 52, 66, and 67. As shown in ref. 66 and 67
the enthalpy change of the dehydrogenation is very high for
benzene (255.4 kJ mol�1), leading to a poor sensing response.
On the other hand, the enthalpy changes of the dehydrogena-
tion for both toluene and xylene are roughly comparable, which
are 157.4 and 157.8 J mol�1,7,66 respectively. On the other hand,
xylene possesses an additional methyl group in comparison to
toluene, which makes it highly reactive with an advanced
oxidation efficiency.52 Consequently, AgCu/TiO2 displayed a
higher response to xylene.

4. Conclusion and remarks

In summary, we successfully synthesized n- and p-type AgCu/
TiO2 nanostructures using a hydrothermal method. Structural
and surface analyses confirmed that the Ag and Cu were loaded
onto the TiO2 surface. The real-time resistance analyses con-
firmed that at lower loadings the material displayed p-type TiO2

conductivity, and switched to n-type conductivity at higher
loading of both Ag and Cu. This novel switching is not
temperature- or gas-dependent. The sensing analyses further
demonstrated an improved response towards xylene vapour at
150 1C for the 0.5% AgCu/TiO2. This response was higher than
the individual loading of 0.5 mol% Cu or Ag on a TiO2 based
sensor, justifying that the contribution of both AgCu had a
significant influence on the spillover effect mechanism. The
improved response could also be associated with the higher
number of surface defects observed in the PL and XPS studies.
Moreover, a high loading of 1.0 mol% AgCu resulted in a poor
sensing performance. Thus, the 0.5 mol% AgCu/TiO2-based
sensor exhibited excellent repeatability and stability toward
xylene. These findings confirm that appropriate selectivity can
be achieved. More precisely, the sensor was highly selective for
xylene through the loading of an n-type 0.5 mol% AgCu. This
indicates that the strategy of loading AgCu on TiO2 not only
improves the sensing response, but also adjusts the selectivity,
which could be vital for indoor/outdoor air quality and envir-
onmental monitoring. These results suggest new potentials for
the design of innovative SMO-based sensors with noticeably
superior gas sensing characteristics owing to the synergistic
catalytic influence of a AgCu/TiO2-based sensor.
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