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A B S T R A C T   

Although semiconducting metal oxide displayed remarkable gas sensing capabilities, their path to commer-
cialization is impeded by several challenges. A primary hurdle is the consistent response of sensing films with 
impervious feature under diverse detection environment. This report introduces an efficient fabrication tech-
nique that yields carbon functionalized cladding bismuth tungstate-based benzaldehyde sensors. The 3D twisted 
micro-flowers feature was obtained and carbon cladding was uniformly attached by a one-pot wet chemistry 
strategy. The C0.75/WO3/Bi2WO6 sensor demonstrates superior sensing capabilities for benzaldehyde at a wide 
range of detection. It features a remarkable sensitivity (33.7 @ 50 ppm), swift recovery time of 49 seconds, 
enduring stability exceeding 15 days, and robust selectivity, all at a modest room temperature. Even in condi-
tions of high moisture, the response value exhibited minimal degradation, decreasing by a mere 8.96% compared 
to its performance in the absence of ambient humidity. The complementary density functional theory calcula-
tions suggest that the Cx/WO3/Bi2WO6 exhibits a greater benzaldehyde adsorption energy and more robust anti- 
humidity feature compared to WO3/Bi2WO6, contributing to its enhanced gas-sensing efficacy.   

1. Introduction 

Benzaldehyde, as a significant volatile organic compound (VOC), is 
widely used as food additives, plasticizers, low temperature lubricants 
and cosmetic raw material [1,2]. Nonetheless, as it is a carcinogenic 
substance with genetic toxicity, which may also cause atopic dermatitis, 
benzaldehyde has been identified as a hazardous substance [3]. There-
fore, many studies have reported the benzaldehyde detection and 
elimination strategies, including chemiluminescence [4,5], 
chem-resistive [3,6,7], fluorescence [2], surface plasmon resonance 
immunosensor [8]. Wang et al. synthetized Co3O4-ZnO/rGO composites 
which can achieve a response of 3–5 ppm benzaldehyde with response 
and recovery times of 19/12 s [3]. A novel coralloid SnO2 gas sensor was 
fabricated by Fang et al., which displayed excellent sensitivity, speedy 
recovery procedure, and good linear dependence corresponding to 
benzaldehyde concentration [6]. However, they were still susceptible to 
environmental influences and limited by low-yield sensitivity and 
high-power consumption. Hence the progression of exceedingly sensi-
tive and exclusive gas sensor for benzaldehyde detection with 
moisture-resistant and robust features have to be carried out and 
improved for scrutinizing food quality and ensuring environmental 

safety in real-time and on-site. 
Among multifarious available strategies, metal oxide semiconductor 

(MOS) chem-resistive sensors with cost-effective manufacturing, strong 
sensitivity, uncomplicated layout and high physicochemical stability 
have been extensively focused [9]. In the specific VOC sensing process, 
the bulk resistance of MOS is determined by the oxygen adsorption (O2

− , 
O− and O2− ) model under temperature dominance [10,11]. In humid 
environments, chemisorption of water molecules shares the same site on 
material’s surface as adsorption of oxygen species, and electrons ac-
quired by the adsorbed oxygen in this course are returned to the metal 
oxide, as demonstrated in followed reaction (1) [12]: 

H2O + 2Mm + O−
ad ↔ 2

(
M+

m − OH
)
+ e− + S (1)  

where M refers to metal elements in MOS, including Bi, Sb, and W; Mm 
represents the site of M on the surface; O−

ad is related to ion-adsorbed 
oxygen species; e- refers to the electron; 

(
M+

m − OH
)

represents a ter-
minal hydroxyl group while S is a surface site for chemically adsorbing 
oxygen. 

When facing with rising humidity as detecting target VOCs, the bond 
betwixt water molecules with gas-sensitive layers will gradually 
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transform from individual chemisorption to a complex physical and 
chemical adsorption [13], subsequently the proton hopping manifested 
will greatly decline the material resistance and the accuracy of sensing 
in compliance with the Grotthuss mechanism [14], resulting in a greater 
degree of adsorption competition and deterioration of the sensitivity 
[15]. In terms of the unsatisfactory and inevitable humidity effect, 
physical isolation [16], surface engineering [17], novel material 
development [18], algorism compensation [19], working parameter 
modulation [20] and other mainstream approaches were adopted to 
improve the reliability and robustness of ideal sensors. Nonetheless, the 
predicament existed is that high sensitivity, exclusive detection, low 
operating temperature and stable output results of gas sensors could not 
be obtained concurrently. For instance, Kim et al. reported that the 
Pr-doped Ce4W9O33-based trimethylamine sensor fabricated by ultra-
sonic spray pyrolysis method address the water poisoning problem 
which the sensitivity was barely contingent on the ambient humidity, 
though preparation process appears time-consuming and expatiatory 
[21]. Following the idea of loading hydrophobic materials, Sun et al. 
loaded CuO with the strong affinity to the hydroxyl group on In2O3 
forming clustered nanospheres to ameliorate moisture resistance 
detection of CO, yet the selectivity sensing results demonstrated unde-
sirability [22]. Incorporating integrated microheaters with SnO2/RGOH 
NO2 sensors for regulating the working temperature, Wu et al. revealed 
that the increased temperature will lead to the enhanced immunity to 
humidity interference [23]. However, the appendant microheater limits 
the capability of real-time and portable detection while the power 
consumption is higher. Furthermore, Liu et al. employed 3-aminopropyl-
triethoxysilane-modified tungsten oxide nanotubes with thin-walled 
porous features which can provide abundant hydrophobic groups for 
NO2 detection, and the sensitivity merely drops to 80% of the incipient 
response value even in saturated relative humidity [24]. Nevertheless, 
the above methods still suffered from complex preparation process, 
insufficient selectivity, intricate detection system, etc. Thus, a break-
through is urgently needed to develop highly sensitive VOC sensors with 
reliable sensing performance under high humidity condition. 

As WO3 and Bi2WO6 are both n-type semiconductor materials with 
the appropriate band gap of 2.7–2.9 eV, while they possess high surface 
activity, effectively adsorbing VOCs in the surrounding environment 
[25–27]. Furthermore, they both exhibit excellent photocatalytic prop-
erties which make them generate electron-hole pairs easily, further 
enhancing the sensitivity and selectivity towards VOCs under light 
exposure. The photocatalytic activity also aids in decomposing VOCs 
adsorbed on the sensor surface, reducing sensor saturation and 
improving recovery speed [28–30]. Therefore, we introduced 
D-(+)-Glucose anhydrous as a carbon functionalized cladding for 
WO3/Bi2WO6 to achieve highly sensitive and robust benzaldehyde 
detection under room temperature with UV light assistance. Photoex-
citation increased the number of carriers with high mobility and reduced 
the grain boundary barrier, improving the response to benzaldehyde at 
room temperature [31]. Through combining the carbon-based materials 
and introducing n-n heterojunctions, the optimal sensing material 
possessed the stable nanostructure, high specific surface area, abundant 
surface oxygen vacancy and distinct hydrophobicity. The corresponding 
sensor exhibited high sensitivity (33.7 @ 50 ppm), robust reproduc-
ibility and long-term stability along with distinguishable detection 
feature. Even at 90% relative humidity (RH), the response value of 
C0.75/WO3/Bi2WO6 sensor declined by only 8.96% relative to the 
detection scenario without external humidity. Furthermore, the under-
lying mechanism for high sensitivity and anti-humidity was investigated 
in relation to the dependence of carbon cladding on MOS nanostructure 
by density functional theory (DFT) calculation, the configuration of the 
carbon-modified band structure, and the photoactivated gas-sensing 
reaction. Finally, the practical application for as-prepared benzalde-
hyde chem-resistive sensors was explored (Note 7 in Supplementary 
information). To our knowledge, this report is the inaugural exploration 
of carbon-clad ternary metal oxide utilized for benzaldehyde detection 

with anti-humidity sensing analysis, demonstrating the versatility of this 
MOS sensor. 

2. Experimental section 

2.1. Chemical reagents 

All reagents used were of analytical grade and were utilized without 
any additional purification. Bismuth nitrate pentahydrate (Bi 
(NO3)3⋅5 H2O) (AR grade, CAS: 10035–06–0), anhydrous ethanol (AR 
grade, CAS: 64–17–5) and benzaldehyde (AR grade, CAS: 100–52–7) 
were acquired from Aladdin Biochemical Technology Co., Ltd. of China. 
Sodium tungstate dihydrate (Na2WO4⋅2 H2O) (AR grade, CAS: 
10213–10–2) and D-(+)-Glucose anhydrous (AR grade, 50–99–7) were 
obtained from Sinopharm Chemical Reagent Co., Ltd. Polyvinyl pyrro-
lidone (K30) (AR grade, CAS: 9003–39–8) were purchased from Merck 
Chemical Technology (Shanghai) Co., LTD. 

2.2. Preparation process 

Synthesis of C: C were synthesized via a hydrothermal method. 
Initially, 0.75 g of D-(+)-Glucose anhydrous was dissolved in 60 mL of 
deionized water. This solution was then transferred to a 100 mL Teflon- 
lined stainless autoclaves following magnetic stirring for 1 hour. The 
autoclave was heated to 160 ◦C and maintained at this temperature for 
20 hours before allowing it to cool naturally. The resultant material was 
isolated by centrifugation with absolute ethanol five times. The final 
product was dried in an oven at 60 ◦C for 12 hours. 

Synthesis of Bi2WO6: Bi2WO6 were synthesized via a hydrothermal 
method which was modified from previous studies [32]. A mixture of 
4 mmol of Bi(NO3)3⋅5 H2O, 2 mmol of Na2WO4⋅2 H2O, and 0.6 g of PVP 
(K30) was prepared in 60 mL of deionized water. This mixture was then 
transferred to a 100 mL Teflon-lined stainless autoclaves after stirring 
magnetically for 1 hour. The autoclave was subsequently heated to 
160 ◦C and maintained at this temperature for 20 hours, followed by 
natural cooling. The products were subjected to centrifugation with 
absolute ethanol five times. After drying at 60 ◦C for 12 hours in an 
oven, the synthesized Bi2WO6 were obtained. The final products are 
referred to as Bi2WO6. 

Synthesis of Cx/WO3/Bi2WO6: Cx/WO3/Bi2WO6 were fabricated 
using an adapted hydrothermal method modified from previous studies 
(Fig. 1a) [32,33]. In detail, a mixture containing 4 mmol Bi 
(NO3)3⋅5 H2O, 5 mmol Na2WO4⋅2 H2O, 0.6 g PVP and certain amounts 
of D-(+)-Glucose anhydrous was prepared in 60 mL of deionized water. 
This mixture was stirred for 1 hour before being placed into 100 mL 
Teflon-lined stainless autoclaves. The autoclaves were subjected at 
160◦C for 20 hours before being allowed to cool to room temperature 
naturally. The resulting products were isolated by centrifugation using 
ethanol and deionized water five times and dried at 60◦C. The final 
products synthesized with D-(+)-Glucose anhydrous of 0 g, 0.25 g 0.5 g, 
0.75 g, 1 g, 1.5 g and 2 g are denoted as WO3/Bi2WO6, 
C0.25/WO3/Bi2WO6, C0.5/WO3/Bi2WO6, C0.75/WO3/Bi2WO6, 
C1/WO3/Bi2WO6, C1.5/WO3/Bi2WO6 and C2/WO3/Bi2WO6. 

2.3. Characterization 

Crystal structures and phases of the samples were characterized 
using X-ray diffraction (XRD, Bruker D8 Advance) and the micromor-
phology analysis was elucidated through field emission-scanning elec-
tron microscope (FE-SEM, model S4800), transmission electron 
microscopy (TEM, Tecnai model). Infrared spectral data were acquired 
using Fourier transform infrared (FTIR) spectroscopy on an Agilent 660- 
IR, employing the KBr pellet method. The UV-Vis absorption spectra and 
bandgap were obtained via a UV–vis–NIR spectrophotometer (Cary 
5000, Varian, USA). Chemical states of relevant elements and their 
distribution uniformity were observed via X-ray photoelectron 
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spectroscopy (XPS, Thermo Fisher ESCALAB250Xi) and high-angle 
annular dark-field scanning transmission electron microscope 
(HAADFSTEM) with energy dispersive spectroscopy (EDS), respectively. 
Calibration of the spectrometer was based on the C 1 s peak at 284.8 eV. 
Electron paramagnetic resonance (EPR, Bruker A300–10/12) was 
employed to verify the presence of surface oxygen vacancies while the 
rotational and vibrational mode and Raman mapping images were 
analyzed by laser confocal Raman spectrometer (Renishaw in Via) and 
microscopic Raman imaging spectrometer (DXRxi, Thermofisher, USA). 
Brunauer–Emmett–Teller (BET) surface area with N2 adsorption/ 
desorption isotherms and pore-size distribution was investigated via 
specific surface and aperture analyzer (Autosorb IQ3, Quantachrome 
Instruments). The mass variation as a function of temperature during the 
heating process was studied through Thermogravimetric (TGA) analysis 
(Pyris 1 TGA, PerkinElmer, USA). Water contact angle (WCA) mea-
surements were conducted using a LAUDA Scientific GmbH LAUDA OSA 
100 system to assess surface hydrophobicity. 

XRD with a Cu-Kα anode source (λ=0.15406 nm) was operated at 
40 kV voltage and 40 mA current with the scanning step of 5◦/min. 
HRTEM and SAED operated at 200 kV accelerating voltage, and the 
interplanar spacing was analyzed via Gatan Digital Micrograph soft-
ware. All of the binding energies of XPS analysis with monochromatic 
Al-Kα radiation were calibrated by the signal of carbon C 1 s peak with a 
binding energy of 284.8 eV. FTIR spectra were recorded using the KBr 
pellets method on infrared spectrophotometer with a resolution of 
0.1 cm− 1 in the range of 4000–400 cm− 1. The BET and pore size dis-
tributions were obtained from nitrogen physisorption isotherms ac-
quired at 77 K. The TGA analysis was performed from 30 ◦C to 800 ◦C in 
N2 with a hating rate of 10 ◦C/min. 

2.4. Gas sensor fabrication and measurements 

Initially, the target solutions were obtained by uniformly mixing 
3 mg of Cx/WO3/Bi2WO6 powders with 1 mL of absolute ethyl alcohol. 

Fig. 1. (a) Schematic illustration for the fabrication of Cx/WO3/Bi2WO6, (b) XRD pattern and (c) dynamic TGA curves with a heating rate of 10 ◦C⋅min− 1 of all 
samples, (d) Rietveld refinement patterns of C0.75/WO3/Bi2WO6, (e) FT-IR spectra of all samples; (f) Raman mapping of graphitic G bands in a locally laser-irradiated 
region of pure WO3/Bi2WO6 (under part) and C0.75/WO3/Bi2WO6 (upper part), (g) Raman spectra and (h) magnified portion of XRD pattern (20◦-25◦) of all samples. 
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This mixture was uniformly coated onto an Al2O3 substrate equipped 
with interdigital Pt electrodes. Subsequently, the sensors were subjected 
to an aging process at 120 ◦C for 24 hours. Gas-sensing tests were per-
formed using a four-channel gas sensing tester. The testing apparatus 
consists of two main components: an air intake system and a detection 
unit. Synthetic dry air (79% N2 + 21% O2) was sourced from Nanjing 
Special Gas Factory Co., Ltd. The four-channel gas sensing tester was 
acquired from Wuhan Huachuang Ruike Technology Co., LTD. To adjust 
the concentration of benzaldehyde, mass flow controllers from Bronk-
horst, Germany, were used to vary the flow rates of the synthetic dry air. 
This instrument measures the electrical resistance changes in both high- 
purity air and the specific VOCs over time, detailing the resistance 
variation pattern. All tests were performed at room temperature (25 ±
2 ◦C) and the mean relative humidity was approximately 15–20% 
without any additional moisture control. The power of UV irradicated at 
the surface of sensor is 1.0 mW/cm2. A desktop computer was employed 
to collect response data equipped with an analog to digital (A/D) data 
acquisition board that gathers electrical resistance values of the corre-
sponding channels with a laboratory DC power supply (GPS-3303 C) of 
12 V and 4 A. In detail, the data logger supplies a steady voltage of 2.5 V 
(VEX). This voltage is distributed between the reference resistor (Rref), 
which has a known and constant resistance, and the IDA-CR, whose 
resistance changes according to the detected benzaldehyde concentra-
tion. The voltage is relatively distributed according to the resistance of 
the two circuit components. Therefore, given the voltage between VEX 
and ground (GND), the voltage between Vmeas and GND is measurable, 
and from their ratio, it is possible to calculate IDA-CR resistance, as 
described in Eq. (2). 

Vmeas

VEX
=

RCR

RCR + Rref
→ RCR =

Rref • (
Vmeas
VEX

)

1 − (Vmeas
VEX

)
(2) 

The benzaldehyde vapor with a certain concentration was obtained 
via a simple dynamic gas distribution method. The saturated vapor 
pressures of benzaldehyde liquids are 0.13 kPa or 0.975 mmHg (26 ◦C). 
The flow (x, unit: sccm) of standard benzaldehyde with the concentra-
tion of 1282.997 ppm was calculated by Eq. (3) [34] and controlled with 
one mass flow controller. The standard octanal, 2-pentylfuran, nonanal, 
1-octen-3-ol, hexanal and 1-octanol with the saturated vapor pressures 
of 2.1014 mmHg, 2.0216 mmHg, 0.2584 mmHg, 0.8284 mmHg, 
10.488 mmHg and 0.1406 mmHg were calculated to be 2765 ppm, 
2660 ppm, 340 ppm, 1090 ppm, 13800 ppm and 185 ppm, respectively 
at room temperature by Eq. (3) as well. The standard ethanol with the 
concentration of 2000 ppm was obtained from Nanjing Special Gas 
Factory Co., Ltd. The flows of dry air (y, in sccm) and humid air (z, in 
sccm) from high purity mixed air were managed using two mass flow 
controllers. The concentrations of VOCs (expressed in ppm) were 
calculated as 100x/(x+y+z) by independently managing the flows. 
Relative humidity was regulated using two distinct flow meters; one for 
dry air (flow rate: A sccm) and another for fully humidified air (flow 
rate: B sccm). The relative humidity was determined by the formula 
B/(A+B)*100%. 

Concentration of VOCs (ppm) = (vapor pressure of VOCs (mmHg)
/
760)

×106

(3) 

The sensor response is expressed as Ra/Rg, where Ra and Rg denote 
the resistance in the presence of air and the target gas, respectively. The 
response and recovery time indicated the time needed for the resistance 
to change by 90% during the exposure and removal stages of the target 
gas, respectively. 

3. Results and discussion 

3.1. Morphology and structure characterization 

The highly anti-humidity and exclusive Cx/WO3/Bi2WO6 chemo-
resistive sensors were prepared by a elementary, one-step roadmap 
(Preparation process section and Fig. 1a). Distinctively, PVP (K30) 
serves both as a stabilizer and a crystallization inhibitor, preventing 
ionic aggregation during the reaction process and controlling the size 
and morphology of bismuth tungstate and tungsten oxide, ensuring their 
uniformity in shape. Thus, simultaneously under the action of PVP 
dispersant, D-(+)-Glucose anhydrous can form a uniform carbon coating 
naturally. All the diffraction peaks of the Bi2WO6 pattern were matched 
to the cubic phase (JCPDS Card No. 39–0256) and the WO3 was indexed 
to the cubic phase (JCPDS Card No. 52–8916) (Fig. 1b, Fig. S1). As the 
amount of D-(+)-Glucose anhydrous increases gradually, the color of the 
samples progressively deepened and the intensity of characteristic peak 
of WO3, (002), decreases slowly and eventually disappears (Fig. 1h), 
demonstrating an excess of D-(+)-Glucose anhydrous would lead to the 
destruction of WO3/Bi2WO6 double heterojunction, degrade the positive 
role of PVP. The texture coefficient values of seven samples were 
calculated (Table S2 and Fig. S10) [35] and the corresponding value of 
each crystallographic plane displayed no evident variation, manifesting 
the C cladding may not lead to re-orientation effect. Meanwhile, the 
pure carbon was synthesized via the one-step hydrothermal strategy 
above and the C exists in two forms: as nanoparticles and as 
micrometer-sized spheres (Fig. S2). To verify the successfully function-
alization of caron cladding, we performed TGA characterization on five 
typical samples, and the results demonstrated that with the augment of 
D-(+)-Glucose anhydrous addition, the mass of the samples decreased 
further correspondingly (From WO3/Bi2WO6 to C1/WO3/Bi2WO6: 
3.09 wt%, 21.11 wt%, 24.12 wt%, 34.49 wt%, 50.38 wt%), while car-
bon will be converted into CO2 during this process. To gain a more 
comprehensive insight into the crystal structure of as-prepared products, 
the XRD Rietveld refinement analysis was carried out as depicted in 
Fig. 1d and Fig. S3-S9. The analysis of C0.75/WO3/Bi2WO6 yielded a 
notably low weighted residual (Rwp = 8.444%), manifesting a high de-
gree of correlation between the refined pattern and the original XRD 
observations. As show in Fig. 1e, we discerned the peak located at 
approximately 719 cm− 1 was correlated to W-O-W bond [36,37] while 
the peak at 1618 cm− 1 was matched to the ring C-C stretch [38], which 
verify the smoothly encapsulation of the carbon. Furthermore, the most 
intense W-O-W peak was observed in sample C0.75/WO3/Bi2WO6, 
revealing the higher concentration of specific molecules that absorbed 
photons in the sample, which was beneficial to enhance the sensitivity. 
Finally, the Raman spectrum of all samples and Raman mapping of 
WO3/Bi2WO6 and C0.75/WO3/Bi2WO6 were conducted (Fig. 1f and 
Fig. 1g). Additionally, the relative weak peak observed at around 
1362 cm− 1 correlates with the defeats and disordered structure of the 
carbon portion (D band), while the relative strong peak at approximately 
1573 cm− 1 is indicative of the planar vibration mode characteristic of 
sp2-hybridized carbon atoms (G band) [39], which further confirming 
the successful formation of C cladding. As shown in Fig. 1f, the Raman 
mapping of G band (1573 cm− 1) and D band (1362 cm− 1) of 
C0.75/WO3/Bi2WO6 presented high intensity which verified the uniform 
distribution of C and the existentially induced defects. Furthermore, the 
C is in the compressed state in the green region and constringent C-C 
bond is owing to the hydrothermal reaction at high temperature [40], 
verifying it’s robust and anti-humidity feature while the procreant 
defect states will facilitate the absorption of UV light, enhancing gas 
sensing performance. 

Via regulating the amount of D-(+)-Glucose anhydrous, adequate C 
were clad on the appointed heterojunction, thus C0.75/WO3/Bi2WO6 
with the 3D twisted micro-flower nature was prepared (Fig. 2a and 
Fig. 2b). In detail, it was assembled by abundant mesoporous WO3/ 
Bi2WO6 with C cladding branches rotating around a specific axis. PVP 
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acts as a dispersant in the synthesis to prevent the aggregation of bis-
muth, tungsten and carbon sources, facilitating the acquisition of uni-
form C0.75/WO3/Bi2WO6 micro-flower. The morphology of other 
samples was also examined (Fig. S11) while the atomic weight ratios and 
atomic ratios of Bi, W, O and C in samples through EDS spectra were 
depicted in Fig. S12 and Fig. S13, which illustrating the incremental C 
content with the increase adding of D-(+)-Glucose anhydrous content. 
However, there exists a singular point that the atom ratio of C of C0.75/ 
WO3/Bi2WO6 is higher than that of C1/WO3/Bi2WO6, which may be by 
reason of the synergistic effect of appropriate D-(+)-Glucose anhydrous 
adding content and PVP stabilizer resulting in a slightly higher C content 
in C0.75/WO3/Bi2WO6 sample. Furthermore, the high-resolution TEM 
(HRTEM) was implemented for C0.75/WO3/Bi2WO6 (Fig. 2c-2d) and 
C1.5/WO3/Bi2WO6 (Figs. 2e-2f). Bi (Fig. d1), W (Fig. d2), O (Fig. d3) and 
C (Fig. d4) were distributed uniformly over the whole 3D C0.75/WO3/ 
Bi2WO6 twisted micro-flower, while the EDS linear scanning results 
confirm this viewpoint simultaneously (Fig. 2 g and Fig. S14). Expressly, 
as shown in Fig. 2c of high-angle annular dark-field images (HAADF) 
about C0.75/WO3/Bi2WO6, there exists bight and dark areas 

intermingled together, proving that it owned a certain hollow property 
and possessed erythrocyte-structure. In detail, the thickness of C0.75/ 
WO3/Bi2WO6 3D micro-flowers increases with the augment of the 
diameter from the axis outward. However, there still leaves a large 
amount of C in the form of spheres in C1.5/WO3/Bi2WO6 samples (Fig. 2e 
and Fig. 2 f), indicating the importance of adding appropriate amount of 
D-(+)-Glucose anhydrous. Three categories of clear lattice fringes for 
Bi2WO6, WO3 and C of C0.75/WO3/Bi2WO6 were marked thoroughly 
(Fig. 2 h, Fig. S15a-15b). In detail, the lattice spacing of 0.390 nm, 
0.301 nm and 0.218 nm was corresponding to the (002), (111) and 
(220) plane (Fig. S15c2) of WO3, respectively. As for Bi2WO6, the 
metrical space between contiguous lattice fringes were 0.314 nm, 
0.196 nm and 0.157 nm, which can be assigned to exemplary plane of 
(131), (202) (Fig. S15c1 and Fig. S16c) and (262), respectively. The 
interplanar spacing of 0.34 nm along two orthogonal directions are 
corresponding with the (020) crystallographic plane of carbon 
(Fig. S15c3 and Fig. S16a) [41]. The post-optimized FFT images of 
C0.75/WO3/Bi2WO6 for Bi2WO6 (Fig. S16d) and C (Fig. S16b) were ob-
tained which verifying the veracity of measured spacing of lattice 

Fig. 2. (a-b) FESEM image of C0.75/WO3/Bi2WO6 shows its 3D twisted micro-flower nature, (c-d) EDS elemental mapping results of C0.75/WO3/Bi2WO6 in two 
different perspectives (d1: Bi, d2: W, d3: O, d4: C), (e-f) EDS elemental mapping results of C1.5/WO3/Bi2WO6 in two different perspectives (f1: Bi, f2: W, f3: O, f4: C), 
(g) EDS linear scanning results of C0.75/WO3/Bi2WO6, (h) high-resolution TEM images of C0.75/WO3/Bi2WO6, SAED analysis of (i) C0.75/WO3/Bi2WO6 and (j) 
WO3/Bi2WO6. 
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fringes. Meanwhile, the selected area electron diffraction (SAED) for 
C0.75/WO3/Bi2WO6 was examined (Fig. 2i), demonstrating the poly-
crystalline property itself, as the distinctly visible diffraction rings with a 
small number of spots can be discerned, which is in accordance with the 
XRD analysis. In addition, the SAED experiments for WO3/Bi2WO6 were 
carried out as well (Fig. 2j). The monocrystal feature of WO3/Bi2WO6 
without C cladding was discerned. 

The X-ray photoelectron spectroscopy (XPS) analysis is employed to 
ascertain the surface elemental composition and chemical state of the 
samples synthesized. Low resolution survey unveils the core level peaks 
of Bi 5d, Bi 4 f, Bi 4p, W 4d, W 4 f, O 1 s, and C 1 s of all prepared 
samples (Fig. 3a). The C 1 s spectra of C0.75/WO3/Bi2WO6 can be 
deconvoluted into four peaks located at 288.44 eV, 286.82 eV, 
285.47 eV and 284.42 eV which are assigned to O––C-O, C––O, C-O and 
C-C, respectively [42,43], which verifying the fulfillment of C cladding. 
As depicted in Fig. 3c, the O 1 s spectra of C0.75/WO3/Bi2WO6 and 
WO3/Bi2WO6 was deconvoluted into surface-chemisorbed oxygen (OC), 
oxygen vacancies (OV) and lattice oxygen (OL). After C cladding, the 
binding energy of OV and OL experienced an increase, which can be 
attributed to the relatively diminutive electronegativity disparity be-
tween C and O compared to that of Bi/W and O, leading to the formation 
of covalent bonds. Consequently, the peaks associated with OV and OL 
were shifted towards higher binding energies due to the bonding of O 

with both C, BI and W. Furthermore, the highest percentage of OV 
(44.25%) and OC (23.56%) of C0.75/WO3/Bi2WO6 was calculated 
(Fig. 3f), which enhanced the sensing performance at a deep level, while 
it is mainly reflected in the regulation of the sensor baseline resistance 
and OV distribution [44]. Meanwhile, the higher concentration of OC 
increases the oxidation reaction rate and signal output, reduces the noise 
interference, comprehensively improves the stability of 
C0.75/WO3/Bi2WO6 sensor. In the case of W 4 f spectra for 
C0.75/WO3/Bi2WO6 sample (Fig. 3d), it was deconvoluted into W 4 f5/2 
and W 4 f7/2 centered at 37.5 eV and 35.3 eV, which are higher 0.2 eV 
than that of WO3/Bi2WO6. Meanwhile, the Bi 4 f spectra of 
C0.75/WO3/Bi2WO6 can be divided into Bi 4 f5/2 and Bi 4 f7/2 peaks 
which are observed at 164.4 eV and 159.1 eV, while 0.2 eV decline was 
discerned compared to the sample without C cladding (Fig. 3e) [25]. The 
red shift of W 4 f and Bi 4 f spectrum demonstrated the low binding 
energy and high electron cloud density of C0.75/WO3/Bi2WO6, stimu-
lating the adsorption and desorption rates of oxygen species and target 
gases. In addition, the high-resolution survey for other samples are 
depicted at Fig. S17-S20. 

To investigate the impact of C cladding on the formation of OV, EPR 
measurements were conducted on all samples as shown in Fig. 3g. All 
samples displayed a symmetrical EPR signal at g=2.003. The highest 
signal intensity and intensity ratio (Fig. 3h) of C0.75/WO3/Bi2WO6 

Fig. 3. XPS spectra of the samples: (a) Low resolution survey and (b) high-resolution C 1 s of C0.75/WO3/Bi2WO6; high-resolution (c) O 1 s; (d) W 4 f and (e) Bi 4 f of 
C0.75/WO3/Bi2WO6 and pure WO3/Bi2WO6. (f) oxygen species proportion and (g) EPR spectra of samples, (h) Intensity ratio of symmetry parameters of defect signal. 
Inset: the ratio of symmetry coefficients is defined as IA/IB. 
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illustrated that C0.75/WO3/Bi2WO6 possessed the highest concentration 
and the most evenly distributed OV [45], which is in superb agreement 
with the XPS results. Furthermore, the UV–vis and BET analysis were 
added in Note 1. 

3.2. Sensing properties of gas sensors 

Due to the high photon energy generated by the visible light, which 
would produce more electron-hole pairs, degrading the sensing process 
[30]. The UV light (365 nm) was selected as the excitation source to 
facilitate the charge modulation and weaken the excitonic effects [46]. 
We obtained the responses variation curves of C0.75/WO3/Bi2WO6 gas 
sensor towards benzaldehyde (40–4 ppm) under UV light irradiation 
with the intensity at 1.0 mW/cm2 and dark conditions (Fig. S22). 
Compared with the two situations, C0.75/WO3/Bi2WO6 exhibited 
improved sensing performance while the response value was increased 
by more than 2 times, which was attributed to the increased generation 
of photocarriers facilitated by UV excitation in the C0.75/WO3/Bi2WO6 
twisted micro-flowers, which in turn strengthen the density of electrons 

and active sites on the surface, allowing them to participate in the 
sensing reaction [47]. Furthermore, to comprehend the impact of 
photo-assisted activation on gas detection process, a comparative anal-
ysis of I-V characteristics for the C0.75/WO3/Bi2WO6 sensor was con-
ducted between conditions of darkness and exposure to UV light 
(Fig. S23). Compared to dark condition (e.g., 0.010 mA at 4 V), the 4 V 
current increased to 0.034 mA under UV light irradiation, which 
allowing the C0.75/WO3/Bi2WO6 sensor resistance to be measured 
easily. The triple augment in current observed upon UV light exposure 
clearly signifies the photo-induced generation of charge carriers within 
the C0.75/WO3/Bi2WO6 sensor [9]. Therefore, the following gas sensing 
experiments were carried out under the condition of UV light excitation. 
The dynamic transient response curves of as-prepared samples toward 
125–25 ppm benzaldehyde were obtained while C0.75/WO3/Bi2WO6 
exhibited the highest sensitivity (160.5@125 ppm) (Fig. 4a). Further-
more, the C0.75/WO3/Bi2WO6 and C1/WO3/Bi2WO6 still exhibited the 
high response of 7.2 and 6.1 at low benzaldehyde concentration of 
25 ppm (Fig. 4b). The response of gas sensor first increased and then 
decreased with the augment of carbon cladding content, while the 

Fig. 4. (a) Transient response of Cx/WO3/Bi2WO6 film to benzaldehyde concentrations of 25–125 ppm, (b) magnified area of Fig. 4(a), (c) resistive response of Cx/ 
WO3/Bi2WO6 gas sensors toward exposure to 25–125 ppm of benzaldehyde, (d) concentration-dependent response curves of the Cx/WO3/Bi2WO6-based sensor for 
benzaldehyde, (e) repeatability of the C0.75/WO3/Bi2WO6 sensor under 50 and 80 ppm benzaldehyde, (f) long-term stability of the C0.75/WO3/Bi2WO6 gas sensor to 
75 ppm formaldehyde, (g) transient response, (h) pattern recognition by the PCA method to analyze the selectivity of the C0.75/WO3/Bi2WO6-based sensor. 
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corresponding reference resistance consistently declined (Fig. 4c), 
proving that the narrowed bandgap formation and impurity scattering 
reduction. Also, on the basis of Fig. 4d, all the sensors possessed the 
outstanding linearity over a wide detection range. The profoundly 
reproducible sensing feature under repetitive thirty cycles of 
C0.75/WO3/Bi2WO6 sensor was obtained (Fig. 4e), while the sensor 
platform also displayed excellently robust environmental long-term 
stability for 15 days (Fig. 4f). The discriminative benzaldehyde detec-
tion and analysis was meticulously revealed in Fig. 4g and Fig. S24. 
Firstly, the dynamic response curves of C0.75/WO3/Bi2WO6 sensor to 8 
diverse VOCs (25–125 ppm) were acquired while the highest sensitivity 

for benzaldehyde can be discerned (Fig. 4g). The specific response value 
and response time of C0.75/WO3/Bi2WO6 sensor platform for discrimi-
native detection were listed at Table S4-S6). The Eley-Rideal model is 
utilized for investigating the kinetic properties involved in benzalde-
hyde and interfering gas sensing, and the derived parameters can be 
subsequently employed to differentiate VOCs by principal component 
analysis (PCA) patterns [48]. We could obtain the sensitivity (η), kinetic 
reaction rate constant (κr), β value and activation energy (Ea) from 
Fig. S24a-24d and the concrete analysis procedure was demonstrated in 
Note 3 and Table S7. As a extensively used statistical method, PCA is 
capable of transforming a collection of potentially interrelated variables 

Fig. 5. (a) Water contact angle of all sample films, (b) transient response of all sample films to benzaldehyde concentrations of 100 ppm under dry air circumstance, 
40%RH, 60%RH, 80%RH and 90%RH at room temperature (25 ± 2 ◦C), (c) plots of response retentions for different sensors as a function of RH, (d) CV values of 
different sensors, (e) response drift of different sensors. 
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into a set of linearly uncorrelated variables through an orthogonal 
transformation process [49]. The kinetic parameters to diverse VOCs 
were set as input data. The resulting score plot displayed a beneficial 
separation and distinction of benzaldehyde point among 8 analytes, 
further confirming the excellent exclusive sensing performance of 
C0.75/WO3/Bi2WO6 sensor (Fig. 4h). 

The carbon cladding functionalizing can incredibly alleviate the in-
fluence of ambient humidity on chem-resistive bismuth tungstate sensor 
operation as the intrinsically hydrophobic of C film which can poten-
tially reduce the reaction between the sensing layer and H2O. The WCA 
of WO3/Bi2WO6 and Cx/WO3/Bi2WO6 films were illustrated (Fig. 5a). 
The WCA of the WO3/Bi2WO6 film is merely 36.47◦, demonstrating its 
hydrophilic characteristics. In particular, the addition of a small amount 
of D-(+)-Glucose anhydrous (0.25 g) will provide the C0.25/WO3/ 
Bi2WO6 with hydrophobic feature and the corresponding WCA is 
116.59◦. Furthermore, the WCA of Cx/WO3/Bi2WO6 (x= 0.5, 0.75, 1, 1.5 
and 2) were all greater than 130◦, which proved the C cladding can be 
served as hydrophobic film for humidity-alleviation benzaldehyde 
detection. The dynamic response curve of all samples to 100 ppm 

benzaldehyde under dry air circumstance and RH in the range of 
40–90% under UV light (365 nm) excitation were depicted as Fig. 5b 
while the relevant response values were consolidated into Fig. 5c. The 
WO3/Bi2WO6-based sensor’s sensitivity was significantly affected by 
atmospheric humidity (green portion), resulting in substantial drift in 
the response value as humidity levels increased (Fig. 5e). The concrete 
response value for WO3/Bi2WO6 sensor was 45.22% (40%RH~90%RH) 
while the equivalent value for C0.75/WO3/Bi2WO6 5.49% in the same 
circumstance. Furthermore, we applied the coefficient of variation (CV) 
to demonstrate the impact of humidity on responses (Fig. 5d), which is 
defined as Eq. (4) [50]: 

CV = RSD
/
Raverage × 100% (4)  

where RSD and Raverage represent the standard deviation (SD) while the 
average value of responses obtained under varying humidity conditions, 
respectively. The CVs of the WO3/Bi2WO6 to C2/WO3/Bi2WO6 was 40.6, 
12.3, 6.4, 3.8, 6.1, 22.2 and 20.1, respectively. As the CVs value was 
negatively correlated with the moisture resistance of the material, 
adding between 0.5 and 1 g of D-(+)-Glucose anhydrous can improve 

Fig. 6. (a) VB-XPS, (b) work functions and (c) band structure of C0.75/WO3/Bi2WO6 and WO3/Bi2WO6, (d1-d4) Schematic illustration of mechanism of photo-assisted 
gas sensing under UV excitation, (e) the reaction path of benzaldehyde during sensing, optimized structures for benzaldehyde adsorption in (f) WO3/Bi2WO6 and (g) 
C0.75/WO3/Bi2WO6, Optimized structures for H2O adsorption in (h) WO3/Bi2WO6 and (i) C0.75/WO3/Bi2WO6. 
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the anti-humidity ability of Cx/WO3/Bi2WO6 to the maximum extent. 

3.3. Gas sensing mechanism 

At present, the VOC sensing mechanism was comprehensively studied 
and the fundamental benzaldehyde sensing process for Cx/WO3/Bi2WO6 
can be interpreted as the oxidation-reduction reaction between ionized 
oxygen species (O2

-, O- and O2-) and benzaldehyde molecules, which can be 
referred to our previous study [35, 51–53]. Based on the above results, it 
was conjectured that the strengthened benzaldehyde sensing performance 
were ascribed to the carbon functionalized cladding, n-n heterostructure 
setting up, optical excitation and optimized twisted micro-flowers 
morphology. Firstly, the n-n heterojunction formed by tungsten oxide 
and bismuth tungstate contributed to the internal electric field construction 
and can reduce the reference resistance, decreasing the power consump-
tion. Secondly, the band structure of C0.75/WO3/Bi2WO6 and WO3/Bi2WO6 
can be obtained by VB-XPS and Tauc plots (Figs. 6a-6c, Note 1 and 4). As 
shown in Fig. 6a, there exists a characteristic peak of OV near valence band, 
verifying the higher concentration of OV in C0.75/WO3/Bi2WO6, which is 
consistent with the EPR and O 1 s results [54]. Furthermore, the higher 
work function of C0.75/WO3/Bi2WO6 can be discerned (Fig. 6c), demon-
strating the lower baseline resistance, stronger built-in electric field and 
faster reactive electron transfer rate were acquired. Thirdly, the reason for 
the enhanced sensitivity of Cx/WO3/Bi2WO6 sensor from UV light excita-
tion is the chemically adsorbed oxygen ions (O2

-
(ads)) on the surface of 

Cx/WO3/Bi2WO6 is greatly stable under dark conditions while the larger 
adsorption energy between Cx/WO3/Bi2WO6 and O2

-
(ads) will result in the 

nonspontaneous O2
- desorption. However, the electrons induced by 

photo-excitation will continue to react with O2 to form more oxygen species 
(O2

-
(photo-ads)) under ultraviolet light, making its desorption process easier 

above Cx/WO3/Bi2WO6 surface (Fig. 6d). Unlike O2
-
(ads), O2

-
(photo-ads) are 

relatively feeble bound to the surface of Cx/WO3/Bi2WO6, which can react 
with benzaldehyde molecules rather spontaneously, leading to prominent 
resistance change (Fig. S22) [9]. Following the successful incorporation of 
carbon, the gas sensing activity and stability for Cx/WO3/Bi2WO6 have 
been improved as the excitons have been dissociated into free carriers, 
alleviating the side effects of photoexcitation [44]. Meanwhile, carbon 
could facilitate the carrier mobility rate while the existed electron transfer 
procedure (Bi/W→CBi/W→CO→O) may provide novel carrier transport 
channels, acquiring the greater reactivity and rapider reaction. Further-
more, the concrete reaction of benzaldehyde molecule was illustrated in 
Fig. 6e and Eqs. (5–7) [55,56]: 

O2(gas) ↔ O2(ads) (5)  

O2(ads) + e− ↔ O−
2(ads)(T < 150oC) (6)  

2C6H5CHO(gas) +O−
2(ads)→2C6H4CHO(gas) +2H2O+ e− (7) 

Finally, the DFT results confirmed that the adsorption energy of 
benzaldehyde on carbon is higher (-1.795 eV) (Fig. 6g), which is about 
three times that of the adsorption energy on the surface of WO3/Bi2WO6 
(-0.614 eV) (Fig. 6f), proving that C cladding is beneficial to the 
improvement of sensitivity of the sensor. Furthermore, the adsorption 
energy of water molecule to optimized geometric construction of Cx/ 
WO3/Bi2WO6 and WO3/Bi2WO6 was − 0.256 eV and − 0.793 eV, 
respectively (Figs. 6h-6i), which is consistent with the actual sensing 
results in part 3.3 (Fig. 5). On the whole, carbon materials (such as 
graphene, carbon nanotubes, activated carbon, etc.) typically possessed 
high specific surface area, adequate electrical conductivity and hydro-
phobic properties. The addition of D-(+)-Glucose anhydrous in hydro-
thermal process can attach carbon to the surface of the WO3/Bi2WO6 to 
form a stable hydrophobic layer, blocking the adsorption and penetra-
tion of water molecules during the sensing process. The improved 
electrical conductivity after C cladding can enhance the signal trans-
mission efficiency and response speed, which can maintain the 

performance of the sensor in high humidity environment. 

4. Conclusions 

In summary, we incorporated C cladding on the bismuth tungstate- 
based 3D twisted micro-flowers. The carbon-based material along with 
heterojunction (C0.75/WO3/Bi2WO6) collectively enhanced the benzal-
dehyde sensing performance with high sensitivity (33.7 @ 50 ppm), 
superior exclusive detection, fast recovery time of 49 s, excellent sta-
bility exceeding 15 days (average response level of 83.5 @ 75 ppm) and 
anti-humidity features (CVs of 3.8) substantially. Induced UV light 
further increased the high mobility and low initial carrier concentration 
and decreased the operating temperature of the proposed system 
simultaneously. The fundamental VOC sensing mechanism was elabo-
rated through experimental proof, simulation analysis and logical 
demonstration in part 3.3. The potential of as-prepared sensor for 
practical application was verified by agricultural product quality in-
spection. Overall, this work disclosed the deep insights and a unique 
approach that benefited VOCs sensing and stabilization conducting by 
functionalization of C cladding, which not only altered the conventional 
definition toward the sensing mechanism but also offered a ground-
breaking concept for the creation of high-performance resistive-type 
sensor. 
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