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Abstract: In the early-stage diagnosis of lung cancer, the low-concentration (< 5 ppm) volatile organic compounds (VOCs)
are extensively identified to be the biomarkers for breath analysis. Herein, the urchin-like sodium (Na)-doped zinc oxide
(ZnO) nanoneedles were synthesized through a hydrothermal strategy with the addition of different contents of citric acid.
The Na-doped ZnO gas sensor with a 3 : 1 molar ratio of Na* and citric acid showed outstanding sensing properties with an
optimal selectivity to various VOCs (formaldehyde (HCOH), isopropanol, acetone, and ammonia) based on working
temperature regulation. Specifically, significantly enhanced sensitivity (21.3@5 ppm) compared with pristine ZnO (~7-fold),
low limit of detection (LOD) (298 ppb), robust humidity resistance, and long-term stability of formaldehyde sensing
performances were obtained, which can be attributed to the formation of a higher concentration of oxygen vacancies
(20.98%) and the active electron transitions. Furthermore, the improved sensing mechanism was demonstrated by the
exquisite band structure and introduction of the additional acceptor level, which resulted in the narrowed bandgap of ZnO.
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lung cancer

1 Introduction

Lung cancer screening, particularly early-stage screening, has
emerged as a topic of significant concern in the medical field for
its positive effects on improving lung cancer survival rate [1-3].
Breath analysis, as a prospective technique for detecting lung
cancer early, relies on detecting the concentration difference of
specific volatile organic compounds (VOCs) presenting in the
exhaled breath of both healthy individuals and patients, which
possesses the advantages of non-invasive detection with rapid
features and low cost, having so far shown promise as a diagnosis
tool for early detection of lung cancer [4,5]. Many VOCs,
including isopropanol [6], acetone [7], formaldehyde (HCHO)
[8], and toluene [9], have been identified as lung cancer
biomarkers due to their comparatively large concentration
difference. However, most VOC:s exist in exhaled breath usually at
a very low concentration (< 1 ppm) [10]. Therefore, there is a
challenge for monitoring different lung cancer biomarker VOCs
atappb-level.

Since semiconductor metal oxide (MOX) sensors are mostly
sensitive to VOCs and easy to obtain [11-13], they are prospective
to exhibit a response even at a low concentration of lung cancer
biomarker VOCs. Among diverse metal oxides, zinc oxide (ZnO)
is usually employed as a gas-sensing material due to its wide
bandgap, large exciton binding energy, great sensitivity to various
types of VOCs, and ease of adjusting the morphology [14,15].
However, in the realm of VOC detection, pure metal oxides
typically exhibit a detection concentration range in the order of
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tens to hundreds of ppm. Achieving the detection of ultra-low
concentration VOCs necessitates the modification of metal oxides
to enhance their responsiveness to low-concentration VOCs. It
may be an impediment to the practical application of detecting
lung cancer biomarkers, which needs to exhibit a high sensitivity
even at ppb concentrations and provide different signals to
various VOCs.

Doping ZnO with other metal or non-metal ions can introduce
additional impurity levels within the bandgap of ZnO. These
impurity levels typically occur near the top of the valence band
(VB) or the bottom of the conduction band, allowing electrons at
the impurity levels to absorb and transition with less energy.
Simultaneously adjusting the surface adsorption state of oxygen
can enhance performance [16-18]. Metal ion doping is effectively
used to improve the sensing performance of ZnO. Specially, ZnO
is highly sensitive to alkali metal elements and exhibits good
doping stability, which will make it easier for ions to be doped into
the lattice of ZnO, leading to the formation of more oxygen
vacancies [19]. In addition, the solubility of alkali metals in the
ZnO lattice is closely related to the radius of the dopant ions, and
a low concentration of doping will make it difficult to generate the
acceptor energy level. Na ions have a higher radius than Zn ions
and show high solubility [20]. It is favorable to improve the stable
concentration of Na doping, leading to the formation of the
shallow acceptor level [21,22]. Therefore, Na ion doping has a
significant advantage in adjusting the surface state and band
structure of ZnO to optimize the gas-sensitive properties. The Na-
doped ZnO nanoflowers were fabricated by Jaisutti et al. [20] via
simple chemical precipitation. Their ability to detect acetone at
ppm-levels was subsequently examined with ultraviolet (UV)
light irradiation. The response to 1 ppm acetone was 52% with
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5 mW-cm? UV light. Mariappan ef al. [23] fabricated a Na-doped
ZnO sensor by nebulizer spray pyrolysis method which showed a
needle-like structure and the coating was porous. The sensor was
sensitive to 50 ppm ammonia (S = 0.6) at 200 ‘C. Basyooni ef al.
[24] prepared Na-doped ZnO by sol-gel method, and the
sensor showed an extremely high response (80%) to CO, in
nitrogen, which is almost 80 times higher compared with the
undoped ZnO. Additionally, nanostructures with elevated specific
surface areas, particularly those possessing multidimensional
configurations, are advantageous for enhancing gas sensing sites
and improving gas sensitivity performance [25,26]. However,
most research has shown limited improvement in the sensing
performance of ZnO. Especially, a higher response at a low
concentration requires a further breakthrough. In addition,
research focusing on the detection of formaldehyde and
isopropanol is still limited.

Herein, the urchin-like Na-doped ZnO nanoneedles were
synthesized with the assistance of citric acid via the hydrothermal
method. The doping amount of citric acid plays an important role
in the doping of Na*. The sensing properties of Na-doped ZnO
sensors were greatly improved compared with pristine ZnO,
displaying a high response (~21.3) towards low concentration
biomarkers (5 ppm) at 50% relative humidity (RH), along with a
low limit of detection (LOD) (298 ppb), humidity resistance, and
stability, which is beneficial to the practical breath analysis. The
surface chemical state and the band structure were analyzed
according to the X-ray photoelectron spectroscopy (XPS) and VB-
XPS to investigate the enhanced gas-sensing mechanism.

2 Experimental

2.1 Synthesis of ZnO and Na-doped ZnO nanoneedles

All reagents (VWR, Belgium) were used without further
purification. To synthesize the Na-doped ZnO, NaF was used as
the Na* source, and citric acid as the ligand. The following is the
specific synthesis procedure: 3 mmol Zn(NOs),6H,0 and
0.15 mmol NaF were dissolved in 44 mL deionized (DI) water.
After magnetically stirring for 15 min, 0.05 mmol of citric acid
was added into the beaker and stirred for an additional 15 min to
form solution A. At the same time, solution B was formed by
dissolving 1 g of cetyl trimethyl ammonium bromide (CTAB) in
22 mL absolute ethanol and magnetically stirring until the
powders were dissolved completely. The resulting solution A and
solution B were then mixed and stirred for 15 min. Then 30 mmol

Y. Zhou, Y. Luo, Z. Zheng, et al.

85% KOH tablets were added into the mixture and stirred until all
the pills were dissolved to form solution C. Subsequently, 1 mL of
ethylenediamine mixed with 9 mL of DI water was added into
solution C and kept stirring until the final solution reached a
uniform consistency, resulting in the formation of the precursor.
Finally, the precursor was placed into a 100 mL teflon-lined
autoclave and then reacted at 100 C for 2 h. The resulting

sediments were repeatedly rinsed with DI water and absolute
ethanol until the pH of the supernatant reached 7. The obtained
white sediments were dried at 80 C overnight. The pure ZnO

nanoneedles were synthesized using the same methods without
citric acid and NaF. To study the effect of Na* and citric acid, the
samples with only NaF addition and 0.025, 0.05, and 0.1 mmol
citric acid addition Na-doped ZnO (the proportion of NaF and
citric acid were 6 : 1, 3 : 1, and 3 : 2, respectively) were named as
NaZnO, NaZn00.5, NaZnO1, and NaZnO2. Figure 1 exhibits the
brief synthesis route of Na-doped ZnO powders.

2.2 Materials

X-ray diffraction (XRD) tests were conducted using a Bruker
D5000 instrument to analyze the phase and crystallinity of all
powder samples coated on ALO; substrates. The measurements
were performed with Co Kal radiation (A = 1.789 A) ranging
from 20° to 80° at 5 (°)-min’, and a slow scan was carried out next
to the main peak of ZnO at 0.5 (°)-min™ to further check the peak
shift of Na-doped ZnO. The morphologies of all powder samples
and the ZnO and NaZnOl sensors were examined using a field
emission-scanning  electron microscope (FE-SEM; SU8020,
Hitachi, Japan). A high-resolution transmission electron
microscope (HRTEM; Tecnai G2 F30, FEI, USA) was used to
examine the structure of the ZnO powders. All powder samples
were dissolved in anhydrous ethanol and dispersed ultrasonically.
XPS and VB-XPS were utilized to assess the elemental
composition. The analysis was performed using an X-ray
photoelectron spectroscope (Phi Versa Probe 5000, Ulvac-Phi,
Japan). The XPS analysis chamber maintained a pressure of
approximately 1.10x10”° Torr. The utilized X-ray source was
monochromatized, using the Al Ka line (E = 1486.7 eV). The
X-ray source was powered at 50 W while the beam voltage used
was 15,000 V. To prove the Na amount added to the sample
is correct, we did an inductively coupled plasma optical
emission spectroscopy (ICP-OES) measurement. For ICP-OES
measurement, all Na-doped ZnO powder samples were dissolved
in 5% nitric acid (HNQO;), the concentration of which was fixed at
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10 ppm, as the target samples to be tested. Moreover, reference
samples were prepared by mixing 0 ppm, 2 ppm, 4 ppm, 6 ppm,
8 ppm, and 10 ppm NaF and Zn(NOs), in 5% HNO;.
Ultraviolet-visible (UV-Vis) spectra were carried out via
ultraviolet-visible-near infrared (UV-Vis-NIR) spectrophotometer
(Cary 5000, Varian, USA). The Brunauer-Emmett-Teller (BET)
method was carried out by Autosorb IQ3 (Quantachrome
Instruments, USA) to analyze the BET surface area according to the
isotherms of nitrogen adsorption/desorption. More information
about the sample preparation can be found in Section S1 in the
Electronic Supplementary Material (ESM).

2.3 Gas sensing setup

The sensor used in our study consisted of Al,O; substrate (5 cm in
length and 1 cm in width) with Au interdigital electrodes (with an
electrode spacing of 250 pm) and Pt heating wires on both sides
(Fig. S1 in the ESM). The gas sensors were made using the drop-
casting method: A mixture of 50 mg as-prepared powders and
0.5 mL deionized water was prepared, and then a homogeneous
slurry was obtained by grinding with a mortar and pestle. Next,
the obtained slurry was added dropwise onto the conductive
electrode portion of the sensor using a pipette gun, as shown in
Fig. S2 in the ESM. The ZnO and the Na-doped ZnO sensors
were obtained after being dried at 100 “C in an oven for over 16 h.
The sensors were pre-heated for more than 72 h to eliminate
potential organic impurities and surface contamination before the
test. The sensor measurement was carried out with a homemade
apparatus, as shown in Fig. S1 in the ESM. More testing details
can be found in Section S2 in the ESM.

In the gas sensing test, the response (S) is defined as
(R, = R))/R,, where the resistance in syntheticair is represented by R,,
while the resistance in the target gas is denoted by R;. The response/
recovery time were defined as the duration required to achieve a
90% change in resistance during the complete sensing cycle.

3 Results and discussion

3.1 Material characterization

The crystal structure of Na-doped ZnO was investigated using
XRD. Figure 2(a) depicts the peaks for ZnO, NaZnO, NaZnO0.5,
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NaZnOl, and NaZnO2. The diffraction peaks observed in
all samples correspond to the hexagonal structure of ZnO
(PDF#N0.99-0111), which is the same as the pure ZnO we
measured before. All the peaks are strong and narrow, with no
other characteristic peaks found in any of the samples, which
indicates the excellent crystallinity and high purity of ZnO. Since
the powder quantity and uniformity could be different on various
test substrates (ALO;), there were certain differences in the
intensity of the peaks of Al,O;.

The crystal structure of ZnO did not change with the doping of
Na ions. For further analysis, a slow scan was tested around the
main peak of ZnO ranging from 41° to 45°, which is related to
(101) facet. Figure 2(b) illustrates a noticeable shift towards a
lower angle range following the doping of Na, which means the
increase of the interplanar spacing value according to Bragg’s law
(Eg. (1)). Since the diameter of Na* ions (1.02 A) is larger than
that of Zn* (0.74 A) ions [27,28], it is possible that the Na*
substitutes the Zn* in the ZnO lattice.

2dsinf = nl (1

)

where d represents the interplanar spacing value (A); 6 stands for
the diffraction angle; n represents the diffraction order; A denotes
the wavelength of Co Kal radiation (A = 1.789 A), which serves as
the X-ray source; k represents the shape factor (k = 0.89); S
represents the full width at half maximum (FWHM); and y
represents the position of the main peak of ZnO corresponding to
the (101) facet. Scherrer equation (Eq. (2)) was used to calculate
the average grain size of ZnO and Na-doped ZnO. The crystallite
size of ZnO, NaZnO, NaZn00.5, NaZnOl, and NaZnO2
calculated by the Scherrer equation (Eq. (2)) are 55.0, 37.9, 39.6,
36.1, and 37.8 nm, respectively. More calculated data were
described in Table S1 in the ESM. As illustrated in Fig. 2(c), with
the doping of Na’, the average grain size shows an obvious
decrease. This indicates that Na ions were referred to as the
nucleation centers, leading to the production of the crystals [29].
The smaller grain size is advantageous for improving gas
sensitivity performance [30].
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Fig.2 (a) XRD patterns of ZnO and Na-doped ZnO samples coated on alumina substrates. (b) Slow scanning close to the main peak of ZnO, and (c) average grain size

of all samples.
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The microstructure and morphology of all samples were
observed via FE-SEM and TEM tests. Both the pristine ZnO and
the Na-doped ZnO samples show a similar urchin-like structure
assembled by nanoneedles (Figs. 3(a)-3(e)). The length of each
nanoneedle is around 3 pm, while the diameter is about 100 nm.
The low-magnification FE-SEM images of ZnO and Na-doped
ZnO samples can be found in Section S3 in the ESM, as shown in
Fig. $4 in the ESM. The morphology of these samples does not
significantly change, which indicates that neither the doping of Na
nor the addition of citric acid has a big influence on the
morphology. Figures 3(f) and 3(g) depict the structure of pure
ZnO and Na-doped ZnO with citric acid after being coated on the
sensor substrate. The urchin-like morphology of the two sensors
remains similar.

However, the only difference is that the surface of ZnO sensing
layers has a porous structure, attributed to the evaporation of
water from the slurry during the preparation of the sensing layer,
creating a porous surface for the ZnO sensing layers. This porous
structure has the potential to enhance the specific surface area of
the sensing layer, thereby improving the gas sensing performance.
From the TEM images of NaZnO presented in Figs. 3(h) and 3(i),
it is evident that the nanoneedles comprised many nanoparticles.
The HRTEM image of the NaZnO powders is shown in Fig. 3(j).

2 pm

It can be analyzed that the interplanar spacing of 0.264 nm
corresponds to the (002) plane of hexagonal ZnO. Compared with
the pure ZnO (d = 0.260 nm), the increased interplanar space is
attributed to the doping of Na. Since the diameter of Na- is larger
than Zn*, Na ions reside in the interstitial or substitutional Zn
sites. To check the amount of Na* doped in the ZnO lattice,
energy-dispersive spectrometry (EDS) and ICP-OES tests were
carried out. Due to the similar position of Na and Zn peaks in
EDS shown in Fig. S5 in Section S3 in the ESM, it is impossible to
confirm the amount of Na by EDS, so the concentration of Na*
was determined using the ICP-OES method. Figures 3(k)-3(m)
depict the EDS mapping of NaZnO1. It confirms the uniform
distribution of the Na, Zn, and O elements. The ICP-OES results
of the atom ratio of Na in NaZnO, NaZnO0.5, NaZnOl, and
NaZnO2 samples are 2.62%, 6.02%, 7.42%, and 6.56%,
respectively. It can be found that with citric acid, the Na
concentration is similar to the value we added into the solution,
but without the assistance of citric acid, only about half of Na is
successfully doped, demonstrating that citric acid has a crucial role
in the Na doping of ZnO crystal.

The synthesis mechanism of Na-doped ZnO nanoneedles is
based on the Ostwald ripening mechanism. When KOH flakes are
added to the solution, the dissolved OH" ions react with the Zn*

Fig.3 SEM images of (a) ZnO powders, (b) NaZnO0.5 powders, (c) NaZnO powders, (d) NaZnO1 powders, (¢) NaZnO2 powders, (f) ZnO sensing layer, and
(g) NaZnOl1 sensing layer. (h-j) TEM images of NaZnO1 powder. (k-m) EDS mappings of Na, Zn, and O elements.
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ions formed by the dissolution of Zn(NO3), resulting in flocculent
Zn(OH), precipitates (Reaction (3)). With the further dissolution
of NaOH, the concentration of OH" in the solution increases,
leading to the disappearance of the white flocculent precipitate (in
this work, the amount of added OH" is ten times that of Zn*, and
the excess OH™ continues to combine with Zn(OH), creating
[Zn(OH),]* (Reaction (4)).

When this solution reacts under high temperature and pressure
conditions in a reaction vessel, [Zn(OH),]*" hydrolyzes to form
crystalline ZnO (Reaction (5)). CTAB plays a templating role in
the synthesis process. CTAB, as a surfactant, has a second critical
micelle concentration in water of 2.1x10? mol-L™. Above this
concentration, CTAB micelles self-assemble into rod-like
structures, while below this concentration, they form spherical
structures. In the above structure, the positively charged end of
CTAB is oriented outwards, exhibiting higher surface energy and
easily binding with the negatively charged [Zn(OH),J*. The
[Zn(OH),]* ions are encapsulated on the CTAB surface, leading
to the crystallization of ZnO primarily taking place on the surface
of CTAB micelles. This process ultimately leads to the formation
of various nanostructures. Ethylenediamine acts as a complexing
agent in the synthesis process, connecting [Zn(OH),J*-

Zn’t 4+ 20H™ — Zn(OH), 3)
Zn(OH), + 20H" — [Zn(OH),J*- (4)
[Zn(OH),)” —+ ZnO + H,0 + 20H> (5)

To further investigate the information about the Na-doped
ZnO sensors, the BET test was carried out (Fig. 4(a)). The specific
surface area of NaZnO1 was 11.347 m*g™'. The UV-Vis spectra of
all samples illustrate an adsorption edge ranging from 399.87 to
408.83 nm, as shown in the inset of Fig. 4(b). As shown in Fig.
4(b), the bandgap energies (E,) of all samples were calculated
according to the Tauc plot (Eq. (6)).

Ahv = B(hv - Ep)"" (6)

where A is the absorbance, and B is a constant. Since the ZnO is a
direct bandgap semiconductor, the value of » is 1/2 [31]. The
calculated bandgaps of the ZnO and NaZnO1 samples were 3.19
and 3.15 eV, respectively. The separate plots for the calculated
band gap energies for each sample (Figs. S6 and S7 in the ESM)
can be found in Section S3 in the ESM. The narrowed bandgap
will make it easier for electrons to transit.

To check the concentration of oxygen vacancies, we performed
an XPS test on ZnO, NaZnO, and NaZnO1 samples. In Fig. 5(a),

the surveys of the three different samples were displayed. From
the XPS survey, only peaks related to Zn, O, and C can be found,
with no peaks related to Na* detected. Figures 5(b)-5(d) present
the plotted and deconvoluted O 1s region of the three samples
using a mixed function comprising 30% Lorentzian and 70%
Gaussian components. The peaks at 530.2, 531.8, and 5334 eV
represent the existence of lattice oxygen (Op), oxygen vacancy
(Oy), and chemisorbed oxygen species (Og) [32]. The
concentration of oxygen vacancies was calculated as the ratio of
the area of the Oy peak in regions (Figs. 5(b)-5(d)) to the total
fitted peak area. The concentration of oxygen vacancies of ZnO,
NaZnO, and NaZnOl are 2.50%, 19.08%, and 20.98%,
respectively. It indicates that Na doping induces the formation of
more oxygen vacancies and free electrons. As the Na doping
concentration increases, the content of oxygen vacancies also
gradually increases, as analyzed by ICP-OES in Section 3.1. This
will increase the number of available adsorption sites for gas
molecules and enhance the donor electron ability of Na-doped
ZnO, thereby improving the gas sensing performance.

3.2 Gas sensing performance

The working temperature for different VOC biomarkers of lung
cancer was investigated at 50% RH syntenic air to better simulate
the actual breathing environment. According to our experience
before with ZnO, we chose the temperature range between 200
and 325 C with four different families of gases (isopropanol,
acetone, formaldehyde, and ammonia) which have the potential to
serve as biomarkers to detect lung cancer and were representative
with a higher concentration [33]. Figures 6(a)-6(d) depict the
response change to 5 ppm isopropanol, acetone, formaldehyde,
and 50 ppm NH; (the responses at 5 ppm were too small to
abandon) with the change of working temperature. We conducted
three replicates of the experiment, and the specific experimental
data, along with their maximum deviation, can be found in Tables
S2-S5 in the ESM. The operation temperatures range from 200 to
300 ‘C. However, the maximum value was not observed for
isopropanol, so a point at 325 “C was added as well. In general, the
NaZnO1 sensor showed the best response among the five
different sensors to all the target gases in this test. Another
interesting behavior is the change of optimal working temperature
with the doping of Na* to target gases. For all these sensors, the
optimal working temperatures for isopropanol, acetone, and
ammonia were similar, which is at 300 “C for isopropanol, 275 ‘C
for acetone, and 250 ‘C for ammonia. However, the optimal
temperature for formaldehyde is quite different. According to the
curve, the sensors could be divided into two groups. For ZnO,
NaZnO, and NaZnOO0.5, these three sensors showed a similar
trend. Their optimal temperature for HCHO is between 275 to
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300 C. When the temperature is lower than 275 °C, their
response had a significant drop. For NaZnO1 and NaZnO2, these
two had the best response at 250 C. As the temperature increased,
the response decreased quickly. When the temperature decreased
from 250 C, a slight decrease in the response can also be found,
but it was much slower than at the higher temperature range.

As shown in Fig. 7(a), the NaZnO1 sensor exhibited various
selectivity to different VOCs with the change of working
temperature. It was evident that at lower temperatures
(200-250 C), the sensor exhibited a heightened responsiveness to
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HCHO compared with other VOCs. Upon reaching 275 C, the
acetone registered the highest response. Furthermore, as the
temperature ascended to 300 C, the NaZnO1 sensor displayed a
discerning and selective response to isopropanol. This
phenomenon was intricately linked to the varying adsorption
capacities of gas molecules on the sensing material surface at
different temperatures and the degree of oxidation-reduction
reactions. A detailed explanation can be found in Section 3.3.
Table S6 in the ESM shows specific response values in Fig. 7(a).
To further compare the selectivity of the NaZnOl sensor at
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Fig.7 (a) Selectivity of all sensors at different working temperatures with 50% RH. Dynamic change of all sensors to HCHO at (b) 200 ‘C and (c) 225 “C. (d) Response/
recovery time of the NaZnO1 sensor to 5 ppm HCHO at 225 °C, 50% RH. (e) Dynamic response of NaZnO1 sensor to HCHO at 200 and 225 “C. (f) Mathematic fitting
curve of the response of the NaZnO1 sensor to HCHO from 5 ppm to 0.25 ppm. (g) Response of the NaZnO1 sensor to 5 ppm HCHO at 225 °C with different relative
humidities from 50% to 90% (error bars represent the maximum deviation from the average response of the three repetition tests). (h) Electrical resistance change and
response change of the NaZnO1 sensor in a continuous cycling test with 26 cycles. (i) Stability test of NaZnO1 sensor with 5 ppm HCHO at 225 “C in 10 days (error bars

represent the maximum deviation from the average response of three repetition tests).

different temperatures, we defined the ratio of the response to the
target gas (Se) to the response to interfering gases (Siyerference) 2
K (the responses to 50 ppm NH; were negligible at all
temperatures and were thus disregarded in quantitative
comparisons). Calculation results (Table S7 in the ESM) revealed
that the K values of HCHO at 200 and 225 C were 29.7, 21.0 and
6.6, 13.2 for isopropanol and acetone, respectively. Since the K
values of HCHO at 250 C were relatively low, further research at
250 ‘C was not continued in the following experiments. Despite
the higher responses to acetone and isopropanol at 275 and
300 °C, there was poor selectivity (1.3, 1.6 for isopropanol and
HCHO and 1.5, 6.5 for acetone and HCHO). Additionally,
considering power consumption and practical application
scenarios, we opted for HCHO, which exhibited high selectivity
responses in the lower temperature range for further research.

To further investigate the sensors, Figs. 7(b) and 7(c) illustrate
the response changes of the five sensors to HCHO at temperatures
of 225 and 200 ‘C, respectively. Although the selectivity at 200 'C
is better than 225 °C, the sensor had a very bad response and
recovery rate at 200 C, as shown in Fig. 7(b). During the
responding period, which was set as 10 min, the response at 200 C
was always increasing. For the recovery period, the resistance
could only return to about 126% of the original baseline value
before the injection of target gas in 20 min of recovery. The
response/recovery rate may not be suitable for a portable device
that would be used by a doctor for breath analysis. Considering
the selectivity, response, and response/recovery rate, the optimal
working temperature for the NaZnO1 sensor to detect HCHO
should be 225 °C. Figure 7(d) illustrates the response curve of the
NaZnO1 sensor, which indicated a response/recovery time of
448 5/836s.

Moreover, the dynamic electrical resistances of all samples were
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illustrated in Fig. S8 in the ESM. It can be observed that the
electrical resistance consistently decreased when in the target
gases. This means that the Na-doped ZnO sensors were still n-
type semiconductors. Furthermore, with the doping of Na, the
resistance of the Na-doped ZnO sensors increased. This can be
attributed to the increased thickness of the depletion layer for the
Na* substituting some of the Zn** centers, leading to a decrease in
charge carriers. Thus, the increased thickness of the intergranular
potential barrier enhanced the difficulty of electron movement.

Figure 7(e) plots the dynamic and concentration-response
curve of the NaZnOl sensor tested at 225 ‘C and 50% RH. The
average response values of NaZnOl to 5000 ppb, 2500 ppb,
1000 ppb, 500 ppb, and 250 ppb in three repetition tests were
21.30, 13.24, 843, 5.14, and 2.80, respectively. The maximum
deviations were 0.074, 0.047, 0.055, 0.045, and 0.017, which can
prove that this sensor has a high and stable response to low
concentrations of HCHO. As the concentration of formaldehyde
increased, the response gradually increased, which is related to the
larger quantity of gas and its more volatile nature. The numerical
fitting result is depicted in Fig. 6(f). The response to HCHO in the
low concentration range can be expressed by Eq. (7):

S = —7.076x10""x* + 0.0077x 7)

LOD should be probed since the concentrations of lung cancer
biomarker VOCs are usually as low as ppb-level. The LOD of the
NaZnO1 gas sensor was calculated according to the the sensor
noise (0) and the slope (M = 3.67) of the fitting curve of the linear
relationship between the response and the concentration of gas
(Fig. S9 in the ESM). The calculated LOD was 0.298 ppm, which
is equivalent to 298 ppb. It revealed a potential to employ in the
breath analysis. More calculation details were provided in Section
$4 in the ESM.
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Table 1 compares the gas sensing performance of the Na-doped
ZnO sensor fabricated in this work with some other alkali metal-
doped ZnO sensors in the literature. Until now, few studies on
alkali metal-doped ZnO sensors have been reported. Meanwhile,
the types of semiconductors after alkali metal ion doping are
different. In some cases, ZnO can be transformed into p-type
semiconductors through alkali metal doping, while some materials
are p-type according to the Hall effect test, but their gas sensing
performance is consistent with n-type semiconductors. The Na-
doped ZnO sensor prepared in this paper exhibits comparable or
higher response even at significantly lower concentrations of lung
cancer biomarkers than those reported in the literature, proving
that the preparation method in this work can significantly
improve the response performance of the Na-doped ZnO sensor
to VOCs. In addition, according to the literature, alkali metal-
doped ZnO sensors rarely use HCHO as the main target gas,
while the NaZnO1 sensor in this study exhibits excellent gas
sensing performance against HCHO at 225 C.

As mentioned before, for breath analysis, humidity is an
important interference to the sensors especially when the working
temperature is low. In Fig. 7(g), the relationship between RH and
response to 500 ppb HCHO from 50% to 90% calculated at the
working temperature of 225 °C was plotted. The response
diminished as RH increased, which is consistent with the
competitive adsorption of water molecules [34]. The response
value dropped from 5.1 to 4 (the maximum deviation was 0.12,
0.15, 0.06, 0.11, 0.04, respectively) which is around 20%. This
means this sensor is relatively stable to humidity change. Since the
alcohol gases, including methanol and ethanol, can also serve as
potential markers for lung cancer breath detection or as
interference gases, we also conducted the selectivity of more
interference gases (Fig. S10 in the ESM). The test results indicated
that the sensor maintained a high selectivity for formaldehyde and
exhibited relatively poor resolution for alcohol gases. Nevertheless,
gas sensors used for respiratory monitoring in electronic noses do
not necessarily require absolute selectivity but rather the ability to
exhibit different signals for various gas types. To further validate
the practicality of the sensor, we used the mixture of O, and
5 ppm of acetone, isopropanol, ethanol, methanol, and 50 ppm of
NH; as carrier gases to detect the response of the NaZnO1 sensor
to 5 ppm of HCHO (Fig. S11 in the ESM). The results revealed
that under the background of the interfering gas, the NaZnOl
sensor still exhibited a high response (~16 to ~18.8@5 ppm
HCHO), reaffirming its selectivity for HCHO.

Long-term stability is another crucial parameter for a gas
sensor. The gas sensing performance of the NaZnO1 sensor at
225 °C to 5 ppm HCHO gas with 50% RH was tested for 26 cycles
continuously. The resistance response changes with different
cycles are plotted in Fig. 7(h). During the testing period, the
average response of the 26 cycles was 19.30, while the standard
deviation was 0.57. Based on the data, we can conclude that the
NaZnO1 sensor exhibited good stability. Figure 7(i) shows the
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response test results of the NaZnO1 sensor under conditions of
275 °C and 50% relative humidity over a period of 10 days with
three repetitive tests for each day (the maximum deviation can be
found in Table S8 in the ESM). The sensor exhibited a consistently
stable response throughout the testing period, with an average
response value of 2043 and a standard deviation of 0.717,

signifying good stability.

3.3 Sensing mechanism

Figure 8(a) depicts the gas-sensing mechanism of Na-doped ZnO.
First, O, molecules adsorbed the Na-doped ZnO surface. These
adsorbed oxygen molecules then generated oxygen ions. O,
exhibits varying forms of adsorption on the material surface at
different temperatures [37,38]. Under the testing conditions (200
to 325 C), the predominant oxygen ion is O (Reactions (8) and
(9)). The adsorbed oxygen takes electrons from the sensing layer,
and the thicker depletion layer is formed at the interface, leading
to an elevation in electrical resistance. When the target gas is
introduced, since all the targets in this study are reducing gases,
they react with O™ on the surface (Reactions (10)—(13)), releasing
electrons back to the sensing layer [39-41]. This reaction reduces
the thickness of the depletion layer, resulting in lower electrical
resistance. The sensing procedures can be described as Reactions

(8)-(13):

0,(gas) — O,(ads) (8)
O,(ads) + 2~ — 20~ 9)
CH,;CHCH;O0H + 90~ — 3CO, + 4H,0 + 9¢~ (10)
CH,COCH; + 80~ — 3CO, + 3H,0 + 8¢~ (11)
HCHO + 20~ — CO, + H,0 + 2¢~ (12)
2NH; 4 50~ — 2NO + 3H,0 + 5e~ (13)

In the gas sensing test, the NaZnOl sensor demonstrated
superior responses to all target gases, and its selectivity exhibited
significant variations correlating with changes in working
temperature. This phenomenon was intricately associated with the
adsorption capacity of gas molecules on the sensing material
surface and the oxidation-reduction reactions with chemisorbed
oxygen [20,42].

On one front, the adsorption capacity of MOS materials for
target gases fluctuates with temperature variations, leading to
distinct adsorption quantities for the same gas at different
temperatures [43,44]. Simultaneously, Na-doped ZnO serves as a
catalyst during the oxidation-reduction process. Distinct gases
require different activation energies for these reactions (Reactions

Table1 Comparison of the VOC sensing performance of the Na-doped ZnO sensor and other n-type metal doped ZnO sensors

Sensing material Semiconductor type ~ Targetgas  Concentration (ppm) T(C) N Response/recovery time Ref.
K-ZnO n Ethanol 100 300 452 455/17 s [35]
Na-doped ZnO n Ethanol 100 280 37.8 56 s/25s [35]
Au/Na-doped ZnO p Ethanol 60 RT (UV) 40% 72 s/> 600 s [36]
Na-doped ZnO p Acetone 100 RT (UV) 3.4 18s/63 s [20]
Na-doped ZnO p NH; 500 400 1.7 — [23]
NaZnOl1 n HCHO 5 225 21.3 448 5/836 s This work
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Fig.8 (a) Gas sensing mechanism for Na-doped ZnO. Work functions of (b) ZnO and (c) NaZnO1. VB-XPS spectra of (d) ZnO and (e) NaZnOL. (f) Band structures of

the ZnO and NaZnO1.

(10)-(13)), indicating that the reaction intensity varies at different
temperatures [43,45]. This discrepancy results in fluctuations in
the number of electron transfers, consequently contributing to
differences in sensor responses across temperature variations.

The enhancement of sensing properties can be explained. First,
when Na is doped into the lattice of ZnO, the steps can be written
as Reactions (14) and (15) [20]:

ZnO + 2Na* — 2Nay, + O} + Vg (14)

0, +2Vy — 205 + 4h (15)

where Nalzn represents the Zn* which were replaced by Na*, OF
is the normal lattice oxygen, and Vg is the oxygen vacancy. The
holes generated in this step can capture free electrons, which leads
to a higher electrical resistance than pure ZnO. According to these
equations, when the concentration of Na’ increased, the
concentration of Vg increased, which is consistent with the XPS
and ICP-OES results. High-concentration oxygen vacancies are
beneficial to the sensing performance. Stoichiometric ZnO has a
stable lattice structure and low surface activity, which makes it
difficult to adsorb oxygen molecules and target VOCs, resulting in
weak response and high operating temperature [5,46]. When Na*
is introduced into the lattice, the substitution of Na* and the
high concentration of oxygen vacancies disrupt the long-range
order of the ZnO crystal structure, resulting in an unsaturated
coordination state between impurity ions and oxygen vacancies
[32,47,48]. Consequently, the gas sensing layer’s surface activity is
substantially higher than it is in the undoped state, thereby
enhancing the adsorption of gas molecules onto its surface. At the
same time, the oxygen vacancies form electron aggregation centers
next to the unsaturated Zn atom, which makes it easier for
electrons around the metal atom to exchange with adsorbed gas
molecules [19]. According to Reactions (8)-(13), the fundamental
factor that determines the change in resistance of the gas sensing
layer is the exchange of electrons during the adsorption process of
oxygen molecules and the target gas. A higher electron exchange
rate means that the sensor has a greater change in resistance and
better response after VOCs injection. Finally, oxygen vacancies
serve as the preferred sites for the adsorption of oxidizing gases,
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meaning that more oxygen molecules are preferred to adsorb onto
the oxygen vacancy sites formed by doping. Introducing a high
concentration of oxygen vacancies leads to a significant increase in
the number of adsorbed oxygen ions on the gas-sensing layer’s
surface. This, in turn, increases the number of reactive VOCs
molecules, leading to an enhanced electron exchange between the
gas-sensing layer and the gas molecules. Consequently, the sensor’s
response improves.

To further investigate the role of Na doping on the band
structure, the VB-XPS spectra were carried out to obtain the VB
potential (Eypxps) of the ZnO and the NaZnO1 samples. Since the
obtained Eypyxps Were based on the vacuum level (Figs. 8(b) and
8(c)), the normal standard hydrogen electrode (Eypyyg) was
calculated according to Eq. (16) [38], where ¢ is the work
function of the tester (4.52 eV). Therefore, the Eyp g of ZnO and
NaZnO1 was 1.94 and 1.88 eV, respectively. Since the bandgaps
were calculated according to Fig. 3(b), the conduction band (CB)
potential was easy to get. The @ represents the work function of
the MOX materials, which can be calculated by Eq. (17) [38]. AV
is the contact potential energy which can be obtained according to
the adjacent inflection point (IP) of the VB-XPS spectra, as shown
in Figs. 8(d) and 8(e). Thus, the working function of ZnO (D, ,0)
and NaZnO1 (P, nuzno1) Was 5.26 and 5.49 eV, respectively.

Evexue = @ + Evp xps — 4.44 €V (16)

AV=0—¢ (17)

The final band structure is described in Fig. 8(f). The structure
indicated that the Fermi level of Na-doped ZnO was lower than
ZnO, which is consistent with the gas-testing results. With the
doping of Na, the resistances of the Na-doped ZnO sensors were
increased due to the decrease of the free electrons.

Additionally, when Na* is doped into the ZnO lattice, which is
referred to as an impurity, an acceptor level will be introduced
into the forbidden gap of ZnO. The acceptor level is near the top
of the valence gap [49]. Under the condition of a certain amount
of Na* doping, the new acceptor level can be in contact with the
VB potential, leading to a decrease in the bandgap. Thus, the
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narrowed bandgap makes it easier to produce more charge
carriers when heated at a lower temperature and significantly
improves the sensing performance of the urchin-like Na-doped
ZnO sensors.

4 Conclusions

In this work, the Na doping to the ZnO nanoneedles was
successfully fabricated by adding Na and citric acid into the
precursor for the hydrothermal method. The ICP-OES results
demonstrate the significant role of citric acid in realizing Na
doping. The Na-doped ZnO sample owned the best gas-sensing
performance when the molar ratio of Na : citric acid was 3 : 1
(NaZnO1) for the detection of different kinds of biomarkers for
lung cancer. The NaZnOl sensor exhibited a significantly
improved response of 21.3 ppm to 5 ppm HCHO while
maintaining good humidity resistance, stability, and excellent
selectivity. Furthermore, this performance was achieved at a lower
temperature of 225 C and approximately 50% RH. A selectivity
change with temperature was observed as well. The NaZnO1
sensor showed excellent selectivity to HCHO at 225 and 200 C.
Considering the response and recovery time, 225 “C was chosen as
the optimal working temperature for HCHO detection. The gas
sensing mechanism was considered as the oxygen defect and the
Na dopant which worked as the acceptor level in the ZnO
bandgap. It narrowed the bandgap and provided more free
electrons for gas adsorption.
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