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Abstract 

Zinc oxide (ZnO) is a wide-band-gap n-type semiconductor whose high 
surface-to-volume ratio, chemical stability, defect-sensitive conductivity, 
optical response and compatibility with low-cost solution processing 
make it a strong platform for miniaturized sensors. This methodology 
paper proposes a reproducible route for synthesizing vertically oriented 
ZnO nanorods and evaluating their suitability as resistive sensor 
elements. A seeded hydrothermal method is selected because it enables 
growth below 100 °C, avoids vacuum equipment and permits direct 
deposition on insulating or electrode-patterned substrates. The 
experimental design uses zinc nitrate hexahydrate and 
hexamethylenetetramine (HMTA) as equimolar growth precursors, 
followed by washing, controlled annealing and multitechnique 
characterization using X-ray diffraction (XRD), scanning electron 
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), UV-
visible spectroscopy and photoluminescence (PL). For device evaluation, 
the nanorod layer is integrated with interdigitated electrodes and 
exposed to calibrated ethanol concentrations as a model reducing gas 
while resistance, response, recovery, selectivity and repeatability are 
measured as functions of concentration and operating temperature. The 
approach is grounded in literature available up to 2016 and is designed to 
separate structure–property relationships from fabrication variability. 
Expected outcomes include single-phase wurtzite ZnO, preferential c-axis 
growth, nanoscale rod diameters, a near-band-edge optical response, and 
a measurable resistance decrease in the presence of ethanol. The 
proposed protocol is adaptable to NO2, H2S, UV and biosensing formats 
and provides a practical framework for linking synthesis conditions, 
surface morphology and sensor performance without relying on 
expensive fabrication facilities. 

 
Introduction 

ZnO has attracted sustained attention in sensor 
research because it combines a direct band gap 
of approximately 3.37 eV, a large exciton 
binding energy, high electron mobility, 
piezoelectricity and a surface chemistry that is 
strongly influenced by adsorbed oxygen and 
target molecules. When ZnO dimensions are 
reduced to the nanoscale, a greater fraction of 

atoms lies near the surface, so adsorption-
induced charge transfer can modulate a 
comparatively large fraction of the conducting 
channel. This feature is particularly 
advantageous for resistive gas sensors, 
photodetectors and biosensor interfaces. 
Reviews of ZnO sensors have therefore 
emphasized one-dimensional forms such as 
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nanorods and nanowires, which offer high 
aspect ratio, direct electrical pathways and 
straightforward integration with planar 
electrodes (Wei, Pan, & Huang, 2011; Kumar et 
al., 2015). 

The choice of synthesis route is critical because 
sensing behavior is not determined only by 
chemical composition. Crystallite size, exposed 
crystal facets, defect density, rod diameter, 
porosity, orientation, interparticle junctions and 
electrode geometry all affect resistance and 
adsorption kinetics. Vayssieres (2003) 
demonstrated that ordered ZnO nanorod and 
nanowire arrays could be grown from aqueous 
solutions at moderate temperature by 
controlling nucleation and interfacial processes. 
Greene et al. (2005) subsequently showed that 
textured ZnO seed layers provide a general 
route to vertical nanowire arrays. These 
solution-based approaches are especially useful 
for methodology-focused sensor studies because 
they lower equipment requirements while 
allowing independent control of seed density, 
precursor concentration, temperature and 
growth duration. 

Sensor-device studies before 2016 established 
that ZnO nanostructures can detect diverse 
chemical and physical stimuli. Hydrothermally 
produced ZnO nanorods were reported for H2S 
and ethanol detection (Wang, Chu, & Wu, 2006; 
Xu et al., 2006), while electrospun nanowires 
showed high ethanol sensitivity at elevated 
temperature (Wu, Ting, & Huang, 2009). Ahn et 
al. (2009) used on-chip nanowire bridges to 
improve NO2 response, and Su et al. (2010) 
demonstrated strong ultraviolet photoresponse 
from hydrothermally grown ZnO nanorods. Such 
studies indicate that the same material platform 
can be adapted to multiple transduction 
mechanisms, but they also show that device 
performance depends strongly on morphology 
and processing. 

The objective of this paper is to define a 
compact, step-by-step methodology for the 
synthesis, characterization and sensor 
integration of ZnO nanorods using laboratory-
accessible methods. The specific experimental 
demonstration is a chemiresistive ethanol 
sensor, selected because it provides a 
convenient model for studying oxygen-mediated 
surface reactions in n-type ZnO. The protocol is 
nevertheless designed so that the sensing layer 
can later be tested against oxidizing gases, UV 
radiation or biomolecular interfaces. Since no 
original laboratory data are supplied with this 
methodology paper, the Results section reports 
expected structural signatures, benchmark 

ranges and decision criteria derived from prior 
literature rather than presenting fabricated 
measurements. 
 
Literature Review 

Early work on aqueous ZnO growth established 
the foundation for low-temperature sensor 
fabrication. Vayssieres (2003) showed that 
arrays of ZnO rods and wires could be generated 
without templates or surfactants by controlling 
aqueous nucleation and growth. Greene et al. 
(2005) refined seeded solution growth, 
demonstrating that textured ZnO nanoparticles 
on a substrate guide vertically aligned nanowire. 
These studies are methodologically important 
because direct growth on a device substrate 
reduces the handling and random placement 
problems associated with transferring pre-
synthesized nanostructures. 

The relationship between ZnO morphology and 
gas response was demonstrated by several 
sensor studies. Wang, Chu, and Wu (2006) 
prepared hydrothermal ZnO nanorods and 
reported detection of H2S at very low 
concentration, including room-temperature 
response under suitable preparation conditions. 
Xu et al. (2006) also used hydrothermal 
synthesis and found that nanorods showed 
improved sensitivity and stability compared 
with conventional ZnO, while catalytic 
modification could further tune selectivity. 
These results support the selection of 
hydrothermal growth when the experimental 
goal is to correlate rod morphology with gas-
induced resistance changes. 

Device architecture can magnify or suppress the 
intrinsic response of the sensing material. Wu, 
Ting, and Huang (2009) electrospun ZnO 
nanowires directly across interdigitated 
electrodes and observed strong ethanol 
response, illustrating the benefit of minimizing 
transfer steps and maximizing accessible 
surface. In the same year, Ahn et al. (2009) 
created ZnO nanowire air bridges between 
electrodes; the sensor showed high NO2 
response near 225 °C, attributed to modulation 
at both nanowire surfaces and nanowire 
junctions. These findings justify using 
interdigitated electrodes and emphasize the 
need to report electrode spacing and 
nanostructure connectivity as part of the 
methodology. 

The versatility of ZnO extends beyond chemical 
gas sensing. Su et al. (2010) fabricated 
hydrothermal ZnO nanorod UV photosensors 
and attributed enhanced photoresponse to the 
high surface-to-volume ratio and surface 
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trapping processes. The broad review by Wei, 
Pan, and Huang (2011) summarized gas, 
chemical, biological, UV and pH sensor concepts 
and identified sensitivity-controlling factors 
such as dimensions, doping, functionalization 
and contact structure. This cross-application 
evidence strengthens the case for a common 
characterization package—XRD, electron 
microscopy, optical spectroscopy and electrical 
testing—before selecting a specific sensing 
mode. 

By 2013–2015, literature increasingly focused 
on deliberate morphology control. Rai, Kwak, 
and Yu (2013) showed that solvothermal 
precursor chemistry could produce different 
ZnO morphologies and that gas-sensing 
behavior was morphology dependent. Lupan, 
Pauporte, and Chow (2014) reviewed low-
temperature hydrothermal and electrochemical 
routes for ZnO sensor structures, emphasizing 
their low cost and device compatibility. Kumar 
et al. (2015) reviewed ZnO nanostructures for 

NO2 sensing and concluded that morphology, 
particle size, annealing conditions, humidity and 
operating temperature are central determinants 
of response, response time, recovery and 
selectivity. These conclusions motivate a 
factorial experimental design rather than 
evaluating a single synthesis condition. 

Research available in 2016 further broadened 
the sensing context. Tereshchenko et al. (2016) 
reviewed optical biosensors based on ZnO 
nanostructures and highlighted the roles of 
surface properties, defects and biomolecule 
immobilization. Hahm (2016) discussed one-
dimensional ZnO in electrical, electrochemical 
and fluorescence-based biosensing and 
emphasized the combination of reduced 
dimensions and intrinsic optical properties. 
Although the present methodology tests a gas-
sensing format, these studies indicate that 
optimization of crystallinity, surface defect 
density and nanoscale geometry have value 
across sensor categories. 

Table 1. Representative ZnO nanostructure sensor literature used to design the methodology 

Reference ZnO form / method Sensor focus Methodological 
implication 

Vayssieres (2003) Aqueous 
nanorod/nanowire 
arrays 

General 
functional films 

Low-temperature solution 
growth is scalable. 

Wang et al. (2006) Hydrothermal 
nanorods 

H2S / ethanol Preparation conditions 
strongly affect selectivity. 

Wu et al. (2009) Electrospun 
nanowires 

Ethanol Direct bridging of 
electrodes can enhance 
response. 

Ahn et al. (2009) On-chip nanowire 
bridges 

NO2 Junction and depletion 
effects influence 
sensitivity. 

Su et al. (2010) Hydrothermal 
nanorods 

UV High surface area 
improves photoresponse. 

Rai et al. (2013) Solvothermal 
nanostructures 

Gas sensing Morphology is a controlled 
performance variable. 

Kumar et al. 
(2015) 

Multiple ZnO 
morphologies 

NO2 review Annealing, size, humidity 
and temperature require 
control. 

 
Methodology 

1. Experimental design and materials 

The study is designed as a controlled synthesis–
structure–performance experiment. Three 
independent growth batches should be 
prepared under identical nominal conditions to 
assess reproducibility. A secondary annealing-
temperature series (300, 400 and 500 °C for 1 h) 
is recommended to determine whether 
improved crystallinity compensates for loss of 
surface defects. Analytical-grade zinc nitrate 
hexahydrate [Zn(NO3)2·6H2O], HMTA 

(C6H12N4), zinc acetate dihydrate, 
monoethanolamine, 2-propanol or ethanol, 
deionized water and laboratory-grade ethanol 
vapor are required. Alumina or glass substrates 
carrying Au/Pt interdigitated electrodes are 
preferred for gas testing; plain glass or silicon 
pieces may be processed in parallel for optical 
and SEM analysis. 

Step-by-step synthesis of ZnO nanorods 

Step 1 – Substrate cleaning. Cut substrates to 
approximately 10 × 10 mm. Ultrasonicate 
sequentially in detergent solution, deionized 
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water, acetone and 2-propanol for about 10 min 
each, then dry with clean air or nitrogen. The 
purpose is to remove organics that would create 
nonuniform nucleation or unstable electrode 
contacts. 

Step 2 – ZnO seed-layer preparation. Prepare a 
0.02–0.05 M zinc acetate solution in ethanol or 
2-propanol with a small amount of 
monoethanolamine as stabilizer. Spin-coat at 
approximately 2500–3000 rpm for 30 s, dry at 
100–150 °C for 10 min, and repeat for three 
cycles. Heat the seeded substrate at 300–350 °C 
for about 30 min to generate adherent ZnO 
nuclei. Seeded growth is selected because 
textured ZnO nuclei promote aligned solution 
growth (Greene et al., 2005). 

Step 3 – Hydrothermal growth solution. Prepare 
separate aqueous solutions of zinc nitrate 
hexahydrate and HMTA and mix them to obtain 
equal final concentrations of 25 mM. A total 
volume of 100 mL is sufficient for several small 
substrates. HMTA slowly supplies hydroxide 
ions and buffers the solution, enabling 
controlled ZnO precipitation rather than rapid 
bulk formation. 

Step 4 – Nanorod growth. Place the seeded 
substrates face-down or vertically in a covered 

glass bottle or Teflon-lined vessel containing the 
precursor solution. Maintain at 90 °C for 4 h. 
Avoid placing substrates flat at the bottom 
where homogeneous precipitate can settle. A 
growth-temperature window of about 80–95 °C 
may be explored if rod length requires 
adjustment, consistent with the low-
temperature solution-growth rationale 
established by Vayssieres (2003) and later 
sensor studies. 

Step 5 – Washing and drying. Remove the 
substrates, rinse gently with deionized water to 
eliminate residual salts and loosely attached 
particles, and dry at 80–100 °C. Do not rub the 
active area because mechanical contact can 
remove nanorods. 

Step 6 – Controlled annealing. Divide equivalent 
samples into 300, 400 and 500 °C annealing 
groups for 1 h in air with a moderate ramp rate 
(about 5 °C min−1). The 400 °C condition is the 
primary candidate. Annealing should be 
reported explicitly because it can improve 
crystal order while also modifying oxygen 
vacancies and adsorption sites that contribute to 
sensing.

 

Figure 1. Proposed experimental workflow for ZnO nanorod synthesis, characterization and sensor 
evaluation (original schematic). 

2. Structural, morphological and optical 
characterization 

XRD should be recorded over 2θ = 20–80° using 
Cu Kα radiation. Phase identification is 
performed against the hexagonal wurtzite ZnO 
pattern, with particular attention to the (100), 
(002) and (101) reflections. A strong (002) peak 
relative to other reflections is used as evidence 
of preferential c-axis orientation. Crystallite size 
may be estimated from the dominant peak using 
the Scherrer equation, while recognizing that 
the value represents coherent diffraction 
domain size rather than the physical rod 
diameter. 

SEM is used to measure rod diameter, length, 
areal density, alignment and surface coverage. 
At least five fields from different substrate 
regions should be imaged, and a minimum of 50 
rods should be measured for diameter statistics. 
EDS is used as a compositional check for Zn and 
O and to screen for unexpected contaminants. 

UV-visible spectra are used to estimate the 
optical absorption edge and approximate band 
gap through a Tauc plot for a direct transition. 
PL at room temperature is recorded to compare 
near-band-edge UV emission with broad visible 
defect-related emission. The intention is not to 
minimize all defects: gas sensing may benefit 
from surface-related states, so PL is interpreted 
together with electrical response rather than as 
a stand-alone quality score. 

Sensor-device fabrication and gas-testing 
protocol 

Where ZnO is grown directly on interdigitated 
electrodes (IDEs), the active area is masked 
during seed coating so that bond pads remain 
clean. If growth is performed on a separate 
substrate, a controlled ZnO suspension may be 
drop-cast across IDEs, but direct growth is 
preferred because it reduces uncontrolled 
contact resistance. The device is mounted in a 
sealed test chamber with electrical 
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feedthroughs, gas inlet/outlet and a 
temperature-controlled stage. A constant bias of 
approximately 1–5 V is applied while resistance 
or current is recorded continuously. Before each 
run, the sensor is stabilized in dry air until the 
baseline drift is less than 2% over 10 min. 

Ethanol is introduced at nominal concentrations 
of 10, 25, 50, 100, 250 and 500 ppm using 
certified gas mixtures or calibrated vapor 
dilution. Tests are repeated at 150, 200, 250, 
300 and 350 °C to identify the operating 

temperature that maximizes response while 
preserving acceptable recovery. For an n-type 
ZnO sensor exposed to a reducing gas, adsorbed 
oxygen species initially withdraw electrons from 
the surface, producing a depletion layer and 
relatively high resistance. Ethanol reacts with 
adsorbed oxygen and returns electrons to ZnO, 
decreasing resistance. This oxygen-mediated 
mechanism is consistent with the wider body of 
ZnO gas-sensor literature summarized by 
Kumar et al. (2015). 

Table 2. Core experimental parameters for the proposed methodology 

Stage Parameter Proposed setting Control / rationale 
Seed layer Zinc acetate 

concentration 
0.02–0.05 M Uniform nucleation without 

thick film formation 
Growth Zn(NO3)2 : HMTA 25 mM : 25 mM Equimolar low-temperature 

solution growth 
Growth Temperature / 

time 
90 °C / 4 h Promotes rods while limiting 

bulk precipitation 
Annealing Temperature / 

time 
300, 400, 500 °C / 
1 h 

Tests crystallinity–defect 
trade-off 

XRD Scan range 20–80° (2θ) Confirms wurtzite phase and 
orientation 

SEM Rod measurements ≥50 rods / sample Provides diameter and length 
distributions 

Gas test Ethanol 10–500 ppm Concentration-response curve 
Gas test Operating 

temperature 
150–350 °C Locates maximum response 

Electrical Bias 1–5 V Stable low-field resistance 
measurement 

 
Results  

The proposed synthesis should yield a 
continuous ZnO nanorod layer with the 
hexagonal wurtzite crystal structure and 
preferential growth along the c-axis. Vayssieres 
(2003) and Greene et al. (2005) provide 
precedent for oriented aqueous growth, while 
subsequent sensor studies show that solution-
grown rods can be integrated into functioning 
devices. The XRD pattern is therefore expected 
to contain the characteristic ZnO reflections 
without secondary zinc hydroxide or metallic 
zinc phases. SEM should show rods in the 
approximate tens-to-low-hundreds of 
nanometers diameter range, with rod length 
determined mainly by precursor concentration 
and growth time. Samples annealed at 400–500 
°C are expected to show sharper XRD reflections 
than the 300 °C sample, whereas the lower-
temperature sample may retain a larger 
concentration of surface defects. 

Optically, the absorption edge should occur near 
the ultraviolet region corresponding to a band 
gap around the bulk ZnO value, with modest 
variation caused by defects and nanostructure 
dimensions. PL should include near-band-edge 
ultraviolet emission together with a variable 
visible band associated with native and surface-
related states. For sensor operation, resistance 
in air should stabilize before exposure, then 
decrease upon ethanol introduction because the 
reducing gas restores electrons previously 
trapped by chemisorbed oxygen. The response 
should rise with ethanol concentration and 
exhibit an optimum with operating temperature 
rather than increasing indefinitely. Comparable 
behavior was reported for ethanol-sensitive ZnO 
nanowires by Wu, Ting, and Huang (2009), 
while Ahn et al. (2009) demonstrated that ZnO 
nanowire device geometry can strongly 
influence response and recovery. 

Table 3. Expected acceptance criteria and literature benchmarks for the proposed sensor 

Output Expected criterion for this methodology Literature benchmark / basis 
Crystal phase Only hexagonal wurtzite ZnO peaks; no Oriented aqueous growth 
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major secondary phase reported by Vayssieres (2003) 
and Greene et al. (2005) 

Morphology Dense nanorods; diameter typically <150 
nm; reproducible across substrate 

Nanoscale rods/wires repeatedly 
used for gas sensing before 2016 

Optical 
behavior 

UV absorption edge; PL showing near-
band-edge plus defect-related emission 

ZnO optical/sensor behavior 
summarized by Wei et al. (2011) 

Gas response Ra/Rg > 1 for ethanol; response increases 
with concentration over a useful range 

Ethanol-sensitive ZnO nanowires 
demonstrated by Wu et al. 
(2009) 

Temperature 
behavior 

Clear optimum between about 200 and 
300 °C for ethanol is plausible 

Nanostructured ZnO gas sensors 
commonly show temperature-
dependent maxima 

Repeatability Three-cycle response variation preferably 
<10% 

Required for meaningful sensor 
comparison 

Selectivity Ethanol response distinguishable from at 
least three interferents 

Needed to separate sensitivity 
from nonspecific conductivity 
changes 

 

A successful outcome is not defined as the 
highest possible response alone. The optimized 
sample should show a balance of high response, 
short recovery, low drift and stable morphology. 
If the 500 °C sample is more crystalline but less 
responsive, this would suggest that surface 
defect removal has reduced adsorption-active 
sites. If the 300 °C sample responds strongly but 
drifts or recovers slowly, incomplete precursor 
removal or excessive defect density may be 
responsible. The 400 °C condition is therefore 
expected to provide a useful compromise, but 
the selection must be based on measured 
structural and sensing data. Morphology-
dependent behavior reported by Rai, Kwak, and 
Yu (2013) supports this comparative approach 
rather than relying on a single condition. 

The methodology can also be extended after gas 
testing. The same nanorod geometry may be 
incorporated into UV photodetectors, as 
demonstrated by Su et al. (2010), or surface-
functionalized for biosensing, consistent with 
the later analyses of Tereshchenko et al. (2016) 
and Hahm (2016). Thus, the principal result of 
the methodology is a validated nanostructured 
ZnO platform whose material properties are 
sufficiently characterized to support multiple 
sensor-device architectures. 
 
Conclusion and Discussion 

This paper defines a practical methodology for 
synthesizing and characterizing ZnO nanorods 
for sensor devices using seeded hydrothermal 
growth, controlled annealing, multitechnique 
characterization and interdigitated-electrode 
testing. The method is deliberately based on 
established literature available through 2016. 
Low-temperature aqueous growth is chosen for 
accessibility and direct device integration; XRD 

and SEM establish phase and morphology; UV-
visible and PL measurements probe optical 
quality and defect-related states; and controlled 
gas exposure links these properties to 
chemiresistive behavior. The experimental 
design also treats annealing temperature, 
operating temperature and analyte 
concentration as explicit variables rather than 
hidden processing details. The central 
methodological principle is that ZnO sensor 
performance emerges from an interaction 
between surface chemistry and device 
architecture. High surface area increases the 
number of adsorption sites, but response can 
still be limited by poor electrical contacts, 
excessive agglomeration, humidity interference 
or unstable defects. Conversely, aggressive 
annealing may improve crystallinity while 
removing surface states that contribute to 
chemical sensitivity. Accordingly, the best 
material should be selected using a multi-
criterion assessment that includes structural 
purity, morphology, response magnitude, 
response/recovery kinetics, repeatability and 
selectivity. The literature from Wang et al. 
(2006), Xu et al. (2006), Wu et al. (2009), Ahn et 
al. (2009), Lupan et al. (2014) and Kumar et al. 
(2015) collectively supports this structure–
property–device perspective.  A limitation of the 
present paper is that it is methodology-focused 
and does not claim original measured results. 
The benchmark outcomes in Section 7 are 
therefore decision criteria that should be 
replaced by actual XRD peak positions, SEM 
statistics, optical spectra and gas-response 
curves when the experiment is performed. 
Future work may introduce noble-metal 
functionalization, controlled doping, UV 
activation or biomolecule immobilization to 
reduce operating temperature and improve 



Advance Physics Letter 

7 

selectivity. Even without these modifications, 
the proposed protocol provides a coherent and 
reproducible starting point for laboratory 
investigation of ZnO-based nanosensors. 
 
References 
 
Vayssieres, L. (2003). Growth of arrayed 
nanorods and nanowires of ZnO from aqueous 
solutions. Advanced Materials, 15(5), 464–466. 
https://doi.org/10.1002/adma.200390108 
 
Greene, L. E., Law, M., Tan, D. H., Montano, M., 
Goldberger, J., Somorjai, G., & Yang, P. (2005). 
General route to vertical ZnO nanowire arrays 
using textured ZnO seeds. Nano Letters, 5(7), 
1231–1236. 
https://doi.org/10.1021/nl050788p 
 
Wang, C. H., Chu, X. F., & Wu, M. W. (2006). 
Detection of H2S down to ppb levels at room 
temperature using sensors based on ZnO 
nanorods. Sensors and Actuators B: Chemical, 
113(1), 320–323. 
https://doi.org/10.1016/j.snb.2005.03.011 
 
Xu, J., Chen, Y., Chen, D., & Shen, J. (2006). 
Hydrothermal synthesis and gas sensing 
characters of ZnO nanorods. Sensors and 
Actuators B: Chemical, 113(1), 526–531. 
https://doi.org/10.1016/j.snb.2005.03.097 
 
Wu, W.-Y., Ting, J.-M., & Huang, P.-J. (2009). 
Electrospun ZnO nanowires as gas sensors for 
ethanol detection. Nanoscale Research Letters, 
4, 513–517. https://doi.org/10.1007/s11671-
009-9271-4 
 
Ahn, M.-W., Park, K.-S., Heo, J.-H., Kim, D.-W., 
Choi, K. J., & Park, J.-G. (2009). On-chip 
fabrication of ZnO-nanowire gas sensor with 
high gas sensitivity. Sensors and Actuators B: 
Chemical, 138(1), 168–173. 
https://doi.org/10.1016/j.snb.2009.02.008 
 

Su, Y. K., Peng, S. M., Ji, L. W., Wu, C. Z., Cheng, W. 
B., & Liu, C. H. (2010). Ultraviolet ZnO nanorod 
photosensors. Langmuir, 26(1), 603–606. 
https://doi.org/10.1021/la902171j 
 
Wei, A., Pan, L., & Huang, W. (2011). Recent 
progress in the ZnO nanostructure-based 
sensors. Materials Science and Engineering: B, 
176(18), 1409–1421. 
https://doi.org/10.1016/j.mseb.2011.09.005 
 
Rai, P., Kwak, W.-K., & Yu, Y.-T. (2013). 
Solvothermal synthesis of ZnO nanostructures 
and their morphology-dependent gas-sensing 
properties. ACS Applied Materials & Interfaces, 
5(8), 3026–3032. 
https://doi.org/10.1021/am302811h 
 
Lupan, O., Pauporte, T., & Chow, L. (2014). 
Synthesis and gas sensor applications of 
nanostructured ZnO grown at low temperatures. 
Turkish Journal of Physics, 38(3), 399–419. 
https://doi.org/10.3906/fiz-1406-21 
 
Kumar, R., Al-Dossary, O., Kumar, G., & Umar, A. 
(2015). Zinc oxide nanostructures for NO2 gas-
sensor applications: A review. Nano-Micro 
Letters, 7, 97–120. 
https://doi.org/10.1007/s40820-014-0023-3 
 
Tereshchenko, A., Bechelany, M., Viter, R., 
Khranovskyy, V., Smyntyna, V., Starodub, N., & 
Yakimova, R. (2016). Optical biosensors based 
on ZnO nanostructures: Advantages and 
perspectives. A review. Sensors and Actuators B: 
Chemical, 229, 664–677. 
https://doi.org/10.1016/j.snb.2016.01.099 
 
Hahm, J.-I. (2016). Fundamental properties of 
one-dimensional zinc oxide nanomaterials and 
implementations in various detection modes of 
enhanced biosensing. Annual Review of Physical 
Chemistry, 67, 691–717. 
https://doi.org/10.1146/annurev-physchem-
031215-010949 

 


