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Abstract. Controlled synthesis of ZnO nanorods with tailored crystallinity and
morphology is of great importance for the development of high-performance
gas sensors. In this study, ZnO seed layers were deposited on glass substrates
by RF magnetron sputtering and subsequently annealed at 400 °C to improve
crystallinity and surface uniformity. Hydrothermal growth of ZnO nanorods was
then carried out under different precursor concentrations (0.01 M:0.01 M and
1 M:1 M zinc acetate/HMTA) to investigate the effects of solution chemistry on
nanorod formation. X-ray diffraction (XRD) revealed a dominant (002) peak
in all samples, confirming c-axis oriented growth, while scanning electron
microscopy (SEM) demonstrated that higher precursor concentrations yielded
longer, densely packed nanorods with well-defined hexagonal cross-sections.
The results highlight that both seed layer annealing and precursor concentration
strongly influence the structural and morphological evolution of ZnO nanorods.
Optimized synthesis conditions lead to vertically aligned, highly crystalline
nanorods with increased aspect ratios, which are expected to enhance gas
adsorption and electron transport, making them highly suitable for resistive-
type gas sensing applications.
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Controlled hydrothermal synthesis of ZnO nanorods for high-performance
gas sensors

Introduction

The demand for efficient, selective, and low-cost gas sensors has grown significantly in recent
years due to increasing concerns over environmental pollution, industrial safety, and public
health monitoring [1-3]. Among the different sensing platforms, metal oxide semiconductor
(MOS)-based sensors are particularly attractive because of their simple device architecture, low
fabrication cost, high sensitivity, and compatibility with microelectronic integration [4-6].

Within this class, zinc oxide (Zn0) has emerged as one of the most promising materials owing
to its wide direct band gap (~3.37 eV), high electron mobility, chemical and thermal stability,
and ease of tailoring into diverse nanostructures [7,8]. ZnO nanorods (NRs), in particular, offer
unique advantages for gas sensing applications due to their one-dimensional (1D) morphology,
high aspect ratio, and large surface-to-volume ratio, which enhance surface reactivity and
adsorption/desorption kinetics [9,10]. The direct electron transport pathways along the c-axis
of ZnO nanorods further minimize grain boundary resistance, resulting in faster charge carrier
mobility and, consequently, improved response and recovery characteristics in resistive-type
gas sensors [11].

Various approaches have been developed to synthesize ZnO nanorods, including chemical
vapor deposition (CVD), pulsed laser deposition (PLD), sol-gel, and hydrothermal growth [12-
14] . Among these, the hydrothermal method stands out as a low-temperature, scalable, and
cost-effective route that enables the growth of vertically aligned, single-crystalline ZnO nanorods
with well-controlled morphology [15,16]. Importantly, the hydrothermal process allows precise
control over synthesis parameters such as precursor concentration, pH, temperature, and
reaction time, all of which strongly influence the crystallinity, aspect ratio, and surface activity
of ZnO nanorods [17,18]. Such tunability makes the hydrothermal route highly suitable for
tailoring ZnO nanostructures toward enhanced gas sensor performance.

Therefore, thiswork focuses on the controlled synthesis of ZnO nanorods via the hydrothermal
method and evaluates their structural, morphological, and gas-sensing properties. The insights
obtained here contribute to the design of cost-effective, scalable ZnO nanostructures optimized
for next-generation gas sensor applications.

Methodology

ZnO seed layers were deposited onto pre-cleaned glass substrates via radio-frequency (RF)
magnetron sputtering using a high-purity ZnO target. The deposition was performed under a
working pressure of 10 mTorr with a mixed argon/oxygen gas flow of 15/15 sccm and an RF
power of 60 W, yielding a film thickness of approximately 100 nm. To enhance the crystallinity
and adhesion of the seed layer, the as-deposited films were subsequently annealed in air at
400 °C for 2 hours. For the hydrothermal growth process, precursor solutions of different
concentrations were prepared. In the low-concentration case (0.01 M:0.01 M), 73.3 mg of
zinc acetate dihydrate (Zn(CH3C00),-2H;0) and 56.1 mg of hexamethylenetetramine (HMTA,
CeH12N,4) were dissolved in 40 mL of deionized (DI) water and stirred for 45 minutes to achieve
a homogeneous mixture. For the high-concentration solution (1 M:1 M), 7.46 g of zinc acetate
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dihydrate and 5.55 g of HMTA were used under identical preparation conditions. The annealed,
seed-layer-coated substrates were vertically immersed in the precursor solution and placed
in a Teflon-lined stainless-steel autoclave, where hydrothermal growth was conducted at
100 °C for 3 hours. Upon completion, the samples were removed, rinsed thoroughly with DI
water to eliminate residual precursors, and dried at room temperature. The crystallographic
characteristics of the seed layers and nanorods were examined using XRD and energy-dispersive
X-ray spectroscopy (EDS), while SEM was employed to investigate surface morphology and
cross-sectional features. These analyses provided insights into the crystallinity, orientation, and
morphology of the ZnO nanorods synthesized under the described conditions.
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Figure 1. Schematic illustration of synthesis procedure

Results and discussions

The crystallinity and orientation of the ZnO seed layer were first examined by XRD, as
illustrated in Figure 1. The pattern revealed a sharp and intense diffraction peak at (002),
characteristic of the hexagonal wurtzite ZnO structure (JCPDS Card No. 00-005-0664). The
dominance of the (002) reflection indicates strong preferential orientation along the c-axis,
which is known to promote the vertical alignment of ZnO nanorods during hydrothermal
growth [19]. Such orientation is particularly beneficial for gas sensing applications, as c-axis
aligned structures provide direct electron pathways and minimize grain boundary scattering.
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Figure 2. XRD pattern of ZnO thin film seed layer deposited by RF magnetron
sputtering, showing a dominant (002) diffraction peak corresponding to
hexagonal wurtzite ZnO (JCPDS Card No. 00-005-0664)

The surface morphology of the seed layer, observed by SEM in Figure 2, further highlights
the effect of annealing. The as-deposited seed layer exhibited a relatively smooth surface with
poorly defined grains, whereas the film annealed at 400 °C for 2 h showed more distinct and
uniformly distributed grains. Thermal treatment is known to reduce lattice defects and enhance
surface uniformity, thereby providing favorable nucleation sites for subsequent nanorod growth
[7,8]. These improvements in seed layer quality are consistent with reports that annealing
significantly enhances the alignment and density of ZnO nanorods produced by hydrothermal
methods.
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Mag.: soK 100 nm

Figure 3. SEM images of ZnO seed layers deposited by RF magnetron sputtering:
(a) as-deposited (without annealing) and (b) annealed at 400 °C for 2 h

The influence of precursor concentration on ZnO nanorod crystallinity is evident from the XRD
results shown in Figure 3. Bothlow (0.01 M:0.01 M) and high (1 M:1 M) precursor concentrations
produced nanorods with a dominant (002) peak, confirming that c-axis growth was maintained
in both cases. However, the high-concentration sample displayed a much stronger and sharper
(002) peak, indicating superior crystallinity and larger crystallite size. This suggests that higher
precursor concentrations increase the availability of Zn2+ ions, thereby enhancing nucleation
rates and promoting anisotropic crystal growth along the c-axis.
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Figure 4. XRD patterns of ZnO nanorods grown under different
precursor concentrations: (blue) low concentration (0.01 M:0.01 M) and
(red) high concentration (1 M:1 M)
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These structural differences are corroborated by SEM images, as depicted in Figure 4. At low
precursor concentration, the nanorods appeared short, sparsely distributed, and irregular in
shape. In contrast, nanorods synthesized from the high-concentration solution were vertically
aligned, densely packed, and exhibited well-defined hexagonal cross-sections with higher aspect
ratios. The observed morphology can be attributed to increased supersaturation of Zn2+ ions in
the growth solution, which accelerates unidirectional growth and yields longer, more uniform
nanorods [20]. Such vertically aligned and high-aspect-ratio nanorod arrays are highly desirable
for resistive-type gas sensors, as they maximize the active surface area for gas adsorption and
provide efficient electron transport pathways [21].

100 nm
- - -

Figure 5. SEM images of ZnO nanorods synthesized by the hydrothermal method
at different precursor concentrations: (a) low concentration (0.01 M:0.01 M),
showing shorter and less densely packed nanorods with hexagonal facets, and

(b) high concentration (1 M:1 M)

Taken together, these findings demonstrate that both the annealing of the ZnO seed layer and
the adjustment of precursor concentration critically influence the structural and morphological
evolution of hydrothermally grown ZnO nanorods. Optimized processing conditions lead to
vertically aligned, highly crystalline nanorods with dense packing and enhanced aspect ratios,
properties that are directly linked to improved sensing performance in gas sensor applications.

Conclusion

In conclusion, ZnO nanorods were successfully synthesized by a hydrothermal method using
sputtered ZnO seed layers, and the effects of seed layer annealing and precursor concentration
were systematically investigated. The XRD results confirmed preferential c-axis orientation
in all samples, while SEM analysis revealed significant improvements in nanorod alignment,
density, and aspect ratio under optimized conditions. Annealing of the seed layer at 400 °C
enhanced grain uniformity and provided well-defined nucleation sites, whereas higher precursor
concentrations promoted anisotropic crystal growth, resulting in vertically aligned nanorods
with superior crystallinity. These findings demonstrate that precise control over seed layer
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properties and growth solution parameters is crucial for tailoring ZnO nanorod morphology.
The optimized nanostructures are particularly promising for gas sensor applications, where
high crystallinity, vertical alignment, and large surface area-to-volume ratios are essential for
achieving high sensitivity, fast response, and stable performance.
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Korapsl eHiMi ra3 ceHcopJiapsl YiliH Zn0 HaHOTasAKIIA/IApPbIH GaKblJIAaHATHIH
THUAPOTEPMUSIBIK CUHTE3/ ey

Anpgarna. Kpucrangblk KypbLIbIMbI MeH Mopdosioruscel pertenreH ZnO HaHOTasiKMIAJapbIH
CHUHTEe3/ley KOFapbl 6HIM/II ra3 CeHCOpJapblH AAMBITy VIUiH aca MaHbI3Abl. Bys 3eprreyge ZnO
TYKbIM/IbIK Ka0aTbl LIbIHBI actapfa RF-marnetrponzapl 6ypky oaicimeH ecipinin, keiin 400 °C-ta
aHHeJIIeHil, KpUCTa/JIJbIK canackl MeH 0eTKi 6ipKesiKijiri apTTeipbliAbl. Keltin ZnO HaHOTasKI1aaapbl
U POTEPMHUSIJIBIK, dliCIIeH 9pTYpJli NpeKypcop KoHLeHTpayusaapbigga (0.01 M:0.01 M xxeHe 1 M:1 M
MbIpbIi aneTaTbl/'MTA) cunTe3genai. Pentrenik gudpakius aaici (XRD) 6apablik yarinepae (002)
JIOMUHAHTTHI WIbIHJbI KOPCETTI, OYJ C-0Ch GOMbIMEH OaFbITTaNFaH ecy/i Aauenjeni. CkaHupJeyuri
3JIEKTPOHABIK MUKpockonus (SEM) mpekypcop KOHIIEHTpAIUSAChl apTKAH CaWbIH Y3aFbIPaK, ThIFbI3
OpHaJIaCKaH >XoHe »KaKChl aHbIKTAJIFaH aJThIOYPHIIITHI KUMachl 6ap HaHOTasKUIaJdapAblH TY3i/leTiHiH
kepceTTi. HoTmkesep TYKbIMABIK KabaTTbl aHHEJEY MeH MPeKypcop KOHIEeHTpPauuschbiHbIH ZnO
HaHOTasIKIIa/JapbIHbIH, KYPbIJIBIM/BIK >XoHe MOPQOJIOTHUANBIK 3BOJIOLUACbIHA aWTapJbIKTal acep
eTeTiHiH kepceTTi. OnTUMa//bl CUHTE3/ey >KaFJaiapbl KOFAapbl KPUCTA/LI/bl, TiK GaFbITTaJfaH
’KOHe JKOFapbl acCHeKTiJiK KaThIHACKA HWe HaHOoTasKIIaJapAbl aJdyFa MYMKiHAIK 6epeni. MyHgai
KacueTTep ras aZCopOoIHsAChIH KoHe 3JIEKTPOH TachIMalAayAbl KYLIEWTil, ojlap/ibl pe3UCTUBTI TUMTI
ra3 ceHCOpJlapblHa KOJIJaHyFa eTe KOJIalJibl eTe/l.

TyiiH ce3aep: ZnO, HaHOTasAKIIa/Map, ra3 CEHCOPbl, MeTa/LJ1 OKCUIi »KapThlaak eTkisrimTepi (MOS),
TULPOTEPMUSABIK 9JiC
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KoHTposimpyeMblii THAPOTEPMaJIbHBIN CHHTE3 HAHOCTep:KHel Zn0 A1 BbICOK03(PEeKTUBHBIX
rasoBbIX CEHCOPOB

AnHOTanus. KoHTposimpyeMblii CMHTE3 HaHOCTepKHel Zn0 ¢ peryiupyeMoi KpUCTaJIJIUYHOCTBIO U
Mopdosiorueit UMeeT KJI0UeBOe 3HaUeHUe AJis1 pa3paboTKU BbICOKO3PEKTHBHBIX Fa30BbIX CEHCOPOB.
B naHHOU pabGoTte 3apofpliieBble ¢10M ZnO 6bLIM OCAXKAEHBI HA CTEKJISSHHbIE MOAJOXKKH METO/I0M
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P®-MarHeTpoHHOTO0 pachblieHus U 3aTeM oToxKeHbl pu 400 °C aJig yaydiieHUss KpUCTA/JIMYHOCTH
U OJHOPOJHOCTH NOBEpPXHOCTH. [lajee NpOBOAMJICA TMAPOTEpPMaJbHBIA POCT HaHOCTepxHel ZnO
NpU pas/IMYHbIX KOHLleHTpanusax npekypcopos (0.01 M:0.01 M u 1 M:1 M auetat niuaka/I'MTA) pnas
M3y4YeHHs BJIUSHUS XMMHUU pacTBopa Ha pOpMUpPOBaHHe HAHOCTPYKTYp. PeHTreHoBckas Audpaxkuus
(XRD) BbisiBuJIa JoMuHUpyromui nuk (002) Bo Bcex 06pasuax, YTo NOATBEPXkKJAeT POCT BAOJb C-OCH.
CkaHupylolas a/eKTpoHHasd MUKpockonus (SEM) nokasasa, 4To 60/iee BbICOKME KOHILeHTPaLUHU
IpeKypcopoB NPUBOAAT K GOPMUPOBAHUIO AJHMHHBIX, IJIOTHO YIIaKOBAaHHbIX HAHOCTEPXKHEHN C YETKO
BbIpa)KeHHbIM reKCaroHa/JlbHbIM cedeHUeM. [losrydeHHble pe3y/bTaThl IeMOHCTPUPYIOT, UTO KaK OTXKHUT
3apo/BIIIEBOr0 €105, TAK M KOHLIEHTpaLUs MPeKypCOPOB CYLIeCTBEHHO BJIMAIT Ha CTPYKTYPHYIO
U MOp(dOJIOTUYECKYI0 3BOJIIOLMI0 HaHocTepxkHed Zn0O. ONTHUMH3WpOBaHHBblE YCJOBUS CHUHTe3a
N03BOJIAIOT MOJIy4aTh BEPTHUKAJbHO OPUEHTHUPOBAHHBbIE, BBICOKOKPUCTAIJINYHbIE HAHOCTEPXKHHU C
yBeJIMYEHHBIM acClleKTHBIM OTHOILLEHHEM, YTO YCUJIHUBAET aACOPOLHMIO Ta3a U TPAHCIOPT 3JIEKTPOHOB,
Jlesiasi UX NepCreKTUBHBIMU [IJ1sl IPUMEHEHHUS B pe3UCTHUBHBIX Fa30BbIX CEHCOPAX.

KiwouyeBble ciaoBa: Zn0O, HaHOCTep:KHH, ra3oBblid ceHcop, MOIl (MeTan/00KCHAHBIE
HOJIYIIPOBOAHUKHU ), TUAPOTEPMATBbHBIN METO/,
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