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Abstract

This study systematically investigated the role of independently doped Erbium (Er) and Terbium (Tb) incorporation on
the structural, morphological, optical, and carbon dioxide (CO,) gas-sensing properties of ZnO nanorods synthesized by the
hydrothermal method with dopant concentrations of 0, 1, 3, 5, and 7 wt%. X-ray diffraction (XRD) analysis confirmed the
successful substitutional incorporation of Er and Tb ions into the ZnO lattice, preserving the hexagonal wurtzite structure
without the formation of secondary phases, except at the highest Tb concentration. These findings are in good agreement
with scanning electron microscopy (SEM) results, which revealed vertically aligned ZnO nanorods with uniform spatial
distribution and apparent diameters below 100nm. Further, dopant incorporation significantly influenced nanorod
morphology and interfacial characteristics, including variations in diameter uniformity, surface charge homogeneity, and
ZnO shell composition and thickness due to differences in ionic radii, valence states, and outer-shell electron configurations
of the Er¥ and Tb* dopant ions. This modified local strain fields and defect chemistry within the ZnO matrix. Optical
characterization also showed a systematic reduction in optical bandgap energy with increasing dopant content. This is
consistent with bandgap narrowing induced by enhanced carrier concentration and defect-related band tailing, accompanied
by noticeable changes in optical transmittance. CO, gas-sensing experiments displayed that rare-earth doping markedly
enhanced sensor performance compared to that of undoped ZnO nanorods. In particular, 5 wt% Er-doped semiconductor
exhibited the highest sensitivity, along with rapid response and recovery times, indicating an optimal balance between
surface reactivity, charge transport, and defect-mediated adsorption-desorption dynamics. To sum up, the experimental
results and theoretical approach obtained highlighted Er- and Tb-doped ZnO nanorods as promising low-cost, chemically
stable, and high-performance sensing materials for CO, detection in environmental and industrial monitoring applications.
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Graphical Abstract

General production and analysis mechanism of Er and Th doped ZnO NRs
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e Vertically aligned ZnO nanorods were synthesized using sol-gel seeding and hydrothermal methods.
e Structural changes caused by Er and Tb doping were systematically investigated.
o Waurtzite crystal structure was confirmed by XRD, and surface morphology and hexagonal NR structure were confirmed

by SEM.

e It was shown that CO, gas detection sensitivity was increased with Er and Tb doping.
e Specific optimum doping levels (e.g., EZ0S, TZ0S5) were determined for performance optimization.

1 Introduction

Glacial data show a long-term relationship between atmo-
spheric CO, concentrations and global temperature; CO,
changes have generally followed the changing of tempera-
ture. The delay in tracking is attributed to slow vertical
mixing in the oceans and changes in CO, solubility [1, 2].
Continuous high-sens measurements initiated at Mauna Loa
in 1958 confirm a steady climb in CO, concentrations,
subject to seasonal cycles. By breaking the atmospheric heat
balance, this excess CO, induces a rise in near-surface
temperatures; a process that is further concentrated by water
vapor feedback. Based on these dynamics, carbon dioxide is
regarded as the central agent responsible for past and pre-
sent ecological transformations [3, 4].

The greenhouse gas effect, resulting from human and
industrial activities, threatens all life on Earth by causing
global climate change. The use of fossil fuels in energy
production and many other areas leads to the emission of
high amounts of carbon dioxide (CO,) gas, which is con-
sidered one of the primary causes of the greenhouse effect.
This gas, which absorbs short-wavelength radiation reflec-
ted from the Earth, causes an increase in the Earth’s tem-
perature [S]. In addition to its global impact, on a smaller
scale, the accumulation of this gas in enclosed spaces can
lead to respiratory difficulties, asthma, allergies, and
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dizziness. Carbon dioxide accumulation, frequently
encountered in environments such as mines, is a situation
that needs to be monitored for its impact on human health.
Also, carbon dioxide gas monitoring and tracking are
required in factories producing chemical products, carbo-
nated beverages, and fertilizers, as well as in medical cen-
ters using incubators [6-8]. Following the COVID-19
pandemic, CO, detectors have become an essential safety
requirement for monitoring indoor air quality in many work
environments because these are environments where many
people need to be or work together [9]. Directly measuring
aerosols containing viruses is difficult and time-consuming.
Therefore, CO, concentrations are used as an indicator of
ventilation in indoor spaces; this method was suggested in
the 1800s. In recent years, researchers have proposed that
monitoring CO, levels can act as a surrogate for assessing
the risk of airborne infectious diseases, given that viruses
and CO, are expelled simultaneously. Thus, the imple-
mentation of low-cost CO, sensors offers a viable method
for indirectly tracking indoor infection hazards [9-11].

Per ASHRAE (American Society of Heating, Refriger-
ating and Air-Conditioning Engineers) guidelines, the
recommended CO, concentration thresholds are set at
350 ppm for outdoor air and 1000 ppm for indoor spaces
[6-8]. Carbon dioxide is one of the most well-known gases,
but it is chemically too stable to be accurately detected by
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conventional gas sensors. However, the control or mea-
surement of CQO, concentration is critical in various
advanced technologies such as air conditioning, agriculture,
biological technology and medical services [12]. Efforts are
focused on developing 2D gas sensors using materials such
as graphene, phosphorene, boron nitride, and layered metal
oxides, as well as on outstanding properties among metal-
free 2D semiconductor materials [13].

Gas sensors play a critical role in the detection and mon-
itoring of pollutant gases that pose a danger to human and
environmental health. Air pollution has become a significant
global environmental problem today due to the rapid increase
in industrialization and urbanization [14, 15]. In recent years,
production methods for gas sensors with high sensitivity, high
accuracy, low operating temperature, and low cost have
become widespread. While older generation gas sensors had
limited applications due to their high voltage requirements
(20100 V) and high operating temperatures (300-700 °C),
today compact sensors with low energy consumption are
coming to the forefront in this field [16-20].

The use of wide-bandgap semiconductors in advanced
technological applications has increased steadily in recent
years [21]. Among these materials, ZnO-based semi-
conductors are particularly attractive for gas-sensing appli-
cations owing to their low cost, compatibility with diverse
fabrication techniques, environmental friendliness, and
excellent thermal and chemical stability [22-24]. Although
the inherently high surface area of ZnO nanostructures
favors enhanced gas-sensing performance, further mod-
ification is required to achieve higher sensitivity and
reduced operating temperatures [25]. Zinc oxide semi-
conductor thin films, which are reported as 3.37 eV direct
band gap, display tunable physical and electronic proper-
ties, making the materials attractive for various applications
[26, 27]. The adjustable properties of ZnO films provide
advantages such as ease of use in different applications,
cost-effectiveness, and simple production processes [28].
Particularly, ZnO nanorods have become a frequently pre-
ferred material for gas detection applications in recent years
due to their large surface area and superior optical, elec-
trical, and chemical properties [29-33]. Recent advance-
ments highlight that one-dimensional (1D) metal-oxide
nanostructures are rapidly evolving from fundamental
research platforms into practical, scalable sensor devices
that offer long-term stability and robust selectivity [34, 35].
For instance, 1D ZnO nanotubes synthesized via chemical
bath deposition have demonstrated outstanding chemir-
esistive performance, detecting NO, gas at concentrations
as low as 1 ppm at 200 °C with rapid response times and
huge stability over 40 days [36]. In another notable study,
highly asymmetric 1D ZnO nanostructures, such as nano-
wires and nanobelts, achieved an ultra-low detection limit
of 50 ppb for formaldehyde vapor, a performance directly

attributed to their polar surface morphologies and defect-
induced adatom migration [37]. This structure-defect rela-
tionship is further emphasized in vapor-phase grown 1D
sulfur-doped ZnO nanostructures, where increased surface
oxygen vacancies-evidenced by strong visible photo-
luminescence (PL)-significantly accelerating adsorption-
desorption dynamics, boosting acetone gas sensitivity up
to 85% and drastically reducing response times [38].
Similarly, recent investigations into 1D ZnO nanowires and
nanorods synthesized via vapor-liquid-solid techniques
demonstrate that such oxygen vacancy point defects play a
critical role in achieving a high sensing response of
approximately 80% and rapid detection times specifically
for CO, gas. Furthermore, the versatile surface defect
chemistry of these 1D ZnO nanostructures enables their
exceptional sensing capabilities to extend even beyond
volatile gases to the trace-level detection of heavy metal
ions like Cu®" and Fe*" in aqueous environments [39].

Despite the potential for morphological optimization
through various synthesis techniques, effective tuning of
electrical conductivity (the most critical parameter in che-
miresistive gas sensors) requires targeted approaches such
as the incorporation, substitution, or diffusion of suitable
anionic and cationic species into the crystal lattice. Among
the techniques, the doping scheme enables the modification
of electronic, chemical, and morphological properties [40].
Even the use of dopants has already been common in
improving the electrical conductivity and gas sensing per-
formance of semiconductors. Today, the dopant elements
are generally selected from rare earth elements due to the
special energy structure of their 4 f electron shells and their
effects on oxygen vacancies. As in the literature, doping
7ZnO with rare-earth elements such as erbium (Er) and ter-
bium (Tb) enables the deliberate introduction of controlled
impurity levels that promote electron-hole pair generation
within the host lattice [33, 40-43]. Owing to their trivalent
oxidation state (Er*", 4f'!), these dopant ions can partially
substitute Zn>" sites and be incorporated into the ZnO
crystal structure, where Er't ions also serve as effective
structural and optical probes due to their characteristic
intra-4f electronic transitions [44, 45]. However, direct
excitation of Er’" ions is a challenging process due to
forbidden transitions, phonon-assisted collisions, and
emission extinctions [46]. Nevertheless, Erbium-doped
semiconductors, based on Si, GaAs, and GaN, have been
extensively used in optical applications ranging from the
visible to the infrared (IR) spectrum [47, 48]. Erbium, with
its closed 5s and Sp shells providing protection and an
incomplete 4f electronic shell, offers excellent optical
properties for the materials to which it is doped [49, 50].
ZnO with a wider band gap value of 3.37eV and higher
electrical conductivity is frequently reported in the literature
as a suitable host material for Er doping [45].
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As highlighted by Galddmez-Martinez et al., visible
deep-level emissions (DLE) in 1D ZnO nanostructures
originate from surface-localized point defects that govern
molecular adsorption and gas-sensing capabilities [38, 51].
Accordingly, rare-earth doping can deliberately modulate,
rather than merely suppress, this defect chemistry. While
modifying the overall ZnO lattice [52-55]. Tb incorporation
fine-tunes these critical surface defects. The resulting intra-
4Af transitions of Tb>' ions [56] induce a blue shift and
enhance violet-blue emission, reflecting a functional
reconfiguration of defect states. By tailoring these surface
defect profiles, rare-earth doping optimizes surface reac-
tivity, thereby significantly enhancing the nanorods’ che-
miresistive gas-sensing performance [57, 58].

Recent research has increasingly highlighted the poten-
tial of Er- and Tb-doped ZnO nanostructures for CO, gas
sensing, although ZnO-based sensors synthesized via dif-
ferent techniques have been investigated to a limited extent
[39, 59, 60]. In this work, 1D ZnO nanorods, which
inherently possess a high surface-to-volume ratio beneficial
for gas sensing, were synthesized using a hydrothermal
approach and systematically modified with varying atomic
concentrations of Er'* and Tb’" ions. Comprehensive
morphological, structural, optical, and CO, sensing char-
acterizations were subsequently performed to examine the
effects of rare-earth doping on the sensing/recovery per-
formance, interfacial electrostatic charges, and underlying
material properties, including structural, morphological, and
optical features.

2 Experimental procedure
2.1 Production method

ZnO nanorods doped with 0, 1, 3, 5, and 7 wt% of Er’t and
Tb*" ions were produced by the hydrothermal method.
First, a seed layer was coated on glass substrates, which
were previously cleaned with acetone (CH3COCH;), etha-
nol (CH3CH,OH), and distilled water for 10 min. each in an
ultrasonic bath, using the dip-coating method. Ideally, the
seed layer dictates the formation and alignment of the
nanorod structures. The dip-coating solution was prepared
by dissolving Zinc Acetate dihydrate (CAS: 5970-45-6,
MERCK, Zn(CH3;COO),-2H,0) and methanol (CAS: 67-
56-1, MERCK, CH;OH) in monoethanolamine (CAS: 141-
43-5, MERCK, NH,CH,CH,0H). The deposition consisted
of 5 dips on the cleaned substrates, with heat treatments at
300 °C between each dip. The films were subsequently
annealed at 600 °C for a duration of 30 min. to complete the
crystalline ZnO seed structure. After preparing the seed
layer process, a 10 mM growth solution was ready for
hydrothermal synthesis. Zinc Acetate dihydrate was
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dissolved in deionized water at room temperature to form a
clear and homogenous solution. Calculated amounts of
Erbium(III) acetate hydrate (CAS: 207234-04-6, MERCK,
(CH3CO,);Er-xH,0) and Terbium(IIl) acetate hydrate
(CAS:100587-92-6, MERCK, Tb(CH3CO,);-xH,0) were
added as doping ions. This solution was followed by the
addition of hexamethylenetetramine (CAS: 100-97-0,
MERCK, C¢H;,N,) equimolar to Zinc Acetate (1:1) to the
mixture, which dissolved completely.

During the hydrothermal reaction, the substrates with seed
layers were immersed vertically in the solution within Teflon
autoclaves. These vessels were placed in a furnace at 90 °C
and incubated for 3 h. Post-synthesis, the ZnO nanorod-coated
glasses were cooled to room temperature on their own, thor-
oughly rinsed with deionized water, dried, and heat-treated at
400 °C for 30 min. to improve crystallinity [61-63]. The
samples produced were named EZ01, EZ03, EZ05, EZ07,
TZ01, TZ03, TZ0S, and TZ07 according to the additive ele-
ment and its ratios, such as 0, 1, 3, 5, and 7wt%; the additive-
free control sample was designated as pure or Z0 material.

2.2 Characterization methods

Structural characterization of the synthesized samples was
performed at room temperature using a Bruker D8 Advance
diffractometer with a CuK, source with the wavelength of
1.5406 A over the 20 ranges of 10-90°. To examine the sur-
face features and apparent diameters of the nanorods, a
scanning electron microscope (FEI Quanta FEG 250) was
used. Optical properties and band gap energies were obtained
from transmittance spectra recorded in slow mode at a
threshold of 0.01 between 350-1100 nm wavelengths using a
SHIMADZU 1280 model UV-Vis spectrophotometer. XRD,
SEM, and UV characterizations for crystallinity quality, sur-
face appearance, nanorod morphology, interfacial character-
istics, crystallization mechanism, texturing, defect-related
bond tailing, recovery times, and defect-mediated adsorption-
desorption dynamics were performed at the Kastamonu Uni-
versity Central Research Laboratory. In addition, gas detection
experiments were carried out in the “gas sensor devices
research laboratory” of Gazi University Physics Department.
Performed using a Computer-controlled gas sensor measure-
ment system consisting of a Keithley 2400 DC Source Meter,
a LakeShore 325 temperature controller, and two MKS Series
mass flow controllers that control air and gas flows [62-64].

3 Results and discussion
3.1 XRD analysis

The effects of Er** and Tb>* ions on the zinc oxide wurtzite
crystal structure were systematically investigated by XRD
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experiments, focusing on crystallinity, phase purity, c-axis
grain orientation, average crystallite size, and lattice para-
meters. Figure 1 presents the XRD patterns recorded over
the 20 range of 10°-90° at 40kV and 40 mA, with a step
size of 0.05° and a scan rate of 12°/min, where all dif-
fraction peaks are indexed according to their corresponding
Miller indices (hkl). The diffractograms reveal that all
samples crystallize in the hexagonal wurtzite structure with
a dominant (002) preferred orientation, indicating a highly
ordered long-range atomic arrangement and strong three-
dimensional periodicity [65]. The incorporation of Er’* and
Tb** dopants induces systematic shifts in peak positions
and variations in diffraction intensities, displaying estimated
lattice parameter variations associated with successful sub-
stitution into the ZnO crystal lattice. Importantly, no sec-
ondary phases or impurity-related reflections are detected
for Er-doped samples, whereas with the sole exception of
the TZ07 sample, confirming that both Er and Tb are fully
incorporated into the ZnO wurtzite structure without any
phase segregation detectable within the resolution limits of
our conventional XRD instrumentation. At the excess Tb
doping level (TZ07 sample), a weak (222) terbium-related
impurity peak is detected, indicating that high Tb con-
centration adversely affects the crystallization process by
increasing the activation energy for crystal growth. This

T T T T T T T
33,50 33,75 34,00 34,25 34,50 34,75 3500 3525 35,50

T T T T T T T
33,50 33,75 34,00 3425 34,50 34,75 3500 3525 3550
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observation displays that 7 wt% Tb doping exceeds the
solubility limit and disrupts the ZnO crystal lattice, leading
to structural instability and secondary phase formation.

Furthermore, the analysis of angular values reveals that
the diffraction peaks shift to lower angles as the Er doping
increases (see Fig. 2). The substitution of ZnZ ions with a
radius of 74 pm by Er3 ions with an ionic radius of 103 pm
causes an increase in interatomic distances in the crystal
structure, consequently leading to a decrease in diffraction
angle values. Similarly, the substitution of Zn?" ions with
Tb3 ions (ionic radius 118 pm) formed the same effect, and
diffraction angles shifted to smaller angles [66]. The
obtained diffraction patterns are consistent with the ZnO
peaks reported in the literature [67-69].

A systematic enhancement in the intensity of the char-
acteristic (002) diffraction peak is observed with increasing
dopant concentration, reaching a maximum at x 5 wt% for
Er-doped and x =7 wt% for Tb-doped ZnO samples, indi-
cating improved c-axis-oriented crystal growth. Addition-
ally, the emergence of the (100) reflection at 20 ~ 31.76° is
detected for Er-doped ZnO at x 25 wt% and for Tb-doped
ZnO at x =7 wt%, indicating dopant-induced modifications
in lattice symmetry and crystallite orientation. Besides, the
(004) diffraction peak is absent in undoped hydrothermally
synthesized ZnO structure; however, it appears at x = 1 wt

@ Springer
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;Zzﬁlgtefsiygﬁgtzgzszhlligice Sample FWHMgp) (9 c¢(A) D@m) ex 10 §x10* (m?) NR Diameter (nm) Eg (eV)

gﬁgfézfs of pure and doped ZnO 7 0.229 5208 3499 323 8.17 65.01 3.26
EZ01  0.156 5203 5345 220 3.50 525 3.24
EZ03  0.167 5203 49.73 235 4.04 54.51 32
EZ05 0263 5208 3761 371 7.07 68.97 3.16
EZ07 0235 5208 3377 331 8.77 55.62 3.14
TZ01 0212 5204 4403 298 5.16 57.13 3.15
TZ03  0.206 5205 4033  2.90 6.15 59.32 3.13
TZ05  0.261 5207 3979  3.68 6.32 67.28 3.12
TZ07  0.203 5208 3508  2.86 8.13 61.01 3.09

% for both Er- and Tb-doped samples, displaying enhanced
crystallinity and long-range ordering along the c-axis upon
rare-earth incorporation.

In the present study, the prepared samples crystallized in
a hexagonal wurtzite structure, and the c-axis length for the
hexagonal unit cell structure is therefore determined by the
following Eq.;

(1)

1 4(hZ+hk+k2)+ !
d2 3 a2

C

In Eq. 1; d and hkl represent the distances between
crystal planes and Miller indices for the respective diffrac-
tion planes, respectively, while a and ¢ are lattice para-
meters. Simultaneously, the crystal size along the primary
growth direction was calculated using the Scherrer formula,
which is assessed from XRD patterns. Unlike conventional
polycrystalline ZnO thin films exhibiting multiple distinct
reflections, highly 1D oriented nanorods (002) show pre-
ferential orientation. Since secondary peaks could not be
obtained, only the dominant (002) reflection was used to
calculate the crystallite size and microstress; this is a well-
known approach in the literature for such 1D structures.

D =0.941/Bcos 6 (2)

D represents the crystal size, A the wavelength of the
X-ray used for measurement, and 0 and P the diffraction
angle and FWHM (full width at half maximum) value
obtained from the XRD pattern. All obtained data are given
in Table 1.

The average particle size calculated using the Scherrer-
Warren relation for the pure Z0 sample was found to be
34.99nm. Significant changes in particle sizes were
observed with increasing dopant ratio [70, 71]. Data
obtained from XRD analysis are presented in Table 1. The
examined particle size values showed a significant increase
(53.45nm for EZO1 and 44.03 nm for TZ01) with 1%
doping. Effect of Microstructure compared to the
70 sample; however, as the doping ratio increased, particle
sizes exhibited a decreasing trend and reached 33.77 nm for
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EZ07 and 35.08 nm for TZ07 samples. It is thought that
this observation may be due to the dopant element atoms
settling at grain boundaries and dopant-induced structural
modulation, thus limiting particle growth [72]. Further-
more, in the present study, quantum confinement effects
appear to influence crystallite size evolution, consistent
with previous reports [63, 73, 74]. According to the lit-
erature, a reduction in crystallite size can induce quantum
confinement when the dimensions approach the electron
wavelength [73, 75]. In ZnO-based systems, this effect may
be further enhanced by the combined influence of reduced
crystallite size and increased defect density. However, it
should be emphasized that the observed band gap nar-
rowing in this work is predominantly attributed to dopant-
induced defect states, lattice strain, and band tailing effects,
rather than quantum confinement. Correspondingly, the
highest crystallite size is achieved for x = 1% for each
substitution system. This behavior is attributed to differ-
ences in ionic radius, electronegativity, valence state, outer-
shell electron configuration, and dopant-host hybridization
mechanisms associated with Er and Tb incorporation into
the ZnO lattice. Hence, XRD analysis confirms that while
the hexagonal wurtzite structure of ZnO remains structu-
rally intact upon doping, the crystallite sizes are strongly
and selectively modified.

The following standard analytical formulas allow us to
estimate the relative microstress (¢) and dislocation density
() in the ZnO parent crystal structure due to shifts in dif-
fraction peak positions caused by Er and Tb doping;

6=1/D? (3)

e=p/4 tan@ 4)

All the calculated ¢ and & values are depicted in Table 1
in detail. It is observed that the pure sample possesses
3.23x 107 and 8.17 x 107* nm 2 for ¢ and & parameters,
respectively. For Er-doped samples, at low doping rates (1
and 3% Er), the € and O values are observed to decrease
significantly compared to Z0 (6 =3.50x 10~* nm~? and
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Fig. 3 Multi-panel top-view SEM images of the hydrothermally grown ZnO nanorods: a Z0, b EZ01, ¢ EZ03, d EZ05, e EZ07, f TZ01, g TZ03,
h TZ05, and i TZ07. The images illustrate the evolution of nanorod density and surface morphology as a function of Er and Tb doping

£=2.20x 1072 for EZO1). This indicates that low Er dop-
ing improves crystal quality by reducing internal stress and
defect density in the crystal structure. For sample EZ07,
both parameters € and & are higher than the Z0 sample
(6=8.77x10"* nm~2 and ¢ =3.31x 107%). However, for
sample EZ05, parameter € is higher while parameter § is
lower compared to sample Z0 (8 =7.07 x 10~* nm 2 and
e=23.71 x 1073). This shows that excessive Er doping leads
to distortion in the crystal structure, increasing stress and
dislocation density. The formation of a new peak in XRD
already verifies this.

In terbium-doped samples (TZ01, TZ03, TZ05), both &
and O values are observed to be lower than those in the Z0
reference sample. This suggests that even at a rate of 5%,
Tb doping (unlike Er) maintains the overall crystal quality,
potentially relaxing internal stress along the c-axis and
modulating the local defect chemistry without severe
structural degradation. The fact that the & value in sample
TZO07 approaches that of Z0 may indicate the beginning of
partial degradation at this rate. High stress and crystal
defects are predicted to disrupt the ideal (perpendicular to
the c-axis) growth mechanism of nanorods.

3.2 SEM analysis

The morphological properties of the Er and Tb-doped
hexagonal wurtzite-type ZnO semiconductors were exam-
ined using scanning electron microscopy (SEM) images to

obtain detailed information about the general grain size
distribution, density, and diameters of the nanorods. Thus,
SEM images enable us to determine the alteration of CO,
sensing performance with Er- and Tb-doped ZnO by
modifying operating temperature, sensitivity, charge trans-
port, and surface reaction kinetics. SEM images show that
as the Er doping ratio increases, the nanorod density (space
between the nanorods) on the sample surface decreases
(increases) significantly, as given in Fig. 3, similar to lit-
erature [76]. In this respect, the hexagonal wurtzite-type
ZnO nanorod structure prepared by 5% Er ions presents a
higher response to the CO, detection due to the fact that a
polycrystalline nanorod structure with a high density of
grain boundaries enhances surface adsorption and potential
barrier modulation during gas exposure. This improvement
is attributed to Er-induced oxygen vacancies and increased
electron trapping sites along the crystal system. Excessive
Er doping, however, degrades morphology and reduces
sensitivity due to surface flattening and reduced active area.

In contrast, such a systematic decreasing density trend
was not observed in Tb-doped samples, as provided in Fig.
3. Thus, among the ions, Er doping provides a more stable
crystal structure and more efficient gas-surface interaction
than Tb doping. At higher Tb concentrations, over-doping
leads to crystal degradation and disrupted nanorod mor-
phology, leading to limiting gas-surface interaction despite
increased resistance modulation. In fact, in the EZ07 and
TZO07 samples, the nanorods on the surface became quite
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Fig. 4 Point EDS spectra for the corresponding a Z0, b EZ01, ¢ EZ03, d EZ05, e EZ07, f TZ01, g TZ03, h TZ0S5, and i TZ07 samples. The inset
tables provide the quantitative elemental composition (Weight % and Atomic %), confirming successful dopant incorporation and sample purity

infrequent, lost their vertical positions, and exhibited mostly
horizontal orientation.

Furthermore, the elemental composition and successful
incorporation of the rare-earth dopants were explicitly
supported by point EDS analysis, as shown in Fig. 4. The
quantitative results in the inset tables confirm the high
purity of the synthesized nanorods without any detectable
trace impurities.

In more detail, nanorod surface density varies depending
on the dopant element and its ratio; apparent diameter
values generally remain below 100 nm (See Fig. 5). As the
contribution rate increased, an increasing trend was
observed in the apparent diameter values calculated by
means of histograms, but this trend was disrupted with 7%
contribution (Table 1) [77]. The expansion in diameter
values, although weak, is supported by the (100) peaks
observed in the XRD patterns.

At the same time, except for optimum doping condi-
tions, the tendency of Tb-doped ZnO nanorods to have
larger diameters compared to Er-doped ones (except for the
optimum level) can be explained here as follows. Tb> " ions
induce stronger lattice distortion, defect formation, and
surface energy modification during growth, which collec-
tively favor radial over axial growth [56, 78]. Owing to its
slightly larger ionic radius (Tb>", Er**, and Zn*" ionic radii
are nearly 118 pm, 103 pm, and 74 pm, respectively) and
stronger tendency to segregate near surface and grain
boundary regions, Tb>* more effectively alters the elec-
trostatic environment of ZnO side facets, enhancing host-
atom surface diffusion and lateral coalescence. This pro-
motes thickening of the nanorods and results in increased
apparent diameter as compared to the presence of Er'"
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jons. In contrast, Er’* ions are more uniformly incorpo-
rated into the ZnO semiconducting lattice system, stabi-
lizing the wurtzite structure and preserving preferential c-
axis-oriented growth, which limits radial expansion, having
already been verified by XRD experiments [79-81]. Con-
sequently, Tb doping shifts the growth kinetics toward
lateral enlargement, while Er doping favors slimmer, ver-
tically aligned nanorods.

All in all, both Er and Tb doping induce a non-
monotonic evolution of ZnO nanorod morphology gov-
erned by the interplay between ionic size mismatch, defect
chemistry, surface charge redistribution, and hydrothermal
growth kinetics. The morphology optimized at intermediate
dopant levels (EZ05 and TZO05) directly correlates with
enhanced structural quality and superior CO, sensing per-
formance, implying the importance of controlled rare-earth
doping in engineering high-performance ZnO-based gas
Sensors.

3.3 Optical analysis

The optical transmittance spectra of pure and doped ZnO
nanorods in the visible region (400-800 nm), presented in
Fig. 6, reveal a clear dopant- and concentration-dependent
evolution of optical behavior. The undoped ZnO semi-
conducting sample exhibits the highest transparency, with
an average transmittance of ~82% in the visible spectrum
(~400-800 nm), indicating its good crystallinity, low defect
density, and minimal light-scattering centers. Such high
transparency is characteristic of well-aligned ZnO nanorods
with smooth surfaces and a relatively low concentration of
intrinsic defects.
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Fig. 5 Apparent diameter distribution histograms of the synthesized nanorods extracted from the SEM analysis for all pure and doped samples

Upon Er incorporation, a strong and systematic reduction  exhibiting transmittance values as low as ~40% [25]. This
in optical transmittance is observed with increasing dopant  disruption can be attributed to multiple mechanisms
concentration. Low Er contents (EZ01 and EZ03) cause  occurring simultaneously: i- increased defect density, par-
only a moderate decrease, whereas higher Er loading leads  ticularly oxygen vacancies and zinc interstitials induced by
to a substantial loss of transparency, with the EZ07 sample ~ Er’" substitution for Zn>* (perfectly confirmed by XRD
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Fig. 6 UV-Vis optical transmittance spectra in the visible range (400-800 nm) demonstrating the effect of a Er and b Tb doping concentrations on

the optical transparency of the ZnO nanorods

measurements) [25, 82, 83], ii- enhanced light scattering
resulting from variations of nanorod apparent diameter,
density, and surface roughness (corroborated by SEM
investigations) [82, 84], and iii- absorption associated with
localized 4 f (with special energy structure) electronic states
of Er'" ions. Additionally, Er-induced lattice strain and
increased grain boundary density act as effective scattering
and absorption centers, densification and grain growth
[25, 45], further diminishing optical transmission at higher
doping levels [25, 45]. In more detail, it is well known that
dopants (Mg, Al, and Ga) typically exhibit limited solid
solubility in ZnO semiconducting structure, leading to their
preferential segregation at grain boundaries and surfaces
rather than homogeneous incorporation into the lattice
[85-87]. While such segregation can promote nanos-
tructuring and contribute to reduced thermal conductivity, it
may also adversely influence carrier transport. Particularly,
dopant accumulation at grain boundaries can introduce
potential barriers and scattering centers, accordingly
affecting charge carrier mobility, electrical conductivity,
and the Seebeck coefficient [88-91].

A similar but comparatively smoother trend is observed
for Tb-doped ZnO nanorods. Although all Tb-doped sam-
ples show lower transmittance (maximum transmittance of
~70%) than the pristine ZnO semiconductor produced in the
current work, the variation among different Tb concentra-
tions is less abrupt than in the Er-doped series [92]. This is
attributed to a more gradual incorporation mechanism for
Tb** jons and a relatively balanced modification of the ZnO
crystal lattice. The reduced transparency in Tb-doped ZnO
semiconducting samples is primarily associated with
dopant-induced defect states and energy transfer processes
between the ZnO host atoms and Tb>" ions, which increase
sub-bandgap absorption [65, 93, 94]. Moreover, the larger
nanorod apparent diameters observed in Tb-doped samples
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contribute to enhanced multiple scattering effects, further
lowering the transmittance spectra.

To sum up, the reduction in optical transparency with
rare-earth doping displays a trade-off between optical and
functional properties [95, 96]. While Er and Tb incorpora-
tion degrade visible-light transmittance due to increased
defect-related absorption and morphological changes, these
same features contribute positively to electrical conductivity
modulation and gas-sensing performance [78, 83, 97, 98].
Therefore, controlled rare-earth doping enables tuning of
ZnO nanorods toward multifunctional applications, where
moderate optical losses are acceptable in exchange for
enhanced sensing, photoactive characteristics, and electro-
nic characteristics [45, 99].

We also determine the change of optical band gap
energy (Eg) values depending on the Er and Tb doping
levels in the ZnO semiconducting material by use of
Tauc’s plot graphics given in Fig. 7, including Planck’s
constant (h), transition frequency (v), and absorption
coefficient (). The calculated Eg values are numerically
depicted in Table 1. It is seen from the table that the
variation of Eg parameters for the ZnO nanorods as a
function of Er and Tb doping exhibits a clear and sys-
tematic narrowing trend, confirming the effective incor-
poration of rare-earth ions into the ZnO crystal lattice.
This has already been confirmed by SEM and XRD
experimental findings. Table 1 shows that the pristine ZnO
semiconductor possesses the highest band gap energy of
3.26 eV, in good agreement with reported values for high-
quality ZnO nanorods and thin films [99, 100]. Upon Er
doping, the Eg parameter is found to decrease mono-
tonically from 3.24eV (EZ01) to 3.14eV (EZ07), while
Tb doping induces an even more serious reduction,
reaching a minimum of 3.09 eV for TZ07 due to increased
donor levels in the conduction bands [83, 99]. This
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Fig. 7 Tauc plots demonstrating the calculated optical band gap energies (E,) of the hydrothermally grown ZnO nanorods as a systematic function

of a Er and b Tb doping concentrations

systematic band gap narrowing is primarily attributed to
the band shrinkage effect associated with increased carrier
concentration arising from dopant-induced defect states,
particularly oxygen vacancies and zinc interstitials. This
introduces new donor levels near the conduction band
[97]. Besides, it should be emphasized here that the charge
carrier concentration is not directly quantified using
dedicated techniques such as Hall effect measurements,
electrochemical impedance spectroscopy (EIS), or detailed
photoluminescence (PL) defect-state analysis. Likewise,
no advanced electronic structure calculations are per-
formed to explicitly determine carrier density variations.
Instead, the evolution of carrier concentration is inferred
indirectly from a set of consistent experimental findings.
Particularly, the observed systematic band gap narrowing
from optical measurements, the pronounced enhancement
in CO, gas-sensing performance, and the dopant-induced
modifications in defect chemistry and microstructure, as
evidenced by XRD and SEM analyses, collectively point
to an increase in free carrier density. This behavior is
attributed to the formation of donor-type defects, such as
oxygen vacancies and zinc interstitials, which are well
known to act as electron donors in ZnO-based systems.
Additionally, the replacement of trivalent Er’* and Tb*"
ions for divalent Zn>" particles along the ZnO crystal
system both introduces charge imbalance and generates
lattice strain and local potential fluctuations, supporting
the formation of localized states within the band structure
and defect-mediated carrier generation that effectively
reduces the optical transition energy as seen in the current
work [101].

Morphological factors, such as dopant-dependent
changes in nanorod apparent diameter, surface rough-
ness, and oxide layer thickness, further contribute to Eg
parameters reduction by modifying quantum confinement

conditions and interfacial charge distributions. The
slightly lower Eg values observed in Tb-doped samples
compared to their Er-doped counterparts can be correlated
with stronger lattice perturbation and enhanced sp-f (as
compared to sp-d) exchange interactions, which facilitate
greater defect-related band tailing [96, 102]. Hence, the
monotonic decrease in Eg with increasing Er and Tb
content reveals successful dopant incorporation and
emphasizes the strong coupling between structural mod-
ification, defect chemistry, and electronic band structure in
rare-earth-doped ZnO semiconducting nanorods, which is
highly beneficial for tuning their optoelectronic and gas-
sensing performance [98, 103].

3.4 CO, sensing analysis

Determining the optimum operating temperatures of the
prepared direct-transition-type ZnO semiconducting mate-
rials to be used as gas sensors is critically important for the
usability of the sensor technology. The kinetic energy of
target gas molecules increases as temperature rises, and this
affects the desorption of gas from the sensor surface
[62, 104]. Increasing the operating temperature accelerates
surface reactions, contributing to obtaining higher sensi-
tivity (S) values. In chemiresistive gas sensors, sensitivity is
defined using the following formula:

_M_ |Ra_Rg|

5
R R x100 (5)

S
in the equation, S represents the sensitivity percentage, R,
represents the resistance of the sensor in air environment,
and R, represents the resistance value in gas environment.

Temperature is a crucial parameter determining gas
detection performance since it directly affects the kinetic
energy of gas molecules and the adsorption-desorption
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Fig. 8 Temperature-dependent chemiresistive CO, gas-sensing
response of the pure ZnO (Z0) nanorods evaluated at a fixed gas
concentration of 50 ppm to determine the optimal operating
temperature

Table 2 Maximum CO, sensitivity values of all ZnO nanorods at their
optimum operating temperatures

Sample 70 EZ01 EZ03 EZ05 EZ07 TZ01 TZ03 TZ05

Operating 420 420 500 500 500 440 480 500
Temp. (K)

Response

S) (%)

32 40 234 543 172 113 248 403

dynamics on the sensor surface. An increase in operating
temperature does not necessarily lead to enhanced sensi-
tivity; instead, gas sensors often exhibit material-dependent
behavior, where sensitivity increases up to a certain tem-
perature and subsequently declines [105]. This response
arises from thermally induced changes in surface chemistry,
charge transfer processes, and, in some cases, the micro-
structural stability of the sensing layer. The temperature at
which the sensor response reaches its maximum before
decreasing is therefore defined as the optimal operating
temperature of the sensor, representing a balance between
efficient gas adsorption, surface reaction kinetics, and des-
orption rates [106, 107]. To determine the operating tem-
peratures, CO, gas was fixed at a concentration of 50 ppm,
and since adequate sensitivity could not be obtained in
measurements taken at room temperature, the temperature
was increased from 320 K in 20 K intervals and terminated
at 500 K. In this regard, Figs. 8—10 present the temperature-
dependent CO, sensing behavior of pure and rare-earth-
doped ZnO nanorods, emphasizing the strong interplay
between operating temperature, dopant type, and surface
morphology. For the undoped ZnO sample presented in Fig.
8, the sensitivity gradually increases with temperature and
reaches a maximum value of ~32% at 420 K (Table 2),
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Fig. 9 Temperature-dependent CO, gas-sensing response of the Er-
doped ZnO nanorods (EZ series) evaluated at 50 ppm

beyond which a clear decline is observed. This behavior
displays the classical chemiresistive response of ZnO
semiconductor, where moderate heating enhances gas
molecule activation and surface reaction kinetics, while
excess temperatures promote rapid desorption and reduce
effective surface coverage. This leads to lower sensitivity.

Additionally, the main temperature-sensitivity char-
acteristics for the Er’*-doped ZnO nanorods are presented
in Fig. 9. Compared with the pristine sample, Er doping
obviously augments the sensor response and shifts the
optimal operating temperature toward higher values. While
the EZ01 sample reaches its maximum sensitivity at 420 K,
similar to the pure sample, the EZ03, EZ05, and
EZ07 semiconductors show their peak responses at around
500K (Table 2). Among all investigated EZ series, EZ05
with enhanced structural quality displays the highest sen-
sitivity, reaching an outstanding value of 543% (Table 1),
indicating the strong promotional effect of optimal Er
incorporation on gas-surface interaction. This improvement
is attributed to Er-induced oxygen vacancies, increased
electron trapping sites, and enhanced modulation of the
surface potential barrier. In the SEM images, we have
already discussed in detail why the EZ05 sample exhibits
the best CO, detection performance among the samples
examined. In contrast, the sensitivity of EZ07 decreases
despite its higher dopant content. Similarly, SEM observa-
tions reveal that the presence of excess Er doping in the
main matrix leads to sparse, flattened, and less vertically
aligned nanorods, which significantly reduces the active
surface area available for CO, adsorption and weakens the
sensing response.

Furthermore, Fig. 10 presents the temperature-dependent
CO, sensitivity of Tb-doped ZnO nanorods. The TZO0l1,
TZ03, TZ05, and TZ07 samples reach their maximum
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Fig. 11 Dynamic transient gas-sensing response of the pure ZnO (Z0)
nanorods exposed to stepwise varying CO, concentrations ranging
from 1 to 100 ppm at the optimal operating temperature of 420 K

sensitivities at approximately 440, 480, 500, and 500 K
(Table 2), respectively, revealing that Tb incorporation also
shifts the optimal operating temperature toward higher
values. The TZ05 sample exhibits the best performance
within the TZ series, achieving a maximum sensitivity of
403% at 500 K, whereas the TZ01 sample shows the lowest
response (~113%) at 440K, as given in Table 2. Corre-
spondingly, further increasing the Tb dopant concentration
to 7% in the ZnO semiconducting matrix results in a
reduced sensitivity. The degradation is associated with
dopant-induced structural disorder and degradation of
nanorod morphology at high Tb>" levels, having already
been discussed in XRD and SEM investigations in detail.
Moreover, SEM analysis showed that TZ05 possesses a less
dense nanorod network compared with EZ05, leading to a

Table 3 CO, sensitivity of pure and doped ZnO nanorods at different
gas concentrations under optimum temperatures

Sample  Sensitivity (%AR/R)
lppm Sppm 10ppm 25ppm 50 ppm 100 ppm

70 13 14 11 16 32 36
EZ01 20 26 29 32 40 54
EZ03 121 139 157 194 234 289
EZ05 277 320 377 433 543 733
EZ07 101 117 136 157 172 209
TZ01 43 54 61 87 113 153
TZ03 96 118 168 222 248 300
TZ05 278 317 356 380 403 475
TZ07 63 83 123 141 176 196

relatively smaller effective sensing surface area and con-
sequently slightly lower sensitivity as compared to that of
the Er-doped counterpart.

All in all, the temperature-dependent CO, sensitivity
results clearly display that rare-earth doping significantly
improves the CO, sensing performance of ZnO nanorods by
enhancing surface reactivity and charge transport processes.
On this basis, the existence of optimum dopant concentra-
tion (particularly 5% for both Er and Tb) in the ZnO
semiconducting matrix maximizes sensitivity and defines a
favorable operating temperature window around 500 K. On
the other hand, excess doping leads to morphological
deterioration and crystal degradation, which ultimately limit
gas-surface interactions and significantly degrade sensor
performance.

After determining the optimum operating temperatures,
the dynamic CO, sensing performance of pure and rare-
earth-doped ZnO semiconducting nanorod sensors was
systematically evaluated under stepwise CO, concentrations
ranging from 1 to 100 ppm. Figs. 11-15 summarize the
concentration-dependent response behavior, resistance
modulation, and sensing kinetics of the sensors under rea-
listic operating conditions, while Table 3 provides a quan-
titative comparison of sensitivity values.

The undoped ZnO sensor, measured at 420 K (Fig. 11),
exhibits stable and repeatable response-recovery cycles,
confirming good baseline stability and reversibility. How-
ever, its sensitivity remains relatively low across the entire
concentration range, increasing modestly from 13% at
1ppm to 36% at 100 ppm (Table 3). At low CO, con-
centrations (1-25 ppm), the response varies only slightly,
displaying the limited density of active adsorption sites and
weak modulation of the surface depletion layer in pristine
ZnO nanorods. A more serious increase in sensitivity at
higher concentrations (50-100ppm) is attributed to
increased surface coverage by CO, molecules and stronger
electron withdrawal from the conduction band. In contrast,
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Fig. 12 Dynamic transient CO, gas-sensing response of the Er-doped
ZnO nanorods (EZ series) under stepwise varying gas concentrations
(1 to 100 ppm) measured at their respective optimal operating
temperatures
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Fig. 13 Time-dependent electrical resistance modulation of the pure
and Er-doped ZnO nanorods upon exposure to 100 ppm CO, gas,
demonstrating the effect of Er incorporation on baseline resistance and
charge transfer dynamics

Er’*-doped ZnO nanorods exhibit a substantial and sys-
tematic increment in sensing performance (as provided in
Fig. 12 and Fig. 13). For all Er-doped samples, sensitivity
increases monotonically with CO, concentration, indicating
effective concentration-dependent detection. Among the EZ
series, the EZ05 sensor displays the best performance,
achieving sensitivities of 277% at 1ppm and 733% at
100 ppm. This exceptional response is associated with the
synergistic effects of optimum Er incorporation, including
increased oxygen vacancy concentration, a higher density of
electron trapping sites, improved nanorod crystallinity, and
enhanced grain-boundary potential barriers [108]. The fea-
tures mentioned collectively intensify resistance modulation
even at low gas concentrations, enabling superior trace-level
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Fig. 14 Dynamic transient CO, gas-sensing response of the Tb-doped
ZnO nanorods (TZ series) under stepwise varying gas concentrations
(1 to 100 ppm) measured at their respective optimal operating
temperatures

CO, detection. Resistance measurements under 100 ppm
CO, exposure (see Fig. 13) further confirm that Er doping
significantly amplifies resistance variation during gas
adsorption, while the baseline resistance in an air environ-
ment (R,) remains relatively unchanged. This is attributed
to good electrical stability.

In the case of excess Er foreign content (EZ07) in the
ZnO semiconducting structures, both sensitivity and resis-
tance modulation decline, related to morphology degrada-
tion and defect clustering that limit effective gas-surface
interactions. Moreover, the dynamic sensing characteristics
of Tb-doped ZnO nanorods are presented in Figs.
14 and 15. Similar to the EZ series, the existence of Tb
incorporation enhances CO; sensitivity as compared to that
of pristine ZnO, and the response generally increases with
gas concentration. Among the TZ series, the TZ05 sample
exhibits the highest sensitivity of 278% at 1 ppm and 475%
at 100 ppm. However, at similar concentrations, its perfor-
mance remains lower than that of EZ05. The difference
appeared in association with the lower nanorod density and
reduced effective surface area observed in Tb-doped ZnO
semiconducting compounds, which restricts gas adsorption
and depletion-layer modulation. The TZ01 sample shows
relatively weak sensitivity, indicating insufficient defect
activation at low Tb incorporation levels, while the sensi-
tivity of TZ07 decreases despite higher dopant content. This
shows dopant-induced structural disorder and disrupted
nanorod morphology. According to Fig. 15, the resistance
variations under 100 ppm CO, exposure confirm that Tb
doping modifies surface electronic states and enhances
resistance modulation during gas exposure, although no
strict linear dependence on dopant concentration is
observed, in agreement with previous studies [42, 83, 84].
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Compared with similar doping ratios reported in the litera-
ture, the relatively lower resistance values observed here
[109] display improved charge transport pathways in the
hydrothermally grown nanorod networks [42, 110].

To sum up, the combined dynamic response analysis and
quantitative sensitivity data clearly indicate that doping with
rare earth elements significantly improves the CO, sensing
performance of ZnO semiconductor nanorods. In this con-
text, the optimum dopant concentration for both Er and Tb
foreign particles is approximately 5% by weight. Among all
sensors investigated, Er-doped ZnO (especially the
EZ05 semiconducting sample) exhibits the highest sensi-
tivity, superior low-ppm detection capability, and strong
scalability with gas concentration. These findings represent
the critical role of controlled rare-earth incorporation in
tailoring defect chemistry, morphology, and electronic
structure to realize high-performance ZnO-based CO, sen-
sors suitable for environmental monitoring and industrial
sensing applications.
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Fig. 15 Time-dependent electrical resistance modulation of the pure
and Tb-doped ZnO nanorods upon exposure to 100 ppm CO, gas,
illustrating the resistance variation during a complete adsorption-
desorption cycle

The dynamic response curves were further analyzed to
extract the key kinetic parameters of the sensors, namely the
response and recovery times, which are critical for practical
gas-sensing applications. The response time is defined as
the duration required for the sensor to reach 90% of the total
resistance change upon CO, exposure, whereas the recovery
time corresponds to the period needed for the resistance to
return to within 10% of its baseline value after removal of
the target gas. The extracted values are summarized in
Table 4.

Figure 16 compares the dynamic CO, sensitivity of pure
ZnO with the optimally doped Er- (EZ05) and Tb-doped
(TZ05) ZnO nanorod sensors under identical gas con-
centrations. Both EZ05 and TZ05 exhibit significantly
enhanced sensitivity compared with the undoped sample,
confirming the beneficial role of rare-earth incorporation in
activating surface states and strengthening depletion-layer
modulation. At low CO, concentrations (1-25 ppm), EZ05
and TZ05 show comparable sensitivity levels, showing that
both dopants effectively promote gas adsorption and initial
charge transfer. However, at higher concentrations
(50-100 ppm), EZO05 clearly outperforms the TZ05 sample,
displaying a steeper response increase. This behavior dis-
plays that Er doping produces a more stable and chemically
active surface, enabling stronger interaction with CO,
molecules and more efficient modulation of surface poten-
tial barriers. The reduced lattice distortion and improved
crystallographic stability induced by Er’' ions further
contribute to this enhanced high-concentration response.

Figure 17 presents a direct comparison of sensitivity,
response time, and recovery time for EZ05 and TZO0S5 at
100 ppm CO,, where both sensors exhibit their strongest
responses. The EZ0S5 sensor indicates not only higher sensi-
tivity but also shorter response and recovery times compared
with the TZ05 compound. This superior dynamic behavior
indicates faster adsorption-desorption kinetics and more
efficient charge transport pathways in the Er-doped nanorod
network. Conversely, the inclusion of Tb>" ions enhances
sensitivity compared to pure ZnO semiconducting material
but leads to relatively longer response times; this may be

Table 4 Response and recovery

times of all ZnO nanorods at Sample  Ippm Sppm 10ppm 25ppm S0ppm 100ppm

optimum operating conditions Res. Rec. Res. Rec. Res. Rec. Res. Rec. Res. Rec. Res. Rec.
EZ01 110 103 111 92 105 91 105 84 101 79 98 71
EZ03 108 58 107 55 102 46 97 40 97 21 91 21
EZ05 94 78 94 78 94 89 81 71 95 72 88 59
EZ07 100 60 100 60 100 61 100 61 105 54 104 35

TZ01 56 32 78
TZ03 61 34 54
TZ05 63 83 56
TZ07 100 79 94

44 86 40 89 56 91 72 99 84
32 57 34 64 39 87 58 96 73
77 70 77 73 97 88 59 94 71
78 94 77 94 86 75 81 93 87
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Fig. 16 Comparative dynamic CO, sensing response curves of the
pure (Z0) and optimally doped samples (5 wt% Er: EZ05 and 5 wt%
Tb: TZ05) at various gas concentrations evaluated at 500 K
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Fig. 17 Quantitative comparison of the maximum sensitivity, response
time, and recovery time between the optimally doped EZ05 and TZ05
nanorods upon exposure to 100 ppm CO, gas

related to deeper trap states and slower surface reaction
kinetics. The trends observed in Table 4 further support the
observations. Increasing Er content generally leads to reduced
response times, revealing accelerated electron exchange
during gas adsorption, whereas Tb-doped ZnO semi-
conducting compounds tend to exhibit longer response times.
Recovery times show an inverse trend, indicating that
stronger gas-surface binding and deeper trap levels slow
desorption processes. The balance between fast response and
reasonable recovery is most favorably achieved in the
EZ05 sample, emphasizing its superior kinetic performance.

With the aid of the combined evaluation of XRD and SEM
results, we define critical information about the structural
origin of the superior gas-sensing performance observed for
the EZ0S5 semiconducting sample. As summarized in Table 1,
EZO05 exhibits one of the largest nanorod apparent diameters
measured by SEM (= 68.97 nm), while simultaneously pos-
sessing one of the smallest crystallite sizes determined from

@ Springer

XRD analysis (D=37.61 nm). This apparent discrepancy
indicates that the ZnO nanorods are not single crystalline but
rather composed of multiple nanoscale crystallites, forming a
polycrystalline nanorod architecture with a high density of
internal grain boundaries.

In chemiresistive gas sensors, such grain boundaries are
known to play a decisive role in sensing performance by
acting as electron-trapping centers and forming potential
energy barriers at intergranular junctions, having already
been discussed in previous sections. Under ambient condi-
tions, oxygen molecules adsorb preferentially at these grain
boundaries and capture conduction-band electrons, forming
ionized oxygen species (O,/0") and increasing the height of
the intergranular potential barriers, which leads to elevated
sensor resistance. Upon exposure to CO,, the interaction of
gas molecules with the adsorbed oxygen species modulates
the barrier height (discussed in the “Optical Analysis”
section) and releases trapped electrons, leading to a sig-
nificant change in resistance. Consequently, the high grain-
boundary density in EZ05 provides a large number of active
adsorption sites and enables stronger modulation of the
depletion layer, directly contributing to its enhanced sensi-
tivity and rapid response characteristics [108].

A comparison with previously reported ZnO-based CO,
sensors further emphasizes the advantages of the present
advanced system. As summarized in Table 5, many ZnO-
based sensors reported in the literature operate effectively
only at relatively high CO, concentrations or require addi-
tional activation mechanisms, such as UV illumination. For
instance, Ca-doped ZnO sensors have been reported to
exhibit a sensitivity of approximately 53% only at extre-
mely high CO, concentrations ( ~ 50,000 ppm). Conversely,
the EZ05 sensor developed in this study demonstrates an
exceptionally high sensitivity of 733% at a low CO, con-
centration of 100 ppm, while operating at a moderate tem-
perature of 500 K (227 °C). This substantial enhancement
clearly displays that controlled Er incorporation not only
optimizes the microstructural features of ZnO semi-
conducting nanorods but also significantly improves their
low-concentration CO, detection capability, outperforming
many previously reported ZnO-based sensing platforms. In
conclusion, these results confirm that Er doping effectively
tailors the structural and electronic properties of ZnO
semiconducting nanorods, resulting in a highly efficient
chemiresistive sensing mechanism suitable for sensitive and
reliable CO, detection under relatively mild operating
conditions.

4 Conclusion

In the current study, we examined the effects of rare-earth
(Er and Tb) doping on the structural, morphological,
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Table 5 Obtained results from studies in the literature on CO, gas detection

Material Fabrication Method Concentration of Applied Gas Sensing Response Temperature Reference
3% Cd doped ZnO chemical bath deposition 100 ppm 125°C 88.24% [107]

ZnO chemical spray pyrolysis 400ppm 350°C 65% [111]

4.0% La doped ZnO sol-gel spin coating 200 sccm 25°C 122.71% [112]

2.5% Na doped ZnO sol-gel 50 scem 25°C 81.9% [113]

5%]In doped ZnO sol-gel 100 ppm 200 °C 16% [114]

ZnO chemical bath deposition 2600 ppm 300 °C 17% [115]

0.1% Mn doped ZnO aerosol spray pyrolysis 100 ppm 25 °C (under UV) 66% [116]

5% Ca doped ZnO wet chemical synthesis 50000 ppm 350°C 53% [117]

5% Er doped ZnO hydrothermal 100 ppm 227°C 733% In this work
5% Tb doped ZnO hydrothermal 100 ppm 227°CC 475% In this work

optical, and CO, gas-sensing properties of hydrothermally
synthesized ZnO nanorods with the aid of standard
experimental measurements and theoretical approaches.
XRD and SEM analyses confirmed that both Er’™ and
Tb>" jons were successfully incorporated into the hex-
agonal wurtzite ZnO lattice without disturbing the crystal
structure up to an optimum doping level of 5 wt%, while
higher dopant concentrations led to lattice distortion,
secondary phase formation, and structural degradation.
Growth in the c-direction was confirmed by the calculated
diameter values, which were less than 100 nm. Besides,
SEM images taken revealed that controlled rare-earth
incorporation effectively modulated nanorod density,
orientation, and diameter, with Er doping producing more
uniform and densely packed nanorod arrays as compared
to Tb doping. Additionally, optical measurements
revealed a monotonic reduction in the band gap energy
with increasing dopant concentration, which was attrib-
uted to band-gap shrinkage due to enhanced carrier con-
centration, defect-induced localized states, and dopant-
host electronic interactions. The optical changes recorded
further corroborated the successful incorporation of Er
and Tb into the ZnO semiconducting lattice system and
their influence on the electronic structure. At the same
time, gas-sensing investigations revealed that rare-earth
doping significantly enhances the CO, sensing perfor-
mance of ZnO nanorods. Among all the doped series, the
Er-doped ZnO nanorods with 5 wt% Er inclusions pos-
sessed the highest sensitivity (733% at 100 ppm CO,),
excellent response-recovery characteristics, and stable
operation at a relatively low working temperature of
500 K. The superior sensing performance of EZ05 semi-
conductor was associated with its polycrystalline nanorod
architecture with a high density of grain boundaries,
optimized defect chemistry, increased oxygen vacancy
concentration, and efficient modulation of intergranular
potential barriers during gas exposure. Although Tb-
doped ZnO nanorods also presented enhanced sensing

performance compared to that of pure direct-transition-
type ZnO semiconducting material, their sensitivity and
dynamic response were comparatively lower, primarily
due to less favorable morphology and dopant-induced
structural disorder at higher concentrations.

To sum up, the theoretical results and experimental
findings indicate that controlled Er doping is a highly
effective strategy for shaping the microstructural and elec-
tronic properties of ZnO semiconducting nanorods to
achieve high-performance, low-concentration CO, detec-
tion. The outstanding sensitivity, fast response, and mod-
erate operating temperature of the EZ05 sensor emphasize
its strong potential for practical environmental monitoring
and industrial gas-sensing applications.
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