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Hierarchical Cu,O nanoflowers were synthesized through the laser ablation of a CuO target in NaOH solutions for
room-temperature (27 °C) H,S detection. Notably, the pH value of NaOH solutions influenced both the micro-
morphologies and compositions of the Cu,O products, as evidenced by XRD, XPS, SEM and TEM. In high pH
solutions, the specific surface area of the Cu,O products increased, their thickness decreased, and the Cuy0O
content diminished, resulting in enhanced sensitivity, selectivity and stability of the Cu,O products’ response to
H,S. Notably, the pH14% sample synthesized using an NaOH solution with a pH value of 14 featured pure CuO
nanoflowers comprising slightly curled nanosheets with a thickness of approximately 10nm. This sensor
demonstrated excellent H,S sensing performance at room temperature, exhibiting a response value of 1.17 for 10
ppb HaS, along with high selectivity and good long-term stability. However, after exposure to HyS, the resistance
of the sensor did not recover to its baseline in air at room temperature. Thermogravimetry results revealed that a
temperature of 300 °C was effective for recovery of the sensor. Consequently, the operation temperature of the
pH14” sensor was controlled using a micro-hotplate. In the pulse heating mode, the sensor’s response to 100 ppb

HoS was 1.5, with a response time of 135s and a recovery time of 137s.

1. Introduction

H,S is extensively employed across diverse sectors, including agri-
culture [1], manufacturing [2], and the oil and gas industries [3].
However, HsS is a hazardous, corrosive, and flammable substance with a
distinctive rotten egg odor [4]. Consequently, the acceptable ambient
levels of HyS, as recommended by the Scientific Advisory Board on Toxic
Air Pollutants, are limited to 20-100 ppb [5,6]. In addition to its ap-
plications, H,S also serves as a valuable trace biomarker for the early
diagnosis of oral [7], digestive tract [8], and lung [9] diseases and is
recognized as a key endogenous gas transmitter in pathophysiological
processes [10]. Hence, developing sensors capable of detecting sub-ppm
H,S in vicinity of public and human breath is essential.

To date, several kinds of sensors capable of detecting low

concentrations of HyS have been introduced, including electrochemical
sensors [11], fluorescent probes [12], acoustic wave sensors [13], op-
tical waveguide sensors [14] and metal-oxide-semiconductor (MOS)
sensors [15,16]. Among these, MOS sensors have garnered significant
research attention owing to their low cost, ease of production, and
excellent portability. Consequently, MOS sensors employing diverse
semiconductor materials, such as SnO5 [17], ZnO [18], CuO [19], Fex03
[20], WO3 [21], and MoOs [22], have been developed. Among these
materials, CuO-based nanomaterials have become particularly promi-
nent owing to the exceptional adsorption capacity and high chemical
affinity of CuO for HoS [23,24]. Several recent studies have proposed
and developed various types of CuO nanomaterials [19,25-27]. Among
these, hierarchical and low-dimensional CuO nanostructures have been
reported to demonstrate particularly desirable characteristics for HyS
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Fig. 1. Synthesis procedure for the Cu,O samples: (a) ablation treatment, (b) centrifugation, and (c) drying.

sensing, including rapid responses, room temperature operation, low
detection limits, and excellent conductivity [19,26-28]. However, the
non-recovery response or long response time of room-temperature sen-
sors severely inhibit their practical applications [29].

Among the various methods commonly adopted for synthesizing
CuO nanostructures, laser ablation stands out as an economical, effi-
cient, and straightforward technique, known to produce a diverse range
of oxide nanostructures [30]. Furthermore, with the selection of
appropriate targets and liquids with suitable properties, laser ablation
can facilitate the controlled synthesis of various nanomaterials. In this
context, one key factor influencing the morphology of nanoparticles is
the pH value of the utilized liquid. Hyeon et al. synthesized
Cu/Cuz0/CuO nanoparticles, nanospindles, and nanoflowers through
the laser ablation of a Cu target in de-ionized water and different con-
centration of NaOH solution. This report revealed that the pH value of
the solution influenced both the composition and morphology of the
synthesized nanoparticles [31]. Zhang et al. reported that reducing the
pH value of the solution below 1.0 resulted in the formation of
quasi-spheres comprising several WO3 nanoplates [32]. Despite solid
evidence suggesting the influence of solution pH on the morphologies of
CuO nanoparticles, a comprehensive understanding of the underlying
influence mechanism remains elusive. Furthermore, the specific corre-
lation between the solution pH and gas-sensing performance of products
remains unknown. Notably, compared to a Cu target, a CuO target
theoretically absorbs laser energy more efficiently, making it a suitable
choice for synthesizing gas-sensing materials in this study.

This paper reports the fabrication of hierarchical Cu,O nanoflowers
through the laser ablation of CuO targets in NaOH solutions. Further-
more, it details a systematic analysis of HS sensing performance of these
nanoflowers. Moreover, the paper discusses the growth mechanism of
the hierarchical Cu,O nanoflowers based on their micro-structure and
chemical composition. It also highlights the significant impact of OH
ions on HjyS sensing performance of the Cu,O products.

2. Experimental section
2.1. Materials

Copper oxide target (5 mm thick, purity quotient >99.9 %, CuO) and
sodium hydroxide (purity quotient >96 %, NaOH) were purchased from
Deyang ONA New Materials corporation and Tianjin Tianli Chemical
Reagents corporation, respectively. All chemical reagents utilized in this
study were of analytical grade and used without further purification.

2.2. Preparation of Cu,O samples

Fig. 1 illustrates the synthesis procedure for the Cu,O samples. First,
a CuO target was immersed in appropriate liquids with a depth of 8 mm.
The liquid media included pure water or NaOH solutions with pH values
of 6.5 (pure water) 8, 10, 12, or 14. The resulting Cu,O products were
respectively labeled as pw”, pH8%, pH10%, pH12%, and pH14”. A
nanosecond-pulsed fiber laser (Wuxi Raycus Fiber Laser Technologies
Co., Ltd.) with a central wavelength of 1064 + 4 nm, pulse width of
131 ns, and frequency of 20 kHz was employed in this study. The laser
beam scanned a square area of 7 mm x 7 mm on the surface of the CuO
target, moving at a speed of 2 mm/s over an irradiation time of 8 min. As
the laser spot moved, it continuously ablated a specific surface area of
the CuO target, generating Cu,O nanostructures subsequently dispersed
into the liquid, as depicted in Fig. 1(a). The suspension was then
collected and centrifuged at 6000 rpm, following which the precipitate
was washed with deionized water and subsequently dried at 70 °C to
obtain Cu,O powder samples, as depicted in Fig. 1(b) and (c). Finally, all
Cu,O samples were annealed at 600 °C for 1 h in a muffle furnace.

2.3. Characterization of materials

The surface morphologies and internal structures of the as-prepared
Cu,O samples were examined using field-emission scanning electron
microscopy (FE-SEM, JSM-7610 Plus, JEOL) and transmission electron
microscopy (TEM, FEI Talos F200X G2, Thermo Fisher Scientific),
respectively. The crystalline phase was analyzed by X-ray diffraction
(XRD, Dmax Ultima IV, Rigaku) equipped with a Cu Ka radiation source
(A =0.15418 nm). The chemical states of Cu and O were examined using
X-ray photoelectron spectroscopy (XPS, Thermo Kalpha, Thermo Fisher
Scientific) with a monochromatic Al Ka X-ray source. Furthermore,
thermogravimetry (TG) and differential thermogravimetry (DTG) ana-
lyses were performed using a thermogravimetric analyzer (TGA, TGA
550, TA Instruments). Additionally, minimal weight changes of the
samples during HyS sensing were measured using another TGA (LoC-
TGA-1001, Xiamen High-End MEMS Technology Co., Ltd.). The specific
surface areas were estimated using the Brunauer-Emmett-Teller (BET)
method (Micromeritics ASAP 2460 3.01) based on nitrogen adsorp-
tion—desorption experiments.

2.4. Gas sensors fabrication

To achieve low power consumption (Figure S1) and precise control
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Fig. 2. (a) Schematic sideview of the fabricated gas sensor. (b) Top-view image of the Cu,O sensor.
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Fig. 3. Schematic of the gas measurement system.

over the operating temperature, Cu,O samples were coated onto micro-
heater plates (MHPs) [33,34] comprising Pt heater strips and Au elec-
trodes embedded within an SiO,/SisN4 membrane, as illustrated in
Fig. 2(a). Initially, Cu,O pulp samples were prepared as follows: A
dispersing agent (DS-901, Tianjin Surfy Chem T&D Co., Ltd.) was added
to 5 ml deionized water to create a 12.5 % dispersant solution. Subse-
quently, the Cu,O samples were ground and dispersed in this dispersant
at a concentration of 5 wt%. A high-precision electrohydrodynamics
inkjet printer (RD-EHD 200, shanghai Ruidu Photoelectric Technology
Co., Ltd.) was then utilized to spray the resulting Cu,O pulp samples
onto the Au electrodes of the MHPs, as illustrated in Fig. 2(b). Finally, all
fabricated Cu,O sensors were heated to 300 °C for 2 h to eliminate the
dispersing agent from the pulp samples.

2.5. Gas sensing measurement

A dynamic gas sensing measurement method was adopted for this
experiment, as illustrated in Fig. 3. The measurement system included
standard gas cylinders (Dalian Guangming Special Gas Products Co.,
Ltd.), mass flow controllers (MFCs) driven by a computer system, a
sealed chamber for the fabricated Cu,O sensors and a temperature and
humidity sensor (SHT31-ARP, Sensirion). A humidification instrument
and a digital multimeter (DMM) for data collection were also included.
During the measurement process, relative humidity (RH) was controlled
by mixing wet and dry air in specific proportions and was monitored by
the temperature and humidity sensor. Furthermore, the concentration of
the test gas was adjusted by mixing the test gas with air in a pre-
determined proportion.

The resistances of the gas sensor in air and in the test gas atmosphere
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Fig. 4. XRD patterns of the Cu,O samples.
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Fig. 5. XPS spectra of the Cu,O samples: (a) survey spectra and (b) Cu 2p spectra. (c) Proportion of different Cu valences. (d) O 1 s spectra.

were defined as R, and Rg, respectively, while the sensor response was
calculated as S = Rg/R,. The response time was defined as the dura-
tion required for the resistance to change by 90 % after exposure to the
test gas [35].

3. Results and discussion
3.1. XRD, XPS, SEM, TEM, BET analysis

The phases and crystallinity of the as-prepared Cu,O samples were
examined based on the XRD patterns illustrated in Fig. 4. Notably, the
XRD curves of pw”, pH8%, pH10%, and pH12” correspond to the
monoclinic CuO (JCPDS No. 89-5895) and cubic CuyO phases (JCPDS
No. 99-0041). However, the XRD pattern of pH14” displays no promi-
nent diffraction peaks corresponding to CuyO phases but exclusively
aligns with the monoclinic CuO.

The elemental chemical states of the as-prepared Cu,O samples were
characterized based on the XPS spectra depicted in Fig. 5. Notably, the
survey spectrum of each sample displayed in Fig. 5(a) clearly reveals
peaks corresponding to O, Cu, and C. Fig. 5(b) illustrates the Cu 2p
spectra of the samples. Here, the peaks in the spectrum of the pw#,
pH8*, pH10%, and pH12¥ samples are attributed to both Cu®* and Cu*.
However, the spectrum of pH14” exclusively displays peaks corre-
sponding to Cu*, aligning with the XRD result. Fig. 5(c) reveals that the
proportion of Cu™ decreased from 52.83 % to O as the pH value of the
solution increased from 6.5 to 14, derived from Cu 2p spectra in Fig. 5
(b). Fig. 5(d) displays the O 1 s spectra of the samples, displaying two
peaks in the spectrum of pH14# and three peaks in the spectra of pw#,
pH8#, pH10%, and pH12¥. Notably, the two peaks in the spectrum of
pH14* are located at 529.95 eV and 531.47 eV, originating from the
lattice oxygen (Oy) of CuO and surface-adsorbed oxygen (Oags) [36,37].
The spectra of the other samples display a peak centered at
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Fig. 6. SEM images of the Cu,O samples: (a) pw#, (b) pHS#, (c) leO#, (d) leZ#, and (e) pH14#.

approximately 530.5 eV, which is attributed to the lattice oxygen of
Cuz0 [38]. Notably, the ratio of peak area of surface adsorbed oxygen to
lattice oxygen rises with the increase of pH, which suggests the samples
fabricated in high pH solution have advantage to surface-adsorb more
oxygen.

The SEM images reveal that the pH value of the utilized liquid me-
dium significantly influenced the morphologies of the Cu,O products. As
illustrated in Fig. 6(a), the Cu,O product (pw”) obtained in pure water
primarily comprised densely stacked spindle-shaped particles, approxi-
mately 100 nm in length, exhibiting minimal aggregation. However,
when CuO targets are ablated in NaOH solutions, the major products
were hierarchical nanoflowers. The petals of these nanoflowers gradu-
ally stretched and underwent thinning with increasing pH, as illustrated
in Fig. 6(b—e). Notably, the micro-morphology of the pH14* sample

exhibited dramatic changes, as depicted in Fig. 6(e). Here, the petals
enlarged and curled, thus interconnecting with each other, moreover,
their thickness reduced to approximately 10 nm. These changes result in
a more loose and porous structure of pH14*, theoretically providing a
large specific surface area, which can enhance gas diffusion and
adsorption during gas sensing.

TEM observations further validate the results of the XRD, XPS, and
SEM analysis, including the polycrystalline structure, components, and
morphologies of the Cu,O samples. Fig. 7(a) illustrates that the crystal
planes of both monoclinic CuO and cubic CuyO are apparent at the top
(IV of Fig. 7(a)) and root (III of Fig. 7(a)) of a petal formed in pw#.
However, for nanoflowers fabricated in NaOH solutions, the crystal
planes of cubic Cuz0 are rarely observed at top of the petals (IV of Fig. 7
(b—d) and in thin areas (IIl and IV of Fig. 7(e)), where CuyO interacts
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more readily with NaOH compared to other areas.

The BET method was used to measure the nitrogen adsorp-
tion—desorption isotherms to study the specific surface areas of the Cu,O
samples, as illustrated in Fig. 8. Notably, the specific surface area of
pw”, pH8*, pH10%, pH12*, and pH14¥ were determined to be 4.57,
10.41, 18.84, 23.94, and 30.83 mz/g, respectively. Thus, compared to
the pw” sample featuring nanospindles, the pH10%, pH12¥, and pH14”
samples featuring nanoflowers exhibited large specific surface area. The
specific surface area of sample enlarged as pH value increased. The

increasing specific surface area further increased the number of active
sites available for gas adsorption, as evidenced by the O 1 s spectra
depicted in Fig. 5(d), and are anticipated to improve the gas sensitivity
of the samples.

3.2. Gas sensing performance

Fig. 9(a) presents the response curves of the Cu,O sensors. Notably,
when these sensors were exposed to HyS at room temperature, their
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Fig. 8. Nitrogen adsorption-desorption isotherms for (a) pw#, (b) pHB#, (c) leO#, @ pH12#, and (e) pH14#.

resistances increased, indicating p-type semiconductor characteristics.
However, when the sensors were exposed to air again, their resistance
did not entirely recover to the original value in air (R,) at room tem-
perature (Figure S2). To expedite H2S desorption from the sensing ma-
terials, the sensors were heated to 300 °C. This treatment lowered their
resistances below R,, owing to increased carrier concentrations. After
heating, the sensors were allowed to cool to room temperature. Then
their resistances recovered to R,, signifying successful H,S desorption.

Fig. 9(b) displays the response values and response times of the Cu,O
sensors. While the pw” sample exhibited no response to HyS, the pH8”,
pH10%, pH12*, and pH14* samples (featuring Cu,0 nanoflowers)

exhibited varying degrees of sensitivity to 10 ppm H,S at room tem-
perature. As the pH increased from 8 to 14, the response value of the
sensors increased from 2.075 to 208.91, while their response time
decreased progressively.

The response of the Cu,O sensors to 10 ppm HsS was tested over five
cycles. The results reveal that all sensors exhibited good repeatability,
with deviations within 6.84 %, as illustrated in Fig. 10 (a). To examine
the selectivity of the Cu,O sensors, their responses to 100 ppm CO, NHg,
CoHs0H, and CH3COCH3 and 10 ppm HyS and NO; were recorded.
Fig. 10 (b) shows that Cu,O nanoflowers (pHS#, pH10#, pH12#, and
pH14%) sensors responded much higher to H,S than that of other gases
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Fig. 9. (a) Response curves of the Cu,O sensors to 10 ppm H,S in a logarithmic scale. The inset depicts the curves in a linear scale. (b) Response values and times of

the Cu,O sensors.

at room temperature. Concurrently, the resulting Cu,O nanoflowers
fabricated in solution with a high pH exhibited enhanced selectivity to
HjS. For instance, the ratio of 10 ppm HjS’s response value to 10 ppm
NOy’s increased from 1.66 to 13.5 as the pH value increased from 8 to
14. This may be attributed to the pH-induced reduction in the CuyO
proportion within Cu,O nanoflowers, as shown in Fig. 5(c). At room
temperature, compared to CuO, Cuy0 is more readily sulfonated owing
to the weaker Cu-O bonds in its crystal structure [39], as evidenced by
Figure S3. However, the metallic characteristics of the resulting CusS
inhibit the required resistance increase and weaken the response during
H,S sensing [40], leading to reduced sensitivity and selectivity of the
Cu,0 nanoflower sensors to HsS.

Fig. 10 (c) illustrates the response values of the Cu,O sensors to
10 ppm HsS at temperatures ranging from 27 °C (RT) to 360 °C. The
results reveal that the pw# (Cu,0 nanospindles) sensor achieved optimal
operating temperatures at 220 °C, while the pH8”, pH10%, pH12¥, and
pH14# (Cu,O nanoflowers) sensors exhibited optimal responses to
10 ppm H,S at room temperature. Notably, for the pH14” sensor, the
relationship between response and temperature is described by the
equations: S = 10700154T+2704 gnq &8 — _ 17.94 x 107001541 a5 indi-
cated by the logarithmic fitting curve depicted in Fig. 10 (c). As T=27°C,
g—% = 6.89. Compared with the linear fit between response and concen-
tration of HyS at ppm-level (Fig. 11(c)), the effect of temperature vari-
ations around room temperature on sensor’s response to 10 ppm HsS is
about — 403 ppb/°C. Fig. 10 (d) indicates that the baseline (R,) of the
Cu,O nanoflowers sensors decreased with increasing temperature.

Fig. 10 (e) illustrates the long-term stability of the Cu,O nanoflowers
sensors. Notably, the response of pH14” sensor to 10 ppm H,S remained
around the initial value, exhibiting less than 8 % fluctuations over 42
days, while the response values of the pH8”, pH10%, and pH12* sensors
consistently decreased. For example, the response value of the pH12*
sensor to 10 ppm H,S demonstrated a reduction of 68.5 % after 42 days.
Additionally, the Cu,O sensors’ baselines (R,) were recorded over 42
days. As observed in Fig. 10 (e), the pH8*, pH10% and pH12* sensors
exhibited increase in baseline (R,), likely owing to the chemical insta-
bility of CuyO [41], which led to the instability of sensors.

The above analysis indicates that the pH14” sensor demonstrated
significant advantages in terms of sensitivity, response time, selectivity,
and long-term stability. Hence, its detection limit and its responses to
10 ppm HyS under different relative humidity (RH) conditions were
further explored. Fig. 11 (a) and (b) illustrate the pH14# sensor
exhibited excellent sensing performance even for ppb-level H,S at room
temperature. The HyS detection limit is 10 ppb with response value of
1.17. The response of the pH14% sensor demonstrated good linear

relationships with HoS concentrations at ppm-level and sub-ppm-level.
The corresponding fitted curves and equations are illustrated in
Fig. 11 (c), with correlation coefficients of 0.9875 and 0.9912, respec-
tively. The resistance of the pH14* sensor at room temperature was
tested continuously across an RH range of 0-77 % RH, as depicted in
Fig. 11 (d). Fig. 11 (e) indicates that the response value of pH14# to
10 ppm HjS gradually decreased, while its baseline (R,) increased with
the increase of relative humidity. According to the linear fit in Fig. 11
(e), the pH14%'s response to 10 ppm HsS decreased 1.439 with the in-
crease of 1 % RH at room temperature. Compared with the linear fit
between response and concentration of HoS at ppm-level (Fig. 11(c)),
the effect of RH variations around room temperature on pH14¥ sensor’s
response to 10 ppm HsS is about — 84 ppb/%RH.

To improve the practicality of the fabricated sensors, the pH14%
sensor was operated in a pulse heating mode. Fig. 12 (a) depicts the
resistance curve of the pH14” sensor to 100 ppb H,S using the heating
pulse illustrated in Fig. 12 (b). In a heating cycle, the sensor was heated
to 300 °C under high level voltage for 3 s and worked at room temper-
ature for 25 s. The response curve obtained when using the resistance at
the 24th s of each heating cycle as the room temperature resistance of
the sensor is depicted as a black curve in Fig. 12 (a). The response curve
indicates that pH14” sensor’s response to 100 ppb HyS was 1.5 under
pulse heating, with a response time of 135 s and a recovery time of
137 s.

3.3. Growth mechanism of Cu,O nanoflowers

3.3.1. TG and DTG analysis

The composition of the unannealed sample was significant to
investigate the synthesis mechanism of Cu,O nanoflowers, thus unan-
nealed pH14” was subjected to a thermogravimetric analysis. Specif-
ically, it was heated from room temperature to 800 °C at a heating rate
of 10 °C/min in air atmosphere. The mass change of this sample during
this process is illustrated in Fig. 13. The TG and DTG curves reveal two
stages of mass loss. The initial mass loss appearing between 34.6 °C and
201.2 °C corresponds to the desorption of intercalated HyO (including
surface-adsorbed H,0) generated between the ultrathin petals of pH14*
[42]. The second mass loss observed from 201.2 °C to 332.5 °C is
attributed to the dehydration of lattice OH  groups of Cu(OH) [43].
Finally, the weight of pH147 stabilized after heating over 600 °C.

3.3.2. Growth mechanism of Cu,O nanoflowers

The TGA results shows the existence of copper hydroxide, suggesting
that the CuO target particles participated in the ablation reaction in the
form of ions [44]. The growth mechanism of Cu,O nanoflowers
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Fig. 10. (a) Response curves of the Cu,O sensors to 10 ppm H,S over five cycles. Response values of the Cu,O sensors (b) to different gases at room temperature and
(c) 10 ppm H,S at different operating temperatures. (d) Baselines (R,) of the Cu,O nanoflowers sensors at different operating temperatures. (e) Response values and
baselines (R,) of the Cu,O nanoflowers sensors to 10 ppm HsS over 42 days.

fabricated using laser ablation was subsequently deduced, as schemat-
ically illustrated in Fig. 14. In the initial stage of the reaction, as CuO
target continuously absorbed laser pulse energy, a plasma plume was

generated at the interface of CuO target and liquid. This plume con-
tained numerous neutral Cu and O atoms; Cu*, Cu®t, and 0%~
electrons from the target, as indicated in formula (1) (Fig. 14 (a) [45].

ions, and
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Furthermore, the high temperature of the plasma plume continuously When the bubbles collapsed, numerous particles were released into
generated vaporizing species, contributing to the formation of cavitation the pure water or NaOH solution (Fig. 14 (b)). The generated Cu™" ions
bubbles on the surface of target [46]. then reacted with OH ions, as indicated in formula (2), to form Cu

laser ablation
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(OH),, which subsequently dehydrated according to formula (3) under
continuous pulsed ablation treatment. Thus, the formation and dehy-
dration of Cu(OH), proceeded alternately, resulting in the formation of
cores containing Cu,O and Cu(OH), (Fig. 14 (c)).

Cu™ + OH —Cu(OH), | ()]

laser

Cu(OH),*%.Cu,0 + H,0 3

These cores continued to grow in the liquid. In pure water, the sur-
faces attracted OH~ and Cu™" to form nanospindles (pw#) without
interference. However, in NaOH solutions, excess OH ™ ions neutralized
a portion of the positive charge of Cu"', disrupting the electric
neutrality on the surfaces of the cores. This impact led to the self-
aggregation of the generated cores into a flower-like structure (Fig. 14
(d)) [47-49]. Finally, Cu,O/Cu(OH), nanoflowers were annealed at 600
°C to completely convert Cu(OH), into Cu,O with HoO removal (Fig. 14
(e).

3.3.3. Effects of high NaOH concentrations

In addition to its effect on core aggregation, highly concentrated
OH™ can also react with Cu™ according to formula (4) [50]. The con-
version of Cu™ to Cu?" in NaOH solutions reduces the proportion of Cu™
in Cu,O nanoflowers with increasing NaOH concentrations. In partic-
ular, the ultrathin and porous structure of pH14* enhanced the corrosive
action of OH™ on Cu", leading to complete removal of Cut from the
pH14% sample, as illustrated in the XRD and XPS results (Figs. 4 and 5).

Cu,0 + 20H " + H,0—Cu(OH), + 2e 4
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Meanwhile, high concentrations of OH™ significantly affect the
micro-morphology of the samples. Notably, when the quantity of OH™ is
considerably higher than that of Cu2+, soluble [Cu(OH)4]2’ ions pref-
erentially form in the presence of high NaOH concentrations, according
to formula (5). Further the decomposition of [Cu(OH)4]2’ according to
formula (6) leads to the growth of Cu(OH), along the coordination self-
assembly direction of quadrilateral [Cu(OH)4]2_ ions, resulting in 2D
layered nanostructures [27,51]. This process contributes to the thinning
and lengthening of the petals of the nanoflowers. Hence, the high ratio of
OH™ to Cu" ions in the NaOH solution with a pH of 14 likely results in
the ultrathin structure of the pH14” sample with a large specific surface
area, as shown in the SEM results (Fig. 6).

Cu®* + OH™—[Cu(OH),]* 5)

[Cu(OH),]* »Cu(OH), | + OH™ (6)

3.4. Gas-sensing mechanism

To confirm the adsorption of H,S on the Cu,O nanoflowers, the mass
change of pH14* during H,S sensing was measured, and the result is
depicted in Fig. 15. The gas flow velocity was maintained at 5 sccm
throughout the measurement. After air flowed through the chamber, the
processes of gas molecule adsorption and desorption gradually achieved
equilibrium on the pH14% sample, and the corresponding stable weight
was defined as a baseline to quantify the mass change. As 10 ppm HzS
flowed through the chamber, the mass of pH14” increased immediately,
corresponding to the adsorption of HjS on its surface. Then when the
chamber was full with pure air again, mass loss occurred at once, indi-
cating that HyS was gradually desorbed from the surface. However, the
mass of the sample remained at 393 pg instead of recovering to zero,
which indicates the presence of residues on the sample. Subsequently,
the pH14% sample was heated to 300 °C in 60 s. Its mass decreased
rapidly at 300 °C and continued to decline after reaching zero, attributed
to the desorption of both HsS and O,. This result confirms that H,S was
adsorbed on the surface of the sample and its byproducts did not
completely desorb at room temperature; hence, high-temperature
cleaning is necessary and effective for the recovery of pH14” sensors.

Fig. 16 depicts the HsS sensing mechanism model of the Cu,O
nanoflower sensors. CupO and CuO are known to exhibit p-type char-
acteristics owing to the presence of Cu vacancies, with holes serving as
the major charge carriers. In air atmosphere, substantial amounts of
oxygen species are adsorbed on the surfaces of the Cu,O nanoflowers,
and a transition from physisorption to chemisorption occurs subse-
quently, predominantly converting oxygen to O3 at room temperature,
as depicted in Fig. 16 (b) [40,52].
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For Cup0 or CuO, the chemical bonding between Cu and adsorbed
oxygen results in the transfer of the valence electrons from the sensing
material to the adsorbed oxygen species, thus creating a hole accumu-
lation layer at the interface, resulting in a small resistance.

As a strong reducing gas, HyS can react with O3 according to Eq. (9),
and electrons trapped by the adsorbed oxygen can return to the sensing
materials, which reduces the hole accumulation layer and increases the
resistance of the Cu,O nanoflowers sensors at room temperature, as
illustrated in Fig. 16 (c).
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Furthermore, HS can directly react with CuO and Cuy0 to produce
CuS and CusS, leading to decrease in Cu,O sensor’ resistance owing to
the metallic characteristics of CuS and CuyS. However, the response of
Cu, O sensor is opposite to the effect of sulfuration of CuO or Cuy0 on
resistance; hence, the direct reaction of CuO and CusO with H5S is not
the main reaction occurring on the surfaces of Cu,0 nanoflower sensors
at room temperature. Nevertheless, the sulfuration of CuO and Cu30 can
be intensified at high temperatures[40,53], which could lead to reduced
sensors’ responses, as depicted in Fig. 10 (c).

To further explore the primary reaction occurring on the CuO
nanoflowers during HyS sensing, O 1 s and S 2p high resolution spectra
of pH14” before and after exposure to 10 ppm H,S were examined, as
illustrated in Fig. 17. The as-prepared pH14* sample was characterized
by XPS before exposed to HyS. Then, this sample was sealed in a
chamber filled with 10 ppm HsS for 24 h and characterized by XPS
again immediately to examine the chemical states of O and S after HoS
sensing. Fig. 17 (a) indicates that the proportion of adsorbed oxygen
decreased from 64.8 % to 51.75 % after exposure. The S 2p peak is
apparent in the spectrum of pH14" after exposure, with a primary peak
located at approximately 168.8 eV, corresponding to the oxidation
valence state of S rather than monosulfide (S%7) or disulfide (S3”) spe-
cies [54]. The consumption of adsorbed oxygen and oxidation of H»S
suggest that the reaction of HyS sensing follows formula (9).

During H,S sensing, the porous structures of hierarchical Cu,O
nanoflowers provide abundant gas diffusion paths and large specific

2H,S +30;— 250, + 2H,0 +3e”
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Table 1
H,S sensing performance of recently developed CuO sensors.
CuO structure Temperature (°C) Concentration (ppm) Response Detection Limit (ppb) Tres/ Trec () Ref.
Nanoneedle 150 10 76 161" 92/196 [19]
Nanoparticles 40 0.2 2.9 200 49/- [58]
heating pulse (350 °C, 30 s) 49/124
Microspheres 180 100 46 100 18/42.5 [59]
Porous Films 325 1.5 2.7 150 2.7/514 [60]
Microflowers RT 1 2.1 100 240/1341 [26]
Nanosheets RT 0.2 5.01 10 336/543 [27]
Nanoarrays RT 0.005 24.08 1.52 102/539 [61]
Microflowers RT 1 9.92 50 128/- [28]
heating pulse (300 °C, 10 s) 128/130
Nanoparticles RT 0.01 20 0.1 200/1000 [62]
Nanoflowers RT 0.1 2.85 10 250/- This work
Pulse heating (300 °C, 3 s in 30 s) 135/137

RT= room temperature, 7,,;= response time, 7,,.= recovery time
" Calculated theoretical detection limit.
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surface areas, which improves gas response kinetics at room tempera-
ture [55]. The pH14# has the largest specific surface area among all
samples, suggesting more active site available for O, and HyS molecule
on the pH14*, which may lead to enhanced sensitivity of pH14%.
Additionally, the dramatically improved sensitivity of pH14* to H,S
may also relate to its ultrathin petals with a thickness of approximately
10 nm (Fig. 6), which is comparable to the Debye length; hence, most of
the atoms can be involved in the gas-sensing reactions [56,57], thus
significantly improving the sensitivity of the sensor. Simultaneously,
pH14% exhibits excellent selectivity and stability likely owing to the
removal of Cu,O.

A comparison of previously reported H,S sensors featuring various
CuO nanostructures with our sensor is presented in Table 1. The table
suggests that the hierarchical CuO nanoflowers in our work exhibit low
detection limits at room temperature and offer fast response and re-
covery under pulse heating.

4. Conclusion

Hierarchical CuO nanoflowers (pH14#) comprising ultrathin nano-
sheets were synthesized through the laser ablation of a CuO target in
NaOH solution with pH value of 14. The resulting sensor exhibited
excellent sensitivity, a low detection limit, superior selectivity, and good
stability. Using MHP processing pulse heating allowed the pH14” sensor
to achieve response time of 135 s and recovery time of 137 s for 100 ppb
H,S. The optimal sensing performance of pH14” sensor is attributed to
its large specific surface area, ultrathin thickness of its petals, and the
removal of CuyO. These characteristics can be controlled by the con-
centration of NaOH in the laser ablation process. During the growth of
Cu,O nanoflowers, high concentrations of OH™ significantly influenced
the specific surface area of Cu,O nanoflowers by causing cores to self-
aggregate into flower-like structures and inducing the formation of
quadrilateral [Cu(OH)4] 2 jons. Meanwhile, high concentrations of OH™
decreased the content of Cu0 in samples. Thus, high concentrations of
OH™ can improve the H;S sensing performance of Cu,O products. In this
study, laser ablation of a CuO target in NaOH solution was successfully
utilized as a simple, green, and controlled process to obtain multiple
Cu,O nanoflowers, providing a novel synthesis method for room tem-
perature H,S sensitive materials.
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