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Abstract

In this work, hydrogen sensors were demonstrated based on copper oxide (CuO) and palladium-doped copper oxide
(CuO:Pd) thin films grown by sol-gel spin coating technique. The sensing properties of CuO layer surfaces were analyzed
for hydrogen concentrations varying from 1000-15000 ppm in a temperature range between 110 and 180°C. For undoped
CuO-based sensor, operating temperatures higher than 110°C were required for low H, concentrations below 4000 ppm.
Whereas higher temperatures above 140°C led to better response and more reliable results. At fixed temperature of 160°C,
the highest response achieved by CuO: Pd films reached 0.45 which was four times those of undoped CuO counterpart (~
0.1). In contrast to CuO, sensor based on CuO:Pd even with minimal doping of only 2% enabled the detection process of
H, reducing gas with low concentration of about 5000 ppm at reduced operating temperatures as low as 60°C. By introduc-
ing Pd as dopant, the sensing properties of H, gas significantly improved, especially for higher concentrations. This is at-
tributed to a synergy of morphological, compositional and electrical effects Our findings confirm the potential of CuO-
based thin films fabricated by sol-gel spin coating technique as an efficient and simple method for hydrogen sensing applica-

tions at operational environment.
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Introduction

Nowadays, hydrogen is applied in transport, manu-
facturing and residential sectors at different temperature
and pressure conditions [1-3]. For concentrations above 4%
(40.000 ppm) in air, hydrogen becomes explosive [4,5].
Therefore, it is an imperative specification for hydrogen sen-
sors to detect below this lowest explosion limit (LEL) of
40,000 ppm in air [6]. As a typical reducing gas, H, can be
detected by pure or doped metal oxides sensors at high oper-
ating temperatures [7,8]. Nevertheless, it is still risky to oper-
ate H, at high temperatures due to its combustible charac-
ter. Thus, novel functional materials are always sought for
sensitive H, detection at low operating temperature [9]. A
wide variety of gas sensitive materials were exploited, such
as metal oxide semiconductors [7,10-12], conducting poly-
mers [13,14], hybrids nonmaterial [15] and grapheme [16].
In particular, resistive gas sensors which are based on met-
al-oxide semiconducting thin films are widely studied for
the detection of virulent and explosive gases due to their
low cost, simple fabrication and system integration compati-
bility [17]. The most widely used gas sensing materials are
Sn0O, [17-19] and ZnO [20]. TiO, [21], WO, [22], In,0, [23]
and Fe,0, [24] which exhibit n-type semi-conductivity.

Different methods have been used to improve
their sensing properties including doping with noble metals
[25,26] or other metal oxides [27]. In general, to enhance
their gas sensing properties, the changes in metal oxides
may occur either on the surface or within the lattice with dif-
ferent materials such as Ag, Au, Pd, and Rh which are
known by being the effective sensitizers or promoters for
gas sensors [23]. In contrast, p-type metal-oxide semicon-
ducting films, such as CuO, NiO [28] and Co,0, have re-
cently attracted attention as sensing materials to further im-
prove some critical parameters such as sensitivity, stability,

selectivity, response and recovery time [29-31].

However, p-type metal-oxide semiconducting
films gas sensors, have not really been scrutinized and deep-
er analytical researches are still required for the design, and
the exploitation of sensitive and safe p-type gas detector
[25].

In our previous work [28,32] we demonstrated effi-

pallafg&{glglplﬂﬂmFS[Pd (OCOCH

cient hydrogen sensors based on p-type NiO and NiO:Li
thin films grown by simple sol-gel technique. One of the
most promising materials is p-type CuO semiconductor
with a band gap in the range of 1.2 - 3.5 eV and excellent in-
herent materials properties and cost-effective manufactur-

ing [19,23,26,27,33,34].

For instance, it was reported that CuO films de-
posited by sputtering and hydrothermal methods enabled
the detection of H, gas with a concentration of 1000 ppm,
but at high operating temperatures between 200°C and
300°C. Also, doping of CuO with Pd results in enhanced
sensitivity although the requirements in terms of operation
temperature (300°C) and concentration (1000 ppm) re-
mained high [32]. Interestingly, we demonstrated in a previ-
ous paper improved electrical conductivity of CuO thin
films by means of Pd doping. This could be a boost for hy-

drogen sensing capabilities [34].

In this work, we studied hydrogen gas sensors op-
erating at low temperatures and H, concentrations based on
undoped and Pd-doped CuO thin films by simple and cost--
effective sol-gel spin coating technique. According to the lit-
erature survey, this is the first work to employ Pd-doped
CuO films prepared by the sol gel method in resistive hydro-
gen sensors. First, CuO thin films were tested as sensor for
hydrogen concentrations ranging from 1000 to 15000 ppm
in synthetic air. Then, the films were doped with 0%, 2%,
and 6% of Pd to be systematically characterized with regard
to hydrogen gas sensing response as a function of the operat-
ing temperature and hydrogen concentrations. The results
showed that the Pd-doped CuO sensor is able to detect ex-
tremely low concentration of hydrogen (10000 ppm) at

moderate operating temperature (60°C).

Experimental Details
Films Coating

For the preparation of undoped and Pd-doped

CuO layers,the precursor solutions from copper (II) acetate
hydrate [(CH,COO), Cu xH,0] (98 %, Sigma Aldrich) and
5)2] (98%, Sigma Al-

drich) were used. Then, copper (II) acetate was put into mix-
ture of 2-methoxyethanol (C,H,O,) (99.8%, Sigma Aldrich)
and diethanolamine (MEA) (99%, Merck). We control the
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ratio of MEA to copper (II) acetate at 1:0, and the concentra-
tion of copper (II) acetate to be 0.5 M. The resultant Cu so-
lution was stirred at 80°C for 2h to produce a visibly clear
and homogeneous solution. A dissolution of palladium (II)
acetate (as a dopant precursor) with 2-methoxyethanol was
performed to prepare a 0.5 M solution. Next, we mixed
both solutions with different volume fractions to form stoi-
chiometric, transparent and stable copper acetate (II) solu-
tions with different Pd contents. The molar ratio of Pd in
the solution [Pd / (Pd+ Cu)] was 2% and 6%. Prior coating,
a solvent cleaning of glass substrate based on a sequence of
acetone, ethanol and deionized water in ultrasonic bath was
done. Then, undoped and Pd-doped CuO thin films were
deposited on glass substrates by spin coating at room tem-
perature, in rotation rate and time conditions of 4000 rpm
for 30 s. To remove organic residues, the produced films
were heated up at 300 °C in air for 15 min on hot plate, fol-
lowing each spin-coating process. Based on previous opti-
mization work, this cycle of coating and drying process
(one layer) was repeated to obtain a thickness of 220 nm cor-
responding to 4 layers. Finally, all the films were annealed,

in air at 550 °C for 1 h [34].
Characterization Methods

To analyse the crystallographic structure of differ-
ent CuO-based films, we employed X-ray diffraction
(XRD), using a Bruker D 8 advance X-ray diffractometer
with Cu , (A ¢y« = 1.5418A) radiation, considering 26 val-
ues between 20° and 70°. The surface morphology and the

grains size of the prepared films was investigated by means

S

With R,, the electrical resistance of the sample in
the presence of the hydrogen gas and R, the resistance of the

sample in synthetic air.

Results and Discussions
Thin Film Material Properties

The X-ray diffraction patterns of pure CuO and
CuO: Pd films with palladium concentrations of 2% and 6%
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of Scanning Electron Microscopy (SEM) in Hitachi $4800
system. The electrical resistivity of CuO-based layers was as-

sessed by four-point probe technique.
Gas Sensing

A home-built sensing setup was used for hydrogen
sensing tests [35]. Following the evacuation of aluminum
vacuum chamber at a pressure of 1 Pa, a filling with synthet-
ic air at atmospheric pressure was performed. Hydrogen gas
was then introduced into the chamber by means of a mass
flow controller (Bronkhorst) monitored by a computer. Us-
ing the partial pressures measured by the Baratron gauge,
the hydrogen concentration in air was then determined
[33]. The undoped and Pd-doped CuO thin films were test-
ed for hydrogen concentrations of 15000, 12000, 10 000,
7000, 5000, 3000, 2000 and 1000 ppm in air. The prepared
films were placed on hot plate temperature equiped with
Ni-Cr thermocouple for temperature measurement. The
temperature conditions were 110, 120, 140, 160 and 180°C
for the undoped CuO films and at 160°C and 60°C for Pd--
doped CuO films. Under a constant bias voltage of 1 V, the
electric current flowing through the films was measured us-
ing 485 Keithley picoampere meter with two copper elec-
trodes pressed mechanically on the film surface. Any
change in the conductivity of the sensor upon the reaction
with H, gas resulted in a current change through the electri-
cal circuit, then tracked in real time and visualized on a digi-
tal display. For various hydrogen concentrations and operat-
ing temperature, the sensor response (S) was calculated as

follows [36]:

(1)

are shown in Figure 1 (a). The patterns of CuO are related
to monoclinic CuO (JCPDSNo. 01-089-2529) showing wel-
1-defined diffraction peaks at 20 = 32.52, 35.55, 38.73, 48.74,
58.30, 61.56, 66.25 and 68.13° assigned to (110), (002),
(111), (-202), (202), (-113), (-311) and (220) planes of mono-
clinic CuO, respectively. A closer look at the specific regions
(35 - 40°) of XRD patterns (Figure 1(b)) reveals some differ-
ences. Once comparing the Pd-doped CuO patterns with
the pure CuO, it was noticed that (-111) and (111) peaks

were a little shifted towards lower angles, with the increase
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of Pd dopant concentration from CuO: Pd 2% to CuO: Pd
6%. This implies a change of lattice constant after Pd dop-
ing. It is worthy to mention that the ionic radius of Pd*
(0.87 A) is larger than that of Cu’*(0.74 A) [37,38]. There-
fore, the substitution of Cu** by Pd’ ions induces lattice ex-
pansion causing such peak shifting to lower angles. Impor-
tantly this is a clear indication that Pd*" ions were successful-
ly incorporated into the CuO matrix. Furthermore, it can be
noticed that for the CuO: Pd films, only the (110) and (002)

kX

4

planes appear, but with a large decrease in their correspond-
ing intensity. Such peak decrease indicates a crystallinity
degradation of the doped films after the incorporation of
the Pd ions that may be explained by Pd** ions prevention of

CuO nanocrystals aggregation [39].

Another observation is that Pd doping of CuO en-
larges the peak FWHM. The average crystallite size of the
film grains can be calculated from the (111) peak by using

Scherrer’s Formula [40].
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Figure 1: (a) (b) X-ray diffraction patterns for CuO, CuO: Pd 2%, and CuO: Pd 6% thin films
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Figure 2: SEM images of CuO and Pd-doped CuO thin films as a function of Pd doping: (a) 0%, (b) 2% and (c) 6%
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where D is the crystallite size, A is the X-ray wave-
length used for the measurements (1.5418A in the case of
Cuy,), B the full width at half maximum of the peak, 0 is
Bragg’s angle of the XRD peak and k is a constant ~ 0.9. The
results showed that the crystallite size decreases with the in-
creasing Pd concentration and were found to be 35 nm, 24
nm and 20 nm for pure CuO, CuO: Pd 2% and CuO: Pd 6%,
respectively. The decrease in crystallite size with the incre-
ment of dopant concentration can be attributed to the re-
placement of larger radius Cu ions by smaller radius Pd
ions [8,41].

The morphology and the grain size of sensing ma-
terial is an important factor for the gas detection perfor-
mance. Fig. 2 shows SEM images of CuO, 2%, and 6% Pd--
doped and pure CuO thin films at low magnification (x
20K). High-magnification SEM images (x 100K) in the inset
of Fig. 2 (a), (b) and (c) show that the films consist of a uni-
form, monodisperse, porous and nugget-like structure with
aggregates of individual nanoparticles. This type of nanos-
tructure increases the gas diffusion as well as the surface re-
action efficiently and enhances the response and the recov-

ery of the gas sensor [8,41].

In order to estimate the average grain sizes of the

ed with the Image ] software and the statistical distributions
were determined. The determined grain sizes are 32 nm,
22.6 nm and 17.5 nm for CuO, CuO: Pd 2% and CuO:Pd
6% samples, respectively. These results are consistent with
the extracted size values from the XRD studies. Interesting-
ly, such a decrease of grain size improves the sensor re-
sponse thanks to larger effective surface area in direct reac-

tion with the agent gas [8,34,35,41,42].
Response to Hydrogen for Undoped CuO

In the following section, undoped CuO thin film
grown by sol-gel technique on glass substrate was tested as a
hydrogen sensor under operating temperature ranges from
110 to 180° C and for a gas concentration range from 1000
to 15000 ppm. The response obtained of undoped CuO sam-
ple to hydrogen at an operating temperature of 180 °C for
the gas concentration range between 1000 and 15 000 ppm
is shown in Figure 3. It is clearly noticed that by augment-
ing the gas concentration, the sensing response gradually in-
creased. The sensitivity drops by about 60% from 0.25 for
the highest concentration of 15 000 ppm to 0.1 for the low-
est concentration of 1000 ppm. However, the detection capa-
bility at low hydrogen concentration points out the suitabili-

ty and the functionality of CuO-based resistive hydrogen

undoped and Pd-doped CuO films, SEM figures are comput- sensor.
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Figure 3: Response of the undoped CuO sensor to hydrogen at 180 °C operating temperature, for the hydrogen concentration

range 15 000 - 1000 ppm.
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Figure 4: Illustration of hydrogen sensing mechanism of by CuO-based sensor and relevant energy band diagram

The mechanism of hydrogen sensing by CuO-
based sensor and the relevant energy band diagram are illus-
trated in figure 4. Upon the exposure to reducing hydrogen
gas, CuO is considered as surface sensitive gas sensor mate-
rials [32]. This implies a sensitivity controlled by change in

conductivity due to band bending.

Depending on the equilibrium with the gas phase,
the concentration of the charged oxygen species is altered.
By introducing hydrogen reducing gas, the reaction with
pre-adsorbed oxygen species reduces their concentrations

leading to increased conductivity of gas sensor film [8].

On the surface of p-type CuO, large density of oxy-
gen vacancies and dangling bonds are formed. By introduc-
ing synthetic air, the adsorption of negatively charged oxy-
gen species on CuO film leads to the formation of oxygen
ions after the capture of electrons from the conduction
band due to high affinity and the creation of more holes.
This induces a large upward band bending with wide deple-
tion region on CuO surface. The electrons extraction mech-
anism results in a diminution of charge carriers in the con-
duction band and therefore a drop in conductivity. Depend-
ing on the equilibrium with the gas phase, the concentra-
tion of the charged oxygen species is altered. By introducing

hydrogen reducing gas, the reactions with pre-adsorbed oxy-

JScholar Publishers

gen species reduce their concentrations leading to increased

conductivity of gas sensor film [8].

Upon the detection of hydrogen at operating tem-
perature, a reaction between reducing hydrogen gas and
oxygen ions on adsorbed on the surface of CuO films is
manifested leading to the formation of free electrons that
are released back to the conduction band of p-type CuO
thin film. Then, a recombination between holes charge carri-
ers and free electrons within p-type CuO surface takes
place, resulting in a narrowing of depletion region depth.
Therefore, the minimization of hole concentration due to re-
combination mechanism with released free electrons in-

duces an increase in the electrical resistance [43].

Figure 5 illustrates the CuO sensor response to hy-
drogen concentrations in air basically varied from 1000 to
15000 ppm, at different operating temperatures between
110 °c and 180 °C. It is clearly seen that the response values
gradually rise with an increasing H, gas concentration for
all temperature. This enhancement of sensitivity is more
pronounced for higher temperatures due to several factors.
At higher temperatures, the kinetic energy of hydrogen
molecules and the metal oxide surface increases, leading to
faster adsorption and desorption of hydrogen atoms onto

the sensor surface [10,32]. This enhances the speed of the

J Mater sci Appl 2025 | Vol 9: 101



chemical reactions involved in the sensor's detection pro-
cess [8]. The rate of the surface reactions such as hydrogen
dissociation or interaction with oxygen vacancies becomes
faster as temperature rises, improving the overall sensor re-
sponse [36,37]. Moreover, thanks to thermal excitation,
charge carrier activity and concentrations increase, especial-
ly holes for p-type CuO, improving the electrical conductivi-
ty, consequently, the sensor's sensitivity. As temperature in-
creases, the density of surface oxygen vacancies as active
sites for hydrogen adsorption in CuO tends to increase, facil-
itating the interaction between hydrogen and thin film sur-
face and promoting the response of the sensor [17]. At low-
er temperatures, the activation energy required for hydro-
gen interaction with CuO surface might not be fulfilled,

which resulting in lower sensor activity [1,11].

It is noteworthy that undoped CuO film in our ex-

periment was not responsive to H, sensing for concentra-

tions below 4000 ppm at 120°C and even for 10000 ppm at
110°C.

Response to hydrogen for Pd-doped CuO

In p-type CuO, the energy levels of Cu® cations as
acceptors are located just above the energy valence band,
while the hole charge carries (h") are characterized by an en-
ergy level below the top of the valence band. Upon Pd dop-
ing, the incorporation of Pd*" dopants into CuO lattice in-
duces additional h” sites deeper in the valance band and
Pd™ acceptors above the valence band resulting in a shift of
valence band energy and Fermi level [32]. Based on the pro-
cess reactions including the absorption of negatively
charged oxygen species and hydrogen reducing atoms, the
augmentation of holes promotes their trapping in a reduced
accumulation region changing CuO surface towards metal-
lic Cu surface. This favorizes the sensitivity to hydrogen re-

ducing gas detection [31].

Table 1: Overview about of different morphological, electrical and H, sensing properties of CuO-based sensors

. . . Gas ResponseS H Gas ResponseS H
Sensor Cristallite Grain L 2 . 10020 con(1 060
size(nm) | size(nm) Resistivity(10 ) | concentration( concentration(15
ppm) ppm)
undoped
35 32 1.22 0.23 1.40
CuO
Cu0:Pd(2 24 23 111 0.53 2.10
%)
CuO:Pd (6 20 17 1.04 0.35 4.10
%)
g_Tg—Ro xRy
Table 2: Comparison of hydrogen gas sensor performance with reported data Ro 7 Ro
Samples Synthesis Operating | Concentration Gas Response References
method temperature (ppm) S
CuO Hydrothermal 200 °C 1000 1.6 [22]
CuO Sputtering 300 °C 1000 3 [32]
Mesoporous CuO film ink solution 300 °C 1000 25" [44]
CuO Hollow Spheres 400 °C 1000 1.65 [44]
CuO Sol-gel 140 °C 1000 4.4 This work
CuO:Pd Sol-gel 60 °C 5000 0.09 This work
JScholar Publishers J Mater sci Appl 2025 | Vol 9: 101




Then, we examine the hydrogen sensing capabili-
ties of Pd-doped CuO films in comparison to undoped
counterpart under different temperature and gas concentra-
tion conditions. In p-type CuO, the energy levels of Cu*" ca-
tions as acceptors are located just above the energy valence
band, while the hole charge carries (h") are characterized by
an energy level below the top of the valence band. Upon Pd
doping, the incorporation of Pd** dopants into CuO lattice
induces additional h" sites deeper in the valance band and

Pd" acceptors above the valence band resulting in a shift of

valence band energy and Fermi level [34]. Based on the pro-
cess reactions including the absorption of negatively
charged oxygen species and hydrogen reducing atoms, the
augmentation of holes promotes their trapping in a reduced
accumulation region changing CuO surface towards metal-
lic Cu surface. This favorizes the sensitivity to hydrogen re-
ducing gas detection [33]. Moreover, Pd doping of CuO im-
proves the electrical conductivity [34] and may affect the
conduction process of charge carriers through the triangu-
lar barrier caused by band bending at the surface of gas sen-
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Figure 5: Sensor response of undoped CuO with respect to hydrogen concentration for various operating temperatures

Figure 7 depicts the sensor response of Pd-doped
CuO at temperature as low as 60°C. The response gradually
rises with increasing gas concentrations for both doped 2%
and 6% samples. The responses of CuO: Pd 2% are compara-
ble to CuO: Pd 6% for all gas concentrations. It is notewor-
thy that gas sensors based on undoped CuO is not respon-
sive in such low temperature condition. The results confirm

that the incorporation of Pd even with small amount en-

JScholar Publishers

ables the detection of H, at operating temperature down to
60°C. In table 2, we present a benchmarking for H, gas sen-
sors based on CuO thin films. In the state-of-art, several
CuO-based sensors with and without Pd doping operate at
high temperature between 200°C and 400 °C for hydrogen
concentration of 1000 ppm [2,3,5]. In our current work, hy-
drogen gas sensors based on CuO: Pd enable efficient detec-
tion of H, concentration (5000 ppm) at low temperature
(60°C).

J Mater sci Appl 2025 | Vol 9: 101
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Conclusion

In this work, we demonstrated resistive hydrogen
sensors using undoped and Pd-doped CuO thin films
grown by sol-gel spin coating technique. Structural and mor-
phological characterizations confirmed the polycrystalline
nature and monoclinic phase of CuO-based films irrespec-
tive of Pd doping content. The investigation of different sen-
sor devices revealed a clear increase of response outcome
with both higher working temperature and hydrogen con-
centration conditions. As temperature increases, the reactivi-
ty, charge carrier mobility, surface defect density, and over-
all electrical conductivity of p-type CuO improve, which en-
hances the hydrogen sensor's response and sensitivity. How-
ever, undoped CuO-based sensor was not responsive at ap-
plied temperature of about 110 °C when H, concentration is
below 10000 ppm. To overcome these limitations, Pd dop-
ing can lead to not only improved response in common
working conditions of undoped CuO film in terms of tem-
perature and gas concentrations, but also extend the detec-
tion capabilities to further lower temperatures around 60°C.
Such improvement of gas sensing upon Pd doping of CuO

films is assumed to be due to synergetic effects of different

JScholar Publishers
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morphological and electronic mechanisms such as larger ef-
fective surface area with smaller grain sizes and more appro-
priate electronic structure and lower electrical resistance.
Our results pave the route for the simple and efficient appli-
cation of p-type CuO films in hydrogen detection within

practical conditions and large-scale systems.
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