POLITECNICO DI TORINO
Repository ISTITUZIONALE

Copper-Substituted Calcium Orthophosphate (CaxCul-x)HPO4.nH20 for Humidity Detection

Original

Copper-Substituted Calcium Orthophosphate (CaxCul-x)HPO4.nH20 for Humidity Detection / Milovanov, Y., Dadkhah,
M., Sabry Afify, A., Tulliani, J.. - In: CRYSTALS. - ISSN 2073-4352. - ELETTRONICO. - 15:2(2025).
[10.3390/cryst15020153]

Availability:
This version is available at: 11583/2999970 since: 2025-05-08T11:45:20Z

Publisher:
MDPI

Published
DOI:10.3390/cryst15020153

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

18 June 2026



crystals

Article

Copper-Substituted Calcium Orthophosphate
(CaxCu1x)HPO4.nH,0 for Humidity Detection

Yurii Milovanov (9, Mehran Dadkhah !, Ahmed Sabry Afify 2

check for
updates

Academic Editor: Zongyou Yin

Received: 30 December 2024
Revised: 27 January 2025
Accepted: 28 January 2025
Published: 1 February 2025

Citation: Milovanov, Y.; Dadkhah,
M.; Afify, A.S.; Tulliani, ].-M.
Copper-Substituted Calcium
Orthophosphate (CayCuy.x)HPOy,.
nH,O for Humidity Detection. Crystals
2025, 15,153. https://doi.org/
10.3390/ cryst15020153

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Jean-Marc Tulliani 1*

Department of Applied Science and Technology, Politecnico di Torino, INSTM R.U. Lince Laboratory, Corso
Duca degli Abruzzi 24, 10129 Turin, Italy; yurii.milovanov@polito.it (Y.M.); mehran.dadkhah@polito.it (M.D.)
Department of Basic Sciences, The Higher Institute of Engineering and Automotive Technology and Energy,
New Heliopolis 11829, Egypt; ahmedsabryafify@yahoo.com

*  Correspondence: jeanmarc.tulliani@polito.it; Tel.: +39-0110904700

Abstract: Calcium orthophosphate material (Caj.,Cux)HPO,.nH,O (0.4 < x < 1) with the
gradual replacement of Ca?* with Cu?* ions were synthesized by a chemical precipitation
technique. Samples were characterized by X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM) and transmission electron microscopy (TEM). Then, the prepared powders
were deposited onto an alumina substrate with interdigitated Pt electrodes by the spin
coating method and polyvinyl alcohol (PVA) as a binder. Successively, the sensors were
investigated from 0% to 90% at room temperature under various conditions, including
humidity, nitrogenous oxide, methane, carbon dioxide and ammonia. The results evidenced
that at 90% RH, the sensitivity of sensors significantly increased with the increase in the Cu
content. Moreover, the sensors exhibited good repeatability and, after 1 year of aging, the
sensor response was equal to 34% that of the freshly prepared sensor. Finally, there was no
interference in the presence of other gases (nitrogenous oxide 2.5 ppm, methane 10 ppm,
carbon dioxide 500 ppm and ammonia 4 ppm).

Keywords: brushite; DCPD; sampleite; humidity sensor; relative humidity; spin coating

1. Introduction

Relative humidity (RH) monitoring and control are of primary importance for different
sectors of industry, such as healthcare (in hospital operating rooms, respiratory equipment,
incubators, etc.), food processing, textile technology, laundry, leather, paper, semiconductor
and petrochemical industries, environmental monitoring, agriculture (crop protection and
soil relative humidity monitoring), and automation (air conditioning, etc.) [1-7]. Cheap
humidity sensors with high sensitivity, selectivity, and fast response times are fundamental
for humidity detection. Thus, there is still a need for new sensors with higher sensitivity
and repeatability. Throughout the years and to satisfy the increasing demand, many
different humidity sensors have been developed. These sensors can be classified in function
of the signal types, which include optical, acoustic frequency, voltage-based humidity,
capacitive-based and impedance sensors [6-10].

Among optical systems, fiber optic sensors are the most popular [8]. They consist of
at least three components: a core, cladding, and a light-impermeable (protective) jacket.
The core is the fiber made either of glass, acrylic or perfluorinated polymers, silica, or
other ceramics where the light travels. The cladding surrounds the fiber and reflects the
light back into the core according to the total internal reflection principle [8]. In the case of
lossy mode resonance (LMR) sensors, part of the cladding is removed, and a thin film of
indium tin oxide (ITO) is applied, allowing for the adsorption of water molecules. When
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this happens, the effective refractive index of ITO increases, and the LMR wavelength shifts
to greater values [8]. Other devices are optical hygrometers. They have a mirror whose
surface temperature is accurately controlled at a threshold of the formation of dew. When
air passes over the mirror surface, moisture is released in the form of water droplets. Then,
the reflective properties of the mirror change because water droplets scatter light rays and
are detected by a photodetector [9].

Mass-sensitive gas sensors like microcantilever, quartz crystal microbalance (QCM),
and surface acoustic wave (SAW)-based sensors rely on the sensors’ mass changes when
water molecules adsorb [10]. These mass variations can be detected either by the deflection
of a micromechanical structure or by measuring the frequency shift of a resonating structure
or of a traveling acoustic wave.

The thermal conductivity of a gas can be used for measuring humidity by means of a
differential thermistor-based sensor with two tiny thermistors. One of them is exposed to
the outside gas, while the second one is kept in dry air in a hermetically sealed cell. Both
thermistors are connected into a bridge circuit powered by a reference voltage and produce
heat due to the passage of a current by the Joule effect [9].

Capacitive humidity sensors make use of a polymeric layer, which acts as sensitive
material and adsorbs water molecules from the atmosphere. Because water has a high
dielectric constant, when the number of adsorbed molecules increases, the capacitance of
the sensor rises as well. Capacitive sensors are based either on ceramics, like alumina, or
on polymers and have the advantage of being sensitive over a wide range of humidity
values [8]. However, resistive/impedance humidity sensors are simpler and easier to
produce with respect to capacitive ones, and they do not suffer from the existence of
parasitic capacitance. Resistive-type humidity sensors are based on the electrical resistivity
changes in conductive polymers, semiconductors or composites because of water molecule
adsorption [8]. Resistive humidity sensors were selected for this work because of their
simple manufacturing process and low cost. In recent years, different ceramic materials
were studied, including SnO; [11], ZnO [11], InyO3 [11], Fe; O3 [11], Fe3O4 [11], TiO, [11,12],
WOs [11,13], modified sepiolite [14], glass ceramics [15], perovskites [11,16-19], and other
oxides [11].

Calcium orthophosphates constitute an important family of compounds with different
Ca/P ratios and structural water contents. Among them, we can find the mineral dicalcium
phosphate dihydrate (DCPD, CaHPO,.2H,0) also known as brushite. It can be used in
different environmental, medical, agriculture and pharmacy applications, like implants [20]
and fertilizers [21]. DCPD has high porosity, high adsorption capacity, and good biocompat-
ibility, making it a promising candidate for sensor applications [22-25]. Sdnchez-Paniagua
Lopez et al. [23] fabricated a highly sensitive amperometric biosensor based on a biocom-
patible DCPD cement. This sensor quickly detected phenolic compounds in both aqueous
and non-aqueous media. Moreover, the biosensor was effective in analyzing real wastew-
ater samples collected from an olive oil refinement facility, demonstrating its analytical
suitability for complex samples. Sudhan et al. [24] prepared an electrochemical sensor
based on DCPD nanoparticles for either the independent or simultaneous determination of
uric acid, xanthine, hypoxanthine and caffeine. In another study, electrochemical tyrosinase
biosensors for tyramine determination were developed by immobilizing an enzyme in
calcium phosphate materials and cross-linking with glutaraldehyde.

However, to the best of our the knowledge of the authors, DCPD has never been used
before as a humidity-sensing material; thus, in this research paper, the humidity-sensing
properties of (CajxCux)HPO,.nH,O (0.4 < x < 1) thick films prepared by the spin-coating
method were investigated. Their electrical responses with respect to humidity and to
interfering gases (CO,, NO,, CHs and NH3) were then studied for the first time.
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2. Materials and Methods
2.1. Synthesis of CaxM;.HPO4.nH,O Compounds

Sodium dihydrogen orthophosphate dihydrate (Na, HPO4.2H,0O) was purchased from
Techno Pharmchem, New Delhi, India, while calcium nitrate tetrahydrate (Ca(NO3),.4H,0),
copper(ll) nitrate trihydrate and ammonium hydroxide solution, NH4OH, were all pro-
vided by LOBA Chemie, Mumbai, India. Distilled water (0.055 uS/cm) was prepared using
a water purification system (PURELAB Option-Q, ELGA, High Wycombe, Cheshire, UK).
A digital analytical balance (EX324N, OHAUS, Parsippany, NJ, USA), a magnetic stirrer
(ISOTEMP, Fisher Scientific, Shanghai, China), a pH meter (Adwa, Szeged, Hungary) and
an electric oven (ED53/E2, Binder, Tuttlingen, Germany) were used when required.

The (CaxCuyx)HPO4.nH;O compounds are prepared at room temperature (RT) ac-
cording to Equation (1) and are summarized in Table 1, where M is the molar proportions of
the prepared solutions. The pH dropped down below 4.5 during the synthesis and an am-
monia solution (25%) was added to achieve a pH = 6-6.5, as well as diluted HCI [26]. A low
pH favors DCPD decomposition at room temperature into CaHPO, (monetite, dicalcium
phosphate, DCP, another calcium orthophosphate) [27].

(XCu(N03)2.3H20 + (1 — oc)Ca(N03)2.4H20 + NazHPO4.2HQO + (XNH4OH

1
— (Cay_ o Cuy )HPO4-2H,0 4 2NaNO3 + aNHj + 4H,0 @

Table 1. Molar proportions of reagents to synthesize CayCu;_ HPO4.nH,O compounds.

Product ID NaH,P04.2H,O Ca(NO3)2.4H,O Cu(NO3),.3H,O Cu/Ca Molar Ratio

BCu0 1 1 0 0
BCu4 1 0.6 0.4 0.67
BCub 1 0.5 0.5 1.0
BCul0 1 0 1 -

Two precursors were prepared to obtain the brushite sample, denoted as BCu0,
where the first one was 0.05 mol of Ca(NQOj3),.4H,0O and the second one was 0.05 mol
of Na;HPO,4.2H,O, each one separately dissolved in 100 mL of deionized water. Subse-
quently, calcium solution was gradually added to phosphate solution at a 2 mL/min flow
rate using a glass funnel with a glass stopcock under continuously stirring at 450 rpm for
2 h at RT until a 1.0 Ca/P molar ratio was achieved. The pH of the solution was adjusted to
slightly acidic conditions of 6.0-6.5 using an ammonia solution (25% dilution) and diluted
HCI. The white precipitate was then vacuum-filtered by means of a Buchner funnel and
filter paper (45 um, @12 cm, Double Rings, Shanghai, China). The obtained filter cake was
washed using deionized water three times, followed by ethanol washing three times to
overcome any agglomeration. The ratio of the synthesized powder in g to the volume of the
deionized water in mL was 1:1.5, and the same ratio was used during rinsing with ethanol.
Finally, the sample was dried at 40 °C overnight in an electric oven. The BCu4, BCu5,
and BCul0 compounds were prepared by mixing Ca(NO3);.4H,0 and Cu(NOs3),.3H,O
solutions according to the molar ratios in Table 1. Then, 100 mL of the resulting solution
was added to NayHPO,4.2H,O solution at a 2 mL/min flow rate. From this step on, the
preparation process was the same as for the sample BCu0 [26].

The powders were characterized by X-ray diffraction (XRD) by means of an Expert Pro
Pan’Analytical diffractometer (Pan’Analytical, Worcestershire, UK) with CuK« radiation
(A = 0.154056 nm) in the 26 range 5-70°. A time per step of 1 s and step size of 0.003°
were used.
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The microstructures of powders and of sensors were observed by means of field emis-
sion scanning electron microscopy (FESEM, Hitachi S4000, Tokyo, Japan) after sputtering
the samples with platinum.

2.2. Preparation of the Ink and Sensing Film

Platinum electrodes were screen-printed (Ferro 5545, Kings of Prussia, USA; 2 suc-
cessive prints) on alumina substrates using an automatic machine (Officine Baccini SPA
model A2, Olmi di San Biagio di Callalta (TV), Italy) with a 270-mesh steel screen. After
drying overnight, the Pt ink was heated at 980 °C for 15 min to increase the adhesion and
optimize its electrical conductivity, according to the ink’s producer recommendations. The
electrodes were 400 um thick and were spaced 450 pm one from each other.

The sensing ink was produced by dispersing 0.2 g of synthesized powder in 10 mL of
ethanol through ultrasonic treatment (ArgoLab DU-32, Carpi (MO), Italy) for 2 h at 60 °C.
Following this, 1% polyvinyl alcohol (PVA) solution was prepared by dissolving 1 g of PVA
powder (PVA, Sigma Aldrich, Milan, Italy) in 99 mL of distilled water and stirred for 1 h
at RT. Afterward, five drops of polyvinyl alcohol were gradually added to the solution.
This was carried out to achieve the desired rheological characteristics, substrate adherence,
and proper thermal shrinkage properties, ensuring, this way, the production of a high-
quality film.

Moreover, the sensing film was prepared by depositing the obtained ink onto the inter-
digitated platinum electrodes using the spin coating method (SPS SPIN 150-V3 spin coater,
Putten, The Netherlands). Spin coating was carried out at approximately 2000-2500 rpm
for 1 min per layer. These films were dried at RT (approximately 25 °C) for 1 day. The
formed sensing film had an area of about 1 cm? with good adhesion onto the substrates
(Figure 1).

Figure 1. Optical micrograph of the sensor with screen-printed interdigitated electrodes: (a) BCu0
and (b) BCul0 (scale bar in mm).

The BCu4, BCu5 and BCul0 sensors were prepared with different deposited layers,
specifically 2, 5, and 10 layers, denoted as 2L, 5L, and 10L, respectively, from now on.

2.3. Fabrication and Measurement of Gas Sensors

The sensor’s humidity response in the 0-90% RH range was investigated in a labora-
tory apparatus at RT (23 °C), under an air flow rate of 150 mL/min. The RH was increased
progressively by steps, each one lasting 15 min. In this system, the air flow (Siad, San
Mauro Torinese (TO), Italy, research grade) was separated into two flows and controlled
using mass flow controllers (MF302, Teledyne Hastings, Hampton, VA, USA; mass flow
controller: Teledyne Power Pod 400): the first one was anhydrous, whereas the second one
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was sent to a water bubbler, producing a humid flow. Then, both flows were mixed. A
commercial probe (Delta Ohm DO9406, Caselle di Selvazzano (PD), Italy; accuracy: +0.1%
in the 0-100% RH range and between 50 and 250 °C) was used for the determination of
RH and temperature reference values [28]. During tests under a dynamic flow, the sensors’
impedance modulus and phase were measured by an LCR meter (Hioki 3533-01, Ueda,
Nagano, Japan). The alternating voltage was 1 V at a frequency of 1 kHz. This frequency
was selected to limit any electric interference during the tests, with the network frequency
value being enough different (50-60 Hz), while the applied tension was set to 1 V to prevent
water electrolysis during the measurements in the presence of water vapor.

Additionally, cross-sensitivity tests were carried out for different gases like NHj3
(4 ppm in the air), CHy (10 ppm in the air), CO, (500 ppm in the air), and NO, (2.5 ppm in
the air) under the same flow rate. Carbon dioxide is a common interfering gas in humidity
detection, and the chosen concentration was close to the current one of the atmosphere
(425.4 ppm [29]). Road traffic is the principal outdoor source of nitrogen dioxide, and
annual mean concentrations of 10-50 ppb are reported [30]. CHy is a strong greenhouse
gas that must be monitored, and its current concentration in air is about 1.9 ppm [31].
Ammonia is an irritating gas which can react with acidic species and form particulate
matter. Its emissions are mostly due to agriculture, but in urban environments, the use of
urea as a selective catalyst for reducing NOx emissions increases its concentration, which
can reach up to 0.1 ppm [32]. The concentrations investigated in this work were the closest
we could reach to the above-mentioned ones, considering the dilutions we could carry out
with flowmeters and the concentration in the gas cylinders available in the laboratory.

The response of the sensor (R) was defined in accordance with Equation (2):

R = %/z, 2)

where 7y and Zg are the impedance modulus of the sensor under dry and humid
air, respectively.
The sensitivity (S) of the sensor is the slope of the calibration curve, and it can be
determined by Equation (3):
S(Z) = AZ/ARH 3)

The response time (the time required by a sensor to achieve 90% of the total impedance
variation in the presence of humid air), as well as the recovery time (the time needed for
a sensor to reach 90% of the total impedance change in the case of gas desorption), was
calculated too.

3. Results and Discussion
3.1. Sensors” Microstructural Characterization

Optical micrographs of the printed sensors with screen-printed electrodes are reported
in Figure 1: sample BCu0 is made of a white film (Figure 1a), while sample BCul0 appears
blue after the complete substitution of calcium with copper (Figure 1b).

The XRD patterns of the studied materials are reported in Figure 2. Sample BCO is a
mixture of brushite and monetite. Samples BCu4 and BCu5 are made of a second phase
with a structure close to sampleite and DCP. On the contrary, sample BCul0 is made mostly
of a compound with a structure similar to sampleite. Neither tenorite (CuO, JCPDF card
48-1548) nor cuprite (CuyO, JCPDF card 05-0667) were detected, indicating that copper
atoms entered into the structure of the different phases (DCP and sampleite). These results
are in line with reports in the literature [26].
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Intensity (a.u.)

BCu10

26 (°)

Figure 2. XRD patterns of the investigated sensing materials (B = DCPD, JCPDF card number 09-0077,
M = DCP, JCPDF card number 09-0080, S = sampleite, JCPDF card number 11-0349).

Chlorine was probably incorporated into the structure of sampleite during the syn-
thesis because of the use of a diluted HCI solution to adjust the pH in combination with
ammonia. Sampleite and lavendulan (NaCaCus(AsQO4)4CL.5H,O) possess similar structures,
despite the different P—O and As—O distances (P—O = 0.155 nm and As—O = 0.1685 nm).
Lavendulan is made of heteropolyhedral sheets of CuO4Cl and AsO4 groups bound via
NaOg and CaOy polyhedra, as well as by hydrogen bonds into a loose framework. The
CaOy polyhedron may be either an irregular or a distorted incomplete cube with two
adjacent corners merged into one. They share two opposite edges with CuO4Cl pyramids,
and the other ligands are oxygen atoms from four water molecules. The replacement of
Ca?* by Cu?* appears possible in the sampleite structure, though they have different ionic
radii when in coordination 6 in octahedral sites (respectively, 114 pm and 87 pm) [33]. The
increase in interlayer (Na and Ca) and Cl atoms per formula unit and a different interlayer
connectivity could explain the shift in the main XRD peak to low 20 angles due to an
apparent increase in the unit cell volume.

The FESEM micrographs of the powders are presented in Figure 3. Characteristics of
the morphology of DCPD include plate-like or needle-like structures, depending on the pH
of the used solution [34], as observable in Figure 3a. In DCPD, the two water molecules
link layers made of CaHPOj, via hydrogen bonds, while DCP is anhydrous and does not
have a layered structure [35]. Figure 3b,c show that BCu4 and BCu5 powders have similar
crystal morphology and sizes of sampleite-like material comprising monoclinic crystals
with a length of ~5 um. Finally, sample BCul0 appears to be made of smaller grains more
agglomerated than the previous samples (Figure 3d).
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F—"5pm — ——5um —

Figure 3. FESEM micrographs of the prepared powders: (a) BCu0, (b) BCu4, (c) BCu5 and (d) BCul0
(sputtering thickness for platinum coating is about 5 nm, magnification = 5000x).

The morphology and structure of the synthesized DCPD samples were also studied
by TEM observations. Figure 4 shows the TEM micrograph of BCu0, showing that the
particles have average dimensions of about 130 x 230 nm?.

Figure 4. TEM micrograph of the BCu0 powder.

FESEM observations of the pristine PVA film (Figure 5a x5000) showed an uncomplete
coverage of the alumina grains from the substrate, which was a positive result in that it did
not completely wrap the grains of the sensing material. The low-magnification micrograph
(%500, Figure 5b) of the BCul0 film shows the presence of cracks, probably due to fast
solvent evaporation during the deposition process. Higher magnification micrographs
(Figure 5¢ x5000 and Figure 5d x25,000) reveal a porous microstructure, which was
positivefavorable for humidity detection.
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— 500 ym —

1um—|

Figure 5. FESEM micrographs of the films: (a) pristine PVA (b), (c,d) BCul0 film.

FESEM observations on the side of BCul0 films allowed us to estimate their thickness,
which was equal to approximately 2.9 £ 0.3 pm, 4.0 = 0.4 um and 5.7 £ 0.2 pm, respectively,
for the BCul0_2L, BCu5_5L and BCul0_10L samples (average values of four measurements
per film).

3.2. Humidity-Sensing Properties

As the first step, the BCu0O_10L sensor response was investigated up to 90 RH%. It was
found that sensor responses were negligible in comparison to BCu4_10L, BCu5_10L, and
BCul0_10L (Figure S1, Supplementary Information).

The impedance variations in sensors BCu4_10L, BCu5_10L and BCul0_10L for the
range of 28-90 RH% are plotted in Figure 6. Under dry air, the initial impedance modulus
values were 104 MQ) for BCu10, 81 M(Q) for BCu5_10L and 94 MQ) for BCu4_10L. It was
found that the impedance value of all sensors decreased as the RH% increased. Under
low RH values, the sensors had high resistance values as only a limited amount of water
molecules were adsorbed. On the contrary, under high RH values, the sensors adsorbed
more water molecules, causing their impedance to decrease. When exposed to water vapor,
the sensor response values under 28 RH% increased by a factor of 43 for BCul0_10L, 1.4 for
BCu5_10L and 1.3 for BCu4_10L (Figure 6a). However, under 50 RH%, it increased by a
factor of 2264 for BCul0_10L, 31 for BCu5_10L and 6.3 for BCu4_10L (Figure 6b); under
90 RH%, it increased by a factor 43,750 for BCul0_10L, 5963 for BCu5_10L and 1907 for
BCu4_10L (Figure 6¢).

The sensitivity of the sensors dramatically increased with the increase in the con-
tent of Cu in the range 28-90% RH. Comparing the sensors” performance under 90%
humidity, sensors BCul0_10L and BCu5_10L showed the highest sensitivity: 43,750 and
5963 RH ™!, respectively.
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Figure 6. Sensor response in function of relative humidity value for BCu4_10L, BCu5_10L and
BCul0_10L: (a) under 28% RH, (b) under 50% RH, (c) under 90% RH.

The next step was to investigate the dependence of the sensor response on the thick-
ness of the sensing layer for sensors BCu5 and BCul0. The sensor response variations
for BCu5_10L, BCu5_5L, and BCu5_2L are plotted in Figure 7. Under dry air, the ini-
tial impedance values were 106 M) for BCu5_2L, 101 MQ) for BCu5_5L and 81 MQ)
for BCub5_10L.

When exposed to water vapor, the sensor response values under 28 RH% were 1.2
for BCu5_2L, 1.4 for BCu5_5L and 1.4 for BCu5_10L (Figure 7a). However, in the presence
of 50 RH%, the sensor response values were 13 for BCu5_2L, 20 for BCu5_5L and 31 for
BCu5_10L (Figure 7b), and under 90 RH%, it reached 4315 for BCu5_2L, 6265 for BCu5_5L
and 5963 for BCu5_10L (Figure 7c).

The impedance variations in function of relative humidity in the range 12-90 RH% for
BCul0_10L, BCul0_5L, and BCul0_2L are presented in Figure 8.

Under dry air condition, the initial impedance values were measured at 103 M() for
BCul0_2L, 119 MQ) for BCul0_5L and 104 MQ) for BCul10_10L.

Nevertheless, the sensor response values showed significant variation when exposed
to water vapor at varying RH%. As can be seen in Figure 8a, at 12% RH, the sensor
response is 1.1 for both BCul0_5L and BCul0_10L. When the humidity increased to 20%,
the response values enhanced to 1.6 for BCul0_2L, 2.5 for BCul0_5L and 3.6 for BCu10_10L
(Figure 8b). Further increases were observed at 28% RH, where the responses reached
20 for BCul0_2L, 29 for BCul0_5L, and 43 for BCulO_10L (Figure 8c). At 50% RH, the
response values increased dramatically to 907 for BCulO_2L, 1664 for BCul0_5L, and
2264 for BCul0_10L (Figure 8d). Furthermore, under 90% RH, the response values peaked
at 26,892 for BCul0_2L, 51,250 for BCul0_5L, and 43,750 for BCul0_10L (Figure 8e).
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When comparing the sensors” performance under 90% humidity for different deposi-
tion layer thicknesses, both BCul0 and BCu5 showed the highest sensor responses, reaching
51,250 with five layers of deposition for BCul0_5L and 6265 for BCu5_5L.

. 1024
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Figure 7. Sensor response in function of relative humidity value for BCu5_10L, BCu5_5L, and
BCu5_2L: (a) under 28% RH, (b) under 50% RH, and (c) under 90% RH.

The sensors’ responses, along with response times (the time taken by a sensor to
achieve 90% of the total sensor response variation after the sensor is switched from a
low RH value to high RH one) and the recovery times (the time necessary to reach 90%
of the total resistance changes after the sensor is swapped from a high RH value to low
RH one) at different humidity level, are summarized in Table 2 and Figure 9. First of
all, only sensors BCul0_10L and BCU10_5L were able to detect 12% RH, while sensor
BCul0_2L, though thinner than the previous ones, was sensitive from 20% RH and above,
further confirming the prospect of doping DCPD with copper. Keeping the number of
deposited layers constant, the sensor response increased with the copper content, whatever
the relative humidity value (Table 2 and Figure 9).

Comparing the response times when switching the atmosphere from dry air to 50% or
90% relative humidity for different thicknesses, sensor BCul0 showed the fastest responses,
while when reaching 28% RH, all the sensors had similar performances, whatever the
copper content and the number of layers. Fast response times are due to the availability of
adsorption sites [35]. Thus, copper addition is highly effective in favoring water molecule
adsorption, and the higher the copper content, the lower the response time. Recovery times
were generally longer than response times and increased with the number of layers and
the copper content. Longer recovery times can be due to the capillary condensation of
water vapor: when a higher number of layers are present, the water vapor is present in
deeper layers of the surface, and water molecules need more time to desorb. Thicker films
(made with 10 layers) also probably impose more difficult paths to water molecules when



Crystals 2025, 15, 153

11 of 20

desorbing and could also contribute to long recovery times. The response and recovery

times of these sensors can be considered reasonably fast for some applications.
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Figure 8. Sensor response in function of RH value for BCul0_10L, BCul0_5L, and BCul0_2L:
(a) under 12% RH, (b) under 20% RH, (c) under 28% RH, (d) under 50% RH, and (e) under 90% RH.

Table 2. The sensor’s response and response/recovery times at different humidity levels of

the samples.

Relative Humidity (%)

Sample Sensor Performance
90% 50% 28% 20% 12%
Sensor Response 43,750 2264 43 36 1.1
BCul0_10L :
Response/Recovery Time (s) 32/313 43/284 - - -
Sensor Response 51,250 1664 29 25 1.1
BCul0_5L -
Response/Recovery Time (s) 29/283 40/228 - - -
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Table 2. Cont.
Relative Humidity (%
Sample Sensor Performance elative Humidity (%)
90% 50% 28% 20% 12%
Sensor Response 26,892 907 20 1.6 -
BCul0_2L :
Response/Recovery Time (s) 24/257 35/170 - - -
Sensor Response 5963 31 1.4 - -
BCu5_10L .
Response/Recovery Time (s) 38/238 153/153 - - -
Sensor Response 6265 20 14 - -
BCu5_5L
Response/Recovery Time (s) 38/229 150/176 - - -
Sensor Response 4315 13 1.2 - -
BCu5_2L .
Response/Recovery Time (s) 43/155 205/78 220/147 - -
Sensor Response 1907 6.3 1.3 - -
BCu4_10L )
Response/Recovery Time (s) 66/211 - 223/277 - -
Sensor Response 15,000 - - - -
BCul0_10L 1 year aged
Response/Recovery Time (s) 53/237 - - - -
SR28 BCu4_10L
100000 —eo— BCu5 2L
10000 BCu5_5L
Rec90 SR50 - v— BCu5_10L
—e— BCu10 2L
—<— BCu10_5L
—»— BCu10_10L
Resp90 Resp50

SR90

Figure 9. Radar plot of sensors features (SR28 = sensor response dry air—28% RH, SR50 = sensor

Rec50

response dry air—50% RH, Resp50 = response time dry air—50% RH, Rec50 = recovery time dry

air—50% RH, SR90 = sensor response dry air—90% RH, Resp90 = response time dry air—90% RH,
Rec90 = recovery time dry air—90% RH; for SR28, SR50 and SR90: the higher the values, the better,

for resp50, resp90, rec50 and rec90: the lower the values, the better. Logarithmic scale).

Repeatability is also an essential characteristic for evaluating the humidity sensors’

performances. Figure 10 displays three consecutive measurements on the BCu5_10L sensor

after three pulses under 90% RH, starting from dry air. The sensor exhibited good repeata-

bility and showed almost the same sensor response, response and recovery times as the

previous tests.
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100
IRH 0% RH 0% RH 0% RH 0%
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T, min

Figure 10. Repeatability measurements of the BCu5_10L sensor under 90% RH.

The calibration curves of the sensors are presented in Figure 11. The slopes
(sensor sensitivity) are BCu4—0.052 RH!, BCu5—0.06 RH!, BCu10—0.06 RH*;
BCu5_10L—0.06 RH~!, BCu5_5L—0.059 RH !, BCu5_2L—0.058 RH!, BCul0_10L—
0.06 RH~!, BCu10_5L- 0.061 RH!, BCul0_2L—0.057 RH~!, respectively, when log(R)
is expressed in function of the relative humidity value.

The maximum hysteresis value of 8% was observed for the BCul0_10L sample under
90% RH (Figure 12).

The long-term stability of BCul0_10L sensors was evaluated after 1 year. Though
brushite and monetite did not transform within 2 h of immersion into water [35], the
response of the aged sensor was equal to 34% of that of the fresh one, and the response
time increased by 60% compared to the response time of the fresh sample when switching
from dry air to 90% RH (Figure 13).

The crystal structure of DCPD is made of compact sheets of parallel chains where
calcium ions are coordinated by six oxygen atoms of phosphate groups and two oxygen
atoms of the water molecules [36]. Two types of water molecules are present in DCPD:
adsorbed and lattice water that can be electrolyzed with the subsequent proton migration.
The modelling of neutron scattering analyses showed that local proton motions associ-
ated with jumps over two adjacent sites along the hydrogen bonds of the structure are
possible [37]. DCP is made of CaHPO, chains bonded by Ca-O bonds and three types of
hydrogen bonds. In addition, the unit cell contains two pairs of POy, units [37].

Hydroxyapatite (HAp, Ca;o(PO4)s(OH);, another calcium orthophosphate, was also
investigated as a humidity-sensing material, and the adsorption of water molecules on
it can be explained by the presence of hydroxyls at the center of Ca®* triangles along
the c-axis of the hexagonal cell [36]. In addition, several other ions are favorable sites
for water molecule adsorption like the Ca?*, PO,*>~ and P-OH groups [36]. The charge
carrier protons are transported along hydroxyls chains and via the jumping of protons
from hydroxyls to near PO4>~. The high charge carrier density and electrostatic field favor
proton mobility [36]. The same reactions were hypothesized in this work with DCP and
sampleite, both being calcium phosphates.
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Figure 11. Calibration curves in the range of 10-90% RH for (a) BCu4, BCu5, BCu6, BCul0;
(b) BCu5_10L, BCu5_5L, BCu5_2L; (¢) BCul0_10L, BCul0_5L, BCul0_2L. The dashed lines rep-
resent the linear fit of the curves.
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Figure 12. Sensor response in function of relative humidity value for BCul0_10L.

Moreover, the presence of copper atoms increases the number of adsorption sites
and improves the sensors’ response. Though CuO and CuyO were not detected by XRD,
tenorite and cuprite are known humidity-sensing materials [38]. In addition, CuO-based
heterostructures (CuO/ZnO and La,CuQOy4/Zn0O) were studied as humidity sensors, and
according to ref. [10], the sensing mechanism can be explained because of water electrolysis
at the interface.
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Figure 13. Impedance variation in function of relative humidity value under 90% RH for fresh
prepared BCul0_10L (black) and 1-year aged BCul0_10L (red).

Gu et al. [39] investigated a CuO nanosheet-based humidity sensor. At the first stage
of adsorption, under a low RH value, water molecules are mostly chemisorbed onto the
available active sites of the sensor surface through a dissociative mechanism to form
hydroxyl ions (OH™) and proton (H*) for two water molecules. The dissociation provides
protons (H*) as charge carriers hopping from site to site across the surface, leading to high
impedance values. With the RH increase, more mobile protons are available from the water,
and the impedance value decreases [39].

With further relative humidity increases, more water molecules are hydrogen-bonded
to the hydroxyl groups and ionized to H3O", increasing ion conductance and reducing
impedance value [39].

When the RH is high, several continuous water layers are adsorbed on the sen-
sor surface by physisorption. The surface-adsorbed water molecules undergo the
following reactions:

2H,0 +~ H30+ +OH™ (4)

HzO + H30+ — H30+ + HZO (5)

When the Grotthuss chain reaction mechanism is effective, the hydration of H;O" is
energetically favored in liquid water, and the protons move freely in the continuing liquid
water layer [40].

Tests were also carried out at RT for nitrogenous oxide 2.5 ppm, methane 10 ppm,
carbon dioxide 500 ppm and ammonia 4 ppm (Figures S2-55, Supplementary information).
The exposure time was 5 min and the test sequence did not impact sensor recovery. No
interferences with the tested gases were noticed, so brushite-based sensors exhibited good
selectivity with respect to humidity at RT.

Finally, Table 3 illustrates the results of the recent (in the last five years) literature data on
resistive ceramic oxide humidity sensors. The studied sensors show interesting performances.

Table 3. Comparison of calcium orthophosphate-based humidity sensors” performances with recent
literature data on resistive ceramic oxide sensors.

. Sensor Response, Response Recovery
Material R = Zo/Z, Time, s Time, s Reference
HAp composite 5320% at 99% RH 172 368 [36]
GNP/HAp composite 18,680% at 99% RH 76 112
ZnO/MoS, ~301 at 85% RH 138 166 [41]
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Table 3. Cont.

Material IS{e:sZoor/;{gesponse, _Il_{ienigf)gse _Ir{ie;:::ry Reference
Porous aluminum-doped ZnO 733% at 90% RH ~238 ~202 [42]

TiO, nanotubes 58.5 at 90% RH NA NA [43]
SrTiO3 nanoparticles 1.12 at 85% RH 100 300 [44]
Dy,O3 nanorods 15 at 97% RH 2 5 [45]
«-FepO3 nanoparticles 48,569 at 95% RH 9 4 [46]
Cs3BipBrg perovskite 987 at 90% RH 5.56 6.24 [47]
fgg%g‘;gg;;ﬁi:}xo‘* (<=0.005 " 990, 2t 97% RH 90 18 [48]
NHAp (natural hydroxyapatite) 17,900% at 87% RH 8 11 [49]

Al-Sr and Al-Cd nano-materials g?g 2: gg:ﬁ Eg ZZ ig [50]
Ejjgsct‘ii Cgti?;ge;‘;ggﬁe/ zincoxide 25 o 90% RH NA NA [51]

Zn ALO4(TiOs )y 265 at 97% RH 195 28 [52]
Ta-doped TiO,/reduced graphene 232% at 90% RH 42 33 [53]

oxide

N-doped graphene oxide-WO3 3427 at 98% RH 24 53 [54]
Sr-doped LaFeOj3 nanofibers 60,597 at 90% RH NA NA [55]
Mullite 322.9 at 85% RH 91 167 [56]
Ag/ZnO 151.8% under (11-95)% RH 36 6 [57]

CuO 3278% at 97.3% RH 49 12 [39]
ZnO-doped CuO 6045% under (30-90)% RH 6 7 [58]
Ce-doped ZnO thin film 108-10* O under (11-95)% RH 13 17 [59]
Mg-doped ZnO microspheres under (11-95)% RH 24 12 [60]
Co-doped mesoporous TiO, :1't3990>‘<’ /ol(l){sH 24 24 [61]
TiO,-graphene 151% under (12-90)% RH 128 68 [62]
Ag-doped SnO; nanoparticles under (11-98)% RH 4 6.5 [63]

SnO; nanowires under (11-97)% RH 10 3 [64]
(CaixCux)HPO,.nH,O x=0to 1 51,250 at 90% RH 29 283 This work

4. Conclusions

Brushite-based materials with the gradual replacement of Ca?* with Cu* ions were
prepared by the chemical precipitation method. The synthesized powder was deposited
onto interdigitated Pt electrodes using the spin coating method. Then, the sensors were
tested from 0% to 90% relative humidity at RT.

Upon exposure to water vapor at 90% RH, the sensor response values were observed
to be 43,750 for BCul0_10L, 5963 for BCu5_10L and 1907 for BCu4_10L. When assessing
the sensitivity of samples BCul0 and BCu5 with different sensor layer thicknesses to
RH, the BCul0_5L sample demonstrated a good response to RH at RT, starting from 12%
RH. In contrast, the BCu5_5L sample showed lower sensitivity. A comparison of sensor
performance at 90% humidity for BCul0 samples with different layer thicknesses showed
that the best response and recovery times were achieved with a five-layer deposition, 29
and 283 s, respectively, and the highest response (51,250) was shown for BCul0_5L. The



Crystals 2025, 15, 153 17 of 20

higher sensor’s response and fast response and recovery times could be attributed to the
introduction of Cu instead of Ca. Sensors exhibited good repeatability, and after 1 year
of aging, the sensor response was equal to 34% of that of the fresh sensor response. The
maximum value of hysteresis for BCul0_10L under 90% of RH was found to be 8%.

In addition, cross-sensitivity tests carried out on nitrogenous oxide 2.5 ppm, methane
10 ppm, carbon dioxide 500 ppm, and ammonia 4 ppm showed no interference. Thus,
calcium orthophosphates are an interesting family of sensing materials. Future work should
be devoted to understanding the aging phenomena of the sensing material.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst15020153 /51, Figure S1: Sensor response under 90% RH for
BCu0_10L and PVA_10L; Figure S2: Sensor response under 10 ppm CHj for BCu5_10L; Figure S3:
Sensor response under 500 ppm CO, for BCu5_10L; Figure S4: Sensor response under 4 ppm NHjs
for BCu5_10L; Figure S5: Sensor response under 2.5 ppm NO, for BCu5_10L.
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