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a b s t r a c t 

Recently, the synthesis of new gas-sensitive materials for use in resistive humidity sensors has attracted consid- 
erable interest. In the study, copper-containing metal–polymer nanocomposites were obtained by thermolysis of 
copper fumarate ( I ) and its complexes with 2,2 ′ -dipyridyl ( II ) and 1,10-phenanthroline ( III ). The nanocomposites 
were characterized by Fourier transform infrared (FTIR) spectroscopy, elemental analysis, energy-dispersive X- 
ray (EDX) spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy (TEM), and X-ray 
diffraction (XRD). The most common particle sizes of the thermolysis products of compounds I, II , and III were 
18.7, 8.3, and 20.7 nm, respectively. The manufactured sensor samples exhibited good sensitivity to the relative 
humidity (RH) of air: 2.48%/%RH, 3.77%/%RH, and 3.11%/%RH for the thermolysis products of compounds 
I, II , and III , respectively. Because of the high porosity and moisture absorption of the film, the maximum sen- 
sitivity was approximately 0.005 M Ω/%RH, which indicates fairly effective behavior of the film with respect to 
humidity. The response and recovery times were 23.7, and 37.3 s; 24.7, and 35.8 s; 32.4, and 58.4 s, respectively. 
The experiment had 88%–97% reproducibility. The fabricated sensors have great potential as humidity-sensing 
elements for humidity monitoring. 
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. Introduction 

The synthesis and study of the properties of nanostructured mate-
ials have recently become subjects of intense scientific research, both
rom a theoretical perspective and from the perspective of their potential
echnological applications [ 1–9 ]. In particular, methods for the synthe-
is of metal-organic frameworks (MOFs) based on unsaturated carboxy-
ates as precursors for the synthesis of metal oxides, metals, or mixtures
hereof, which are subsequently used to create materials with specific
extural and microstructural features, are attracting widespread atten-
ion [ 10 , 11 ]. The unique structure of such materials, as a rule, consists
f individual grains of a given composition and size. The boundary lay-
rs seem to encapsulate the main structures, creating surfaces that are
ot entirely smooth, which ultimately leads to the formation of pores.
onsequently, such materials have large surface areas on which a vari-
ty of processes can occur. This property facilitates their use as chemical
ensors in various technological applications. In practice, many p-type
etal oxides such as copper oxide (CuO) satisfy these requirements and

re widely used in sensor devices. The most commonly used types of
ensors are biosensors, gas sensors, optical sensors, and humidity sen-
ors. Measuring ambient air humidity has become an important prob-
em for industrial facilities, medicine, and the food industry and in the
reation of artificially comfortable human environments [ 12 ]. Over the
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ast several centuries, air humidity sensors have evolved from bulky
evices based on biological materials (such as horsehair) to compact
evices with faster response times and higher accuracy. Approaches to
he technical design of such devices have also changed, depending on
he environment in which they are used, sensor layer, and methods for
rocessing the resulting analytical signals [ 13–17 ]. Currently, the most
idely used sensors are based on polymers (or their mixtures), carbon
aterials, metal oxides and composites [ 18 ]. As an analytical signal,

uch devices use various types of physical factors and are categorized as
apacitive sensors (based on measuring the capacity of a film layer de-
ending on the humidity of the latter); impedance and resistive sensors
based on measuring the conductivity of the layer or its resistance, tak-
ng or not taking into account the current frequency); optical (photonic,
ptoelectronic) sensors, the operating principle of which is based on
olorimetric measurements, measurements of the refractive index of the
aterial, and spectroscopic characteristics in certain wavelength ranges;

ravimetric sensors, which operate on surface acoustic waves (analysis
f surface acoustic waves depending on changes in the mass density
f the active layer); piezoresistive sensors; magnetic resonance sensors;
uorescent sensors; and others [ 18 ]. Resistive or capacitive sensors are
imilar in their technical design and differ from devices of other types
n terms of the relative simplicity of the technical solution, response
peed, and relaxation time. In addition, the film thickness and surface
eptember 2024 
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niformity are not as critical for devices of the proposed type as for op-
ical sensors. This is of significant technological importance because it
implifies the procedure for manufacturing the active sensor layer. The
urface roughness adds some positive elements to the design as it in-
reases the contact surface area, which ultimately reduces the response
ime. 

In the family of d-metal oxides, CuO is well studied and is often con-
idered as an active layer and a potential moisture-sensitive material.
he latter is possible because of its unique properties, including its wide
and–gap, relatively simple structure, suitable selectivity, simple syn-
hesis methods and low cost [ 19–21 ]. The specific surface area of cop-
er oxide is not as great as those of other materials, but moisture and
xygen are easily adsorbed on the active centers of this compound, re-
ulting in the dissociation of water molecules into H3 O+ ions, which are
ecessary to increase the conductivity of the composite material and,
ccordingly, humidity sensors [ 22 , 23 ]. Despite the progress made on
his topic, there is potential for further development. For example, if
he material of the sensitive layer can easily retain conductive particles
n its structure, this can lead to additional positive properties of such
 sensor, reducing the response time to the original signal. However,
everal negative aspects, such as their low selectivity and sensitivity,
omplicate the operation of such devices. To overcome these disadvan-
ages and further improve the performance of humidity sensors, auxil-
ary techniques, such as doping the base material with other particles
nd compounding them, can be used. The literature has not reported on
omprehensive studies of the sensory characteristics of combined active
ayers consisting of nanosized copper oxide particles obtained by ther-
olysis of unsaturated dicarboxylates, immersed in a carbon-containing

hell doped with nitrogen atoms and a hydrophilic polymer stroma. Us-
ng specific and controlled synthesis methods, it is possible to obtain
uO nanostructures of many sizes, with specific and unique morpholo-
ies, because the properties of the substance depend strongly on these
roperties. This is also important because it can determine the specific
pplications of nanodevices. 

The mechanism of conductivity formation is especially important for
he development of humidity sensors. In particular, for copper oxide, the
echanism can be of the ionic type, for which proton transport can be
redicted via the Grotthuss chain reaction [ 24 ]. The power range of the
lectrostatic fields in the chemisorbed layer of such sensors ensures the
issociation of physi-sorbed water and the formation of protons respon-
ible for electrical conductivity by jumping between water molecules
 25 ]. The recording of humidity by such sensors depends largely on the
pecific surface area, which, in turn, depends on the pores present and
heir size and distribution [ 26 ]. The procedure for measuring the re-
istance in such layers is relatively quick, simple, and convenient. The
resence of a small number of metallic elements in such films simpli-
es the process by reducing the overall resistance and increasing the
robability of occurrence of free protons. 

The present study is a continuation of our efforts to develop various
ypes of sensors for environmental and electromechanical applications
 27–31 ]. The present study investigated the relative humidity (RH)–
ensing properties of polyacrylamide (PAA) films containing humidity-
ensitive CuO/Cu2 O/Cu/C nanocomposites, the resistance of which was
easured in thin layers as a function of the relative humidity of air at
98 K. 

. Materials and methods 

.1. Materials 

The following reagents were used to obtain nanocomposite pre-
ursors: CuSO4 ⋅5H2 O (99.6%), fumaric acid (99%, Alfa Aesar),
aOH (reagent grade, Vekton JSC, Russia), 2,2´-dipyridyl, 1,10-
henanthrloline (99.5%, Sisco Research Laboratories Pvt. Ltd.), and
thyl alcohol (96.6%, Vekton JSC, Russia). Polyacrylamide (PAA) with
 solution density of 1.0123 g/cm3 , a kinematic viscosity of 106.812
151
m2 /s and a dynamic viscosity of 1.085 × 105 MPa/s was supplied by
PP KF LLC (Volzhsky, Volgograd region, Russia). 

.2. Characterization of materials 

Elemental analysis was performed using a CHNOS Vario EL cube an-
lyzer (Elementar Analysensysteme GmbH, Germany). The presence of
opper was determined using an X-Art М energy dispersive X-ray (EDX)
uorescence spectrometer (Comita, Russian) or an MGA-915 atomic
bsorption spectrometer (Lumex, Russia). Fourier–transform infrared
FTIR) spectra were obtained on a Perkin Elmer Spectrum 100 FTIR
pectrometer (Perkin Elmer, Shelton, CT, USA) using KBr pellets and
he Softspectra data analysis software (Shelton, CT, USA). Thermogravi-
etric analysis (TGA), differential scanning calorimetry (DSC) and dif-

erential thermal analysis (DTA) were performed using a synchronous
hermal analyzer (STA 409CLuxx) coupled to a quadrupole mass spec-
rometer (QMS 403CAeolos, NETZSCH, Germany) and a Perkin-Elmer
iamond TG instrument. A DTA derivatograph was operated in a he-

ium flow (powders, m = 0.3–0.4 g) with the standard 𝛼-Al2 O3 at a rate
f 2 deg/min in the range of 20–500 °C. X-ray diffraction (XRD) analysis
as carried out using DRON-UM-2 diffractometers (JSC Burevestnik, St.
etersburg, Russia) and ARLTM X’TRA Powder (Thermo Fisher Scientific,
SA) with CuK 𝛼 radiation ( 𝜆Cu = 1.54184 Å) in the range 2 𝜃 = 5°–80°
ith a scanning speed of 5°/min and a temperature of 25 °C to deter-
ine the phase composition and crystallite size. The crystallite sizes of

he nanomaterials ( D , nm) were determined using the Debye–Scherrer
q. (1) : 

 = 𝐾 𝜆

𝛽 cos 𝜃
, (1) 

here K is a constant (approximately 0.9), 𝜆 is the X-ray wavelength
sed in the XRD analysis (1.5418 Å), 𝜃 is the Bragg angle, 𝛽 is the pure
iffraction broadening of the peak at half-height, that is, broadening due
o the crystallite size. 

Scanning electron microscopy (SEM) with a ZEISS Cross Beam 340
evice (Carl Zeiss, Jena, Germany) operated at an accelerating voltage of
 kV was used to obtain microscopic images. Secondary electrons were
etected using an Everhart-Thornley detector (SE2). The distribution of
hemical elements on the surface of the samples was determined by EDX
sing an Oxford X-max 80 microanalyzer with an electron probe energy
f ≤ 10 keV. A JEOL JEM-F200 high-resolution transmission electron mi-
roscope (JEOL, Japan) was used for high-resolution TEM. The samples
ere prepared as follows: a powder suspension in hexane was prepared
nd applied to a carbon-coated copper grid, and the solvent was dried
n air. Sample resistance was measured using an MY62 multimeter (IEK,
hina). 

.3. Materials synthesis 

Copper fumarate ( I ) was obtained by reacting sodium fumarate with
opper sulfate, according to the well-known method [ 32 ], with some
odifications. Fumaric acid (1.2 g, 0.01 mol) was dissolved in 50 mL

f distilled water and stirred using a magnetic mixer. In a separate ves-
el, 0.8 g (0.02 mol) of sodium hydroxide is dissolved in 20 mL of dis-
illed water. The resulting aqueous solution of sodium hydroxide was
oured into small portions of the fumaric acid solution with constant
ixing. The resulting solution was filtered through a porous glass plate,
hen necessary. Copper sulfate pentahydrate (2.5 g, 0.01 mol) was dis-

olved in 30 mL of water and added to the sodium fumarate solution
ith constant stirring, and the resulting suspension was stirred while
eing heated to 60 °C for 3 h. The resulting blue precipitate was filtered
hrough a porous glass plate under a vacuum. It was then washed three
imes with 30 mL of distilled water and then with anhydrous ethanol.
he resulting fine blue crystalline powder was dried in air for 24 h.
he amount obtained was 2.187 g, which corresponds to the release of
4.47% in terms of copper sulfate pentahydrate. 
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Fig. 1. Thermolysis setup: (a) argon cylinder; (b) connecting tubes; (c) tap; (d) 
quartz vessel with thermolyzed substance; (e) furnace; (f) shut-off plug; (g) vac- 
uum pump. 
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Mixed-ligand complexes of copper, fumaric acid and 2,2´-dipyridyl
 II ) or 1,10-phenanthrloline ( III ) were prepared according to a previ-
usly reported procedure [ 33 ]. The resulting substances were washed
ith cold alcohol and treated in a Soxhlet extractor with absolute ether
nd molecular sieves. 

.4. Preparation of nanocomposites 

To obtain nanocomposites, thermal analyses (TGA, DSC and DTA)
ere performed to establish the optimal temperature conditions for the

hermolysis process. Thermolysis was performed in a self-generated at-
osphere. A diagram of the apparatus is shown in Fig. 1 . The substance

o be thermolyzed was placed in a quartz vessel, one end of which was
ealed and the other of which was free and fixed in an oven. The hole
as closed with a plug using an underwater tube system. The apparatus
as evacuated to a residual pressure of 0.08 MPa to remove the oxidiz-

ng atmosphere, then filled with argon, and heating was turned on. The
eating rate was maintained at 5 °C/min. After reaching the required
emperature (450 ± 5 °C), the apparatus was held at that temperature
or 2 h, then evacuated again, and the heating was turned off. The de-
ice was left under vacuum until room temperature was reached. The
ooled thermolysis products were removed from the quartz vessel. 

.5. Preparation of samples to study the dependence of resistance on 

umidity 

To determine the dependence of the total resistance on the humidity,
queous solutions of a film-forming agent (PAA) with a weight concen-
ration of 1% were prepared. PAA was chosen as a film–former because
f the ease of preparation of its solutions and its film stability, good
oisture-absorbing properties, acceptable standardizability, and buffer-

ng properties. PAA was dissolved in water at a temperature of 40 °C,
ollowed by filtration through a porous glass plate (160 pores). The re-
ulting solutions were stored for at least one day, if necessary, filtered
gain, and the viscosity of the solution was determined for standardiza-
ion. Separately, suspensions of the thermolysis products were prepared
n the resulting aqueous solutions of the film–former based on the fact
hat the weight of the thermolysis product is 1% of the weight of the
olymer solution. They were first mixed mechanically and then sub-
ected to ultrasonic treatment with an impact intensity of 100 W/cm2 
152
or 5–7 min at 70–75 °C. As a result of processing, a dispersed system
hat was stable for at least three weeks was formed. The prepared sys-
ems were allowed to settle for 24 h, after which they became suitable
or the formation of sensor films. The size of the particles composing
he dispersion was assessed using TEM of the dried films and ranged
rom 3.3 to 20.4 nm. The particles were closer to spherical in shape.
 glass substrate was used was used to obtain the film, which was pro-
essed as follows. The glass substrate was thoroughly washed in running
ater with a detergent, boiled in a 5% sodium carbonate solution for
0–30 min, allowed to cool, thoroughly washed first with tap water,
nd then with distilled water, and left for a day in chrome liquid. The
ubstrate was then washed with tap water and distilled water and dried
t 150 °C for 3 h. The finished plates were stored in a desiccator over
alcium chloride. This plastic preparation procedure is very important
ecause it has several goals: the plate must provide the best adhesion
f the active layer to the substrate, and a clean surface of the substrate
llows us to obtain the most uniform layer and allows standardization
f the research procedure because identical samples are obtained. 

.6. Application of active dispersion to a glass substrate 

All the work was performed while wearing protective gloves, which
ere then treated with a cloth soaked in alcohol and dried in a stream
f clean air. Before application, the polymer solution is standardized to
 density of 1.0123 g/cm3 and a viscosity of 106.812 (kinematic vis-
osity, 𝜈, mm2 /s) or 1.085 × 105 (dynamic viscosity, MPa/s). Using a
 mL glass pipette, 0.8 mL of the dispersion was applied onto a glass
ubstrate, distributed evenly over an area of 5.5 cm × 2 cm ( Fig. 2 ).
hey were then allowed to dry for 3 h on a flat surface and placed on a
urntable. The rotational speed was adjusted to 700 r/min. To prevent
he substrate from sliding, the latter was secured to a table using double-
ided tape. Thus, a series of samples with at least 20 units was obtained.
he samples were air–dried on a flat surface for 5 d to slowly evaporate
he solvent and obtain a uniform surface. Then they are kept in an oven
t 105 °C for 20 min and stored in a desiccator over calcium chloride.
lates with uneven films were rejected and the remainder were used for
ubsequent tests. The average coating thickness was determined using a
icrometer. The thickness of the film was 40 μm. Silver contacts coated
ith a layer of gold (2 μm) were deposited on top of the film and fixed
y thermal vacuum deposition. The distances between the contacts were
.5 cm. To obtain accurate resistance characteristics, each sample was
aintained in an atmosphere with a given RH for at least 24 h, after
hich the resistance was determined at each value of air RH and a cal-

bration graph was constructed (resistance versus RH). 

.7. Preparation of climatic chambers 

To obtain a standardized RH, specially prepared solutions were used.
n RH approaching zero was achieved by keeping over concentrated

98.6%) sulfuric acid, and 100%RH was achieved by keeping over dis-
illed water ( Fig. 3 ). Intermediate values of air humidity were created
sing saturated salt solutions as described in a previous study [ 34 ]. 

.8. Electrical humidity sensing set-up 

An electrical resistance-based humidity measurement circuiting con-
ists of a glass chamber with controlled humidity is shown in Fig. 4 . Hu-
idity was maintained statically using saturated aqueous K2 SO4 /KOH

olutions for humidification/drying, and the %RH was measured using
 standard hygrometer (IVTN-7-M). Changes in %RH were measured in
erms of the electrical impedance. The sensitivity of the sensor was de-
ermined as described in [ 35 ] and ASTM E104–02 (Standard Practice
or Maintaining Constant Relative Humidity by Means of Aqueous Solu-
ions, 2007). The required values of air RH were created at 20 °C with
aturated aqueous solutions of salts indicated in Table 1 . 
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Fig. 2. Scheme of application of active sensitive layer on glass plate: (a) prepared glass plate; (b) suspension of thermolysis product in PAA solution; (c) glass plate 
with applied layer after drying; (d) glass plate with dried active layer and attached electrodes; (e) connecting wires; (f) electrodes. 

Fig. 3. An example of manufacturing climatic chambers with constant humidity created by saturated saline solutions. 

Fig. 4. Schematic diagram of the manufactured sensor: (a) hygrometer/thermometer; (b) climatic chamber; (c) humidifier/dehumidifier solution; (d) sensitive 
element; (e) connecting wires; (f) precision analyzer. 
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An experimental working humidity sensor was constructed based on
he elements tested in the climate chamber. The basis of this element was
 silicate glass measuring 75 mm × 25 mm and 2 mm in thickness. The
lass base was carefully processed before applying the sensitive layer,
ashed with 10% aqueous sodium hydroxide to remove coarse grease
153
tains, washed with tap water and distilled water, and air–dried. The dry
lass was washed several times with a mixture of ethanol and diethyl
ther (1:1) and dried again. In the final stage, the glass was processed in
 chromium mixture, washed with distilled water, and dried in an oven
t 150 °C for 3 h. The active–layer dispersion was applied to the cooled
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Table 1 

Air RH at 20 °C, created by saturated aqueous solutions 
of salts. 

RH, % Saturated aqueous solution of salt 

0 H2 SO4 

5 LiBr 
12.1 LiCl 
23.1 CH3 COOK 
59.1 NaBr 
75.5 NaCl 
85.1 KCl 
97.6 K2 SO4 

100 H2 O 

Fig. 5. Sensitive element (i) and general view of the measuring device (ii): (a) 
sensor element with active layer; (b) connecting wires; (c) housing with open- 
ings for the sensitive element; (d) measuring device. 
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lass, as described above. After drying, the film thickness of the active
ayer ranged from 47 to 51 μm. Two spots were deposited at the center
f the active layer, which served as electrodes. The sputtering material is
old, the diameter of the spots is 3 mm, the thickness of the gold layer
s 1 μm, the distance between the electrodes is 0.5 cm. A printed cir-
uit board was attached to the gold contacts, to which connecting wires
 Fig. 5 (i)) based on the silver wire were soldered. The sensitive element
as placed in a protective box that provided free access to air in the

ensitive layer ( Fig. 5 (ii)). Free access to air was ensured using a com-
ination of spherical holes and longitudinal channels in the protective
ousing of the device along the entire product perimeter. Connecting
ires were attached to the analytical and measurement devices. 

Owing to the considerable number of holes in the device body, air
ows inside the box, and vaporous water is easily sorbed by the active

ayer of the device, which has good hydrophilic properties. The time for
tabilization of readings from the initial level of RH to the final level
nder the conditions of a real experiment averaged 29 s. Recovery of
he sensor under artificial atmosphere conditions was 36 s. However,
e noticed some limitations in the operation of the sensor in a real

xperiment with significant wind force: the device readings at maximum
ind force are underestimated by 5.3% with free penetration of air into
pen holes. Between each series of experiments, the sensor element was
ept in an artificial atmosphere with an average relative air humidity
RH = 59.1%). 

The sensitivity of the device was calculated using Eq. (2) [ 36 ]. 

 =
RH2 − RH1 

RH1 
× 100% . (2) 

The second method for determining the sensitivity of the device is to
stimate the relative increase in resistance (expressed as a percentage)
ased on a 1% increase in humidity. Such an analysis can be performed
y obtaining the dependence of the resistance on the air RH and assess-
ng the degree of slope of the curve at the calculated points. 
154
The response time of the sensor device was calculated as the time re-
uired to achieve equilibrium and stable resistance readings when the
H of the air changed from 10% to 90%. Accordingly, the recovery time
as defined as the time required for the sensor to transition from resis-

ance at 90% relative air humidity to resistance at 10% relative air hu-
idity point in the climate chambers. The current–time was determined
sing a chronometer. 

. Results and discussion 

Elemental analysis of compounds I –III is presented in Table 2 . 
The morphology of the crystals of the compounds has been studied;

or example, copper fumarate ( I ) is formed by prismatic crystals with di-
ensions from 0.8 μm × 0.25 μm × 0.25 μm to 0.9 μm × 0.3 μm × 0.3 μm

 Fig. 6 ( а )). Complex II ( Fig. 6 (b)) is represented by long needle-shaped
rystals of different sizes, with individual crystals having a length of
ore than 1 μm and a width barely reaching 200 nm. Crystals of

omplex III have the shape of tetrahedral prisms, mostly similar in
ize 240 nm and width about 50 nm ( Fig. 6 ( с )). 

The resulting compounds were characterized by FTIR, and the results
ere compared with those of fumaric acid ( Fig. 7 ). In the IR spectrum of

he original fumaric acid, bending vibrations of the bonds 𝛿 = С –Н were
bserved at 972 cm–1 , which were related to the non-excessive vibra-
ions characteristic of the trans-isomer, and at 1372 cm–1 , which char-
cterize the flat vibrations of the same group for the trans-isomer. The
ibrations of the carboxyl groups are shifted to shorter wavelengths, are
ocated at 1680 cm–1 , and have pronounced absorption intensity. The
bsorption band at 2930 cm–1 can be attributed to stretching vibrations
f the N–H bond. The IR spectrum of copper fumarate is characterized by
he disappearance of the band at 1680 cm–1 , which indicates complete
eprotonation of the starting acid and the appearance of two intense
bsorption bands at 1560 and 1400 cm–1 , which belong to the symmet-
ical and asymmetric vibrations of the carboxyl groups. Since Δ𝜈 = 160
m–1 , it can be expected that the coordination mode is realized in the
ond. The absorption band at 1215 cm–1 corresponds to the vibrations
f the carbonyl group of fumarate, while the band of the bending vibra-
ions characteristic of the multiple C = C bonds in fumaric acid deriva-
ives shifted to a shorter wavelength region (from 1011 to 966 cm–1 ).
n the spectral region corresponding to the vibration frequency of 710
m–1 , an intense absorption band was observed, corresponding to the
ewly formed Cu–O bond. Thus, according to the data obtained from the
nalysis of the IR spectrum, it can be stated that the target product has
een synthesized, which is in good agreement with previously published
ata [ 32 , 33 ]. The IR spectra of complexes II and III are similar. First, it
hould be noted that the formation of a Cu–N coordination bond leads
o a significant shift of the Cu–O bond to longer wavelengths, and in the
ase of coordination with the nitrogen atoms of 1,10-phenanthroline,
he shift is stronger. The presence of a C= C bond in the heterocyclic
ystem wss confirmed by the strong absorption bands at 1580 cm–1 . 

To assess the thermolysis regime of the synthesized substances, their
hermal behaviors were studied ( Fig. 8 ). Copper fumarate demonstrates
hermal stability up to 150 °C. With further heating, the dehydration
hase of the compound occurs in two stages: the first stage is in the
emperature range of 150.7–175.2 °C, accompanied by a weight loss
f 7.18%, and the second stage is in the temperature range of 180.4–
10.2 °C, at which a weight loss of 9.26% is noted. The total weight loss
t both stages was 16.44%, which corresponded to the elimination of
our water molecules (theoretical calculation of 19.8%). It is worth not-
ng that it is in these temperature ranges that significant endothermic
ffects are observed (peaks at 151.7 and 200.6 °C). In the temperature
ange of 240 °C, a short-term exothermic effect is observed, which can
e associated with the beginning of the polymerization process (with
light heating), which in turn contributes to the destabilization of the
olecule, as a result of which there is a decarboxylation, accompanied

y a significant decrease in weight, reaching 47.93% (theoretical cal-
ulation based on decarboxylation 48.4%) and the peak of the process
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Table 2 

Elemental composition of the obtained compounds. 

Complex С Н N Cu 

I Found, % 26.80 ± 0.20 3.60 ± 0.20 – 16.90 ± 0.40 
Calculated for Cu(C4 H2 O4 )2 ·4H2 O, % 26.42 3.33 – 17.46 

II Found, % 48.80 ± 0.20 4.60 ± 0.30 9.20 ± 0.20 11.30 ± 0.40 
Calculated for C48 H58 O19 N8 Cu2 , % 48.93 4.92 9.51 10.80 

III Found, % 52.20 ± 0.20 4.40 ± 0.20 8.80 ± 0.20 10.40 ± 0.20 
Calculated for C56 H58 O19 N8 Cu2 , % 52.74 4.55 8.80 9.96 

Fig. 6. SEM images of crystals of copper fumarate (a) and complexes II (b) and III (c). 

Fig. 7. IR spectra of fumaric acid (a) and complexes I (b), II (c), III (d). 
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t 384.7 °C. No further weight loss is observed. An approximately sim-
lar picture was observed for the thermal behaviors of compounds II
nd III . As an example, Fig. 8 (b) shows a thermogram of complex III ,
n which the stability of the complex is noticeable to a temperature of
00 °C, and then dehydration associated with the release of 11 water
olecules and accompanied by weight loss of the substance, which is
6.95% (theoretical calculation 15.88%). The peak of dehydration oc-
urs at a temperature of 175 °C, which is in good agreement with the
ndothermic effect in this temperature range (174.0 °C), inherent in the
rocess of solvent elimination. With further heating, a gradual decrease
n the weight of the initial sample occurs, reaching a plateau around
30 °C. 
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The resulting products were characterized using IR spectroscopy and
RD. Fig. 9 shows the IR spectra of the thermolysis products; the main
bsorption bands are listed in Table 3 . For the thermolysis products in
he IR region of the spectrum, the characteristic bands coincided. The
hermolysis product of compound I differs significantly from the other
roducts in the variety of absorption bands located in the region of 3056
m–1 , which can be attributed to vibrations of the C–H bond in cyclo-
exadiene fragments, which are characteristic of solid-state thermolysis
roducts. In addition, there was a band of insignificant intensity in the
egion of 2353 cm–1 , associated with vibrations of terminal alkyl groups;
n intense band in the region of 1578 cm–1 , characteristic of vibrations
f C–H bonds in aromatic systems; and a number of bands in the short-
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Fig. 8. DSC, TGA and DTA of complexes I (a) and III (b). 
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Table 3 

Characteristic absorption IR-bands of thermolysis prod- 
ucts of complexes I–III. 

Complex Characteristic bands, с m− 1 

I 3056, 2353, 1578, 756, 691, 613 
II 3440, 2929, 1620, 1075, 530 
III 3440, 2930, 1600, 1075, 530 
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ave region, characteristic of vibrations of Me–O bonds and aromatic
ragments. The thermolysis products of complexes II and III are char-
cterized by an almost complete coincidence of the spectra, in which a
umber of characteristic bands are clearly visible. In the region of 3440
Fig. 9. IR spectra of thermolysis prod
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m–1 a band of medium intensity is recorded, characteristic of amino
erivatives, since the presence of hydroxyl groups in such compounds
s unlikely and is completely excluded by elemental analysis data. The
ands in the region of 2929–2930 cm–1 correspond to the vibrations of
–H bonds in cyclohexadiene systems, and the bands in the region of
600–1620 cm–1 can be attributed to the skeletal vibrations of the C–C
onds of aromatic systems. The bands in the region of 1075 cm–1 can be
ttributed to the vibrations of C–N bonds in heterocyclic structures, and
he broad and intense band at 530 cm–1 is characteristic of C–N bonds,
hich was previously observed in the IR spectra of polypyridine ligands.
he significant width of this band indicates the band characteristics of
he Me–O bonds. 

The IR spectra of the thermolysis products contain relatively few pro-
ounced absorption bands. Notably, the thermolysis products of com-
lexes II and III exhibited virtually identical spectra. The absorption
and in the region of 3400 cm− 1 is quite pronounced for these com-
ounds. Considering that thermolysis occurred at high temperatures and
hat the obtained products were stored with appropriate precautions, it
s unlikely that they could correspond to the vibrations of the hydroxyl
roups of water. This assumption was also confirmed by the results of the
lemental analysis, both by the chemical method and EDX spectroscopy,
ecause oxygen was completely absent. Obviously, in this case it can be
tated that this band corresponds to nitrogen-containing products such
s amines. The absorption band at 530 cm− 1 also indirectly confirms
his fact, as it correlates well with the absorption band of polypyridine
ucts of complexes I –III (a)–(c). 
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Fig. 10. SEM images of thermolysis products of complexes I (a), II (b), III (c). Each SEM image corresponds to the topography of the analyzed surface and the EDX 
spectrum. 

Table 4 

Elemental analysis data for thermolysis products of complexes I–III. 

Thermolysis 
products of complex 

Results of elemental analysis according to EDX data Chemical elemental analysis results 

Cu O N C Cu N C 

I 78.6 18.3 – 3.1 79.7 ± 0.1 – 2.9 ± 0.1 
II 75.5 18.1 4.2 2.2 74.9 ± 0.1 4.3 ± 0.1 2.5 ± 0.1 
III 72.3 20.6 5.1 1.9 70.5 ± 0.1 5.2 ± 0.1 1.7 ± 0.1 
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ompounds, corresponding to the vibrations of the C–N bond in these
ompounds. The remaining absorption bands correlated well with the
bsorption bands of C–H bonds in aromatic compounds. 

The morphologies of the thermolysis products were studied using
EM ( Fig. 10 ). The thermolysis product of complex I differs from com-
lexes II and III in several morphological characteristics, primarily in
ts dense texture formed by wide plates that are easily destroyed by
ltrasound. The morphological patterns of the thermolysis products of
ompounds II and III were characterized by a porous structure. In the
ase of compound II , the size of the spherical formations was larger and
ore pronounced. In the case of compound III , the size of the spheres
as smaller, and the surface was represented by numerous folded struc-

ures. The elemental compositions of surface layers were determined us-
ng energy dispersive analysis ( Fig. 10 ) and compared with the chemical
omposition of each sample prepared from an average sample ( Table 4 ).

As shown in Table 4 , none of the compounds corresponded to the ex-
ct formula of copper oxide; therefore, a mixture of substances was ex-
ected. XRD analysis was performed to determine the phase composition
 Fig. 11 ). Analysis of the XRD spectra presented in Fig. 11 shows that
he patterns of the presented particles are very similar, with the main
ifferences being that the thermolysis product of compound I does not
ontain metallic copper in its composition, demonstrating high phase
urity and crystallinity in combination with a relatively small particle
ize and a small amount of carbon material ( Fig. 11 (a)). The XRD spec-
ra of the thermolysis products of compounds II and III were even more
157
imilar ( Figs. 11 (b)(c)) and differ from those of the previous sample in
erms of particle size and the presence of pure copper particles. 

The characteristic peaks with their correlation and particle size cal-
ulated using the Debye–Scherrer formula, and the interplanar spacing
alculated using the Bragg–Wulf formula are listed in Table 5 . 

The size and morphology of the particles in the thermolysis products
ere studied in detail using TEM ( Fig. 12 ). The thermolysis product of

omplex I was represented by particles with a shape close to spherical,
nd a size distribution from 10.4 to 60.7 nm. The most common particle
ize was 18.7 nm. In the thermolysis products of complexes II and III , the
ranulometric composition was narrower, and the particle size is smaller
 Fig. 13 ). Particle sizes varied from 3.3 to 17.4 nm for the thermolysis
roduct of complex II and from 11.3 to 24.8 nm for the thermolysis
roduct of complex III . The most common particles sizes were 8.3 nm
nd 20.7 nm in size ( Table 6 ). 

Based on the above facts, it can be assumed that the thermolysis
roducts obtained in this study are composite materials in which nano-
ized copper oxide particles are located in a nitrogen-doped carbon-
ontaining matrix. Metal-containing particles in these products are pre-
ented in the form of spherical or ellipsoidal particles, unevenly dis-
ributed in a nitrogen-doped carbon material with a sufficiently high
ensity. In this case, the carbon matrix is represented by the products
f the deep destruction of nanocomposite precursors and may contain
arbon fragments in the form of graphite, and turbostatic graphite with
nclusions of carbon nitride [ 1 , 30 ]. 
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Fig. 11. XRD spectra of thermolysis products of complexes I (a), II (b), III (c). 

Table 5 

Characteristics of XRD spectra for thermolysis products of complexes I–III. 

Reflex angle, 2 𝜃/° Interplanar spacing, d /nm Crystallite size, D /nm Phase and plane index hkl 

Thermolysis product of complex I 
32.40 0.1441 26.90 CuO (110) 
35.50 0.2655 21.50 CuO (111) 
38.60 0.2327 27.40 CuO (200) 
48.70 0.1026 23.70 CuO (202) 
53.40 0.1920 34.50 CuO (020) 
58.20 0.1086 48.40 CuO (202) 
61.50 0.1504 49.20 Cu2 O (220) 
66.20 0.1500 13.80 Cu2 O (311) 
68.00 0.1379 19.70 CuO (113) 
72.30 0.1619 71.50 CuO (311) 
75.00 0.1560 34.80 CuO (222) 

Thermolysis product of complex II 

32.40 0.1441 60.30 CuO (110) 
35.50 0.2655 29.00 CuO (111) 
38.60 0.2327 32.70 CuO (200) 
42.46 0.2129 90.80 Cu2 O (020) 
43.54 0.2078 12.53 Cu (111) 
48.70 0.1026 30.30 CuO (202) 
53.40 0.1920 37.40 CuO (020) 
58.10 0.1086 23.40 CuO (202) 
61.50 0.1504 23.80 Cu2 O (220) 
66.10 0.1650 19.40 Cu2 O (311) 
67.90 0.8330 37.40 CuO (113) 
72.30 0.1619 25.40 CuO (311) 
75.00 0.1560 20.60 CuO (222) 

Thermolysis product of complex III 

32.4 0.1441 60.30 CuO (110) 
35.5 0.2655 12.39 CuO (111) 
38.6 0.2327 29.30 CuO (200 
42.5 0.2130 45.40 Cu2 O (020) 
43.6 0.2080 79.50 Cu (111) 
48.7 0.1026 52.00 CuO (202) 
53.4 0.1920 44.90 CuO (020) 
58.2 0.1084 33.10 CuO (202) 
61.5 0.1504 35.80 Cu2 O (220) 
66.2 0.1650 30.08 Cu2 O (311) 
68.0 0.8330 40.30 CuO (113) 
72.3 0.1619 31.00 CuO (311) 
75.0 0.1560 56.40 CuO (222) 

Fig. 12. TEM images of thermolysis products of complexes I (a), II (b), III (c). 
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Fig. 13. Diagrams showing the distribution of particles by size and frequency of occurrence in thermolysis products of complexes I (a), II (b), III (c). 

Fig. 14. Dependence of resistance on RH. Film former is PAA, fillers are thermolysis products of the complexes I (a), II (b), III (c). 

Table 6 

The average size of nanoparticles of thermolysis prod- 
ucts of complexes I–III. 

Complex Average nanoparticle size, nm 

I 18.7 ± 0.4 
II 8.3 ± 0.3 
III 20.7 ± 1.2 
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The measurement data for the resistance of the sensor film at differ-
nt air RH are listed in Tables 7–9 and shown in Fig. 14 . 

Fig. 14 clearly shows the dependence of the resistance of the sur-
ace layers of the film on air RH Notably, for the thermolysis product of
omplex I , the dependence is linear, with a coefficient of determination
pproaching 1, which indicates the possibility of using this procedure
o manufacture such sensors. Nonlinear relationships were observed for
he remaining compounds, a nonlinear relationship is observed. Because
 nonlinear dependence can present some difficulties in determining val-
es and produce a noticeable error, we constructed graphs for nonlinear
ependences with the logarithm of the resistance value, which made it
ossible to present the resulting pattern and evaluate the sensor more
learly. Linearization of the graphs showed high coefficients of deter-
ination ( R2 = 0.9810 and 0.9888) and acceptable Pearson coefficients

–0.9917 and –0.9949) ( Fig. 15 ). 
The reproducibility of the experimental data is one of the most im-

ortant characteristics of any sensor, including humidity sensors. The
xperiment presented in this study was completely reproducible over
lmost the entire range of air RH. In the range of RH values from 5% to
5%, the reproducibility lies in the range of 88%–97%, which is a good
esult. Some difficulties with the reproducibility of the results were ob-
erved at extreme points: in the region of extremely low RH approaching
ero (exposure of the sample in a climate chamber over concentrated
ulfuric acid) and in the region of extremely high humidity values ap-
roaching 100%. In the latter case, condensation may occur on the film
159
urface (exposure to clean distilled water in a climate chamber). It is
ssumed that a constant temperature is maintained under experimental
onditions. In analyzing the experimental results, it can be assumed that
nder conditions of extremely low RH, the reproducibility decreases ow-
ng to changes in the structure of the polymer, which can lead to partial
amage to the integrity of the polymer film. Under ultra–high–humidity
onditions, the resulting water droplets form a thin surface film of wa-
er, which is observed visually and confirmed by photometric analysis.
otably even at the points closest to the extremes (5% and 97.5% RH)

he reproducibility was quite convincing. The key factor influencing re-
roducibility under the conditions of this experiment was the reliable
astening of the contacts and their protection from aggressive environ-
ental conditions. It is especially important to maintain the distance

etween contacts in all samples. Some repeatability adjustments may
esult in sudden changes in barometric pressure, but this is not critical.

Our experiments show that stable resistance is established within
3.7–32.4 s, which is a completely acceptable range ( Table 10 ). The time
equired to restore the sensor to the initial RH values under laboratory
xperimental conditions ranged from 37.3 to 58.4 s ( Fig. 16 ). 

The resistance decreased with increasing air RH in all samples, which
uggests the presence of a single mechanism. The decrease in resistance
as associated with an increase in ionic conductivity on the film sur-

ace. The latter phenomenon can be explained by the fact that, as air
H increases, the proportion of chemisorbed or physically sorbed water
olecules in the nodes and pores of the active filler of the film increases.
AA promotes the retention of water molecules and provides a matrix
n which cationic metal centers generate hydroxyl groups from water
olecules in accordance with a dissociative mechanism. The resulting

hemisorbed layer becomes stable under these conditions, which creates
he prerequisites for the physical sorption of water molecules. One pos-
ible reason for the physically determined sorption of water is dipole–
ipole interactions such as hydrogen bonds. A further increase in the
umber of sorbed water molecules leads to the fact that dense layers
f water molecules create favorable conditions for proton hopping be-
ween neighboring water molecules. The relatively ordered arrangement
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Table 7 

Resistance of sensor film at different RH using complex I thermolysis product. 

RH/% 

Resistance/M 𝛀
Average 

resistance/M 𝛀
Standard 

deviation/ 𝝈

Confidence 

interval 

Absolute error 

of 

determination 
Measurement number 

1 2 3 4 

5.0 4.275 4.300 4.280 4.260 4.278 0.01 4.26–4.29 4.300 ± 0.300 
12.1 3.926 3.920 3.980 3.600 3.850 0.15 3.61–4.09 3.850 ± 0.480 
23.1 2.736 2.800 2.540 2.726 2.700 0.10 2.54–2.86 2.700 ± 0.3200 
59.1 2.064 2.100 1.998 2.065 2.060 0.04 2.00–2.12 2.060 ± 0.120 
75.5 1.598 1.593 1.589 1.598 1.590 0.01 1.57–1.61 1.600 ± 0.100 
85.1 0.987 0.988 0.954 0.968 0.970 0.02 0.94–1.00 0.970 ± 0.210 
97.6 0.140 0.120 0.145 0.146 0.137 0.06 0.14–0.17 0.140 ± 0.130 
100.0 0.054 0.055 0.060 0.059 0.057 0.02 0.04–0.23 0.057 ± 0.010 

Table 8 

Resistance of sensor film at different RH using complex II thermolysis product. 

RH/% 

Resistance/M 𝛀
Average 

resistance/M 𝛀
Standard 

deviation/ 𝝈

Confidence 

interval 

Absolute error 

of 

determination 
Measurement number 

1 2 3 4 

5.0 44.70 44.10 44.90 45.00 44.67 0.35 44.10–45.23 44.7 ± 0.5 
12.1 35.60 35.20 35.90 35.70 35.60 0.25 35.20–36.08 35.6 ± 0.4 
23.1 28.40 28.10 28.00 28.20 28.20 0.15 27.96–28.44 28.2 ± 0.3 
59.1 15.30 15.70 15.40 15.80 15.50 0.21 15.17–15.83 15.8 ± 0.6 
75.5 7.40 7.60 7.40 7.90 7.60 0.20 7.28–7.92 7.6 ± 0.6 
85.1 4.20 3.90 4.60 4.30 4.25 0.25 3.85–4.65 4.3 ± 0.8 
97.6 3.70 3.80 3.10 3.50 3.50 0.27 3.07–3.83 3.5 ± 0.6 
100.0 1.60 1.40 1.70 1.50 1.55 0.10 1.39–1.49 1.5 ± 0.1 

Table 9 

Resistance of sensor film at different RH using complex III thermolysis product. 

RH/% 

Resistance/M 𝛀
Average 

resistance/M 𝛀
Standard 

deviation/ 𝝈

Confidence 

interval 

Absolute error 

of 

determination 
Measurement number 

1 2 3 4 

5.0 13.220 13.270 13.150 13.240 13.220 0.40 12.50–13.86 13.200 ± 1.300 
12.1 7.240 7.220 7.190 7.300 7.230 0.50 6.43–7.03 7.200 ± 0.600 
23.1 3.450 3.510 3.470 3.430 3.460 0.30 2.98–3.94 3.500 ± 0.900 
59.1 1.270 1.250 1.300 1.260 1.270 0.20 0.95–1.59 1.300 ± 0.550 
75.5 0.930 0.950 0.910 0.960 0.940 0.10 0.78–1.10 0.940 ± 0.320 
85.1 0.650 0.670 0.640 0.620 0.650 0.02 0.62–0.68 0.600 ± 0.100 
97.6 0.037 0.035 0.038 0.037 0.037 0.02 0.03–0.04 0.037 ± 0.010 
100.0 0.030 0.029 0.032 0.031 0.030 0.02 0.02–0.03 0.031 ± 0.010 

Fig. 15. Dependence of the logarithm of the resistance on RH. Film-former is PAA, fillers are thermolysis products of the complexes I (a), II (b), III (c). 
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f water molecules promotes the formation of mesh-like nanoconduc-
ors, which has a beneficial effect on increasing ionic conductivity and
aturally reduces resistance. The network configuration represents an
ncreasingly intensifying electrostatic field, promoting the dissociation
f new water molecules into H3 O+ and OH− ions. Subsequently, the hy-
ronium ion is able to ionize the next water molecule, which creates a
160
ransport system for proton conduction known as the Grotthuss chain,
s schematically presented in Fig. 17 . In addition, it is necessary to con-
ider that copper oxide is a p-type semiconductor, and the mechanism
f its operation is based on the accumulation of “holes ” in the sample,
ossibly due to the diffusion of atmospheric oxygen into a thin film of
dsorbed atmospheric moisture [ 43 , 44 ]. 
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Table 10 

Comparison of response times of different devices. 

Sensor material Response time, s Recovery time, s Ref. 

NiO/Al2 O3 120 – [ 19 ] 
A highly porous nickel oxide (NiO) nanoflower 389 172 [ 37 ] 
Manganese-doped nickel oxide nanosheet array films 359–435 154–231 [ 38 ] 
Poly(lactic acid)/PANI–ZnO composite electrospun fibers 85 120 [ 39 ] 
Cadmium sulfide/PAA 30 48 [ 40 ] 
PEO− CuO− MWCNT:1%/ 3% 3− 20 11–22 [ 41 ] 
Zinc (II) nitrate PAA 250 37 [ 42 ] 
Cu0.8 Zn0.2 Sb2 AAm nanomaterial 6.6 10.24 [ 29 ] 
CuO/Cu2 O/Cu PAA 23.7–32.4 37.3–58.4 Present work 

Fig. 16. Response time and recovery time of the sensor device: sensing element based on the thermolysis products of complexes I (a), II (b), III (c). 

Fig. 17. Probable mechanism of action of the humidity sensor: (a) physically sorbed layer of water; (b) chemisorbed layer of water molecules; (c) surface contact 
with moist air; (d) glass substrate; (e) active layer. 
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The difference between the sorption (wetting of the active layer sur-
ace) and desorption (loss of moisture from the active layer) curves,
nown as hysteresis, was studied. In this regard, the emerging difference
etween the sorption and desorption values of water molecules, which
orm a hysteresis loop, is of particular interest. The size of the hysteresis
oop can be used to evaluate the advantages or disadvantages of hu-
idity sensors. Fig. 18 shows these curves, in which it is noticeable that

he loop represents minor deviations in the sorption–desorption process,
hich indicates good sensitivity of the device. Notably, the largest devi-
tions for the thermolysis product of compound I were observed in the
nitial section of the sorption curve and, accordingly, in the concluding
ection of the desorption curve, whereas for the remaining compounds,
he loop was located in the middle. 
161
The sensitivity of the sensor was studied by comparison at each stud-
ed value of air RH. The results showed that the relative sensitivity of
he sensor decreased with increasing air RH because the resistance of
he samples decreased significantly. Overall, sensor sensitivity was in
he mid-range and varied. The lowest sensitivity was observed under
aximum air saturation with water vapor ( Fig. 19 ). Under conditions

f extremely low humidity, the sensitivity of the sensor was high. The
ecrease in sensitivity under conditions of extremely high humidity can
e explained by the formation of a fairly dense layer of condensate on
he surface of the polymer film, which significantly increases the con-
uctivity and, accordingly, significantly reduces the resistance. Thus, it
s necessary to change the measurement range of the reading device. In
ddition, under conditions of almost complete (100%) humidity and the
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Fig. 18. Hysteresis characteristic of a humidity sensor model with thermolysis products of the complexes I (a), II (b), III (c) as an active layer. 

Fig. 19. Sensitivity of the sensor to air RH. The film-former is PAA, the fillers 
are the thermolysis products of complexes I (a), II (b), III (c). 
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ppearance of condensation, the viscosity of PAA may decrease, which
ay negatively affect the performance of the device. Using the princi-
le of increasing the resistance by a 1% increase in humidity to evaluate
he sensitivity of the device, it was found that the sensitivity of the de-
ice was quite high; that is, the device responded well to increases in
ir humidity. The sensitivity values at moderate humidity (30%–80%)
ere 2.48%/%RH, 3.77%/%RH, and 117%/%RH, respectively, for the

hermolysis products of compounds I, II , and III . Based on the data ob-
ained, it can be argued that the sensor based on the thermolysis prod-
cts of compounds II and III had the highest sensitivity, which is in good
greement with the curve of resistance versus air humidity ( Fig. 11 ) and
he hysteresis characteristics shown in Fig. 18 . However, such a high
ensitivity complicates the assessment of the effectiveness of the sensor
evice. 
Fig. 20. Long-term stability of the sensor device. The active layer is mad

162
The operation of the device was evaluated for 45 days in the summer
n a laboratory outside a climate chamber. A feature of this experiment
as the significant variation in temperature and, accordingly, humid-

ty throughout the day. An important experimental condition involved
tudying the effects of direct sunlight on the active layer of the device.
he readings obtained from the device outside the climatic chamber
ere compared with the same readings in the climatic chamber and an-
lyzed with other devices manufactured in an industrial environment.
he discrepancies between the readings under real conditions and the
limate chamber were no more than 3.2%, the discrepancies between
he experimental device and commercially produced devices ranged
rom 1.1% to 4.5%, the discrepancies with the hair hygrometer were
.3%, and the discrepancies between the experimental device and the
ygrometric psychrometer for dry– and wet–bulb thermometers were
.8%. The ability of the device to function for a long time was con-
rmed by the stable resistance readings at given points of air RH, as
hown in Fig. 20 . 

In addition, the operation of the devices was evaluated in special
hambers under humid conditions and in an atmosphere containing ag-
ressive gases such as hydrogen chloride (source: 5% aqueous solution
f hydrogen chloride), simulating an acidic environment, and in an al-
aline environment (source: 5% aqueous ammonia solution). Under ex-
erimental conditions, the discrepancies between the determination of
ir humidity in a pure artificial atmosphere were in the range of 1.3%–
.85%, which is within the range of experimental error. Thus, under
he experimental conditions of creating an artificial atmosphere contain-
ng insignificant concentrations of acids and bases, the physicochemical
haracteristics of the films did not change, and the polymer binder under
hese conditions performed another function: it exhibited buffer proper-
ies. This behavior can be attributed to the properties of the film-forming
ubstance (PAA). Under these conditions, PAA could bind insignificant
mounts of both acidic and basic gases, which can be explained by its
e using the thermolysis products of complexes I (a), II (b), III (c). 
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Fig. 21. Scheme illustrating the possibility of demonstrating the buffer proper- 
ties of a polymer. 
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tructure, as shown in Fig. 21 . In addition, excess protons in the atmo-
phere can bind to the free amino groups of the polymer. 

. Conclusions 

Analysis of the data presented shows that the thermolysis of
opper fumarate ( I ) and its complexes with 2,2 ′ -dipyridyl ( II ) and
,10-phenanthroline ( III ) leads to the formation of CuO/Cu2 O/Cu/C
anocomposites containing metal and metal oxide nanoparticles uni-
ormly distributed in a stabilizing carbon matrix. The nanocomposites
ere characterized by FTIR, elemental analysis, EDX, SEM, TEM, and
RD. It was established that the size of the nanocomposite crystallites
btained by solid–phase thermolysis varied between 18.7 and 20.7 nm.
his article reports the possibility of using the nanocomposites obtained
o create humidity sensors with good sensitivity to relative humidity
RH) of 2.48%/%RH, 3.77%/%RH, and 3.11%/%RH for the thermol-
sis products of compounds I, II , and III , respectively. The results ob-
ained were 88%–97% reproducible. The response times of the sensors
ere 23.7, 24.7, and 32.4 s and recovery times of the sensor were
7.3, 35.8, and 58.4 s, respectively. The devices presented are distin-
uished by the simplicity of preparation of the sensor film and their
igh sensitivity, as changes begin to be registered in the surface lay-
rs of the film. In addition, the substrate material is not rare or ex-
ensive and can be easily selected according to the operating condi-
ions. The sensor is compact and can be easily combined with other
lectronic devices, for example, for continuous monitoring of changes
n relative air humidity. The sensor material can be used over a wide
ange of ambient temperatures. Polymer carriers are well-known com-
ercial products that are produced in copious quantities. In general,

he device does not require expensive analyzers, because the market
or conductivity, resistance, and capacitance meters offers an exception-
lly substantial number of such devices with ample choice of price and
uality. The procedures for the synthesis of active layer precursors are
uick, simple, and can be accomplished with commercially available
aterials. The thermolysis process is also not difficult. Taking these cir-

umstances into account, we believe that the materials proposed for the
ensor device can be quite competitive in the market for similar com-
ounds, and the technologies are simple. Scaling the production pro-
ess is not difficult; production reactors for all stages of obtaining pre-
ursors and thermolysis products are common in enterprises and are
ass-produced. 
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