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Abstract—Regularities of the thermolysis of acidic salts of unsaturated (maleic) [M(H2O)4(C4H3O4)2] and
aromatic (ortho-phthalic) [M(H2O)6](C8H5O4)2 (M = Fe(II), Co(II), and Ni(II)) acids are established. The
thermolysis of both maleates and phthalates can conventionally be divided into three stages. The onset
decomposition temperature of the maleates is insignificantly higher than that of the phthalates for the salts of
similar metals. The onset dehydration temperature increases in the series of the acidic transition metal male-
ates and phthalates Fe < Co < Ni, whereas the decarboxylation temperature decreases in the series Fe > Co >
Ni. Composites consisting of a metal, an organic polymer, and amorphous carbon are the thermolysis prod-
ucts of both maleates and phthalates in a helium flow. The composites with iron and cobalt in the polymer
contain nanosized metal particles and oxide nanoparticles, whose content increases in the composites
obtained by the decomposition of phthalates, whereas only metal nanoparticles are observed in the composite
with nickel. The compositions and structures of the carbon/polymer matrix differ in these composites.
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INTRODUCTION

The trend combining the search for precursors
(chemical self-controlled systems) and the study of
their thermal decomposition is being actively devel-
oped in the recent decades [1–4].

A practical significance of this problem is the
preparation of composites by the thermolysis of these
compounds. The composites contain nanosized parti-
cles (≤10 nm) stabilized by the carbon/polymer matrix
and additionally enclosed by a graphene or polymer
shell. This shell along with the matrix provides
nanoparticle encapsulation, which is an important
fact, since the high dispersion of metals in the com-
posites results in their strong interaction with compo-
nents of the medium during both preparation and fur-
ther storage.

The functional properties of the composites con-
taining metal nanoparticles stabilized by the polymer
matrix predetermine their promising use in aerospace
technology, microelectronics, and catalysis [5–8].

Salts of carboxylic acids of transition metals Fe(II),
Co(II), and Ni(II) can be used as precursors for the
preparation of composites by this method. The solu-
tion of the problem of the synthesis of the composites
containing matrix-stabilized nanoparticles includes
the study of the influence of the structure and proper-
ties of the precursors on the kinetic regularities and
decomposition mechanism and, hence, on the com-
position, structure, and dispersion of the thermolysis
products.

It was shown [1, 2, 9–12] that the thermolysis of
Fe(III), Co(II), and Ni(II) acrylates and Co(II) (nor-
mal) and Fe(III) (acidic) maleates in the self-gener-
ated atmosphere afforded composites, whose metal-
containing component was represented by oxide
nanoparticles with the diameter that did not exceed
50 nm for the acrylates and 20 nm for the maleates.
The polymer matrix of the composites has a cross-
linked structure with a system of conjugated multiple
bonds. The composition of the polymer matrix for the
acrylates is R–[–CH2–CH–CH2–CH–]x2–R (R =
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·CH=CH–CH=CH·), and that for the maleates is
‒CH=C–(–CHCH–)n–C=CH–.

The thermolysis in a He atmosphere of normal
Co(II) and Ni(II) and acidic Fe(II), Co(II), and
Ni(II) maleates affords composites containing metal
nanoparticles inserted into the polymer matrix. The
spherical iron particles are up to 150 nm in size, the
size of the cobalt particles is 3–4 nm, and that of the
nickel particles is 4–5 nm. An insignificant compac-
tion of the polymer matrix is observed around the iron
nanoparticles, whereas the cobalt and nickel nanopar-
ticles have the polymer and graphene shells, respec-
tively. The carbon/polymer matrix with the cross-
linked structure includes (–CH=CH–(C)x–·)n frag-
ments [13]. It was shown for the thermolysis of normal
[Co(H2O)2(C4H2O4)](H2O) and acidic
[Co(H2O)4(С4H3O4)2] maleates that no polymer shell
was formed around the cobalt nanoparticles inserted
into the polymer matrix upon the decomposition of
the non-single-phase (crystals + substance amor-
phous to X-rays) samples [14].

The task of the present study is to compare the reg-
ularities of the thermal decomposition of the Fe(II),
Co(II), and Ni(II) salts of maleic (unsaturated) and
ortho-phthalic (aromatic) acids aimed at preparing
composites containing metal nanoparticles inserted
into the carbon/polymer matrix with specified struc-
tures and properties.

EXPERIMENTAL
Crystals of acidic Fe(II), Co(II), and Ni(II) male-

ates and phthalates were obtained by growing from
aqueous solutions using a described procedure [4, 14].

It was found by elemental and X-ray phase analyses
that the composition of the acidic salts corresponded
to the formula [M(H2O)4(C4H3O4)2] for maleates, and
that for phthalates was [M(H2O)6](C8H5O4)2 (M =
Fe(II), Co(II), and Ni(II)).

The content of metals in the precursors and com-
posites was determined by the atomic absorption
method on a Z-8000 AA spectrophotometer. Elemen-
tal analyses to carbon and hydrogen were carried out
on a Euro EA 3000 CHN analyzer. The determination
accuracy in two methods was ±0.5 wt %.

The X-ray study of both the starting salts and
decomposition products was carried out on a DRON-
UM1, a DRON-3M, and a Shimadzu XRD-7000 dif-
fractometers (CuKα radiation, Ni filter, room tem-
perature).

The thermal decomposition processes were studied
by the thermogravimetric (TG), differential thermal
analysis (DTA), and differential thermogravimetric
(DTG) methods in a He f low on a C derivatograph
(MOM, Hungary) with heating to 450°C (accuracy of
temperature measurement ±10°C). The weight of the
samples in experiments was varied from 20 to 50 mg

with an accuracy of weight loss determination of
±0.1% and a heating rate of 2–10 K/min (ceramic
microcrucible as a sample holder, helium flow rate
60 cm3/min). Intermediate phases were characterized
by chemical analysis, X-ray diffraction analysis, X-ray
phase analysis, and IR spectroscopy. Gaseous prod-
ucts were characterized by mass spectrometry.

The IR spectra of the precursors and composites
were recorded on a Vertex 80 FT-IR spectrometer in a
range of 400–4000 cm–1. Samples were prepared as
pellets with KBr.

The gaseous products of the decomposition of the
transition metal maleates and phthalates were studied
on a MI-1201 mass spectrometer in a vacuum of 5 ×
10–8–10–7 Torr with the temperature increase to
~350°C.

The products of the thermal decomposition of the
compounds were studied at different stages by scan-
ning electron microscopy (SEM) on a JSM-6460LV
microscope (JEOL, Japan) and high-resolution trans-
mission electron microscopy (TEM) on a JEM-2010
microscope (JEOL, Japan) with an accelerating volt-
age of 200 keV and a grid resolution of 1.4 Å.

The electron-probe X-ray microanalysis (EDX) of
the elemental composition of the samples was carried
out on a Phoenix spectrometer with the Si(Li) detec-
tor and an energy resolution of about 130 eV.

RESULTS AND DISCUSSION
Acidic maleates [M(H2O)4(С4H3O4)2] (M =

Fe(II), Co(II), and Ni(II)) are isostructural and crys-
tallize in the triclinic crystal system (space group P—1,
Z = 1) [4, 14–17]. The optimization of the growth
conditions by the variation of the temperature and pH
of the medium made it possible to obtain the isostruc-
tural series of acidic phthalates [M(H2O)6](C8H5O4)2
with similar cations, whose unit cell parameters were
calculated in terms of the monoclinic crystal system
(space group P21/c, Z = 4) [18–20].

In the structures of the acidic Fe(II), Co(II), and
Ni(II) maleates, the metal atom is located at the center
of a slightly distorted octahedron, whose vertices are
occupied by four oxygen atoms of the water molecules
and two oxygen atoms of the monodentate ligands of
maleic acid. The stabilization of the seven-membered
ring of each ligand is favored by the short intramolec-
ular hydrogen bond O···H–O. The O···O distance
increases insignificantly in the series of the acidic
maleates (from 2.426 to 2.436 Å). The linking of the
oxygen atoms of the carboxyl and hydroxyl groups by
intermolecular hydrogen bonds results in the forma-
tion of a porous cross-linked structure [4, 15].

The structures of the acidic phthalates of similar
transition metals are layered. The coordination poly-
hedra of the metal atoms are slightly distorted octahe-
dra with the oxygen atoms of the H2O molecules in the
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vertices. The layer of the octahedra is joined by hydro-
gen bonds with one of the double layers of the phthal-
ate anions. In another layer, the carboxyl groups are
turned toward the octahedral plane and join the biph-
thalate anions into chains by hydrogen bonds as well
[18–20]. No intramolecular hydrogen bond was
observed in the anion.

The difference in bond lengths between the metal
atom and oxygen atoms of the water molecules should
be mentioned for the structures of both acidic male-
ates and phthalates. For example, the M–O(H2O) dis-
tances in the coordination octahedron of the acidic
Co(II) and Ni(II) maleates are 2.043(1), 2.129(1) and
2.024(1), 2.083(1) Å, respectively [17]. At the same
time, in the acidic phthalates these distances are
somewhat longer for the cobalt (from 2.054(1) to
2.182(1) Å) and nickel (from 2.036(1) to 2.095(1) Å)
compound [19, 20]. The M–O(ligand) bond lengths
in the structures of the acidic maleates decrease from
Fe(II) (2.157(1) Å) to Ni(II) (2.078(1) Å) [17].

A comparison of the thermolysis of the acidic
Fe(II), Co(II), and Ni(II) maleates and phthalates
(Fig. 1) on heating in a He atmosphere to 450°C made
it possible to establish that these processes can con-
ventionally be divided into three stages in both cases.
The stepwise dehydration of coordinated water at the
first stage of both compounds is determined by struc-
tural factors. The decomposition at the second stage is
accompanied by the elimination of 50% carboxylate
anions (maleate or phthalate anions, respectively).
The decarboxylation of the salts at the third stage is
accompanied by the formation and growth of metal
nuclei and polymerization of organic products.

The higher temperatures of the dehydration onset
of the acidic transition metal maleates compared to
those for the acidic phthalates at a fairly small differ-
ence in the M–O(H2O) bond lengths in the coordina-
tion octahedron can be explained by intermolecular
hydrogen bonds in the maleate structures. In the series
of transition metals, the temperatures increase for
both maleates (Fe (65, 100°C) < Co (70, 110°C) < Ni
(105, 130°C)) and phthalates (Fe (50, 65°C) ≤ Co (50,
75°C) < Ni (75, 105°C)), which is consistent with the
structural parameters: the M–Owater bond lengths
decrease in this series.

The chemical, IR spectroscopic, and X-ray phase
analyses of the intermediate phase and the compari-
son of the weight loss in the TG curve with the theo-
retical value show that no complete H2O removal
(ν(OH) = 3400 cm–1) occurs after the end of the dehy-
dration of all compounds. The diffraction patterns
indicate that all samples are amorphous to X-rays at
the end of the first stage.

According to the thermogravimetric and mass
spectrometric data, for the decomposition of both
acidic maleates and phthalates, 50% carboxylate
anions are eliminated at the second stage and undergo
the further destruction. The gaseous decomposition

products of the acidic maleates are vapors of H2O,
maleic anhydride C4H2O3, acetylene C2H2, CO, CO2,
and aldehydes of propanedionic (CH4(СO)2) and

Fig. 1. Thermograms of the decomposition of the acidic
(———) maleates and (– – –) phthalates: (a) Fe(II),
(b) Co(II), and (c) Ni(II). 
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acetylenecarboxylic (C2H2CO) acids. In the acidic
phthalates, the eliminated half of the phthalate dian-
ions decomposes to water and phthalic anhydride.

The higher onset decomposition temperatures at
the second stage for the acidic maleates compared to
the acidic phthalates can be explained by the coordi-
nation bond between the metal atom and oxygen
atoms of the carboxyl groups in the structures of the
maleates [4]. In the structures of the acidic phthalates,
the metal atom in the octahedron is coordinated only
by the oxygen atoms of the H2O molecules. The onset
decomposition temperatures in the series of the acidic
salts increase at this stage: for maleates, Fe (120°C) <
Co (125°C) < Ni (140°C); and for phthalates,
Fe (90°C) < Co (100°C) < Ni (135°C).

The absorption spectra of the acidic maleates and
phthalates after the second stage are identical to the
spectra of the dehydrated normal salts, indicating that
the latter are intermediate phases [4, 21].

The decarboxylation of the acidic maleates at the
third stage starts almost at the same temperature as
that for the phthalates. In the series of the transition
metal salts, the temperatures decrease: for maleates,
Fe (355°C) > Co (350°C) > Ni (300°C); and for
phthalates, Fe (365°C) > Co (340°C) > Ni (300°C).

An analysis of the thermogravimetric, IR spectro-
scopic, and mass spectrometric data indicates that the
last decomposition stage of the acidic maleates and
phthalates proceeds in two steps. The diffraction pat-
terns of the decomposition products of the salts con-
tain reflections of the metals already at the initial
stage, and the reflection intensity increases as the pro-
cess occurs.

The studies by the SEM, TEM, and EDX methods
showed that, in both cases, the decarboxylation at this
stage was accompanied by the growth of metal nuclei
and polymerization of organic thermolysis products to
form both the carbon/polymer matrix and a polymer
or graphene shell around the nanoparticles.

The gaseous products of the decomposition of the
acidic Fe(II), Co(II), and Ni(II) maleates at the third
stage are similar to the products at the second stage.
The thermolysis of the acidic phthalates is accompa-
nied by the evolution of CO2, diphenylene C12H8, and
fluorene (C6H4)2CH2.

In all cases, the composites, being solid residues of
decomposition, are black powders consisting of the
metal-containing component, organic polymer, and
amorphous carbon.

The α-Fe modification with an impurity of oxides
Fe2O3 and Fe3O4 was found by the X-ray phase analy-
sis in the composites upon the decomposition of the
acidic Fe(II) maleates and phthalates. The composites
obtained by the decomposition of the Co(II) com-
pounds contain the β-Co modification and impurities
of the α-Co modification and two oxide phases: CoO
and Co3O4. The content of O2 in the composites

obtained by the decomposition of the acidic iron and
cobalt phthalates is 1.8 and 0.5 wt %, respectively,
compared to 0.7 and 0.1 wt % in the composites pre-
pared by the decomposition of the acidic maleates of
similar metals. Only metallic nickel is formed by the
decomposition of the Ni(II) maleates and phthalates.

The compositions of the metal component in the
composites obtained by the decomposition of the
maleates and phthalates differ unsubstantially,
whereas the differences in the compositions and struc-
tures of the polymer matrix are drastic. The C : H ratio
in the composites with Fe and Co obtained by the
decomposition of the acidic maleates is ~3 : 2, the
ratio is 5 : 2 in the composite with Ni, whereas this
ratio is ~2 : 1 in the composites with iron, cobalt, and
nickel formed upon the decomposition of the acidic
phthalates.

A distinctive feature of the IR spectra of the com-
posites obtained by the decomposition of the acidic
phthalates is the presence of bands at 1585 and
1485 cm–1 (ν(C=C)), which can be attributed to the
aromatic ring vibrations. All the spectra contain
absorption bands in a range of 3030 cm–1 assigned to
ν(C–H) and 750 cm–1 characteristic of the δ(C–H)
vibrations. The bands at 1600–1620 cm–1 correspond
to vibrations of the ν(C=C) multiple bond of alkenes,
and weak absorption bands in a range of 1720–
1730 cm–1 correspond to ν(C=O), which is explained
by the oxidation of the carbon groups on the compos-
ite surface. It can be assumed that the decomposition
of the acidic maleates results in the formation of a
matrix containing (–CH=CH–C–)n fragments,
and the decomposition of the acidic phthalates affords
(–(C6H4)–C–C–CH=CH–C–C–)n fragments.

It was established by SEM that all composites
obtained by the decomposition of the acidic maleates
consisted of aggregates with the sizes from 50 nm to
several μm, whereas those prepared by the decompo-
sition of the acidic phthalates consist of larger aggre-
gates, whose size reaches several tens of μm (Fig. 2).

The TEM images show that the matrix of the com-
posites obtained by the decomposition of the acidic
phthalates is more disordered compared to that of the
composites prepared by the decomposition of the
acidic maleates. The size of the iron nanoparticles sta-
bilized by the latter almost does not differ for these
classes of compounds. The diameter of the cobalt and
nickel nanoparticles (Fig. 3) decreases on going from
the composites obtained by the decomposition of the
acidic phthalates to maleates. The difference in the
catalytic activity of the metals explains the absence of
a shell around the Fe nanoparticles and the presence
of the polymer shell around the Co nanoparticles and
the graphene shell around the Ni particles. Spherical
polymer layers containing no metal were mainly found
in the composites obtained by the decomposition of
the acidic phthalates only. Metal-containing nanopar-
ticles without a shell were observed on the composite
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surface for the decomposition of the acidic Co(II) and
Ni(II) phthalates.

The X-ray spectra of the composites obtained by
the thermolysis of the acidic phthalates show an
increase in the intensity of the OK reflections com-
pared to those of the acidic maleates (Fig. 3).

A comparison of possible routes for thermal trans-
formations during the decomposition of the acidic
Fe(II), Co(II), and Ni(II) maleates and phthalates
allows one to assume at least two processes in both
cases: the radical polymerization of the organic ther-
molysis products with the formation of the polymer
matrix and the catalytic polymerization on the surface
of the metal particles.

The processing of the thermogravimetric curves for
the third stage of the decomposition of the acidic
Co(II) and Ni(II) maleates using the modified
Ozawa–Flynn–Wall method indicates in favor of this
assumption. The kinetic curves of the reactions in the
initial step obey the first-order equation of nucleation
f(α) = (1 – α). The second step of the decomposition
of acidic cobalt maleate is satisfactorily described by

the self-compressed sphere equation f(α) = (1 – α)2/3,
whereas that of nickel maleate is described by
the Prout–Tompkins autocatalytic equation f(α) =
α(1 – α) [22, 23], which is consistent with the struc-
ture of the composites obtained by the decomposition
of these compounds, in particular, by the presence of
the polymer shell around the Co nanoparticles and the
graphene shell around the Ni nanoparticles.

When processing the curves by the method of the
non-isothermal kinetics, the first step of Co(II)
phthalate decarboxylation [24] obeys the first-order
kinetic equation f(α) = (1 – α), while the second
step obeys the Avrami–Erofeev equation f(α) = (1 –
α)[–ln(1 – α)]2/3, indicating the reaction mechanism
including nucleation followed by the nuclei growth. A
specific feature of the decomposition kinetics of dehy-
drated Ni(II) phthalate [25] is the possibility to
describe the decarboxylation step by the second-order
equation f(α) = (1 – α)2, which is applicable to reac-
tions in the homogeneous phase and can be extended
over the amorphous matrix as well.

Fig. 2. SEM images of the composites obtained by the decomposition of the acidic maleates and phthalates: (a, c) Co(II) and
(b, d) Ni(II). 
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The distinction in the formal kinetic description of
the processes can be attributed to the difference in the
structures of the composites obtained by the decom-
position of the maleates and phthalates. The content
of a large amount of cobalt-containing nanoparticles

without a shell in the composites obtained by the
decomposition of Co(II) phthalate makes it possible
to use the geometric model of nuclei growth for the
description of the process, whereas the presence of
polymer spheres without nickel nanoparticles in the

Fig. 3. TEM images and X-ray spectra for the composites obtained by the decomposition of the acidic Ni(II) (a, c) maleate and
(b, d) phthalate. 
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composites formed upon the decomposition of Ni(II)
phthalate is a model for the reactions in the homoge-
neous phase (Fig. 2).
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