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Synthesis of graphite-based lead composites and
modification of their physicochemical and

electrochemical properties
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The present work describes preparation of a graphite lead composite, its modification and the examination

of basic physicochemical and electrochemical properties. Graphite lead composites are the products of

reaction of lead chloride with flaky graphite performed in a molten salt system. The process was carried
out at 450 °C for 96 hours. In the second stage, the obtained composites were subjected to thermal or
chemical treatment in order to modify their physicochemical properties. The structure of the as

prepared material has been examined by X-ray diffraction analysis. Transmission electron microscopy

analysis (TEM) along with energy dispersive spectroscopy (EDS) have been used to determine the size as
well as the distribution of Pb particles. To study the electrochemical properties of graphite-based lead
composites, cyclic voltammetry and galvanostatic methods have been used. It has been proved that the
thermally modified compound at 600 °C contains on its surface spherical particles of lead chloride and/
or oxide with diameters varying from hundreds of nanometers to several micrometers. The acquired

electrochemical results revealed that graphite/Pb composites exhibit good electrochemical activity
towards the reversible reaction of Pb — Pb?" oxidation. Charge associated with the reversible

Received 13th December 2023
Accepted 21st March 2024

transformation of Pb to Pb2* amounts to 15.72 C g~* and 14.62 C g~* for the original compound and the

compound heated at 600 °C, respectively. It has been also proved that the highest level of structure
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1. Introduction

Despite its highly toxic nature, which causes serious environ-
mental problems, lead is widely used in many electrochemical
systems. The most common electrochemical device based on
lead is the lead-acid battery, in which positive and negative
electrode are based on PbO, and Pb, respectively."* Lead-acid
batteries are cost-effective secondary cells with well-developed
production technology and good availability of all raw
materials.>® Due to the safety of use, high tolerance to over-
charging and resistance to wear and tear they have been widely
used in SLI systems (starting, lighting and ignition), hybrid
electric vehicles (HEV), and energy storage system.®” Moreover,
spent lead-acid batteries can be recycled and reused to create
new batteries (recycling rates in the United States of America
and the European Union have reached 98-99%).° Recently,
many studies have proven that adding a small amount of carbon
material to the negative Pb electrode improves the performance
of lead-acid batteries.*'* Among the carbon additives, the
following  materials can be distinguished: carbon
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modification of the composite is reached by its chemical treatment with hydrogen peroxide. However,
the mentioned modification leads to the removal of the entire lead from the structure of the graphite matrix.

nanotubes,**? carbon black,"*** activated carbons,*>*¢ activated
carbon fibers'” and graphite.'® The use of the above-mentioned
materials contributes to increment in porosity and electron
conductivity as well as to inhibition of sulfation of the negative
plate.*® The presence of carbon also lowers the hydrogen
evolution over-potential at the negative electrode.”® Moreover,
the differences in the physicochemical properties of the carbon
material and the active mass of the negative electrode result in
a weak bonding strength between the two components, which,
to some extent, eliminates the positive impact of the carbon
additive used.*® To overcome those obstacles, carbon materials
can be replaced by their composites with lead or lead oxide.****
Carbon-lead composites, in particular C-PbO,, can also be used
as anodes in electro-oxidation processes of organic pollutants.
Their high activity, comparable to boron-doped diamond (BDD)
electrodes arises from the combination of the developed
specific surface of the carbon matrix with high electroactivity of
PbO, in the reaction of -OH radicals formation. Additionally,
the generated -OH radicals are loosely physisorbed on the
electrode surface, thus allowing their reaction with organic
molecules near the electrode. Although BDD electrodes provide
higher degrees of mineralization, C-PbO, electrodes are
cheaper and simpler to prepare, simultaneously exhibiting
greater stability.>® In the scientific literature, one can find
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examples of practical application of such composite material as
PbO,-nitrogen-doped carbon nanosheets,” PbO,-graphene
nanoribbons,*® carbon felt-PbO, (ref. 29) or black carbon-
PbO,.** They are used for electro-oxidation of sulfamethoxazole,
mixture of phenolic compounds, diuron herbicide and pesti-
cide wastewater or antibiotic wastewater, respectively.

Finally, recent researches indicate the possibility of use of C-
Pb and C-PbO as anode materials in Li-metal batteries®* and
lithium-ion batteries to improve some of their operational
parameters.**>*

In this paper, the graphite-lead chloride composite was
prepared by reaction of graphite flakes with PbCl, in molten salt
system. Flaky graphite was chosen as the carbon matrix in the
presented investigations because our goal was to obtain an
intercalation compound of graphite with lead chloride and iron
chloride. On the other hand it is widely known, that the inter-
calation process is possible only in the case of graphite or
carbon materials showing a graphitic structure (presence of
graphene layers). The obtained compound was further modified
by heat and chemical treatment. The electrochemical properties
of all the reached materials were examined using cyclic vol-
tammetry and galvanostatic methods, and the gained results
were correlated with data acquired from physicochemical
analyses. To our best knowledge, the present work for the first
time describes electrochemical properties of graphite interca-
lation compound with lead chloride. In literature there is no
papers providing an essential information in term of GIC with
lead chloride subjected to electrochemical characterization.
Our goal was to achieve composite electrode exhibiting catalytic
activity related with Pb catalyst, allowing its application as
a potential material in lead-acid battery or in the degradation
processes of selected organic pollutants. Moreover, further
investigations have been done to determine the influence of
heat and chemical treatment on the morphological and struc-
tural properties of the obtained compound, and thus on its
electrochemical properties. Therefore, the investigations per-
formed can be regarded as a novel solutions in the field of
graphite intercalation compounds.

2. Experimental

2.1. Synthesis of graphite-lead composites

The molten salt method was used to produce graphite interca-
lation compound with lead chloride and iron -chloride.
According to the literature, iron chloride can also be interca-
lated in graphite using the electrochemical mode or solvent
method, but there is no information about an alternative
intercalation method for PbCl, intercalation. Purified flaky
graphite (99.98 wt% C, flakes 100 pm in diameter, Sigma-
Aldrich) and anhydrous lead chloride (for synthesis, Sigma-
Aldrich) with addition of anhydrous iron(m) chloride (min
98%, Riedel-de Haén) were placed in the glass tube reactor. The
molar ratio of metal salts to graphite was chosen to be 1:6,
whereas molar ratio of PbCl, to FeCl; was set to 9:1, respec-
tively. In the next step, argon was passed through the reactor to
remove air, and then the reactor was tightly sealed. The
synthesis was carried out at the temperature of 450 °C for 96 h.
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The intercalation process parameters have been chosen on the
basis of our previous studies.***” After completing the process,
the obtained material was filtered and washed with a dilute HCI1
solution to remove unreacted salts. Then, the reached material
was rinsed with water and stay to dry at ambient temperature.
Finally, the synthesized compound was subjected to thermal
and chemical treatment in order to modify its morphological
and structural properties, in consequence, to change the elec-
trochemical activity of the prepared composites. Thermal
modification of the previously obtained graphite based
composite was carried out in air atmosphere for 4 min at the
temperature of 600 and 800 °C, while the chemical treatment
involved a 48 h reaction of obtained compound in a 30%
hydrogen peroxide solution.

2.2. Material characterizations

The crystalline structure of as prepared composite materials
was analyzed using the X-ray diffraction (XRD) method (Philips
PW-1710 diffractometer). A scanning electron microscope
(SEM) (Hitachi S-3400N) equipped with an energy dispersive
spectroscopy (EDS) detector was used to determine the
morphology and the surface chemical composition of the tested
materials. The mass loss caused by thermal treatment has been
examined using thermogravimetric (TG) analysis (SETARAM
Setsys 12).

2.3. Electrochemical measurements

All of electrochemical investigations were carried out at
ambient temperature using a potentiostat-galvanostat
PGSTAT30 AutoLab (EcoChemie B.V.). To examine the electro-
chemical activity of the obtained composites, the cyclic vol-
tammetry (CV) and galvanostatic methods were applied. The
preparation process and construction of the powder type
working electrode were as follows. First, a graphite rod (3 mm in
diameter) acting as a current collector was placed in a porous
polymer pocket (5 mm in diameter). Then, the examined
material was poured in and lightly pressed with a polymer fabric
to avoid washing out the electrode material. All measurements
were carried out in a three-electrode cell filled with 1 M H,SO,
solution. A mercury/mercurous sulfate electrode (Hg/Hg,SO,/
1 M H,S0,) was used as a reference electrode and graphite rod
was playing a role of counter electrode. Cyclic voltammetry (CV)
measurements were conducted in different potentials ranges
with a scan rates of 1 and 10 mV s '. After starting the
measurement from the rest potential of the electrode, the
potential was scanned towards negative potentials. Current
densities of 30 mA g~ (cathodic) and 10 mA g~ " (anodic) were
used to perform galvanostatic measurements.

3. Results and discussion

SEM images depicting the morphology of the obtained
graphite-PbCl, composite as well as products of its thermal and
chemical treatment are shown in Fig. 1. As can be seen from
Fig. 1a and b, the examined composite material consists of
graphite flakes with a rough and cracked surfaces, without the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 SEM images of the original graphite—PbCl,—FeCls composite (a
and b), graphite—PbCl,-FeCls composite heat treated at 600 °C (c and
d) and 800 °C (e and f), chemically modified graphite—PbCl,—FeCls-
composite (g and h).

possibility of distinguishing lead chloride particles. Therefore,
at first sight, it can be concluded that synthesised material does
not contain a lead. However, the situation completely changes
in case of material subjected to heat treatment at 600 °C (Fig. 1c
and d).

Graphite flakes of thermally modified compound are covered
by spherical particles of lead chloride and/or oxide with diam-
eters varying from hundreds of nanometers to several
micrometers. The described particles are mostly located at the
edges of the graphite flakes (Fig. 1d). After increasing the
temperature of heat treatment to 800 °C, in turn, only graphite
flakes are visible on SEM images (Fig. 1e and f). The surface of
the flakes is much more damaged with lack of even a trace
amount of Pb particles. Finally, Fig. 1g and h show morphology
of the composite material affected by chemical modification
that was carried out in 30% hydrogen peroxide solution. Firstly,
as in the case of heat treatment at 800 °C, neither PbCl, nor PbO
particles can be distinguished in the presented images.
Secondly, it can be noticed that some of the graphite flakes
undergo significant morphological changes by their multiple
splitting and wrinkling of graphene layers. This led to
a tremendous increase in the volume of the flakes along the
crystallographic axis c¢. The described process is called

© 2024 The Author(s). Published by the Royal Society of Chemistry
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exfoliation and takes place when some atoms, ions or molecules
being previously incorporated-intercalated between the gra-
phene layers undergo thermal, chemical or electrochemical
decomposition resulting in formation of gaseous products.
These gases are accumulated within the graphite structure until
the point when the limit pressure is exceeded causing their
rapid ejection accompanied by the creation of morphological
changes.*®** The occurrence of exfoliation process constitutes
evidence that during the preparation process of graphite-lead
chloride composite, the intercalation of PbCl, and possibly
FeCl; takes place. At this point, it is important to explain the
role of iron(m) chloride in entire process of composite forma-
tion. It is well known that this salt easily undergoes intercala-
tion into the graphitic materials by various chemical (molten
salt) or electrochemical methods. Moreover, it is proven that
FeCl; can be used as a catalyst enabling the intercalation of
other molecules, also undergoing co-intercalation itself.*
Taking into account the above mentioned observations, the
following assumption can be made: during the preparation
process of graphite base compound, conducted in the molten
salt environment, metal chlorides undergo intercalation into
the structure of graphite flakes. This explain why no particles of
PbCl, are visible on the graphite surface. Heat treatment carried
out at the temperature of 600 °C causes the melting of inter-
calated salt particles (lead chloride), which has a much lower
melting point than iron chloride, thus allowing their diffusion
to the edge areas of the graphite flakes and further to their
surface. Raising the temperature to 800 °C leads to evaporation
of lead chloride, so no trace of its particles can be found on SEM
images (Fig. 1e and f). The mentioned evaporation brings about
an additional damage to the graphite flakes of the heated
compound. It should be noted that heat treatments carried out
at temperatures of 600 and 800 °C are accompanied by signifi-
cant sample loss, reaching 2 and 50%, respectively. Although
chemical treatment leads to exfoliation of compound flakes, it
probably also contributes to the leaching of the lead-based
intercalate according to eqn (1)), so no particles can be seen
in the SEM images (Fig. 1g and h).

GIC-PbCl, + H,0, — GIC-O + PbCl, + H,0 (1)

The above mentioned suppositions are in accordance with
the EDS (Fig. 2, Table 1) and TG (Fig. 3) results. EDS analysis
indicates that the obtained graphite-PbCl,-FeCl; composite
does not contain lead chloride on the surface of graphite flakes,
but trace amounts of iron chloride were detected. This fact
suggests that all PbCl, applied in the preparation process was
either intercalated into the graphite interlayer spaces or washed
out during the purification process. In the case of material heat
treated at 600 °C, the presence of lead compounds (chlorides
and/or oxides) on the graphite surface was confirmed. An
increment in temperature to 800 °C results in the complete
removal/evaporation of lead compounds from the surface of the
tested material. The above statement is confirmed by the ther-
mogravimetry (TG) and difference thermogravimetry (dTG)
diagrams (Fig. 3), which show that the decomposition of the
examined material begins at the temperature of around 500 °C.
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Fig. 2 EDS spectra for the examined composites.

In the first stage, the observed loss of sample weight may be
related to the transformation of metal chlorides into their oxide
form, which illustrates a significant increase in O to Cl ratio
(EDS results) (Table 1). At the temperature of 700 °C, the second
stage of thermal decomposition occurs, which is most likely
attributable to the evaporation of lead chloride/oxide. This
phase leads to a more significant weight loss of the heat treated
composite. It should be emphasized that the degradation
process of graphite flakes may be also responsible for the
decrease in mass of the examined material (Fig. 1f).

In case of composite subjected to chemical modification in
30% hydrogen peroxide, the gained EDS data do not indicate
the presence of Pb on its surface. Such a behaviour suggests that
during the 48 hour chemical process, the entire lead was
washed out from the graphite matrix.

XRD patterns for all investigated composite materials are
shown in Fig. 4.

As can be seen in the main figure, the XRD patterns mainly
involve signals related to the structure of crystalline graphite.
The highest intensities of the graphitic peak was recorded for
the thermally exfoliated graphite intercalation compound
(EGIC) at 800 °C, while the lowest peaks are noted for EGIC
gained from chemical and thermal at 600 °C treatment. The
highest degree of structural order of graphite crystal lattice is
observed for the compound modified at 800 °C. The mentioned
effect arises from the fact that almost entire removal of PbCl,
intercalate from graphite matrix occurs without accompani-
ment of structural changes. In contrast, the low crystallinity of
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Fig. 3 TG (a) and DTG (b) diagrams for graphite—PbCl,—FeCls
composite.

sample subjected to heat treatment at 600 °C is due to the
presence of a part of intercalate molecules between the gra-
phene sheets. From SEM analysis it is known that chemical
modification carried out in a 30% hydrogen peroxide solution
leads to PbCl, removal and oxidation of iron chloride. The
mentioned process are accompanied by a significant structural
changes within the examined material, and in consequence, the
decrease in crystallinity of graphitic structure. The inset in Fig. 4
highlights the signals associated with lead and iron interca-
lates. Peaks related to Pb can be distinguished in the patterns
recorded for the originally obtained compound as well as for the
product formed during its thermal modification at 600 °C.**** It
means that chemical modification in H,O, as well as heat
treatment at 800 °C result in almost complete removal of lead
from the investigated compounds. Contrary to the EDS surface
analysis, XRD measurements revealed the presence of Pb within
the originally obtained compound. This can be attributed to the
fact that the depth of XRD analysis by radiation beam is bigger
as compared to the EDS analysis. Stronger or weaker signals
corresponding to the presence of iron chloride/oxide are visible
on all spectra presented.*>** It should be emphasized that the
described XRD results are consistent with SEM and EDS
analysis.

Electrochemical properties of all prepared composites were
tested by cyclic voltammetry and galvanostatic methods. Fig. 5
shows voltammetric curves recorded in 1 M H,SO, water solu-
tion in the potential range from —1.9 to 0.2 V with a scan rate of
10 mV s~ . During the cathodic polarization, a current peak
related with the reduction of Pb** to Pb° in original compound
emerges in the potential range from —0.95 to —1.45 V (black
line). Further lowering of the potential causes an increase in the
cathode current density as a result of the hydrogen evolution
reaction. After reversal the polarization direction, the oxidation
of metallic lead to Pb®" occurs which is illustrated by the anode

Tablel Chemicalsurface composition of the original graphite—PbCl,—FeCls composite and materials subjected to chemical and heat treatment

[at%]

C (6] Cl Pb Fe
Graphite-PbCl,-FeCl; 92.53 3.27 2.87 0.00 1.33
Graphite-PbCl,-FeCl; heated at 600 °C 85.43 7.18 3.97 1.76 1.66
Graphite-PbCl,-FeCl; heated at 800 °C 87.17 10.85 0.33 0.00 1.65
Chemically modified graphite-PbCl,-FeCl; 86.23 11.11 1.58 0.00 1.08
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Fig. 4 XRD patterns for the examined composites.
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Fig. 5 Cyclic voltammetry curves recorded for the examined
composites in 1 M H,SO4 water solution in the potential range from
—19Vto 0.2 V. Scan rate 10 mV s %,

peak with maximum at the potential of —0.75 V.***¢ After
reaching the potential of —0.08 V, an anodic peak depicting
oxidation of Fe>* to Fe*" is observed. After changing the direc-
tion of back to cathodic, the reverse reaction (reduction of Fe**
to Fe**) spreads within the potential range from 0.1 to —0.1 V¥
An appearance of signals arising from for both components
(lead and iron) indicates that both metals are present within the
matrix of the examined compound.

Similar character exhibits voltammetric curve noted for GIC-
PbCl,-FeCl; beforehand underwent heat treatment at 600 °C
(Fig. 5, red line). In this case, cathodic peak associated with Pb**
reduction involves two current maxima, which suggests some
changes in the reaction mechanism caused by heat treatment.
Additionally, current densities related with the redox reaction of
Pb are slightly lower in comparison with the signals noted for
unmodified compound. In contrast, the peaks associated with
the oxidation/reduction of iron are almost three times higher,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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which means that heat treatment has much stronger impact on
iron rather than lead component. After increasing the temper-
ature of the modification process from 600 °C to 800 °C, the Pb
oxidation/reduction peaks completely disappear, while the
intensity of the redox signals for iron further increases (Fig. 5,
green line). The above described behaviour is consistent with
the results of SEM, EDS and XRD analyses proving that thermal
modification carried out at 800 °C leads to the evaporation of
lead from the graphite matrix and at the same time the activity
of the iron catalyst increases. It should be also emphasized that
the electroactivity of the heat treated compound in the
hydrogen evolution reaction increases significantly after heat
treatment at 800 °C accompanied by the removal of Pb. Similar
effect has been achieved for compound subjected to chemical
treatment in 30% hydrogen peroxide solution (Fig. 5, blue line).
The main difference is associated with over twice lower current
densities for Fe reactions in comparison to the material heat
treated at 800 °C. For better separation of cathodic peaks
depicting reactions of Pb>" reduction and hydrogen evolution,
CV measurements were recorded at a lower scanning rate (1 mvV
s~') in a potential range from —1.3 to 0.2 V. The recorded vol-
tammetric curves for all examined materials are shown in Fig. 6.
From the comparison of curves recorded for original compound
and that heat treated at 600 °C, it can be noticed that for both
electrode materials the reduction of Pb*" occurs according to
two step reaction, which is illustrated by two partially over-
lapped peaks. However, the participation of individual signals
differs for each material. The total charges calculated for the
mentioned reduction peaks and the corresponding anodic
signals equal 30.68 C g~ and 17.80 C g ' for the original
compound and 24.82 C g 'and 14.20 C g~ ' for heat-treated
compound. The above calculations show that the reversibility
of the Pb < Pb* reaction is at the same level for both examined
materials and amounts to 58% and 57%, respectively, for orig-
inal and heat treated compound. As in the case of a higher
scanning rate of 10 mV s ' (Fig. 5), voltammetric curves
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Fig. 6 Cyclic voltammetry curves recorded for the examined
composites in 1 M H,SO4 water solution in the potential range from
-1.3Vto 0.2 V.Scanrate 1 mV s~
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recorded for compounds subjected to thermal and chemical
modification at 800 °C do not involve current signals related to
the lead catalyst (Fig. 6, green and blue lines).

In the last stage of the conducted researches, galvanostatic
measurements were carried out. During these investigations,
the examined electrodes were firstly subjected to cathodic
reduction by passing a constant current with a density of
30 mA g for 3600 s, and then oxidized with an anode current
with a density of 10 mA g~ '. The cut-off potential was set to
—0.15 V. As can be seen from Fig. 7, the forced cathode current
causes different changes in the measured potential values
depending on the type of electrode investigated. In case of
materials without a lead catalyst (those modified at 800 °C and
hydrogen peroxide), an approximately constant level of cathodic
potential was obtained. The lower values of the potential noted
for a chemically modified material are related with its more
developed surface, which was proved by SEM analysis. For both
materials described above, changing the current from cathodic
to anodic causes a rapid increase in potential up to the cut-off
value, which is due to the lack of Pb content in the examined
electrode material. Completely different behaviour is observed
for electrodes made of original compound and the composite
thermally treated at 600 °C (Fig. 7, black and red lines). During
the cathodic process, two plateaus can be distinguished on the
recorded curves. The first plateau depicts the reduction of Pb**
to Pb° whereas within the second one, the evolution of
hydrogen occurs. After reversing the polarization from cathodic
to the anodic one, a constant potential value of —0.9 V is ach-
ieved, which is associated with Pb oxidation. It should be
emphasized that, similar to CV measurements, the charge
associated with the reversible transformation of Pb to Pb*" is
very close for both materials and amounts to 15.72 C g ' and
14.62 C g ' for the original and heat-treated compound,
respectively. The lower values of the potential for GIC heated at
600 °C recorded upon cathodic treatment may result from the
lower conductivity of the examined material caused by the
oxidation of iron and lead chlorides to their oxides.

00
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Fig. 7 Galvanostatic curves recorded for the examined composites in
1 M H,SO4 water solution.
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4. Conclusions

The molten salt method was successfully used to produce
graphite-PbCl,-FeCl; composite. SEM analysis showed that the
obtained compound consists of graphite flakes mainly covered
with iron chloride particles. Moreover, by analyzing the influence
of heat and chemical treatment on the morphology of the ob-
tained compound, it was found that lead chloride particles are
located between the graphene layers of the composite graphite
matrix, thanks to which the obtained material can be considered
as a graphite intercalation compound. Based on SEM images, it
can be also concluded that chemical treatment carried out in 30%
hydrogen peroxide leads to significant changes within the
morphology of examined material, which is manifested by
multiple splitting and wrinkling of graphene layers. This behav-
iour contributes to a huge increase in volume of the flakes along
the crystallographic axis ¢. Ultimately, SEM images have revealed
that in consequence of heat treatment carried out at the
temperature of 600 °C, Pb particles with diameters varying from
hundreds of nanometers to several micrometers move from the
interlayer spaces of graphite flakes to their edge areas. A similar
effect is achieved after chemical modification which was per-
formed in 30% hydrogen peroxide solution. Electrochemical
investigations curried out by cyclic voltammetry method revealed
that the previously obtained compound and the product of its
thermal modification at 600 °C exhibit electrochemical activity
related with the lead and iron catalysts. Current peaks associated
with the Pb component have a similar charge for both materials.
On the other hand, materials subjected to heat treatment at 800 ©
C and chemical reaction with H,O, do not exhibit electrochemical
activity, which is typical observed for lead. Finally, the mentioned
findings concerned electrochemical activity of the as prepared
materials have been confirmed by galvanostatic measurements.
Charge associated with the reversible transformation of Pb to Pb>*
amounts to 15.72 C g~ " and 14.62 C g ' for the original and
heated at 600 °C compound, respectively.

Summarizing, it can be concluded it is possible to obtain
a composite material exhibiting an electrochemical activity
associated with a lead catalyst, which enables its practical
application in selected electrochemical processes. However,
further researches should be conducted to develop a method of
modification that allows for increasing the specific surface area
of the examined compound by multiple splitting and wrinkling
of graphene layers without simultaneous removal of lead from
the modified material.
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