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Abstract
This work reports, for the first time, the sintering of the thermally decomposable lead dioxide at a temperature lower than 290 °C.
Such low-temperature processing is necessary to avoid the transformation of the conductive lead dioxide to the non-conductive
lead oxides via the well-known thermal decomposition processes of lead oxides. Such sintering process provides an important
opportunity to find a way toward an efficient and cost-effective alternative for platinum electrodes for the electrochemical
applications. It has been found that 90% of the theoretical density can be achieved, for lead dioxide body, via cold sintering
process with the help of minor additives of saturated lead nitrate solution and 2 M hydrochloric acid solution. The different
characterization analyses could not detect any undesirable phase, while the cyclic voltametery, BET, and the contact angle tests
confirmed the suitability of the synthesized body for the electrochemical applications.
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Introduction

Platinum, due to its distinct adsorption properties and ease
of fabrication, is the most favorite material to be effectively
used as electrode in a wide range of applications. These
include the fuel cells, batteries, sensors, and detectors
[1–3]. Also, it is an important component in the electro-
chemical synthesis units of important chemicals including
the perchlorates, peroxysulphates, carbohydrates, and
ozone. Moreover, it is widely used in studies on the abate-
ment of recalcitrant pollutants by electrochemical methods
[4]. However, the enormous demand of industry for plati-
num and its high cost led to an increasing tendency to find
out suitable alternatives for platinum [5].

From the electrochemical point of view, lead dioxide
(PbO2) is the most suitable alternative for platinum [6, 7].
It is a cheap inorganic metal-like oxide showing good sta-
bility under high electrical potentials in many environments
[8]. The lead dioxide electrodes are usually synthesized by
electrodeposition of PbO2 layer on different conductive

substrates; these include titanium, graphite, gold, alumi-
num, stainless steel, and lead [9–12]. The high cost of tita-
nium, gold, and graphite and the warping and adhesive
problems of the PbO2 layer on aluminum, stainless-steel,
and lead are still considerable challenges in the use of the
PbO2-coated electrodes [10, 13, 14].

Sintering, in its various types, is the major manufacturing
process for ceramics. However, it could not be used to syn-
thesize a dense body of PbO2 ceramics. This is because of the
decomposition of PbO2, at low temperature of 290 °C, to a
non-conductive phase of lead oxide (Pb12O19). Because of this
engineering challenge, PbO2 is considered yet as an
unsinterable ceramic [15, 16].

Cold sintering process (CSP) is a new sintering technique
which has been recently developed to fabricate ceramics at
low temperatures [17]. The “cold sintering” term was coined
by Gutmans and Rabinkin for sintering many metals using
high pressure and low temperature utilizing the dislocation
motion [18]. Jantunen and her colleagues used the CSP to
fabricate LiMoO4 ceramics without using the “cold sintering”
term to describe their process [19]. Randall and his research
group reinvestigated the CSP and used it to fabricate a vast
range of ceramics and ceramic composites [17]. They also
went a long way to discover the mechanisms of the CSP and
to link their experimental findings to the basic phenomena in
the field of nucleation and crystallization of the materials.
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They provided that CSP is a dynamic processing technique
that starts a lot of new possibilities for fabricating a wide range
of materials including oxides, nitrides, and carbides especially
that with a high sintering temperature, and composites that
could be compatibly co-fired regardless the large difference
in the suitable fabrication temperature and the thermal expan-
sion coefficient between metals, polymers, and ceramics.
Based on that, in the last few years, the CSP has gotten wide
attention for the fabrication of ceramics for many applications
especially the dielectrics and electronics [20–24]. Yan and his
coworker presented a design of caking-inspired cold sintering
to form plastic films in 10 s under the pressure exerted with a
finger [25].

As per our best knowledge, the use of CSP to sinter the
thermally decomposable material was only very recently re-
ported by Randall and his research group [26, 27]. However,
sintering of lead dioxide is not reported before using any type
of sintering process [28–31].

The present article illustrates a research work regarding the
densification of the PbO2 powder utilizing the cold sintering
process. In order to employ an effective CSP, the solid parti-
cles of the ceramic powder must be wetted with a liquid phase
containing congruently soluble anions and cations to promote
the cold sintering process [32]. In the current work, as PbO2 is
water insoluble oxide, HCl solution and saturated aqueous
solution of lead nitrate were selected, after many primary ex-
periments, as solvent and cations supplier, respectively.

Methods and procedures

All the chemicals and materials used in the current work were
used as received without further purification or modification.
A saturated solution of lead nitrates was prepared by dissolv-
ing the appropriate amount of lead nitrate ((Pb(NO3)2, NLT
99.0%, HIMEDIA) in distilled water. A fresh 2 M hydrochlo-
ric acid solution was prepared by dissolving a given volume of
HCl acid (35.4% HCl, NLT 99.9%, CDH) with the suitable
volume of distilled water. The PbO2 powder (PbO2, NLT
99.9%, BTC) was mixed with the lead nitrate solution and
the hydrochloric acid solution using pestle and mortar for 1–
2 min. The ratios of the lead dioxide to lead nitrate solution
and the hydrochloric acid solution in the mixture were 100 g:
2.4 ml: 1.6 ml, respectively.

A freshly prepared mixture was uniaxially pressed under
500 MPa at room temperature of 25 °C for 5 min, then, while
the pressure is hold, the temperature was ramped up to 285 °C
with a rate of 9 °C/min and isothermally kept for 90 min. The
baked sample was left to cool down to room temperature. The
prepared samples have a diameter of 12.77 mm, the same of
the stainless steel die, and thickness of ~ 1 mm. Most of the
characterization method were performed on the “as-prepared”
samples as well as “washed” samples which are, after the

sintering, immersed in water for 24 h, washed with water,
and dried for 3 h at 105 °C.

TEM (Philips CM120) was used in order to investigate the
particle morphology and the particle size of PbO2 starting
powder. The particle size distribution was determined using
a laser particle size analyzer (Bettersize 2000); a small amount
of the starting PbO2 powder was added to distilled water and
subjected to mixing and sonication in order to prepare the
suspension required for the test.

The density of the bulk samples was tested using the mass/
dimension ratio and the Archimedes’ method by using the
distilled water as liquid phase. The phase identification anal-
yses were done using X-ray diffractometer (XRD,
SHIMADZU 6000, Japan) at room temperature using Cukα
radiation (λ = 1.5406 nm), with scanning speed of 5°/min
from 10 to 70° of 2 (Bragg angle) for PbO2 before and after
the CSP with an applied power of 40 kv/30 mA. The test was
performed for the as-prepared dense sample as well as the
washed sample. The samples were milled, by pestle and mor-
tar, and sieved using a 200 mesh sieve then placed on an
aluminum holder to be tested.

FE-SEM (MIRA3-TESCAN) system equipped with ener-
gy dispersive X-ray detector was used to investigate the mi-
crostructure and elemental distribution of the prepared dense
samples. The EDS chemical mapping was performed over a
scanned area of 20 × 20 μm of as-prepared and washed sam-
ple to investigate the chemical and the phase purity of the
prepared samples.

The FTIR study was carried out to characterize the PbO2

powders, lead nitrates, and the bulk samples. The FTIR spec-
tra of the samples were recorded using Shimadzu 1800
(Japan) to evaluate the molecular structure of the functional
group in the prepared samples. The FTIR spectra were record-
ed in the range of 400–4000 cm−1 at room temperature.

Nitrogen adsorption/desorption isotherms were obtained
using (QSURF) surface area analyzer apparatus. Before anal-
ysis, the samples were degassed at 200 °C under a vacuum
inside the apparatus. The isotherms were measured at liquid
nitrogen temperature in order to determine the surface area
and the pores volume.

The prepared specimens were tested with (TH-717) digital
micro-Vickers hardness tester with load of 9.8 N and holding
time of 15 s.

To confirm the hydrophilicity, which is necessary for elec-
trodes, the contact angle measurements were carried out using
an automated contact angle instrument (SL200K series,
KINO). The sessile drop technique was followed using deion-
ized water at 25 °C. For triplicate samples, 3 μL droplet was
automatically dropped on the surface, and the measurement
was achieved within 15 s after the positioning of the drop.

The cyclic voltammetry test (CV) was carried out with an
(Wuhan CorrTest) instrument at a potential scan range of − 1–
0.4 V and rate of 0.001 VS−1. The electrochemical
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performance of two PbO2 samples was investigated at 25 °C
in 2 M KOH solution as an electrolyte. Three electrodes were
utilized in this system: a lead dioxide working electrode, a
platinum disk auxiliary electrode, and SCE as reference elec-
trode. This test was performed to confirm the electrical con-
ductivity of the prepared dense PbO2 samples that make them
suitable to be used as electrode in the electrochemical
processes.

Results and discussion

Figure 1 shows the TEM micrographs of the PbO2 starting
powder which has been used in the current work. It can be
noticed that the particles have a wide range of sizes, all below

250 nm, and various shapes including the spherical and poly-
hedral shapes. Also, the particles are highly aggregated due to
their small sizes that produce a high surface energy.

The particle size distribution of the PbO2 starting powder is
shown in Fig. 2, the particle size extends over a wide range
from 100 up to 50 μm, and the distribution has a multi-model
with D50 of 4.788 μm. These results are in agreement with
that obtained from TEM as the laser particle size analyzer
measures the primary sizes of the particles as well as their
secondary sizes produced due to agglomeration and/or
aggregation.

Table 1 shows the trend of the relative density of the green
and cold sintered samples compacted at different pressures. As
expected, the relative density of the green compacts increases
when the applied pressure increases; however, the relative

Fig. 1 TEM micrographs of
PbO2 starting powder

Fig. 2 Particle size distribution of
PbO2 starting powder
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density of the green compacts does not exceed 76% when the
applied pressure reaches 500 MPa. If a pressure higher than
500 MPa is used, a cracked green sample is produced. It is
clearly seen that each cold sintered sample has a higher rela-
tive density as compared with its corresponding green sample.
This confirms that a densification has occurred due to the cold
sintering process.

The XRD patterns of the PbO2 starting powder, the as-
prepared bulk sample, and the washed bulk sample are giv-
en in Fig. 3. The obtained diffraction data for all these
samples are in full matching with the ICSD cards (01-
073-0851) and (01-072-2440) for α-PbO2 and β-PbO2, re-
spectively. Also, an unknown peak with intensity less than
1% could be noticed at 2θ of 44.1° in the pattern of the
PbO2 starting powder.

The Rietveld method for phase quantitative analysis was
used to compute the percent of each phase before and after
sintering/washing. This method showed that the starting pow-
der is composed of 89.6% α-PbO2 and 10.4% of β-PbO2

revealing that α-PbO2 is the major constituent for the starting
powder. This phase was increased up to 98.5% in the bulk as-
prepared sample indicating that the cold sintering process sta-
bilizes the α-PbO2 phase on the expense of the β-PbO2 phase.

However, washing and drying the sample promote the
transformation of α-PbO2 phase to β-PbO2 phase as the per-
cent of the α-PbO2 phase decreases to 92.4%. It is important
to note that the unknown peak at 44.1° in the pattern of the
starting powder had disappeared after sintering, while a new
unknown peak at 37.7° in the pattern of the as-prepared sam-
ple was observed. The later unknown peak had also disap-
peared after washing. The appearance/disappearance of such
undefined peaks, in addition to the change in the intensity of
theβ-PbO2 peak at 64.3°, confirms that these peaks are related
to phase imperfection rather than the presence of another
phase. This indicates that the cold sintering process does not
cause any detectable thermal decomposition for the lead
dioxide.

The EDS chemical mapping of the as-prepared and the
washed samples is shown in Fig. 4 and Fig. 5, respectively.
This analysis showed that Pb and O, which are homogenously
distributed over the scanned area, are the main constituents in
both samples, and the Na and N impurities are also presence
with low percentage. Two peaks at 6.40 keV and 7.06 keV
were also observed in the as-prepared sample corresponding
to Kα and Kβ spectrum of Fe which contaminated the sample
from the steel die due to the use of the HCl acid.

It can be noticed that N impurity in the washed sample is
presented with nearly the same percentage of the N in the as-
prepared sample; this indicates that N is not belonging to the
Pb(NO3)2 as the lead nitrates are soluble in water. Based on
that and in addition to the XRD results, it is believed that the
lead nitrates were totally decomposed to PbO2 during the
sintering process.

Figure 6a shows the FTIR spectra of the PbO2 powder; the
high intensity bands located in the range 400–500 cm−1 are

Table 1 The trend of the relative density of the green and cold sintered
samples of PbO2 compacted at different pressures

Pressure (MPa) Green relative density (%) Relative density (%)

300 70 84.53

400 71 85.28

500 76 90.00

Fig. 3 XRD patterns of (a)
PbO2starting powder, (b) as-
prepared bulk sample, and (c)
washed bulk sample
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Fig. 4 The EDS chemical
analysis and mapping of the
unwashed sample
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Fig. 5 The EDS chemical
analysis and mapping of the
water-immersed and washed
sample
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associated with the O-Pb-O and the Pb-O-Pb bonds. The
nonstoichiometric nature of PbO2 induces it to make Pb-O-
H bond which is observed at 550 cm−1 and 700 cm−1. No
further bands was observed indicating, in addition to the

XRD results, the high purity of the PbO2 powder. Hence, the
unknown peak observed at the XRD pattern is more likely to
be attributed to phase imperfection. The FTIR spectrum of the
Pb(NO3)2 is shown in Fig. 6d; the bands for the NO3

+ group

Fig. 6 FTIR spectra of (a) PbO2
starting powder, (b) as-prepared
bulk sample, (c) washed bulk
sample, and (d) lead nitrates

Fig. 7 FE-SEM for the as-
prepared PbO2 bulk sample
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were observed at 1406 cm−1. The bands at 1656 cm−1 and
2079 cm−1 are assigned to H2O, while the bands at 723,
804, 825, and 1012 cm−1 are attributed to Pb-O bonds. The
bands at 1072 cm−1 and 1768.7 cm−1 are owned to N-O and
N=O bonds [33–35]. However, no evidence could be noticed
regarding the presence of the HCl or Pb(NO3)2 in the as-
prepared as well as the washed samples confirming their ther-
mal decomposition during the sintering process.

Figures 7 and 8 show the SEM images for the as-prepared
and washed bulk samples, respectively, at different magnifi-
cations. The surface of these samples was subjected to grind-
ing process using SiC grinding papers with grit of 1500. The
structure of the as-prepared and washed samples seems to
have the same features confirming the absence of any second
phase as suggested by the results of the previous analysis. It
can be seen that the microstructure of the bulk sample consists
of clusters of particles or aggregates with a wide range of
sizes. This suggests, as reported in literature [36, 37], that
the sintering process has occurred mainly due to the precipi-
tation processes, and the grain growth, if any, is limited under
these experimental conditions. During the precipitation pro-
cess, the system builds a bridge-like between the particles of
the primary powder and tries to fill the pore between them.

The wide size distribution of the precipitates indicates that the
nucleation of the precipitates is a continuous process. The
precipitates have different shapes including the polyhedron
shape, especially near to the pores, which is not the favorable
for the sintering via the dissolution–precipitation process [30].

It can be seen that the pores have a different irregular
shapes. This is because the pores in the green body do not
have identical shapes and are not fully filled with the liquid
phases. Also, the different rates of evaporation of the liquids
affect the pores formation as well as their size and shape. Also,
the presence of the steps-like crystals in the microstructure of
these samples confirms that the sintering process was per-
formed via the dissolution–precipitation process as described
by the classical model of Terrace-Ledge-Kink (TLK) to crystal
growing on the raw powder particles [21, 38, 39].

Fig. 8 FE-SEM for the PbO2

washed bulk sample

Table 2 The
microhardness of
different PbO2 bulk
samples

Relative density Microhardness (GPa)

80 1.042

84 1.595

88 1.083

85 1.503
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The BET test revealed that the surface area for the prepared
PbO2 bulk sample was about 9 m2/g. This surface area is large
enough to give a large area of contact between the prepared
PbO2 bulk sample and the electrolyte in the electrochemical
applications.

The BET test also showed that the pore volume is around
0.03 cm3/g. While the mesoporous pore size is around
10.2 nm according to the IUPAC classification. This result
confirms the densification effect of the cold sintering process.

The hardness test was performed for four bulk samples
with different densities. The results of this test are given in
Table 2. All the tested samples have a high microhardness
above 1 GPa. The variation in the values of the microhardness
may belong to the role of the porosity on the results of the
hardness test.

The contact angle between the prepared PbO2 bulk samples
and the distilled water was measured for different samples. As
shown in Fig. 9, the values of the contact angle were varied
between 45 and 65°; these values indicate the hydrophilicity
nature of the prepared PbO2 which is a very essential require-
ment for the electrodes in the aqueous base electrolytes.

Figure 10 shows the hysteresis circles for two different
PbO2 bulk samples. In the negative voltametric scan, the sam-
ples exhibited comparable anodic peaks at − 0.33 V and −
0.29 V related to an oxidation reaction. In the positive scan,
a reduction process occurred at higher cathodic peaks of po-
tential of − 0.76 V and − 0.69 V for both samples.

The differences between the anodic and the cathodic peak
values, for both samples, indicate the semi-reversible nature of

the electrochemical process. It can be noticed that the current
density in both hysteresis circles is greater for the reduction
process as compared with the oxidation process; this may
have attributed the non-stoichiometric nature of the surface
of the PbO2 samples. In such structure, some Pb ions, which
did not exist in the form of highest valance state (+ 4) in the
lattice, could be further oxidized by the adsorbed hydroxyl
radicals produced by water discharge. The physically
adsorbed oxygen is transferred to chemically adsorbed oxy-
gen in this process [40–42]. Anyway, these results confirm
that the prepared PbO2 bulk samples are metal-like conductive
and, hence, are suitable for the electrochemical applications.

Conclusion

In summary, the newly developed CSP route was utilized to
achieve dense ceramic body of the thermally decomposable
PbO2 powder. A low temperature processing was used with
the help of both incongruent and congruent dissolution issues.
It has been found that low temperature, suitable high pressure,
and just baking time were enough to sinter PbO2 powder,
without a transformation to the nonconductive phases, to a
density reaching up to 90% of theoretical density. The purity
of the material was guaranteed during the process, and no
second phase was noticed. Hydrophilicity, high surface area,
and the most important electrochemical conductivity were
confirmed for the densified samples.
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