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Abstract—Pure lead powder can be electrodeposited by reduction of lead ions (Pb2+) in aqueous electrolyte.
In this investigation, ultra-fine lead powders with a minimum median diameter of 4.5 μm were electrodepos-
ited in acetate solution. The formation mechanism of lead oxide (PbO) during electrodeposition was pro-
posed. Operation parameters such as pH value, current density, and gelatin had remarkable influence on oxi-
dation degree, median diameter, and current efficiency, which were detailed for the first time. Metallic Pb
was formed with strong (111) preferred orientation, and micrography, composition, and structure were char-
acterized. Amorphous PbO was found in as-deposited lead powder, and a gel-layer process was proposed to
elucidate the formation of PbO. It was suggested the Pb···OH was the most important intermediate state to
form PbO and the gel-layer played the key role in generation of pure lead powder.
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1. INTRODUCTION
Pure lead powder has extensive applications such as

oil and gas exploration, X-ray shield, golf club manu-
facture, paints, lubricating grease and anti-friction
products [1]. Recently, ultra-fine or nanoscale lead
powders have attracted considerable attention as a
superconductor [2], electronic materials, electrochro-
mic materials [3], etc. Many methods [4, 5] to produce
lead powder have been developed including casting,
mechanic commuting, chemical reaction and liquid
metal atomization, etc. Melt Atomization method has
been commercially used to produce lead powders
owing to high production rates and low cost [6, 7]. The
air atomized Pb powders are usually semi-spherical
shape with the average grain sizes in the range of 45 to
500 μm [7]. Chemical reduction and electrochemical
deposition are well-suited to prepare lead powder with
controllable size since its desirable feature of easy con-
trol of operation parameters, as well as low capital
investment and operational costs [8].

Nanoscale lead powder can be directly prepared
using different reducing agents. Wang et al [9] have
reported lead nanowire with an average diameter of
80 nm was fabricated on the zinc foil via galvanic dis-
placement method in lead acetate aqueous solutions.
Rabah [10] prepared lead powder with mean particle
diameters in the range of 90−120 nm by hydrazine
hydrate and ascorbic acid. Thermal decomposition
was also reported to obtain lead powder. Varavko et al.
[11] prepared lead particles in a narrow size range
(from 0.2 to 0.8 μm) by mixed oleic acid alkylolamide

with lead formatted and heated to 240°C. Wang et al
[12] synthesized Pb nanowires with uniform diameters
in the range 50−90 nm using mixture of lead acetate
and poly-(vinyl pyrrolidone) (PVP) in ethylene glycol.

Electrodeposition is a common method to fabri-
cate lead powder with low energy consumption from
the acid electrolytes based on fluoroborate [13], ace-
tate [14, 15], borate [16], nitrate [2, 17], halides [18,
19], perchlorate [20–22], etc., an alkaline solution [5,
23, 24], and ionic liquid [25, 26]. The as-obtained lead
powder by such techniques usually has extremely high
surface area, which favors the use as electrodes in elec-
trochemical devices [2, 13]. Moreover, lead powder
obtained by electrodeposition is easily pressed and
sintered due to irregular morphological forms of crys-
tals and dendrites [27, 28]. Nikolić et al. [8, 29, 30]
have investigated the morphologies and mechanisms
of Pb powder obtained by electrolysis of aqueous
nitrate, acetate, and alkaline electrolytes. Morpholo-
gies of lead powder depended on the type of electrode-
position control and showed cobweb-like or spongy-
like in the dilute electrolytes while needle-like or fern-
like dendrites in the concentrated electrolytes. Nikolic
[27] proposed the lead electrodeposition mechanism
which was either mixed ohmic-diffusion or completely
ohmic controlled depending on the concentration of
Pb(II) ions. The influence of additive on Pb micro-
structures was also examined, e.g., glycerol [5, 24],
cetyltrimethylammonium bromide, sodium dodecyl
benzene sulfonate, tartaric acid [31], sorbitol [32],
Cu2+ [3], etc.
302
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It is well known that Pb can be applied as corrosion
protection on steel alloys in industrial atmospheres.
Nevertheless, oxidation of lead powder during electro-
depositing process is crucial for application, such as
sintering [33], which actually decreased the purity and
quality of lead powders compared to atomized ones.
Owais [19] found lead oxides in the deposited Pb pow-
ders, which was explained with surface oxidation of
the powders during the drying step. Actually, Sun et al.
[34] and Lü [35] reported the cathodic synthesis of
PbO in lead nitrate aqueous solution. In the deaerated
acetate electrolyte, PbO in the lead deposit was deter-
mined by X-ray diffraction analysis (XRD) even in the
high acid solution. Ghali and Girgis attributed the for-
mation of PbO to a change of pH around the cathode
and atmospheric oxygen [14]. Zhitomirsky et al. [36]
and Macpherson et al. [37] elucidated the mechanism
of the cathodic deposition of PbO from an aqueous
solution of Pb(NO3)2 was due to the interaction of
Pb2+ cations with OH− ions arising from electrochem-
ical reduction of nitrate ions as the following process:

(1)

(2)

(3)

(4)

However, Sawatani et al. [38] concluded that
freshly deposited metallic Pb was oxidized and con-
verted into PbO under oxygen, and OH− ions gener-
ated by electroreduction of  and/or O2 had no
contribution to the formation of PbO. Kwon [39] hold
the same opinion that electrodeposited Pb particles
were autonomously converted to PbO nanostructures
in the oxygen contacting aqueous media. Such was
supported by Cheng’s work [40], in which only metal-
lic Pb was electrodeposited, and no PbO directly pre-
cipitated in parallel with Pb deposition.

It should be noted that up to now, the formation of
PbO during electrodeposition of lead powder was still
unclear and the reported mechanism was controver-
sial. The insight into the oxidation process played a
crucial role in cathodic production of both high-pure
Pb or PbO powder. In this work, new light was thrown
on the oxidation mechanism of lead powder during the
electrodeposition in acetate solution as a function of
pH, current density, and organic additive.

2. EXPERIMENTAL
2.1. Chemicals and Materials

Sodium acetate (CH3COONa), ammonium ace-
tate (CH3COONH4), lead(II) acetate trihydrate
(Pb(CH3COO)2 3H2O), glacial acetic acid (CH3COOH),

( ) ( )− −+ + →2 2O aq 2H O 4e 4OH aq ,

( )
( ) ( )

− −

+ −

+ +
→ +

3 2

4

NO aq 7H O 8e

NH aq 10OH aq ,

( ) ( ) ( )−+ →2 2Pb OH OH aq Pb OH ,

( ) ( )→ + 22Pb OH PbO s H O.

−
3NO
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sodium hydroxide (NaOH), gelation, ethylenedi-
amine tetraacetic acid disodium salt dihydrate
(EDTA), hexamethylene tetramine (HMTA), abso-
lute ethanol (CH3CH2OH), ammonium hydroxide
solution (NH4OH, 25.0−28.0% NH3 basis), and xyle-
nol orange tetrasodium salt (XO) were of analytical
grade and purchased from Sinopharm Chemical
Reagent Co. Ltd. Lead foils (99+%) and titanium foils
(99.2%) were purchased from Alfa Aesar. Unless oth-
erwise stated, the reagents were used as received with-
out further treatment. Pure water (specific resistance
18 MΩ cm) was used for the preparation of aqueous
solutions.

2.2. Synthesis of Lead Powder

Galvanostatic electrodeposition of lead powder
was carried out by a linear DC power supply (GPD-
2303S, GW Instek) in lead acetate solution containing
0.002 mol L−1 Pb(CH3COO)2 and 2 mol L−1

CH3COONa. The pH value of the electrolyte was
adjusted by CH3COOH or NaOH, i.e., ~84 mL L−1

CH3COOH was added to obtain a solution at neutral
pH. At the beginning of electrolysis, an UltraBasic pH
Meter (UB-7, Denver) was used to determine the pH
values. Titanium foil and lead foil were used as the
working electrode and auxiliary electrode, respec-
tively. All electrodes were polished with wet abrasive
papers grade by grade to 2000 grit sandpaper, and then
ultrasonically cleaned with ethanol and acetone. The
polished samples were tested immediately. As-depos-
ited lead powder was scraped away on the surface of
titanium cathode by a blade at the interval of 15 min.
Immediately, the powder was washed and filtered
thoroughly with absolute ethanol. The final lead pow-
der was obtained by drying the solid in vacuum oven at
60°C for 4 h and kept in desiccator prior to analysis.

2.3. Measurement of Oxidation Degree

The content of PbO in the lead powder was deter-
mined by a complexometric titration with EDTA [41,
42]. Briefly, about 0.5 g as-synthesized lead powder
was added to 20 mL 5% acetic acid in an Erlenmeyer
flask to dissolve PbO. Then, 80 mL water, 10 mL acetic
acid-ammonium acetate buffering solution (pH 5), and
5 mL 20% HMTA were sequentially added under stir-
ring. Subsequently, a little 10% ammonium hydroxide
solution was used to increase the pH value to 5.5. The
final solution was titrated by a standard EDTA solu-
tion (0.05 mol L−1) with 3 drops of 0.2% XO as the
indicator. The oxidation degree (OD, %) was calcu-
lated by the following equation:

(5)( ) ×= ×
− ×

PbO

PbO

207OD %   100,
16T

W
W W
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Fig. 1. (a) Particle size distribution of lead powder formed
in electrolyte with pH value of 1, 3, 5 and 7; (b) The oxida-
tion degree, median diameter and current efficiency as a
function of pH value.
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where, WT is the total mass of lead powder in g, and
WPbO is the molar mass of PbO from the above titra-
tion in mol.

2.4. Characterization of Materials

The morphology of the lead powder was acquired
using electron probe microanalyzer with scanning
electron microscopy (SEM, EMPA-1720, Shimadzu),
and field-emission transmission electron microscopy
(Nova Nano SEM 450, FEI). The atomic structure
was conducted by scanning transmission electron
microscope (STEM) and high-resolution transmis-
sion electron microscope (HRTEM, Tecanai G2

TF30, FEI). X-ray diffraction (XRD, D/Max 2200,
Rigaku) using a CuKα (1.54056A) target was carried
out with a scanning rate of 8°/min with a step of 0.02°.
The elements of lead powder were recorded by X-ray
photoelectron spectroscopy (XPS, PHI5000Versap-
robe, Ulva-phi). The particle size distributions and
median diameters of lead powder were processed by
a laser diffraction particle size analyzer (Winner2000,
WEINA).

3. RESULTS
3.1. Effect of pH Values

Lead powder was electrodeposited under current
density of 2.3 A dm−2 in the electrolyte solution with
pH value of 1, 3, 5 and 7, respectively. The current effi-
ciency was calculated by the ratio of the actual mass of
as-synthesized lead powder to the theoretical mass
according to Faraday’s law. Figure 1 shows the particle
size distribution of lead powder in all pH values and
the oxidation degree, median diameter, and current
efficiency as a function of pH value. The particle sizes
of lead powder formed in all pH values are less than
30 μm. Two peaks at ~0.7 μm and ~10 μm in the par-
ticle size distribution curves (Fig. 1a) probably
resulted from the initial emergence of lead crystal
nucleation and progressive growth of lead dendrite
respectively. This was in well agreement with the
mechanism proposed by Nikolić et al. [17, 27, 29]. The
oxidation degree had the similar trend shape to D50,
which should be the first time observed to the best of
our knowledge. The oxidation degree of lead powder
reached to ~16% when pH value of electrolyte was 1
and decreased abruptly to ~6% at pH value from 3 to
7. During the electrodeposition of lead on cathode,
intense bubbles emerged, indicating the parallel side
reactions of evolving of hydrogen (HER) [24]. When
the pH value was 1, the cathodic reaction favors HER
in consequence of an abundance of proton, resulting
in lower current efficiency. While pH > 5, the current
efficiency increased significantly, which should be
attributed to the predominant complex ions of Pb
transferring from [Pb(H2O)2+] to [PbOH+] [43] and
the later should be much faster to be reduced. When
PROTECTION OF METALS AND PHYSICAL
pH value of the electrolyte reaches natural, polynu-
clear complexes containing two or more lead atoms
such as  and  were formed,
which may accelerate the propagation of dendritic
growth instead of formation of new nucleation, then
leading to larger lead particle size.

3.2 Effect of Current Density
By keeping the pH value of the electrolyte solution

at 3, the effect of current densities on the produced
lead powder was explored. As shown in Fig. 2a, particle
size distribution was similar to that of Fig. 1a. The oxi-
dation degree of lead powder was stable at ~5% with the
cathodic current densities at 2.3 and 3.6 A dm−2 and
increased to 9 and 13% at current densities of 0.9 and
4.5 A dm−2 respectively. The curves of both oxidation
degree and median diameter behaved U-shape, while
the current efficiency showed an inverted V-shape.
A large current density means a high cell potential and
overpotential, and vice versa. Lead electrodeposition
was ohmic control at low overpotential and ohmic-
diffusion control at high overpotential. Whereas, HER
in aqueous solution was kinetic control and boosted
up with the increase of overpotential. Hence, as the

( ) +  
4

4 4Pb OH ( ) +  
4

6 8Pb OH
 CHEMISTRY OF SURFACES  Vol. 56  No. 2  2020
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Fig. 2. (a) Particle size distribution of lead powder employ-
ing current density of 0.9, 2.3, 3.6 and 4.5 A dm−2 respec-
tively; (b) The oxidation degree, median diameter and cur-
rent efficiency as a function of current density.
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Fig. 3. (a) Particle size distribution of lead powder in the
presence of gelatin of 1, 2 and 3 g L−2 respectively; (b) the
oxidation degree, median diameter and current efficiency
as a function of concentration of gelatin.
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current density increased from 0.9 to 4.5 A dm−2, the
rate of lead depositing was ohmic control at first and
much less than that of HER, and surpassed that of

HER at current density of 2.3 A dm−2 due to a large
exchange current density of Pb [44], then fell below
that of HER owing to diffusion control. At low over-
potential, the propagation of dendritic growth was prior
to form new nucleation on titanium, and large particle
formed [27]. The reason of large D50 at high overpotential

was a consequence of the growth rate of the Pb crystal at
the same time interval.

3.3. Effect of Gelatin
Gelatin has been widely used in metal electrodepo-

sition. Therefore, gelatin as an additive was investi-

gated with concentration of 1, 2 and 3 g L−2 under the

condition of pH 3 and current density of 2.3 A dm−2.
Particle size distribution of lead powder in Fig. 3a was
stable while compared to Figs. 1a, 2a. It was obvious
that gelatin could suppress HER and improve the cur-
rent efficiency. Nevertheless, lead deposition was also
affected by high concentration of gelatin due to
adsorption, which led to an inverted V-shape of cur-
PROTECTION OF METALS AND PHYSICAL CHEMISTR
rent efficiency. The average diameter of lead power
continuously increased with the addition of gelatin,
indicating that the gelatin contributed to progressive
growth of lead crystal [30]. The oxidation degree of
lead powder increased approximately linear with the
amount of gelatin added, and final reached a maximal
value of ~15%.

3.4. Characterization of As-synthesized Lead Powder

Oxidation of lead powder was influenced by pH,
current density and gelatin, and oxidation degree was
highly related with median diameter of lead powder,
i.e. a large diameter meant high oxidation degree. It
was difficult to explain this phenomenon by the two
mechanisms of ORR by Zhitomirsky et al. [36, 37]
and/or oxidation of metal by Sawatani et al. [38–40].
Therefore, a further characterization of lead powder
was important to elucidate oxidation of lead. Figure 4
presented the SEM images of lead particles obtained
in the electrolyte with pH 7 for (a), 3 for (b) and 1 for
(c), respectively. The micrographs are fern-like, rod-
like, and needle-like, which were in well agreement
with previous reports [23, 27, 30, 45] and our above
analysis of diameters.
Y OF SURFACES  Vol. 56  No. 2  2020
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Fig. 4. SEM micrographs of lead particles obtained in the
electrolyte with pH 7 for (a), 3 for (b) and 1 for (c).
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Fig. 5. XRD patterns of lead powders with oxidation
degree of 4.6 and 15.5% respectively.

10 30 50 70 90

PbO (PDF78-1666)

(311)(220)

In
te

n
si

ty
, 

a
.u

.

2�, deg

15.5% Oxidation

4.6% Oxidation

Pb (PDF04-0686)

(111)

(200)
XRD patterns of lead powders with oxidation

degree of 4.6 and 15.5% were shown in Fig. 5 respec-

tively. XRD patterns were similar to each other with

strong (111) preferred orientation. The peaks were

close to the (111), (200), (220) and (311) of PDF card

# 4-0686 that matched face-centered cubic of NaCl-

type crystal structure. The XRD patterns of as-synthe-

sized lead powder agreed remarkably well with the pre-

vious literatures [2, 23, 28]. It is interesting to note that

no evidence of PbO reflections exists such as JCPDS

card no. 78-1666 in Fig. 5. Cheng et al. [40] claimed
PROTECTION OF METALS AND PHYSICAL
that no peaks of PbO was observed in XRD of the Pb
powder obtained in lead nitrate aqueous solution even
containing 8.86% PbO. Ni et al. [31] found no PbO
peaks in XRD in the presence of O in Pb powder via a
galvanostatic method. It can be reasonable to con-
clude that lead oxide is formed as amorphous struc-
ture.

XPS was used to identify the elemental composi-
tion and bonding configuration on the surface of lead
powder with 15% oxidation degree deposited in gela-
tin-added solution, as shown in Fig. 6. The distinctive
features could be indexed to the characteristic’s peaks
of Pb 5d/4f/4d/4p, C 1s, S 2p, O 1s and N 1s. The
presence of C 1s, S 2p and N 1s was attributed to
absorption of gelatin on the surface of lead particles
due to the capping effect. The deconvoluted Pb 4f
core-levels high resolution XPS spectrum in Fig. 6b
displayed the binding energies of the Pb 4f5/2 and Pb

4f7/2 peaks located at 143.45 and 138.59 eV with two

satellite peaks located at 141.69 and 136.8 eV, respec-

tively, which were characteristic of Pb2+ and Pb. The
higher peak intensity of Pb–O bonds suggested the
more content of PbO, as quantitatively estimated by
the elemental analysis. The O 1s core-level high-reso-
lution spectrum showed one intense peak and two
shoulder peaks. These three peaks were fitted three
Gaussian–Lorentzian curves and deconvoluted into 3
types of O species (Fig. 6c), which were likely
attributed to the presence of Pb–O (529.3 eV), C–O–
(531.3 eV), and –C=O (533.1 eV) bonds, respectively.
The bonds between C and O were also supported by
the peak centered at 286.6 and 288.6 eV of three dis-
tinct peaks in the C 1s core-levels spectrum respec-
tively (Fig. 6d).

Further transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) analysis mani-
 CHEMISTRY OF SURFACES  Vol. 56  No. 2  2020
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Fig. 6. XPS survey spectra of as-synthesized lead powder of 15% oxidation degree; (a) XPS survey spectrum; High-resolution
XPS spectra deconvolution: (b) Pb 4f, (c) O 1s, and (d) C 1s core-levels.
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fested the particle in Fig. 7. High-angle annular dark-
field scanning transmission electron microscopy–
energy-dispersive X-ray spectroscopy (HAADF–
STEM–EDS) further confirmed that the particle was
composed of Pb and O elements, and Cu and C ele-
ments were assigned to copper grids and carbon sup-
port film of TEM (as shown in Fig. 7c). The particle
with a diameter of about 0.5 μm in Fig. 7a showed no
diffraction spots and rings in selected area electron
diffraction (SAD) patterns and no lattice fringe in
HRTEM (insets in Fig. 7a), which was revealed as
a completely amorphous PbO. A well-defined PbO
polycrystalline core of the particle in insets of Fig. 7b
was identified by the lattice fringe spacing matching
well with the interplanar spacing corresponding to the
(111) and (220) of PbO, which has been coated by
a thick layer amorphous PbO layer.

4. DISCUSSIONS

Although there are two mechanisms of PbO forma-
tion including both cathodic alkalization Eqs. (1)–(4)
and oxidation of fresh Pb particle, it is difficult to
explain the correlation of oxidation degree with either
average diameter or concentration of gelatin. Conse-
PROTECTION OF METALS AND PHYSICAL CHEMISTR
quently, a new process of PbO formation was sug-
gested with “gel-layer” intermediates and compatible
with previous mechanisms, as shown in Fig. 8.

Polymer chains and gel structures on the surface of
lead oxide were firstly proposed by Pavlov et al. [46–
48]. Gel or hydrated or amorphous zones as the active
center has both high electron and proton conductivi-
ties [48]. For the reduction of Pb ions, the gel-layer
was predominated by Pb···OH, which depth was main-
tained through the dynamic equilibrium between the
crystal and solution. The hydroxide layer on surface of Pb
during electrodeposition was also proposed by Ehlers et
al. [20] The calculation of DFT showed the Pb2O was

unstable and was decomposed as follows [49]:

(6)

The reaction Eq. (6) was a disproportionation reac-

tion with the Gibbs free energy of –107.6 kJ mol−1.
Nevertheless, Purkait et al. [50] obtained pure Pb2O

powder during Pb electrodeposition if dehydration of
Pb···OH occurs under the control condition, which
demonstrated existence of the gel layer.

Mechanism of cathodic alkalization as the reaction
Eq. (1)–(4) was usually used to elucidate the forma-
tion of PbO in aerated solution. However, the solubil-

→ +2Pb O PbO Pb.
Y OF SURFACES  Vol. 56  No. 2  2020
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Fig. 7. TEM images of lead powder marked with boxes
indicating selected region of interest for SAD and
HRTEM (insets) (a) (b) and high-angle annular dark-field
scanning transmission electron microscopy-energy-dis-
persive (c).
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Fig. 8. (a) A process of Pb electrodeposition along with
formation of PbO; (b) Structure of the gel-layer on the sur-
face of Pb substrate.
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ity of Pb(OH)2 was minimum (~5 mg L−1) at the pH

value of 10–11 [43]. Hence, intense ORR and/or HER
as side reaction were needed to form Pb(OH)2 [51].

Moreover, dehydration of Pb(OH)2 was usually at high

alkali concentration and heated to 80−90°C [52]. In
our case, gel-layer of Pb···OH was formed by cathodic

reduction of  (pH > 5) or 

(pH < 5). ORR occurred on the gel-layer, and Pb···OH
was oxidized to PbO.

While in the deaerated solution, Sawatani et al. [38,
39] proposed metallic Pb would be firstly electrode-
posited and kept in “hot” state resulting in quickly oxi-
dation to PbO by oxygen. After dried completely, the
lead powder became inert like bulk Pb though it was
open to water and oxygen for over a day [38]. Actually,
the “hot” state of fresh lead powder was owing to gel-
layer as active sites which could accelerate ORR and
form galvanic cells with Pb substance until metallic Pb
was totally transformed into PbO. At first, Pb was oxi-

dized to Pb+ ions and moved towards the gel-layer
since the molar volume of PbO was larger by about
23% than that of Pb. Then, at the interface the
Pb···OH reacted with oxygen to form PbO, which was
in accordance with the growth/burst of PbO nanow-
ires in various directions at the interface of water and
oxygen with metallic Pb in the previous literature [39].
When the gel-layer was dried and dehydrated, Pb2O

formed and decomposed to PbO and Pb, which char-
acters were just like bulk Pb. Since the gel-layer was

( )  
2–

Pb OH
n

n ( ) +  
2

2Pb H O n
PROTECTION OF METALS AND PHYSICAL
amorphous, the PbO formed usually have the same
structure, which was in good agreement with charac-
ters of XRD and TEM above.

The lead particle formed by electrodeposition were
usually dendrites and the size of needle-like dendrites
was larger than that of the fern-like dendrites [29]. In
other words, both primary and secondary branches of
large lead particles were not as big as the size of small
particle [30]. Actually, relative quantity of the gel-layer
of lead powder with big particle size was larger than
that of the small one, leading to high oxidation degree
of large particles. Surface adsorption of organic addi-
tive on lead powder was observed in many previous
reports [14, 31]. As a hydrolyzed collagen, gelatin
would enlarge the gel-layer instead of protecting lead
powder from oxidation due to a gelling agent, which
was confirmed by the XPS results. The stable chains
between Pb2O and R–COO– was reported previously

[51]. Therefore, more gelatin in solution induced
thicker gel layer and high oxidation degree.

5. CONCLUSIONS

Oxidation of lead during electrodeposition was
investigated in acetate aqueous solution, which was
out of view for several decades. We have for the first
time explored the effect of several parameters on oxi-
dation of lead including pH value, current density and
gelatin. Low pH value of the electrolyte solution was
helpful to obtain lead powder with higher oxidation
degree, e.g. it reached to about ~16% for the electro-
lyte solution with pH value of 1, while decreased
 CHEMISTRY OF SURFACES  Vol. 56  No. 2  2020
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abruptly to ~6% at pH from 3 to 7. The oxidation of
lead powder was stable at ~5% with the cathodic cur-

rent densities from 2.3 and 3.6 A dm−2 and increased

to 9 and 13% at current densities of 0.9 and 4.5 A dm−2

respectively. The concentration of gelatin as an addi-
tive accelerated the oxidation degree of lead powder.
More importantly, the average sizes of powder had
a direct relationship with the degree of oxidation. Both
XRD and TEM indicated the existence of amorphous
PbO. We proposed a gel-layer process to elucidate the
oxidation of lead, which suggested the Pb···OH as the
most important intermediate state to form PbO or Pb
during the cathodic reduction.
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