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ABSTRACT: Lead-based anodes in Li-ion batteries have potential in
stationary storage applications, due to their high theoretical volumetric
energy density. In this study, the cycle performance of PbO was improved by
coating it with a network of graphene oxide sheets, cross-linked by
ethylenediamine. The carbon coating reduced electrode capacity degradation
from 0.42% to 0.22% per cycle over 200 cycles, increased Coulombic
efficiency from 96% to 99%, and increased the accessible capacity of the
electrodes through improved electrical connectivity. This low-temperature
carbon coating technique is potentially advantageous to other metastable and
low-melting electroactive materials.
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Anode materials with high volumetric energy densities are
highly advantageous in stationary applications, such as

grid storage. The theoretical volumetric energy densities of
alloying Group IV elements far surpass that of graphite, as they
can to store up to 4.4 Li atoms per M (M = Si, Ge, Sn, Pb),
compared to only 0.17 Li atoms per graphite carbon atom.1

Because of its high gravimetric energy density (3579 mAh/g),
silicon has been extensively investigated as the successor to
graphite. While the theoretical gravimetric energy density of
lead (453 mAh/g) is much lower, its theoretical volumetric
specific capacity of 1937 Ah/L rivals that of silicon, 2194 Ah/
L, and is much higher than that of graphite, 719 Ah/L.1,2 In a
typical 52 Ah graphite/NCM pouch cell, the anode occupies
approximately 31% of the volume.3 In turn, a lead-based anode
can potentially reduce the volume of the cell by as much as
20%. Furthermore, lead electrodes offer a fully developed
recycling infrastructure with >99% recovery and reuse of Pb in
North America, primarily applied in the recycling of lead acid
batteries in automobiles.4

The challenge of Group IV Li-battery anodes, including lead
anodes, is their 300% volume expansion upon lithiation.1 It
leads to particle pulverization, loss of electrical contact with the
current collector, and continuous parasitic side reactions of
newly exposed active material surfaces with the electrolyte, all
contributing to the observed rapid capacity loss.1,5 A common
way to mitigate these issues is carbon coating, which buffers
volume expansion and passivates the particle surfaces to
prevent additional parasitic side reactions.6−8 However,
conformal carbon coating typically involves pyrolysis above
800 °C, much higher than the melting point of lead, 327 °C.
Although carbon composites have been created from

precursors of tin9,10 and lead,11,12 the carbon was not
conformal to the active material, thereby negating some of
the important benefits of carbon coating. In this study, a
conformal coating was applied to PbO particles at mild
temperature, where the product Li2O upon initial lithiation has
been shown to stabilize the cycling of Group IV anodes.12,13

Reduced graphene oxide (rGO) has been previously
demonstrated as a conformal carbon coating on sulfur cathode
particles, in order to reduce sulfur shuttling.14,15 Furthermore,
chemical cross-linking and reduction of graphene oxide (GO)
to rGO using ethylenediamine (EDA) has been previously
claimed.16,17 In this study, PbO particles were coated using GO
sheets, which were subsequently functionalized and cross-
linked with EDA, in order to form a cross-linked GO-derived
coating, abbreviated dGO (Figure 1). To do so, aqueous
solutions of PbO and GO were prepared separately. Upon
mixing, a stable PbO/GO colloid formed, which is supported
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Figure 1. Schematic of the synthesis of PbO/dGO by adsorbing GO
onto PbO, followed by treatment with EDA.
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by strong adsorption between PbO and GO.18,19 EDA was
subsequently added in excess, at a 2:1 EDA:GO molar ratio,
and left to stir for 24 h at 80 °C, in order to form a cross-linked
dGO network. Details of the material synthesis can be found in
the Supporting Information.
The XRD scan shown in Figure 2a confirms PbO as the

active material, accompanied by weak signals of plumbonacrite

or lead oxide carbonate hydroxide (Pb10(CO3)6(OH)10O),
after coating with dGO.20,21 Panels b−d of Figure 2 show the
PbO particles, as well as PbO particles that have been coated
by 5 and 10 wt % dGO. EDS scans shown in Figure S-1
confirm the presence of PbO (Pb and O), dGO (C), and a
faint signal of EDA reaction products with GO (N).
The FTIR spectrum of GO without PbO (Figure 3a) shows

prominent carbonyl (CO), aromatic (CC), carboxy (C−

O), and epoxy (C−O) groups, at wave numbers 1727, 1588,
1342, and 1234 cm−1, respectively. By contrast, FTIR of the
dGO (also without PbO) shows reduced carboxyl and epoxy
signals, in favor of imine (CN), amine (N−H), carbon−
hydrogen (C−H), and carbon−nitrogen (C−N) signals at
wavenumbers 1640, 1569, 1480, and 1311 cm−1, respec-
tively.22,23 XPS survey scans indicate that the C:O ratio of the
GO increased from 2.3:1 to 3.2:1 after reaction with EDA. XPS
scans of Pb 4f (Figure 3b) confirm the Pb(II) oxidation state.24

Scans of the C 1s regions for GO and dGO (Figure 3c,d) show

C−C/CC, C−O/C−N, C−O−C, and CO peaks at
284.8, 285.6, 286.9, and 288.2 eV.23,25 The substitution of
epoxy C−O−C bonds by C−O/C−N bonds is consistent with
reaction of EDA amines and epoxy functions on the GO,
forming C−OH and C−N−R bonds.16 Cross-linking occurs
when epoxy functions on proximal GO sheets are bound by
EDA. Additionally, heat-assisted reaction between EDA and
carboxyl groups forms amides (OC−N) on the edge of the
GO sheets, also leading to potential GO cross-linking. The loss
of oxygen in GO by EDA, indicated by the increase in C/O
ratio, has been attributed to EDA-assisted dehydration, after it
has reacted with epoxy groups on the GO sheets.17 The
substitution of oxygen by nitrogen in carbonyl and carboxyl
groups can also lead to an increased C/O ratio and,
consequently, improvement in electrical conductivity.
During electrode fabrication, active material (AM) to

conductive additive (CA) to binder weight ratios were kept
constant at 80:12:8 for uncoated PbO, 84:8:8 for PbO coated
by 5 wt % dGO, and 88:4:8 for PbO coated by 10 wt % dGO,
abbreviated as PbO, PbO/dGO(5), and PbO/dGO(10),
respectively. This maintains the same active material loading
for all electrodes. PbO mass loadings for these electrodes were
kept between 1.2 and 1.3 mg/cm2. Electrode thicknesses
averaged 9.3 μm prior to lithiation and 15.3 μm after lithiation.
Further details of these procedures can be found in the
Supporting Information.
Cyclic voltammograms of PbO and PbO/dGO(10) electro-

des cycled between 0.01 and 2.0 V vs Li/Li+ at 0.1 mV/s scan
rate (Figure 4a,b) show irreversible lithium reduction of PbO
to Pb and Li2O between 1.0 and 2.0 V. This initial reduction
was accompanied by an intermediate transition of Pb2+ to Pb+

(∼1.5 V vs Li/Li+), followed by the transition of Pb+ to Pb
(∼1.3 V vs Li/Li+).12 Reversible Pb lithiation peaks were
observed between 0.01 and 1.0 V vs Li/Li+, with a larger

Figure 2. (a) XRD scans of PbO and PbO coated by 10 wt % dGO,
and SEM images of the (b) PbO microparticles, (c) PbO with 5 wt %
dGO coating, and (d) PbO with 10 wt % dGO coating. Scale bars for
all images represent 10 μm.

Figure 3. (a) FTIR spectrum of GO and dGO (without PbO); XPS
analysis of Pb 4f (b) and C 1s of GO (c) and dGO (d).

Figure 4. Cyclic voltammetry at 0.1 mV/s between 0.01 and 2 V of
(a) PbO electrode and (b) PbO/dGO(10) electrode. Charge/
discharge profiles of the first five cycles of (c) PbO and (d) PbO/
dGO(10). (e) Long-term cycling of PbO, PbO/dGO(5) and PbO/
dGO(10), with a C/20 formation cycle, followed by C/2 cycling
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background current during the first cycle, implying parasitic
reactions associated with the formation of the solid electrolyte
interface (SEI). This irreversible reaction is also observed in
the charge/discharge voltage profiles of PbO and PbO/
dGO(10) half-cells during the first five cycles (Figure 4c,d).
Half-cells containing PbO, PbO/dGO(5), and PbO/

dGO(10) were cycled at C/2 for 200 cycles (Figure 4e).
The calculated C-rates were based on the 420 mAh/g capacity
of lead oxide lithiated to Li3.5Pb.

26 During their initial C/20
formation cycles, PbO, PbO/dGO(5), and PbO/dGO(10)
had average capacities of 468, 508, and 539 mAh/g,
respectively. In the C/2 cycles, the initial capacities were
respectively 383, 395, and 422 mAh/g for PbO, PbO/dGO(5),
and PbO/dGO(10), with capacity fade averaging 0.42%,
0.35%, and 0.22% per cycle over 200 cycles. The respective
Coulombic efficiencies (CE) improved with increasing dGO
content, plateauing near 96%, 97.6%, and 99% after ∼80 cycles.
The overall increase in CE after 80 cycles is attributed to the
higher effective C-rates, due to the decrease in the electrode
capacities. The improvements in capacity retention and CE
with increased dGO content are attributed to improved
buffering capacity of the carbon coating. Further optimization
of the carbon coating can be made by varying characteristics of
the GO precursor, such as size and degree of oxidationalso
functionality. Amine-functionalized polymers of different sizes
and viscoelasticities can be tested to fine-tune the elasticity of
the carbon coating, improving its ability to accommodate
repeated volume expansions. Additionally more powerful
chemical reducing agents can be used to increase the C/O
ratio of the carbon coating and improve its electrical
conductivity.
As seen in Figure 2, the conformal dGO fully encapsulates

the electroactive particles and also bridges multiple particles.
This encapsulation provides electrical continuity, which would
in turn be superior to using conductive carbon additives such
as Super P, which contacts only portions of the active material
surfaces and is more prone to breaks in electrical contact under
the stresses of expansion/contraction of repeated lithiation
cycles. Scanning electron microscopy (SEM) images of the
morphologies of the electrodes before and after cycling for
PbO and PbO/dGO(10) can be found in Figures S-4 and S-5,
respectively. Figure S-4b shows that not all the particles were
enveloped by the Super P carbon additives, in contrast to
Figure S-5b, where all of the particles were enveloped by dGO.
The exposed particle surfaces led to excess SEI formation in
the PbO electrode after 200 cycles (Figure S-4c,d), leading to
larger aggregates of particles surrounded by SEI. By contrast,
the PbO/dGO(10) electrode after 200 cycles (Figure S-5c,d)
shows improvement in retaining morphologies of individual
PbO particles, indicating reduced SEI formation, as a result of
full particle encapsulation by dGO. The conformal carbon
coating also buffers the particle’s volume change during cycling
and helps maintain the mechanical structure of the electrode.1

Furthermore, the encapsulating carbon coating effectively
insulates the active material from further reactions with the
electrolyte, limiting SEI growth and improving the CE.
Super P (SP) has been shown to provide up to 150 mAh/g

in excess capacity.27 In turn, the excess capacity of the dGO
was also determined and compared to that of SP, by cycling
electrodes containing dGO (or SP), with equal amounts of
carboxymethylcellulose (CMC) binder (details can be found in
the Supporting Information). Figure S-2 shows reversible
capacities of the SP and dGO electrodes at current densities of

20, 50, 100, 200, 500, 1000, and 50 mA/g. The average
respective capacities were 195, 148, 110, 78, 47, 31, and 141
mAh/g for SP and only 4.7, 3.4, 2.5, 1.9, 1.3, 0.9, and 2.9 mAh/
g for dGO. Since the d-spacing between restacked dGO sheets
separated by EDA molecules is 0.90 nm,16 compared to 0.14
nm for graphite, dGO serves as a poor host structure for Li+

intercalation. Consequently, the specific capacities of SP in the
PbO, PbO/dGO(5), and PbO/dGO(10) electrodes at C/2
(Figure 4e) are estimated to be 11.5, 7.7, and 3.9 mAh/g,
respectively. The contribution of dGO is estimated to be only
<0.2 mAh/g for PbO/dGO(10) and <0.1 mAh/g for PbO/
dGO(5).
In conclusion, at low temperature, an aqueous carbon

coating technique was developed by adsorbing GO onto PbO
microparticles and cross-linking the GO to form a dGO
coating. The coating increased the capacity of the electrodes,
by providing better electrical connectivity than traditional
conductive particle additives, reduced the capacity fade from
0.42% to 0.22% per cycle, and raised Coulombic efficiency
from 96% to 99%. This novel coating technique in principle
can also be applied to other GO adsorbing materials for Li and
Na batteries.
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