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Abstract
Uniformly dispersed Pd nanoparticles on ZnO-passivated porous carbon were synthesized via an
atomic layer deposition (ALD) technique, which was tested as a cathode material in a
rechargeable Li-O2 battery, showing a highly active catalytic effect toward the electrochemical
reactions—in particular, the oxygen evolution reaction. Transmission electron microscopy
(TEM) showed discrete crystalline nanoparticles decorating the surface of the ZnO-passivated
porous carbon support in which the size could be controlled in the range of 3–6 nm, depending
on the number of Pd ALD cycles performed. X-ray absorption spectroscopy (XAS) at the Pd K-
edge revealed that the carbon-supported Pd existed in a mixed phase of metallic palladium and
palladium oxide. The ZnO-passivated layer effectively blocks the defect sites on the carbon
surface, minimizing the electrolyte decomposition. Our results suggest that ALD is a promising
technique for tailoring the surface composition and structure of nanoporous supports for Li-O2

batteries.
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1. Introduction

The lithium-oxygen battery has received significant interest
because of its extremely high theoretical energy density, which
exceeds that of any other existing energy storage systems [1–
22]. The cathode in the Li-O2 battery consists of a porous
matrix in which the discharge solid products are generated from

the reaction of Li cations with O2. The cathode of a Li-O2 cell
requires a catalyst to promote the discharge reaction. It has been
found that a diversity of factors dictate the nature of electro-
chemical reactions in Li-O2 cells, such as the nature, mor-
phology and surface area of the catalysts, as well as the type of
organic electrolyte being used [6, 16, 17, 23–26].

One of the main challenges faced by the development of
Li-O2 batteries is the high overpotentials on discharge and in
particular on charge (>1.0 V). These high overpotentials are a
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The dispersion of Pd on carbon surface is still very uniform.
These TEM images clearly indicate that the diameter of the
Pd nanoparticles increases along with increasing ALD cycles,
which is consistent to the XANES results. Figures 2(b) and
(d) show the typical high-resolution TEM images for 1-cycle
and 3-cycle ALD-Pd samples, respectively. The lattice fringes
for the metal nanoparticles are clearly visible for both sam-
ples, indicating that Pd nanoparticles are well crystalline and
faceted. The lattice fringes of the nanoparticles are measured
to be ∼0.23 nm, consistent with the d-spacing for the Pd [111]
plane [44]. It should also be pointed out that the porous
structure of carbon is well preserved during the process of

synthesizing Pd nanoparticles on ZnO-passivated carbon
samples by ALD, as shown in figures 2(e) and (f). A well-
preserved porous structure with the appropriate pore size is
expected to show high electrochemical performance since it
has been considered as one of the major factors that has
significant impact on cell capacity and cycle life in Li-O2

cells.
The electrochemical performance of these cathode

architectures was evaluated in a Swagelok-type cell under
1 atm O2 atmosphere with a MACCOR cycler. The cell
consists of a Li-foil anode, an as-prepared Pd/ZnO/C cathode
and a TEGDME-LiCF3SO3 electrolyte due to its greater

Figure 2. TEM images for the (a), (b) 1c-Pd/2c-ZnO/C and (c), (d) 3c-Pd/2c-ZnO/C samples. SEM images for the (e) carbon substrate and (f)
10c-Pd/2c-ZnO/C sample.
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stability toward the discharge product. For comparison, car-
bon with 2 ALD cycles of ZnO without Pd nanoparticles (2c-
ZnO/C) was also evaluated using the same cell configuration
described above. Figure 3(a) shows the voltage profiles of the
first discharge at 2.4 V under a current rate of 100 mAh g−1

for all the samples. The initial discharge plateau for the 3c-Pd/
2c-ZnO/C sample occurs at approximately 2.75 V with a
capacity of 1000 mAh g−1, which slightly drops to below
2.7 V with a total discharge specific capacity exceeding
10 000 mAh g−1. The rest of the cells with different Pd
loadings (1c-ALD and 10C-ALD samples), however, deliv-
ered much less capacity at a lower discharge plateau. It is
believed that the discharge capacity of a cell is strongly
dependent on the active site on the cathode surface, including
that of catalyst nanoparticles. For the 1c-Pd/2c-ZnO/C sam-
ple, the loading of Pd nanoparticles is too low to provide
enough active sites for the oxygen reduction reaction; the 10c-
Pd/2c-ZnO/C sample provides enough Pd loading, but the
active sites are reduced due to the aggregation of the Pd
particles compared to the 3c-Pd/2c-ZnO/C sample. Therefore,
Pd loading with the 3-cycle ALD, e.g. the 3c-Pd/2c-ZnO/C
sample, has the highest active site for the oxygen reduction
reaction, which leads to a higher discharge capacity. The
effects of the catalyst clusters on the formation of discharge
products has been reported in our previous work [45], which
demonstrated dramatically different morphologies of the
electrochemically grown lithium peroxide dependent on the

size of the Ag clusters as the electrocatalyst. It is also inter-
esting to note that the cell containing 2c-ZnO/C (without Pd
loading) as the cathode delivered higher capacity than that of
the 1c-Pd/2c-ZnO/C sample. Clearly, either the loading or the
particle size of the Pd nanoparticle on the ZnO-passivated
porous carbon has significant impact on the discharge capa-
city of the Li-O2 cell.

Figure 3(b) shows the XRD patterns for cathodes har-
vested after first discharged, which clearly demonstrates
that Li2O2 is the main discharge product for all the samples
tested in this study. No evidence shows other crystalline
species, such as Li2CO3 or LiOH, in the discharge products,
although some amorphous compounds cannot be ruled out.
Peaks corresponding to the (100), (101), (102), (105) and
(110) planes can be indexed to a hexagonal structure Li2O2,
which is consistent with the previous reported data. In
addition, it can be observed that the intensity of Li2O2 for
the 3c-Pd/2c-ZnO/C sample is much stronger than the other
Pd-ZnO-C samples, mainly due to the larger discharge
capacity of the former sample. The SEM images of the same
discharged cathodes clearly show a large amount of toroid
particles covering the whole surface of the sample, which is
the typical morphology of Li2O2, as reported earlier [17]
(see figures 3(c)–(e)). However, it appears that the size of
the toroidal particle on the discharged 3c-Pd/2c-ZnO/C
cathode is much denser and larger than those of the other
samples, although a few smaller toroids are also visible

Figure 3. (a) Voltage profiles and (b) XRD patterns of the cathodes discharged to 2.4 V. SEM images for the discharge cathodes (c) 1c-Pd/2c-
ZnO/C, (d) 3c-Pd/2c-ZnO/C and (e) 10c-Pd/2c-ZnO/C.
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between the bigger ones, as marked in the figure. Moreover,
careful examination of the SEM images indicates that the
building blocks of the toroidal discharge products of the Pd/
ZnO/C-based cathodes are distinctly different, i.e. 10c-Pd/
2c-ZnO/C discharge products are made up of nanofibers;
1c-Pd/2c-ZnO/C discharge products consist of smaller and
more spherical nanoparticles, while 3c-Pd/2c-ZnO/C dis-
charge products contain much bigger and denser

nanoparticles. This finding provides strong evidence that
the oxygen reduction reaction during discharge in the Li-O2

cell is significantly altered when Pd nanoparticles on ZnO-
passivated carbon is used as the electrocatalyst, which not
only contributes to a higher capacity by providing more
active sites for the ORR reaction in the case of 3c and 10c
ALD-Pd samples but also leads to a different morphology
of the discharge products.

Figure 4. Voltage profiles recorded from the discharge/charge cycles obtained from the cells (a) 2c-ZnO/C, (b) 1c-Pd/2c-ZnO/C, (c) 3c-Pd/
2c-ZnO/C, (d) 10c-Pd/2c-ZnO/C and (e) 3c-Pd/5c-ZnO/C.
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In order to reveal the catalytic activity on the oxygen
evolution reaction (charging) of the Pd/ZnO/C-based cath-
odes, we applied a capacity-controlled mode to investigate the
discharge/charge behavior of the Li-O2 cell [41, 45]. Under
this mode, the cutoff charging condition is specified so that
the charge capacity matches the previous discharge capacity,
in this case 1000 mAh g−1, while charge potential is limited to
4.5 V. Figure 4 shows voltage profiles recorded from the
discharge/charge cycles obtained from the cells with the two
different types of cathode architectures, i.e. ZnO-passivated
graphitized carbon (ZnO/C) and Pd nanoparticles on ZnO-
passivated graphitized carbon (Pd/ZnO/C). The voltage pro-
files exhibit that the charge potential is ∼4.0 V for the ZnO/C
cathode, which is significantly reduced to 3.0 V for all the Pd/
ZnO/C cathodes. The observed low charge potential was able
to be maintained for over 10 cycles at 1000 mAh g−1 capacity.
Even more striking, a lowest charge potential at around 2.8 V
is observed for the cell using the 1c-Pd/2c-ZnO/C cathode
(figure 4(b)), which leads to an extremely high round-trip
efficiency (>95%) of the cell. Considering that the thermo-
dynamically determined potential of the oxygen evolution
reaction from Li2O2 is 3.0 V [46, 47], such low charge
potential may indicate a completely different reaction path-
way from the previous literatures when the Pd/ZnO/C-based
materials are used as the cathode in the Li-O2 cell. While the
loading of Pd affects the performance of the Li-O2 battery, the
effect of the ZnO loading on carbon is minor. Figures 4(c) and
(e) show that the voltage profiles from the discharge/charge
cycles are similar between 3c-Pd/2c-ZnO/C and 3c-Pd/5c-
ZnO/C.

The above results demonstrated that the ALD Pd/ZnO
tandem bilayer on carbon has been found to be effective
cathode architecture for increasing the discharge capacity and
for reducing the charge overpotential of Li-O2 batteries.
Although the mechanism is still not clear at the current stage,
we do believe that both ZnO and Pd play the critical roles on
enhancing the performance of the cell. In particular, the ALD
ZnO thin film partially covered the carbon surface and was
selectively decorated at the carbon defect sites, which help to
minimize a side reaction such as electrolyte decomposition
and the formation of lithium carbonate on the defect sites. Our
earlier density functional theory (DFT) calculations showed
that small Al2O3 islands prepared by ALD were small enough
that they themselves are conductive [48]. A material that is

more conductive than Al2O3, such as ZnO in this case, would
be beneficial to the overall conductivity of the carbon cathode
when it is used to passivate the carbon defect sites. Sub-
sequent Pd ALD will selectively deposit uniform Pd nano-
particles on top of or at the edge of the ZnO layer because the
carbon surface can be considered inert for Pd ALD. These
highly dispersed Pd nanoparticles acted as the electrocatalyst
for promoting the discharge and charge reactions, and con-
sequently the electrochemical performance of the Li-O2 cells
is significantly improved in terms of the discharge capacity
and particularly the reduction of the charge overpotential.

Finally, it should also be pointed out that the cells with a
Pd/ZnO/C-based cathode started to fade with relatively short
discharge/charge cycles, even under the capacity-controlled
mode. Such fade is commonly observed in Li-O2 cells due to
the presence of the oxygen [49, 50]. As reported by Shui et al
[51], a continuous accumulation of LiOH on the lithium
anode under both charge and discharge conditions due to the
oxygen-crossover effect has been observed. A large number
of microscopic ‘tunnels’ exist within the LiOH layer, which
provide a pathway for sustained ion transport by enabling the
connection of lithium with the electrolyte. In this sense, the
cell can be operated until the total consumption of lithium has
occurred, given that the cathode and electrolyte can survive
for that long period. Figure 5 showed the complete degrada-
tion of the Li anode by the corrosion of the oxygen, while the
cathode still maintained its porous structure in the cells tested
in this study. Compared to the Li-ion battery, the
chemistry/reactions on the Li anode are far more complicated
in the Li-O2 battery due to the crossover effect of O2, which is
one of the major reasons for the degradation of the Li anode
in Li-O2 batteries. It is of no doubt that the protection of the
Li anode against the oxygen-crossover is the key factor to
improve the cycle life of the Li-O2 cells.

4. Conclusions

In conclusion, ALD was used to deposit nanostructured pal-
ladium on ZnO-passivated porous carbon as the cathode
material for Li-O2 cells. Compared to the Pd/Al2O3/C cath-
odes [48], the ZnO-passivated ones further reduce the charge
overpotential. The results demonstrated that the oxygen
reduction reaction during discharge in the Li-O2 cell is

Figure 5. SEM images for cathodes and images of the degraded Li anode after discharge/charge cycles (stop at charge) (a) 1c-Pd/2c-ZnO/C,
(b) 3c-Pd/2c-ZnO/C and (c) 10c-Pd/2c-ZnO/C.
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significantly altered when Pd nanoparticles on ZnO-passi-
vated carbon is used as the electrocatalyst, which not only
contributes to a higher capacity by providing more active sites
for the ORR reaction in the case of 3c and 10c ALD-Pd
samples but also leads to a different morphology of the dis-
charge products. The results also showed that the ALD Pd/
ZnO tandem bilayer on carbon is effective cathode archi-
tecture for significantly decreasing the charge potential of Li-
O2 batteries, which lead to a high round-trip efficiency of
the cell.
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