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a b s t r a c t

Carbon-supported Pd and PdO nanocatalysts were synthesised using either chemical reduction or ther-
mal synthesis procedures and were used as model metal and oxide catalysts for oxygen reduction in
rechargeable lithium–air batteries. The Pd metal catalyst showed excellent initial performance, e.g. a dis-
charge capacity of 855 mAh (g solids)−1. However, the PdO catalyst displayed superior capacity retention
to the Pd catalyst, producing a discharge capacity of 336 mAh (g solids)−1 after 10 cycles, i.e. the capac-
ity retention was 6% per cycle. The activity and stability of Pd metal and oxide catalysts were found to
eywords:
echargeable lithium–air battery
alladium nanocatalysts
alladium oxide nanocatalysts
ir cathode
ischarge capacity

be closely related to their intrinsic catalytic properties and structural changes during charge/discharge
cycles in Li–air batteries. The implication of such a difference is discussed. Model Pd/C and PdO/C cata-
lysts were compared with other widely used carbon-supported metal and oxide catalysts, including Pt/C,
Ru/C, RuO2/C and MnO2/C.

© 2011 Elsevier B.V. All rights reserved.

ycle ability

. Introduction

To meet the demand for higher power and better energy storage
apabilities, much attention has been focused on the develop-
ent of rechargeable Li batteries [1–5]. A revolutionary advance

rom graphite–LiCoO2 batteries to Li–air counterparts has recently
merged. These latter batteries allow lithium ions to react with
xygen from atmospheric air, external to the battery as needed.
n terms of specific capacity, lithium metal–air batteries are able
o deliver up to 5.2 × 103 Wh kg−1 including the weight of oxygen,
hich is ten-times that of current high-performance lithium-ion

atteries and more than any other class of energy-storage device
1–5]. In addition, lithium–air batteries are compact, lightweight
nd cost-effective because they adopt cheap and light materials
hat use oxygen drawn from the air during discharge, replac-
ng expensive chemical constituents used in current rechargeable
atteries. Apparently, it could make batteries more complex and

ead to the loss of compactness if usual desiccate and units were
dopted to remove CO2 or other harmful gases. However, it could
e possible to remove CO2 or other harmful gases from batteries
sing novel technologies, such as membrane separation technol-

gy, rather than complex desiccate and units, which should greatly
ncrease volume and weight of batteries. Therefore, the lithium–air
attery could be a small and light weight battery, suitable for hybrid

∗ Corresponding author. Fax: +44 0191 222 5292.
E-mail address: hua.cheng@ncl.ac.uk (H. Cheng).

926-3373/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcatb.2011.08.021
electric vehicles. It also has the potential to give a major boost to
the renewable energy industry, as the battery will provide back
up power to enable a constant electrical output from intermittent
renewable sources such as wind or solar.

Early investigation of Li–air batteries showed that the air cath-
ode was the most important challenge for their development
[1,2]. Nano-materials are of interest because of their relatively
large surface area, which enables faster reaction rates, and their
short diffusion path lengths compared to the bulk. Moreover, it
is well known that materials structured at the nanoscale have
different thermodynamic, electronic and mechanical properties
than in the bulk form and this provides a great opportunity for
the development of novel energy-storage devices [6,7]. A typical
example was nano-structured manganese oxides [8–10]. Partic-
ularly, MnO2 is of great interest for lithium batteries due to its
low cost, lower toxicity and higher average voltage and its ener-
getic compatibility in a reversible lithium electrochemical system,
compared to vanadium-based oxides [11]. Composite electrode
materials, such as amorphous manganese oxide coated onto acety-
lene black, have demonstrated relatively high discharge-specific
capacity [12]. However, there remains the challenge of achieving
practical recharge ability for its use as the positive electrode in
lithium secondary batteries and better positive electrode materials
for lithium–air batteries are required. The performance of MnO2

cathodes in the Li–air batteries and their Li-ion counterparts is not
totally comparable because they are different types of batteries,
although MnO2 cathodes in these batteries have some similar role.
Recently, a rechargeable oxygen electrode for lithium batteries was

dx.doi.org/10.1016/j.apcatb.2011.08.021
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
mailto:hua.cheng@ncl.ac.uk
dx.doi.org/10.1016/j.apcatb.2011.08.021
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ade by mixing Super S carbon powder, electrolytic manganese
ioxide catalysts and Kynar 2801 polymer binder to form a porous
omposite material [3,4]. In situ mass spectrometry measurements
onfirmed that oxygen reduction was reversible on such an oxygen
lectrode, i.e. the Li2O2 formed on discharging the oxygen electrode
as decomposed to Li and O2 during charging. Charge/discharge

ycling on such an oxygen electrode was also sustainable [4].
Very recently, carbon-supported platinum and gold catalysts

ave been found to affect the charge and discharge voltages of
echargeable lithium–oxygen batteries and thus enable higher
fficiency than simple carbon electrodes in such batteries [13].
owever, both platinum and gold are expensive. Moreover, data
ere collected in a short period. This means that the work did not

ddress the cycle life of such devices, thus leaving open question of
uitability of the catalysts.

Our recent work demonstrated that discharge capacities could
e improved by using carbon-supported manganese oxide as oxy-
en reduction catalysts, providing a material specific energy of
750 mAh (g carbon)−1 upon cycling to 4.3 V [14]. This increase in
nergy storage could be related to uniformly distributed catalysts
n the carbon matrix, leading to an enhanced activity for oxygen
eduction and an improved electrical connection among the cata-
yst and current collectors. Moreover, the cycling stability of this

aterial was relatively high, which could be in part attributed
o its intrinsic structural stability against severe reduction con-
itions [14]. The work also showed the importance of optimising
xygen electrodes for the development of practical rechargeable
ithium–air batteries [14].

As mentioned above, both metal and oxide catalysts were used
n rechargeable Li–air batteries [4,13,14]. Our investigation showed
hat metal and oxide catalysts had significant differences in activity
or oxygen reduction and stability during charge/discharge cycles in
echargeable Li–air batteries. Thus in this study we choose carbon-
upported Pd and PdO nanocatalysts as model metal and oxide
ystems. This selection is based on the following facts: (i) Pd and
d alloy catalysts have been used increasingly for oxygen electrore-
uction due to their advantages, such as lower cost and comparable
ctivity for oxygen reduction reaction, compared with Pt catalysts
15–20]. (ii) Activity of PdO catalysts for oxygen reduction in aque-
us solutions was demonstrated previously and, instead of a single
our-electron transfer, oxygen reduction at PdO electrodes partially
roceeded via a pair of two-electron transfers [21]. Even for Pd and
d-containing electrodes, palladium oxide species were actively
nvolved in processes of oxygen reduction and PdO showed higher
tability than Pd under oxygen reduction conditions [22,23]. With
he aid of Pd/C and PdO/C as model oxygen reduction catalysts
n rechargeable lithium–air batteries, we attempt to understand
he difference of metal and oxide catalysts and, possibly, provide
ome clues to guide the choice of cathode catalysts for recharge-
ble Li–air batteries. To reach this end, apart from using severe
harge/discharge cycling test, scanning electron microscopy (SEM),
nergy dispersive X-ray spectroscopy (EDX), transmission electron
icroscopy (TEM) and X-ray diffraction (XRD) and impedance tech-

iques were used to provide insight of the involvement of Pd/C
nd PdO/C model catalysts in the oxygen reduction reaction. Model
d/C and PdO/C catalysts were also compared with other carbon-
upported metal and oxide catalysts that were widely used as
atalysts for oxygen reduction in both aqueous solutions and in
on-aqueous media, including Pt/C, Ru/C, RuO2/C and MnOx/C.

. Experimental
.1. Catalyst fabrication

Carbon-supported Pd, Pt and Ru catalysts were prepared by
hemical reduction methodology, modified from the literature [24].
ronmental 108–109 (2011) 140–151 141

For example, Pd/C catalysts were obtained by chemical reduction
of PdCl2 using NaBH4:

NaBH4 + PdCl2 + 3H2O → Pd + H3BO3 + HCl + NaCl + H2 (1)

NaBH4 + H2O → 2H2 + boron hydrolysis products (2)

In practice, under ultrasonic agitation, 200 mg Norit carbon
black powder (SX, Norit) in 200 cm3 (ml) deionised water were
heated in a water jacketed closed glass container to 60 ◦C, using a
thermal circulating water bath (TE-10A, Techne), for 30 min. Then, a
dilute aqueous HCl solution containing 220 mg PdCl2 (99%, Aldrich)
were added into the mixture. The PdCl2 catalysts were then reduced
by adding excess 0.2 mol dm−3 (M) NaBH4 solutions, drop by drop,
until the water turned black. Once the Pd black was then filtered
from the mixture and washed with deionised water. The produced
materials were dried in the oven under nitrogen atmosphere at
105 ◦C for 2 h. The resulting Pd/C catalyst had a metal loading of
ca. 40%, as estimated from the EDX measurement. The Pt/C and
Ru/C catalysts had a similar metal loading of approximately 40%.
Therefore, they had a metal catalyst/carbon ratio of 40:60 in weight
(Table 1).

Carbon-supported PdO and RuO2 catalysts were prepared by a
modified procedure based on previous reports [25–27] using PdCl2
(≥99.9%, Aldrich) and RuCl3 (Ru content 45–55%, Aldrich) as precur-
sors. In brief, starting Norit carbon black powder was impregnated
with PdCl2 and RuCl3 solutions and the chlorides were thermally
oxidised at high temperature (500–550 ◦C) under air atmosphere:

Pd2+ 1
2

O2 → PdO (3)

Ru3+ + O2(heat) → RuO2 (4)

The selection of conditions for catalyst treatment was con-
sidering that carbon materials could be purified and their
electrochemical properties could be improved by oxidising in air
up to 550 ◦C with little loss in weight [28–32].

For example, carbon-supported PdO catalysts were produced by
adding 50 ml aqueous solution containing 1 g PdCl2, drop by drop,
to a suspension of 0.95 g Norit carbon black powder in 150 ml water
at 60 ◦C under vigorous ultrasonic agitation. The solvent was fil-
tered and the residue was washed with water. The dried powder
was exposed to 100 ml min−1 air flow at 550 ◦C for 4 h. The resulting
PdO/C catalyst had an oxide loading of ca. 40 wt%. The RuO2/C also
had an oxide loading of approximately 40 wt%. This means that the
ratio of oxide catalyst/carbon were 40:60 in weight (Table 1).

Details of synthesis of carbon-supported manganese oxides
(MnO2/C) were described elsewhere [14]. In brief, it was based on
a redox reaction of manganese sulphate and potassium perman-
ganate in the presence of a carbon matrix:

2MnO4
− + 3Mn2+ + 2H2O → 5MnO2 + 4H+ (5)

In practice, a closed glass container with a water jacket contain-
ing 150 ml water were heated to 80 ◦C using a thermal circulating
water bath (TE-10A, Techne). Under magnetic stirring, 1.0 g carbon
powder were added to the hot water and stirred for 20 min at 80 ◦C.
Then 0.4 g MnSO4·H2O (99%, Sigma) and 1.1 g KMnO4 (99.5%, BDH)
were dissolved in 25 ml hot water (80 ◦C) separately. Both solu-
tions were added to the container, drop by drop, under magnetic
stirring and kept at 80 ◦C for 1 h. The suspension was filtered and
washed several times using distilled water, and then dried at 120 ◦C
overnight. The produced materials were treated at several temper-
atures but only results obtained using the best catalyst (annealed
at 300 ◦C) sample are reported in this paper. The material had a

catalyst loading of around 27 wt% for Mn and 43 wt% for MnO2. The
valence number of the MnOx oxide used in this study was approxi-
mately 2, as estimated from the EDX measurement (Table 1), which
produced the best activity among our tested manganese oxides.



142 H. Cheng, K. Scott / Applied Catalysis B: Environmental 108– 109 (2011) 140– 151

Table 1
Compositions of carbon-supported catalysts.*

Catalyst Composition (wt%) Composition (at.%)

C Pd Pt Ru Mn  O C Pd Pt Ru Mn  O

Pd/C 59.97 40.03 92.99 7.01
Pt/C 59.88 40.12 96.04 3.96
Ru/C  59.85 40.15 92.62 7.38
PdO/C 58.48 36.79 4.73 88.36 6.27 5.37
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RuO2.0 58.21 31.74 

MnO2.0 57.24 27.02 

* Measured by the EDX technique.

To make meaningful comparison, the catalyst loading in all cath-
de composites was kept at 1 mg  metal cm−2.

.2. Material characterisation

Scanning electron microscope and energy-dispersive X-ray
nalyses were carried out using a JEOL JSM-5300LV scanning elec-
ron microscope at an acceleration voltage of 25 kV, combined with

 ROUTEC UHV Dewar Detector.
Transmission electron microscopy images were taken using a

hilips CM100 transmission electron microscope. The TEM sam-
le preparation included embedding and sectioning steps. In the
mbedding step, the composite electrode material was embed-
ed in 100% resin (Epoxy embedding resin kit (medium), TAAB
ab. Equip., Aldermaston, Berks) at 60 ◦C for 24 h. Then ultrathin
ections (80 nm approximately) were cut from the composite elec-
rode material using a diamond knife (Diatome 35◦) on a RMC

T-XL ultramicrotome. The sections were stretched with chloro-
orm to eliminate compression and, finally, mounted on Pioloform
lmed copper TEM grids (Agar Scientific, Stansted, Essex). The grids
ere examined using a Philips CM 100 Compustage (FEI) Transmis-

ion electron microscope and digital images collected using an AMT
CD camera (Deben).

X-ray diffraction analysis was performed using a Cu K� radiation
ith a Siemens D-5005 X-ray Diffractometer at a tube current of

00 mA  and a tube voltage of 40 kV. The 2� angular regions between
0◦ and 100◦ were explored at a scan rate of 2◦ min−1. The XRD
atterns were compared to the International Centre for Diffraction
ata® (ICDD®) [33].)

.3. Impedance analysis

The electrochemical impedance spectra were measured in situ
f batteries where the cathode was fed with oxygen or argon.
he anode served as both reference electrode and counter elec-
rode. The spectra were recorded in a frequency range of 100 kHz
o 0.1 Hz with a perturbation amplitude of the ac voltage of 5 mV
nder open circuit voltage (OCV) conditions using a Metrohm Auto-

ab PGSTAT302 N Potentiostat/Galvanostats fitted with a frequency
esponse analyser (FRA2 module, Eco Chemie, Holland). The mea-
urements were collected before and after charge/discharge cycles
nd the impedance data were plotted in a complex plane diagram,
ncluding the real part (Z′) and imaginary part (Z′′) of the impedance
ata.

.4. Batteries and cycle performance test

A Swagelok type battery was used to investigate cycling. It
ad a stainless steel cylinder plunger to support a Li metal anode

Sigma–Aldrich 265985), together with an aluminium tube to
llow oxygen access to the back side of the cathode. A glass
icrofibre filter (No. 1825-257, Whatman) separator was used,

oaked in 1 M LiPF6 (≥99.99%, Aldrich) in propylene carbonate (PC,
.05 83.72 5.43 10.85

.74 76.36 7.88 15.76

Sigma–Aldrich) electrolyte. The cathode was formed by casting a
mixture of carbon powder, carbon-supported catalyst, Kynar 2801
binder (Elf Atochem) and PC, together with acetone (Aldrich). The
cathode was  placed onto the separator and a thin open aluminium
mesh (Aldrich) was  placed on top to act as a current collector. The
aluminium plunger was then inserted into the top of the cell and
the end cap tightened to hold it in place.

The Swagelok cells were placed into glass containers. Each glass
container consists of sealed vacuum tube with two Youngs’ taps
for gas flow and two  electrical connectors (Tempatron Ltd.). The
battery was gastight except for the Al mesh window that exposed
the porous cathode to the O2 atmosphere (1 atm pure oxygen).

All processes of assembling and dismantling the batteries were
carried out in an argon atmosphere in a glove box (Unilab, MBRAUN,
Germany), which provided both water and oxygen levels less than
0.1 ppm. All component parts were washed in distilled water then
ethanol (agitating in an ultra-sonic bath) prior to drying at 120 ◦C
and transfer to the glove boxes. After cell tubes were removed from
the glovebox, they were placed under flowing pure oxygen (BOC)
for 1 h.

Battery tests were performed in a temperature-controlled
oven at 30 ◦C using a Maccor-4200 battery tester (Maccor).
Charge–discharge curves were recorded galvanostatically at a rate
of 70 mA (g carbon)−1. The batteries were first discharged and then
charged between the potential limits of 2.0 V (vs. Li/Li+) for dis-
charge and 4.3 V (vs. Li/Li+) for charge.

3. Results and discussion

3.1. Surface characteristics

Surface morphologies of Pd/C and PdO/C catalyst materials were
characterised for powder samples as well as composite electrode
configurations. Figs. 1 and 2 compare SEM surface images of new
composite cathode using a carbon-supported Pd or PdO cath-
ode catalyst. The distribution of the Pd metal or oxide catalyst
is indicated by differences in signal intensity (brightness) in the
micrograph, i.e. bright parts come from the Pd metal or oxide cat-
alyst and grey parts from carbon, binder and PC, etc. Although the
image does not illustrate the particle size distribution of the Pd
metal or oxide catalyst, intensity gradients show that both cata-
lysts are well dispersed in composite electrode porous networks.
In order to better understand the average particle size, at least qual-
itatively with respect to the supported Pd or PdO catalysts, surface
morphologies of carbon-supported Pd and PdO catalyst powders
were collected, as shown in Figs. 3 and 4. The carbon-supported Pd
catalyst material was  characterised by a rough structure with nano-
metric pores and complex network configuration. All Pd catalyst
particles exhibit approximate spherical appearance with particle

sizes smaller than 25 nm and most particles have a size of approx-
imate 15 nm (Fig. 3). Although some features are similar as those
of the Pd/C catalyst, such as roughness and porous structure and
still have some catalyst sphere dimensions around 10 nm,  the
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Fig. 1. Scanning electron micrograph of the new carbon-supported Pd composite
e

m
p
o
p
t
f
s
o
m
a
r
c

F
e

cess in the passivating film (the high frequency range), to the charge
lectrode at a magnification of 10,000.

orphology of the PdO/C sample changed radically, revealing the
resence of catalyst (PdO)-rich cluster areas (Fig. 4). This is evidence
f coalescence of PdO catalyst particles, implying that sintering
henomena occurred for the PdO/C catalyst during the thermal syn-
hesis process, which was different from that for the Pd/C catalyst,
abricating by the chemical synthesis. Such a difference is under-
tandable because, as shown previously, the surface morphology
f catalysts greatly depended on fabrication strategies and ther-
al  synthesis procedure generally produced denser materials with

gglomerates, than did the low temperature chemical synthesis
oute [14,34,15,35,36]. The implication of such a difference on the

atalyst performance will be shown later.

ig. 2. Scanning electron micrograph of the new carbon-supported PdO composite
lectrode at a magnification of 10,000.
Fig. 3. Scanning electron micrograph of the carbon-supported Pd powder at a mag-
nification of 20,000.

3.2. Impedance spectra

Fig. 5 compares the Nyquist plots for new batteries with the
Pd/C or PdO/C cathode catalyst obtained before the first discharge.
Both impedance spectra similarly display a depressed semicircle in
high frequency range (approximately from 100 to 5 kHz) with an
intercept at the real axis, followed with another depressed semi-
circle at medium frequency (approximately from 5 kHz to 10 Hz),
in addition to a straight line with an angle of approximately 45◦ to
the real axis in the frequency range below 10 Hz. The appearance
of depressed semicircles could be attributed to the dispersion of
three different time constants, related to the ionic migration pro-
transfer (the medium frequency range) and to the resistance of the
electrolyte in the pores of the passivating film formed on the carbon
(the low frequency range) [37], similar as observed from the lithium

Fig. 4. Scanning electron micrograph of the carbon-supported PdO powder at a
magnification of 20,000.
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Table 2
Equivalent circuit parameters of rechargeable Li–air batteries with carbon-
supported Pd and PdO catalysts.

Catalyst Rex/� Rin/� Cin × 106/F Rct/� Cdl × 106/F W/�

Pd (new) 6.2 13.5 5.7 39.2 332.1 0.12
PdO  (new) 8.9 21.6 3.8 67.4 195.3 0.16
Pd* (cycle 10) 45.8 48.7 2.1 415.5 131.4 0.31

and more accurate to present this quantity by mAh  (g cathode
solids)−1 in most cases, considering the fact that the capacity
of batteries is mainly related to the quantity of active materials
involved and carbon is not only active material; each compo-

4.5
ig. 5. Impedance spectra of rechargeable Li–air batteries with carbon-supported
d  and PdO composite cathodes before cycling.

lectrode interface [38–41] or from the carbon/organic electrolyte
nterface [42–44].  The linear part was associated with the diffusion
f electrochemical active ionic species within electrode porous net-
ork, including the interface between surface films, the catalyst

nd its carbon support as well as the capacitive effect of the carbon
45–47]. The straight low frequency line with a phase angle of about
5◦ in Fig. 5 implies the involvement of diffusion control, due to the
low diffusion of electroactive species across the interface between
urface films and the catalyst supported carbon along the pores in
he air cathode (Warburg effect) [45,46].

The large difference in impedance response for both batter-
es was also noticed. As reported previously, the major source
f battery impedance came from the cathode and the Li anode
ad only a weak contribution to the whole battery system for
oth Li-ion and Li–air batteries [45,47–49].  Therefore, the observed

mpedance differences can reasonably attributed mainly to the
athode difference. For instance, the depressed semicircle appeared
n the low-frequency range mainly to cathode effects, i.e. a con-
ribution from the inter-particle contacts such as catalyst–catalyst,
arbon–catalyst and carbon–carbon grain contacts, within the com-
osite cathode [45,48,49].  In spite of such a great variation, an
quivalent circuit proposed for and confirmed in Li–O2 batteries
45,48,50] can be used to fit the spectra of our batteries because
f similar battery structures and similar shapes of spectra gener-

ted from such batteries, which is shown in Fig. 6. The equivalent
ircuit consists of an external ohmic resistance (Rex), an interface
hmic resistance (Rin), a charge transfer resistance (Rct), double
ayer capacitances (Cin and Cdl) and a Warburg (W)  impedance.

Cin                                Cdl

Rex

Rin                           Rct          W 

ig. 6. The equivalent circuit of rechargeable Li–air batteries with carbon-supported
d  and PdO composite cathodes.
PdO* (cycle 20) 33.5 39.4 2.6 320.8 217.6 0.23

* Final cycle.

The external ohmic resistance (Rex), represents a combination of
the uncompensated electrolyte resistance between the air cathode
and the Li anode, an electronic resistance of the current collector
and contact resistances that may  exist between the external sur-
face of the electrode and the electrolyte [45,47,51,52]. The interface
ohmic resistance (Rin) is a combination of the electrolyte resis-
tance within the electrode, the electronic resistance of the electrode
material and the contact resistance between the electrode com-
ponents. The interface double layer capacitance Cin represents the
capacity of film on the interface between the electrode and elec-
trolyte. The charge transfer resistance (Rct) indicates the resistance
for electrochemical charge transfer process. The capacity Cdl shows
the capacity related to the charge transfer process. The Warburg
impedance is an indicative of the contribution from gas diffusion
[45,47,51,52].

Based on this equivalent circuit, we carried out a quantitative
analysis of the impedance spectra; values of the equivalent-circuit
components were obtained by curve fitting using the Autolab Fra2
software and results are shown in Table 2.

3.3. Energy storage capacity

3.3.1. Initial cycle performance
Fig. 7 compares the first cycle storage performance of non-

aqueous rechargeable Li–air batteries with a carbon-supported
Pd or PdO cathode catalyst at a rate of 70 mA (g carbon)−1. A
unit of mAh  (g cathode solids)−1 was  used in Fig. 7, although
a popular unit to express specific capacity of Li–air batteries is
mAh  (g carbon)−1. We  believe that it may  be more reasonable
1.5

2.0

2.5

3.0

3.5

4.0

10008006004002000
Capacity/mA h (g solids)-1
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te
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ia

l/V

PdPdO

Fig. 7. Variation of potential with state of charge for rechargeable Li–air batteries
with carbon-supported Pd and PdO composite cathodes. The first cycle, which was
cycled at a rate of 70 mA (g carbon)−1 between 2.0 and 4.3 V. Temperature: 30 ◦C.
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As a semiconductor, PdO has lower conductivity than Pd
metal [58–60]. More importantly, in a composite electrode net-
work, both catalysts had different combinations with other
H. Cheng, K. Scott / Applied Catalysis B

ent has its irreplaceable role. When a metal or oxide catalyst
o-exists, carbon is not even the most important active material.
s shown in Fig. 7, although both catalytic materials produced
imilar shaped potential–capacity curves, they were quite differ-
nt in discharge capacities and in charging/discharging potentials.
he battery with the Pd/C cathode catalyst delivered higher spe-
ific capacity (ca. 855 mAh (g solids)−1) than that with the PdO/C
atalyst (ca. 556 mAh (g solids)−1). Discharging for the battery with
he Pd/C catalyst started at a voltage of 2.65 V with subsequent
harging occurred at 3.40 V. In contrary, the battery with the PdO/C
athode catalyst had a higher discharging voltage (2.75 V) but lower
harging voltage (3.15 V).

.3.2. Discussion
The electroreduction of molecular oxygen involves the dissocia-

ive absorption of oxygen by a strong interaction between catalysts
nd oxygen and a redox reaction of the catalyst site. Consequently,
ctivity of an electrocatalyst for the oxygen reduction reaction
reatly depends on its ability for dissociative absorption of oxygen.
n our non-aqueous environment within the lithium–O2 battery,
ischarge products could be Li2O2 from partly breaking the di-
xygen bond, i.e. the reduction of O2 to O2

2−, followed by its
ubsequent oxidation [3,4,53,54]:

Li + O2 ↔ Li2O2 (6)

Since the discharge voltage of a Li–air battery is an indication of
ts ORR activity of the cathode catalyst, higher discharge voltage of
he battery with the PdO catalyst, compared with that with the Pd
ounterpart (Fig. 7), reflected its superior ORR activity to the Pd.

On the other hand, other physical and chemical properties of
he catalytic materials, e.g. porosity, directly affect the discharge
apacity of the Li–air batteries. During cycling processes of the
ithium–O2 battery, not only Li2O2 was formed, as shown in Eq.
6), further reactions were possible, such as [54]:

i2O + CO2 → Li2CO3 (7)

The formation and transfer of these insoluble substances hinted
hat the difference in surface characteristics of two catalysts, as

entioned above, could play a great role in their battery perfor-
ance. Some clues can be drawn from our SEM and impedance

ata and the performance difference may result from:

(i) Difference in surface morphology
It is widely accepted that chemical and physical properties

of catalysts are strongly affected by the change of particle
dispersion and particle size [18–20,55]. Catalysts with high
dispersion values show lower polarisation than bigger size cat-
alysts [18–20]. Size decrease of catalyst particle is believed to
increase the proportion of the total number of catalyst atoms
lying near to or on the surface, making the electrochemi-
cal reactivity of the particles more and more important, thus
enhancing their electrochemical activity towards a catalytic
reaction [18–20,55]. In a battery, cathodes with higher surface
area could deliver a better discharge performance than with a
lower surface area due to the decreased diffusion path length,
as a consequence of the presence of very small particles [56].

In our case, qualitatively, we can see a higher dispersion
of the Pd/C catalyst than the PdO/C catalyst in composite
electrode configurations, as used in our Li–air batteries (see
Figs. 1 and 2). This can be more clearly identified in Figs. 3 and 4,
where cluster-like PdO catalyst particle groups were formed

during the thermal synthesis process (Fig. 4) while the Pd
particles revealed more uniform distribution in the carbon
support matrix (Fig. 3). Further evidence regarding particle
size was obtained from TEM measurements where higher
Fig. 8. Transmission electron micrograph of the carbon-supported Pd composite
electrode at a magnification of 13,5000.

magnifications could be used. For example, at a high mag-
nification of 130,000×, the nanoporous structure of each Pd
particle is revealed for the composite electrode with the Pd/C
catalyst (Fig. 8). The Pd particles, most of them with dimen-
sions approximately between 5 and 10 nm, were distributed
in composite networks, made up of carbon, Kynar binder and
PC. The TEM image for the composite electrode with PdO/C
catalyst (Fig. 9) was rather different from that with the Pd cat-
alyst. Although individual PdO particle with small particle sizes
around 5–10 nm can be seen, significant number of PdO par-
ticles was agglomerated and their dimensions were around
20 nm (Fig. 9). As a general rule, the bigger the particle, the
smaller the electrochemical active surface area [57,15]. This
means that the Pd/C catalyst has larger active surface area than
its PdO counterpart, in addition to higher dispersion. The large
surface area of catalyst could result in a larger contact surface
between reactant oxygen molecules, electrolyte and binder,
and thereby enhance any reactions between them. These fac-
tors could be accounted for their different initial performance,
as shown in Section 3.2.

(ii) Their difference in initial resistance
Fig. 9. Transmission electron micrograph of the carbon-supported PdO composite
electrode at a magnification of 13,5000.
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Fig. 10. The cycle performance (discharge capacity against cycle number) of the
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components due to their differences in volume, bonding
energy and structure etc. This had great impact on the elec-
trode conductivity. These arguments were also confirmed by
our impedance data, which were collected in situ of two Li–air
batteries with the Pd/C or PdO/C cathodes, otherwise under
identical conditions, as shown in Fig. 5 and Table 2. It is eas-
ily seen from Fig. 5 that the battery with the Pd/C cathode
had a lower external ohmic resistance (Rex, i.e. the high fre-
quency intercept at the real Z-axis) than that with the PdO/C,
i.e. 6.2 vs. 8.9 � (Table 2). The same trend was observed for
interface and charge transfer resistances, ca. 13.5 vs. 21.6 �
and 39.2 vs. 67.4 � (Table 2). Such a difference in resistances
led to the superior initial performance of the battery with the
Pd/C cathode to that with the PdO/C. For example, since the
medium frequency impedance mainly reflects the contribu-
tion of the ionic diffusion from the bulk of electrolyte to the
reaction sites gas diffusion [45,51], so a lower charge transfer
resistance means better ionic diffusion.

iii) Their difference in other initial electrochemical properties
As displayed in the impedance data, higher capacities were

observed for the battery with the Pd/C cathode, compared to
that with the PdO/C (Table 2). In general, the capacitance that
appeared in complex plane impedance plots can be taken as a
measure of total active area, which is proportional to the elec-
trochemically accessible surface area of the electrode [61,62].
Therefore, the battery with the Pd/C cathode showed better
performance than that with the PdO/C due to more accessible
active sites. It should be stated that the capacitance observed
in impedance spectroscopy includes double-layer capacitance
and Faradaic pseudo capacitance terms for both the catalyst
and carbon surfaces of the catalyst particles. Also, relative
contributions to total capacitance from the catalyst and car-
bon surfaces or from double-layer and Faradaic capacitance
changed with different electrodes. Due to the difficulty to sep-
arate these terms, in practice, it can be reasonably assumed
that their relative contributions to the total capacitance do not
vary greatly between different electrodes and thus the total
capacitance is still a reasonable relative measure of the elec-
trochemically active area, as proved in other catalytic systems
[61].

Warburg impedance was also different for both batteries and
ower Warburg impedance for the battery with the Pd/C cathode
ndicates its lower diffusion resistance than that with the PdO/C
athode (Table 2).

It is worthwhile to state that propylene carbonate (PC) was
elected initially in our project due to the fact that it is one of
referred solvents for commercial lithium-ion batteries due to its

ower volatility and higher flash point. It is true that there are
ownsides of PC, for example, it has high reactivity towards the
are Li metal and PC itself is easily decomposed during charg-

ng process, which led to substantial formation of insulating film
uring reduction, consisting of Li2CO3, Li2O2, Li2O and LiOH, plus
ther PC reduction products, such as CH3CH(OCO2Li)CH2–OCO2M,
H3CHOCO2Li and CH3CHOLi [4,65–70]. It is possible that these
ownsides had some negative effect on displaying the catalyst
ehaviour to some extent. However, we believe that such an effect
as limited under our conditions, since we could clearly distinguish

he intrinsic cycling stability of batteries with different cathode cat-
lysts, even in the presence of the electrolyte decomposition. These

bservations showed that such a masking effect, if there was  any,
hould not significantly affect the comparability of both Pd and PdO
atalysts under other comparable conditions. Indeed, with more
ntensive studies, we and other groups have recognised the neces-
rechargeable lithium–oxygen batteries with carbon-supported Pd and PdO com-
posite cathodes. Batteries were cycled at a rate of 70 mA (g carbon)−1 between 2.0
and 4.3 V. Temperature: 30 ◦C.

sity to search PC alternatives. Investigation in this field has made
progress and related results will be published later.

3.4. Stability

In practice, battery stability, which can be measured by reten-
tion of discharge capacity on cycling, is more important than its
initial performance. As reported previously, the most challenge
issue for Li–air batteries is their capacity retention ability [1,3,5,14].
This mainly depends on how long the cathode catalyst can sur-
vive as active component in a composite network under severe
charging/discharging cycles.

3.4.1. Capacity retention ability
Fig. 10 compares the variation of discharge capacity on cycling

for the rechargeable lithium–oxygen batteries with Norit car-
bon black-supported Pd and PdO cathode catalysts. Both batteries
experienced performance deterioration but with quite different
decrease rate. The capacity of the battery with the Pd catalyst
fell rapidly from around 855 mAh  (g solids)−1) to a low value of
132 mAh  (g solids)−1) after 5 cycles, corresponding to a capacity
retention of 3.1% per cycle (Table 3). At the 10th cycle, the dis-
charge capacity was even lower to just 38 mAh (g solids)−1 with
a low capacity retention of 0.44% per cycle (Table 3). In contrast,
the battery with the PdO catalyst displayed much higher capacity
retention ability, e.g. the capacity retention was still 6% per cycle at
the 10th cycle. The data suggested that the PdO catalyst was more
stable than the Pd catalyst under repeated cycling conditions.

3.4.2. Discussion
The capacity loss of a positive electrode during cycles is a com-

mon phenomenon for lithium batteries as a result of loss and
deterioration of the active material and the decrease in conduc-
tivity between the active material and the collector [8].  In our case,
as mentioned in the last section, our Li–air batteries with both Pd/C
and PdO/C cathode catalysts could not maintain their initial high
capacities. Several aspects may be responsible for the performance

deterioration with charge/discharge cycling:

(i) The loss of the active material of the cathode
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Table 3
Charge/discharge voltages and discharge capacities of rechargeable Li–air batteries with carbon-supported catalysts.

Catalyst Charge voltagea(V) Discharge voltagea(V) Capacitya(mA  h g−1) Capacityb(mA h g−1) Capacity retention per cycleb(%)

Pd 3.40 2.65 855 38 0.44
Pt 3.55 2.72 616 279 4.53
Ru 3.70 2.76 577 65 1.13
PdO  3.15 2.75 556 336 6.04
RuO2.0 3.65 2.89 446 234 5.25
MnO 3.80 2.51 807 626 7.76
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Under severe cycling conditions, the oxidation (e.g. Pd cata-
lysts) and/or reduction (e.g. PdO) of catalysts could be occurred.
This led to the decrease in active sites, lowering cathode cat-
alytic activity. Qualitatively, we could see obvious loss of the
cathode solid materials from glass fibre supports. Weighing
our cathodes before and after test quantitatively confirmed the
material loss, which definitely led to loss of catalytic activity
of the cathode. As a direct consequence of such a material loss,
the increased gaps between the active material and the collec-
tor were observed; some loose materials were formed in such
gaps. This could increase the battery resistance.

(ii) The agglomeration of catalyst particles and other cathode com-
ponents, as shown in our SEM data later. This caused reduction
in electrochemical active surface area and increased diffusion
resistance.

iii) The loss of solvent (PC)
The loss of PC solvent and the formation of white solid sub-

stances were observed after charge/discharge cycling. There
were several possible reactions or processes that are respon-
sible for such a loss. For instance, as mentioned above, owing
to high reactivity of PC towards the bare Li metal and PC itself
is easily decomposed during charging process, which led to
substantial formation of insulating film during reduction, con-
sisting of Li2CO3, Li2O2, Li2O and LiOH, plus other PC reduction
products, such as CH3CH(OCO2Li)CH2–OCO2M, CH3CHOCO2Li
and CH3CHOLi [3,54,63–68]. Further reactions could occur in
the presence of carbon dioxide and moisture, such as that
described in Eq. (7) and:

LiOH + CO2 → Li2CO3 + H2O (8)

This affected contact between catalyst particles, carbon support
articles and binder, leading to the decreased tightness between
lectrodes, separator and current collectors, which thus reduced
he battery conductivity. The PC loss also had a negative impact on
ransport of Li ion and intermediates. As a consequence of the loss
f their existing media, Li ion transfer could be severely prevented
nd/or blocked, which could limit the involvement of active compo-
ents (such as Li ion) and greatly reduce the battery performance.
urther more, as mentioned above, it was possible that insoluble
ubstances generated, such as Li2O2 and Li2CO3 [4,54];  they could
ot diffuse away rapidly enough from the surface. They might be
dsorbed to the surface of the catalysts and block the active sites
or further dissociative absorption of oxygen.

A comparison of the impedance spectra shown in Fig. 5 with
ig. 11 and data in Table 2 confirmed above qualitative obser-
ations. A significant increase in resistances and reduction in
apacities was clear, for example, the external resistance increased

rom 6.2 to 45.8 � and from 8.9 to 35.5 � for the battery with
he Pd/C and PdO/C cathode catalyst, respectively (Table 2). Such a
hange in electrochemical properties of the cathodes caused dra-
atic performance deterioration.
It should state that there was uncertainty concerning the sol-
vent loss and further study using more accurate techniques would
benefit to understand this qualitative observation.

Moreover, as shown above, our Li–air batteries with Pd/C and
PdO/C cathode catalysts did exhibit different deterioration rates.
As the only difference of two batteries was  their cathode catalysts,
so cycle ability shown here is a sign of activity retention of cathode
catalysts during charge/discharge cycling operation. The following
aspects may  be responsible for such a difference in capacity fading:

(i) Intrinsic stability
In general, under the conditions of catalysis, it is expected

that the metal surface will indeed be in a dynamic ‘living’ state
with the tendency to form oxide, which destabilises the metal
surface and represent metastable precursors for the phase
transition to a more stable surface-oxide [69]. For this rea-
son, even industrial Pt–Ru catalysts are not simply bimetallic
alloys, but contain hydrous Ru oxide and RuO2 oxide is more
stable [69,70]. For Pd catalysts, the interaction of oxygen with
Pd is very easy; exposure of Pd surfaces to O2 even at or below
room temperature leads to dissociation of molecular oxygen,
forming a chemisorbed layer of oxygen atoms. Such a unique
property made the activity of Pd catalysts extremely sensitive
to the catalyst history and formation of an unstable surface
structure with a lower Pd atom density is a natural first step
consequently, followed by the stable PdO formation [23,71,72].
On the contrary, PdO is very stable even at high temperature
[73]. As the most stable species of oxygen-containing palla-
10008006004002000
Z'/oh m

Fig. 11. Impedance spectra of rechargeable Li–air batteries with carbon-supported
Pd (cycle 10) and PdO (cycle 20) composite cathodes after the final cycle.
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(Figs. 14 and 15). The PdO/C catalyst displayed a lower degree
of agglomeration and better catalyst dispersion, characterised
by smaller cauliflower-like agglomerates and rougher surface
ig. 12. X-ray powder diffraction patterns of the carbon-supported Pd composite
athode: (a) before cycling and (b) after the final cycle (cycle 10).

gen reduction in aqueous media was confirmed previously and
its surface morphology and cyclic voltammograms had only a
small change [75]. The palladium oxide showed higher stabil-
ity than palladium metal during oxygen reduction in aqueous
acid environment [22]. While surface composition of the pal-
ladium oxide remained unchanged, the Pd metal gradually
disappeared and the PdO increased concomitantly. As a result,
the stability of the Pd cathode during oxygen reduction was
enhanced [22]. Another example was the improved catalyst
durability during oxygen reduction reaction owing to oxida-
tion treatment of Pd and Pd–Co alloy electrodes [76]. This was
attributed to the presence of surface PdO species, which were
able to protect the Pd catalyst from structural changes as well
as hinder the dissolution of hydrogen into bulk Pd/C [76].

Higher stability of the PdO catalyst under our battery cycling
conditions, compared with the Pd catalyst, was confirmed by
our XRD data (Fig. 12). A comparison of XRD patterns for
the Pd composite electrodes before and after charge/discharge
cycling, i.e. curves “Pd (new)” and “Pd (after use)” in Fig. 12,
exhibits a significant decrease in intensity of main Pd peaks,
i.e. Pd (1 1 1), Pd (2 0 0) and Pd (2 2 0). Meanwhile, apart from
the increased intensity of PdO (0 0 2) that existed in the new
Pd sample, new PdO peaks appeared after charge/discharge
cycling, i.e. PdO (1 0 1), PdO (1 1 0), PdO (1 0 2), PdO (1 1 2), PdO
(1 0 3), PdO (2 0 2) and PdO (2 1 1). On the contrary, the PdO
composite electrodes showed less dramatic change in XRD pat-
terns; main PdO peaks, i.e. PdO (1 0 1), PdO (1 1 0), PdO (1 1 2),
PdO (1 0 3) and PdO (2 0 2), were maintained, in addition to
two new PdO peaks, i.e. PdO (1 0 2) and PdO (2 1 1), after the
cycling operation (Fig. 13). The evidence suggests that PdO is
more stable than Pd and could deliver superior catalytic activ-
ity towards oxygen reduction to the Pd catalyst under severe
battery cycling conditions. As a result, the Pd/C cathode could
not maintain its initial high activity; the performance of the
battery with the Pd/C catalyst deteriorated at a greater rate,
compared to that with the PdO/C catalyst (Fig. 10).
(ii) Surface morphology change
The rapid and relatively slow deterioration of our batter-

ies with Pd/C and PdO/C cathode catalysts was also a direct
Fig. 13. X-ray powder diffraction patterns of the carbon-supported PdO composite
cathode: (a) before cycling and (b) after the final cycle (cycle 20).

consequence of their cathode surface changes. Examples are
shown in Figs. 14 and 15,  which show SEM images of the
Pd/C and PdO/C cathode catalysts after experiencing charg-
ing/discharging cycling. Although the images do not well
illustrate the particle size distribution of both catalysts, inten-
sity gradients show some remaining dispersed catalysts (bright
points and/or areas). Significant changes in the distribution of
both catalysts and their particle sizes were observed, com-
pared with new electrodes (Figs. 1 and 2). In spite of both
cathode surfaces exhibiting irregular shapes and porous struc-
tures after charging/discharging cycles, their agglomeration
extent and catalyst distribution did show some differences
Fig. 14. Scanning electron micrograph of the carbon-supported Pd composite elec-
trode after charge/discharge cycling at a magnification of 10,000.
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Fig. 16. Variation of potential with state of charge for rechargeable lithium–oxygen
batteries with carbon-supported Pt, Ru, RuO and MnO composite electrodes. The
ig. 15. Scanning electron micrograph of the carbon-supported PdO composite elec-

rode after charge/discharge cycling at a magnification of 10,000.

(Fig. 15), compared with the Pd/C catalyst (Fig. 14). Moreover,
relatively small catalyst particles could still be seen for the
PdO/C catalyst (Fig. 15) than that for the Pd/C catalyst (Fig. 14).
These differences mean that the PdO/C catalyst had larger elec-
trode active surface area than the Pd/C catalyst, thus, produced
lower degradation rates and better discharge performance, as
reported in other types of batteries [56].

The most striking feature for both electrodes is their
severe agglomeration. Most pores for new electrodes
(Figs. 1 and 2) were nearly eliminated, replaced by big blocks
and cauliflower-like agglomerates made up catalyst, carbon
and binder particles (Figs. 14 and 15). The implication of such
a drastic structure change is the great reduction of the inter-
face between the catalyst phase, carbon support and binder, as
a result of the decreased pores and the formation of enlarged
blocks. Therefore, catalyst, catalyst support and binder could
not function properly, affecting catalyst activity and diffu-
sion of reactants (oxygen), intermediates (such as dissociative
absorbed oxygen) and products (such as Li2O2).

Severe aggregation of catalyst particles was also observed
and particle sizes increased from around 10–20 nm
(Figs. 1 and 2) to approximately 100–500 nm (Figs. 14 and 15).
One direct result of such a change is the drastic reduction in
electrochemical active sites due to less catalyst atoms near
to or on the surface and an incorporation of part of catalyst
atoms from the surface into the bulk [55,79], leading to a
great decrease in the battery capacity. Even for remaining
catalyst active sites, the diffusion path length increased due
to the catalyst agglomeration and surface area reduction. This
would make them difficult to be accessed by reactant oxygen
molecules as well as for diffusion of intermediates (such as dis-
sociative absorbed oxygen) and products (such as Li2O2) more
difficult. Consequently, the catalyst activity decreased and the
batteries suffered from unstable deteriorating performance.

iii) Difference of changing electrochemical properties, such as
resistance and capacitance

A comparison of Fig. 11 with Fig. 5 and related values in
Table 2 exhibits different deterioration rates for the Li–air bat-
tery with Pd/C or PdO/C cathode catalyst. The latter showed

smaller increase in resistances and lower decrease in capac-
itances than the former. Although the battery with the PdO
catalyst stood up to more charging/discharging cycles, it
showed lower resistances and higher capacities, compared
2 2

first cycle, which was cycled at a rate of 70 mA (g carbon)−1 between 2.0 and 4.3 V.
Temperature: 30 ◦C.

with that with the Pd/C cathode, e.g. 320.8 vs. 415.5 � in
charge transfer resistance and 2.2 × 10−4 vs. 1.3 × 10−4 F in
charge transfer capacitance. These differences in electrochem-
ical property determined the better retention of the battery
with the PdO catalyst than that with the Pd/C catalyst.

Overall, it seems reasonable to assume that the cycling ability
of the batteries largely depended on the ability of catalysts to sup-
port insertion and removal of lithium via the reversible reaction
(6). In this respect, the PdO/C catalyst exhibited quite good recov-
ery ability and may play an active role in removal of lithium oxides
during discharge/charge cycling. It may worth stating that we have
no intention to compare the Li–air battery with the Li-ion battery
here. Even with the same cathode material, the performance of such
a material in the Li–air batteries and their Li-ion counterparts is not
totally comparable due to its function differences, although such a
cathode in these batteries has some similar role at least.

3.5. Comparison with other metal and oxide catalysts

It is worth comparing the Pd and PdO catalysts with other pop-
ularly used catalysts, such as Pt – the best cathode catalyst for fuel
cells [78–80] and MnO2 – (the most promising cathode catalyst for
Li–air batteries [3,14].

All of our batteries had the identical electrode construction
except for cathode catalyst itself. This made our results from dif-
ferent catalyst materials comparable.

3.5.1. The first cycle
Fig. 16 shows storage performances of rechargeable Li–air bat-

teries with carbon-supported Pt, Ru, RuO2 and MnO2 cathode
catalysts at a rate of 70 mA (g carbon)−1. Although these materials
produced similar shaped potential–capacity curves as those for the
batteries with the Pd/C and PdO/C catalysts, they were quite differ-
ent in discharge capacities and in charging/discharging potentials.
Table 3 summarises key data for these batteries and compares to
those collected from batteries with the Pd/C and PdO/C catalysts.

The largest specific capacity of the first cycle was delivered by the
battery with the Pd/C cathode catalyst, i.e. 855 mAh (g solids)−1, and
the smallest capacity was obtain with the RuO2/C catalyst, which
was only 446 mAh (g solids)−1.
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As mentioned before, different activities of cathode catalysts
or oxygen reduction determined the discharge capacity of their
atteries. Thus, based on the first cycle data, the Pd/C cathode cat-
lyst was the most active cathode catalyst, as shown by its highest
ischarge capacities.

As can be seen, the catalyst materials not only affected the dis-
harge capacity, but also caused diverse discharging and charging
otentials. The battery with the MnO2/C catalyst had the lowest
ischarge voltage (2.51 V) but subsequent charging occurred at the
ighest charge voltage, i.e. 3.80 V. The highest discharging voltage
elonged to the battery with the RuO2/C catalyst (2.89 V) and the

owest charging voltage (around 3.15 V) was for that with the PdO/C
atalyst. The reason for termination of the discharge process was
ncreased polarisation because solid Li2O2 were formed and filled
he pores, which is also a major factor influencing the retention of
ur batteries [3]. Hence, charging potential can be taken as one of
riteria, apart from discharge capacity, to measure catalyst activity.
n this regard, both Pd and Pt catalysts were marginally better than
he Ru catalyst, whist the RuO2 gave the greatest discharge voltage
f all catalysts examined.

.5.2. Cycle ability
Fig. 17 shows variation of the retention of discharge capacity on

ycling for rechargeable lithium–oxygen batteries with metal and
xide catalysts. Qualitatively, the battery with the MnO2/C cathode
atalyst exhibited the best stability and that with the Pd/C the least
table in terms of capacity loss with cycling. More data are shown
n Table 3. It is interesting to notice that all batteries with the oxide
athode catalysts displayed better cycle ability than those with the
etal counterparts. For instance, at cycle 10, the battery with the
nO2/C catalyst showed the most stable performance, with the

ighest capacity retention of 7.76% per cycle. At the other extreme
nd, the battery with the Pd/C catalyst exhibited the lowest capacity
etention of 0.44% per cycle.

.6. Summary: which is better—metal or oxide?

As shown above, batteries with metal catalysts could deliver

etter initial discharge capacities with higher discharge potentials
ut inferior retention, compared to their oxide counterparts. For
xample, at cycle 10, all batteries with the oxide catalysts showed
etter capacity retention than those with the metal catalysts. Since
ironmental 108–109 (2011) 140–151

the main barrier for achieving practical application of rechargeable
Li–air batteries to electric vehicles is their cycle life, the battery
cycling ability at required current levels is a more important cri-
terion than the initial performance to select cathode catalysts for
rechargeable Li–air batteries. In this regard, oxides appear more
favourable than metal as catalyst for the rechargeable Li–air bat-
tery.

It may worth stating that comparison of the performance
between the bulk catalysts and nanoscale catalysts has not been
carried out yet in this work, although this should provide more
insightful information and is worthwhile to do in further research.
It is also important to know the surface chemistry of pristine cat-
alysts, e.g. Pd and PdO catalysts. For the Pd catalyst used in this
work, even some measures were adopted, the Pd catalyst surface
still existed trace oxides, as shown in the XRD data. Further effort
is required to produce pristine Pd catalyst in order to thoroughly
understanding the catalyst behaviour. Although every effort was
made to understand the difference of metal and oxide catalysts,
even for the Pd/PdO couple, there was more to do to thoroughly
understand the catalyst behaviour. It should be cautious when
study other metal/oxide couples due to complexity and differences
between each couple. Moreover, it should state that the cut off volt-
age is one of main parameters affecting battery behaviour. In our
case, the same trend was observed when batteries with the PdO and
Pd catalysts were cycled to either 4.0 or 4.3 V. However, this may not
be the case for other catalysts. For instance, the electrolyte decom-
position potential on Pt surface could be significantly lower than
that of MnO2. Therefore, cut off voltages should be carefully chosen
for different catalysts to avoid major electrolyte decomposition.

For a catalytic material involved carbon support, it is well worth
counting role of carbon species, particularly considering the con-
ditions to fabricate the carbon-supported catalytic materials, e.g.
oxidised in air at 550 ◦C for PdO/C. It was well known that the reac-
tivity of a carbon is influenced not only by impurities and by surface
oxide but also by the heat treatment (or carbonisation) tempera-
ture employed in its preparation [81]. The original idea for treating
PdO/C at high temperature (500–550 ◦C) under air atmosphere was
to improve structure (e.g. porosity) and electrochemical properties
of the catalyst material via surface species changes and removal
of impurities while there is little loss in carbon itself, which had
been demonstrated previously [28–32,35]. Under such conditions,
e.g. at 550 ◦C, carbon surface oxides could be formed [81]. These
carbon surface oxides showed greater stability at the lower reac-
tion temperature [81]. Such surface changes may be one of reasons
for the improved electrochemical properties (both activity and sta-
bility) of carbon treated at high temperature in air atmosphere
[28–32]. Moreover, as observed previously, when the carbon sam-
ples were heated at about 550 ◦C, apart from decomposing some of
the surface oxide into a mixture of carbon monoxide and carbon
dioxide, new catalytic free-radical centres was formed, consisting
of semi-quinone, carboxyl or single bonded peroxide, in which the
unpaired electrons are localized on oxygen atoms. Unpaired elec-
tron concentrations show a maximum, usually at carbonisation
temperatures in the range 550–600 ◦C [81,82]. Thus, these surface
carbon oxides could play some roles in electron transfer, although
we have not completely understand these roles yet. This is an
interesting topic for further research, which has been addressed in
our ongoing studies. Furthermore, our data confirmed that catalyst
itself played more important roles than carbon and surface oxides
during the charge/discharge cycling process. For example, capac-
ities for batteries with purified oxidised carbon and non-oxidised
carbon cathode were only 10–20% of those with PdO/C. Even worse,

the batteries with carbon-only cathodes could only cycle less than 5
cycles. It is apparent that a catalyst is necessary to promote decom-
position of Li2O2 on charging as well as aids the formation of Li2O2
on discharge.
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Overall, there was more to do to thoroughly understand the cat-
lyst behaviour, even for the Pd/PdO couple, although every effort
as made to understand the difference of metal and oxide catalysts

n this work. It should be cautious when study other metal/oxide
ouples due to complexity and differences between each couple.

. Conclusions

A study of rechargeable Li–air batteries with model Pd/C
nd PdO/C cathode catalysts demonstrated that the charg-
ng/discharging cycle ability is the most important criterion for
atalyst selection, although the initial battery performance cannot
e ruled out as a reference guide. Performance deterioration was
bserved for batteries with both catalysts, this is partly due to their
ctivity loss as a consequence of the catalyst agglomeration and
lectrode structure changes, which led to decrease in electrochem-
cal active area and in active sites accessible for oxygen molecules
s well as increase in diffusion resistance. However, the battery
ith the PdO/C catalyst showed greater capacity retention than that
ith the Pd/C catalyst. The performance difference of both catalysts
as closely related their intrinsic catalytic activities for oxygen

eduction, stability and surface change during charge/discharge
ycling.

A comparison of both catalysts with other metal and oxide cat-
lysts (Pt, Ru, RuO2 and MnO2) under charge/discharge conditions
onfirmed that, as a general rule, oxides are better cathode catalysts
han their metal counterparts for rechargeable Li–air batteries.
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