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posites with ultralow Pt loadings
as synergistic bifunctional electrocatalysts for
oxygen reduction and evolution reactions†

Chao Su,a Tao Yang,b Wei Zhou,c Wei Wang,a Xiaomin Xuc and Zongping Shao*ad

Oxygen reduction and evolution reactions (ORR and OER) are of prime importance for many energy

conversion and storage devices, such as regenerative fuel cells and rechargeable metal–air batteries.

However, the sluggish kinetics of the ORR and OER strongly limit the efficiency and performance of

these electrochemical systems and jeopardize the route of commercialization. Therefore, the design and

development of bifunctional electrocatalysts with high activity for both the ORR and OER is challenging

but urgent and crucial. Here, we took advantage of Pt/C and LiCoO2 with outstanding ORR activity and

high intrinsic OER activity, respectively, to develop a composite material with ultralow Pt loading as

a bifunctional catalyst for the ORR and OER in alkaline media. This catalyst was fabricated via simple

ultrasonic mixing, exhibiting superb electrocatalytic activity and good stability. Its ORR activity is

comparable to that of the commercial Pt/C catalyst and its OER activity is better than that of single

LiCoO2, owing to the synergetic effect between Pt and LiCoO2, which has been demonstrated through

the X-ray photoelectron spectroscopy (XPS) characterisation technique. Remarkably, surprisingly high

ORR mass activity (2.04 A mgPt
�1 at 0.8 V vs. RHE) and enhanced bifunctionality (DE ¼ 0.91 V) were

obtained for the Pt–LiCoO2 composite catalyst with a mass ratio of 1 : 49 for Pt/LiCoO2. Our work

opens up a new track to exploit highly efficient catalysts with reduced consumption of Pt, meanwhile

maintaining the optimal catalytic activity and durability.
Introduction

Increasing energy demands and critical issues of climate
change and environmental protection have prompted consid-
erable research interest in exploring renewable and clean elec-
trochemical energy conversion and storage systems with high
efficiency and low cost.1,2 To this end, rechargeable metal–air
batteries and regenerative fuel cells have received tremendous
attention because of their advantages of extremely high energy
density and environmental benignity.3–5 These electrochemical
energy systems are highly attractive for electried trans-
portation, and smart grid and stationary power sources, which
may help us to build up a low-carbon and low-emission
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sustainable future. Both the oxygen reduction reaction (ORR)
and oxygen evolution reaction (OER) are involved in such energy
technologies, which play signicant roles equally. However, the
kinetically sluggish ORR and OER have become the current
bottleneck of these energy devices, and largely precluded their
large-scale commercial application.6–9 Although intensive and
extensive research efforts have been made during the past
decades,10–13 it is still very challenging to search for more active
and stable electrocatalysts, especially for highly efficient cata-
lysts with dual functionality for aforementioned reactions.

So far, noble metal catalysts such as Pt or Pt alloys have been
widely used as oxygen catalysts for the ORR with a desirable
performance in low-temperature fuel cells because of their ideal
electrocatalytic activities.14–17 However, Pt is known to be
expensive and rare in the earth, hindering its practical appli-
cation; therefore, great efforts have been directed towards the
development of alternative low-Pt-loading catalysts, enabling
competitiveness economically. The electrode activity for the
OER is another big challenge for regenerative fuel cells and
rechargeable metal–air batteries, besides the rate-determining
step of the ORR over the electrode in fuel cells. Noble metal
oxides (e.g., IrO2 and RuO2) are generally applied to meet the
requirements of fast kinetics and low overpotentials for the
OER,18,19 but still they cannot circumvent the issue of high-price
and scarcity found with Pt. It is urgent to develop new types of
This journal is © The Royal Society of Chemistry 2016
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low-cost but active catalysts for electrocatalytic evolution of
oxygen. Along with the intensive research in this scope, many
transition metal oxides have been studied as OER electro-
catalysts in recent years, such as single-phase oxide, perovskite-
type and spinel-type catalysts.20–27 LiCoO2, one of the most well-
known cathode materials for lithium-ion batteries,28 has
recently been proved to be an excellent electrocatalyst for the
OER in alkaline media.29–34 Furthermore, when LiCoO2 was
chemically delithiated to form Li1�xCoO2 or developed with
some particular microstructure (e.g. nanostructure),33,34 it also
exhibited a high ORR activity. However, the preparation
methods and techniques are usually quite complex and
sophisticated. Therefore, the development of bifunctional
electrocatalysts with highly effective catalytic activities for both
the ORR and OER via a facile synthesis is imperative to realize
large-scale commercialization of regenerative fuel cells and
rechargeable metal–air batteries.

Lately, metal oxide supported Pt particles have been used to
attempt effective composite catalysts. The obtained catalysts
displayed enhanced activity and stability towards the ORR/OER.
They mainly utilize the synergetic “spillover” effects between
platinum and the support to inuence the adsorption/desorp-
tion behavior of intermediate species at the catalyst surfaces
and altered the electronic structure of platinum, hence
promoting the rate determining steps in the corresponding
reactions.35–38 Remarkably, a great amount of experimental
results have shown that the combination of different types of
electrocatalysts to form composite electrodes could result in
improved catalytic activity for the ORR and OER, much better
than each of the individual components.39–45 It is promising to
develop bi-functional electrocatalysts with enhanced activity for
both the ORR and OER taking advantage of the synergic effects.
Although the ORR and OER mechanisms are complicated,
attributed to the multiple reaction steps, the formation of
composite electrodes could effectively improve the reaction
kinetics due to the synergistic effect of each component for the
rate limiting step(s). Previously, we have successfully demon-
strated a composite of Pt/C (known for its high activity for the
ORR) and perovskite-type Ba0.5Sr0.5Co0.8Fe0.2O3�d (BSCF) oxide
(known for its high activity for the OER). The catalytic activity
for the ORR and OER in alkaline media was obviously improved
compared with the condition of the absence of each other,
suggesting the existence of synergistic effects amongst Pt/C and
BSCF.45 However, the Pt content in this reported composite is
still very high, with a value of at least 20 wt%, which has to be
reduced in the electrocatalyst. It is of crucial importance to
bring these electrochemical technologies to a competitive
commercial position.

In this study, we extended this universal and facile strategy to
develop a composite material with Pt/C and LiCoO2 as the
bifunctional electrocatalyst for the ORR and OER in alkaline
media for the rst time. It should be noted that the Pt loading in
the as-prepared composite has been reduced to an ultralow level
of 2 wt%. To the best of our knowledge, until now, the lowest Pt
content in low-Pt-loading catalyst systems has been realized
through our attempt and efforts. The composite catalysts
delivered superb ORR catalytic activity comparable with that of
This journal is © The Royal Society of Chemistry 2016
commercial Pt/C alone, as well as more excellent performance
for the OER process than that of LiCoO2 alone. Our study
demonstrated that the Pt/C–LiCoO2 composite material is
a promising candidate as a bifunctional oxygen catalytic elec-
trode material for rechargeable metal–air batteries and regen-
erative fuel cell devices.

Experimental
Synthesis and physicochemical characterization

LiCoO2 was synthesized by a traditional solid-state reaction
method reported previously.33 Stoichiometric amounts of
Li2CO3 (Sigma-Aldrich) and Co3O4 (Sigma-Aldrich) were ground
and mixed thoroughly using high energy ball milling (Fritsch
Pulverisette 6) in absolute ethanol at 400 rpm for 1 h, followed
by drying and sintering at 800 �C for 5 h in air. Platinum on
carbon, Pt/C, with a Pt loading of 20 wt% was used in this study,
which was purchased from Sigma-Aldrich. The samples were
characterized by X-ray diffraction (XRD, Rigaku Smartlab 3 kW)
using ltered Cu Ka radiation (l ¼ 1.5406 Å) in a step-scan
mode within the 2q range of 10–90� at 0.02� per step. X-ray
photoelectron spectroscopy (XPS) analysis was conducted on
a Kratos AXIS Ultra DLD system under UHV conditions with an
Al Ka X-ray, and the data were analyzed using the Kratos Vision
and CasaXPS soware, with the cross-calibration to C 1s¼ 284.8
eV. The morphology of the catalysts was investigated by trans-
mission electron microscopy (TEM, JEOL 2100).

Electrode preparation

Three kinds of Pt–LiCoO2 composite electrocatalysts with
different mass ratios of Pt to LiCoO2 (1 : 9, 1 : 19 and 1 : 49)
were prepared and studied. In order to compare with the
commercial Pt/C electrocatalyst (20 wt% loading), the same
mass ratios of catalyst to carbon (2 : 8) were chosen for all the
Pt–LiCoO2 composite and single LiCoO2 electrocatalysts.
Taking Pt–LiCoO2 (1 : 9) as an example, 1 mg of Pt/C (20 wt%
loading), 1.8 mg of LiCoO2 and 7.2 mg of carbon black (Super P,
Alfa Aesar) were ultrasonically mixed in a solution containing 1
ml of absolute ethanol and 0.1 ml of Naon solution (5 wt% in
isopropanol and water solution) for 2 h, forming a catalyst ink
with a concentration of�1.818 mgcatalyst mL�1. Next, 7 mL of the
catalyst ink was pipetted onto the surface of a glassy carbon
rotating disk electrode (GC-RDE, 0.196 cm2, Pine Research
Instrumentation, USA) or a rotating ring-disk electrode (RRDE,
GC disk with a 320 mm gap Pt ring, Pine Research Instrumen-
tation, USA) and dried in air, yielding a catalyst loading of
�0.0649 mg cm�2

disk. Before coating the catalyst, the RDE or
RRDE was polished with 0.05 mm and/or 0.3 mm of Al2O3 slurry,
and rinsed with ethanol and ultrapure water.

Electrochemical measurements

All the electrochemical measurements were conducted in
a three-electrode glass cell (Pine Research Instrumentation,
USA) using a CHI 760E bipotentiostat (CH Instruments, Inc.,
USA). The electrolyte was 0.1 M KOH solution. The catalyst-
coated RDE or RRDE was employed as the working electrode,
J. Mater. Chem. A, 2016, 4, 4516–4524 | 4517
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a platinum wire as the courter electrode, and an Ag/AgCl (4 M
KCl lled) electrode as the reference electrode. All the potential
values mentioned in this study were referenced to that of
the reversible hydrogen electrode (RHE) with the relation of
E(RHE) ¼ E(Ag/AgCl) + 0.948 V, according to the calibration
measurement in H2-saturated 0.1 M KOH electrolyte with two
platinum wires as working and counter electrodes by measuring
hydrogen oxidation/evolution currents on the working elec-
trode. Cyclic voltammograms (CVs) were carried out at a scan
rate of 50 mV s�1 in an O2-saturated electrolyte. Linear sweep
voltammograms (LSVs) were recorded at a scan rate of 5 mV s�1

in the O2-saturated electrolyte from 1.148 to 0.348 V (ORR) with
varying rotating speeds (2400, 2000, 1600, 1200, 800 and 400
rpm) or from 1.148 to 1.948 V (OER) at 1600 rpm. The kinetic
parameters for the ORR were calculated by the Koutecky–Levich
equation:

1

J
¼ 1

JK
þ 1

JL
¼ 1

JK
þ 1

Bu0:5
(1)

B ¼ 0.62nFCoD
2/3
o y�1/6 (2)

where J is the measured current density, JK and JL correspond to
the kinetic and diffusion-limiting current densities, u is the
electrode rotating rate (rad s�1), n is the electron transfer
number, F is the Faraday constant, Co is the bulk concentration
of O2 in the electrolyte, Do is the diffusion coefficient of O2, and
y is the kinetic viscosity of the electrolyte.

RRDE voltammograms for the ORR were obtained at a scan
rate of 5 mV s�1 from 1.148 to 0.348 V (disk electrode) at
different rotating rates in the O2-saturated electrolyte. The ring
potent was a constant value of 1.448 V, which is considered to be
sufficiently high to oxidize any HO2

� intermediate.46,47 The
electron transfer number (n) and the production percentage of
the HO2

� intermediate were determined using the following
equations:

n ¼ 4� Id

Id þ Ir=N
(3)

% HO2
� ¼ 100� 2Ir=N

Id þ Ir=N
(4)

where Id and Ir are the disk and ring current, respectively, and N
is the current collection efficiency of the Pt ring (here, N¼ 0.37).
Fig. 1 (a) Powder XRD patterns and (b) Pt 4f XPS spectra of Pt/C,
LiCoO2 and the as-prepared Pt–LiCoO2 composites with different
mass ratios.
Results and discussion
Bulk and surface structures

Fig. 1a shows the room-temperature XRD patterns of the Pt–
LiCoO2 composites with different mass ratios of Pt to LiCoO2

fabricated by simple ultrasonic mixing, and the pristine LiCoO2

synthesized through high-temperature calcination at 800 �C
and commercial Pt/C were also provided as the reference.
Impurity phases in the obtained LiCoO2 sample were not
detected, indicating the formation of pure single-phase LiCoO2.
All the diffraction peaks can be well indexed to a layered
a-NaFeO2 structure with the R�3m space group. This well-known
4518 | J. Mater. Chem. A, 2016, 4, 4516–4524
structure consists of alternating planes of coordinated Li and
Co ions, which are separated by close-packed oxygen layers.48,49

According to Rietveld renement of the XRD data, the lattice
parameters were found to be a ¼ b ¼ 2.817(6) Å and c¼ 14.05(8)
Å (c/a ¼ 4.988), which were in alignment with the literature
results,48–50 and further suggested a well-formed layered struc-
ture of LiCoO2. The XRD of commercial Pt/C presents broad
diffraction peaks, indicating the nanoscale crystalline charac-
teristic of the Pt particles. It is in good accordance with the �3
nm Pt particles in the commercial Pt/C (TEM image in Fig. S1†).
Aer forming the composites with LiCoO2, the intensity of Pt
diffraction peaks dropped to a very low level that only the main
peak at the 2q of 39.8� was observed, which could be attributed
to the small amount of Pt in the composite catalysts. For the
LiCoO2 in the three composites, very similar lattice parameters
as well as the values of c/a to the pristine LiCoO2 were obtained,
which were a¼ b¼ 2.816(2) Å, c¼ 14.05(0) Å, c/a¼ 4.989 for Pt–
LiCoO2 (1 : 9), a ¼ b ¼ 2.817(2) Å, c ¼ 14.05(3) Å, c/a ¼ 4.988 for
Pt–LiCoO2 (1 : 19), and a ¼ b ¼ 2.816(7) Å, c ¼ 14.05(2) Å, c/a ¼
4.989 for Pt–LiCoO2 (1 : 49). The results suggest that the phase
structure of the LiCoO2 cannot be affected aer the introduc-
tion of Pt/C.

The XRD patterns are very similar to one another, which only
reveal the bulk composition information. Therefore, more
information on the surface of the as-prepared catalysts was
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) CV curves of the ORR on LiCoO2 and the as-prepared Pt–LiCoO2 composites with different mass ratios in an O2-saturated 0.1 M KOH
solution at a scan rate of 50 mV s�1. (b) LSV curves of various electrocatalysts on the RDE at 1600 rpm in an O2-saturated 0.1 M KOH solution at
a scan rate of 5 mV s�1. (c) LSV curves of Pt–LiCoO2 (1 : 49) on RDE at different rotating rates. (d) K–L plots at 0.35 V for various electrocatalysts
on the basis of the RDE data in (c) and Fig. S4 of the ESI.† (e) ORRmass activity of various catalysts at 0.8 V. (f) Tafel plots based on the LSV curves
in (b).
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collected from the XPS characterization. As shown in Fig. 1b,
typical characteristic peaks of Pt 4f7/2 and Pt 4f5/2 were observed
at binding energies (BEs) of 71.90 and 75.20 eV, respectively for
the commercial Pt/C. In the case of Pt–LiCoO2 composites, the
spectra of Pt 4f shied to a lower BE with the reduction of the Pt
This journal is © The Royal Society of Chemistry 2016
content in the composites, a similar phenomenon was also
observed by Zhu et al.45 It suggests that the electronic structure
of Pt was probably modied through the interaction between Pt
and LiCoO2. In addition, Co 2p and O 1s XPS spectra of the
electrocatalysts are also given in Fig. S2 of the ESI.† All the
J. Mater. Chem. A, 2016, 4, 4516–4524 | 4519
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Fig. 3 (a) Disk (bottom) and ring currents (top, multiplied by 100) of
the Pt–LiCoO2 (1 : 49) catalyst collected on the RRDE at different
rotating rates in O2-saturated 0.1 M KOH electrolyte. (b) The electron
transfer number (n, dash line) and percentage of HO2

� (solid line) of
the Pt–LiCoO2 (1 : 49) catalyst at various potentials based on the RRDE
data in (a).

Fig. 4 (a) Current–time chronoamperometric responses of Pt–
LiCoO2 (1 : 49) and Pt/C catalysts supported on the RDE (1600 rpm) at
0.65 V. (b) Chronoamperometric responses of various electrocatalysts
supported on the RDE (1600 rpm) at 0.65 V in O2-saturated 0.1 M KOH
electrolyte without methanol (0–40 min) and with 1 M methanol
(40–130 min).
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catalysts show a Co 2p3/2 main peak at around 780 eV with
a satellite peak at 790 eV and a Co 2p1/2 main peak at around 795
eV with a satellite peak at 805 eV, which demonstrates that the
oxidation state is Co3+ in the LiCoO2 and Pt–LiCoO2 compos-
ites.49,51 According to the investigation of Dahéron et al., there
was no Co2+ in these samples because the strong broadening of
the main peak and very intense satellite peaks at 786 eV
(Co 2p3/2) and 803 eV (Co 2p1/2) related to the characterization of
Co2+ coordinated by oxygen are not detected here.51 For the Pt–
LiCoO2 (1–9) sample, the core peaks of Co 2p slightly shied to
higher BEs compared to the pristine LiCoO2, indicating
possible partial oxidation of surface Co3+ to Co4+, and it has
been reported that the presence of Co4+ could facilitate the
OER.52,53 The XPS spectra of O 1s displayed two peaks at BEs of
around 529.5 and 531.4 eV for all the samples, which corre-
spond to the lattice oxygen and adsorbed species at the surface.
Compared with the pristine LiCoO2, the ratio of peak intensities
of surface to lattice oxygen increased with the increase of Pt
content in the composites. It means that a stronger interaction
existed between the composite catalysts and adsorbed oxygen-
containing species due to the synergistic effect, which is bene-
cial for the process of the ORR.
4520 | J. Mater. Chem. A, 2016, 4, 4516–4524
Electrochemical behaviour for the ORR

To evaluate the electrocatalytic activity of the obtained
composite catalysts with different compositions for the ORR,
CVs tests were rst conducted in O2-saturated 0.1 M KOH
solution. It was also compared with that of pristine LiCoO2 and
commercial Pt/C (Fig. S3†). As shown in Fig. 2a & S3 of the ESI,†
all the detected samples presented distinct single oxygen
reduction peaks, suggesting the conspicuous catalytic activity
for the ORR. The shape of CV curves for all the composite
catalysts was more similar to that of LiCoO2 than that of Pt/C,
because the proportion of LiCoO2 in the composites was larger.
However, the ORR peaks of the composite catalysts appeared at
around 0.71 V, which shied greatly to positive potentials
compared with that of LiCoO2 with a value of 0.47 V, and were
very close to the cathodic peak of Pt/C (0.81 V), indicating the
excellent electrocatalytic activity towards the ORR. Similar
trends were further veried by the RDE measurements. Fig. 2b
shows a comparison of LSV curves for each of the catalysts
performed at 1600 rpm. The ORR on the pristine LiCoO2

electrode initiated at around 0.70 V, and then a continuous
increase in the current density was witnessed without an
obvious current plateau. All the prepared Pt–LiCoO2 composite
This journal is © The Royal Society of Chemistry 2016
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Fig. 5 (a) LSV curves and (b) corresponding Tafel plots of the various
electrocatalysts on the RDE at 1600 rpm in O2-saturated 0.1 M KOH
electrolyte at a scan rate of 5 mV s�1.

Fig. 6 Oxygen electrode activities of electrocatalysts within the
potential window of the ORR and OER on the RDE in O2-saturated 0.1
M KOH electrolyte.
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catalysts displayed similar potentials for the commencement of
the ORR (�0.96 V), which were more positive than that of the
LiCoO2 electrode, and much closer to that of commercial Pt/C
(�1.0 V), indicating amore facile ORR process. The wide current
plateau on all the Pt–LiCoO2 composites is considered as the
strong limiting diffusion current and suggests a diffusion-
dominated process that is related to a favourable four-electron
ORR pathway, as is also observed on the Pt/C catalyst. Addi-
tionally, as compared with a half-wave potential of 0.554 V
obtained from the LiCoO2 electrode, the half-wave potentials
signicantly shied to 0.799, 0.781 and 0.775 V, positively, for
Pt–LiCoO2 (1 : 9, 1 : 19 and 1 : 49) composites, respectively,
which are only approximately 0.05 V more negative than that of
Pt/C (0.825 V). Furthermore, Pt–LiCoO2 composite catalysts
presented a comparable limiting current density with that
observed on Pt/C at 0.35 V, even for the sample with the Pt
content of only 2 wt%, which is 1.14 times that of the pristine
LiCoO2 electrode. All of the above results evidence that the ORR
catalytic activity of obtained composites was greatly enhanced
by the synergistic effect between Pt and LiCoO2.

A more detailed study of the RDE measurements at rotating
rates from 400 to 2400 rpm was conducted, allowing further
insight into the ORR kinetics and electrocatalytic processes on
the aforementioned catalysts (Fig. 2c and S4 of the ESI†). Fig. 2d
shows the K–L plots of various catalysts constructed from
This journal is © The Royal Society of Chemistry 2016
rotation rate dependent current density. The linearity of the K–L
plots indicates rst-order reaction kinetics towards the
concentration of dissolved oxygen, and near parallelism of the
tting lines, especially for the composite catalysts and Pt/C,
suggests an efficient four-electron-dominated ORR pathway on
all of the catalysts. Considering the catalysts' cost and the
economic feasibility, the ORR mass activity on the basis of the
Pt content of the as-prepared composite catalysts is calculated,
which can reect the ORR intrinsic activity of catalysts.54 The
kinetic currents at a potential of 0.8 V were used to determine
the activities. As shown in Fig. 2e, a signicant improvement in
mass activity was observed for the Pt–LiCoO2 (1 : 49) catalyst
(2.04 AmgPt

�1) in comparison with the benchmark Pt/C (0.095 A
mgPt

�1) at 0.8 V, which was almost 21 times higher than the
corresponding value of Pt/C. It evinces the superb ORR intrinsic
catalytic activity of the as-prepared composite catalysts by the
benecial synergistic effect even though a very small amount of
Pt/C was mixed well with LiCoO2. Besides, the Tafel slope was
adopted as another gure of merit. As can be seen in Fig. 2f, the
excellent catalytic activity for the ORR on the composite elec-
trodes was further proved by the smaller slopes of Tafel plots
with the values of 55, 55 and 61 mV dec�1 for Pt–LiCoO2 (1 : 9,
1 : 19 and 1 : 49) composites, respectively, than that of Pt/C
(69 mV dec�1), again suggesting faster ORR kinetics of the
composite samples.

The RRDE technique is extremely effective in evaluating the
catalytic activity of electrocatalysts for the ORR by directly
monitoring the generation rate of HO2

� during the ORR. We
also adopted this technique to further verify the ORR pathway
on the prepared composite catalyst. Fig. 3a shows the current on
the disk electrode (Id) and the ring electrode (Ir, multiplied by
100) using the Pt–LiCoO2 (1 : 49) catalyst at various rotation
speeds. Obviously, the Id was far higher than Ir, suggesting that
a small amount of HO2

� was produced during the ORR process.
As illustrated in Fig. 3b, the amount of formed HO2

� was less
than 4% and the value of n was above 3.92 for the Pt–LiCoO2

(1 : 49) catalyst over a wide potential range from 0.35 to 0.85 V at
all the rotating rates. It is consistent with the results obtained
from the tted K–L plot, which denotes a 4e� ORR process.
J. Mater. Chem. A, 2016, 4, 4516–4524 | 4521
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Table 1 Assessment of bifunctionality of Pt/C, Pt–LiCoO2 composites with different mass ratios, LiCoO2 and other catalysts reported in the
literature in 0.1 M KOH solution at a rotation rate of 1600 rpm

Sample ORR E @ �3 mA cm�2 (V) OER E @ 10 mA cm�2 (V) DE (V)
Catalyst loading
(mg cm�2

disk)

20 wt% Pt/C 0.84 vs. RHE 1.83 vs. RHE 0.99 0.065
Pt–LiCoO2 (1 : 9) 0.81 vs. RHE 1.67 vs. RHE 0.86 0.065
Pt–LiCoO2 (1 : 19) 0.80 vs. RHE 1.67 vs. RHE 0.87 0.065
Pt–LiCoO2 (1 : 49) 0.79 vs. RHE 1.70 vs. RHE 0.91 0.065
LiCoO2 0.56 vs. RHE 1.71 vs. RHE 1.15 0.065
Pt/C to BSCF/C ¼ 1 : 4 (ref. 45) 0.76 vs. RHE 1.59 vs. RHE 0.83 0.26ORR

0.19OER
LT-LiCoO2 (ref. 33)

a �0.55 vs. RHE �1.70 vs. RHE 1.15 0.25
H–Pt/CaMnO3 (ref. 37) — — 1.01 0.085
20 wt% Ir/C (ref. 55) 0.69 vs. RHE 1.61 vs. RHE 0.92 0.028
20 wt% Ru/C (ref. 55) 0.61 vs. RHE 1.62 vs. RHE 1.01 0.028
Mn oxide (ref. 55) 0.73 vs. RHE 1.77 vs. RHE 1.04 —
LaNiO3�d (ref. 58) �0.32 vs. Ag/AgCl �0.71 vs. Ag/AgCl 1.03 0.26
La0.3(Ba0.5Sr0.5)0.7Co0.8Fe0.2O3�d (ref. 59) ��0.32 vs. Hg/HgO �0.68 vs. Hg/HgO 1.00 0.64
Fe3O4/graphene (ref. 60) �0.6 vs. RHE 1.78 vs. RHE 1.18 0.20
MnCoFeO4/N-rGO (ref. 61)a 0.78 vs. RHE 1.71 vs. RHE 0.93 0.10
La(Co0.55Mn0.45)0.99O3�d/N-rGO (ref. 62)a ��0.18 vs. Ag/AgCl �0.78 vs. Ag/AgCl 0.96 0.25
a-MnO2 (ref. 63) 0.76 vs. RHE 1.72 vs. RHE 0.96 0.20
PCN on CFP (ref. 64)a �0.67 vs. RHE 1.63 vs. RHE 0.96 0.20

a LT ¼ low temperature; N-rGO ¼ nitrogen-doped reduced graphene oxide; PCN ¼ phosphorus-doped g-C3N4; CFP ¼ carbon-ber paper.
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Compared with Pt/C (n > 3.94 and the amount of formed HO2
� <

2.91%) and pristine LiCoO2 (n > 3.80 and the amount of formed
HO2

� < 9.96%) as shown in Fig. S5 of the ESI,†we found that the
value of n and the generation rate of HO2

� on the Pt–LiCoO2

(1 : 49) catalyst was quite close to the results obtained on
commercial Pt/C and superior to LiCoO2, again indicating the
much enhanced electrocatalytic efficiency due to the synergistic
effect between Pt and LiCoO2.

Besides the high ORR catalytic activity that is comparable to
that of Pt/C, the Pt–LiCoO2 (1 : 49) also exhibited a strong
durability superior to Pt/C in the potential range of the ORR. For
instance, the retention of the current was still up to 97.5% for
the newly developed composite catalyst of Pt–LiCoO2 (1 : 49)
aer the continuous polarization period of 10 h (Fig. 4a). In
contrast, a signicant attenuation with the loss of 13.8% of the
initial current was observed for the Pt/C catalyst under the same
operating conditions. Additionally, the methanol tolerance is
also a signicant index for the cathode materials of direct-
methanol fuel cells (DMFCs). As shown in Fig. 4b, the initial
cathodic current for the ORR on the commercial Pt/C electrode
suddenly shied to a reverse anodic current upon the addition
of methanol, suggesting the conversion of the dominated
process from the ORR to the methanol oxidation reaction. It
demonstrates the poor ability of the Pt/C catalyst to resist the
poisoning cross-over effects. With the reduction of the platinum
content in the composite electrocatalysts, the cross-over effect
was gradually suppressed. Especially for the Pt–LiCoO2 (1 : 49)
catalyst, only a slight change was observed aer the introduc-
tion of methanol into the electrolyte, indicating its high selec-
tivity for the ORR in a methanol-containing environment. LSV
curves before and aer adding methanol were very similar
(Fig. S6†), further proving that the Pt–LiCoO2 (1 : 49) catalyst
4522 | J. Mater. Chem. A, 2016, 4, 4516–4524
possesses excellent tolerance to methanol, thus being a prom-
ising electrode material in DMFCs.
Electrochemical behaviour for OER

The electrocatalytic activity of the as-prepared composite cata-
lysts for the OER was investigated by extending the potential
window to the water oxidation range. Typical LSV curves are
shown in Fig. 5a for Pt–LiCoO2 composites, and Pt/C and
LiCoO2 catalysts at 1600 rpm. All the composite catalysts
afforded higher OER current than either pristine LiCoO2 or
Pt/C, suggesting their improved catalytic performances toward
the OER. It is meaningful to compare the overpotential (h) for
achieving a current density of 10 mA cm�2, which is a metric
standard relevant to solar fuel synthesis.55 As shown in Fig. 5a,
the values of h were calculated to be 0.60, 0.44, 0.44, 0.47 and
0.48 V for Pt/C, Pt–LiCoO2 (1 : 9, 1 : 19 and 1 : 49) and pristine
LiCoO2 respectively based on the standard potential for the
electrolysis of water to oxygen being 1.23 V. Our composite
catalysts rendered small values of h, especially for Pt–LiCoO2

(1 : 9) and (1 : 19), showing the lowest h with the value of 0.44 V
among all the tested catalysts. The OER kinetics of electro-
catalysts were estimated by comparing the slopes of the corre-
sponding Tafel plots. As can be seen in Fig. 5b, the smallest
Tafel slope of 82 mV dec�1 was achieved for the Pt–LiCoO2

(1 : 19) catalyst, whereas the pristine LiCoO2 showed a higher
value of 89 mV dec�1, similar to the reported value in the
literature.56 These results clearly demonstrated that the
composite catalysts possess high OER catalytic activity. The
stability of the catalysts in the alkaline electrolyte was explored
by carrying out 50 continuous potential cycles on the RDE at
a rotation rate of 1600 rpm (Fig. S7 of the ESI†). The attenuation
of the maximum current density within the tested potential
This journal is © The Royal Society of Chemistry 2016
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range was 25% for the pristine LiCoO2 electrode aer 50 cycles,
while the current on the Pt–LiCoO2 (1 : 49) electrode decreased
by 14% under the same conditions. It most likely results from
the interaction between Pt and LiCoO2, even though only
a slight amount of Pt existed in the composite.
Bifunctional activity assessment

Finally, the overall oxygen electrocatalytic activity of the as-
prepared composite catalysts is summarized in Fig. 6. To eval-
uate the bifunctional activity of the catalysts, the potential
difference between the ORR and OER is a common indicator,
dened as DE ¼ EOER @ 10 mA cm�2 � EORR @ �3 mA cm�2. It
is noteworthy that an ORR current density of �3 mA cm�2 is
around the half-wave potential of the state-of-the-art Pt/C cata-
lyst, while an OER current density of 10 mA cm�2 is almost
equivalent to that of an ideal solar cell device with 10% effi-
ciency.57 The smaller difference in the potential values indicates
the better bifunctional activity of the catalyst. Table 1 lists the
values of DE of our catalysts and other reported state-of-the-art
bifunctional catalysts in 0.1 M KOH solution at a rotation rate of
1600 rpm. The DE values were 0.86, 0.87 and 0.91 V for Pt–
LiCoO2 (1 : 9, 1 : 19 and 1 : 49) catalysts, respectively. Remark-
ably, these values fall into the lowest DE observed for all the
excellent electrocatalysts in Table 1, only slightly higher than
that of the Pt/C to BSCF/C catalyst ¼ 1 : 4 (0.83 V), the best
catalyst listed in Table 1. It should be noted that both the
catalyst loading and the Pt content of our catalysts were lower
than those of Pt/C to BSCF/C ¼ 1 : 4. These are the possible
reasons that resulted in the slightly lower bifunctionality of
our electrocatalysts. Regardless, the as-prepared Pt–LiCoO2

composite catalysts prepared by the simple ultrasonic mixing
rendered superb bifunctional activity for the ORR and OER. It
suggests that the as-prepared composites could be the optimal
bifunctional catalysts. As mentioned above, the high bifunc-
tionality of the series of Pt–LiCoO2 composites could result from
the synergistic effect between Pt and LiCoO2, achieved by the
alteration of the electronic structure of Pt on the one hand, and
by the modication of the adsorption/desorption behaviours of
oxygen-containing species.
Conclusions

In summary, active and stable bifunctional electrocatalysts for
the ORR and OER were successfully fabricated via simply
ultrasonic mixing Pt/C with LiCoO2. The Pt–LiCoO2 (1 : 49)
catalyst with an ultralow Pt content of 2 wt% exhibited an ORR
catalytic activity comparable to that of commercial Pt/C with
a Pt content of 20 wt%. Notably, a super high ORR mass activity
of 2.04 A mgPt

�1 at 0.8 V was achieved for the Pt–LiCoO2 (1 : 49)
catalyst, which was 21-fold higher than that of Pt/C. Meanwhile,
the as-prepared composite catalyst also exhibited favourable
OER activity with a lower overpotential and Tafel slope. Good
stability and methanol tolerance for the ORR and OER were
demonstrated from the composite catalysts in this study. The
outstanding electrocatalytic activity could arise from the inter-
action between Pt/C and LiCoO2, which synergistically
This journal is © The Royal Society of Chemistry 2016
enhanced the bifunctionality of catalysts. The proposed simple
method for preparing electrocatalysts with bifunctionality is
a promising route to prepare practical Pt-based electrocatalysts
with ultralow noble metal content, furthermore reducing the
cost of electrochemical energy systems. The facile synthesis
method and the effective performance enable our catalysts to be
competitive candidates as the oxygen electrode of new energy
devices, such as regenerative fuel cells and rechargeable metal–
air batteries. Moreover, the present synthetic strategy can be
generalized to produce highly active bifunctional catalysts by
combining other ORR and OER catalysts with lower cost and
higher activity.
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