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a b s t r a c t

The exploration of oxygen reversible electrocatalysts to boost oxygen reduction reaction and oxygen
evolution reaction is critical for the development of high-performance aqueous Zn-air batteries. Since
diatomite with porous structure can adsorb metal ions in aqueous solution, herein, we prepare the
nanocomposite CoPt-x/Diatomite-C for both oxygen reduction and evolution reactions, and diatomite is
found significantly promotes the electrocatalytic activity and durability. With the presence of diatomite,
CoPt-1/Diatomite-C shows a lower Tafel slope (63mV dec�1 at high potential range), larger diffusion-
limited current density (4.94mA cm�2) and superior durability for ORR. Particularly, the specific and
mass activities of CoPt-1/Diatomite-C for ORR are 0.74mA cm�2 and 286mAmg�1, respectively, which
are 2.5 and 3.0 times higher than that of CoPt-1/C without diatomite; For OER, the overpotential of CoPt-
9/Diatomite-C decreases nearly 30mV at 10mA cm�2, while the Tafel slope also reduces 16mV dec�1

versus CoPt-9/C catalyst. Moreover, a rechargeable Zn-air battery with these composites as air-cathode is
self-assembled, and diatomite boosts the battery performance with desirable properties. CoPt-9/
Diatomite-C displays the optimal performance, with a power density of 140mWcm�2, a specific ca-
pacity of 616mA h g�1 at 10mA cm�2 and an exceedingly robust cycling life. This work provides a viable
and cost-effective strategy for fabricating oxygen reversible electrocatalysts for metal-air battery
applications.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Rechargeable zinc-air batteries are gaining increasing attentions
in energy storage and conversion thanks to their high theoretical
ry for Surface Chemistry of
, School of Environment and
zhou Higher Education Mega
energy density, low cost and safety [1e3]. However, the large-scale
commercialization of rechargeable zinc-air batteries has been
significantly hindered by the sluggish reaction kinetics of both
oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER) occurring at the cathode [4e8]. Therefore, developing more
efficient and durable oxygen reversible electrocatalysts as air-
cathode for zinc-air batteries are highly desirable [9,10].

Currently, Pt-based materials have been considered as the
benchmark ORR catalysts while Ru/Ir based materials possess the
best OER activities [11e13]. However, all these noble-metal-based
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materials are suffering from limited availability resulted high costs
as well as poor stability for practical applications. To reduce the cost
and acquire enhanced activity and stability, one effective strategy is
to alloy the noble metals with 3d transitional metals [14]. For
instance, a variety of Pt-M (M¼ Fe [15,16], Co [17,18], Ni [19,20] and
other transition metals) alloys with different structures and various
morphologies have demonstrated superior catalytic activity toward
ORR than Pt. On the other hand, transitionmetal oxides, hydroxides
and complexes have demonstrated great potentials in catalyzing
OER to serve as alternatives for Ir or Ru based materials [21e25]. To
realize real-world applications of the catalyst for rechargeable zinc-
air battery, it is essential to integrate both ORR and OER catalytic
activity into one sample [26]. The so-called “Two-in-one” strategy
requires the rational design, which not only can achieve optimized
performance in both reactions, but also be able to develop a facile
and cost-effective approach for fabrication [27]. Coupling PtM al-
loys with transitional metal oxides or complexes to fabricate hybrid
materials can be a viable strategy and have shown great promises
for catalyzing both ORR and OER and/or for further zinc-air battery
applications. Through a laser ablation synthesis, PtCo nanoalloys
embedded in CoOx matrices have been prepared as bifunctional
electrocatalysts for ORR and OER by Mukherjee group, and a
combined overpotential of 756mV vs. RHE for the sample of PtCo-3
NC was achieved [28]. Goodenough group developed a robust
Fe3Mo3C supported IrMn clusters as bifunctional air-electrode,
which could enable Zneair batteries to achieve long-term cycling
performance over 200 h with high efficiency [29]. In addition,
porous metallic nickel-iron nitride (Ni3FeN) supporting ordered
Fe3Pt intermetallic nanoalloy was also prepared by this group as
advanced bifunctional electrocatalysts for zinc-air battery, and a
long-term cycling performance of over 480 h at 10mA cm�2 was
recorded [30].

Despite these progresses on bi-functional electrocatalysts for
ORR and OER, the activity and durability for the two reactions are
far from satisfaction. Furthermore, the preparation of these hybrid
materials was also tedious, sophisticated and time-consuming
hence not cost-effective. Herein, we developed a new strategy for
preparing highly efficient electrocatalysts toward both ORR and
OER for zinc-air batteries. As PtM alloys have already demonstrated
excellent activity toward ORR, and metal oxides showed good OER
performance, instead of simply combining PtM alloys with transi-
tional metal oxides, we developed a strategy to integrate CoPt
nanoparticles with SiO2 as dual functional electrocatalysts for both
ORR and OER, where SiO2 are from widely accessible natural diat-
omite (DTM). Note that, diatomite (DTM) is a near pure sedimen-
tary deposit consisting almost entirely of silica (SiO2). Known as
diatomaceous earth, DTM is the naturally occurring fossilized re-
mains of diatoms, which are ubiquitous in nature hence extremely
cheap [31,32]. Furthermore, DTM possesses porous structure which
not only can adsorb metal ions, but also is favourable for electro-
catalytic reaction.

In this study, we prepared the composite CoPt-x/DTM-C via
reducing the Pt4þ and Co2þ ions that were co-adsorbed into the
DTM in ethylene glycol solution. TEM analysis demonstrated that
CoPt nanoparticles were well-dispersed on the surface of the DTM.
The nanocomposite catalyst exhibited excellent performance for
both ORR and OER, and we found that DTM significantly promoted
the electrocatalytic activity and long-term durability. With the
presence of the DTM, the catalysts showed lower Tafel slope, higher
diffusion-limited current and significantly enhanced durability. The
specific and mass activities of CoPt-1/DTM-C for ORR are
0.74mA cm�2 and 286mAmg�1 (at 0.9 V vs. RHE), which are 2.5
and 3.0 times higher than that of CoPt-1/C catalyst; the over-
potential of CoPt-9/DTM-C for OER decreased nearly 30mV versus
CoPt-9/C catalyst. In the rechargeable Zn-air battery applications,
CoPt-9/DTM-C displayed superior performance than the sample
without DTM and the other samples, with a power density of
140mWcm�2, a specific capacity of 616mAh g�1 at the current
density of 10mA cm�2 and an exceedingly robust cycling life.

2. Experimental section

2.1. Materials

Diatomite was received from the Guangzhou Institute of
Geochemistry, Chinese Academy of Science, ethylene glycol (EG,
99.9%, Tianjin Fuchen Chemical Regents), hydrochloric acid (HCl,
37%, Tianjin Damao Chemical Regents), cobalt chloride hexahydrate
(CoCl2$6H2O, 97%, Tianjin Fuchen Chemical Regents), chloroplatinic
acid hexahydrate (H2PtCl6$6H2O, 99.9%, Energy Chemicals,
Shanghai, China), commercial Pt/C (20wt%, Alfa Aesar). Water was
supplied by a Barnstead Nanopure Water System (18.3MU cm). All
the chemicals were used as received without further purification.

2.2. Preparation of nanocomposite electrocatalysts

All the CoPt-x/DTM-C (x equaling to the molar ratio of Co-to-Pt)
samples were prepared via a conventional ethylene glycol (EG)
reduction method. Take CoPt-1/DTM-C as an example, and the
detailed procedure is described below: DTM was first immersed
into the HCl solution (3M, 40mL) under stirring overnight, then
washed with de-ionized water until the pH of the filtrate reached
~7. The filter cake was dried at 40 �C under vacuum overnight.
Subsequently, H2PtCl6$6H2O (0.15mmol) and CoCl2$6H2O
(0.15mmol) were dissolved in EG (20mL) with sonication for
15min, the above obtained solid (76mg) was added to the above
solution under vigorous stirring at room temperature for 4 h to
ensure the Pt4þ and Co2þ ions were completely adsorbed. The
mixture was then heated to 160 �C for 6 h. After that, it was cooled
down to 40 �C, and XC-72 (76mg) was added. The solutionwas kept
40 �C for 4 h under magnetic stirring. The whole process was under
protection of nitrogen atmosphere. Afterward, the sample was
separated by centrifugation, washed with de-ionized water several
times, and dried at 40 �C under vacuum for 12 h. The synthesis of
CoPt-3/DTM-C, CoPt-9/DTM-Cwas in the samemanner with that of
CoPt-1/DTM-C, except the amount of CoCl2$6H2O was changed into
0.45mmol and 1.35mmol, respectively, whereas for Co/DTM-C,
1.85mmol CoCl2$6H2O and no H2PtCl6$6H2O were added. Other
than that, the samples of CoPt-x/C and Co-x/C were synthesized by
following the procedure of CoPt-x/DTM-C and Co/DTM-C but
without the addition of DTM. The weight percentage of platinum in
the CoPt-x/DTM-C series and CoPt-x/C series are compiled in
Table S1.

2.3. Characterizations

X-ray photoelectron spectroscopic (XPS) measurements were
performed on a Thermo Escalab 250Xi instrument. Powder X-ray
diffraction (XRD) patterns were recorded with a Bruker D8-
Advance diffractometer using Cu Ka radiation. Transmission elec-
tron microscopic (TEM) measurements were carried out on high-
resolution transmission electron microscope (JEOL-JEM-2010)
with an acceleration voltage of 200 kV. Barrett-Emmett-Teller (BET)
surface areas of the catalysts were measured by a Quantachrome
Autosorb-iQ2 instrument with N2 adsorption at 77 K using the
Barret-Joyner-Halenda (BJH) method.

2.4. Electrochemical measurements

The electrochemical experiments were performed using a CHI
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750E electrochemical workstation (CH Instruments, Chenhua Co
Ltd., China) in 0.1M or 1M KOH aqueous solution at room tem-
perature. A conventional three-electrode cell, comprising of an Ag/
AgCl (3M KCl) as the reference electrode, a glassy carbon rotating
ring-disk electrode (RRDE, Pine instrument company, LLC) with
diameter of 5mm as the working electrode and a platinum plate as
the counter electrode. The catalyst ink was prepared as follows:
2mg catalyst was dispersed ultrasonically in 1mL nafion/ethanol
(1.0% nafion) formed a homogeneous suspension, and the concen-
tration of metal was 0.4mgmL�1. 20 mL suspension was then
dropcast onto the surface of the polished glassy carbon electrode,
and dried at room temperature. The loading amount of metal was
calculated to be 40.8 mg cm�2. Prior to each measurement, the so-
lution was purged with high-purity N2 or O2 gas for at least 30min.
The electrochemically active surface areas (ECSAs) of the catalysts
were performed by integrating the hydrogen adsorption charge on
the cyclic voltammograms (CVs) at the scan rate of 10mV s�1 at
room temperature in N2-saturated 0.1M HClO4 aqueous solution.
Linear sweep voltammograms (LSVs) were obtained at a sweep rate
of 10mV s�1 in N2 or O2-saturated 0.1M KOH aqueous solution at
various rotation rates (400e2500 rpm). The Ag/AgCl electrode was
calibrated with a reversible hydrogen electrode (RHE), ERHE¼ EAg/
AgCl þ 0.196 (V) þ 0.0591*(pH).

2.5. Battery test

The Zn-air battery was self-designed and fabricated by using the
zinc plate as the anode, the catalyst loaded on carbon cloth as the
air-cathode and 6M KOH plus 0.2M ZnAc as the electrolyte. All Zn-
air battery tests were carried out by the CHI-440 electrochemical
workstation (CH Instruments, Chenhua Co Ltd., China) at ambient
conditions. The detailed preparation process can be found in sup-
plementary materials.

3. Results and discussions

3.1. TEM image and XRD patterns of the CoPt-x/DTM-C composites

Upon the preparation of the composite, the pore structure and
specific surface area of the CoPt-1/DTM-C, CoPt-1/C and diatomite
samples were examined by N2 adsorptionedesorption isotherms.
As shown in Fig. S1, all of the N2 adsorption-desorption isotherms
exhibited a characteristic feature as type II isotherms with H3 type
hysteresis loops. The hysteresis can be associated with the filling
and emptying of the mesopores by capillary condensation, sug-
gesting the existence of mesopores [33]. In addition, a sharp in-
crease in the N2 adsorption quantity near the relative pressure of 1
implies the existence of macropores [33]. Such feature suggests the
bothmacropores andmesopores co-exist in those materials. The N2
adsorption-desorption isotherms and the corresponding pore size
distribution show DTM possesses hierarchical porous structure.
Nevertheless, DTM contains less micropores and mesopores,
resulting relatively smaller specific surface area than most porous
carbon materials [33]. XC-72 has a larger specific surface area, once
it was added in, the surface area of the composites (CoPt-x/DTM-C)
was significantly enhanced. Based on the Brunauer-Emmett-Teller
(BET) curves, the BET surface area of CoPt-1/DTM-C, CoPt-1/C and
DTM were calculated as 88m2 g�1, 160m2 g�1 and 13m2 g�1,
respectively.

Then, the surface microstructure andmorphology of the CoPt-x/
DTM-C samples were examined by TEM. Fig. 1AeC presents the
representative TEM, HR-TEM image of the CoPt-1/DTM-C sample.
As shown in Fig. 1A, CoPt nanoparticles were well dispersed on the
DTM-C support, and the diameter was roughly about 4e5 nm.
Fig. 1B clearly revealed that the alloyed nanoparticles were
confined in the support. Note that Pt4þ and Co2þ ions were first
adsorbed and reduced in the pores of the DTM, and then a layer of
XC-72 was added to cover the nanoparticles. The CoPt nano-
particles were well protected and such structure is probably
favourable for enhancing the electrocatalytic activity and durability
for ORR and OER. The representative TEM and HR-TEM images of
the CoPt-1/C are shown in Fig. S2, while the typical TEM and HR-
TEM images of the CoPt-9/DTM-C and CoPt-9/C samples can be
found in Fig. S3. As shown in insert graphs of Fig. 1B and Fig. S2b,
the average diameter of CoPt nanoparticles was estimated to be
3.20± 0.86 nm for CoPt-1/DTM-C and 3.80± 0.96 nm for CoPt-1/C.
The insert graphs of Fig. S3b and e indicate that the average
diameter of CoPt nanoparticles was 3.40 ± 1.17 nm and
3.90± 1.97 nm for CoPt-9/DTM-C and CoPt-9/C, respectively. It can
be noted that, with the presence of DTM, relatively smaller CoPt
nanoparticles can be acquired. From the HR-TEM images in Fig. 1C,
well-defined lattice fringes of the CoPt-1/DTM-C sample can be
recognized. The inter-planar spacings are 2.09 Å and 2.30 Å, which
correspond to the (111) and (200) lattice plane of the face-centered-
cubic (fcc) CoPt nanoparticles, and amorphous SiO2 and XC-72
show the disordered lattice fringes.

The crystal structure of the composite was next investigated by
XRD measurements. As shown in Fig. 1D, the presence of the (111),
(200), (220) planes from Pt indicated that CoPt nanoparticles with
fcc structures were probably obtained. Interestingly, compared
with the standard Pt (JPCDS No. 01-1190), the diffraction peaks of Pt
were shifted to higher degrees for both CoPt-1/DTM-C and CoPt-1/C
samples. Previous studies have shown that these shifts were
probably attributed to the decrease of the lattice distance upon the
formation of CoPt alloyed nanoparticles [34]. A broad diffraction
peak at 2q¼ 22.1� can be easily identified in Fig. 1D (a), which is
classified as amorphous SiO2 (JPCDS No. 29-0085). Compared with
Fig. 1D (b), the peak from XC-72 became much less identifiable in
Fig. 1D (a), which might be suppressed by the broad peak of
amorphous SiO2. In addition, Fig. S4 presents the XRD patterns of
CoPt-9/DTM-C, and similar XRD feature can be observed.

3.2. XPS measurements

The surface chemical composition and valence state of CoPt-1/
DTM-C and CoPt-1/C were subsequently explored by XPS mea-
surements. As shown in Fig. 2a, the Pt 4f core-level spectra of CoPt-
1/DTM-C displayed a pair of major peaks with the binding energies
at 71.4 eV and 74.5 eV, which can be attributed to the Pt 4f7/2 and Pt
4f5/2 electrons, respectively. Compared with the CoPt-1/C sample
without DTM, the binding energy of the Pt 4f5/2 electrons from the
CoPt-1/DTM-C sample shifted negatively about 0.24 eV, indicating
the Pt ions can bemore easily reduced to form CoPt nanoparticles in
the presence of DTM. The Pt 4f spectra can be de-convoluted into
two doublets, which were attributed to Pt2þ (PtO and Pt(OH)2) and
Pt0 (metallic Pt). Based on the integral area, the percentage of Pt2þ

and Pt0 can be determined as ~36% and ~64% in CoPt-1/C, while in
CoPt-1/DTM-C, the percentage of Pt2þ and Pt0 was ~28% and ~72%,
respectively. One can see that, regardless of the presence of DTM,
Pt0 species dominate the above components, and higher relative
intensity of Pt0 was observed for the CoPt-1/DTM-C sample, which
is probably favourable for ORR, as Pt0 can offer more appropriate
active site for ORR than Pt2þ [35,36]. As the binding energy change
of the core-level is associated with the shift of its d-band center
relative to Fermi level in the same direction [37], the decreasing of
Pt4f binding energy in the CoPt-1/DTM-C sample indicates the
downshift of its d-band center. According to the Hammer-Norskov
model [38e40], such downshift can lower the state density at the
Fermi Level and weaken the chemisorption bonds, leading to the
reduced chemical adsorptions of OHads species on the surface and



Fig. 1. The representative TEM images under different magnifications of CoPt-1/DTM-C (AeC), the inset in B is the size distribution histogram of the CoPt nanoparticles, and D is the
XRD patterns of CoPt-1/DTM-C (a), CoPt-1/C (b).

K. Wang et al. / Electrochimica Acta 284 (2018) 119e127122
generation of more active sites for ORR [41]. Furthermore, the core-
level XPS spectra of the Co 2p electrons are presented in Fig. 2b.
Compared with the CoPt-1/C sample, the binding energy of the Co
2p3/2 electrons in the CoPt-1/DTM-C sample exhibited a distinct
increase about 1 eV, indicating DTM promotes the electron transfer
from Co atoms to Pt atoms. Similar pattern can also be observed for
the CoPt-9/DTM-C and CoPt-9/C samples (Fig. S5). From the above
results, one can see that, DTM played an important role in modi-
fying the surface electronic structure of the CoPt alloyed
nanoparticles.

3.3. ORR/OER catalytic performance

The as-prepared nanocomposites of CoPt-x/DTM-C were then
subjected to electrocatalytic tests toward ORR and OER. Fig. 3a
presents the polarization curves for ORR, one can see that, with the
increasing of Pt amount (x¼ Co/Pt, x from 9 to 1), both the onset
potential and half-wave potential shifted more positively. The most
positive potential was achieved on the sample of CoPt-1/DTM-C. It
is worth noting that, without Co, the sample of Pt/DTM-C still
displayed excellent activity, however, its onset potential was
approximately 20mV lower than that of CoPt-1/DTM-C. Mean-
while, from the polarization curves for OER in Fig. 3b, it can be
noted that the overpotential decreased with the increasing of the
Co/Pt ratio. The overpotential of CoPt-1/DTM-C and CoPt-3/DTM-C
was approximately 460mV (vs. RHE) and 430mV (vs. RHE) at the
current density of 10mA cm�2, respectively. CoPt-9/DTM-C
exhibited the lowest overpotential of 380mV (vs. RHE), which
was about 20mV lower than the sample of Co/DTM-C.
To further evaluate the role of DTM in the electrocatalytic pro-
cess for ORR, we next performed a series of electrochemical char-
acterizations. Fig. 4a displays the cyclic voltammograms recorded
in both N2-saturated and O2-saturated 0.1M KOH of the samples
CoPt-1/C and CoPt-1/DTM-C. In N2-saturated 0.1M KOH solution,
both samples displayed featureless redox properties, however,
when switched into O2-saturated 0.1M KOH solution, CoPt-1/C and
CoPt-1/DTM-C all displayed an obvious reduction peak at 0.85 V
and 0.87 V (vs. RHE), indicating effective electrocatalytic activities
toward ORR for both samples. The polarization curves (Fig. 4b)
further revealed the onset potential and diffusion-limited current
density of CoPt-1/C, CoPt-1/DTM-C and commercial Pt/C. The onset
potential for CoPt-1/C, Pt/C, CoPt-1/DTM-C was 0.95 V, 0.97 V, and
0.99 V at the current density of 0.1mA cm�2, respectively, while the
diffusion-limited current density was 4.76mA cm�2, 4.84mA cm�2,
and 4.94mA cm�2, respectively. It can be noted that, CoPt-1/C
possessed less positive onset potential and lower current density
than commercial Pt/C, however, with the presence of DTM, CoPt-1/
DTM-C exhibited more positive potential and larger diffusion-
limited current density than Pt/C. Apparently, DTM promoted the
ORR activity of the hybrid composite. Subsequently, Tafel-plots
were fitted through the polarization curves in Fig. 4c to reveal the
reaction kinetics. Similar features were obtained for the three cat-
alysts. In fact, there are two linear regions at low and high over-
potentials for the Tafel plots, which have been well documented in
previous reports [42e44]. In the low overpotential range, the Tafel
slopes were found at 77mV dec�1, 74mV dec�1 and 63mV dec�1

for CoPt-1/C, Pt/C and CoPt-1/DTM-C, respectively, suggesting the
rate determining step in oxygen electroreduction is probably a



Fig. 2. The Pt 4f (a) and Co 2p (b) focus scan XPS spectra in the samples of CoPt-1/
DTM-C and CoPt-1/C.

Fig. 3. The effect of cobaltic content as oxygen electrocatalyst in the presence of
diatomite: (a) Linear sweep voltammograms for ORR in oxygen-saturated 0.1M KOH,
and (b) in nitrogen-saturated 1M KOH for OER at the rotation rates of 1600 rpm.
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pseudo two-electron transfer reaction [18]. While in the higher
overpotential range, the slopes were 126mV dec�1, 121mV dec�1

and 113mV dec�1 for CoPt-1/C, Pt/C and CoPt-1/DTM-C, indicating
that the reaction rate was dominated by the first electron transfer
to oxygenmolecule [12,42]. The comparison of the Tafel plots of the
CoPt-x/DTM-C series for ORR can also be found in Fig. S6. One may
notice that, with the presence of DTM, both the Tafel slopes at low
or high overpotentials were reduced, which implies that DTM can
facilitate the ORR kinetics.

The RRDE voltammetric curves with rotation rates varying from
400 rpm to 2500 rpm can be found in Fig. 4d, and the current
density increased with the increasing of the rotation rate. The inset
corresponding Koutecky-Levich (K-L) plots in Fig. 4d exhibited good
linearity and consistent slopes in the potential range of þ0.45 V
to þ0.75 V, indicating first-order reaction kinetics with regard of
dissolved oxygen concentration in the solution.

Furthermore, the number (n) of electron transfer and yield of
H2O2 (%) can be calculated by equations (1) and (2):

n ¼ ð4IDÞ=ðID þ IR=NÞ (1)

H2O2% ¼ ð200IR=NÞ=ðID þ IR=NÞ (2)
where ID is the disk current, IR is ring current, N is the current
collection efficiency of the RRDE measurement (0.37). As shown in
Fig. 4e, the electron transfer numbers of the CoPt-1/C, CoPt-1/DTM-
C and Pt/C are 3.88e3.91, 3.81 to 4.0 and 3.94 to 3.96 in potential
range from 0.2 V to 0.8 V, respectively. It suggests that the ORR
reaction proceeds predominantly with the 4e pathway in 0.1M
KOH solution.

In addition, based on the CV curves in acidic electrolyte (Fig. S7),
the electrochemically active surface area (ECSA) can be quantified
and summarized in Table S2. By normalizing the kinetic current to
the ECSA value and the Pt loading, the specific andmass activities of
the CoPt-1/C, CoPt-1/DTM-C as well as Pt/C were calculated and
shown in Fig. 4f. The specific activity of CoPt-1/C, CoPt-1/DTM-C, Pt/
C was 0.29mA cm�2, 0.74mA cm�2, and 0.14mA cm�2, while the
mass activity was 96mAmg�1, 286mAmg�1 and 52.5mAmg�1,
respectively. One can see that, DTM is an efficacious agent for
promoting the electrocatalytic activity of ORR.

In addition, the OER activities of the nanocomposite catalysts
were also evaluated by the LSVs in N2-saturated 1M KOH solution.
As shown in Fig. 5a, with the current density of 10mA cm�2, the
overpotential of CoPt-9/DTM-C, CoPt-9/C, Co/DTM-C and Co/C was
380mV, 410mV, 400mV, and 420mV, respectively. The over-
potential of the CoPt-9/DTM-C was about 30mV smaller than the



Fig. 4. (a) Cyclic voltammograms and (b) polarization curves for ORR, (c) Tafel plots of CoPt-1/DTM-C, CoPt-1/C and commercial Pt/C, (d) LSV curves for CoPt-1/DTM-C at the
rotation rates of 400e2500 rpm (inset displays the corresponding K�L plots for CoPt-1/DTM-C at different electrode potentials), (e) Plots of H2O2 yield and number of electron
transfer of a glassy carbon electrode modified with CoPt-1/DTM-C, CoPt-1/C and Pt/C in O2-saturated 0.1M KOH solution, (f) The comparison of mass activity and specific activity of
CoPt-1/DTM-C and CoPt-1/C for ORR at 0.9 V (vs. RHE). All measurements were conducted at a metal loading of 40.8 mg cm�2 in an O2-saturated 0.1M KOH aqueous solution at a
potential sweep rate of 10mV s�1.
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CoPt-9/C, while compared with Co/C, the overpotential of Co/DTM-
C also decreased approximately 20mV at the current density of
10mA cm�2. DTM significantly reduced the overpotential and
promoted the OER activity. Tafel plots were then fitted through the
corresponding LSV curves. As presented in Fig. 5b, the Tafel slope of
CoPt-9/DTM-C was 120mV dec�1, much lower than that of Co/C,
Co/DTM-C, and CoPt-9/C. The results agree well with the polari-
zation curves of the OER, further confirming that the presence of
DTM was favourable for the OER catalytic kinetics. The comparison
of the Tafel plots of the CoPt-x/DTM-C series for OER can be found
in Fig. S8.

Note that, with the presence of DTM, either the ORR activity of
the CoPt-1/DTM-C or the OER activity of CoPt-9/DTM-C was supe-
rior than recently reported CoPt nanoparticles based electro-
catalysts. For instance, Mukerjee group prepared carbon-supported
PtCo catalysts by the micro-emulsion method, but the mass activity
and specific activity for ORR were only 154 mA/mgPt and 0.58mA/
cm2 [45]. Wang et al. reported that carbon supported Pt-Co nano-
particles as electrocatalyst for ORR, and the kinetic current density
and mass activity were 1.85 times higher than that of commercial
Pt/C, while the mass activity of CoPt-1/DTM-C was 5.45 times of Pt/
C in this study [46]. Recently, Hu et al. documented the PtCo/CoOx
nanocomposites as bi-functional electrocatalysts for both ORR and
OER through tandem laser ablation synthesis, and the overpotential
of the PtCo-1 can be reduced to 386mV at the current density of
10mA cm�2 [28], which was slightly higher than the CoPt-9/DTM-C
sample (380mV). Therefore, although DTM is not the active in-
gredients for ORR and OER, it is a vital element for CoPt nano-
particles in forming more catalytically active sites.

There are several contributions that can account for the
enhancement of the ORR and OER activities of the CoPt-x/DTM-C
nanocomposite catalysts in the presence of DTM. First of all,
hierarchical porous DTM can provide facile path for mass (O2/OH�)
transfer, which can significantly facilitate the electrocatalytic ki-
netics [47]. Secondly, DTM can alter the local electrical field around
the CoPt nanoparticles, which is attested by the XPS observations,
and such phenomenon will promote the collaborative interactions
of CoPt for ORR. At last, the synergistic effects between the CoPt
nanoparticles and DTM-C support further promote the ORR and
OER catalytic processes [28,48].

Subsequently, the durability of CoPt-1/C and CoPt-1/DTM-C
were carried out by the chronoamperometric measurements at
0.5 V in O2-saturated 0.1M KOH solution for ORR first. Fig. 6a shows
that the current density of CoPt-1/C decayed rapidly in the first 6,
000 s, while during the following 6, 000 s to 30, 000 s, the decline of
the current density gradually slowed down. In total, the current
density of CoPt-1/C decayed 20%. In sharp contrast, CoPt-1/DTM-C
catalyst retained 95.6% of the initial current density after 30,
000 s of continuous operation, indicating that DTM could signifi-
cantly enhance the durability of CoPt nanoparticles for ORR.
Furthermore, the durability of the catalysts for OER was also per-
formed by the chronoamperometric measurements at 1.6 V (RHE)
in N2-saturated 1.0M KOH solution, as shown in Fig. 6b. After
continuous operation of 8.3 h, the CoPt-9/C sample maintained 81%
of its initial current, while the CoPt-9/DTM-C sample only degraded
9% (91%maintained) of its initial value. One can conclude that, DTM
indeed protected the CoPt nanoparticles during the oxygenic re-
action. The enhanced long-term stability with the presence of DTM
is probably attributed to the following factors: First of all, with the
introduction of DTM, the as-formed silica sheets can prevent the
dissolution of CoPt nanoparticles and the diffusion of dissolved
CoPt species [49]. Secondly, the migration and agglomeration of
CoPt nanoparticles on the support can also be significantly inhibi-
ted by DTM which hold well-defined porous structure [50].



Fig. 5. (a) LSV curves measured in N2-saturated 1M KOH solution and (b) corre-
sponding Tafel plots for OER (The scan rate is 10mV s�1).

Fig. 6. Chronoamperometric responses in O2-saturated 0.1M KOH solution at 0.5 V for
ORR (a), and in N2-saturated 1M KOH solution at 1.6 V for OER (b).
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3.4. The Zn-air battery performance

Considering the excellent bifunctional oxygen catalytic perfor-
mance of the nanocomposites, the feasibility of the composites in
real battery conditions was then tested in a self-assembled
rechargeable zinc-air battery [3]. Fig. 7a presents the schematics
of the rechargeable zinc-air battery, where zinc platewas employed
as anode and the catalysts were used as air-cathode. To ensure the
reversible electrochemical reactions at anode, 0.2M zinc acetate
was dissolved in 6.0M KOH as the electrolyte to evaluate the
rechargeable performance of zinc-air batteries [10,51,52]. As shown
in Fig. 7b, the open-circuit potential was 1.55 V and 1.44 V for CoPt-
9/DTM-C and CoPt-9/C, respectively. The presence of DTM boosted
the open circuit potential value. The discharge voltage curve and
corresponding power density can be found in Fig. 7c, CoPt-9/DTM-C
exhibited optimal maximal power density with a value of
140mWcm�2, higher than that of CoPt-9/C (123mWcm�2). The
charge-discharge performancewas then conductedwith a constant
current density of 2mA cm�2 to evaluate the cycling life of the zinc-
air battery. In Fig. 7d, the undulate charge voltage of CoPt-9/C can
be observed, indicating the structure of the CoPt nanoparticles
might be undermining at high voltages. The voltage gap and round-
trip efficiency varied from 0.83 V to 1.19 V and 59%e45% for CoPt-9/
C, yet the CoPt-9/DTM-C sustained an intriguing stability of
0.82e0.90 V and 60%e58% after galvanostatic chargeedischarge
test for continuous 8 h. Moreover, the galvanostatic discharge
specific capacity was measured at the current density of
10mA cm�2 and was normalized to the mass of lost zinc plate
(Fig. 7e). The specific capacity of CoPt-9/DTM-Cwas calculated to be
616mAh g�1, much higher than that of CoPt-9/C (513mA h g�1).
Finally, with CoPt-9/DTM-C supported on carbon cloth as the air-
cathode of the two-series connected liquid Zn-air battery as prac-
tical power (Fig. 7f), a blue light-emitting diode (LED,z3.0 V) could
glow about 12 h steadily at ambient conditions. The above findings
suggest that DTM significantly boosted the performance in the
zinc-air battery application of the supported CoPt nanoparticles.
4. Conclusions

In summary, composites based on CoPt-x/DTM-C have been
prepared in a facile approach as bi-functional electrocatalysts to-
ward both ORR and OER for rechargeable Zn-air battery applica-
tions. It was found that, hierarchical porous structure of DTM can
significantly promote mass (O2/OH�) transfer, in addition, as a
substrate it can alter the local electrical field around the CoPt
nanoparticles. These characteristics affect the catalytic properties
of CoPt-x/DTM-C. For ORR, with presence of DTM, CoPt-1/DTM-C
exhibits a lower Tafel slope (63mV dec�1) and higher diffusion-
limited current density (4.94mA cm�2). The specific and mass ac-
tivities of CoPt-1/DTM-C for ORR are 0.74mA cm�2 and
286mAmg�1 (at 0.9 V vs. RHE), which are 2.5 and 3.0 times higher



Fig. 7. (a) Schematic representation of the rechargeable Zn-air battery. (b) Open-circuit potential plots. (c) Discharge polarization and the corresponding power density curves. (d)
Galvanostatic dischargeecharge cycling curves at 2mA cm�2. (e) Galvanostatic discharge specific capacity curves at 10mA cm�2. (f) Photograph of a blue LED (z3.0 V) powered by
two liquid Zn-air batteries with the CoPt-9/DTM-C air-cathode connected in series. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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than that of CoPt-1/C catalyst; For OER, the overpotential of CoPt-9/
DTM-C decreases nearly 30mV at 10mA cm�2, the Tafel slope also
reduces 16mV dec�1 and the durability enhances 10% versus CoPt-
9/C catalyst. Finally, these nanocomposite catalysts as air-cathode
of self-assembled rechargeable Zn-air battery were tested. The
presence of DTM boosted the performance of CoPt nanoparticles
with a high open circuit potential, excellent discharging power
density, desirable discharging specific capacity and long steady
cycling life. The findings here may pave a pathway for designing
cost-effective bifunctional electrocatalysts for Zn-air batteries, and
introduction of DTM to other systems to further interrogate the
universality of this strategy is currently underway in our lab.
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