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Abstract
Rational design and synthesis of low-cost trifunctional electrocatalysts with improved stability and superior electrocatalytic activity for
oxygen reduction reaction (ORR), oxygen evolution reaction (OER), and hydrogen evolution reaction (HER) are highly desirable but remain as
the bottlenecks at the current state of technology. In this paper, the cobalt-iron (Co–Fe) composite supported on nitrogen-doped carbon
nanotubes (CoFe composite/NCNTs) is synthesized. The intrinsic OER and HER catalytic activities of this CoFe composite/NCNTs composite
are significantly improved with palladium (Pd) nanocluster decoration [Pd-coated (CoFe composite/NCNTs)]. The as-prepared Pd-coated (CoFe
composite/NCNTs) catalyst exhibits excellent trifunctional electrocatalytic activity and stability due to the interfacial coupling between Pd and
(CoFe composite/NCNTs). This catalyst is successfully employed in the water electrolysis cell as both OER and HER electrode catalysts,
flexible rechargeable Zn-air battery as the bifunctional ORR and OER electrode catalyst. The cell voltage of this catalyst-coated electrodes
requires only 1.60 V to achieve 10 mA cm�2 current density for water electrolysis cell, which is comparable to and even better than that of Pt/C
and Ir/C based cell. The primary Zn-air battery using this catalyst shows a constant high open-circuit voltage (OCV) of 1.47 V and a maximum
power density of 261 mW cm�2 in the flooded mode configuration. Most importantly, a flexible Zn-air battery with this catalyst runs very
smoothly without a change in voltage gap during flat, bending, and twisting positions.
© 2020 Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The development of multifunctional electrocatalysts that
can catalyze all three important electrochemical reactions,
namely, oxygen reduction reaction (ORR), oxygen evolution
reaction (OER), and hydrogen evolution reaction (HER) are
indeed important and gaining a great deal of research interests.
Multifunctionality of the catalyst is one of the simple ways to
reduce the overall cost of catalysts required for clean and
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sustainable energy storage and conversion devices such as
metal-air batteries, fuel cells and water electrolysis [1–4].
Currently, noble metals-based materials such as platinum-
iridium- and ruthenium-based catalysts have been using as a
state-of-the-art catalyst for ORR/HER and OER, respectively
[5,6]. However, due to high cost and low abundance, these
precious metals are non-conducive to large-scale practical
applications [5,6]. Therefore, developing alternative multi-
functional electrocatalysts with low-cost, high activity, and
long-term stability is necessary.

Among different types of non-precious metal catalysts, the
layered double hydroxides (LDHs) as a kind of two-dimen-
sional inorganic layered materials consisting of positively
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charged brucite-type host layers and exchangeable charge-
balancing interlayer anions have been explored recently [7].
Through incorporating various metal ions without changing
the structure as well as anion exchange properties, LDHs with
special features can be prepared, which opens up their appli-
cations in different fields [8].

As per the water electrolysis is concerned, LDHs are known
for their better electrocatalytic activity, and in some cases,
they could outperform the state-of-the-art catalysts in alkaline
media. For instance, Bhowmik et al. [9] reported that a CoFe
LDH supported on graphitic carbon nitride to form a com-
posite electrocatalyst, which exhibited a superior OER activity
than the commercial IrO2 catalyst. This composite catalyst
showed a high electrochemical surface area, easily available
abundant active sites, and ease of mass transport owing to its
two-dimensional sheet morphology accounted for the
enhanced activity. Similarly, NiFe LDH also showed excellent
water oxidation ability in alkaline conditions [10–12]. Liu
et al. [13] illustrated that the delamination and exfoliation of
CoFe LDH could improve intrinsic electrical conductivity as
well as the formation of more coordinative unsaturated metal
sites for enhancing the catalytic performance of overall water
splitting. Amorphization [14], variation of metal ions Co/Fe
ratios [15], and small changing Pd loading content [16] of
CoFe LDH could significantly boost its water oxidation per-
formance. In addition, Song et al. [17] prepared highly active,
stable, and ultrathin CoMn LDH nanoplates for water
oxidation.

Regarding metal-air batteries, zinc (Zn)-air batteries, as
well as all-solid-state flexible Zn-air counterparts [19], have
been gaining popularity due to their low-cost, high theoretical
specific energy density (1084 Wh kg�1), the abundance of Zn,
and their intrinsic safety [18,19]. Despite these several ad-
vantages, the rechargeable Zn-air batteries have not been
commercialized yet till today, and a considerable amount of
research effort is still needed to realize their practical appli-
cations. Recently, various types of bifunctional catalysts were
employed to improve the rechargeability of Zn-air batteries,
such as heteroatom doped carbon [20–25], metal oxides
[18,19,26–32], alloys [33–35], metal nitride [36], and LDH
[37]. Besides, some strategies were employed to avoid
corrosion of Zn during the charge–discharge process and to
increase battery life. For example, Schmid et al. [38] reported
that the incorporation of bismuth oxide with Zn powder could
significantly improve rechargeability due to an increase in Zn
utilization. Similarly, Da et al. [39] showed that the addition of
ultrafine bismuth powder to the Zn electrode could not only
subdue the self-corrosion rate in alkaline medium but also
suppress dendrite growth by improving the uniformity of
current density distribution on the electrode surface. Further-
more, some organic compounds are added into the electrolyte
to retard the corrosion of anode [40].

In this paper, a facile strategy is employed for the synthesis
of CoFe composite supported on nitrogen-doped carbon
nanotubes (NCNTs) by a simple hydrothermal method.
NCNTs can provide mechanical support to CoFe composite
but also being conducive to improve the electrical
conductivity, which in turn enhance the electrocatalytic
performance. Decoration of Pd nanocluster on such a CoFe
composite/NCNTs catalyst further leads to the trifunctional
electrocatalytic activities for ORR, OER, and HER. The as-
prepared electrocatalyst shows superior ORR (E1/2 ¼
828 mV), OER (hj10 ¼ 285 mV), and appreciable HER
(hj10 ¼ 214 mV) activities in alkaline media. This catalyst is
used in water splitting cell, primary and rechargeable Zn-air
batteries to realize its practical applications. The primary Zn-
air battery delivers a constant high OCV of 1.47 V for up to
12 h and a maximum power density of 261 mW cm�2 in the
flooded mode configuration. A rechargeable Zn-air battery
shows a low voltage gap of 0.69 V at a charge–discharge
current density of 10 mA cm�2. Indeed, this catalyst-based
all-solid-state flexible Zn-air battery can give a remarkable
250 charge–discharge cycles in an air-breathing mode. Thus,
outstanding ORR, OER, and HER activities of such a catalyst
are attributed to the increased catalytically active sites in the
presence of a trace amount of Pd, strong electric interaction,
and the improved charge transfer between Pd nanoclusters and
CoFe composite/NCNTs. Although CoFe LDH was used as a
precursor to synthesize Co, Fe based bimetallic and oxides for
rechargeable Zn-air battery application [41], metal nanocluster
decorated CoFe composite is not yet explored as a trifunc-
tional catalyst. To the best of our knowledge, this is the first Pd
nanocluster anchored CoFe composite/NCNTs electrocatalyst
as a trifunctional electrocatalyst and its applications in both
water electrolysis cell and flexible reachable Zn-air battery.

2. Experimental section
2.1. Reagents
Co(NO3)2‧6H2O, Fe(NO3)3‧9H2O, Pd(NO3)2, potassium
hydroxide, zinc acetate, sodium carbonate, sodium hydroxide,
aqueous ammonia (30%), sodium borohydride, and polyvinyl
alcohol (PVA) were purchased from Aladdin Chemical Corp.
Other chemicals used in the experiments were of analytical
grade and used without further purification. All aqueous so-
lutions were prepared in Millipore water (Milli-Q system).
2.2. Synthesis of Pd-coated (CoFe composite/NCNTs)
The Pd-coated (CoFe composite/NCNTs) catalyst was
synthesized in three different steps. firstly, the nitrogen-doped
carbon nanotubes (NCNTs) were prepared by using the pro-
cedure given elsewhere [42]. In brief, the oxidized CNTs
(46 mg) were dispersed in 20 mL of Milli-Q water, followed
by the addition of 0.5 mL of ammonia solution. Subsequently,
this reaction mixture was transferred into the hydrothermal
bomb and heated at 180 �C for 12 h to obtain NCNTs.
However, prior to nitrogen doping, the oxidized CNTs were
prepared as per the procedure given by Xiao et al. [43]. In the
second step, the CoFe composite was further composited with
NCNTs to form a catalyst synthesized by a simple copreci-
pitation method followed by hydrothermal treatment. In detail,
50 mg of NCNTs dispersed in 20 mL of water by
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ultrasonication for 20 min. Then, Co(NO3)2‧6H2O (40 mmol
L�1) and Fe(NO3)3‧9H2O (20 mmol L�1) salts were dissolved
to form a slurry. 20 mL water containing Na2CO3 (13 mmol
L�1) and NaOH (150 mmol L�1) salts was added dropwise to
this resultant slurry under vigorous stirring (900 r min�1).
After completing the addition, the reaction was continued for
additional 20 min, followed by hydrothermal treatment at
100 �C for 24 h. The resulting product was filtered, washed
with water, and dried at 50 �C under vacuum overnight to form
CoFe composite/NCNTs sample. The third and final step
involved a dispersion of 50 mg CoFe composite/NCNTs
sample in 50 mL of water by using ultrasonication for 30 min
to form a uniform slurry. Then, 1 mL of Pd(NO3)2 (3 wt%)
was introduced dropwise, followed by 5 mL of NaBH4

(6 mmol L�1) added very slowly for 20 min, and then the
reaction was kept for another 1 h. Finally, Pd-coated (CoFe
composite/NCNTs) catalyst was filtered and washed with
plenty of water and dried at 50 �C under vacuum overnight.
Scheme 1 shows above mentioned procedure.
2.3. Material characterization
The powder X-ray diffraction (XRD) measurements were
carried out with a Rigaku Dmax-2200 instrument using Cu Ka
(l ¼ 1.54 Å) radiation source. The morphology of the as-
synthesized materials was examined using field-emission
scanning electron microscopy (FESEM; JEOL, JSM-7500F),
transmission electron microscopy (TEM, JEM-200 CX,
JEOL), and high-resolution TEM (HRTEM, JEM-2100F JEOL
Inc.). Elemental mapping was performed using energy-
dispersive X-ray spectroscopy (EDX) equipped with the TEM.
The surface chemical bonds and valence states of the as-pre-
pared electrocatalysts were determined using X-ray photo-
electron spectroscopy (XPS, Thermo Fisher Scientific K-
Alpha spectrometer using Al Ka X-ray radiation). In the
present work, the binding energies (BE) were calibrated by
setting the measured BE of C 1s to 284.8 eV. The elemental
composition of electrocatalysts was determined using an ICP-
OES (PerkinElmer 8300) with high-purity argon (99.9999).
For sample preparation of ICP-OES studies, 10 mg of sample
was accurately weighed and placed into 50 mL Teflon tube.
4 mL of aqua regia (1 mL of HNO3 and 3 mL of HCl) was
added into the tube and allowed sufficient time to dissolve
metals from the carbon. The proper filtrations and dilutions
were made before ICP- OES experiments.
Scheme 1. Synthesis route for the preparation
2.4. Electrochemical measurements
The electrochemical tests were carried out by using a CHI
760E electrochemical workstation (CH Instrument, Shanghai)
with a three-electrode system. A conventional three-electro-
chemical cell was employed to measure the electrocatalyst
performance, in which a glassy carbon electrode coated with
the as-prepared catalyst as the working electrode, a Pt foil as
the counter electrode, and a Hg/HgO (MMO) as the reference
electrode, respectively. The catalyst ink was prepared by
dispersing 5 mg of the catalyst in 0.5 mL of the isopropanol-
water mixture (1:1) along with 20 mL of 5 wt% Nafion®. The
slurry was then homogenized by ultrasonication for 30 min
2 mL of the ink was drop-casted onto the glassy carbon elec-
trode of 3 mm diameter to obtain the working electrode with a
catalyst loading of 0.27 mg cm�2. All the measured electrode
potentials were vs. MMO was converted into the reported
electrode potentials vs. the reversible hydrogen electrode
(RHE) in this paper. ORR measurements were carried out in
N2- or O2-saturated 0.1 mol L�1 KOH at a scan rate of
10 mV s�1. Whereas, OER and HER measurements were
performed in 1.0 mol L�1 KOH with the aforementioned
conditions. A steady blanket of O2 was maintained above the
KOH electrolyte during the ORR experiments.

The number of electrons transferred per oxygen molecule
during ORR was calculated using The Koutecky–Levich (K-L)
equation as given below:

1

j
¼ 1

jL
þ 1

jK
¼ 1

Bu1=2
þ 1

jK
ð1Þ

B¼0:62nFCOD
2=3
O n�1=6 ð2Þ

where, u is the angular velocity, j is the measured current
density, jK and jL are the kinetic and diffusion-limiting current
densities, respectively, n is the number of electrons transferred,
F is the Faraday constant (96,485 C mol�1), CO is the bulk
concentration of O2 (1.2 � 10�6 mol cm�3), DO is the diffu-
sion coefficient of O2 (1.9 � 10�5 cm2 s�1) and y is the ki-
nematic viscosity of the electrolyte (0.01 cm2 s�1). B can be
obtained from the slope of the K-L equation.

The rotating ring disc electrode (RRDE) experiments were
carried out to measure the number of electrons transferred and
hydrogen peroxide yield (%H2O2) during ORR. The following
Eqs. (3) and (4) were used for their calculations.
of Pd-coated (CoFe composite/NCNTs).
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n¼ 4ID

ID þ ðIR
N
Þ ð3Þ

%H2O2¼200�
IR
N

ID þ ðIR
N
Þ ð4Þ

where ID is the Faradaic current at the disk, IR is the Faradaic
current at the ring, and N is the collection efficiency of the ring
(0.37).
2.5. Water splitting tests
The electrocatalyst ink was prepared by dispersing 10 mg
of the catalyst in 1 mL of the isopropanol-water mixture (1:1)
along with 50 mL of 5 wt% Nafion®. The slurry was ultra-
sonicated for 30 min to obtain uniform dispersion. The anode
and cathode were both carbon papers (1 � 1 cm2) coated with
the catalyst. Catalyst loading of 1 mg cm�2 was maintained
for both anode and cathode electrodes. Overall water splitting
experiment was carried out in a home-made electrochemical
cell.
2.6. Fabrication and testing of Zn-air battery

2.6.1. Zn-air battery assembling and testing in the flooded
mode configuration

The Zn-air battery was constructed by using the homemade
setup, which consists of a Zn foil anode, catalyst loaded car-
bon paper cathode, and 6.0 mol L�1 KOH electrolyte. This
two-electrode configuration was used for primary Zn-air bat-
tery experiments. Whereas, for a rechargeable battery, a par-
allel tri-electrode configuration was used with a Zn plate as the
electrode located between the two catalyst-coated carbon
paper electrodes. For the two carbon paper electrodes, one is
located at one side of the Zn plate for the ORR electrode, and
the other is located at the other side of the Zn plate as the OER
electrode, respectively [44]. In this rechargeable Zn-air bat-
tery, an additional 0.2 mol L�1 zinc acetate was introduced to
the 6.0 mol L�1 KOH during charge–discharge studies. The
humidified air (5 mL min�1) was continuously fed to the cell
during all the experiments.

2.6.2. All-solid-state flexible Zn-air battery assembling and
testing in the air-breathing mode

The all-solid-state flexible Zn-air battery was fabricated by
sandwiching alkaline gel electrolyte (AGE) between Zn foil
anode and catalyst-coated carbon cloth cathode. Carbon cloth
served as the catalyst support as well as the current collector.
A perforated polyethylene tape was tightly wrapped around
the battery to improve its mechanical integrity. To get AGE,
5 g of PVA was dissolved in 50 mL of water. The freshly
prepared 3.5 mL of 18.0 mol L�1 KOH, 1.5 mL of zinc acetate
was added under magnetic stirring. This cocktail was gradu-
ally heated to 95 �C and maintained for 45 min. And then, the
formed viscous solution was poured on the glass Petridis
followed by freezing for 12 h. Finally, the as-prepared AGE
was soaked in the KOH and zinc acetate mixture for 12 h
before usage.

3. Results and discussion
3.1. Materials characterization and analysis
Fig. 1a shows the powdered X-ray diffraction patterns of
CoFe composite/NCNTs (red) and Pd-coated (CoFe compos-
ite/NCNTs) (blue) catalysts. The peaks at 2q values of 11.79�,
23.61�, and 33.23� can be ascribed to the (003), (006) and
(009) planes of cobalt-iron layered double hydroxide [15].
Besides, cobalt-iron oxide (CoFe2O4) peaks at 18.81

�, 30.79�,
36.25�, and 44.16� are corresponding to the (111), (220),
(311), and (400) lattice planes of cobalt-iron oxide [45]. The
peaks corresponding to Pd could not be detected in the final
electrocatalyst sample due to its trace amount. The
morphology of different CoFe composites was studied by
transmission electron microscopy (TEM). Fig. 1b–d are cor-
responding to the TEM images of CoFe composite, CoFe
composite/NCNTs, and Pd-coated (CoFe composite/NCNTs)
electrocatalysts, respectively. From TEM images, it is evident
that cobalt-iron oxide nanoparticles are distributed across two-
dimensional thin CoFe LDH layers forming a unique CoFe
composite. The close and subtle inspection of Fig. 1d reveals
the formation of small Pd nanoclusters on CoFe composite/
NCNTs. The high-resolution TEM images as shown in Fig. 1e
and F clearly show the dispersion of small Pd nanoclusters
(< 5 nm) on CoFe composite/NCNTs sample. In addition,
HRTEM of Fig. 1e illustrates lattice fringes with the lattice
distances of 0.29, 0.47, and 0.26 nm, which are corresponding
to (220), (111), and (012) planes of cobalt iron oxide and CoFe
LDH, respectively.

X-ray photoelectron spectroscopy (XPS) was employed to
ascertain chemical oxidation states of the elements present in
CoFe composite along with their coupling interactions. XPS
survey spectra reveal the presence of Co, Fe, N, O, and C
elements in CoFe composite/NCNTs and additional Pd in
metal decorated counterpart, as shown in Fig. 2a. Besides, the
XPS spectrum was also used to determine the atomic ratio of
Co:Fe:Pd:C:N (0.047:0.094:0.023:0.808:0.027) elements pre-
sent in the catalyst. The high-resolution XPS spectra of Co and
Fe are presented in Fig. 2b and c, respectively. From the fig-
ures, it is evident that both Co and Fe show doublet (2p1/2 and
2p3/2) due to the spin-orbital coupling [9]. The Co 2p XPS
spectra of both samples display the presence of Co3þ (ca.
780.5 eV) as well as Co2þ (ca. 782.1 eV) species along with
their corresponding satellite peaks at ca. 785.9, 803.1 eV and
789.6, 806.8 eV [13]. The oxidation states of Co were
measured by integrating the areas of the fitted curves. Inter-
estingly, the relative atomic ratio of Co3þ/Co2þ on the surface
of Pd-coated (CoFe composite/NCNTs) was found to be
higher (1.68) than that of CoFe composite/NCNTs counterpart
(1.16), suggesting an enhanced oxidation state of Co species
after Pd incorporation. Similarly, the Fe 2p XPS spectra of the
aforementioned samples show four distinctive peaks at 711.1,



Fig. 1. XRD patterns of CoFe composite/NCNTs and Pd-coated (CoFe composite/NCNTs) (a). TEM images of CoFe composite (b), CoFe composite/NCNTs (c),

and Pd-coated (CoFe composite/NCNTs). HRTEM images of Pd-coated (CoFe composite/NCNTs) (e and f).
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713.7, 718.2, and 724.5 eV. The peaks at 711.1 and 713.7 eV
can be attributed to Fe(III) and Fe(II) ions, respectively, and
The peak at 724.5 eV can be attributed to the coexistence of
Fe(III) and Fe(II) ions. The common satellite peak for all the
aforementioned peaks can be found at 718.2 eV [46]. O 1s
XPS spectra were deconvoluted into three peaks, as shown in
Fig. 2d. The peaks at ca. 530.1, 531.5, and 533.6 eV can be
ascribed to metal–oxygen, hydroxyl-oxygen and carbon-oxy-
gen species, respectively [9]. N 1s and C 1s is XPS spectra
were also deconvoluted into three peaks, as shown in Figs.
S1A and B, respectively. Peaks at ca. 399.2, 400.5, and
403.9 eV can be designated to pyridinic-N, quaternary-N, and
pyridinic-Nþ-O-, respectively [47]. Whereas, peaks at ca.
284.7, 285.5, and 288.3 eV can be assigned to sp2 C–C/sp3 C–

C, sp2 C–N, and sp3 C–N bonds, respectively [48]. To ascer-
tain the oxidation state of Pd in the Pd-coated (CoFe com-
posite/NCNTs) catalyst, a high-resolution XPS measurement
was performed, and the obtained result is shown in Fig. 3a.
The 3d5/2 and 3d3/2 spectra of Pd can be convoluted and each
spectrum consists of two peaks. From the literature, it is a
well-known fact that the binding energy values of metallic Pd0

are 335.2 eV [49,50]. However, the binding energy of Pd
present in the catalyst is shifted to 336.0 eV, suggesting that it
exists as an oxidized single atom or ultra-small cluster. This
result is in good agreement with previous reports [49,50].
Similarly, the typical PdO peak can be found in the range of
336.8 ± 0.2 eV [50]. Thus, the peak at 337.8 eV could not be
due to PdO instead it can be attributed to Pd in the surface
interaction phase with CoFe composite/NCNTs. Boronin et al.
[50] previously explained this kind of interaction in detail. The
positional distribution of Pd nanoclusters in Pd-coated (CoFe
composite/NCNTs) catalyst is revealed by high-angle annular
dark-field scanning TEM (HAADF-STEM) (Fig. 3b and c),
energy-dispersive X-ray spectroscopy (EDX) line scanning
profile (Fig. 3d), and EDX elemental mapping pattern
(Fig. 3e). From these analyses, it is evident that Pd nano-
clusters are also formed on the edges of CoFe composite/
NCNTs. This result is in good agreement with its HRTEM
counterpart (Fig. 1e and f). The atomic compositions of Pd,
Co, and Fe present in the Pd-coated (CoFe composite/NCNTs)
were also evaluated by ICP-OES measurement. It is found that
the catalyst contained 20.1 wt% Co, 9.9 wt% Fe, and 2.8 wt%
Pd.
3.2. Electrochemical activity of Pd-coated (CoFe
composite/NCNTs) catalyst for ORR, OER and HER
The ORR catalytic activity of NCNTs, CoFe composite/
NCNTs, Pd-coated (CoFe composite/NCNTs), and commer-
cial Pt/C (20 wt%) were evaluated by cyclic voltammetry
(CV) in O2-saturated 0.1 mol L�1 KOH solution, as shown in
Fig. 4a. A well-defined O2 reduction peak can be observed at
an ORR onset potential of 717 mV (vs. RHE) for NCNTs.
However, CoFe composite/NCNTs catalyst shows a substan-
tial enhancement in ORR. Precisely, there is a ca. 3-fold in-
crease in reduction current along with 100 mV of decrease in
onset potential, illustrating the enhanced ORR activity of
CoFe composite/NCNTs than NCNTs. To examine the role of
CoFe2O4 particles in CoFe composite/NCNTs catalyst,
CoFe2O4 particles were synthesized by a hydrothermal
method as per the procedure given elsewhere [51] and its
structure was confirmed by XRD studies (Fig. S2). The as-
prepared CoFe2O4 particles were physically mixed with
NCNTs in a ratio of 2:1 and then its electrocatalytic activity



Fig. 2. XPS spectra of CoFe composite/NCNTs and Pd-coated (CoFe composite/NCNTs) (a). High resolution XPS for Co 2p (b), Fe 2p (c), and O 1s of CoFe

composite/NCNTs and Pd-coated (CoFe composite/NCNTs) (d), respectively.
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was tested. Figs. S3A, B, and C show the LSVs of ORR, OER,
and HER activities of CoFe2O4/NCNTs and CoFe composite/
NCNTs catalysts, respectively. Interestingly, the onset poten-
tial of CoFe composite/NCNTs is 32 mV lower than that of
CoFe2O4/NCNTs. Similarly, there is a significant reduction in
onset potentials for OER (109 mV) and HER (98 mV) for the
former catalyst than that of the latter one. The enhanced
performance could be ascribed to the synergistic effect of
CoFe composite/NCNTs. This can be attributed to the unique
CoFe composite structure and its strong interaction with
NCNTs to boost electrical conductivity [52]. Besides, both
cathodic peak current and onset potentials are further
augmented after Pd nanocluster decoration on CoFe compos-
ite/NCNTs. Most importantly, the ORR activity of such a Pd-
coated (CoFe composite/NCNTs) catalyst is quite comparable
with the state-of-the-art Pt/C catalyst. In addition to CV



Fig. 3. High resolution XPS for Pd 3d of Pd-coated (CoFe composite/NCNTs) (a). HAADF-STEM images (b and c). Line-scanning profile and EDX elemental

mapping of Pd-coated (CoFe composite/NCNTs) (d and e).
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analysis, linear sweep voltammetry (LSV) measurements were
also carried out, and the obtained results are shown in Fig. 4b.
The typical LSV curve of Pd-coated (CoFe composite/
NCNTs) catalyst demonstrates a more positive onset potential
(Eonset) of 897 mV vs. RHE and half-wave potential (E1/2)
of 828 mV vs. RHE than those of NCNTs, CoFe composite,
and CoFe composite/NCNTs samples, which are also
comparable to those of commercial Pt/C (Eonset ¼ 910 mVand
E1/2 ¼ 835 mV vs. RHE, respectively). To explore the
mechanism of ORR catalyzed by Pd-coated (CoFe composite/
NCNTs), the rotating disc electrode (RDE) measurements
were also carried out in O2-saturated 0.1 mol L�1 KOH so-
lution at different rotations. The increase in limiting current
can be observed with increasing rotation (Fig. 4b), which
suggests that the diffusion-limited ORR takes place at Pd-
coated (CoFe composite/NCNTs) electrode. The linearity of
K-L plots with parallel characteristics of the fitting lines at
different potentials (Fig. 4c inset) suggests the first-order re-
action kinetics toward the concentration of dissolved O2. The
number of electron transfer involved in the ORR is found to be
3.95 in the potential range of 0.6–0.7 V vs. RHE, calculated
from K-L plots, demonstrating that this catalyst can catalyze
O2 reduction through a 4-electron transfer pathway to produce
H2O. The mass transported corrected Tafel slope of Pd-coated
(CoFe composite/NCNTs) electrode can be determined to be
90 mV dec�1 at 1600 r min�1 (Fig. 4d) at low current density
(Temkin adsorption) region. This slope is very close and
comparable to that of Pt/C catalyst (85 mV dec�1) in similar
conditions, demonstrating that the ORR kinetics catalyzed by
this catalyst has probably the same one as that catalyzed by Pt/
C catalyst.

To further assess the ORR catalytic pathway of the as-
prepared catalyst, RRDE measurements were carried out to
measure peroxide species (HO2

�) formed (Fig. 5a) during the
ORR process. Fig. 5b depicts the quantity of hydrogen
peroxide produced (below 4%) at Pd-coated (CoFe composite/
NCNTs) catalyst in the potential range of 0.3–0.8 V, and the
number of electrons involved in oxygen reduction was found
to be 3.92. Similarly. The RRDE results are in good agreement
with RDE measurements, confirming that this Pd-coated
(CoFe composite/NCNTs) catalyst can catalyze ORR via a 4-
electron route. ORR catalytic pathway of the CoFe composite/
NCNTs catalyst was also studied and presented in Fig. S4A.
The number of electrons involved in ORR catalyzed by this
catalyst was calculated to be 3.66 and ca. 16% hydrogen
peroxide produced in the potential range of 0.3–0.7 V
(Fig. S4B).

In addition to ORR activity, The OER performance of the
prepared catalysts is also examined in the N2-saturated 1.0 mol
L�1 KOH electrolyte. Pt/C, Ir/C, CoFe composite/NCNTs, and
Pd-coated (CoFe composite/NCNTs) were used as the OER
catalysts for comparison. The overpotentials at a current
density of 10 mA cm�2 and Tafel slope are two key parame-
ters to ascertain the OER activity of catalysts. From Fig. 6a it
can be observed that the Pd-coated (CoFe composite/NCNTs)
catalyst exhibits a remarkable OER catalytic activity with a
lower overpotential (h) of 285 mV at 10 mA cm�2 than Pt/C
(h ¼ 445 mV), Ir/C (h ¼ 287 mV) and CoFe composite/
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NCNTs (h ¼ 297 mV). These results suggest that the OER
activity of the as-prepared catalyst is even slightly better than
that of benchmark Ir/C. Besides, Tafel slopes of Pt/C, Ir/C,
Fig. 5. RRDE polarization curves of Pd-coated (CoFe composite/NCNTs) and Pt/C

H2O2 oxidation current at the ring and the oxygen reduction current on the disc ill

H2O2 produced at Pd-coated (CoFe composite/NCNTs) and Pt/C during ORR (b).
CoFe composite/NCNTs, and Pd-coated (CoFe composite/
NCNTs) were found to be 158, 91, 48, and 45 mV per decade,
respectively (Fig. 6b). Generally, OER can undergo the
for ORR at a scan rate of 10 mV s�1 at 1600 r min�1. The top part represents

ustrated in bottom part (a). Number of electrons transferred and percentage of



Fig. 6. LSV polarization curves of GCE, Pt/C, Ir/C, CoFe composite/NCNTs, and Pd-coated (CoFe composite/NCNTs) catalysts coated glassy carbon electrodes

(GCEs) in N2-saturated 1.0 mol L�1 KOH solution at scan rate of 10 mV s�1 (a). The Tafel slopes of Pt/C, Ir/C, CoFe composite/NCNTs, and Pd-coated (CoFe

composite/NCNTs) catalysts (b). The Corresponding Tafel slopes of aforementioned catalysts (c). HER performances of GCE, Pt/C, CoFe composite/NCNTs, and

Pd-coated (CoFe composite/NCNTs) catalysts in 1.0 mol L�1 KOH solution at scan rate of 10 mV s�1 (d).
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following multiple steps at the active sites of the catalyst in
alkaline media [16]:

S þ OH� / S–OHads þ e� (5)

S–OHads þ OH� / S–Oads þ H2O þ e� (6)

S–Oads þ OH� / S–OOH þ e� (7)

S–OOH þ OH� / S þ O2 þ H2O þ e� (8)

Where S is a surface-active site of the catalyst.
Among all the catalysts, Pd-coated (CoFe composite/

NCNTs) catalyst shows the lowest Tafel slope (45 mV dec�1).
Thus, the small Tafel slope of this catalyst reflects fast reaction
kinetics, resulting in enhanced catalytic activity. Both exper-
imental and theoretical studies of previous reports [53,54]
have confirmed that the decoration of a minimal quantity of
precious metals on any material can be conducive to electro-
catalysis. For instance, Han et al. [53] reported a high elec-
trocatalytic activity of Pt/CoS2 supported carbon cloth for
OER, which was due to an interfacial coupling between Pt and
CoS2. Consequently, an electron-rich Pt structure with a
decrease in its d-band center, resulting in electron-deficient
and partially oxidized cobalt species. The higher oxidation
state of the Conþ sites is not only beneficial to the electrostatic
adsorption of hydroxyl ions but also decreases the energy
barrier of S–OOH intermediate formation (Eq. (7)), in turn,
conducive OER kinetics. Besides, Zhang et al. [54] explained
the high OER activity of an Au/NiFe LDH catalyst based on
their previous research facts. Keeping all these points in mind,
we believe that the superior ORR, OER activities of the Pd-
coated (CoFe composite/NCNTs) catalyst should be due to the
interfacial coupling between the components. This hypothesis
is confirmed further by XPS analysis. Fig. S5 shows the
accelerated degradation study of the catalyst, measured by
performing LSV before and after CV cycling tests. Even after
1000 CV cycles, there is no appreciable change in onset po-
tentials as well as the current densities in ORR, OER, and
HER LSVs, inferring the catalyst's stable nature.

The prepared catalysts were also subjected to HER tests to
assess their activity. Fig. 6c shows the LSV curves of glassy
carbon substrate (GCE) electrode, CoFe composite/NCNTs-,
Pd-coated (CoFe composite/NCNTs)-, and Pt/C-modified
GCE electrodes in 1.0 mol L�1 KOH at a scan rate of
10 mV s�1. From the figure it is evident that the bare GCE
does not show any electrocatalytic activity for HER, but the
CoFe composite/NCNTs- and Pd-coated (CoFe composite/
NCNTs)-modified GCEs exhibit low overpotentials of 240 and
214 mV, respectively, to achieve 10 mA cm�2 current density.
The onset potential is reduced to 145 mV from 178 mV after
loading of Pd onto the CoFe composite/NCNTs catalyst. To
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compare HER kinetics of the as-prepared catalysts with Pt/C,
Tafel slopes were measured as shown in Fig. 6d. In the alka-
line environment, typical HER proceeds via three main steps
were shown below [53]:

S þ H2O þ e� / S–Hads þ OH� (Volmer adsorption step)(9)

S–H þ H O þ e� / S þ H þ OH� (Heyrovsky
ads 2 2

desorption step) (10)

2S–H / 2S þ H (Tafel recombination step) (11)
ads 2

Tafel slopes of CoFe composite/NCNTs, Pd-coated (CoFe
composite/NCNTs), and Pt/C catalysts were corresponding to
139, 120, and 96 mV dec�1. It was confirmed in literature [9]
that in an alkaline condition, the benchmark Pt/C showed a
Tafel slope of 120 mV dec�1. Besides, it followed the Volmer-
Heyrovsky route with the Volmer adsorption phase (Eq. (9))
being the rate-determining step. However, in the present work,
Pt/C shows a Tafel slope of 96 mV dec�1. Besides, Pd-coated
(CoFe composite/NCNTs) catalyst shows a Tafel slope of
120 mV dec�1. Therefore, HER on this catalyst proceeds
through the Volmer-Heyrovsky pathway along with Volmer
being the rate-determining step [16,53]. Again, appreciable
HER activity of Pd-coated (CoFe composite/NCNTs) catalyst
could be due to the same reasons which already explained in
the OER section. The ORR, OER, and HER results of Pd-
coated (CoFe composite/NCNTs) are better/much comparable
with previous reports, as tabulated in Table S1.
3.3. The role of catalyst in water electrolysis
Pd-coated (CoFe composite/NCNTs) catalyst was used in
electrochemical water splitting experiments in an alkaline
medium due to its superior electrocatalytic activity toward
OER and HER demonstrated above. The catalyst coated car-
bon papers (1 cm2) used as both anode and cathode in a bi-
electrode configuration. As shown in Fig. 7a, when cell
voltage between anode and cathode reaches above 1.36 V, the
current starts to surge spontaneously. The cell voltage reaches
to just 1.60 V to achieve 10 mA cm�2 current density, which is
lower than those reported CoFe LDH-F (1.63 V) [13], NS/
rGO-Co4 (1.72 V) [55], Co0.4Fe0.6 LDH/g-CNx (1.61 V) [9],
Cu@CoFe LDH (1.68 V) [56] and EG/Co0.85Se/NiFe-LDH
(1.67 V) [57] catalysts. Fig. 7b shows the chromomeric curve
of water electrolyzer catalyzed by Pd-coated (CoFe compos-
ite/NCNTs) catalyst at an applied potential of 1.68 V. As
shown in the inset of Fig. 7b, both hydrogen and oxygen gases
are evolved profusely on catalyst coated cathode and anode
electrodes, respectively. Besides, in that applied potential,
chronoamperogram is quite stable for more than 20 h. These
findings suggest that Pd-coated (CoFe composite/NCNTs) is a
promising efficient catalyst for the overall water electrolyzer
in alkaline conditions.
3.4. Zn-air battery application
The excellent ORR and OER bifunctional catalytic activity
of Pd-coated (CoFe composite/NCNTs) were validated in the
Zn-air battery as well. In the present work, the same catalyst
was used as a primary, secondary (rechargeable) aqueous Zn-
air battery in a flooded mode configuration as well as an all-
solid-state flexible air-breathing mode.

3.4.1. Primary aqueous Zn-air battery
A primary Zn-air cell was constructed using a home-made

setup which was consisted of a parallel electrode assembly
with Pd-coated (CoFe composite/NCNTs) loaded on carbon
paper as the cathode, the surface cleansed Zn plate as the
anode, and 6.0 mol L�1 KOH solution as the electrolyte. As
can be seen from the digital photograph (Fig. 8a), the OCVof
such a Zn-air battery is 1.47 V, which is very close to com-
mercial Pt/C (1.49 V), very stable up to 12 h (Fig. 8b), and
also higher than some previous reports as listed in Table S2.
Besides. The obtained OCV is closer to the theoretical one
(1.65 V) of the Zn-air battery. Fig. 8c shows the galvanostatic
discharge curves of Pd-coated (CoFe composite/NCNTs) air
cathode at current densities of 5, 10, 25 and 50 mA cm�2, at
which the cell can attain the corresponding cell voltages of
1.35, 1.32, 1.27, and 0.98 V, respectively. Here, two important
observations should be described: first, when current density
steps down from 50 to 5 mA cm�2, the voltage can revive to
1.33 V, and second, the galvanostatic discharge curve of air
cathode at various current densities are superior to that of
commercial Pt/C catalyst. At a constant discharge current
density of 5 mA cm�2, the cell can be not only stable for a
short discharge period but also shows a steady voltage plateau
of 1.31 V for more than 55 h (Fig. S6), suggesting stability of
the catalyst for ORR. Fig. 8d shows the discharge polarization
and the corresponding power density curves. Due to the acti-
vation loss, an initial voltage drop could be observed, followed
by a subsequent pseudo-linear voltage fall, which is due to the
ohmic polarization [44]. The catalyst-based Zn-air battery
delivers a peak power density of 261 mW cm�2 at a current
density of 340 mA cm�2. These results are quite comparable
with Pt/C (the maximum power density of 267 mW cm�2 @
310 mA cm�2) as well as previous reports (Table S2). High
OCV and the enhanced discharge performance make this
catalyst a suitable candidate for primary Zn-air battery
application.

3.4.2. Secondary aqueous Zn-air battery
For validating the catalyst developed in this work, a

rechargeable Zn-air battery was employed with three-electrode
configuration as described elsewhere [58]. In this arrangement,
on either side of the Zn plate two separate identical electrodes
are placed, one used for charge and the other for discharge. The
additional 0.2 mol L�1 zinc acetate was added to the conven-
tional 6.0 mol L�1 KOH electrolyte in order to facilitate the



Fig. 7. LSV polarization curve of Pd-coated (CoFe composite/NCNTs) catalyst for both cathode and anode for water electrolysis in 1.0 mol L�1 KOH (a).

Chronoamperometric measurement of the water electrolysis at the applied potential of 1.68 V, inset shows photograph of the system illustrating the H2 (right) and

O2 (left) generation due to water electrolysis (b).

943R. Manjunatha et al. / Green Energy & Environment 7 (2022) 933–947
reversible deposition of zinc. For comparison studies, a con-
structed battery consisting of state-of-the-art Pt/C-based elec-
trode for discharge (ORR) and an Ir/C-based electrode for the
charge (OER) was used. Fig. 9a shows the charge–discharge
profiles of Zn-air batteries consisting of bifunctional Pd-
coated (CoFe composite/NCNTs) electrodes (blue curves) and
Pt/C þ Ir/C electrodes (red curves) in three-electrode setups.
The bifunctional catalyst-based battery exhibits the charge–

discharge voltage differences of 0.65, 1.03, and 1.44 V at 10,
Fig. 8. Photograph of the homemade Pd-coated (CoFe composite/NCNTs) based Z

coated (CoFe composite/NCNTs) and Pt/C based Zn-air batteries (b). Discharge cur

(c). Discharge and power density curves of Pd-coated (CoFe composite/NCNTs) a
100, and 200 mA cm�2 current densities. Whereas, Pt/C (ORR)
and Ir/C (OER) electrodes displayed voltage differences of
0.71, 1.24, and 1.81 V at the corresponding current densities.
These results demonstrate that at all three current densities, the
as-prepared catalyst outperforms Pt/C and Ir/C by exhibiting
lower voltage gaps. Fig. 9b shows the galvanostatic charge–

discharge cycles (1 h per cycle) at 10 mA cm�2 current den-
sity. In the first cycle, the voltage gap of Pd-coated (CoFe
composite/NCNTs)-based battery is 690 mV, which is lower
n-air battery showing OCV after assembly at ambient conditions. OCVs of Pd-

ves of Pt/C and the as-prepared catalysts at various discharge current densities

nd Pt/C based Zn-air batteries (d).



Fig. 9. Charge–discharge polarization curves and galvanostatic charge–discharge profiles of Pd-coated (CoFe composite/NCNTs) and Pt/C þ Ir/C electrodes (a).

(1 h cycle @10 mA cm�2 current density) (b).
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than that of Pt/C þ Ir/C (760 mV)-based one. Moreover, the
latter stops working after 690 min, but the former can run over
3000 min without appreciable change in the voltage gap.
Furthermore, Pd-coated (CoFe composite/NCNTs)-based bat-
tery displays the roundtrip efficiency of 65% and only 3.5%
decrease after 50 cycles (50 h).
Fig. 10. Schematic representation of fabrication of all-solid-state flexible battery

battery at various discharge current densities (b). Galvanostatic charge–discharge p

Zn-air battery systems (5 min cycle@2 mA cm�2 current density) (c). Galvanos

flexible Zn-air battery at harsh conditions (d).
3.4.3. All-solid-state flexible Zn-air battery
Based on the validation result that the Pd-coated (CoFe

composite/NCNTs)-based Zn-air battery can give outstanding
performance in the flooded mode, an all-solid-state flexible
Zn-air battery was operated in an air-breathing mode for
further validation. As recognized, flexible batteries have
(a). Discharge curves of Pd-coated (CoFe composite/NCNTs) based flexible

rofiles of Pd-coated (CoFe composite/NCNTs) and Pt/C þ Ir/C based flexible

tatic charge–discharge profiles of Pd-coated (CoFe composite/NCNTs) based



Fig. 11. Photographs of Pd-coated (CoFe composite/NCNTs) based all-solid-state flexible battery working (green LED lighting) at flat, twisting, bending and

pressing conditions, respectively (a, b, c, and d).
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received tremendous interest because of their increased de-
mand in portable electronic devices. The gel electrolytes used
in flexible batteries are comprising the following advantages
than flooded mode counterparts [59]: (i) long-life as well as
high cycling performance because of low internal resistance
and less anodic corrosion, (ii) resistance to anodic dendrite
growth, and (iii) no leakage issues, therefore enhanced safety.
Fig. 10a shows the schematic of the fabrication process of a
flexible Zn-air battery with the as-prepared catalyst and a gel
electrolyte. The OCV of such an all-solid-state flexible Zn-air
battery comprised of Pd-coated (CoFe composite/NCNTs) air
cathode is 1.37 V (Fig. 10b inset), which is higher than SA-
PtCoF (1.31 V) [35], MnO2/NRGO-urea (1.32 V) [19], h-FeCo
alloy/N-CNFs (1.33 V) [60], and Fe–N-CNTs (1.36 V) [25]
based flexible batteries. As can be seen from Fig. 10b, even at
air-breathing mode, 1.29, 1.22, and 1.16 V of stable discharge
voltage plateaus can be obtained at the applied current den-
sities of 1, 5, and 10 mA cm�2, respectively, suggesting a
superior electrocatalytic activity of the catalyst for ORR. The
as-prepared catalyst-based solid-state battery delivers a
discharge power density of 145 mW cm�2 as shown in
Fig. S7A, by outperforming some recently published articles
[19,25,28,34–36]. In addition, it also delivers a high specific
capacity of 587 mAh g�1 (Fig. S7B) and energy density of
640 Wh kg�1 at 20 mA cm�2, which are normalized to the
mass of consumed Zn. Fig. 10c shows the galvanostatic
charge–discharge curves of Pt/C þ Ir/C and Pd-coated (CoFe
composite/NCNTs)-based flexible battery at a current density
of 2 mA cm�2. The first charge–discharge voltage plateaus of
the batteries are about 1.26 and 1.68 V, respectively, which is
corresponding to a voltage gap of 420 mV (Fig. 10c inset) with
a round trip efficiency of 75%. After 250 cycles (~21 h), the
charge–discharge voltage difference is increased to 730 mV
(Fig. 10c inset) with a 59% round trip efficiency retention.
However, Pt/C þ Ir/C-based flexible battery shows a
comparatively good cyclic initially, but it is exhausted
completely after 107 cycles. For the flexibility of the battery
evaluation, charge–discharge experiments were also carried
out in the flat, bending, and twisting positions. As can be seen
in Fig. 10d, there is almost no change in voltage profile under
these harsh conditions. Furthermore, as a demonstration, LED
light is glowed by using Pd-coated (CoFe composite/NCNTs)
based flexible batteries in flat, bending, twisting, and pressing
conditions, as shown in the digital photographs (Fig. 11), and
the corresponding demonstration videos are also given in the
supplementary materials. These results confirm that this Pd-
coated (CoFe composite/NCNTs) catalyst can be used in
flexible batteries with high stability for wearable electronic
applications.

4. Conclusions

In summary, Pd-coated (CoFe composite/NCNTs) composite
catalyst has been synthesized successfully by a simple copreci-
pitation and hydrothermal method. NCNTs provide mechanical
support to CoFe composite but also are conducive to the latter's
electrical conductivity, which in turn improves electrocatalysis
performance. Decoration of Pd nanocluster on the composite can
not only enhance the utilization of precious metal but also
significantly improve ORR, OER, and HER performances. As a
result, the as-obtained Pd-coated (CoFe composite/NCNTs)
shows superior catalytic ORR (E1/2 ¼ 828 mV), OER
(hj10 ¼ 285 mV), and appreciable HER (hj10 ¼ 214 mV) ac-
tivities in alkaline media, which are comparable to or even better
than Pt/C and Pt/C þ Ir/C. catalysts. This catalyst-based water
electrolysis cell, primary and rechargeable Zn-air battery showed
high performance. For instance, in the overall water electrolysis
experiment, the cell voltage of such a catalyst coated electrode
gives just 1.60V to achieve 10mA cm�2 current density, which is
smaller than previous reports in the literature. Besides, the pri-
maryZn-air battery delivers a constant highOCVof 1.47V for up
to 12 h, and a maximum power density of 261 mW cm�2 in the
floodedmode configuration. A rechargeable Zn-air battery shows
a low charge–discharge voltage gap of 690 mV, which is lower
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than that of Pt/C þ Ir/C (760 mV)-based counterpart. All-solid-
state Zn-air battery constructed by using such a catalyst shows
stable 250 charge–discharge cycles without loss of significant
round trip efficiency. Most importantly, an all-solid-state Zn-air
battery runs very smoothly without a change in voltage gap
during flat, bending, and twisting positions. This work not only
provides a unique composite as the efficient trifunctional elec-
trocatalyst but also offers its potential applications in overall
water electrolyzer and flexible energy devices.
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