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ABSTRACT: The development of nonprecious metal catalysts with desirable bifunctional
activities to supersede noble metal catalysts is of vital importance for high performance aqueous
zinc−air batteries. Here, an unprecedented activity of bifunctional electrocatalyst is reported by
in situ growth of nitrogen-enriched carbon nanotubes with transition metal composite. The
resultant catalyst delivers surprisingly high OER (potential@10 mA cm−2 of 1.58 V) and ORR
(onset potential of 0.97 V, half-wave potential of 0.86 V) performance. The overall oxygen
electrode activity (overvoltage between ORR and OER) of the catalyst is as low as 0.72 V. In
aqueous Zn−air battery tests, primary batteries demonstrate high maximum power density and
two-electrode rechargeable batteries also exhibit good cycle performance. The unprecedented
electrocatalyst opens up new avenues for developing highly active nitrogen-doped carbon
nanotube-supported electrocatalysts and offers prospects for the next generation of fuel cells,
metal−air batteries, and photocatalysis applications.

KEYWORDS: carbon nanomaterial, nitrogen-doping, oxygen reduction reaction, oxygen evolution reaction, non-noble metal catalysts,
zinc−air battery

■ INTRODUCTION

Global energy crisis drew great concerns among scientists and
led them to explore new approaches to reduce greenhouse gas
emissions and change the dominance of fossil fuels.1 Of the
options available, renewable energy storage and conversion
techniques, such as fuel cells,2,3 metal−air batteries,4,5 and
water splitting6,7 were considered efficient and clean solutions
to address these problems. The practical applications of these
electrochemical systems depended on low-cost but high-active
bifunctional electrocatalysts for OER8 and ORR.9 Because of
the inherently sluggish kinetics of oxygen reactions, lots of
catalysts derived from noble metals and their alloys10−13 were
found to give the excellent catalytic performance. In terms of
large-scale commercialization, however, these electrocatalysts
still did not reach the desire because of their prohibitive cost,
scarcity, poor stability, and severe polarization. Furthermore,
the single precious metal cannot simultaneously provide
sufficient activity for both ORR and OER. In this context, it
was highly desirable to develop alternative catalysts with rich
resource, low cost, and comparable electrocatalytic activity as
substitutions for noble metal-based electrocatalysts.
To meet the above challenges, advanced carbon materials,

such as carbon nanotubes,14,15 (CNTs), carbon nanofibers16

(CNFs), microporous carbon sheets,17 graphene,18−20 and
onion-like carbon21 were extensively studied and considered to
be able to replace precious metals because of their superior
structural stability, excellent electronic conductivity, and

corrosion resistance. Moreover, their catalytic activity can be
further improved by introducing heteroatoms, such as N, S, B,
and so on.22−25 In particular, nitrogen offered significant
promise as a nonmetal dopant because it can be doped into
several locations within the carbon structure, thereby leading to
multiple possible configurations and more desirable perform-
ance because of the considerable segment of catalytic sites,
strong adaptability to the environment, and excellent
durability.26,27 Since N is more electronegative than C, it
could make neighboring C atoms electron deficient, thus
promoting O2 adsorption on the carbon nanostructure.28 Given
these considerations, N-doped carbon nanotube (denoted as
NCNT) exhibited the one-step process for oxygen reaction
with almost doubled diffusion current density compared with
nitrogen-free CNT electrode. Except for being prepared from
N−C formulations,29,30 NCNT can also be obtained from
transition metal-derived M−N−C (M = Fe or Co).14,31,32 the
existence of the transition metal cation could coordinate with
pyridinic N and embed itself into the carbon plane as a possible
active site configuration, which provided improved catalytic
performance compared with nitrogen-doped carbon. However,
the synthesis of such catalysts can be very complicated and low-
yield. Therefore, several methods were invented to simplify this
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approach.33 However, NCNTs were just known to be an
effective electrocatalyst for ORR, whose activity originated from
its local defects that mediated the electronic structure and its
surface morphology that regulated atomic arrangement and
coordination. To date, there were very limited reports on the
use of CNTs or NCNTs as the catalyst for OER. Moreover,
CNTs or NCNTs were applied as the support for the
catalytically active species rather than a catalyst itself.34,35

Many efforts were, therefore, devoted to non-noble-metal
oxides. However, recently reported studies indicated that pure
metal oxides exhibited undesirable catalytic performance
because of self-passivity and low electrical conductivity, thus
decreasing active sites and hindering charge transports.19,34

Most undesirable OER process occurred because the catalysts
held the majority of the charge carriers at a high anodic
potential and failed to retain enough oxidized species.36 In this
context, cobalt-based metal oxides, such as MnCoFeO4,

37

CoxMn1−xO,
38 and CoFe2O4,

39 were widely investigated as
OER catalysts because of their large exposure extent of active
sites and superior electronic conductivity. During the catalytic
reactions, however, these metal oxides were easy to aggregate
because of large surface energy, which can result in the decrease
of the active sites and slow down the transportation of electrons
during the oxidation process.34 By comparison, carbon
materials were known to have high surface area, flexible
structure and strong adaptability to alkaline environments so
that to be desirable to bear advanced mixed metal oxides
catalysts. Therefore, N-doped carbon materials coordinating
with mixed metal oxides can be excellent catalysts for OER.34,38

By integrating the merits, a novel bifunctional electrocatalyst
was developed through a synthetic method that enabled a
controllable nanoscale synthesis of nitrogen-enriched carbon
nanotube encapsuling iron carbide and cobalt−iron-based
mixed metal oxide composite (denoted as Fe3C/Co(Fe)Ox@
NCNT) by annealing a mixture of polypyrrole-iron (PPy-Fe)
coordination complex precursors and Co−Zn additive. As
expected, the volatilization of Zn resulted in high surface area
with more nitrogen-doping, thus promoting oxygen adsorpo-
tion and facilitating oxygen reactions. Moreover, the resultant
Fe−Nx moieties and N-functionalized groups can improve
ORR activity, while the combination of Co(Fe)Ox and NCNT
with high electric conductivity and stable structure was
beneficial to OER activity. The synergistic effect of all above
characters finally led to a desirable bifunctional electrocatalyst
for oxygen reactions. The resultant Fe3C/Co(Fe)Ox@NCNT
delivered surprisingly high OER (potential@10 mA cm−2 of
1.58 V), ORR (onset potential of 0.97 V, half-wave potential of
0.86 V) performance, and superior stability in alkaline solution.
The overall oxygen electrode activity (overvoltage between
ORR and OER) of the Fe3C/Co(Fe)Ox@NCNT was as low as
0.72 V, which was almost the best data among non-noble metal
bifunctional electrocatalysts. Noteworthy, Fe3C/Co(Fe)Ox@
NCNT was also tested as a real rechargeable Zn−air battery
and exhibited good cycle performance and low charging/
discharging voltage gap. The resulting sample Fe3C/Co(Fe)-
Ox@NCNT performed much better than Pt/C or IrO2, thus
providing a new protocol to construct novel low-cost but high-
active bifunctional electrocatalysts to be applied in the next
generation of energy systems.

■ RESULTS AND DISCUSSION
The fabrication of Fe3C/Co(Fe)Ox@NCNT followed the
general synthetic strategy. In a typical procedure, the precursor,

PPy−Fe was prepared40,41 and Co−Zn composite was
synthesized in the methanol solution containing dispersed
PPy−Fe coordination complex, followed by a simple thermal
treatment at 900 °C with argon gas protection. After washing
twice with deionized water, the target products were obtained.
During the carbonization process, Co−Zn/PPy−Fe complex
gradually degraded to form bamboo-like N-doped carbon
nanotubes with Co−Zn encapsulated in it. At the same time, Fe
element of PPy−Fe coordination complex was first transformed
into Fe3C and coated on the nanoparticle surface. Zn2+ of Co−
Zn gradually volatilized while Co and partial Fe were oxidized
generating Fe3C/Co(Fe)Ox nanoparticles within NCNT. The
Fe, Co and Zn content of the material as analyzed by ICP were
4.67%, 1.74%, 0.05%, respectively, which were in good
agreement with the ideal product. The embedded Co/Fe−Nx
moieties and N species in the carbon framework played critical
roles in enhancing ORR performance32,42 while CoOx and
CNT sped up the electron transportation among Fe3C/
Co(Fe)Ox nanoparticles, thus facilitating both ORR and OER
processes.
Importantly, the formation of different nanostructures (e.g.,

lamellar nitrogen-doped carbon (denoted as LNC), spindle/
lamella hybrid nitrogen-doped carbon (denoted as SNC/LNC)
and carbon nanotube) can be controlled during the preparation
process by optimizing the introduction of transition metals into
precursors. The morphologies of different samples were clearly
depicted under transmission electron microscopy (TEM). As
shown in Figure S1a and b, it was found that, without additive,
purely carbonized PPy−Fe only presented the lamellar
morphology without CNT present, and resultant Fe3C/
FeOx@lamellar nitrogen-doped carbon (denoted as Fe3C/
FeOx@LNC). With additition of Zn species in the precursor,
the resultant material began to grow spindlelike carbon on the
lamellar carbon, which can be considered as a transition state of
the growth of nanotubes, with Fe3C/FeOx nanoparticles
distributing in the SNC/LNC hybrid (denoted as Fe3C/
FeOx@SNC/LNC, Figure S1c and d). After partially
substituting Zn with Co, the end product successfully grew
into nanotubes and finally, Fe3C/Co(Fe)Ox@NCNT was
obtained as shown in Figure S1e−f and Figure 1a. NCNTs
with a diameter of about 20 nm were observed while Fe3C/
Co(Fe)Ox nanoparticles were distributed inside the NCNTs.
The high-resolution TEM was shown in Figure 1b, in which all
the main characteristics of Fe3C/Co(Fe)Ox@NCNT can be

Figure 1. (a) TEM image, (b) high-resolution TEM image, (c)
enlarged high-resolution TEM image, and (d) mapping images of
Fe3C/Co(Fe)Ox@NCNT.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b02346
ACS Appl. Mater. Interfaces 2017, 9, 21216−21224

21217

http://pubs.acs.org/doi/suppl/10.1021/acsami.7b02346/suppl_file/am7b02346_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b02346/suppl_file/am7b02346_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b02346/suppl_file/am7b02346_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b02346


observed. On the outside, NCNT consisted of 7−9 layers of
graphene with interlamellar spacing of 0.34 nm. Inside it, the
size of Fe3C/Co(Fe)Ox core was about 20 nm and it showed
crystal lattice of around 0.21 nm, corresponding to the Fe3C
phase coating on the nanoparticle surface, which was obviously
shown in Figure 1c. The elemental distribution of a typical
Fe3C/Co(Fe)Ox@NCNT was further studied using high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) as shown in Figure 1d. Along the Fe3C/
Co(Fe)Ox@NCNT, it was obvious that carbon (red) and
nitrogen (orange) distributed on the whole CNT, while oxygen
(yellow), iron (green), and cobalt (blue) concentrate in the
inside particle of the CNTs, further verifying formation of
Fe3C/Co(Fe)Ox@NCNT.
The surface chemical composition and element configuration

elucidation of Fe3C/Co(Fe)Ox@NCNT were further inves-
tigated with the aid of X-ray photoelectron spectroscopy (XPS)
analysis. As shown in Table S1, there was an increasing
nitrogen contentfrom 2.47 at. % at Fe3C/FeOx@LNC to
3.66 at. % at Fe3C/FeOx@SNC/LNC, then 6.98 at. % at Fe3C/
Co(Fe)Ox@NCNTthereby suggesting the contribution of
Co/Zn additive to improving nitrogen doping. There was also a
decreasing trend in iron content from 3.41 at. % to 1.09 at. %
and that may be attributed to the transformation from FeOx to
CoOx. The long-range spectrum (Figure 2a) of Fe3C/
Co(Fe)Ox@NCNT clearly portrayed the presence of C
(84.07 at. %), N (6.98 at. %), O (7.06 at. %), Fe (1.09 at.
%), and Co (0.80 at. %) in the active material. The obviously
strong peak located at 285.5 eV was the C 1s peak while the O
1s peak centered at 529.8 eV in Fe3C/Co(Fe)Ox@NCNT
confirmed the formation of metal oxide. Notably, the N content
was extremely high, which not only pushed the Fermi level
closer to conduction band making the carbon nanostructure

more electronically conductive and disordered, but also can be
more easily to form synergy between nitrogen and the
transition metals, thus promoting catalytic activity.42,43 The
high-resolution N 1s spectrum was shown in Figure 2b and
exhibited four existence forms of nitrogen including pyridinic-N
at ∼398.7 eV, pyrrolic-N at ∼400 eV, graphitic-N at ∼401.2 eV,
and Fe-Nx at ∼399.2 eV, in which the peak for graphitic-N was
dominant. Although different nitrogen species possessed
different chemical/electronic contexts for neighboring C so
that to affect catalytic performance to various degrees, all of
these nitrogen species were known for helping speed up the
ORR process apart from oxidized-N, the specific role of which
was not well understood. To study the intrinsic nature of
chemical interaction between N and the transition metals, the
Fe 2p spectrum and the Co 2p spectrum were further
deconvoluted. Figure 2c presented the deconvoluted Fe 2p
spectrum, where existed two sets of peaks for Fe2+ (710.6 and
722.3 eV) and Fe3+ (712.9 and 725.0 eV), confirming the
existence of the chemical coupling between iron and N/C
moieties.42 Besides, there was also a satellite peak at ∼717.8 eV,
suggesting the existence of FeOx phase.

44 Similarly, the peaks in
the Co 2p spectrum (Figure 2d) corresponded to both Co2+

and Co3+ forms, suggesting that Co species existed in the form
of nitrides or oxides. Moreover, there was also a satellite peak at
∼785.80 eV corresponding to the oxide phase of Co.42 All these
characters were also confirmed by powder X-ray diffraction
(XRD), as can be seen in Figure S2.
Raman spectrum was utilized to identify the situation of the

different carbons. D band (1345 cm−1) represented the defects
in sp3 hybridized carbon while G band (1592 cm−1)
represented in-plane vibration in graphitic sp2 carbon
structures, namely disorder and crystallinity, respectively.14

The ratio of D band and G band intensities (ID/IG) decreased

Figure 2. (a) Long-range XPS spectrum, (b) N 1s XPS spectrum, (c) Fe 2p XPS spectrum, and (d) Co 2p XPS spectrum of Fe3C/Co(Fe)Ox@
NCNT. (e) N2 sorption isotherms for Fe3C/Co(Fe)Ox@NCNT, Fe3C/FeOx@SNC/LNC, and Fe3C/FeOx@LNC.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b02346
ACS Appl. Mater. Interfaces 2017, 9, 21216−21224

21218

http://pubs.acs.org/doi/suppl/10.1021/acsami.7b02346/suppl_file/am7b02346_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b02346/suppl_file/am7b02346_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b02346


from 1.25 for Fe3C/FeOx@LNC to 1.15 for Fe3C/Co(Fe)Ox@
NCNT, which was beneficial to improve the electrical
conductivity. The Brunauer−Emmett−Teller (BET) method
was used to evaluate the specific surface area of Fe3C/
Co(Fe)Ox@NCNT, Fe3C/FeOx@SNC/LNC and Fe3C/
FeOx@LNC, which were compared in Figure 2e. With the
difference of Zn content in each precursors, these three
materials exhibited the BET surface areas of 732.5, 878.9, and
372.7 m2 g−1, respectively. It was noteworthy that Fe3C/
FeOx@SNC/LNC showed the largest specific surface area,
arising from Zn’s volatility character in nature, which can lead
to higher level of porosity and nitrogen doping.45,46

With above desirable characterization, cyclic voltammetry
(CV) method was first used to study the ORR catalytic
performance of Fe3C/Co(Fe)Ox@NCNT in O2 versus N2-
satruated 0.1 M KOH solution. As shown in Figure S4, the CV
of the Fe3C/Co(Fe)Ox@NCNT obtained in N2-satruated
solution showed a featureless voltammetric current, while
their corresponding CV obtained in the O2-satruated solution

exhibited a cathodic peak at ∼0.81 V, which highly exceeded
that of Fe3C/FeOx@SNC/LNC (0.77 V), Fe3C/FeOx@LNC
(0.75 V), and Pt/C (0.76 V), suggesting the excellent ORR
performance of the Fe3C/Co(Fe)Ox@NCNT.
The ORR kinetics of Fe3C/Co(Fe)Ox@NCNT was further

studied by linear sweep voltammetry (LSV) method. A series of
LSVs for different samples were collected by scanning the
potentials at a sweeping rate of 10 mV s−1 at 1600 rpm. As can
be seen in Figure 3a, Fe3C/FeOx@LNC exhibited undesirable
ORR activity while Fe3C/FeOx@SNC/LNC, through the
volatilization of Zn to achieve higher surface area with more
nitrogen-doping, enhanced the electrocatalytic activity to a
certain extent. Fe3C/Co(Fe)Ox@NCNT obviously had the
highest half-wave potential (E1/2) of 0.86 V, significantly
exceeding over that of Pt/C (0.83 V). This, together with its
higher diffusion-limited current density compared with Pt/C,
demonstrated comparatively higher mass transport of O2 as a
result of its exceptionally high electrochemically active surface
area and strongly suggested that Fe3C/Co(Fe)Ox@NCNT

Figure 3. (a) ORR polarization curves and (b) Tafel plots of different samples in an O2-saturated 0.1 M KOH at room temperature with a sweep rate
of 10 mV s−1 at a rotation speed of 1600 rpm. (c) ORR polarization curves of Fe3C/Co(Fe)Ox@NCNT at various rotating rates (scan rate = 10 mV
s−1). (d) Koutechy−Levich plots of Fe3C/Co(Fe)Ox@NCNT at various potentials. (e) Comparison of the electron transfer number of the
synthesized catalysts. (f) ORR current−time chronoamperometric response of Fe3C/Co(Fe)Ox@NCNT and Pt/C in O2-saturated 0.1 M KOH
solution.
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were efficient ORR electrocatalysts. The superior ORR
performance of Fe3C/Co(Fe)Ox@NCNT was further verified
by comparing the Tafel slopes of different samples. It turned
out that Tafel slope for Fe3C/Co(Fe)Ox@NCNT (52.1 mV
per decade) was smaller than that of Pt/C (80.2 mV per
decade), as well as other counterparts (Figure 3b). The much
smaller Tafel slope corresponded to a more favorable ORR
kinetics, reconfirming the high electrocatalytic activity toward
ORR.
Another critical parameter for assessing ORR catalytic

performance was the electron transfer number per O2 molecule
(n) so that more detailed LSV curves at different rotating rates
were explored to quantitatively study the materials. With the
increase of the rotation speed, the diffusion of O2 at the surface
of the electrode increased so that larger current densities can be
obtained as shown in Figures 3c and S5. Through the
Koutechy−Levich (K−L) equation, the link between the
limiting diffusion current density (j) and the rotating speed
(ω) can be calculated from LSVs and compared at different
potentials. Figures 3d and S6 showed linear relationships of
different samples between j−1 and ω−1/2 while the value of n can
be calculated according to the K−L plots at various potentials.
Obviously, when the potential ranged between 0.5 and 0.7 V,
the values of n for Fe3C/Co(Fe)Ox@NCNT were figured to be
of 3.91−4.10, which approached Pt/C’s theoretical value of
4.00 measured in the same environment, demonstrating an
efficient 4e dominant process.47 Moreover, other samples’
electron transfer numbers were also calculated and compared at
0.55 V versus RHE in Figure 3e. Fe3C/FeOx@SNC/LNC also
exhibited high electron transfer numbers while Fe3C/FeOx@
LNC only possessed an n of 3.27, suggesting that oxygen
reduction was dominated by two-electron process, which may
be due to the incapacity of the oxygen absorption on Fe3C/
FeOx@LNC.

In addition to catalytic performance, the ORR durability of
Fe3C/Co(Fe)Ox@NCNT and Pt/C were measured via
chronoamperometric measurements in alkaline medium at a
constant cathodic voltage of 0.5 V with a rotation speed of
1,600 rpm (Figure 3f). Over 60 000s of continuous operation,
94.5% of the original current density of Fe3C/Co(Fe)Ox@
NCNT can be retained due to the support of carbon framework
as a highly conducting substrate and its desirable electro-
chemical combination with oxygen molecules. Under the same
conditions, the Pt/C electrode showed 20.9% drop in current
density, which may be caused by catalyst’s regression after some
period of time through surface oxidation, migration or
aggregation of the Pt nanoparticles over long periods of
operation.29

The electrocatalytic performances of different samples for
OER were also investigated in O2-saturated 0.1 M KOH
solution. To explore the onset potential, LSVs of the catalysts
were shown in Figure 4a at 1600 rpm. As can be seen in the
LSVs, Fe3C/FeOx@SNC/LNC and Fe3C/FeOx@LNC ex-
hibited relatively inferior OER responses while the anodic
current of Fe3C/Co(Fe)Ox@NCNT exhibited a lower onset
potential at ∼1.50 V, which proved the critical role of the
existence of cobalt−iron mixed metal oxides in enhancing OER
activity. Moreover, the potential required to deliver the same
current density of 10 mA cm−2 (Ej=10) were compared in Figure
4b, which was the desirable value to efficiently power solar
water-splitting systems.22 Along with the much lower onset
potential, Fe3C/Co(Fe)Ox@NCNT generated 10 mA cm−2 at
1.58 V, even 80 mV lower than that of IrO2, and also more
superior than other samples (1.72 V for Fe3C/FeOx@SNC/
LNC, 1.81 V for Fe3C/FeOx@LNC). Through introducing
cobalt and nitrogen dopants, their adjacent carbon atoms can
be positively charged so that to benefit the adsorption of
hydroxyl ions and accelerate the electron transportation among

Figure 4. (a) OER polarization curves, (b) overpotentials for OER at 10 mA cm−2, and (c) Tafel plots of Fe3C/Co(Fe)Ox@NCNT, Fe3C/FeOx@
SNC/LNC, Fe3C/FeOx@LNC, and IrO2. (d) OER durability of Fe3C/Co(Fe)Ox@NCNT.
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catalyst surfaces and reaction intermediates, thus facilitating
oxygen reactions and improving OER activity. The superior
OER performance was also compared with other reported
materials and Fe3C/Co(Fe)Ox@NCNT turned out to be one
of the most efficient OER electrocatalysts (Table S2). The
Tafel slope of Fe3C/Co(Fe)Ox@NCNT was figured as 139 mV
dec−1 (Figure 4c), which was much lower than that of Fe3C/
FeOx@SNC/LNC (314 mV dec−1), Fe3C/FeOx@LNC (325
mV dec−1), and IrO2 (152 mV dec−1), demonstrating the
desirable reaction kinetics during the OER process and further
confirming the excellent electrochemical OER activity of Fe3C/
Co(Fe)Ox@NCNT. The OER stability of the catalyst was also
assessed through the chronoamperometric measurement at a
constant potential of 1.58 V and an excellent anodic current
retention of 85% within 60 000 s was observed in the Fe3C/
Co(Fe)Ox@NCNT catalyst (Figure 4d), indicating its
favorable stability in continuous OER process.
The overall oxygen electrode activity of Fe3C/Co(Fe)Ox@

NCNT was explored by hydrodynamic voltammetry in alkaline
solution and compared with Fe3C/FeOx@SNC/LNC, Fe3C/
FeOx@LNC, and Pt/C (Figure 5). The overvoltage between

ORR and OER (ΔE = Ej=10 − E1/2) represented efficiency loss
during the whole process and was considered as a critical
parameter for rating catalyst’s bifunctional electrocatalytic
activity. The smaller the ΔE value was, the closer the catalyst
was to an ideal reversible oxygen electrode.22 Dramatically,
Fe3C/Co(Fe)Ox@NCNT exhibited unprecedented overall
oxygen electrode activity of 0.72 V, which was much more
superior to that of Fe3C/FeOx@SNC/LNC (0.92 V) and
Fe3C/FeOx@LNC (1.03 V). This oxygen electrode activity was
compared with other previously reported (Table S2) catalysts
and proved Fe3C/Co(Fe)Ox/NCNT to be among the best
bifunctional catalysts.
Considering the existence of the chemical coupling between

iron and N/C moieties, there was one question about what
roles they played in influencing the catalytic performance.
Previous reports proposed two different mechanisms.48,49

Therefore, further experiments were conducted to assess the

role of iron in forming catalytic active sites. Cyanide ions
(CN−) was known to be able to forcefully coordinate with iron
so that iron-based catalytic sites would be poisoned while
nitrogen active sites were inert to CN−.50 Thus, ORR activity of
Fe3C/Co(Fe)Ox@NCNT was tested in 0.1 M KOH with the
presence of 10 mM KCN to verify whether iron-containing
species were the actual active sites for catalyzing oxygen
reaction and if so, its activity would decrease to a certain extent
after cyanide treatment. The LSV curves of Fe3C/Co(Fe)Ox@
NCNT in Figure S7 showed 50 mV and 120 mV diminishment
in onset and half-wave potential, respectively, after the addition
of KCN, indicating the contribution of iron−nitrogen
coordination sites in catalytic activity. As for OER activity,
there was no doubt that cobalt-based metal oxides played the
critical role in enhancing OER activity according to the greatly
improved OER performance from Fe3C/FeOx@SNC/LNC to
Fe3C/Co(Fe)Ox@NCNT. In conclusion, these results clearly
showed that the coordination between iron and N/C moieties
ensured superior activity toward ORR while cobalt-based metal
oxides were responsible for excellent OER activity. Thus, Fe3C/
Co(Fe)Ox@NCNT possessed remarkable electrocatalytic
performance and excellent electrochemical durability for
oxygen reactions, making it a highly promising candidate as a
superior bifunctional oxygen electrocatalyst for practical
application.
To evaluate the practical utility of Fe3C/Co(Fe)Ox@NCNT

in Zn−air batteries, we tested it in primary Zn-air battery first.
The air cathode was prepared by uniformly coating Fe3C/
Co(Fe)Ox@NCNT on the carbon fiber paper and a polished
Zn plate was used as the anode electrode. The polarization
curves of Fe3C/Co(Fe)Ox@NCNT and Pt/C were shown in
Figure 6a and the power density plots were obtained according
to the curve. When using 6 M KOH as the electrolyte, Zn-air
batteries using Fe3C/Co(Fe)Ox@NCNT as cathode material
delivered an open circuit voltage of 1.48 V, a high current
density of 177.5 mA cm−2 at 1.0 V and the maximum power
density of 231 mW cm−2, respectively, which were significantly
exceeding over those of Pt/C. Moreover, no obvious potential
drop was observed after galvanostatic discharging for 30 h at 5
mA cm−2 and 18 h at 10 mA cm−2 (Figure 6b), demonstrating
favorable ORR stability. The durability of Fe3C/Co(Fe)Ox@
NCNT was also explored in rechargeable batteries and
meanwhile, adding 0.2 M Zn(CH3COO)2 into the electrolyte
to maintain reversible zinc electrochemical reactions at the
anode.51 In order to be a desirable bifunctional catalyst, high
discharging voltage, low charging voltage, and minimal gap
between two voltages were required for rechargeable
battery.52,53 Figure 6c showed the charging and discharging
polarization curves for Zn-air battery and the much low
charge−discharge voltage gap of 0.88 V at 50 mA cm−2 was
observed, indicating a better rechargeability. Moreover, when
maintaining current rate at 10 mA cm−2 during the cycling
(Figure 6d), the final charge and discharge potential of Fe3C/
Co(Fe)Ox/NCNT were observed at ∼2.06 and ∼1.14 V with
an overall voltage gap of 0.92 V after 150 cycles (about 25 h),
exhibiting no obvious drop compared with the initial values of
∼2.03 and ∼1.15 V, respectively. In contrast, although Pt/C
cathode delivered a slight lower charge voltage during the first
cycle, its performance was noticeably deteriorated after the fifth
cycle, reconfirming the excellent durability of Fe3C/Co(Fe)Ox/
NCNT. Besides the virtually negligible voltage fading, all above-
mentioned results shown by Fe3C/Co(Fe)Ox@NCNT elec-
trode demonstrated its great potential to be applied in zinc-air

Figure 5. Overall LSV curves of Fe3C/Co(Fe)Ox@NCNT, Fe3C/
FeOx@SNC/LNC, Fe3C/FeOx@LNC, Pt/C, and IrO2 catalysts in an
O2-saturated 0.1 M KOH at a rotation speed of 1,600 rpm (scan rate:
10 mV s−1). Inset table shows comparison of bifunctional activity of
Fe3C/Co(Fe)Ox@NCNT, Fe3C/FeOx@SNC/LNC, Fe3C/FeOx@
LNC, Pt/C, and IrO2.
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battery, which can be attributed to the catalyst’s superior OER
and ORR performance in alkaline solution.

■ CONCLUSION

In summary, we integrated the merits of nitrogen-doped carbon
materials and metal oxide to synthesize Fe3C/Co(Fe)Ox@
NCNT using PPy-Fe coordination complex as precursors with
Co−Zn additive, for the first time, affording Fe3C/Co(Fe)Ox

nanoparticles encapsuled into several sections of NCNT.
During the carbonization process, PPy-Fe coordination
complex not only provided carbon and nitrogen source for
development of NCNTs but also served as iron source for the
formation of Fe−Nx moieties to improve ORR activity, while
Zn2+ of Co−Zn gradually volatilized to enhance the specific
surface area and Co element was oxidized to further facilitate
oxygen reaction. The as-prepared Fe3C/Co(Fe)Ox@NCNT
exhibited remarkable electrocatalytic activity, not only out-
performing common noble metal-based catalyst, but also
showing much better performances than most of reported
bifunctional electrocatalysts. The synthesis strategy reported
here can be used for the development of many other NCNT-
supported bifunctional materials and allowed new avenues for
synthesizing highly active NCNT-supported ORR and OER
electrocatalysts, which would be highly promising candidates
for developing new generation of renewable energy systems.
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