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An oxygen vacancy-rich N-doped carbon
 encapsulated BiOCl-CNTs catalyst is constructed by stepwise hydrothermal reaction, carbonization and etching
conversion methods. The designed catalyst exhibits excellent electrocatalytic activity and stability in oxygen reduction reaction and zinc-air battery
applications.
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The development of non-precious metal catalysts for oxygen reduction reactions (ORR) is vital for
promising clean energy technologies such as fuel cells, and zinc-air batteries. Herein, we present a step-
wise synthesis of N-doped and carbon encapsulated BiOCl-CNTs heterostructures. Electrocatalytic ORR
studies show that the optimized catalyst has a high half-wave potential (E1/2) of 0.85 V (vs. RHE), large
limiting current density (-5.34 mA cm�2@0.6 V) in alkaline medium, and nearly perfect 4e� reduction
characteristics, even surpassing commercial Pt/C. Meanwhile, the catalyst has exceptional durability
(above 97.5 % after 40000 s) and strong resistance towards methanol poisoning. The good ORR activity
also results in high-performance zinc-air batteries with a specific capacity (724 mAh
g�1@10 mA cm�2), a high open-circuit potential of 1.51 V and a peak power density of 170.7 mW
cm�2, as well as an ultra-long charge–discharge cycle stability (155 h), comparable with the Pt/C catalyst.
The catalytic mechanism reveals that the excellent electrocatalytic performance originates from the syn-
ergistic effect of N doping, oxygen vacancies, and BiOCl sites.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

The massive energy consumption triggering a fossil-fuel-based
energy crisis leads to an increasing interest in renewable clean
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energy storage and conversion systems [1]. Among the various
energy conversion devices, the Zn-air battery has attracted consid-
erable attention because of its safety, high energy density, and
commercial viability [2,3]. Zn-air batteries are made of cheap
materials (Zn, KOH and carbon) with a high theoretical energy den-
sity of 1084 Wh kg�1 [4]. Moreover, they are safe and easy to recy-
cle. The Zn resource in the earth is 300 times higher than that of Li.
Therefore, it does not pose any threat of resource limitation even if
all the cars in the entire world are power by Zn-air batteries. Most
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are uniformly ground and transferred to a ceramic container.
Finally, the NC@Bi-CNTs was carbonized at 950 �C in argon for
2 h with a heating rate of 5 �C min�1. The samples obtained are
denoted according to their annealing temperature as NC@Bi-
CNTs-900, �950 and �1000, respectively.

As a control, NC@Bi and N-CNTs were also prepared at 950 �C by
the similar method described above, where PDA@Bi and CNTs were
used instead of PDA@Bi-CNTs, respectively. In addition, C@Bi-CNTs
(without adding melamine) was synthesized by a similar method.

2.5. Preparation of NC@BiOCl-CNTs

The NC@Bi-CNTs was further immersed in aqua regia
(HNO3/HCl = 1/3) for 12 h, and rinsed with abundant DI-water to
be neutral. The resulted product was named as NC@BiOCl-CNTs.
As a control, NC@BiOCl and C@BiOCl-CNTs were synthesized by a
similar method, with NC@Bi and C@Bi-CNTs as the precursors,
respectively.

2.6. Characterization

Scanning electron microscope (SEM) (FEI Quanta 200 FEG) and
transmission electron microscope (TEM) (TF20, JEOL 2100F) with
elemental mapping were used to characterize the morphology
and microscopic structure of the catalyst. X-ray powder diffraction
(XRD, Rigaku, D/ Max-3C, Japan, scanning rate: 5� min�1) and con-
focal Raman spectroscopy (Renishaw, England) were used to char-
acterize the crystal structure of the samples. The chemical states of
the catalyst were analyzed by X-ray photoelectron spectroscopy
(XPS, ESCALAB 250Xi). Brunauer–Emmett–Teller (BET) and t-Plot
methods were used to measure the specific surface area and pore
size distribution, respectively. Elemental composition of the sam-
ples was determined by inductively coupled plasma-atomic emis-
sion spectrometry (ICP-AES). The nitrogen content in the catalytic
material was measured and analyzed using an elemental analyzer
(PE2400 II).

2.7. Electrode fabrication

In this work, the rotating ring disk electrode (RRDE, disk area =
0.247 cm2) was polished and selected as the working electrode. For
the preparation of catalyst ink: 4 mg black powder was weighed
and dispersed into 1 mL 5 wt% Nafion solution (the volume ratio
of isopropanol/water = 1/3). Catalyst ink droplets of 19.6 lL were
added to the surface of the polished RRDE with a pipette-gun
and dried in a natural environment. The catalyst loading and Pt/C
loading on the working electrode were 0.318 and 0.081 mg cm�2,
respectively.

The electrocatalytic ORR performance is obtained by rotating
ring-disk electrodes in a three-electrode system, while the perfor-
mance of the zinc-air battery is achieved by a home-made zinc-air
battery device (see supporting information for details). Each
measurement was repeated at least three times to ensure the
reproducibility of the results.

3. Results and discussion

3.1. Synthesis and crystallinity analysis

The NC@BiOCl-CNTs hybrid material is constructed through a
controllable four-step process, which involves Bi NPs reduction
on CNT surface, PDA packaging, nitrogen doping, and BiOCl forma-
tion by aqua regia etching (Fig. 1a). In the first step, BDC-NH2 is
used as a reducing agent, and PVP is used as a modifier to reduce
Bi NPs on CNT surface at high temperature to form Bi-CNTs
828
(Fig. 1b). XRD pattern shows that the Bi NPs matches the
hexagonal-close-packed (hcp) metallic Bi (JCPDS: 44–1246) [30].
Second, the dopamine monomer polymerizes at high temperatures
and wraps on the Bi-CNT surface to form PDA@Bi-CNTs [31]. Third,
PDA@Bi-CNTs are carbonized at 950 �C, and melamine is used as a
nitrogen source to form NC@Bi-CNTs (Fig. 1c and Fig. S2). Finally,
after etching with aqua regia, most of the bare Bi NPs dissolve into
the solution, and a small portion of the Bi NPs meshed by the car-
bon grid is transformed into BiOCl species, thereby obtaining
NC@BiOCl-CNTs hybrid material (Fig. 1d). The clear four distinct
characteristic peaks at 11.98�, 25.86�, 32.50�, and 33.45� are
ascribed to the (001), (101), (110) and (102) crystal planes of
BiOCl (JCPDS: 06–0249). Notably, when the hybrid material is sub-
jected to continuous 20 cycles of CV treatment (0.05–1.15 V vs.
RHE) (Fig. S3), the crystal structure of BiOCl does not change,
implying that it has good ORR stability. Besides, three additional
diffraction peaks appeared at 14.84�, 16.67�, and 22.77� after elec-
trochemical treatment are corresponding to the hexagonal carbon
(110), (002), and (120) crystal faces.

3.2. Microstructure and porosity analysis

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were used to investigate the morphologies and
microstructures of NC@Bi-CNTs and NC@BiOCl-CNTs. The surface
of CNTs in NC@Bi-CNTs is decorated with dense particulate maters
(Fig. 2a). After etching with aqua regia, the NC@BiOCl-CNTs surface
becomes relatively smooth, due to the gradual dissolution of the Bi
particles (Fig. 2b). The TEM image shows that some particulate
materials are randomly distributed on the CNTs surface (Fig. 2c).
The high-resolution TEM images demonstrate that a set of clear
lattice fringes of 0.34 nm is typical C (002) crystal faces. The lattice
spacing of 0.27 nm belongs to the (102) crystal faces of BiOCl
(Fig. 2d-e) [32], respectively. The selected area diffraction pattern
(SAED) shows two sets of relatively distinctive diffraction rings
index the (101) and (102) crystal planes of BiOCl that confirm
the tetragonal structure (Fig. 2f). In addition, HAADF-STEM and
corresponding element mappings appear that Bi, Cl, C, N, and O ele-
ments are uniformly distributed on the surface of NC@BiOCl-CNTs
(Fig. 2g). The metal content of Bi in NC@BiOCl-CNTs was measured
by ICP-AES (Table S1), and the result showed that the weight per-
centage of Bi was about 2.35 wt%.

Raman spectroscopy is an effective method to analyze the
defect structure and graphitization degree of carbon materials.
Generally, the intensity ratio of D-band (sp3 carbon) and graphitic
G-band (sp2 carbon) (ID/IG) is used to evaluate the index of carbon
disorders [33]. As shown in Fig. 3a, the NC@BiOCl-CNTs synthe-
sized at 950 �C has the smallest ID/IG value (0.85) relative to the
samples prepared at 900 �C (0.91) and 1000 �C (0.93), indicating
that the samples prepared at 950 �C have higher graphitization
degree and conductivity, thus facilitating electron transfer in the
electrochemical ORR process [34]. Compared with C@BiOCl-CNTs
(0.87) and NC@BiOCl (0.96), the doping of N element has little
effect on the graphitization of hybrid materials, while the introduc-
tion of CNTs can greatly enhance the graphitization and conductiv-
ity of hybrid materials (Fig. 3b). Studies have shown that the
graphitization degree of carbon and suitable N species contribute
to ORR activity [35,36]. Table S2 summarizes the elemental analy-
sis results of different materials, indicating that the NC@BiOCl-
CNTs catalyst has the highest N content (1.98 wt%). According to
previous reports, the N-doped component is chemically active that
increases the more active sites, and changes the electronegativity
of the adjacent C atom, thus enhancing the ORR intrinsic activity
[37]. Moreover, BET measurement and related porosity analysis
showed that NC@BiOCl-CNTs had a large specific surface area of
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357.5 m2 g�1 with an average pore diameter of 7.8 nm (inset)
(Fig. 3c), indicating a mesopore dominated feature. This meso-
porous feature with a high specific surface area can expose more
active sites, and help solute transport and gas emission, thereby
improving the ORR catalytic performance.
3.3. Chemical state analysis

The chemical valence states and bonding configurations of the
synthesized catalysts were further studied by X-ray photoelectron
spectroscopy (XPS). As displayed in Fig. S4a, NC@BiOCl-CNTs
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itly stated, the catalysts discussed below are prepared by calcina-
tion at 950 �C.

The catalyst activity of NC@BiOCl-CNTs and the comparative
catalyst in N2– or O2-saturated alkaline solution was first investi-
gated by cyclic voltammetry (CV) at a constant scan rate of
50 mV s�1 (Fig. 5a). Notably, no strong cyclic voltammetry
response was observed in the N2-saturation KOH electrolyte,
whereas the NC@BiOCl-CNTs catalyst had a significant cathodic
reduction peak (pacing potential 0.87 V vs. RHE) in the case of
O2-saturated, higher than the characteristic peak values of
C@BiOCl-CNTs and NC@BiOCl catalysts. Subsequently, a similar
tendency was detected on the linear sweep voltammeter (LSV)
curves (Fig. 5b). The E1/2 value of NC@BiOCl-CNTs (0.85 V) differs
by 0.1 V from the state-of-the-art noble metal Pt/C catalyst
(0.86 V). In particular, the limiting current density of the
NC@BiOCl-CNTs catalyst is 5.34 mA cm�2 at 0.6 V, which is approx-
imately 1.08-fold higher than that of commercial Pt/C
(4.96 mA cm�2). Meanwhile, the NC@BiOCl-CNTs also exhibits sig-
nificantly superior ORR activity than the N-free C@BiOCl-CNTs,
CNTs-free NC@BiOCl, and BiOCl-free N-CNTs (Table S3) and is com-
parable to most non-noble metal ORR electrocatalysts reported so
far (Table S4). Notably, when NC@Bi-CNTs was converted to
NC@BiOCl-CNTs by immersion in aqua regia, the current density
rapidly increased from 4 mA cm�2 to 5.34 mA cm�2 at 0.6 V,
directly indicating that the BiOCl sites enhanced the overall perfor-
mance of the NC@BiOCl-CNTs catalyst (Fig. S7).

The electron transfer number and H2O2 yield of NC@BiOCl-CNTs
catalyst were obtained using the RRDE method (Fig. 5c). The
results reveal that the H2O2 yield is less than 20 % in the potential
range of 0.2 to 0.8 V, which is indirect evidence of the four-electron
selectivity of the ORR process. Moreover, the NC@BiOCl-CNTs show
a Tafel slope of 68.7 mV dec�1 (Fig. 5d), which is much lower than
C@BiOCl-CNTs (76.2 mV dec�1), NC@BiOCl (85.2 mV dec�1), and N-
CNTs (72.1 mV dec�1), verifying fast reaction kinetics [14].

Besides, the LSV measurements (400 to 2025 rpm) at different
speeds were also performed (Fig. 5e) [51]. The average electron
transfer number was calculated to be 4 from the Koutecky-Levich
(K–L) diagram according to the LSV curve in the voltage range of
0.3–0.7 V (inset in Fig. 5e) [52]. The percentage of H2O2 and the
number of electrons transferred by the catalyst at different poten-
tials are calculated (Fig. 5f). The result is in agreement with that of
the K-L curve. In addition, the charge transfer resistance (Rct) of the
highly active NC@BiOCl-CNTs catalyst was lower than those of all
control catalysts, as measured by electrochemical impedance spec-
troscopy (EIS) (Fig. S8), implying a faster electron transfer rate and
higher conductivity [53].

The electrochemical double-layer capacitance (Cdl) of an elec-
trocatalyst is commonly used to determine its electrochemically
active surface area (ECSA) using the polarization curves. The Cdl
is obtained at different scan rates in the non-Faraday region
(Fig. 6a, Figs. S9a-b) [13]. In general, the slope relationship
between capacitance current density and scanning rate can be used
as a parameter for ECSA demonstration. As depicted in Fig. 6b, the
Cdl of NC@BiOCl-CNTs catalyst was 16.89 mF cm�2, which was 1.2
and 6.3 times higher than those of C@BiOCl-CNTs (13.62 mF cm�2)
and NC@BiOCl (2.7 mF cm�2), respectively, evidencing that
NC@BiOCl-CNTs catalyst has a larger ECSA, thereby exposing more
accessible active sites [54]. Fig. 6c and Figs. S9c-d shows the linear
relationship between the oxidation peak and the scanning rate of
the catalyst in KCl solution containing K3(Fe(CN)6). According to
the Randles-Sevcik equation (Fig. 6d) [23], the ECSA of
NC@BiOCl-CNTs was 0.71 m2 g�1, and 1.4 and 1.5 times higher
than those of C@BiOCl-CNTs (0.48 m2 g�1) and NC@BiOCl
(0.46 m2 g�1). This observation is inconsistent with the Cdl results.

The methanol crossover tolerance performance of NC@BiOCl-
CNTs is investigated by the chronoamperometry (CA) method.
Fig. 7a shows that NC@BiOCl-CNTs reveals excellent tolerance to
the methanol crossover effect, while the current density of Pt/C
drops sharply after injecting methanol into the solution at ca.
200 s. Moreover, the NC@BiOCl-CNTs exhibit long-lasting stability
and the current-loss of only 2.5% after 40000 s of operation. On the
other hand, the Pt/C current-loss is much greater, about 12.6%
(Fig. 7b) under the same conditions [55]. In addition, it is notewor-
thy that after 2000 CV cycles in succession, the limiting current
density of NC@BiOCl-CNTs was slightly decreased by 0.17mA cm�2,
while the limiting current density of Pt/C was significantly
decreased by 1.51 mA cm�2 (Fig. S10), further reflecting its excel-
lent stability. To study the active sites of highly efficient catalysts,
SCN� was introduced as the masking agent [56]. Fig. 7c shows that
the limiting current density and E1/2 of NC@BiOCl-CNTs both
decrease markedly after the addition of 0.01 M SCN�. This result
indicates that SCN� binding agents can coordinate with Bi species
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