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HIGHLIGHTS

e Hierarchical carbon microtube @nanotube (CMT @CNT) core—shell nanostructure is successfully synthesized.
e The CMT@CNT shows superior electrocatalytic activity for oxygen reduction reaction and oxygen evolution reaction.

® A mass-loading independent high performance for zinc—air battery is achieved on the CMT@CNT.

ABSTRACT Zinc—air batteries
(ZABs) hold tremendous promise

for clean and efficient energy stor-

age with the merits of high theo-

retical energy density and environ-
mental friendliness. However, the
performance of practical ZABs

is still unsatisfactory because of

the inevitably decreased activity ;
of electrocatalysts when assembly 5 2y, ° ) 1 2 3
into a thick electrode with high 2 bl T
mass loading. Herein, we report a

hierarchical electrocatalyst based (& e!egtrocatalyst ZinC'airP

on carbon microtube @nanotube

core—shell nanostructure (CMT@CNT), which demonstrates superior electrocatalytic activity for oxygen reduction reaction and oxygen
evolution reaction with a small potential gap of 0.678 V. Remarkably, when being employed as air—cathode in ZAB, the CMT@CNT
presents an excellent performance with a high power density (160.6 mW cm™2), specific capacity (781.7 mAhgié) as well as long cycle
stability (117 h, 351 cycles). Moreover, the ZAB performance of CMT@CNT is maintained well even under high mass loading (3 mg cm™2,
three times as much as traditional usage), which could afford high power density and energy density for advanced electronic equipment.

We believe that this work is promising for the rational design of hierarchical structured electrocatalysts for advanced metal-air batteries.
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1 Introduction

Zinc-air batteries (ZABs) have been targeted as a promis-
ing clean power candidate with the merits of high theoretical
energy density, environmental friendliness, and low cost [1,
2]. The overall performance of rechargeable ZABs is critically
dependent on the electrode with superior bifunctional behavior
for both oxygen reduction reaction (ORR) and oxygen evolu-
tion reaction (OER) [3]. Noble metal-based materials, such as
Pt- and Ir-based, have long been regarded as the state-of-the-
art electrocatalysts for ORR and OER, respectively, but their
large-scale application has been impeded by scarcity, high cost,
and insufficient stability [4]. Recently, transition metal-nitro-
gen-doped carbon (M-N-C) has emerged as one of the most
promising candidates for electrocatalyzing both ORR and OER
due to their abundant precursors, high activity, and selectivity
[5, 6]. Up to date, various M—N—C (i.e., Co-N-C, Fe-N-C,
and Ni-N-C) have been thoroughly explored from the per-
spectives of material synthesis, structure design, and activity
regulation [7—13]. Although these progresses, the performance
of M-N-C electrocatalysts in practical ZABs is still unsatis-
factory because the theoretical activity will seriously decrease
when assembly the active materials to functional electrodes,
which probably caused by the limited electrolyte diffusion and
the repressed utilization of active sites in the compacted film
[14]. This drawback is especially serious when the electrocata-
lyst is employed under high mass loading because just exposed
sites can participate in the catalytic reactions.

To maintain the activity and stability of the electrocatalysts
on the electrode, an unobstructed electrolyte diffusion process
and easily exposed active sites are essential [15]. One effective
approach to meet this requirement is engineering electrocata-
lysts with rational and elaborate nanostructures. A great deal of
nanostructured electrocatalysts has been exploited and applied,
including nanosheets [16, 17], nanowires [18, 19], nanotubes
[20, 21], microspheres [22, 23], yolk-shelled [24, 25] and
mutilshelled materials [26, 27], and so on, which exhibit much
enhanced performance toward various electrochemical reac-
tions. Despite these research progresses, there is still a concern
over the declined overall electrochemical performance in prac-
tical energy applications, especially under high mass loading
[28]. To overcome this issue, the construction of hierarchical
structure could realize stable output of electrochemical per-
formance even under high mass loading, which is promising
for high-performance energy devices [29]. The hierarchical
structure will reduce embedding of nanomaterials and provide
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a large specific surface area and rich porosities in practical
environment [30-32]. Besides, the hierarchical structure will
also facilitate the infiltration and transport of gas molecules
and liquid electrolyte during electrochemical reactions [33,
34]. Unfortunately, it is still a challenge how to assemble low-
dimensional nanomaterials on the meso- or micro-structure to
achieve a hierarchical electrocatalyst with high performance
when using as a thick functional electrode.

Herein, we successfully demonstrate a hierarchical carbon
microtube @nanotube core—shell nanostructure (denoted as
CMT@CNT) as highly active and stable electrocatalysts for
both ORR and OER to achieve high performance recharge-
able ZAB. The hierarchical CMT @CNT with dense nanotube
vertically rooted on the hollow microtube was synthesized
through in situ growth of metal organic frameworks and the
subsequent pyrolysis treatment. Moreover, the structure—activ-
ity relationship has been rationally discussed through various
characterizations. The as-obtained CMT@CNT exhibits a
positive half-wave potential of 0.88 Vg (versus reversible
hydrogen electrode, RHE) for ORR, a low overpotential of
328 mV for OER and a small potential gap of 0.678 V, which
exceeds that of most reported carbon-based electrocatalysts.
The ZAB assembled by this CMT@CNT demonstrates a
high power density of 160.6 mW cm™2 and specific capacity
of 781.7 mAhg;, as well as long cycle stability over 117 h
(351 cycles) at a current density of 20 mA cm™2. Moreover,
CMT @CNT maintains its ZAB performance well even under
high mass loading (3 mg cm™2, 3 times as much as traditional
usage), which should meet the high demand of high power
density and energy density for advanced electronic equipment.

2 Experimental Section

2.1 Synthesis of Polypropylene @polydopamine(PP@
PDA)

The dopamine was firstly polymerized and coated on the sur-
face of polypropylene (PP) nanowire by a reported method
[35]. Briefly, 0.3 g PP wetting by ethanol and 160 mg dopa-
mine were immersed into a 400 mL deionized water. Then,
5 mL tris—HCI was dropped in above solution slowly. The
solution was stirred for 24 h at room temperature. After that,
polydopamine (PDA)-coated PP (denoted as PP@PDA) was
withdrawn and washed with water several times and then put
into an oven to dry at 60 °C overnight.

https://doi.org/10.1007/s40820-020-00435-z



Nano-Micro Lett. (2020) 12:97

Page3of 14 97

2.2 Synthesis of PP@PDA @ZIF-67

Typically, 0.1 g PP@PDA nanowire was immersed into a
100 mL methanol solution containing of 0.05 M Co(NO5),
6H,0. Then, another 100 mL methanol solution containing
of 0.4 M 2-methylimidazole was rapidly poured into above
solution under stirring for 30 min. After that, the products
(denoted as PP@PDA @ZIF-67) was collected by centrifu-
gation and washed with methanol several times and then put
into an oven to dry at 60 °C overnight.

2.3 Synthesis of CMT@CNT

The PP@PDA @ZIF-67 was placed in furnace and subjected
with a pyrolysis treatment at 800 °C for 3 h under N,/H,
(9/1) atmosphere. The heating rate is 5 °C min~". The obtained
CMT@CNT was directly used and without any further treatment.

For comparison, CMT was synthesized via directly pyrolyz-
ing PP@PDA nanowire with the same procedure of CMT @
CNT. ZIF-67 nanoparticle was also synthesized with the same
procedure of PP@PDA @ZIF-67 except the use of PP@PDA.
Then, ZIF-67 nanoparticle was subjected with the same pyroly-
sis treatment of CMT@CNT to obtain the ZIF-C nanoparticle.

2.4 Characterizations

The morphology of the synthesized electrocatalysts was charac-
terized by scanning electron microscopy (SEM; Zeiss SUPRA
55) and transmission electron microscopy (TEM; Philips Tecnai
20) and high-resolution TEM (HRTEM; JEOL JEM-2010). The
structure, chemical composition and physical properties were
characterized by X-ray diffraction patterns (XRD; Shimadzu
XRD-6000 diffractometer), Raman microspectrometer (Ren-
ishaw, inVia-Reflex, 532 nm), X-ray photoelectron spectra (XPS;
Thermo VG ESCALAB 250) and N, sorption isotherm (Quan-
tachrome Autosorb-1CVP analyzer).C K-edge and N K-edge
XANES spectra were measured at the beamline IW1B of the
Beijing Synchrotron Radiation Facility (BSREF, Beijing), China.

2.5 Electrochemical Measurements

Electrochemical measurements were carried out by a CHI760E
electrochemical workstation (Shanghai Chenhua Instrument
Co., China) with a conventional three-electrode system. A
saturated calomel electrode (SCE) (3.5 M KCl) and carbon rod
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electrode were served as the reference and counter electrode,
respectively. A rotating disk electrode (RDE, 5 mm in diameter)
and rotating ring-disk electrode (RRDE, 4 mm in diameter and
the area of Pt ring is 0.224 cm?) were served as working elec-
trode. 4 mg of the as-obtained electrocatalysts was dispersed
in1 mL mixture of water, isopropanol and Nafion (5 wt%) with
the ratio of 770:200:30. Then, the above electrocatalyst ink was
sonicated for at least 30 min to form a homogeneous suspen-
sion. After that, the electrocatalyst ink was dropped carefully on
the working electrode with a loading of 0.2 mg cm™2. For ORR
measurements, all curves were obtained in O,-saturated 0.1 M
KOH electrolyte solution (pH = 13). The cyclic voltammetry
(CV) curves were conducted with a scan rate of 100 mV s~
from 1.2 to 0.2 V versus RHE. LSV curves were measured
at various rotation rates (400, 625, 900, 1225, 1600, and
2025 rpm) with a scan rate of 5 mV s~! from 1.2 t0 0.1 V versus
RHE. LSV curves in RRDE measurements were measured at
1600 rpm with the same potential range of RDE measurements.
The constant E of ring electrode is 0.5 V. The stability test was
carried out by the i~ curve at 1600 rpm. The CV curves for cal-
culating the ECSA were measured with the scan rates of 20, 40,
60, 80, 100, and 120 mV s™! from 0.508 to 0.608 versus RHE.
The EIS measurements were performed at onset potential in
the frequency range of 0.1-10° Hz with an amplitude of 5 mV.
For OER measurements, all curves were obtained in 1 M KOH
electrolyte solution (pH=14). LSV curves were measured with
a scan rate of 5 mV s™! from 1.1 to 1.8 V versus RHE (90% iR
compensation). Multi-potential step curves were measured at
overpotential of 300, 350, 400, 450, 500 mV and each applied
potential was maintained for 600 s.

The electron transfer number from RDE measurements
was calculated by Koutecky—-Levich equation (Eqgs. 1-3):

1 1 1 1 1

e — = — 4+ —
P Tk B2 M

B = 0.62nFC,(Dy)**v"/6 )

Jk = nFkC 3

where j is the measured current density; ji and j; are the
kinetic- and diffusion-limiting current density; w is the RDE
rotating rate; F is the Faraday constant (F=96,485 C mol™});
C, is the bulk concentration of O, (1.2x 10~ mol cm™);
D, is the diffusion coefficient of O, in 0.1 M KOH solution
(1.9% 107> cm? s71); v is the kinematic viscosity of the electro-
lyte (0.01 cm? s71), and k is the electron transfer rate constant.
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The H,0, yield and electron transfer number from
RRDE measurements were calculated by Eqgs. (4) and (5):
4yt
n= _

i./N +iy @)

HOZ (%) = 200 x in/N
2 (%)= i/N+i )

where i and i, are disk current and ring current, respectively,
and N=0.37 is the current collection efficiency of the Pt ring.

The reversible hydrogen electrode (RHE) was converted
from saturated calomel reference electrode (SCE) by Nernst
equation (Eq. 6):

Egye = Escg + 0.0591pH + EQ, ©6)

where EgCE is the standard potential of SCE at 25 °C
(0.24 V).

2.6 For Zinc—Air Battery Measurements

Zinc—air battery (ZAB) was measured in a home-built elec-
trochemical cell, where electrocatalyst supported on carbon
cloth (mass loading of 1 mg cm™2) as air cathode and Zn
foil as the anode with CHI760E electrochemical working
station. 6 M KOH + 0.2 M zinc acetate was used as the
electrolyte. The polarization curves were recorded with a
scan rate of 5 mV s~! from 1.6 to 0 V. The galvanostatic
discharge—charge cycling curves were recorded 20 min per
cycle at a current density of 20 mA cm™2. The galvano-
static discharge curves were recorded at a current density of
10 mA cm™2. For all-solid-state ZAB, home-made alkaline
polyvinyl alcohol (PVA) gel was used as solid electrolyte.
The synthesis of PVA gel was obtained from the previous
works. Both the current density and power density were
normalized to the effective surface area of air electrode.
The specific capacity was calculated according to Eq. (7):
current * running time

Specifi ity =
pectiic capactty weight of consumed zinc )

The energy density was calculated according to Eq. (8):

current * running time * average discharge voltage

Specific capacity =

3 Results and Discussion

3.1 Morphological and Structural Characterization

As schematically illustrated in Fig. 1a, the preparation of
hierarchical CMT@CNT core—shell structure involves three
steps: polymerization of dopamine on PP, in situ growth of
zeolitic imidazolate framework (ZIF) and pyrolysis treatment.
Briefly, PDA was firstly constructed on the surface of PP by
dopamine polymerization (Figs. S1 and S2). Subsequently,
ZIF-67 nanoparticles were assembled uniformly on PP@
PDA directed by the strong interaction between amino in
PDA and Co ions (denoted as PP@PDA @ZIF-67, Fig. 1b).
Last, a pyrolysis treatment under N,/H, (9/1) atmosphere was
performed with a heating temperature of 800 °C and a heat-
ing time of 3 h to obtain CMT@CNT (Fig. 1c and S3). It is
worth noting that the introduction of PDA nanolayer as con-
fined layer could orderly assemble ZIF-67 nanoparticles on
the surface of nanofiber and significantly alleviate the aggre-
gation of ZIF-C particle during the pyrolysis process. TEM
and HRTEM further confirm the successful formation of
hierarchical microtube @nanotube core—shell nanostructure,
where a large number of CNTs with a diameter of ~20 nm
are uniformly rooted on the microtube (Figs. 1d, e, and S4).
The nanoparticles embedded in CNTs show a lattice fringe
of 0.204 nm, corresponding to the (111) plane of metallic Co.
The Co precursor in ZIF-67 was reduced to metallic Co by
surrounding carbonaceous species, which in situ catalyzing
the formation of CNTs along with the increase in pyroly-
sis temperature [36]. Moreover, the energy-dispersive X-ray
spectroscopy mapping result shows that C, N, Co, and O are
uniformly distributed in the CMT@CNT (Fig. 1f). In con-
trast, polyhedral carbon particle with a small amount of CNT
on the surface was synthesized through conducting ZIF-67
nanoparticle with the same pyrolysis parameters (denoted as
ZIF-C, Fig. S5). In order to highlight the structure advantages
of hierarchical microtube @nanotube core—shell nanostruc-
ture, carbon microtube (denoted as CMT) was also prepared
via pyrolyzing PP@PDA (Fig. S6).

®)

weight of consumed zinc

© The authors
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Fig. 1 a Schematic illustration for the synthesis of CMT@CNT. SEM images of b PP@QPDA @ZIF-67 and c CMT@CNT. d, e TEM and f SEM

images and the corresponding elemental mapping of CMT@CNT

The XRD patterns show that the resultant CMT @
CNT, ZIF-C, and CMT share similar broad peak located
between 20° and 30°, which is indexed to the (002) dif-
fraction peak of graphitic carbon (Fig. S7). In addition,
both CMT@CNT and ZIF-C show three peaks located
at 44.2°, 51.5°, and 75.8°, matching well with the (111),
(200), and (220) planes of face-centered cubic (fcc) Co
phase [37]. Raman spectra depict that the relative inten-
sity ratio between defect carbon (D band, 1350 cm™') and
graphitic carbon (G band, 1600 cm™!) of CMT@CNT
is 1.05, smaller than that of ZIF-C (1.11), demonstrat-
ing the increased content of graphitic carbon caused by
microtube skeleton, which could be beneficial for enhanc-
ing the electron transfer process (Fig. 2a) [38]. The ele-
ment compositions and chemical states of CMT@CNT

) SHANGHAI JIAO TONG UNIVERSITY PRESS

and references were further characterized by XPS and soft
X-ray absorption spectroscopy (XAS). XPS spectra sug-
gest that C, O, Co, and N element present in CMT@CNT
and ZIF-C while Co element being absent in CMT (Fig.
S8 and Table S1). The high intensity of C—C/C=C signal
(284.7 eV) in the high-resolution C 1 s spectra of all sam-
ples indicate a typical graphitic carbon structure (Fig. 2b).
The presence of O signal (C-O (286.1 eV) and O-C=0
(289.1 eV)) can be caused by the adsorbed oxygen from
the environmental atmosphere [39], which is confirmed by
the high-resolution O 1 s spectra (Fig. 2c). The high-reso-
lution Co 2p spectra of CMT@CNT and ZIF-C are decon-
voluted into two pairs of metallic Co (778.6/794.0 eV)
and CoN,/O, (780.4/796.5 eV) in 2p5,, and 2p,,, peaks,
respectively (Fig. 2d) [40]. The dopant of N is testified

@ Springer
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Fig. 2 a Raman spectra, High-resolution XPS spectra of b C 1s, ¢ O 1s, d Co 2p, and e N 1s, f C K-edge, and g N K-edge XANES, h N, sorp-
tion isotherm, and i pore size distribution plots of CMT@CNT, ZIF-C, and CMT

from the high-resolution N 1 s spectra, where five peaks
of pyridinic-N (398.6 eV), Co-N, (399.7 eV), pyrrolic-
N (400.8 eV), graphitic-N (401.6 eV), and oxidized N
(403.5 eV) are appeared in both CMT@CNT and ZIF-C
(Fig. 2e) [41]. However, CMT@CNT shows a high content
of graphitic-N (17.9%), larger than that of ZIF-C (15.3%),
which is believed to contribute the enhanced electrocata-
lytic activity and electron transfer ability. The C K-edge
soft X-ray absorption near edge structure (XANES) spectra
of both three samples show two strong peaks at ~286.1
and ~292.8 eV in accordance with the C=C =n* and C-C
o* excitation, meaning that high degree of graphitization
(Fig. 2f). Another noticeable peak at~289.1 eV in accord-
ance with the C=0/C-0O n* excitation is probably caused
by the absorbed oxygen from atmosphere [42]. Three peaks
at ~400.4, ~402.6, and 408.4 eV result from pyridinic-N
n*, graphitic-N n*, and C-N o* are appeared on CMT,

© The authors

ZIF-C, and CMT@CNT, respectively, which is in accord-
ance with the result of XPS (Fig. 2g). N, sorption isotherm
results show that a high Brunauer—-Emmett—Teller specific
surface area of 354.27 m? g~! as well as a pore volume of
0.51 cm? g~! are achieved on CMT@CNT, which are larger
than those of ZIF-C (320.57 m? g7}, 0.29 cm® g7!) and
CMT (33.36 m? g7}, 0.08 cm® g~!) (Fig. 2h and Table S2).
Both CMT@CNT and ZIF-C have a similar porous struc-
ture with an average pore size of ~8 nm (Fig. 2i). It is
worth mentioned that the introduction of PDA can not only
maintain the tubular structure and inhibit the agglomera-
tion of ZIF particles during the high-temperature pyrolysis
process, but also increase the content of N and graphitic N
for CMT @CNT. Moreover, the unique hierarchical micro-
tube @nanotube core—shell nanostructure with increased
specific surface area will increase the available active sites
and facilitate the electrolyte diffusion process.

https://doi.org/10.1007/s40820-020-00435-z
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3.2 ORR and OER Properties

The ORR electrocatalytic activities of CMT@CNT and
comparative samples were firstly tested by a rotating disk
electrode (RDE). Cyclic voltammetry (CV) curves show
that obviously enhanced cathodic peak related to oxygen
reduction for all electrocatalysts, and the most positive peak
potential for CMT@CNT implies more superior ORR activ-
ity (Fig. S9). Moreover, CMT@CNT exhibits the highest
ORR current density of — 5.47 mA cm™2 at 0.1 Vg and
the most positive half-wave potential of 0.88 Vg, indicat-
ing the highest ORR electrocatalytic activity among ZIF-C
(—4.61 mA cm™, 0.86 Vpyp), CMT (=3.92 mA cm™2,
0.75 Vgyp)» and Pt/C (—=5.43 mA cm™2, 0.82 Viyp)- The
Tafel slope obtained from the LSV at 1600 rpm for CMT @

CNT is 61.2 mV dec™!, which is smaller than that of
ZIF-C (69.8 mV dec™"), CMT (91.7 mV dec™), and Pt/C
(138.9 mV dec™!), illustrating a better electron transfer pro-
cess and more favorable ORR kinetics (Fig. 3b). It has been
reported that the Co-N, species of Co-N—-C-based electro-
catalyst are important active site for ORR [29]. As we can
see from high-resolution Co 2p XPS spectra (Fig. 2d), there
are abundant Co-N, structure in CMT@CNT, which sup-
posed to play an important role in electrocatalytic process.
Besides Co-N, species, the hierarchical structure of CMT @
CNT endows large specific surface area and abundant pore
structure, which dramatically promotes the exposure of
active sites and improves the utilization rate of active sites.
Furthermore, the electron transfer number of CMT@CNT
obtained from LSV measurements at different rotation rates
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Fig. 3 ORR performance of CMT@CNT, ZIF-C, CMT, and Pt/C. a LSV curves and b Tafel slopes. cKoutecky—Levich plots of CMT@CNT,
inset: LSV curves at various rotation speeds. d Electron transfer number and H,0O, yield base on RRDE measurements. e ECSA and f Nyquist
plots of CMT@CNT, ZIF-C, and CMT. g I-¢ curves, h LSV curves of initial and after i-f testing of CMT@CNT and Pt/C
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and the corresponding Koutecky—Levich plots is determined
to be 3.95, highlighting a predominant 4-electron pathway
(Figs. 3c and S10). Besides, the electron transfer number and
H,0, yield were monitored by the rotating ring-disk elec-
trode (RRDE) measurements (Figs. 3d and S11, Table S3).
The Pt-like properties of low H,0, yield (3.29%) and elec-
tron transfer number (3.93) for CMT@CNT suggest the
largely suppressed 2e~ reduction pathway and high selec-
tivity for 4e™ reduction pathway. The highest electrochemi-
cal active surface (9.05 mF cm™) is evidenced from the
electrochemical double layer capacitance for CMT@CNT,
indicating more active sites can be exposed and utilized in
this structure (Figs. 3e and S12). The smallest diameter of
the semicircle for CMT@CNT from the Nyquist plot dem-
onstrates the lowest charge transfer resistance (Fig. 3f).
After more than 330 min continuous testing, about 98.7%
current retention was achieved on CMT@CNT, superior to
Pt/C (89.7%), ZIF-C (95.5%), and CMT (96.9%). The LSV
curve of CMT@CNT delivers negligible changes after i—¢
test, further demonstrating the durable long-term stability.
Additionally, the morphology and structure of CMT@CNT
after stability test were confirmed by SEM characterization,
which nearly maintains the initial structure, demonstrat-
ing superior durability (Fig. S13). Moreover, the methanol

poisoning experiments show that CMT@CNT remained
almost constant activity with addition of methanol during
i-t test, which is much superior to that of commercial Pt/C,
indicating high tolerance against methanol crossover (Fig.
S14).

Subsequently, the OER activity of these catalysts was
further evaluated. LSV results show a largely reduced onset
potential and overpotential and significantly boosted cur-
rent density for CMT@CNT (Fig. 4a). Typically, CMT@
CNT only requires an overpotential of 328 mV to drive
a current density of 10 mA cm™2, less than that of ZIF-C
(348 mV), CMT (384 mV), and Ir/C (353 mV), respectively.
The excellent OER performance of CMT@CNT is further
confirmed from the current density at large overpotential.
For instance, at a potential of 1.65 Viyp, CMT@CNT exhib-
its a current density of 242.7 mA cm~2, which is ~2, ~8,
and ~2 times larger than that of ZIF-C, CMT, and Ir/C,
respectively. The enhanced OER activity of CMT@CNT is
also evidenced from Tafel slope (43.3 mV dec™!), which is
much smaller than that of ZIF-C (52.7 mV dec™!), CMT
(73.7 mV dec™"), and Ir/C (52.1 mV dec™), respectively,
suggesting more favorable OER kinetics for CMT@CNT.
Besides, CMT@CNT maintains similar performance with
the initial value during continuous testing at overpotential of
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Fig. 4 OER performance of CMT@CNT, ZIF-C, CMT, and Ir/C. a LSV curves, b Tafel slopes, and ¢ multi-potential steps curves. d Overall
LSV curves and eAE of CMT@CNT, ZIF-C, CMT, Pt/C +1r/C, and the studies
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300, 350, 400, 450, 500 mV, revealing a satisfactory durabil-
ity toward OER. The potential gap (AE) between half-wave
potential for ORR and overpotential for OER at a current
density of 10 mA cm™2 is generally used to evaluate the
bifunctional activity for catalyst. The AE of CMT@CNT
achieves 0.678 V, smaller than that of ZIF-C (0.718 V),
CMT (0.864 V), and Pt/C +1Ir/C (0.763 V) (Fig. 4d), which
also exceeds that of most bifunctional ORR/OER electro-
catalyst reported in the studies (Table S4) [43-50].

3.3 Zinc-Air Battery Performance

Inspired by the superior ORR and OER activities of CMT @
CNT, a home-made ZAB has been constructed with CMT @
CNT, zinc foil, and 6.0 M KOH/0.2 M zinc acetate as air
cathode, anode, and electrolyte, respectively (Fig. Sa inset).
For comparison, the ZABs with CMT, ZIF-C, and Pt/C +I1/C
(1:1) as air cathode were also made. Figure 5a displays
that the open-circuit voltage of CMT@CNT-based ZAB
(1.45 V) is comparable with that using Pt/C +1r/C (1.45 V),
which is higher than ZIF-C (1.41 V) and CMT-based ZABs
(1.32 V). Moreover, the battery with CMT@CNT elec-
trocatalyst shows a current density of 118.2 mA cm™ at
1.0 V, much higher than that of Pt/C +It/C (93.9 mA cm_z),
ZIF-C (63.8 mA cm™2), and CMT (27.6 mA cm™>) catalysts
(Fig. 5b). The peak power density of CMT@CNT-based
ZAB reaches 160.6 mW cm~2 at 198.8 mA c¢cm~2, which
is about 1.2, 1.7, and 3.8 times to that of Pt/C + Ir/C-based
(135.2 mW cm™ at 192.6 mA cm™?), ZIF-C-based (96.8
mW cm™2 at 164.5 mA cm™2), and CMT-based ZABs (42.3
mW cm™2 at 65.8 mA cm™2), respectively (Fig. 5b). Moreo-
ver, the CMT@CNT assembled ZAB exhibits a significant
higher specific capacity and energy density (781.7 mAh g/
and 930.2 Wh kg™!) than Pt/C +1r/C (696.4 mAh g;! and
814.8 Wh kg™") and ZIF-C (723.5 mAh g, and 853.7 Wh
kg~!) at a constant current density of 10 mA cm~2 (Fig. 5¢c),
which is one of the highest values among carbon-based
electrocatalysts (Table S5) [43-46, 48-50], indicating its
well application prospects. The cyclic stability and recharge-
ability of the constructed ZABs were further evaluated by
galvanostatic discharge—charge cycling curve (Fig. 5d).
The CMT@CNT-based ZAB shows an exceptionally supe-
rior stability for 117 h (351 cycles) at a current density of
20 mA cm™2, while Pt/C + Ir/C-based ZAB just maintained
about 57 h (171 cycles). Briefly, an initial charge voltage of
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2.14 V and discharge voltage of 0.97 V, as well as a volt-
age gap (AE, difference between charge voltage and dis-
charge voltage) of 1.17 V was produced on the CMT@
CNT-based ZAB. After galvanostatic discharge—charge
cycling test, the charge voltage, discharge voltage, and volt-
age gap of the CMT@CNT-based ZAB are 2.21, 0.95, and
1.26 V (increased by 7.7%), respectively, endowing CMT @
CNT a promising candidate for long-life ZAB (Fig. 5e). In
contrary, the initial voltage gap and the last voltage gap of
Pt/C +Ir/C-based ZAB are 0.91 and 1.63 V, respectively,
with a high growth rate of 79.1%, demonstrating a serious
decay in performance.

All-solid-state ZAB was also assembled with CMT@
CNT, zinc foil, and alkaline polyvinyl alcohol (PVA) gel
as air cathode, anode, and solid electrolyte, respectively, to
investigate its application for flexible and portable devices
(Fig. 5f) [51]. The CMT@CNT-based all-solid-state ZAB
displays an open-circuit voltage of 1.44 V and a power
density of 23.2 mW cm™2, higher than those of Pt/C +1Ir/C
(1.30 V, 14.8 mW cm™2), ZIF-C (1.38 V, 11.2 mW cm™),
and CMT (1.01 V, 4.1 mW cm™2) assembled all-solid-state
ZABs (Fig. 5g, h). The open-circuit voltage of 1.39, 2.78,
and 3.99 V was measured by multimeter for one, two, and
three CMT@CNT-based all-solid-state ZABs connected in
series (Fig. 51). The stable performance under different fold-
ing angle indicates a high flexibility and promising potential
in wearable electronics for CMT @CNT-based all-solid-state
ZAB (Fig. S15). Moreover, it also exhibits a satisfactory
cyclic stability and rechargeability with low AFE after 10 h
testing, much superior to Pt/C +1Ir/C ZAB (Fig. 5j). Two
CMT @CNT-based all-solid-state ZABs connected in series
can power a red light-emitting diode without brightness
change for 6 h, demonstrating the potential to satisfy the
energy demands for actual application (Fig. 5g inset).

It is known that the performance improvement of elec-
trocatalysts is hard to maintain stable as the mass load-
ing keep increasing, which is largely due to the limited
electrolyte diffusion process and the resulted dead vol-
ume [29]. As we mentioned above, the unique hierarchi-
cal microtube @nanotube core—shell nanostructure should
exert a significant effect on mass transport process and
thus enhance electrochemical performance. In order to
verify this state, the mass transport overpotential at a cur-
rent density of 50 mA cm™2 for CMT@CNT and ZIF-C-
based ZABs was extracted from the discharge polarization
curves (Fig. 6a). The CMT@CNT electrocatalyst shows
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Fig. 5 CMT@CNT, ZIF-C, CMT, and Pt/C + Ir/C-based ZABs and all-solid-state ZABs performance. a Open-circuit plots (inset: a schematic
illustration of ZAB based on CMT@CNT).b Discharge polarization curves and the corresponding power density plots. ¢ Specific capacity plots
of CMT@CNT, ZIF-C, and Pt/C +Ir/C-based ZABs. d,e Discharge and charge curves of CMT@CNT and Pt/C +Ir/C-based ZABs. f A sche-
matic illustration of all-solid-state ZAB based on CMT@CNT. g Open-circuit plots (inset: photograph of a red light-emitting diode powered by
two CMT@CNT-based all-solid-state ZABs connected in series) and h discharge polarization curves and the corresponding power density plots.
i Photograph of one, two, and three CMT @CNT-based all-solid-state ZABs in series displaying measured open-circuit voltage. j Discharge and
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a much smaller overpotential of 105.2 mV compared to
ZIF-C (188.4 mV), reflecting a significant boosted elec-
trolyte diffusion process. Moreover, the ZAB performance
under various mass loading was investigated for CMT @
CNT and ZIF-C. It is exciting that the power density of
CMT@CNT is gradually increasing from 51.7 to 196.6
mW cm~2 with a well linear trend when the mass loading
increasing from 0.5 to 3.0 mg cm™2, indicating a mass
loading independent behavior on this hierarchical micro-
tube @nanotube core—shell nanostructure (Fig. 6b, c).
However, the power density of ZIF-C grows much slower
than that of CMT@CNT as the increasing of mass loading
(Figs. 6¢ and S16).

It is reported that the hierarchical structured materials
could promote hydrophilic wetting of electrolyte more effec-
tively than bulk counterparts [33]. Thus, the structure advan-
tages of CMT@CNT were further validated by contact angle
measurements (Fig. 6d). The contact angle result reveals that
the electrolyte drop could penetrate deep into the film with
a contact angle from 113° to 15° in 15 s, demonstrating a

SHANGHAI JIAO TONG UNIVERSITY PRESS

higher surface hydrophilicity for CMT@CNT. On the con-
trary, the ZIF-C film shows a contact angle of 97° even after
90 s, demonstrating a higher electrolyte transport resistance.
Based on the above results, the greatly enhanced oxygen
electrocatalysis and ZAB performance of CMT@CNT over
the traditional bulk materials can be ascribed to the follow-
ing features (Fig. 6e): Firstly, the densely distributed CNT
nanoarrays on this CMT render themselves with high intrin-
sic electrocatalytic activity and well dispersive active sites.
Secondly, the CMT@CNT with hierarchical microtube @
nanotube core—shell nanostructure can offer a high spe-
cific surface area and efficient transport path for electrolyte,
which thus promote the contact between reactants and active
sites and enhance the utilization of active sites (Figs. 2h, 3e,
and 6d). Thirdly, the microtube skeleton could accelerate the
electron transfer process due to the high content of graphitic
carbon and graphitic-N (Figs. 2a, e, and 3f). Moreover, the
one-dimensional tubular structure intertwined with each
other could form a stable structure and thus deliver high
electrochemical stability (Figs. 3g, 4c, 5d, j).
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4 Conclusions

In summary, we have developed a facile synthetic approach
for preparing of hierarchical carbon microtube @nano-
tube core—shell nanostructure (denoted as CMT@CNT)
and discussed the structure—activity relationship when
employed in oxygen electrocatalysis and ZAB. The as-
obtained CMT@CNT exhibits an extremely outstand-
ing ORR and OER activity with a small potential gap
of 0.678 V, which exceeds that of most reported carbon-
based bifunctional electrocatalysts. The ZAB assembled
by this CMT@CNT demonstrates a high power density of
160.6 mW cm™ and specific capacity of 781.7 mAh g;!
as well as long cycle stability over 117 h (351 cycles)
at a current density of 20 mA cm~2. Moreover, CMT@
CNT maintains its ZAB performance well even under high
mass loading, which could meet the high demand of high
power density and energy density for advanced electronic
equipment. It is expected that the results will lend a new
impetus to the rational design of more hierarchical struc-
tured electrocatalysts for clean and highly efficient energy
conversion and storage technologies.
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