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A Highly Efficient Metal-Free Oxygen Reduction
Electrocatalyst Assembled from Carbon Nanotubes and

Graphene

Jia Yang, Haiyan Sun, Haiyi Liang, Hengxing Ji, Li Song, Chao Gao,* and Hangxun Xu*

The oxygen reduction reaction (ORR) at the cathode is an
important process for many state-of-the-art energy storage and
conversion devices that operate in alkaline (e.g., metal-air bat-
teries, alkaline fuel cells, chlor-alkali electrolyzers, etc.) or acidic
(e.g., proton-exchange-membrane fuel cells) media. However,
the ORR is a kinetically sluggish reaction which greatly affects
the chemical-electrical energy conversion efficiency.'™ So far,
Pt-based electrocatalysts are generally considered as the best
catalysts for ORR.>-®] The high cost and scarcity of Pt-based
materials, however, significantly limit the large-scale commer-
cialization of the above technologies. In addition, Pt-based
electrocatalysts still suffer from insufficient durability and poor
tolerance against carbon monoxide poisoning and methanol
crossover.® 11 Therefore, much effort has been devoted to
developing non-Pt materials as efficient, durable, and low-cost
electrocatalysts to substitute Pt-based materials for ORR.[12-23]
Heteroatom-doped carbons represent one of the most prom-
ising electrocatalysts for ORR due to their inherently unique
electronic and structural properties.?*28 Through careful
selection of carbon precursors and optimization of the carbon
nanostructures, significant progress has been achieved in
developing heteroatom-doped carbon materials as metal-free
electrocatalysts for ORR.?**! In principle, crystalline carbons
such as carbon nanotubes (CNTs) and graphene with good elec-
trical conductivities, excellent mechanical strengths, and large
surface areas are very promising candidates for advanced ORR
electrocatalysts.?*l However, the ORR performance for many of
the heteroatom-doped electrocatalysts based on CNTs or gra-
phene is still inferior to the commercial Pt/C catalyst, nonpre-
cious-metal catalysts, or even noncrystalline micro/mesoporous
carbon-based materials. This could be attributed to the fact
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that CNTs prefer to form bundles and graphene nanosheets
can easily restack with each other. Hence, their intrinsically
unique physical properties are not fully exploited for preparing
high-performance electrocatalysts. Recently, assembling CNTs
with graphene to form CNT/graphene hybrid materials has
been demonstrated to be an effective way to prevent stacking
of CNTs and graphene.*?* Electrochemical measurements
show that CNT/graphene hybrid materials have better electro-
chemical performance than that only consisted of CNTs or gra-
phene.?=#7] Until now, facile and effective methods to integrate
CNTs and graphene, which can yield hybrid materials with new
structural characteristics and prominent electrocatalytic activity
for ORR, are still rare and remain challenging.24347l In addi-
tion, the synthetic strategies currently used for synthesizing
ORR catalysts are generally difficult or impossible to scale up,
which poses another great challenge for realizing the large-
scale practical application of fuel cells and other energy conver-
sion devices.["8] Therefore, it is highly desirable to develop a
synthetic approach to produce highly efficient electrocatalysts
for ORR in a scalable and continuous manner.

Here, we demonstrate a one-step aerosol route to facile
assemble CNTs and graphene into hybrid nanospheres
(CGHNs). In this aerosol approach, assembly of CNTs and
graphene into CGHNs can prevent the formation of CNT bun-
dles and restacking of individual graphene sheets, effectively
increasing the specific surface area. The crumpled graphene
surfaces can also increase the reactive sites for ORR. Due to strong
m—7 interaction between CNTs and graphene, the CGHNs are
highly stable. Furthermore, such a hybrid structure could form
efficient charge transfer pathways with synergistically improved
electronic conductivity. All above characteristics are favorable
for enhancing the ORR activity. After doping with nitrogen and
phosphorus, as-obtained hybrid nanospheres (N,P-CGHNs)
with optimized structure exhibit superior ORR performance
to the commercial Pt/C catalyst (20 wt% Pt, Johnson Matthey)
in alkaline solution. While previous metal-free catalysts are
generally less effective toward ORR in acidic solution, our
N,P-CGHNs are found to show comparable catalytic activity
to Pt/C and exhibit even better performance after 5000 cycles
in 0.1 M HCIO,. Control experiments show that N,P-CGHNs
prepared using the aerosol method exhibit much higher ORR
performance than N,P-doped CNT/graphene hybrid materials
synthesized using hydrothermal and sol-cryo methods.[*2#
Furthermore, the performance of Zn-air batteries fabricated
with N,P-CGHNSs can outperform the commercial Pt/C cata-
lyst. The highly efficient electrocatalyst assembled from CNTs
and graphene via aerosol route is therefore a promising replace-
ment for Pt-based materials in many important electrochemical
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evaporation induced assembly in aerosolized droplets

graphene/carbon nanotube hybrid nanospheres

Figure 1. a) Schematic illustration of the process for co-assembling carbon nanotubes and graphene into hybrid nanospheres in rapidly evaporating
aerosol droplets. b) A photograph of the ultrasonic fountain and mist generated by a high-frequency ultrasound (1.7 MHz) from an aqueous disper-
sion containing oxidized carbon nanotubes and graphene oxides. c) A photograph and corresponding SEM image of the black powder collected from

the filter after aerosol processing.

energy conversion devices, including metal-air batteries and
fuel cells.

Figure 1la shows our procedure to fabricate CGHNs by
assembling CNTs and graphene in rapidly evaporating droplets
(the experimental setup is schematically shown in Figure S1,
Supporting Information). The aqueous solutions containing
oxidized CNTs and graphene oxides (GOs) with a total concen-
tration of 2 mg mL™ were nebulized to generate aerosol drop-
lets that flowed through a tube furnace preheated at 350 °C.
Micron-sized droplets generated by high-frequency ultrasound
(1.7 MHz) containing well dispersed oxidized CNTs and GOs
(Figure 1b) were transformed into black powders consisting of
individual nanospheres with crumpled textures (Figure 1c). The
apparatus is simple, continuous, and easily scaled up to mass
production.’% The final structure can be controlled by varying
the stoichiometric amounts of oxidized CNTs and GOs in the
precursor solution.

The structure and morphology of as-obtained hybrid mate-
rials were first examined using scanning electron microscopy
(SEM) and high-resolution transmission electron microscopy
(HRTEM). As shown in Figure S2a,c (Supporting Information),
aerosolization of oxidized CNTs produced entangled nano-
spheres with folded and twisted CNTs. Meanwhile, aerosoliza-
tion of GOs can lead to the formation of crumpled graphene
nanospheres, consistent with previous reports (Figure S2b,d,
Supporting Information).’>? Interestingly, when mixtures
of oxidized CNTs and GOs with different mass ratios were
nebulized and passed through the furnace, CGHNs with an
average size around 500-800 nm were obtained as shown in
Figure 2a—c. Particularly, the fibrillar structure could not be
observed in CGHNs compared to the pure CNT nanospheres
(Figure S2a, Supporting Information), indicating graphene
sheets formed a thin outer layer which can be clearly revealed
from HRTEM images (Figure 2d-f). HRTEM images also show
that the thickness of graphene coating directly correlates to the
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content of GOs in the mixtures of oxidized CNTs and GOs.
For hybrid nanospheres prepared from 1:5 mass ratio of CNTs
to GOs, there are five to six graphene outer layers coated on
CNTs (Figure 2g). When the mass ratio of CNTs to GOs varies
from 1:5 to 1:1, the number of graphene layers decreases to =3
(Figure 2h). Further decreasing the GO content leads to the
formation of only one to two graphene layers coated on CNTs
(Figure 2i). By contrast, there are eight to ten layers of graphene
in crumpled graphene nanospheres (Figure S2f, Supporting
Information).

This unique CNT/graphene hybrid nanostructure obtained
from aerosol process is likely caused by the different thermody-
namic behaviors of the oxidized CNTs and GOs in rapidly evap-
orating droplets. GOs are known to preferentially aggregate at
the solvent/gas interface due to their amphiphilic and flexible
nature in aqueous solutions.’3] Meanwhile, the large hydrody-
namic size of GOs also slows their movement from the drying
front. GOs, thus, accumulate as a multilayer film at the droplet
outer surface and collapse by capillary force at the late stage
of drying as observed in previous cargo-filled graphene nano-
sacks.P“>% By contrast, oxidized CNTs, which have the same
negative surface charge as GOs, tend to diffuse away from the
drying front and localize in the interior of drying droplets due
to their 1D fibrillar structure. Therefore, CNTs and GOs spon-
taneously segregate into CGHNs. This evaporation-induced
assembly approach is simple yet effective, with a very short pro-
cessing time of several seconds.’*? More importantly, it can
be operated in a continuous manner, avoiding batch-to-batch
variations.

X-ray photoelectron spectroscopy (XPS) indicated that the
oxygen content in CGHNs decreased after aerosol processing
(Table S1, Supporting Information). Since CNT and GOs were
only partially reduced, some surface functional groups such
as carboxyl, carbonyl, and epoxy groups were still present
in CGHNs as commonly seen in oxidized carbon materials.
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Figure 2. SEM and HRTEM images of CGHNs obtained from different mass ratios of CNT/graphene: (a,d) 1:5, (b,e) 1:1, and (c,f) 5:1. g-i) Enlarged

HRTEM images as indicated by the black squares in (d—f).

For example, deconvoluted C 1s peak (Figure S3, Supporting
Information) indicated the presence of C—0O (286.5 eV), C=0
(288 eV), O—C=0 (289 eV) groups in CGHNs assembled from
1:1 mass ratio of CNT/graphene. These oxygen-containing
groups are crucial for following doping process as they can
react with dopants and form new heteroatom-containing
active sites. Incorporation of heteroatoms (e.g., B, N, S, P)
into a carbon skeleton could effectively modulate the catalytic
sites, chemisorption energy of O, molecules, and local elec-
tronic structure of carbon materials, leading to enhanced ORR
activity.24-285758 As shown in Figure S4 (Supporting Informa-
tion), the ORR activity of the as-obtained CGHNs is very poor.
Thermal reduction with H, can improve the ORR performance
due to the increased electronic conductivity. Doping with N or P
could further effectively promote the electrocatalytic activity of
the nanospheres. But they still need to be improved to become
comparable with Pt/C and meet the requirement for practical
applications. Recent studies show that multiple-element doping
is better than single-element doping for improving the electro-
chemical activities.?*3l Note that N and P dual-doped carbon
materials have been proved to exhibit superior ORR perfor-
mance recently.**%8 Ag obtained nanospheres were then doped
with N and P to explore their ORR activity. They were first
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subjected to thermal treatment under NH; to make N-doped
CGHNs. P element was then introduced into the above mate-
rials by reannealing with triphenylphosphine under Ar atmos-
phere to achieve N,P-CGHNs. Elemental analysis indicated
that the carbon, nitrogen, phosphorus, and oxygen contents in
N,P-CGHNs prepared from 1:1 mass ratio of CNT/graphene
are 92.69, 3.26, 0.05, and 3.9 wt%, respectively. Electrochemical
measurements (Figure S4, Supporting Information) confirmed
that N,P-doped samples exhibited much higher catalytic activity
toward ORR compared to those only doped with either N or P.
The possible reason is that additional doping a small amount of
P element which is a good electron donor into N-doped carbon
can enhance the charge delocalization and asymmetric spin
density of carbon atoms and can also increase active sites for
ORR.B*%¢] Therefore, N-doping and P-doping could synergisti-
cally enhance the electrocatalytic activity for ORR. No obvious
structural changes can be observed from SEM images after
sequential thermal treatment as shown in Figure S5 (Sup-
porting Information). According to powder X-ray diffraction
patterns (Figure S6, Supporting Information), the peak at
20=26° corresponding to crystalline carbon structures remained
unchanged after doping. Such hybrid nanospheres are very
robust and highly stable due to strong 77 interaction between
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CNTs and graphene. They still maintained integral structures
even after 30 min sonication in water using a 150 W ultrasoni-
cator (Figure S7, Supporting Information). This unique feature
renders N,P-CGHNs to show excellent stability when used as
electrocatalysts for ORR in aqueous electrolytes.

Raman characterization showed that N,P-CGHNSs exhibited
much higher Ip/I; ratios compared to pristine mixtures of
oxidized CNTs and GOs and CGHNs, indicating more defects
and edge sites were created after doping (Figure S8, Sup-
porting Information). XPS measurements were conducted to
investigate the surface chemical composition of N,P-GCHNs
prepared from different mass ratios of CNT/graphene. From
Table S2 (Supporting Information), we can see that as-pre-
pared N,P-CGHNs contained different amounts of C, N, P,
and O, indicating both N and P atoms were doped into the
carbon skeleton. The presence of oxygen could be ascribed to
the remaining oxygen-containing functional groups and phys-
icochemically adsorbed small molecules (e.g., H,0, CO,, and
0,) on nanospheres.[31565 High resolution XPS spectra can
provide more information about the bonding configuration of
the dopants. Therefore, the N 1s and P 2p spectra were further
deconvoluted to reveal the bonding information of N and P ele-
ments. For example, various nitrogen bonding states such as
pyridinic N' (398.3 eV) (46.5%), amine N (399.4 eV) (10.7%),
pyrrolic N (400.1 eV) (17.8%), and graphitic N (401.4 eV) (25%)
can be distinguished from the high resolution N 1s spectrum
in N,P-CGHNSs prepared from 1:1 mass ratio of CNT/graphene
(Figure S9c¢, Supporting Information). Both pyridinic and gra-
phitic N were generally considered as efficient active sites for
oxygen reduction.'>1”) The high content of pyridinic (46.5%)
and graphitic N (25%) thus should be beneficial for enhancing
ORR activity. Elemental mapping revealed that the incorporated
nitrogen and phosphorus atoms were homogeneously distrib-
uted in the entire nanospheres (Figure S10, Supporting Infor-
mation). The P 2p spectrum (Figure S9d, Supporting Informa-
tion) was deconvoluted into two peaks located at 133 eV and
134 eV, which can be ascribed to P—C and P—O bonding,
respectively.36466] N,P dual-doped carbon could further lower
the charge-transfer resistance compared to those only doped
with N or P as revealed by electrochemical impedance spectros-
copy (EIS) measurements, which is desired for improving ORR
activity (Figure S11, Supporting Information).

N,P-CGHNSs prepared from different mass ratios of CNT/gra-
phene were initially screened by rotating disk electrode (RDE)
measurements in 0.1 M KOH and 0.1 M HCIO, to compare their
ORR performance. The highest ORR activity was observed for
N,P-CGHNs with 1:1 mass ratio of CNT/graphene in terms of
the onset potential (Eqpge), half-wave potential (Ejj), and dif-
fusion-limiting current (Figure S12, Supporting Information).
This could be due to the highest specific surface area (Figure S13,
Supporting Information), lowest charge-transfer resistance
(Figure S14, Supporting Information), and optimal heteroatom
doping (Table S2, Supporting Information) formed at this mass
ratio. Therefore, in the following section, we mainly discuss the
ORR performance of N,P-CGHNSs prepared from 1:1 mass ratio
of CNT/graphene unless otherwise specified.

To examine the electrocatalytic activity of N,P-CGHNs in
alkaline media, cyclic voltammetry (CV) measurements were
carried out in O,- and Ar-saturated 0.1 v» KOH. A commercial
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Pt/C catalyst (20 wt%, Johnson Matthey) was used for com-
parison. As shown in Figure S15 (Supporting Information), the
CV curves exhibit a pronounced peak in O,-saturated electrolyte
whereas only featureless double-layer charging current can be
observed in Ar-saturated electrolyte, implying that these cata-
lysts possess ORR activity. The peak potential at 0.820 V versus
reversible hydrogen electrode (RHE) afforded by N,P-CGHNs
is comparable to that of Pt/C (0.824 V). The linear-sweep vol-
tammetric (LSV) curves in Figure 3a confirm that N,P-CGHNs
exhibit prominent electrocatalytic performance with an Ege
of 0.94 V vs RHE and an E;;, of 0.82 V vs RHE. These values
are higher than those of Pt/C tested under the same conditions
(Eonset = 0.93 V and Ej;, = 0.81 V), and outperform most previ-
ously reported metal-free ORR catalysts (Table S3, Supporting
Information). The electron transfer number (n) per oxygen
molecule for ORR can be calculated from the LSV curves
according to the Koutechy-Levich (K-L) equation (Figure 3b).
And the value of n is determined to be 4, suggesting a four-
electron pathway for ORR.

To further evaluate the ORR performance of the N,P-CGHNs
catalyst, we conducted rotating ring-disk electrode (RRDE)
measurements. As shown in Figure 3c, the Egu and Ejp
of N,P-CGHNSs are superior to those of Pt/C. The diffusion-
limiting current also suggests a better performance of N,P-
CGHNs (e.g., 5.90 mA cm™ at 0.2 V vs RHE) than that of Pt/C
(5.28 mA cm?). The average electron transfer number calcu-
lated from the RRDE measurements at all potentials is 3.95,
which is close to the value calculated from Pt/C (3.94), further
confirming the desired four-electron oxygen reduction process.
RRDE results indicate that the H,0, yield measured with the
N,P-CGHNs remained below 6% at all potentials and dropped
to 0.6% at 0.8 V vs RHE, indicating N,P-CGHNs have extremely
high ORR catalytic efficiency. N,P-CGHNs also show high sta-
bility for ORR, as confirmed by the absence of an ORR polari-
zation curve shift after 5000 cycles (Figure 3e), while there is
a 40 mV loss of Ey, for the Pt/C catalyst under the same con-
ditions (Figure S16, Supporting Information). In addition, the
tolerance of the N,P-CGHNs and Pt/C catalysts toward MeOH
was determined by adding 1.0 M MeOH into 0.1 m KOH elec-
trolyte. CV curves (Figure S17a, Supporting Information) for
N,P-CGHNs show no obvious change with the addition of
MeOH. By contrast, typical methanol oxidation behavior can be
observed on Pt/C catalyst in the presence of MeOH in 0.1 M
KOH (Figure S17b, Supporting Information). The LSV curves
(Figure 3f) for N,P-CGHNs show negligible variation with the
addition of 1 M MeOH, but a negative shift of 70 mV in E;, for
the Pt/C catalyst can be observed (Figure S18, Supporting Infor-
mation). These results suggest that N,P-CGHNs have much
Dbetter selectivity and stability than the commercial Pt/C catalyst.

Up to now, very few reports on metal-free electrocatalysts
have shown high ORR performance in both alkaline and acidic
media.[?3040:45.64 Interestingly, our N,P-CGHNs are also active
and durable for ORR in acidic electrolyte. The CV curves indi-
cate a significant reduction process occurred for N,P-CGHNS,
with a pronounced cathodic ORR peak at 0.63 V vs RHE in
O,-saturated 0.1 m HCIO, (Figure S19, Supporting Informa-
tion). As shown in Figure 4a, in 0.1 M HCIO, solution, the
ORR polarization curve of N,P-CGHNSs exhibits a high E
(=0.90 V) which is close to that of the Pt/C catalyst (0.96 V)
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Figure 3. a) LSV curves of N,P-CGHNSs and Pt/C in O,-saturated 0.1 m KOH. b) LSV curves of N,P-CGHNs in O,-saturated 0.1 m KOH at various rota-
tion speeds. c¢) RRDE voltammograms and (d) peroxide yield with regard to the total oxygen reduction products and the calculated electron transfer
number of N,P-CGHNs and Pt/C in O,-saturated 0.1 m KOH. e) Durability test of the N,P-CGHNs catalyst for 5000 cycles in O,-saturated 0.1 m KOH.
f) LSV curves of N,P-CGHNs in O,-saturated 0.1 v KOH with and without 1 m MeOH. Electrode rotation speed: 1600 rpm; scan rate: 10 mV s7.

and the difference in Ey;, is only 70 mV. Compared to other
metal-free and nonprecious metal-based ORR catalysts reported
in the literature, our catalyst exhibits one of the highest elec-
trocatalytic ORR activities (Table S4, Supporting Information).
The electron transfer number of N,P-CGHNs derived from K-L
plots (Figure 4b) is 3.9, indicating a four-electron pathway dom-
inated the ORR process. RRDE polarization curves (Figure 4c)
also reveal comparable E, . for N,>-CGHNs and Pt/C cata-
lyst. The H,0, yield on the N,P-CGHNs in acidic solution is
below 10% over the measured potential range (Figure 4d). The
average electron transfer number calculated from the RRDE
measurements at all potentials is 3.9, which is close to the value
calculated from Pt/C (3.95). The polarization curve recorded
after 5000 cycles shows a negative shit of Ey;, of 20 mV for N,P-
CGHNs catalyst (Figure 4e), while there is a 140 mV loss of Ej
for the Pt/C catalyst under the same conditions (Figure S20,
Supporting Information), indicating the durability of N,P-CGHNs
catalyst is superior to that of Pt/C. In fact, our N,P-CGHNs

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

catalyst can outperform the commercial Pt/C catalyst after 5000
cycles, as determined from LSV curves (Figure S21, Supporting
Information). N,P-CGHNs were also tested for the possible
crossover effect caused by MeOH. Obviously, the peak current
for N,P-CGHNs remains unchanged in the presence of MeOH
(Figure S22a, Supporting Information), whereas Pt/C shows a
significant MeOH oxidation current (Figure S22b, Supporting
Information), implying that our metal-free N,P-CGHNs catalyst
shows high selectivity for ORR with strong tolerance to cross-
over effect in acidic solution.

Previously, CNT/graphene complexes synthesized from
oxidation of few-walled carbon nanotubes showed that high
ORR activity actually originated from iron-containing active
sites formed during synthesis.*®! Purified carbon nanotube-
graphene complexes exhibited significantly lower ORR activity.
We then investigated whether the trace amount of iron species
(=0.09 wt%, as determined from inductively coupled plasma
mass spectrometry (ICP-MS)) in our N,P-CGHNs could be the

Adv. Mater. 2016, 28, 4606—4613
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Figure 4. a) LSV curves of N,P-CGHNs and Pt/C in O,-saturated 0.1 m HCIO,4. b) LSV curves of N,P-CGHNs in O,-saturated 0.1 m HCIO, at various
rotation speeds. c¢) RRDE voltammograms and (d) peroxide yield with regard to the total oxygen reduction products and the calculated electron transfer
number of N,P-CGHNs and Pt/C in O,-saturated 0.1 m HCIO,. e) Durability test of the N,P-CGHN's catalyst for 5000 cycles in Op-saturated 0.1 m HCIO,.
f) LSV curves of N,P-CGHNss in O,-saturated 0.1 m HClO, with and without 1T m MeOH. Electrode rotation speed: 1600 rpm; scan rate: 10 mV s™'.

cause for the exceptional ORR performance. Thiocyanate ions
(SCN") are known to coordinate with iron species to form stable
complexes and hence poison the iron-containing catalytic sites in
acidic conditions. If iron species are the actual sites for ORR, the
activity will be suppressed upon adding SCN~ ions.®] As shown
in Figure S23 (Supporting Information), SCN™ ions in 0.1 M
HCIO, solution have negligible influence on the ORR perfor-
mance for our N,P-CGHNs catalyst. This study strongly suggests
that trace iron residues do not contribute to the ORR activity.”"!
To further demonstrate the advantages of using these unique
N,P-CGHNs produced via aerosol-assisted assembling approach
in ORR, the electrocatalytic performance of N,P-doped CNT/gra-
phene hybrid materials prepared using other common methods
such as hydrothermal processi*?l and sol-cryo method™) is
examined under the same conditions. As shown in Figure S24
(Supporting Information), the ORR polarization curves of
N,P-CGHNs exhibit much higher E,; and E;; compared to
the N,P-doped CNT/graphene hybrid materials prepared using
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other methods. EIS measurements (Figure S25, Supporting
Information) reveal that the N,P-CGHNSs exhibit much smaller
charge transfer resistance compared to the N,P-doped CNT/gra-
phene hybrid materials prepared using hydrothermal process
or “sol-cryo” method. Therefore, our study clearly indicates that
N,P-CGHNSs assembled using the aerosol method are very effi-
cient in shuttling electrons from electrode to solution, and the
electrocatalytic activity for ORR 1is superior to those CNT/gra-
phene hybrid materials synthesized using other methods.
Finally, we constructed a Zn-air battery to evaluate the
potential of our catalyst for real energy conversion devices.
Commercial Pt/C catalysts were also tested under the same
conditions for comparison. Open-circuit voltages of 1.50 and
1.49 V were measured for N,P-CGHNs and Pt/C, respec-
tively (Figure S26, Supporting Information), suggesting that
N,P-CGHNs performed as a very good electrocatalyst for
ORR wunder practical conditions. Galvanostatic discharge
tests at 5 and 25 mA cm™ showed that the performance of
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Figure 5. a,b) Galvanostatic discharge curves of Zn—air batteries with N,P-CGHNs and Pt/C as cathode catalysts at two different current densities:

(a) 5 mA cm™?

and (b) 25 mA cm™. c) Long-term galvanostatic discharge curves of Zn-air batteries with N,P-CGHNs and Pt/C as cathode catalysts

until complete consumption of the Zn anode. The specific capacity was normalized to the mass of consumed Zn. d) Long-time durability of the Zn-air
battery using N,P-CGHNs catalyst at a current density of 2 mA cm™. The battery can be recharged by replenishing the Zn anode and the electrolyte.

The recharging process is indicated by an arrow.

N,P-CGHNs-based Zn-air battery was superior to that of Pt/C-
based Zn-—air battery (Figure 5a,b). The specific capacity of N,P-
CGHNs-based battery normalized to the mass of consumed Zn
was 712 mAh g! at the discharge density of 5 mA cm™ (cor-
responding to an energy density of =872 Wh kg™) (Figure 5c).
When the current density was increased to 25 mA cm™, the
specific capacity of the battery was 684 mAh g™! (corresponding
to an energy density of =781 Wh kg™!). These values are higher
than those of Zn-air batteries using Pt/C catalyst (833 Wh kg!
at 5 mA cm™2, 744 Wh kgt at 25 mA cm‘z), an indication of
excellent catalytic performance of N,P-CGHNs loaded on the
air electrode. After complete discharging, the battery can be
recovered by refueling the Zn anode and electrolyte periodically
without visible voltage loss (Figure 5d), highlighting again the
excellent stability of the N,P-CGHN s catalyst.

In conclusion, we have demonstrated a facile route to
assemble CNTs and graphene into robust hybrid nanospheres
as a new class of metal-free electrocatalyst for ORR. Integration
of CNTs and graphene into the hybrid nanospheres can syn-
ergistically enhance the electronic conductivity and increase
the specific surface area. After doping with nitrogen and phos-
phorus, such prepared hybrid nanospheres are found to exhibit
higher ORR activity, better stability, and better methanol tol-
erance for ORR than the commercial Pt/C catalyst in alkaline
solution. In addition, our new hybrid catalyst also shows a com-
parable ORR onset potential and much better stability than the
commercial Pt/C catalyst in acidic solution. When used as an

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ORR catalyst in the air electrode for Zn—air battery, our metal-
free catalyst can outperform the state-of-the-art Pt/C catalyst.
Our study provides a new synthetic method and design strategy
for preparing novel metal-free ORR electrocatalysts from CNTs
and graphene for electrochemical energy conversion devices.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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