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Topological Defects in Metal-Free Nanocarbon for

Oxygen Electrocatalysis

Cheng Tang, Hao-Fan Wang, Xiang Chen, Bo-Quan Li, Ting-Zheng Hou, Bingsen Zhang,
Qiang Zhang,* Maria-Magdalena Titirici,* and Fei Wei*

Modern life and society rely on energy more than ever. How-
ever, the current energy systems based on fossil fuels are con-
fronted with grand challenges due to their finite resources and
in particular the associated CO, emissions leading to climate
change and environment destruction. Therefore, new and sus-
tainable energy sources are necessary and, as a consequence,
effective energy storage technologies need to be developed.
Among several alternatives, regenerative fuel cells~ and
rechargeable metal-air batteries®7! have generated great expec-
tations over the last decades. In spite of the substantial progress
achieved in cathodes, anodes, and electrolyte, these prototypes
suffer from poor energy efficiency due to the pronounced over-
voltage and a low power capability, limited by the attainable cur-
rent density.®l In both cases, oxygen electrodes with satisfactory
electrocatalytic activities for oxygen reduction/evolution reac-
tions (ORR/OER) are required for the regenerative operation
and to accelerate these sluggish processes, thereby shrinking
the potential gap between OER and ORR.[!

Enormous research efforts have been therefore directed
towards the development of bifunctional ORR/OER catalysts.
Among the most promising ORR/OER catalysts, perovs-
kites,[*9 transition metal/metal oxides,*'% and carbon-based
materials and their composites™-18 have been explored. In
particular, metal-free nanocarbon materials have been inten-
sively investigated recently, due to their remarkable activity,
high conductivity and flexibility, the tunable structure and
surface chemistry, facile preparation, and economic viability.
Heteroatom-doped (N, O, B, P, S, Si, etc.) carbon nanomaterials
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are generally considered as excellent ORR catalysts under alka-
line conditions.%-34 Additionally, some nitrogen-doped carbon
materials have also shown considerable OER activities, but a
limited durability.[35-37]

The current theory behind the origin of electrocatalytic
activity in heteroatom-doped carbon materials is based on the
electroneutrality break and electron transfer induced by the
heteroatom doping. Additionally, the surface functional groups,
edge dangling bonds, and defective sites in nanocarbon mate-
rials also contribute to their electrocatalytic activity.11217.21,38.39]
Carbon nanostructures with higher edge exposure for the
appropriate incorporation of nitrogen,d especially within
the distance of edge effect,'217 are likely to be more active.
Recently, it has been demonstrated that even dopant-free nano-
carbon can deliver excellent ORR activity, which was attributed
to the edge sites.[*!] However, up to now, the exact active sites in
nanocarbon materials and their specific roles during ORR and
OER remain elusive and controversial. Therefore, new insights
into the origin and the role of nanocarbon active sites are very
important for a better understanding and a rational design of
metal-free carbon-based bifunctional catalysts for both ORR
and OER.

In this contribution, we report a novel heteroatom-doped
and edge-rich graphene material (nitrogen-doped graphene
mesh, denoted as NGM hereinafter). This material was used
as a model system to investigate the origin of electrocatalytic
activity in nanocarbon catalysts both for ORR and OER. The
NGM was obtained via the direct carbonization of sticky rice as
carbon precursor, melamine as nitrogen source, and Mg(OH),
as template. This material exhibited a remarkable performance
in both ORR and OER and it can be rated as one of the best
metal-free bifunctional carbon catalysts ever reported. The
effects of nitrogen doping, and edge defects were probed and
first-principles simulations were carried out in order to eluci-
date the underlying mechanisms behind this remarkable per-
formance. The results reveal the critical importance of edge
and topological defects in the activity origin of metal-free nano-
carbon materials for oxygen electrocatalysis. A nitrogen-free
configuration with adjacent pentagon and heptagon carbon
rings exhibits the lowest overpotential with 0.14 V for ORR and
0.21V for OER.

The fabrication of NGM is illustrated in Figure 1a. A uni-
formly mixed ternary slurry was fabricated via in-situ precipita-
tion of Mg(OH), as a template precursor, gelatinized sticky rice
as a carbon source and melamine as a nitrogen source, followed
by natural drying, carbonization and purification (see details in
the Supporting Information). Undoped graphene mesh (GM)
was also prepared as a reference, under otherwise identical
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Figure 1. Synthesis and morphology characterization of NGM materials for bifunctional oxygen electrocatalysis. a) Schematic of the fabrication of NGM
materials: i) ternary slurry in situ fabricated with templates, carbon source, and nitrogen source. ii) Casting of NGM on MgO templates at 950 °C.
iil) NGM obtained after the removal of MgO templates and purification. b) SEM image showing the porous framework. ¢) TEM image showing the
interconnected nanoplates of NGM. d) High-resolution TEM image of the porous graphene sheets. e) TEM image of the graphene layer, and corre-
sponding f) N and g) C energy-filtered TEM images. h) Typical nitrogen and carbon K-edge EELS spectra of NGM.

conditions without the melamine addition. Both NGM and GM
were employed as model electrocatalysts for ORR/OER.

The reason we choose gelatinized sticky rice as a carbon
precursor is its uniform permeability and strong binding with
inorganic templates. In fact, sticky rice has been already used
as a binder for the Great Wall and other Asian traditional archi-
tectures. Herein, the as-obtained ternary precursors exhibit a
range of sharp X-ray diffraction peaks, which can be mainly
indexed to Mg(OH), and NaCl (Figure S1, Supporting Infor-
mation). The scanning electron microscopy (SEM) images in
Figure S2 (Supporting Information) show a hexagonal shape
of Mg(OH), flakes with carbon/nitrogen uniformly wrapped.
After the high temperature carbonization, the morphology of
hexagonal flakes is maintained (Figure S3, Supporting Infor-
mation). The yield of carbon herein is 4.8 £ 0.3 wt% of the

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

ternary precursors determined by thermogravimetric analysis
(Figure S4, Supporting Information).

Ultrathin graphene flakes with a lateral size of =250 nm are
obtained and self-assembled into a porous and hierarchical
scaffold (Figure 1b—e and Figure S5, Supporting Information).
Notably, the graphene flakes are dominantly few-layer type with
nanosized holes all over the plane (Figure 1d and Figure Sbc,
Supporting Information). The energy-filtered transmission
electron microscopy images (Figure 1f,g) indicate a homoge-
neous distribution of both C and N in the as-obtained NGM.
As shown in Figure 1h, the characteristic ©° and ¢~ transitions
at =285.0 and 292.5 eV in the carbon K-edge spectrum suggest
the sp? hybridization state of carbon in NGM.*2 The peak at
=401.5 eV in the nitrogen K-edge spectrum is assigned to the
substitutional nitrogen configurations, such as the graphitic N,
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Figure 2. Structural characterization and properties of NGM materials. a) N, sorption isotherms of NGM and GM, inset figure illustrates the pore size
distribution. b) Raman spectra of NGM and GM. c) The high-resolution N 1s XPS spectrum of NGM.

and the broad ¢" band around 408.5 eV is commonly ascribed
to the pyridinic N conformation,*l which is recently demon-
strated as the origin of active sites in nitrogen-doped carbon
materials.[*l This type of EELS feature indicates the dominantly
spZ-hybridized N—C bonds in NGM.2

The porosity of the as-fabricated NGM/GM was further
evaluated by nitrogen adsorption (Figure 2a). The specific sur-
face area is as high as 1655 m? g for GM and 1100 m? g!
for NGM. The pore size distribution dominantly exhibits a
mesoporous structure (Table S1 in the Supporting Informa-
tion, inset of Figure 2a), in good agreement with the TEM
images. The porous MgO derived from Mg(OH), provides on
one hand an efficient substrate to catalyse the decomposition
of carbon/nitrogen sources, resulting in ultrathin graphene
layers with a mesoporous framework and 3D conductive scaf-
fold (NGM: =1.2 S cm™, GM: =5.8 S cm™1).45-471 While on the
other hand, the in-situ released water vapor and gas from the
precursor decomposition and the random nucleation-growth
behaviors from different sites of precursors on the substrate
generate micro holes and edge sites. The resulting NaCl
by-products can also serve as effective pore-forming agents
(Figure S6, Supporting Information).! The considerable
amount of holes and edge defects in our material are further
confirmed by the relatively high intensity of D bands in the
Raman spectra (Figure 2b). The slightly higher Ip/lg ratio of
NGM with respect to GM (1.24 vs 1.11) is ascribed to the het-
eroatom-induced functionalities. X-ray photoelectron spectros-
copy (XPS) survey spectra reveal a high N content of =7.60 at%
for NGM, while only traces of heteroatom doping (=0.41 at%) is
recorded for GM. These nitrogen impurities originate from the
natural sticky rice (Figure S7, Supporting Information). No sig-
nals of metal species are detected as there is no employment of
metal precursors during the entire material fabrication. The N
1s spectra are deconvoluted into dominant pyridinic N, pyrrolic
N, and quaternary N (Figure 2c and Figure S8, Table S2, Sup-
porting Information), in good agreement with the EELS results.
Such doping-derived sites and edge-rich holes are expected to
act as active sites in the electrocatalytic reactions,[12:17:40.44.49]

The electrocatalytic performance of NGM was first investi-
gated on a rotating disk electrode (RDE) with a mass loading
of =0.25 mg cm=2. All potentials are calibrated to a revers-
ible hydrogen electrode (RHE). As presented in Figure 3a,
the iR-corrected linear scan voltammogram (LSV) profile in
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O,-saturated solution reveals its superior ORR activity with a
high current density approaching 7.5 mA cm=2 at 0 V vs RHE
in 0.10 m KOH. The real ORR current density is obtained after
subtracting the capacitive current (in N,-saturated electrolyte)
from the O,-saturated current.! It is notable that the NGM
catalysts exhibit a very good activity in 0.10 m HCIO, solution
as well, with a high current density approaching 6.0 mA cm=,
The much more negative onset potential (Eqnset) SUggests dis-
tinct active sites for ORR in different electrolytes, neverthe-
less, it is comparable with other metal-free catalysts in acidic
conditions.*

To further evaluate the ORR performances and pathways,
rotating ring-disk electrode (RRDE) measurements were carried
out. From the disk current density curves in Figure 3b, it can be
observed that the E,.: and half-wave potential (E;;;) of NGM
(Eonset = 0.89, Eq» = 0.77) are slightly lower than the commer-
cial 20 wt% Pt/C (Eypset = 0.94, E;/» = 0.80), but a much higher
diffusion-limiting current density of 6.41 mA cm= is obtained
compared with Pt/C (4.97 mA cm™). In the case of GM, in
spite of a much lower N content, a high current density about
5.72 mA cm can be detected, while the overpotential is much
larger than NGM (Egnset = 0.83, Ey/» = 0.68). If we normalize the
current (at 0.47 V) with respect to the amount of N dopants, the
specific current density of GM catalyst (3.27 mA ugy™) greatly
surpasses that of NGM (0.26 mA pgy™), and even higher than
the best reported result (NGSH, 2.60 mA pgy ™). NGM and
GM share similar structures and porosity features, but deliver
very different catalytic activities. Therefore, obviously the elec-
trocatalytic activity does not only originate from the nitrogen
dopants. To further elucidate this behavior, we prepared a
nitrogen-doped graphene material (NG) with a similar N con-
tent of 7.48 at% but fewer in-plane holes and edges (Figure S9,
Tables S1 and S2, Supporting Information). It was obtained by
a hydrothermal treatment of graphene oxides as carbon pre-
cursors and urea as a nitrogen source. Interestingly, when an
even higher N content is doped into the nanocarbon, the cur-
rent density of NG is much lower than GM, strongly indicating
the importance of the hole-induced edge sites in addition to the
nitrogen dopants.

The electron transfer number per O, (n) is determined from
the RRDE profiles (Figure 3c). NGM exhibits a similar n to Pt/C
(around 3.8) over the whole potential range of 0.0-0.8 V, sug-
gesting a dominant four-electron pathway of ORR. However,
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Figure 3. ORR performances of NGM materials. a) LSV curves of NGM obtained in O, or N,-saturated 0.10 m KOH or 0.10 m HCIO, solutions. The
difference between the current densities of O, or N,-saturated tests is assigned to the real ORR current (solid curves). All LSV profiles of ORR are
obtained with such correction. b) The disk current densities (bottom) and ring current densities (top) recorded on an RRDE. c¢) Electron transfer
number (n) derived from the LSV curves in RRDE measurements. d) Chronoamperometric response of NGM in O,-saturated 0.10 m KOH with the
addition of KSCN (resulting in an electrolyte with 10 x 10-3m KSCN). e) Arrhenius plots of Pt/C and NGM, showing the log of exchange current density
jo versus the inverse temperature 1/T, and the inset presents the calculated ORR apparent activation energies. f) ORR chronoamperometric responses
at a constant potential of 0.60 V versus RHE for NGM, GM, and Pt/C. The rotating rate was 1600 rpm and a scan rate was 10 mV s for all tests. All

electrodes were prepared with the same mass loading of =0.25 mg cm™2.

in the case of both GM and NG, n is much lower (2.5-3.2),
revealing a different reaction pathway and clearly supporting
the synergy between nitrogen doping and edge defects for
NGM. Remarkably, the n of NGM obtained in 0.10 m HCIOy, is
also approaching 4, even higher than that obtained in alkaline
electrolytes. It further indicates superb activities of NGM in
both acidic and alkaline conditions. To determine the origin of
the superior activity, SCN~ ions were introduced into the elec-
trolyte to strongly coordinate and poison iron-based catalytic
sites if any (Figure 3d). Remarkably, no activity loss of the NGM
electrode is observed after the addition of KSCN, corroborating
the high intrinsic activity of this novel metal-free nhanocarbon
catalyst.

A noticeable increase (negatively) in the current densities
with increasing temperature from 5 to 40 °C is observed for
both Pt/C and NGM (Figure S10, Supporting Information),
while the Tafel slopes decrease gradually (Figure S11, Sup-
porting Information). This observation indicates that the ORR
activity is mainly determined by the surface adsorption of
oxygen species in a Frumkin-type behavior.®l Additionally, the
apparent activation energy (E,) for ORR is evaluated from the
Arrhenius plots of the log of the exchange current density (jo)
versus the inverse of temperature (Figure 3e).5051 It is revealed
that the E, of NGM is about 35.5 k mol~2, and approaches the
value of Pt/C (31.4 k] mol™?), directly verifying the high electro-
catalytic activity of NGM.

Furthermore, both NGM and GM exhibit superior ORR
durability as revealed by the chronoamperometric responses

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

(Figure 3f) at a constant potential of 0.60 V vs RHE. The ORR
current retains as high as 98.5% of the initial value for NGM,
even after 8.0 h tests in 0.10 m KOH. The LSV curve obtained
after the long-period catalysis exhibits no change (Figure S12,
Supporting Information). In contrast, Pt/C only retains 82.3%
of its initial current. More remarkably, the NGM delivers
a nearly constant current in 1.0 m KOH for more than 10 h,
which further suggests the excellent stability of NGM catalysts
for ORR (Figure 3f).

Both heteroatom dopants and edge-induced topological
defects have been considered to redistribute the local electron
density and provide a stronger affinity to the intermediates.
This rationalizes the observation that NGM exhibits superior
ORR activity and the ORR performance of GM is superior to
NG despite of much lower nitrogen content. The more edge
defects and edge-site doping in GM exist, the more effective
active sites for ORR are generated. To further elucidate our
experimental observations and confirm the activity origins,
density functional theory (DFT) calculations were conducted
based on the four-electron pathway mechanism for both ORR
and OER (see details in the Supporting Information). Consid-
ering all the possible active sites derived from the nitrogen-
doping, topological defects, and edge effects, several models
are proposed systematically, including pyrrolic nitrogen (PR),
pyridinic nitrogen (PN), quaternary nitrogen on the edge (Q),
quaternary nitrogen in the bulk phase (QN), five-carbon ring
(C5), seven-carbon ring (C7), and five-carbon ring adjacent to
seven-carbon ring (C5+7), compared with the pristine graphene

Adv. Mater. 2016, 28, 6845-6851
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Figure 4. DFT calculations of ORR/OER activities for metal-free nanocarbon materials. a) A schematic graphene nanoribbon with different kinds of
N-doping or topological defects. PR: pyrrolic nitrogen; PN: Pyridinic nitrogen; Q: quaternary nitrogen on the edge; QN: quaternary nitrogen in the bulk
phase; C5: five-carbon ring; C7: seven-carbon ring; C5+7: five-carbon ring adjacent to seven-carbon ring. b) ORR and OER volcano plots of overpotential
versus adsorption energy of OH”, indicating the C5+7 as the optimal active site for both ORR and OER electrocatalysis. ¢) Optimized adsorption struc-
ture of C5+7 interacting with O, OH, and OOH species (from top to bottom). Calculated free energy diagrams of ORR at pH = 0 for the d) graphene
nanoribbon with C5+7 defect and e) pyrrolic nitrogen dopant. The carbon, hydrogen, oxygen, and nitrogen elements are represented by gray, white,

blue, and red, respectively in panels (a) and (c).

nanoribbon (G) as illustrated in Figure 4a and Figure S13 (Sup-
porting Information). The overpotential for each active site
is calculated to serve as the vital figure-of-merit (Figure 4b,
Figure S14, Table S3, Supporting Information).

Unexpectedly, for ORR catalysis, the N-doped moie-
ties present a relatively higher overpotential compared to
the pristine graphene nanoribbon, except for the PR con-
figuration (Figure Sl14a, Supporting Information), which
is different from Xia and co-workers’ results.'2 Among
all nitrogen doping-induced sites, the sites near the edge
exhibit a much lower overpotential, indicating the impor-
tance of edge effects, in consistency with previous calcula-
tions (Figure S14b, Supporting Information). However, the
QN delivers an enhanced activity for OER compared with
other doping-induced sites, suggesting that the favorable
active sites for ORR and OER are distinct.[11.12]

Topological defects are always induced upon heteroatom
doping and they can also provide ORR electrocatalytic activity,
for example, the nitrogen pair doped Stone-Wales defect.[52
When these defects are considered, such as pentagon and hep-
tagon carbon rings, the overpotential for ORR is remarkably
decreased in our DFT calculation. The C5 can greatly reduce
the overpotential by 0.33 V compared with the G. It is notable
that the most active doped site PR for the N-containing configu-
rations is also a five-atom ring. Furthermore, if the C5 adjoin
C7 to form a curved configuration C5+7, the overpotential can

Adv. Mater. 2016, 28, 6845-6851
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be further decreased to 0.14 V. Additionally, the OER overpoten-
tial of C5+7 is also as small as 0.21 V, much lower than other
active sites (Figure S14, Table S3, Supporting Information).

A typical volcano plot is constructed for both ORR and OER,
correlating the overpotential and descriptor (adsorption energy
of OH*), as shown in Figure 4b. The adsorption of OH species
on Q sites is too weak, while the PN and QN sites enhance the
binding overly, resulting in a high overpotential. Contrarily, the
topological defects can regulate the binding energy towards an
optimal value, rendering a superb bifunctionality for both ORR
and OER at the peak of volcano plots (C5+7). The O and OOH
species prefer to bind at the intersection of the five-carbon ring
and seven-carbon rings as shown in Figure 4c. More interest-
ingly, it is observed that the C5-C7 dipole in the C5+7 con-
figuration could break the O—O bond in OOH species (greatly
stretched O—O bonding length), leading to a facile reduction
of oxygen (Movie 1, Supporting Information). The adjacent
carbon rings with different electron densities generate spa-
tial curvatures and are expected to form a permanent dipole
moment. Such dipole moment is weaker than the one between
nitrogen and carbon atoms. Therefore, a moderate adsorption
and higher activity are achieved.

The free energy diagrams of ORR substeps on active site
C5+7 are also predicted (Figure 4d). Desorption of OH™ is the
last step to become downbhill as the potential decreases. This is
regarded to be the rate determining step. In contrast, the rate
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Figure 5. ORR/OER bifunctional activities and primary Zn-air battery performances. a) LSV
curves of NGM, GM, NG, and commercial Pt/C, and Ir/C catalysts on an RDE in 0.10 m KOH,
indicating the bifunctional activities toward both ORR and OER. b) Open circuit plots of the
home-made primary Zn-air batteries with NGM, or Pt/C loading on CFP electrodes (mass
loading of 0.8 mg cm~2) in O,-saturated 6.0 m KOH electrolytes. The inset optical image shows
an LED (=2.2 V) lightened by two NGM-based Zn-air batteries in series. c) Polarization and
power density curves of the primary Zn-air batteries. The scan rate was 5.0 mV s,

determining step for PR is revealed to be the transformation
of O* to OH* (Figure 4e). This further suggests the optimal
adsorption of oxygen intermediates on C5+7 sites. This is for
the first time we have demonstrated that an all-carbon topo-
logical defect can deliver an excellent activity for both ORR
and OER. Topological defects with nitrogen incorporated are
expected to further enhance the performances.®

As demonstrated by the DFT results, both nitrogen-doped
sites and topological defects near edge exhibit excellent OER
activity as well. This is verified by the obvious anodic current
above 1.2 V in LSV tests (Figure S15 in the Supporting Infor-
mation, Figure 5a), which is assigned to the OER catalysis.
Both NGM and GM exhibit greatly higher OER activity than
Pt/C in terms of the onset potential and current density, and
even comparable with the commercial 20 wt% Ir/C electrocata-
lysts. Unexpectedly, the OER performance of GM electrode is
slightly better than its nitrogen-doped counterpart (NGM) and
significantly surpasses the NG with a high nitrogen content. It
can be rationalized by the distinct active sites for ORR and OER
as illustrated by DFT.

Looking at both ORR and OER, the overall oxygen elec-
trode activity is evaluated by the potential gap (AE) between
the half-wave potential of ORR and potential required for an
OER current density of 10 mA cm=2.31518] The NGM herein
performs the best among all those metal-free bifunctional
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catalysts reported recently with an oxygen
electrode activity as low as 0.90 V,[1113-15]
and even superior to some metal com-
posites (Figure S16, Table S4, Supporting
Information).!

Furthermore, primary Zn-air batteries
were constructed to investigate the prac-
tical application of as-obtained metal-free
catalysts.’3%4 The catalysts were uniformly
loaded onto carbon fiber paper (CFP) with
a loading of =0.8 mg cm= as the cathode,
and a Zn foil was paired in 6.0 m KOH as
anode. A high open circuit voltage about
1.42 V is achieved for the NGM-based bat-
teries (Figure 5b). As exemplified in the inset
of Figure 5b, a light-emitting diodes (LED)
can be lightened by two Zn-air batteries in
series. Figure 5c presents the polarization
and power density curves for NGM, com-
pared with Pt/C and the pristine CFP based
Zn-air batteries. The NGM electrode exhibits
a current density of =6.0 mA cm=2 and a peak
power density of =3.0 mW cm™2, comparable
to those of a Pt/C electrode and better than
some previous works.®¥ This prototype dem-
onstration without any optimization proves
the potential application of such metal-free
nanocarbon catalysts for Zn-air batteries.

In summary, the reaction pathway of
ORR/OER has been probed through both
theoretical calculations and experimentally
electrochemical evaluation using a unique
nitrogen-doped and edge-rich 3D graphene
model system obtained via the carbonization
of natural rice. The in-situ fabricated MgO catalytic templates
are critical for effective graphitization of solid carbon/nitrogen
sources and the generation of abundant in-plane holes. The
best bifunctional activities for both ORR and OER among all
the reported metal-free catalysts has been achieved on NGM
electrocatalyst. The overpotential gap is as low as 0.90 V, with
an excellent ORR performance superior to Pt/C in terms
of both activity and stability, and a remarkable OER activity
comparable with Ir/C. The ORR activity in acidic conditions
is also considerable. Both edge effects and topological defects
are more favorable for both ORR and OER, instead of the
nitrogen-doped sites. A nitrogen-free configuration with adja-
cent pentagon and heptagon carbon rings exhibits the lowest
overpotential for both ORR and OER at the peak of volcano
plots. A prototype Zn-air battery based on the NGM catalysts
is constructed. This work provides fresh insights into the
origins of oxygen electrocatalytic activity for metal-free nano-
carbon electrocatalysts. Specifically, the importance of topo-
logical defects, in addition to the doping-induced sites in the
heteroatom-doped nanocarbon materials is elucidated towards
promising ORR/OER catalysis. The impact of this work is that
it will inspire the understanding of underlying mechanisms,
and facilitate the targeted design and fabrication of advanced
metal-free carbocatalysts, aiming at optimal performances for
a wide range of electrocatalytic applications.

Adv. Mater. 2016, 28, 6845-6851
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Supporting Information

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