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Abstract: A new class of highly efficient oxygen evolution
catalysts has been synthesized through the self-assembly of
graphitic carbon nitride nanosheets and carbon nanotubes,
driven by m—n stacking and electrostatic interactions. Remark-
ably, the catalysts exhibit higher catalytic oxygen evolution
activity and stronger durability than Ir-based noble-metal
catalysts and display the best performance among the reported
nonmetal catalysts. This good result is attributed to the high
nitrogen content and the efficient mass and charge transfer in
the porous three-dimensional nanostructure.

The design of highly active and stable catalysts for the
oxygen evolution reaction (OER) is urgently needed because
the OER is the efficiency-limiting process for many important
electrochemical energy conversion devices, such as metal-air
batteries and fuel cells,"! and the most efficient catalysts for
the sluggish OER are still noble metals, that is, Ir- and Ru-
based materials.”! To replace expensive Ir and Ru, numerous
efforts have been undertaken toward using transition-metal
alternatives (Co, Fe, Mn, etc.),”l in which metal species are
considered to be the active sites. However, the complicated
fabrication procedure and low conductivity largely limit the
applications of metal oxides, which in most cases underper-
form noble-metal catalysts. In contrast to the metal-based
catalysts, nonmetal OER catalysts consisting of less expensive
earth-abundant elements (C, H, O, N) that act also as the
active-site-forming elements are rarely reported. Only a few
reports have been devoted to N-active materials, including
organic N(5)-ethylflavinium ions! and N-doped graphene-
carbon nanotube composites,”! but the catalytic activity is still
unsatisfactory. A recent breakthrough was achieved by
synthesizing N-doped graphitic carbon (N/C) materials,
which afforded a 10mAcm™ current density at 1.61V
versus the reversible hydrogen electrode (RHE),! a value
approaching that of IrO,/C. The pyridinic and quaternary N
atoms were proven to be the active sites for the OER,
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similarly to those in the reverse oxygen reduction reaction
(ORR) catalyzed by N-doped carbon materials;) however, in
this case, Ni species were added in the preparation process to
graphitize the N/C catalysts. Despite some drawbacks, these
efforts inspired us to seek for N-rich and highly conductive
(graphitic) carbon materials that are able to efficiently
catalyze the OER.

Carbon doped with N can greatly improve the stability of
the resultant catalysts, due to enhanced m bonding in the
framework, and promote their electron donor-acceptor
properties, which enhances their catalytic activity for specific
electrochemical reactions.”” Among various precursors,
graphitic carbon nitride (g-C;N,) is especially promising for
introducing N into carbon materials, due to its high N content,
low cost, and easily tailorable structure;® however, scarce
efforts have been made to employ g-C;N, as the active
material for the electrocatalytic OER. Optimal use of g-C;N,
for electrochemical applications requires the improvement of
its poor conductivity. Generally, two types of method have
been applied, that is, physical mixing of g-C;N, with
conductive carbon materials® and in situ immobilization of
g-C;N, onto carbon supports.™¢1% The poor contact and
inhomogeneity between physically mixed g-C;N, aggregates
and carbon are the major disadvantages of the former
method, whereas, for the latter route, the high-temperature
polymerization (>500°C) of the monomers (for example,
dicyandiamide and melamine) to produce g-C;N, inside the
carbon matrix may undesirably lead to substantial reduction
of the N content. Thus, a better fabrication strategy that
assures a strong interaction between g-C;N, and the carbon
support at relatively low temperatures is highly desirable.
Recently, two-dimensional (2D) g-C;N, nanosheets (g-C;N,
NSs) were synthesized by destacking the layered bulk g-C;N,
through thermal oxidation etching™ and liquid exfoliation."
Although these two strategies still suffer from extremely low
yield and a long sonication time (10-16 h), respectively, the
opening of the interlayer space in this layered material
enlarges its surface area, which is promising for improving its
interaction with other substances (for example, carbon) and
reactants and, consequently, for enhancing its electrical and
chemical properties relative to those of the bulk counterpart.

Herein, we report the facile low-temperature self-assem-
bly of g-C;N, NSs and carbon nanotubes (CNTs) to obtain
strongly coupled composite OER catalysts (denoted as g-
C;N, NS-CNT). The utilization of g-C;N, NSs as the
precursor instead of bulk g-C;N, facilitates the robust
assembly to form a three-dimensional (3D) interconnected
network, which possesses a well-developed porous structure
with a large surface area (149 m’g™!) and high N content

Wiley Online Library

7281


http://dx.doi.org/10.1002/anie.201403946

Angewandte

7282

Communications

(23.7 wt%). These electrocatalysts display better activity and
stronger durability than the nanosized IrO, catalyst supported
on CNTs (denoted as IrO,—~CNT; for synthesis details, see the
Supporting Information).

2D g-C;N, NSs were first prepared by sonication/exfolia-
tion of protonated g-C;N, (Scheme 1). The protonation was

Scheme 1. Fabrication of the 3D g-C;N, NS-CNT porous composite.

conducted by using concentrated hydrochloric acid, which not
only efficiently reduced the subsequent exfoliation time to
approximately 2 h (compared with 10-16 h without protona-
tion'?) due to disruption of the interplanar and inplanar
cohesion in the bulk g-C;N, (for example, van der Waals
forces and hydrogen bonding),"¥ but also afforded g-C;N,
NSs with a positively charged surface (zeta potential of
+25.6 mV versus —37.3 mV for pristine g-C;N,). The sponta-
neous assembly between the mildly oxidized CNTs (zeta
potential of —19.3 mV) with abundant oxygen-containing
functional groups (for example, COO~) and the positively
charged g-C;N, NSs was then achieved through a hydro-
thermal process driven by electrostatic and m—mn stacking
interactions to form a 3D composite with numerous pores
(see the details in the Supporting Information).

The as-synthesized 2D g-C;N, NSs exhibit a thin layered
structure (see the scanning electron microscopy (SEM)
images in Figure S1a,b in the Supporting Information) with
a negligible amount of bulk domains, which indicates the high
efficiency of the exfoliation process used. The nearly trans-
parent layers reveal the very thin thickness (see the trans-
mission electron microscopy (TEM) images in Figure S1c,d)
and are consistent with the atomic force microscopy (AFM)
observations, which show a thickness of approximately
3.2 nm, equal to 9-10 CN atomic monolayers (Figure 1a).
Unlike the loosely dispersed g-C;N, NSs, the g-C;N, NS-CNT
composite material is assembled by bridging CNTs (Fig-
ure 1b), into a 3D porous network composed of thin nano-
layers and closely grafted CNTs within the interlayer space, as
shown in the magnified SEM image (Figure 1c). The uniform
dispersion of N and C elements in g-C;N, NS-CNT (see the
EDS elemental mapping image in the inset of Figure 1b)
verifies a homogeneous distribution of closely interconnected
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Figure 1. a) AFM image of g-C;N, NSs. b,c) SEM and d) TEM images
of g-C3N, NS-CNT. Inset in (b): Energy dispersive X-ray spectroscopy
(EDS) elemental mapping. e) X-ray diffraction (XRD) patterns of g-
C;N, NS—CNT, the CNTs, and g-C;N,. f) The pore-size distribution
curve. Inset: The N, adsorption isotherm recorded for g-C;N, NS-CNT.

g-C;N, NSs and CNTs (see the TEM image in Figure 1d).
Thus, the microscopy images show a well-connected porous
network composed of CNTs coupled with g-C;N, NSs.

It is noteworthy that the characteristic structural features
of g-C;N, and CNTs are well preserved in the 3D g-C;N, NS-
CNT composite. The presence of g-C;N, domains is verified
by two signals present on the XRD pattern (Figure 1e),
namely the strong shoulder peak at 26 of 27.4° (d = 0.326 nm),
which originates from the (002) interlayer diffraction of a CN
graphitic-like structure, and the low-angle diffraction peak at
260 of 13.3° (d=0.663 nm), which is derived from inplanar
repeated tri-s-triazine units. Notably, the intensity of these
two peaks is sharply reduced relative to that in the bulk g-
C;N, due to the few-layer structure and smaller planar size of
the NSs after exfoliation.''?! The N, adsorption isotherm
measured for g-C;N, NS-CNT resembles type IV with an H3-
type hysteresis loop (Figure 1 f), which confirms the presence
of interconnected mesopores. Correspondingly, two peaks at
3.3 and 6.5nm are observed on the pore-size distribution
curve, which are probably attributable to the inner cavity
diameter of the CNTs and the pores formed in the assembled
3D matrix, respectively. In addition, g-C;N, NS—CNT exhibits
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a large surface area of 149 m?g !, which is consistent with the
highly porous structure visible on the microscopy images.
Strong coupling between the g-C;N, NSs and CNTs in the
assembled 3D g-C;N, NS-CNT was firstly confirmed by X-ray
photoelectron spectroscopy (XPS), in which both the N 1s
and C 1s spectra of g-C;N, NS-CNT (Figure 2) show distinct
profiles relative to those of g-C;N, (Figure S2). Specifically,
the best deconvolution of the N 1s spectrum was achieved by
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Figure 2. XPS survey and high-resolution spectra of N1s and C1s core
levels in g-C;N, NS-CNT.

the assumption of four species. The peak at 399.8 eV can be
attributed to the bridging N atoms in N(—C); or N atoms
bonded with H atoms. The dominant peak at 3983 eV
corresponds to the sp>-bonded N atoms in triazine rings (C—
N=C); this peak splits to form an obvious new shoulder peak
at 397.6 eV, which is caused by the strong interaction between
the CNTs and the N atoms in the g-C;N, NSs."! Another peak
at 403.3 eV is due to the protonation of g-C;N, NSs, which
renders CN heterocycles and cyano groups positively
charged.!™! The C 1s spectrum of g-C;N, NS-CNT can be
deconvoluted into four species, that is, the sp’-bonded C
atoms in the g-C;N, NSs (288.0eV)!'2l and the C=C
(284.6 V), C—OH (285.7 ¢V), and COOH (289.1 eV) species
in the CNTs.') The XPS survey spectrum shows that g-C;N,
NS-CNT contains C, N, and O atoms with a high N content of
23.7 wt %, which is consistent with the elemental analysis
result (Table S1). Moreover, as seen from the Fourier trans-
form infrared (FTIR) spectra (Figure S3), the characteristic
bands for the CN heterocycle stretching vibration in g-C;N,
NS-CNT show blueshifts relative to those of g-C;N,, for
example, 1390 —1371 cm ' and 1538 —1522 cm ™ '; this effect is
also due to the strong interaction between the CNTs and g-
C;N, NSs. A new band centered at approximately 1730 cm ™' is
ascribed to the presence of carboxyl groups on the mildly
oxidized CNTs.

The strong coupling between the CNTs and g-C;N, NSs
proven by the microscopy images and the XPS and FTIR
spectroscopy results is related to the robust self-assembly
during the hydrothermal aging process. The driving force for
the self-assembly of the CNTs and g-C;N, NSs can be

Angew. Chem. Int. Ed. 2014, 53, 72817285

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
imemationalediion . CEIMIE

attributed to two aspects: the m—m stacking interaction
between conjugated tri-s-triazine motifs in the g-C;N, NSs
and graphene fragments in the CNTs, and the electrostatic
interaction between COO~ groups on the CNTs (289.1 eV in
C 1s XPS; 1730 cm ' in FTIR spectroscopy) and the positively
charged g-C;N, NSs (zeta potential of +25.6 mV;403.3 eV in
N1s XPS).

The remarkable 3D porous structure composed of
strongly coupled CNTs and g-C;N, NSs reveals the great
potential of g-C;sN, NS-CNT for the electrocatalytic OER. A
slow scan rate (5 mVs™") was applied during the OER test on
a rotating disk electrode (RDE) in alkaline solutions (0.1m
KOH) to minimize the capacitive current. In the linear
sweep voltammograms (LSVs; Figure 3a and Figure S4, S5),
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Figure 3. a) LSVs and b) Tafel plots for g-C;N, NS—CNT, IrO,—CNT,
bulk g-C;N,—CNT, purified oxidized CNTs, and g-C;N, NSs on a RDE
(1500 rpm) in an O,-saturated 0.1 M KOH solution (scan rate:

5 mVs™"). The calculation of the OER current density was based on
the geometric surface area (GSA).>* c) Chronoamperometric response
at a constant potential of 1.54 V. Inset: Chronopotentiometric response
of g-C3N, NS-CNT as compared with that of IrO,-CNT at a constant
current density of 3.0 mAcm™2 d) A curve of the current density of g-
C;N, NS-CNT at 1.60 V versus scan cycles. Inset: LSVs of g-C;N, NS-
CNT before and after 60 scan cycles (scan rate: 5 mVs™).

the purified oxidized CNTs and g-C;N, NSs show negligible
OER response, which indicates that the trace metal residues
in the CNTs (see the details in the Supporting Information)
hardly contribute to the catalytic OER activity. The anodic
current recorded on g-C;N, NS—-CNT renders a sharp onset
potential at approximately 1.53 V, which shows clearly that
the coupling of two components can significantly improve the
catalytic activity. IrO,—CNT affords a slightly lower onset
potential (approximately 1.51 V), but its OER current density
drops below that of g-C;N, NS-CNT at potentials higher than
1.62 'V, at which point g-C;N, NS-CNT features a better
performance.

The operating potentials (versus RHE) to deliver
a 10mAcm™ current density were compared; this is the
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value expected for a 10% efficient solar water-splitting
device.' The 3D g-C;N, NS—-CNT material generates a cur-
rent density of 10 mA cm 2 at 1.60 V, similar to the value for
IrO,—~CNT (1.59 V) and comparable to those of the state-of-
the-art noble-metal catalysts, for example, IrO,/C (1.60 V,
0.1 KOH),® colloidal IrO, nanoparticles (1.60V, 0.5m
H,SO,),™ and Ruy,lr,;0, (1.61V, 0.5M H,S0,),!”) and the
transition-metal catalysts, for example, Mn;O,/CoSe, hybrids
(1.68V, 0.lm KOH)® and Co,0,/N-graphene (1.63V, 1m
KOH).PY The activity of g-C;N, NS-CNT is also higher
than that of the previously reported N(5)-ethylflavinium
ions!* and N-doped graphene-CNT composites (>1.65V,
0.1 KOH).P!

The catalytic kinetics for the OER was examined by Tafel
plots (Figure 3b). The lower Tafel slope value for g-C;N, NS—
CNT (83 mV decade™") indicates its more favorable kinetics
relative to that of IrO,—~CNT (90 mV decade ). This result
agrees with the higher catalytic current density of g-C;N, NS—
CNT than that of IrO,~CNT in the high potential region
(>1.62V; Figure 3a and Figure S6), which suggests better
catalytic activity for g-C;N,; NS-CNT.

The chronoamperometric response demonstrates the high
stability of g-C;sN, NS—CNT and shows a slight anodic current
attenuation of 13.3% within 10 h (Figure 3¢ and Figure S7).
This insignificant activity decrease may be caused by a small
mass loss of the catalyst due to its partial peeling by a large
amount of the evolved oxygen. Also, in the chronopotentio-
metric response, g-C;N, NS-CNT displays a nearly constant
operating potential at 1.55 V to deliver a 3.0 mA cm ™ current
density (inset of Figure 3¢), whereas the potential of IrO,—
CNT shows an increase of approximately 32 mV within 800 s,
which reveals that g-C;N,; NS-CNT has higher stability than
IrO,~CNT. Furthermore, 91.2% of the original catalytic
current can be retained after 60 scan cycles at a scan rate of
5mVs™! (Figure 3d). A stable catalytic performance in high-
concentration alkaline solutions is critical for realistic appli-
cations.'”? In 1M KOH, the high activity of g-C;N, NS—-CNT is
well preserved with a sharp onset potential of 1.47 V, and the
chronopotentiometric response shows its operating potential
to be stable at approximately 1.48 V to deliver a 2.0 mA cm >
current density (Figure S8), which corroborates the effective
operation of g-C;N, NS—-CNT in concentrated electrolytes.

To gain insight into the reaction mechanism, the rotating
ring-disk electrode (RRDE) technique was employed with
a Pt ring electrode potential of 1.50 V to detect the peroxide
species formed at the g-C;N, NS—CNT catalyst surface during
the OER. A very low ring current (LA scale) was recorded
(Figure 4a), which is three orders of magnitude lower than
that of the disk current (mA scale) and suggests almost no
formation of hydrogen peroxide. This result indicates that g-
C;N, NS-CNT favors a desirable four-electron water-oxida-
tion pathway. To ensure that the observed oxidation current is
from oxygen evolution, a RRDE was applied in N,-saturated
0.1m KOH solution. With the disk current at 200 pA, O,
molecules generated from the catalyst on the disk sweep
across the surrounding Pt ring held at an ORR potential of
0.40 V and are rapidly reduced (Figure 4b). Thus, a ring
current of approximately 40 pA (200 pA x 0.2; RRDE col-
lecting efficiency = 0.2) was detected, which suggests that the
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Figure 4. a) The ring current of g-C;N, NS~CNT on a RRDE

(1500 rpm) in O,-saturated 0.1 M KOH solution (ring potential:

1.50 V). b) The ring current of g-C;N, NS—-CNT on a RRDE (1500 rpm)
in N,-saturated 0.1 M KOH solution (ring potential: 0.40 V). c) LSVs of
g-C3N, NS-CNT and bulk g-C;N,~CNT at different scan rates. Inset:
The corresponding data replotted as the current density (at 1.60 V)
increased percentage versus scan rates. d) Fluorescence emission
spectra of g-C;N, NS-CNT and g-C;N,.

observed oxidation current can be fully related to the OER.
Accordingly, the Faradaic efficiency of g-C;N,; NS-CNT was
calculated to be approximately 99.2%.

The outstanding OER activity of g-C;N, NS-CNT origi-
nates from its high N content (high concentration of active
sites), unique porous architecture (fast mass transport), and
strong coupling between the g-C;N, NSs and CNTs (good
electron conductivity). Firstly, g-C;N, NS-CNT features
a high N content of 23.7 wt %, which surpasses that of the
most N-doped carbon catalysts reported,/**¢1% because the
new low-temperature synthesis affords strong coupling
between the g-C;N, NSs and CNTs. The extensively present
electron-accepting pyridinic and tertiary N species can impart
a relatively high positive charge density on the neighboring
sp>-bonded C atoms.”"! In accordance with the OER pathway
in alkaline solutions (4 OH™ —0O, +2H,0 +4e"), the positive
carbon atoms can facilitate adsorption of OH™ ions, promote
the electron transfer between the catalyst surface and
reaction intermediates (for example, O*~ ions), and assure
an easy recombination of two adsorbed oxygen atoms for O,
evolution."

Secondly, to illustrate the importance of the porous 3D
structure, bulk g-C;N,—~CNT was prepared for the purpose of
comparison by coupling CNTs with bulk g-C;N, instead of g-
C;N, NSs (see the details in the Supporting Information),
which resulted in a nonporous structure with a low surface
area of 32 m*g™" (Figure S9). Bulk g-C;N,~CNT shows low
OER activity and unfavorable kinetics compared with those
of g-C;N, NS-CNT (Figure 3). Its current density is more
susceptible to the scan rate and showed a variation of 18.7 %
(compared with 4.8 % for g-C;N, NS-CNT) upon an increase
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in the scan rate from 5 to 50 mVs™ (Figure 4¢), due to the
restricted mass transfer in the nonporous solid. These facts
demonstrate the importance of the highly porous 3D archi-
tecture in g-C;N, NS-CNT, which favors the easy infiltration
of electrolytes, the efficient transfer of reactants (that is, OH~
ions), and the fast emission of products (that is, O,).

Thirdly, the poor electron transfer in g-C;N, is the primary
barrier for its use in electrocatalytic applications,># which
is conquered herein by strong coupling of highly conductive
CNTs with semiconducting g-C;N, (as evidenced by micros-
copy images and XPS and FTIR spectroscopy). The smooth
transfer of the generated catalytic current through the m—m
stacking between the g-C;N, NSs and CNTs is proven by
fluorescence emission spectra (Figure 4d). Relative to the
high fluorescence intensity of g-C;N,, the fluorescence is
completely quenched in g-C;N, NS-CNT, which indicates that
the photogenerated electrons on the g-C;N, NSs can be easily
transferred to the CNTs. In contrast, the inferior interaction
and electron transport between bulk g-C;N, and the CNTs in
the bulk g-C;N,—CNT catalyst is another reason for its low
OER activity besides the limited mass transfer. Due to the
aforementioned three advantages, a series of 3D composites
with different g-C;N, NS/CNT ratios was synthesized with
high catalytic activity for the OER (Figure S10, S11 and
Table S1).

In summary, 3D g-C;N,; NS-CNT porous composites are
reported to exhibit the highest activity among nonmetal OER
catalysts and better performance with more favorable kinetics
and stronger durability than noble-metal catalysts. Their
outstanding activity can be attributed to the large amount of
active sites, related to the high N concentration, and the
improved charge and mass transport abilities due to the 3D
interconnected porous framework. Further efforts will be
made toward fabrication of self-supported electrodes to
increase their long-term stability and toward replacement of
the CNTs with other low-price carbon supports to reduce the
cost.
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