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ABSTRACT: Based on theoretical prediction, a g-CsN,@
carbon metal-free oxygen reduction reaction (ORR) electro-
catalyst was designed and synthesized by uniform incorpora-
tion of g-C3;N, into a mesoporous carbon to enhance the
electron transfer efficiency of g-C3Ny. The resulting g-C;N,@
carbon composite exhibited competitive catalytic activity
(11.3 mA cm ™ ? kinetic-limiting current density at —0.6 V)
and superior methanol tolerance compared to a commercial
Pt/C catalyst. Furthermore, it demonstrated significantly high-
er catalytic efficiency (nearly 100% of four-electron ORR
process selectivity) than a Pt/C catalyst. The proposed synth-
esis route is facile and low-cost, providing a feasible method for
the development of highly efficient electrocatalysts.

he sluggish kinetics of the cathodic oxygen reduction reac-

tion (ORR) significantly limits the efficiency and perfor—
mance of electrochemical energy conversion in fuel cells."
Although precious Pt has been adopted as an effective ORR
electrocatalyst, large-scale commercial production has been re-
stricted by its prohibitive cost, limited supply, and weak dur-
ability. The state-of-the-art metal-free nitrogen-doped carbon
(N-carbon) materials are generally accepted as a potential
substitute for Pt to reduce the cost, enhance the stability of
ORR electrocatalysts, and then promote the commercialization
of fuel cell technology.'® Nltrogen doping can enhance the
electron-donor property of the carbon matrix, resulting in an
1mprovement of the interaction between carbon and guest
molecules.'“** However, several issues still exist with N-carbon
materials including whether the catalytic activity is caused by its
unique electronic properties or metal residue from its metal-
involved synthesis process.” In addition, the relatively low
nitrogen content (2—5%) and a leaching of nitrogen active sites
result in low and unstable catalytic activity of N-carbon materials.
To this end, the development of a completely metal-free ORR
electrocatalyst with high nitrogen content and a stable structure
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is highly desirable for elucidation of the correlation between the
structure, composition, and electrochemical activity of these
promising materials.>

Graphitic-carbon nitride, referred to as g-C3Ny, can be synthe-
sized from a simple precursor via a series of polycondensation
reactions without any metal involvement.* g-C3N, shows remark-
ably high catalytic activity for a variety of reactions such as
photocatalytic hydrogen production.* Because of its high nitrogen
content and facile synthesis procedure, g-C;N, may provide more
active reaction sites than other N-carbon materials to serve as a
feasible metal-free ORR electrocatalyst.”* However, reports on the
application of g-C3Ny in fuel cells and other electrochemical
applications are rare and no theoretical calculatlon has been done
to predict its unexplored electrocatalytic capacity.*”

Herein we theoretically clarify the major barrier of ORR on
g-C3N, by first-principle calculations and evaluate its potential as
an efficient ORR electrocatalyst. The results indicate that the
limited electron transfer (ET) ability of g-C3N, is conducive for
the accumulation of OOH ™ intermediate products via an ineffi-
cient two-electron (2e ) ORR pathway, one of the main reasons
for its relatively low ORR catalytic activity. Based on this theore-
tical prediction, our proof-of-concept studies were carried out by
incorporating the g-C3N, catalyst into the framework of a highly
ordered mesoporous carbon as a g-C3N@carbon to promote ET
in the composite and increase the concentration of active sites
facilitating ORR. Consequently, the nanoporous g-C;N,@carbon
showed an excellent electrocatalytic ORR activity and perfect
(nearly 100%) four-electron (4e~) ORR pathway selectivity in
alkaline aqueous solution. Furthermore, the newly developed
catalyst also revealed a remarkable methanol tolerance thus
avoiding crossover effects. To the best of our knowledge, such
excellent electrochemical performance, which is competitive with a
comrnerc1a1 Pt/ C catalyst, has been rarely observed for metal-free
materials.”® Therefore, the novel nanoporous g-C3Ny@carbon
with low cost and facile synthesis is a very promising candidate for
the next generation of ORR electrocatalysts.
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Figure 1. (a) Free energy plots of ORR and optimized configurations of
adsorbed species on the g-C3N, surface with zero, two, and four electron
participation demonstrated as paths I, II, and III. Energy levels are not
drawn to scale. Gray, blue, red, and white small spheres represent C, N,
O, and H, respectively. (b—d) Schemes of ORR’s pathway on pristine
g-C3N, without electron participation, pristine g-C3N, with 2e™
participation, and g-C3N, and conductive support composite with
4e” participation, respectively (red areas represent the active sites
facilitating ORR).

To understand the fundamental steps of ORR on g-C3Ny,
we carried out first-principle calculations (see Computational
Section in Supporting Information for details) based on the
standard ORR process in alkaline solutions via either a direct
4e” pathway®

O, + 2H,0 + 4e” — 40H™ (1)
or a two-step 2e” pathway

0, + H,0 + 2¢~ — HO,™ + OH~ (2)

HO,  + H,0 + 2¢~ — 30H" (3)

The free energy of each proposed ORR state, including the initial
reactant O, adsorbed g-C;N, (O,@g-C3N,), intermediate pro-
duct OOH™ on g-C3N, (OOH@g-C3N,), and final product
OH' in the solution with pristine g-C3N, (OH /g-C3N,), is
illustrated in Figure la. Paths I, II, and III represent the ORR
processes with zero, two, and four electrons participating in the
reaction system. As illustrated in path I, oxygen cannot be
reduced spontaneously on the pristine g-C3N, surface without
electron participation (as shown in Figure 1b) due to the
existence of two insurmountable barriers in the free energy plot
at the states of intermediate and final products. When a certain
amount of electrons is introduced (e.g.,, two electrons in our
calculation, as illustrated in path II), the free energy of inter-
mediate OOH@g-C3N, decreases to a comparable level with
that of the initial state of O,@g-C;Ny, indicating that the first
2e” reaction (eq 2) can spontaneously proceed. However an
obvious barrier still exists at the final state of OH™ /g-C3Ny,
which then blocks the occurrence of the second 2e™ reaction
(eq 3). As a result, a lot of adsorbed OOH™ intermediate
products accumulate on g-C3;Ny, causing a significant ORR
resistance. As illustrated in path III, this barrier can be eliminated
by introducing more electrons (e.g, four electrons); most of
the initially adsorbed O, molecules can be quickly reduced to
OOH " and further directly formed OH ™ in the solution without
any barrier via an efficient 4e~ pathway as presented in eq 1.

As aresult, the OOH ™ accumulation as the rate-determining step
of ORR with limited electron participation on g-C3Ny is success-
fully eliminated with sufficient electron participation.

The theoretical studies clearly indicate that ORR on g-C3N,
can proceed in a more efficient pathway to directly produce the
final product with more electron participation. Since g-C3Ny is a
semiconductor, as illustrated in Figure Ilc, the active sites
facilitating ORR on g-C3N, are limited to very narrow zones of
the electrode—electrolyte—gas three-phase boundaries (TPB)
because of the poor ET efficiency, which leads to an unsatisfac-
tory ORR performance. One effective way to increase the
number of electrons accumulated on the g-C3;N, surface, and
then to extend the concentration of active sites, is to add an
electron-conductive material as a support for the g-C;N, catalyst.
Predictably, as shown in Figure 1d, the active sites facilitating
ORR on g-C3N, with a conductive support can spread over the
whole surface of the catalyst due to the increased ET efliciency in
the composite, which in turn facilitates an efficient 4¢~ ORR
process and sharply enhances the catalyst’s performance.

To verify the theoretical prediction, we successfully incorpo-
rated g-C3Ny into the framework of a highly ordered mesoporous
carbon (CMK-3) following a facile nanocasting method. Because
of its ordered structure and good electrical conduction, CMK-3
has been widely applied as a conductive support for electro-
catalysts in fuel cells and lithium ion batteries.”* To uniformly
impregnate the g-C5N, layer on the surface of mesoporous carbon,
the CMK-3 template was first treated with HNOj to introduce
hydrophilic groups. After impregnating CMK-3 with the liquid
precursor (cyanamide, CN-NH,) one to three times, the result-
ing composites were calcined at 550 °C in an inert Ar atmosphere
for 4 h to in situ synthesize g-C3Ny, in the voids of the CMK-3
porous framework.

Here we selected g-C3N,;@CMK-3 obtained by one time
precursor impregnation as an example (with 27.1 wt % g-C3N, in
the composite). Its ordered mesostructure and high surface area
provide a sufficient amount of ORR active sites and facilitate the
mass transfer of oxygen molecules (Figures SS, S6). High-
resolution transmission electron microscopy (HRTEM) images
of the g-CsN,@CMK-3 composite (Figure 2a and 2b inset)
confirm its highly ordered mesoporous structure. The hexagonal
pattern of the P6mm symmetrical mesoporous structure can be
explicitly observed in Figure 2a, b, indicating a homogeneous
distribution of g-C3Ny in the framework of CMK-3. The
composite exhibits a similar morphology of short nanorods as
that of the CMK-3 template with insignificant fraction or
aggregation of g-C3N, on the external surface (Figure S7a—c).
Electron energy loss spectroscopy (EELS) spectrum and wide-
angle X-ray diffraction (XRD) patterns confirm the presence of
g-C3Ny in the carbon matrix (Figures S7d, S8). In addition, a
newly formed C=O bond in g-C3N,@CMK-3 can be identified
in the X-ray photoelectron spectra (XPS) patterns (Figure S9).
This C=0 bond facilitates adsorption of the CN—NH, pre-
cursor in the channels of the CMK-3 template to form a
homogeneous structure. It is known that CMK-3 is an assembly
of hexagonal arrays of 6—7 nm diameter carbon rods separated
by 3—4 nm wide channel voids.” As shown in Figure 2
g-C3N,@CMK-3 reveals a similar shape of the nitrogen sorption
isotherm (type IV with a distinct hysteresis loop) as CMK-3
(Figure S10c), indicating that the addition of g-C;N, did not
cause a significant deterioration of the structure of CMK-3.
The obvious decrease in both surface area and pore volume
confirms the mesopore filling effect during the impregnation
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Figure 2. (a,b) Typical HRTEM images of ordered mesoporous
g-C3N,@CMK-3 nanorods. Inset in panel a represents a schematic
illustration (yellow: g-C3Ny; black: carbon); inset in panel b reveals the
ordered mesoporous channels. (c) Nitrogen sorption isotherm at
77 K with the corresponding pore size distribution (inset) and
(d) low-angle XRD pattern of g-C;N,@CMK-3.

process (Table S4). After impregnation with g-C3Ny, the orig-
inal (110) and (200) diffraction peaks on the XRD pattern of
CMK-3 almost disappear because of the mesopore filling by
g-C3N, (Figures 2d and S10d). The d(;00) spacing in both
g-CsN,@CMK-3 and pristine CMK-3 are ~8.9 nm, indicating
the distances between the centers of two carbon nanorods
remain unchanged during impregnation (Table S4). The smaller
primary pore size of g-C3Ny@CMK-3 compared to pristine
CMK-3 and the narrow pore size distribution (inset of
Figure 2c) indicate that the in situ synthesized g-C3N, is almost
homogeneously distributed on the surface of carbon nanorods, as
illustrated by the inset of Figure 2a, resulting in the pore size
reduction.

The electrocatalytic activities for ORR on the g-C3N,@
CMK-3 composite and pristine mesoporous g-C;N, (denoted as
g-C3N4(m), prepared using mesoporous silica SBA-1S as a
sacrificial template (Figure S10)) were first examined by cyclic
voltammograms (CVs) in O,-saturated 0.1 M KOH solution.
A physical mixture of CMK-3 and g-C3N,(m) (denoted as
mixed g-C3N,+CMK-3) with identical catalyst content as in situ
synthesized g-C;N,@CMK-3 was also prepared to investigate the
possible nanoconfinement phenomena of g-C;N4;@CMK-3. As
shown in Figure 3a, the CV curve recorded for g-C;N,@CMK-3 is
similar to those obtained on other carbon-based metal-free
electrocatalysts with a single ORR peak at —0.25 V. 2>3sb~5d8a—8¢
Conversely, there are two obvious ORR peaks at relatively lower
cathodic voltage on the CV curves of g-C3N,(m) (Figure S11a),
corresponding to two separate reduction processes via egs 2 and 3.
It should be noted that the inherent ORR activity on pure CMK-3
is negligible (Figure S11b). Compared with g-C;N,(m) and mixed
g-C3N,4+CMK-3, the g-C3N,@CMK-3 electrode revealed a more
obvious ORR peak with a larger cathodic current, indicating a
better electrocatalytic performance for ORR.

A series of linear sweep voltammograms (LSV) on a rotating
disk electrode (RDE) further revealed the lower onset potential
and higher ORR current density on g-C;N,@CMK-3 than
g-C3N4(m) and mixed g-C3N,+CMK-3 electrodes (Figures 3b
and S12), consistent with the aforementioned theoretical prediction.

a 8 b
44 e
L =y e
§ o 3
£ :
-84 — SN m
— mixed G-C N, CMK-3
=GN GCME-
-12 v T v -
-1.2 -0.8 0.4 0.0 04 0.6 04 02 0.0 0.2
E vs. AglAgC! (V) E vs. AglAgCI (V)
c d 2 e
100 -y —poNEema
80 1 Methanol cxidation —— |
£ 6o g 10
= g
= 4b £ -
20 ove 2
2 o8 o4 65 b4 Goygen reduction 5 dogon o
0 EVv e
1] 8 16 24 32 40 48 1 2 3 4 5
t(h) t{h)
e 0 t 20
= gC N im)
® mixod g-C N *CMK-3
=1 Rotating speed ~ 1.5{ & gcy@omca
— + 800 rpm "E i
« 1000 B s o
& -2 + 1500mm -E 10 _‘__...--""-
g romm | BN
E== - —
= 4l £ e
— o LN m) 05{ i
= mixad g-C N, +CMK-3 I s
= —oCN,GoMn-3
- - - 0.0
-0.6 -0.4 -0.2 0.0 0.2 0.02 0.03 0.04 0.05
Evs. Ag/AgCI (V) o' rpm™®

Figure 3. (a) Cyclic voltammograms of ORR on various electrocata-
lysts in O,-saturated 0.1 M KOH solution. (b) LSV of various electro-
catalysts on RDE at 1500 rpm in O,-saturated 0.1 M KOH solution.
(c) Current—time (i—t) chronoamperometric response of g-C;N,@
CMK-3 at —0.3 V; inset represents cyclic voltammograms under con-
tinuous potentiodynamic sweeps. (d) Chronoamperometric responses of
Pt/C and g-CsN;@CMK-3 at —0.3 V in O,-saturated 0.1 M KOH
solution without methanol (0—3 h) and with adding methanol (3—6 h).
(e,f) LSV of various electrocatalysts on RDE at different rotating rates
(500 to 2000 rpm) and corresponding Koutecky—Levich plots
at —0.6 V.

Besides, the onset potential on g-C3N,@CMK-3 is only ~0.1 V
more negative than that on the commercial Pt/C catalyst.
At —0.6 V, g-C3N,@CMK-3 shows a comparable ORR current
density with that observed on Pt/C. It should be noted that the
LSV obtained on g-C3N,(m) shows a reduction peak at —0.49 V
without a current plateau, indicating a 2e~ ORR process from O,
to OOH™ under this voltage. In contrast, the wide current
plateau on g-C3N,@CMK-3 is considered as the strong limiting
diffusion current, indicating a diffusion-controlled process re-
lated to an eflicient 4e~ dominated ORR pathway.

The durability of g-CsN,@CMK-3 is evaluated by the chron-
oamperometric response under a constant cathodic voltage of
—0.3 V. As shown in Figure 3¢, the newly developed catalyst
exhibited high stability with a very slow attenuation after 45 h,
and a high relative current of 92.2% still persisted. The CVs (inset
in Figure 3c) also reveal the reliable stability of g-C;N,@CMK-3
with less than 10% cathodic current loss during ~10000 con-
tinuous potential cyclings. This excellent stability benefits from
homogeneous interactions of the g-C3N, catalyst and CMK-3
support.

The methanol tolerance ability is an important issue for cathode
materials in low-temperature fuel cells and also an obvious short-
age of Pt-based catalysts. Remarkably, as shown in Figure 3d,
the original cathodic ORR current of g-C;N,@CMK-3 under
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—0.3 V did not show a significant change after the scheduled
sequential addition of methanol into the electrolyte solution (the
resulting methanol concentration is 3 M), suggesting that its
original ORR performance was not affected by the addition of
methanol. In comparison, the corresponding current on commer-
cial Pt/C shifted from a cathodic current to a reversed anodic
current in a very short time after the addition of methanol,
indicating a conversion of the dominated oxygen reduction to
the methanol oxidation reaction, ie., a poisoning of the catalyst.
RDE measurements carried out with/without methanol in the
electrolyte solution further confirmed that g-CsN,@CMK-3 has a
higher selectivity toward ORR to avoid crossover effects as
compared to the commercial Pt/C catalyst (Figure S13). These
results indicate that g-C;N,@CMK-3 is an ideal cathode catalyst
for a direct methanol alkaline fuel cell.

A more detailed study of the RDE system at different rotating
speeds was carried out to further investigate the electrode’s
electrocatalytic ORR mechanisms and dominated processes
(Figure 3e). Calculated from the slope of the Koutecky—Levich
plots (Figure 3f), the number of electrons transferred per O,
molecule (n) for ORR is 2.6, 1.7, and 4.0 for g-C3N4(m), mixed
g-C3Ny+CMK-3, and g-C3N,@CMK-3, respectively. It is clear
that the typical ORR process on g-C3N,(m) is a combined
pathway of 2e” and 4e™ reductions. In contrast, g-C;N,@CMK-
3 shows perfect selectivity (nearly 100%) with a more efficient
4e” dominated ORR process. To the best of our knowledge, this
is the first report on metal-free electrocatalysts showing such
excellent ORR catalytic efficiency. This efficiency is higher than
that on other N-carbon materials including a nitrogen-doped car-
bon nanotube,” nitrogen-doped graphitic carbon,™ nitrogen-
doped mesoporous carbon,* and nitrogen-doped grephene.gd’e

The n value on g-CsN,@CMK-3 is larger than that on Pt/C
(n = 3.8, calculated from Figure S14), indicating its higher cata-
Iytic efficiency for ORR. Furthermore, the g-C;N;@CMK-3
reveals a calculated kinetic-limiting current density (J;) value of
11.3mA cm™ > at —0.6 V, much higher than those on g-C5N,(m)
(1.7 mA cm™ ) and the mixed g-C3N,4+CMK-3 (8.7 mA cm™?),
and comparable with that on Pt/C (11.3 mA cm™ ) at the same
cathodic voltage and mass of catalyst (Figure S15). The large
Ji value on g-C;N,@CMK-3 displays its excellent catalytic
activity for ORR. The smaller n value and lower J; on mixed
g-C3N,4+CMK-3 could be attributed to the poorer catalyst utiliza-
tion due to its orderless structure and loose contact interface
between the g-C3N, catalyst and CMK-3 conductor. The varia-
tions in the kinetic Tafel plots for ORR further indicate the
nanoconfinement phenomena involved in g-C;N,@CMK-3 facil-
itate faster ORR kinetics and lower diffusion limitations than those
on mixed g-C3N,+CMK-3 (Figure S16). This alternative ORR
mechanism and optimized ORR performance on g-CsN,@CMK-
3 can be attributed to the participation of the CMK-3 mesoporous
carbon framework, which not only serves as the support for the
homogenously distributed and well-confined g-C5N, catalyst but
also significantly improves the electron accumulation on the
surface of g-C3Ny catalyst, enhancing the ET efficiency in ORR.

In summary, on the basis of first-principle calculations, we
designed and synthesized mesoporous g-C3N,@CMK-3 nano-
rods as a metal-free, facile-synthesis, and low-cost ORR electro-
catalyst, which exhibited a competitive electrochemical performance
with commercial Pt/C including extremely high electrocatalytic
activity and efficiency. The excellent ORR performance and reliable
stability of g-CsN4@CMK-3 indicate that this new catalyst is a
promising candidate for the next generation of highly efficient

ORR electrocatalysts particularly for methanol alkaline fuel cells.
The results further open up new avenues for achieving a wide variety
of cheap and commonly available metal-free catalysts for broad
applications across the areas of heterogeneous catalysis, sensor,
photonic catalysis, hydrogen production, and lithium ion batteries.
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