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Abstract: Nitrogen-doped carbon (NC) materials have been
proposed as next-generation oxygen reduction reaction (ORR)
catalysts to significantly improve scalability and reduce costs,
but these alternatives usually exhibit low activity and/or
gradual deactivation during use. Here, we develop new 2D
sandwich-like zeolitic imidazolate framework (ZIF) derived
graphene-based  nitrogen-doped porous carbon sheets
(GNPCSs) obtained by insitu growing ZIF on graphene
oxide (GO). Compared to commercial Pt/C catalyst, the
GNPCSs show comparable onset potential, higher current
density, and especially an excellent tolerance to methanol and
superior durability in the ORR. Those properties might be
attributed to a synergistic effect between NC and graphene with
regard to structure and composition. Furthermore, higher
open-circuit voltage and power density are obtained in direct
methanol fuel cells.

The oxygen reduction reaction (ORR) always occurs as the
bottleneck of fuel cells and metal-air batteries due to its
sluggish kinetics.'*! Nowadays, nitrogen-doped porous
carbon (NPC) materials have been emerging as very promis-
ing metal-free ORR catalysts, wherein the introduced nitro-
gen atoms could induce the uneven charge distribution of
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carbon atoms and thus improve the O, adsorption and
reduction.”! To this end, various nitrogen-containing precur-
sors and templates have been employed to construct porous
NCs.P!l However, the obtained catalysts show insufficient
activity and poor stability due to poor electrical conductivity
of NCs and their corrosion during ORR.['*!3 Porous metal-
organic frameworks (MOFs) are a new family of crystalline
porous materials." Among them, the zeolitic imidazolate
framework (ZIF-8) with a high carbon content and large
surface area is a good candidate to synthesize porous carbon
directly upon carbonization." In particular, the nitrogen-
containing methylimidazole ligand can act as the precursor
for NPC. However, as the size of a MOF crystal is limited and,
even worse, the breakdown inside the MOF crystal could not
be avoided during carbonization, the direct carbonization of
a dissociative MOF crystal cannot achieve the consecutive
electronic conductivity required for ORR. In response,
anchoring ZIF-8 on GO and then carbonizing to GNPCSs
could be a good alternative.['*1)

To exert the synergistic effect between ZIF-8 derived
NPC and GO-derived graphene, homogenous and complete
coating of ZIF-8 on GO is of paramount importance to ensure
the efficient generation of abundant NPC on graphene and
especially their close contact to achive a consecutive con-
ductive network, which is crucial for ORR electrocatalysts in
terms of N-doped active sites and electron/mass transport.
However, although MOF/GO composites have been synthe-
sized and successfully used in fields of, e.g., gas/organic
molecules sorption/separation, electrode material, and lumi-
nescence, they are not well qualified carbonization precursors
for efficient ORR electrocatalysts, because the nitrogen-free
and oxygen-rich ligand and hard-to-evaporate metal compos-
ing the MOFs and especially their irregular and aggregated
morphology would result in inefficient N doping and poor
electronic conductivity and porous structure.'®! To the best of
our knowledge, there are only a few reports on successful
control of homogenous and complete coating of dispersive
GO with a MOF,'%¢%77< which might be due to the fact that
pristine GO easily aggregates and lacks adequate functional
groups, which are required for oriented MOF growth on its
surface. Therefore, the development of a facile and effective
strategy to construct dispersive GO/MOF nanosheets with
a uniform and complete MOF coating toward efficient NPC
precursors is highly desirable but still very challenging.

Herein, to ensure homogenous growth of ZIF-8 on GO,
the insufficient functional groups on the GO surface, which
are unsuitable as coordination sites for ZIF-8 nucleation, are
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enriched with the amide carbonyl groups of poly(vinyl
pyrrolidone) (PVP). Those might then coordinate with Zn
ions (see below) and thus facilitate the uniform nucleation of
ZIF-8 on the surface of GO. Interestingly, the dispersive 2D
sandwich-like ZIF-8/GO composite was successfully synthe-
sized. After carbonization, the GNPCSs exhibit a high
activity, good tolerance to methanol, and superior durability
in the ORR compared to a commercial Pt/C catalyst.
Furthermore, higher open-circuit voltage and power density
were obtained in direct methanol fuel cells.

The fabrication of GNPCSs is shown in Scheme S1. The
evolution of morphology, structure, and composition during
the synthesis of GNPCSs-800 were investigated by scanning
electron microscopy (SEM), transmission electron microsco-
py (TEM), and X-ray diffraction (XRD). As shown in
Figure 1a, GO/ZIF-8 inherits the sheet morphology of GO
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Figure 1. a) SEM image of GO/ZIF-8. SEM (b), TEM (c), and AFM (d)
images of GNPCSs-800. e) XRD patterns of ZIF-8, GO/ZIF-8, and
GNPCSs-800. f) Nitrogen adsorption—desorption isotherm of GNPCSs-
800 (inset: pore size distribution).

with sizes of several micrometers. The roughness of its
surface, differing from that of GO (Figure S1a), shows the
successful deposition of ZIF-8 on GO surface, which is also
supported by the similar XRD patterns of ZIF-8 and GO/
ZIF-8 (Figure 1e).l'"! Furthermore, the coating of ZIF-8 on
GO was found to be very homogenous and complete
(Figures S2a-b and S3). FTIR spectroscopy was employed
to track the growth process of GO/ZIF-8. As shown in
Figure S4, the characteristic peaks of ZIF-8 emerge with
increasing reaction time, while the peaks of GO and PVP
gradually decrease, further confirming the complete coating
of ZIF-8 on GO to form a sandwich structure. In sharp
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contrast, without the help of PVP only incomplete and
inhomogeneous growth of ZIF-8 on the GO surface can be
obtained (Figure S6b). The situation is similar when the ratio
of zinc salt and the 2-methyl imidazole (2-MeIM) ligand is not
proper (Figure S7a,b). These results clearly demonstrate the
crucial role of PVP and that an excess of the 2-MeIM ligand to
zinc salt is required for the formation of uniform ZIF-8 on
GO surface, highlighting the power of our strategy (Fig-
ure S8), which is shown in Scheme S2.

After the heat treatment, the GO/ZIF-8 sheets shrink and
transform to GNPCSs-800 (Figure 1b), which is confirmed by
the following features: the XRD pattern changes significantly
with the peak at around 25° representing the interplane (002)
reflection of graphite carbon.''®!8 The relative decrease in
the D to G peak intensity before and after calcination
indicates the improved graphitic degree (Figure S11).1°7 A
TEM image (Figure 1c) further confirms the sheet-like
structure of GNPCSs. In addition, the elemental mapping
analysis (Figure S12) shows that N and C elements are
homogenously distributed, indicating that the ZIF-8 derived
NPC is dispersed uniformly on graphene forming a sandwich
structure, which is consistent with the existence of the residual
ZIF-8 particles at two sides when the pyrolysis temperature is
not high enough (Figure S2). The AFM analysis also reveals
the lamellar structure of GNPCSs-800 with a thickness of ca.
20 nm (Figures 1d and S13).

The surface area and pore distribution of GNPCSs-800 are
analyzed by N, adsorption and desorption isotherms (Fig-
ure 1f). The IV-type curves indicate the presence of meso-
pores and micropores, which might originate from the
inheritance of porous ZIF-8 and the evaporation of Zn
during heat treatment as well as the stacking of NPC and
graphene sheets.” The BET result shows that GNPCSs-800
(911 m*g™") has the highest surface area compared with NG
(14.6 m*g™"), NPC (519 m*g™"), GNPCSs-650 (516 m*’g™),
and GNPCSs-950 (755 m*g™"; Figures 1 f and S16). To under-
stand why the surface area varies with pyrolysis temperatures,
a thermogravimetric analysis was performed. As shown in
Figure S17, the organic linkers of ZIF-8 start to decompose at
650°C and the resulting Zn species may block the pore to
lower the surface area. In contrast, the surface area decreases
when the temperature increases to 950 °C, which might be due
to the increased graphitic and stacking degree. The above
results imply that GNPCSs-800 would harvest superior
performance toward ORR because of the existence of the
abundant active sites and O, diffusion channels.

The ORR performance of NC highly depends on the
content and type of doped nitrogen,®!?l which can be
analyzed by X-ray photoelectron spectroscopy (Fig-
ure S18).5721 The highest nitrogen content (11.3%) is
observed for GNPCSs-650, because of its incomplete decom-
position of organic linkers (Figure 2c). Besides, the nitrogen
content of GNPCSs-800 reaches 4.38 % and is superior to that
of its counterparts (2.95% for NG, 3.26% for NPC). For
GNPCSs-950, the nitrogen loss is very serious because of the
instability of nitrogen at high temperature, which is consistent
with previous observations.”'*?? Furthermore, the N1s peaks
are deconvoluted into three different types of nitrogen
species: pyridinic-N (N1, 398.3+0.1 eV), pyrrolic-N (N2,
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Figure 2. a) Representation of different N-based functional groups of
GNPCSs. b) High-resolution N1s spectra of NG, NPC, GNPCSs-650,
GNPCSs-800, and GNPCSs-950. c) The contents of N1, N2, and N3 in
NG, NPC, GNPCSs-650, GNPCSs-800, and GNPCSs-950.

400.0£0.1 eV), and graphitic-N (N3, 401.0+0.1eV) (Fig-
ure 2a,b).%*! In comparison, GNPCSs-800 has higher contents
of N1 and N3, which are allegedly responsible for the ORR
activity.®*11224 Besides, it is thus clear that high nitrogen
content cannot assure high ORR performance.’ !

The ORR catalytic activities of the as-prepared samples
are then investigated. As shown in Figure 3a, no obvious
redox peak is observed for GNPCSs-800 in Ar-saturated
solution. In contrast, when the solution is saturated with O,,
a well-defined cathodic peak clearly appears at around
—0.15V, confirming the electrocatalytic activity for
ORR.”%! Compared with the other samples (Figure S19),
the more positive ORR peak potential of GNPCSs-800
suggests its superior activity. The highest onset potential
and largest cathodic current density are harvested by
GNPCSs-800 (Figure 3b, Tables S1, S3, and S4). Additionally,
a relatively wide plateau of diffusion-limiting current is

Angew. Chem. 2014, 126, 14459 —14463

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

Angewandte

a o] aAr b 4 =nNG & GNPCSs-650
06] o0 —o- NPC o~ GNPCSs-800
o« 2] -+ G-NPC —o- GNPCSs-950
0.3 b
= ] e
< 0.0 o
EOp <
< -0.3] 0 E
-0.64 f =
-0.91 : ‘
4.0 -0.8 0.6 0.4 0.2 0.0 0.2 4.0 0.8 0.6 -04 0.2 0.0 0.2
E (V vs. Ag/AgCl) E (V vs. Ag/AgCl)
C o do.s —=—.035V  —v—-0.6V
n | ——0asv  ——a7v
o NE 041 o o5V —— .08V
£ 4 s
2025 v 03
< ] IR
£ -6 -e-1600 rpm c
~ —A-1225 rpm VOZ
= 8 —v-900 rpm ‘Ts -
~9-400 rpm
S —— 0.1 SR —— .
1.0 0.8 0.6 0.4 -02 0.0 0.2 0.06 0.08 010 0.12 0.14 0.16
E (V vs. Ag/AgCI) w1212 412
e 140 5
NG o GNPCSs-650 f = NG —+ GNPCSs-650
120 -o-NPC - GNPCSs-800 —o-NPC -« GNPCSs-800
100 -4 G-NPC — GNPCSs-950 -4 G-NPC - GNPCSs-950
3 80 -v-PtiC o rPEC
= o0 RNRRREEEEE et a2 224444
O 89 lasaaa < ntt:::........o ® "
o 404 llllll.lll“‘““‘llll.. o AL
I 2 "““............ 3":::llllllzlllllll.. 1111
o} Wm s
-20
08 -07 06 -05 -04 -0.3 08 0.7 -06 -05 -04 -0.3

E (V vs. Ag/AgCl) E (V vs. Ag/AgCl)

Figure 3. a) CV curves of GNPCSs-800 in Ar-saturated and O,-satu-
rated 0.1 M KOH. b) ORR polarization curves for NG, NPC, G-NPC, Pt/
C, GNPCSs-650, GNPCSs-800, and GNPCSs-950 at 1600 rpm. c) ORR
polarization curves of GNPCSs-800 at different rotating speeds. d) K-L
plots of GNPCSs-800 at different potentials. Peroxide yields (e) and
electron transfer numbers (f) of NG, NPC, G-NPC, Pt/C, GNPCSs-650,
GNPCSs-800, and GNPCSs-950 at various potentials based on RRDE
data.

observed for GNPCSs-800 in the polarization curve as it is
also the case for Pt/C, representing the diffusion-controlled
process with an efficient 4¢ dominated ORR pathway. 2!
Rotating disk electrode (RDE) experiments at different
rotating speeds are carried out (Figure 3¢) and the kinetic
parameters are analyzed with the Koutecky-Levich (K-L)
equation. The linearity of K-L plots for GNPCSs-800
indicates first-order reaction kinetics with regard to the
concentration of dissolved oxygen and similar electron trans-
fer numbers (1) at various potentials (Figure 3d).**! The
value of n at —0.35V is calculated to be 3.98, close to the
theoretical value of Pt/C (4.0), indicating a near 4¢ ORR
pathway. In contrast, n for NG, NPC, G-NPC, GNPCSs-650,
and GNPCSs-950 at the same potential is only 3.1, 3.7, 3.03,
2.70, and 3.78, respectively (Figure S20), indicating the
existence of a 2e reaction toward the formation of peroxide
species (HO,7). To quantify the ORR pathway, a rotating
ring-disk electrode (RRDE) technique is conducted to
monitor the formation of HO,~ during the ORR process.*>"!
Figure 3 e reveals that the measured yields of HO,™ generated
at the disk electrode vary over the potential range (—0.8 to
—0.3 V). The HO,™ yields for GNPCSs-800 is below 10 %,
giving n of 3.78-3.98, similar to that of Pt/C, which is
consistent with the results obtained from the K-L plots
based on the RDE experiment. In contrast, the amounts of
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HO,™ for NG, NPC, and G-NPC are much higher, corre-
sponding to n of 3.18-3.27, 3.63-3.82, and 2.98-3.53, respec-
tively. For GNPCSs-650, the incomplete decomposition of
organic ligand affects the ORR activity severely, revealing the
highest HO,™ yields (~75%) and the lowest n (&2.6). With
respect to GNPCSs-950, the great loss of ORR active N1 and
N3 species at high temperature results in the relatively high
HO,™ yields (~18%) and low n (~3.6).

To evaluate the durability of GNPCSs-800 and Pt/C,
chronoamperometric responses were measured.”?! As dis-
played in Figure 4a, GNPCSs-800 exhibits a slow current
decrease with 94% retention over 28000s of continuous
operation, whereas Pt/C exhibits a faster current loss with
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Figure 4. a) Current-time (I-t) chronoamperometric (CA) responses of
GNPCSs-800 and Pt/C in O,-saturated 0.1 M KOH at —0.4 V and

1600 rpm. b) /-t CA responses for GNPCSs-800 and Pt/C at —0.4 V
and 1600 rpm with 2% (v/v) methanol addition at around 900 s. i
defines the initial current.

only 80% retention. Subsequently, GNPCSs-800 is also
subjected to test the possible crossover effect caused by
small organic molecules (e.g., methanol). When adding 2 %
(v/v) methanol, the current for GNPCSs-800 is slightly
changed and recovered quickly, whereas Pt/C shows a signifi-
cant current decrease, suggesting GNPCSs-800 shows high
selectivity for ORR with strong tolerance to crossover effect
and high stability.

Figure 5 shows the performance of alkaline direct meth-
anol fuel cells (ADMFCs). The open-circuit voltage (OCV) of
0.71 V is observed for the cell with GNPCSs-800 as cathode,
which is slightly higher than that of 0.65 V for the cell with Pt/
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Figure 5. The cell voltage and power density of ADMFCs with
GNPCSs-800 and commercial Pt/C (20 wt %) as cathodes.
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C and demonstrates that GNPSs-800 has a superior tolerance
against methanol crossover effect in comparison with Pt/C,
consistent with the above chronoamperometric results. Addi-
tionally, the corresponding peak power density of the cell with
GNPCSs-800 reaches 33.8 mWcm 2, which is much higher
than that of 22.5 mWcm ™2 for the cell with Pt/C (Figure 5).
All the above results show that GNPCSs-800 can act as
a promising ORR catalyst in fuel cells.

In summary, we have designed and synthesized the first
ORR electrocatalyst based on graphene and ZIF-8 derived
NPC through a facile, effective, and scalable approach.
Unexpectedly, the resultant GNPCSs-800 exhibits a high
activity, good tolerance to methanol, and superior stability in
comparison to commercial Pt/C catalyst, which might be
attributed to the synergistic effect of graphene and NPC in
terms of high electrical conductivity, high stability against
corrosion during ORR, well-defined porous structures, high
surface area, and favorable N composition and content.
Furthermore, GNPCSs-800 endows ADMFCs with much
higher open-circuit voltage and power density, making it
a promising ORR catalyst in fuel cells.
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