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Nitrogen-Doped Nanoporous Carbon/Graphene Nano-
Sandwiches: Synthesis and Application for Efficient

Oxygen Reduction

Jing Wei, Yaoxin Hu, Yan Liang, Biao Kong, Jin Zhang, Jingchao Song, Qiaoliang Bao,

George P. Simon, San Ping Jiang, and Huanting Wang*

A zeolitic-imidazolate-framework (ZIF) nanocrystal layer-protected carboniza-
tion route is developed to prepare N-doped nanoporous carbon/graphene
nano-sandwiches. The ZIF/graphene oxide/ZIF sandwich-like structure with
ultrasmall ZIF nanocrystals (i.e., =20 nm) fully covering the graphene oxide
(GO) is prepared via a homogenous nucleation followed by a uniform deposi-
tion and confined growth process. The uniform coating of ZIF nanocrystals

on the GO layer can effectively inhibit the agglomeration of GO during high-
temperature treatment (800 °C). After carbonization and acid etching, N-doped
nanoporous carbon/graphene nanosheets are formed, with a high specific
surface area (1170 m? g7'). These N-doped nanoporous carbon/graphene
nanosheets are used as the nonprecious metal electrocatalysts for oxygen
reduction and exhibit a high onset potential (0.92 V vs reversible hydrogen
electrode; RHE) and a large limiting current density (5.2 mA cm~2 at 0.60 V).
To further increase the oxygen reduction performance, nanoporous Co-N,/
carbon nanosheets are also prepared by using cobalt nitrate and zinc nitrate as
cometal sources, which reveal higher onset potential (0.96 V) than both com-
mercial Pt/C (0.94 V) and N-doped nanoporous carbon/graphene nanosheets.
Such nanoporous Co-N,/carbon nanosheets also exhibit good performance
such as high activity, stability, and methanol tolerance in acidic media.

conductivity, and high performance in the
various applications involved adsorption,
catalysis, as well as energy conversion
and storage.l!l It should be noted that the
incorporation of nitrogen atoms into the
carbon lattice can significantly enhance
the surface polarity, electric conductivity,
and electron-donor tendency of the nano-
porous carbons, resulting in an enhanced
performance in the applications such as in
fuel cells (i.e., oxygen reduction reaction,
ORR), electric double-layer capacitors and
batteries.l?l Recently, zeolitic imidazolate
frameworks (ZIFs) have been demon-
strated to be one of the attractive carbon
precursors to prepare N-doped nanopo-
rous carbon materials due to their highly
microporous  structure, regular mor-
phology, and imidazole-based ligands with
rich N atoms.3®l More importantly, the
metal species (i.e., Zn, Co) from ZIFs also
act as a hard template during the high-
temperature carbonization, resulting in a
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1. Introduction

Nanoporous carbon materials have received considerable
attention because they exhibit a high specific surface area,
large pore volume, high chemical and thermal stability, good
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highly porous structure after the removal

of the corresponding metal nanoparticles.

However, most of the ZIF-derived carbon
materials show discrete nanoparticles, a highly porous struc-
ture, low graphitized degree and numerous defects; all of these
would consequently lead to poor electrical conductivity and
inevitably compromise the oxygen reduction activity required
for fast electron transfer.’)

Graphene, a 2D sp*-hybridized carbon nanosheet, has been
widely investigated as a candidate for electrochemical applica-
tions in fuel cells, batteries, and supercapacitors due to its excel-
lent electrical properties and theoretically ultrahigh specific sur-
face area (i.e., 2630 m? g7!)..®l However, the graphene agglomer-
ates easily because of the substantial loss of oxygen-containing
groups during the reduction of graphene oxide (GO), resulting
in a low specific surface area.’! Consequently, the fast mass
transportation required for a number of electrical processes
such as ORR is inhibited. Different kinds of spacer materials
were employed to prevent the agglomeration of graphene and
increase the specific surface area of graphene.l'®!!l An alter-
native route involves the incorporation of an ultrathin layer of
nanoporous carbon, in particular nitrogen-doped nanoporous
carbon, on the graphene surface, leading to the formation of
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a nanoporous carbon/graphene/nanoporous carbon sandwich-
like structure with functionalization, high specific surface area
and good electrical conductivity. The nanoporous carbon cannot
only be employed as a spacer material to avoid the agglomera-
tion of graphene, but can also be easily modified with other
functional groups and metal (or metal oxide) nanoparticles
which are included in the pores to broaden their applica-
tions.*12l Some reports have shown that the combination of
nanoporous carbon thin layer on the graphene can enhance
their performance in the electrochemical applications.®11:13]
However, it remains challenging to coat a uniform, nanoporous
thin carbon layer with heteroatom doping and metal species
embedded on graphene, due to the weak interactions between
the precursors of the functional carbon and graphene, as well
as the severe agglomeration of graphene during the high-tem-
perature treatment.

It is anticipated that coating a uniform ZIF-derived carbon
thin layer on graphene to obtain the nanoporous carbon/gra-
phene nanosheets with nitrogen-doping and (or) metal spe-
cies loading is highly desirable in oxygen reduction reaction
due to the combination of fast mass transport and electron
transfer. To achieve this, a rational strategy is to prepare a uni-
form coating of ZIF nanoparticles on GO first and then con-
vert the ZIF/GO nanosheets to designed nanoporous carbon/
graphene nanosheets via high-temperature carbonization.
Some reports have shown that ZIF-8 can be grown in situ on
GO, as the strong interactions between the metal clusters from
ZIF and oxygen-containing groups from GO.% However,
most of examples show the resultant ZIF-8/GO composites
have either random distributions of ZIF nanoparticles on the
GO or the particle size of the ZIF is too large (>50 nm) due
to the heterogeneous nucleation and very rapid growth rate of
the ZIF. When using such ZIF-8/GO composites as precursors,
the nanoporous carbon/graphene nanosheets with high spe-
cific surface area are difficult to obtain due to uncontrollable
shrinkage and agglomeration of the graphene during the sub-
sequent high-temperature treatment.

The deprotonation of imidazole from metal/imidazole
complex is an important step during the nucleation of ZIF,
which is usually hindered by GO due to its acidic groups (i.e.,
—~COOH).®l As a result, the existence of GO will inevitably
affect the nucleation rate of ZIF located on its surface, leading
to a heterogeneous nucleation process of ZIF on the GO
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surface and in the solution. To develop a simple route to con-
trol the growth process of ZIF on GO, is desirable to construct
uniform ZIF/GO nanosheets with an ultrathin ZIF layer, as
precursors to preparing N-doped, nanoporous carbon/graphene
nanosheets with high specific surface area.

In this work we have demonstrated an ultrasmall ZIF
nanocrystal layer protected carbonization method to N-doped
nanoporous carbon/graphene nano-sandwiches. The ZIFs with
diameter of around 20 nm are initially grown in a continuous
fashion on both sides of graphene oxide to obtain ZIF/GO/ZIF
sandwich-like structure. The strategy for this sandwich-like
structure is via a homogenous nucleation, followed by uniform
deposition and a confined growth process. After carbonization
and acid etching, N-doped nanoporous carbon/graphene nano-
sandwiches with high specific surface area (1170 m? g™!) were
readily obtained. The N-doped nanoporous carbon/graphene
nanosheets are used as the non-precious metal electrocata-
lysts for the oxygen reduction in 0.1 m KOH, which reveal high
onset potential (i.e., 0.92 V vs reversible hydrogen electrode;
RHE), and large limiting current density (i.e., 5.2 mA cm™ at
0.60 V). To further increase the oxygen reduction performance,
nanoporous Co-N,/carbon nanosheets are also prepared
by using cobalt nitrate and zinc nitrate as cometal sources,
which reveal higher onset potential (0.96 V) than both com-
mercial Pt/C (0.94 V) and N-doped nanoporous carbon/gra-
phene nanosheets. Furthermore, nanoporous Co-N,/carbon
nanosheets exhibit a good ORR activity in acidic media, with an
onset potential (0.85 V) comparable to that of commercial Pt/C
(0.93 V). Most importantly, they also reveal a higher stability
and better methanol tolerance than Pt/C materials.

2. Results and Discussion

N-doped nanoporous carbon/graphene nanosandwiches were
synthesized via deposition of ZIF nanocrystals on GO layer fol-
lowed by carbonization and acid etching process, as illustrated
in Figure 1. First, the zinc precursor was added to the imida-
zole solution to homogenously form the ZIF clusters (Figure 1,
Step 1). Due to a strong coordination interaction between the
metal ions from ZIF cluster and oxygen groups from GO, the
cluster could be easily attached to both sides of GO. Second,
the ZIF clusters on the GO layer grew further, resulting in

= Graphene

Step 3

carbonization

N-doped carbon/graphene nanosheet

Figure 1. The schematic synthesis of N-doped nanoporous carbon/graphene nano-sandwiches. Step 1, homogeneous nucleation of zeolitic-imida-
zolate-frameworks (ZIFs) to form uniform clusters; Step 2, the deposition of ZIF clusters on the graphene oxide (GO) and confined growth of ZIF to
form a ultrathin layer of ZIF on both sides of GO; Step 3, ZIF layer protected carbonization of ZIF/GO composited sheet and acid etching treatment
to remove metal nanoparticles (i.e., Zn, Co).
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an ultrathin ZIF layer fully covered GO nanosheet (Figure 1,
Step 2). Finally, ZIF nanoparticles distributed on both sides of
GO acted as a spacer and protective layer to prevent the severe
agglomeration of reduced graphene oxide (rGO) during high-
temperature treatment (Figure 1, Step 3). In addition, ZIF
nanoparticles were converted to functional carbon materials
with high specific surface area, nanoporous structure, and
nitrogen-doping carbon framework. As a result, a new kind of
N-doped nanoporous carbon/graphene sandwich-like structure
was obtained.

ZIF-8, composed of Zn and imidazole, was the first material
chosen to deposit on GO. After adding the Zn source to imida-
zole solution, the GO solution was immediately combined with
the solution of ZIF. After stirring for 3 h, the products were col-
lected by centrifugation and washing. The obtained ZIF-8/GO
composites (denoted as Zn-ZIF/GO) were characterized using
scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) technique. SEM image of Zn-ZIF/GO
revealed the uniform nanosheet coated with ultrasmall ZIF-8
nanoparticles (Figure 2a). A high magnification SEM image
showed ZIF nanoparticles aggregated together and nearly fully
covering the GO surface (Figure 2b). To our knowledge, this is
the first example of GO sheets fully covered by ZIF nanocrys-
tals with ultrasmall diameter (<50 nm). Such a type of sand-
wich-like structure could effectively prevent the agglomeration
of graphene during high-temperature treatment. Furthermore,
GO fully covered by ZIF nanocrystals are very useful to the fab-
rication of catalysts for ORR, with a high density of active sites
as ZIF is the catalyst precursor. TEM images further confirmed
that the ZIF-8 nanoparticles with the diameter of around 20 nm
were coated on GO uniformly (Figure 2¢,d). Interestingly, some
ZIF-8 crystals were located on the edge of GO and showed a
well-defined crystal morphology, with larger crystal sizes than
those located in the middle of GO sheet. This may be caused by
the coming together of growth fronts of ZIF clusters located on
the edge of both sides of GO. In addition, no ZIF nanoparticles
are observed on the outside of the GO layer, indicating a strong
binding of ZIF nanoparticles and GO. TEM images of ZIF/GO
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composites with different growth times (from 1 to 12 h) was
also taken to investigate the deposition process of ZIF on GO
(Figure S1, Supporting Information). The samples from 1 h
growth showed that some areas of GO were not covered by ZIF
nanoparticles due to the short deposition time. After 7 h, almost
all the areas on GO were covered by ZIF nanoparticles, similar
to the result of 3 h. After a longer time deposition (12 h), the
particle size of ZIF on GO did not change obviously. Some
additional large ZIF crystals (=50 nm) were also observed, and
located outside of GO. These crystals may be from the residual
clusters in the solution, which further grow to form large crys-
tals in the solution.

To investigate the possible growth mechanism of ZIF, the
addition order of the precursors was changed. Zn salts in meth-
anol were firstly added to the GO solution, followed by addition
of imidazole solution. Using this in situ growth method, zinc
ions were first adsorbed on GO sheets to act as a nucleation
site. After addition of Zn precursor in GO solution, a slight
agglomeration of GO in solution was observed. This is because
the zinc ions act as a physical “crosslinker,” GO tends to aggre-
gate together to form 3D structure, like the GO hydrogel.l*®!
The imidazole solution was then added to in situ growth of ZIF
on the GO sheets, with the resultant samples denoted as ZIF/
GO-MIX. SEM image of ZIF/GO-MIX showed that the ZIF par-
ticles were not uniform (Figure S2, Supporting Information).
Parts of ZIFs were located on GO, which revealed a small size.
The others mixed with GO showed the crystal morphology of
larger particle size. In addition, the ZIF/GO sheets also partly
aggregated together to form 3D structures, due to the agglom-
eration of GO support induced by metal ions.

Comparison of these two different routes to mix the pre-
cursor showed that the order of addition of the precursor was
an important aspect of the growth process of ZIF nanoparti-
cles on the GO layer. In the first route, zinc ions were coor-
dinated with imidazole to form metal/imidazole clusters via a
deprotonation step. After the addition of the GO solution, the
cluster readily attached to the GO layer due to a strong inter-
action between metal ions from cluster and the oxygen groups

e) ZIF Cluster Methanol/H,0

1 b

Step llSelective deposition

Figure 2. a,b) SEM images of Zn-ZIF/GO, the insets in (a) and (b) are corresponding diagrams of ZIF/GO structure viewed from different direction;
¢,d) TEM images of Zn-ZIF/GO composites; €) schematic of ZIF grown in the confined space to get ultrasmall ZIF nanocrystals fully covered on the GO.
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from GO (Figure 2e). As the growth progressed, the clusters
on GO layer turned to nanoparticles with a crystalline struc-
ture. Due to the limited space on the GO, the growth of par-
ticles was inhibited and thus the ZIF nanoparticles uniformly
coated the GO. In the second synthetic route, as GO has insuf-
ficient numbers of oxygen groups to capture all the zinc ions,
the metal ions were located either on GO or in the solution
(Figure S2b, Supporting Information). Due to the acidic groups
(such as -COOH) on the GO surface, the zinc ions on GO layer
might show a slower deprotonation rate than that in the solu-
tion, leading to a heterogeneous nucleation. The clusters in the
solution grew faster than those on the GO. Consequently, the
obtained ZIF/GO composites showed the mixture of ZIF nano-
particles loaded on GO and discrete ZIF crystals.

As the uniform deposition of ZIF nanoparticles occurred
on both sides of the GO, such sandwich-like structures
should be able to prevent the agglomeration of GO effectively
during high-temperature carbonization. The corresponding
carbon materials were obtained by carbonization of Zn-ZIF/
GO at 800 °C for 3 h followed by acid etching with 2 M HCI,
which were denoted as Zn-ZIF/GO-800. SEM images of
Zn-ZIF/GO-800 clearly revealed a carbon nanosheet structure
(Figure 3a). Due to the severe shrinkage and crinkle of Zn-ZIF/

>
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Figure 3. a,b) SEM images of N-doped nanoporous carbon/graphene
nanosheets (Zn-ZIF/GO-800) with different orientations; c,d) TEM images
of Zn-ZIF/GO-800 with different magnifications; e,f) TEM images of Co-
Zn-ZIF/GO-800 by using zinc nitrate and cobalt nitrate as coprecursors.
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GO during high-temperature carbonization, the derived carbon
materials agglomerated partly. From the SEM image of the
cross-section of carbon nanosheets, the carbon materials still
revealed the well-reserved nanosheet morphology (Figure 3b).
TEM images further confirmed this result (Figure 3c,
Figure S3a,b, Supporting Information). The carbon nanosheets
aggregated together to form a 3D structure. By comparing with
TEM images of GO-800 prepared via carbonization of GO at
800 °C in Ar (Figure S4, Supporting Information), Zn-ZIF/
GO-800 revealed a rough surface due to the coating of ZIF-
derived carbon on graphene. The selective area electron diffrac-
tion (SAED) results of Zn-ZIF/GO-800 showed an amorphous
carbon structure. By contrast, GO-800 revealed a polycrystal-
line graphite structure. The high magnification TEM images
showed that a nanoporous carbon thin layer was coated uni-
formly on graphene sheet (Figure 3d, Figure S3c,d, Supporting
Information), as seen by the less distinct wrinkles. In contrast
to previous reports,’! the ZIF crystal-derived carbon partially
retained their crystalline morphology. In our results, when ultr-
asmall ZIF nanoparticles grew on GO, the ZIF-derived carbon
did not show an obvious particle shape. This may be caused
by a strong interaction of GO and ZIF. The GO can affect
the carbonization process of ZIF. In addition, there was no
zinc particles observed from TEM image, indicating the zinc
particles were removed completely after the acid etching pro-
cess. The nitrogen distributions were determined via scanning
transmission electron microscopy (STEM) and element map-
ping technique shown in Figure S5, Supporting Information.
The nitrogen atoms were distributed uniformly on the carbon
nanosheet due to the unique sandwich-like structure. ZIF/
GO-MIX was also carbonized under the same condition and the
obtained carbon materials were denoted as ZIF/GO-MIX-800.
TEM images of ZIF/GO-MIX-800 also revealed an aerogel-like
structure. However, the carbon nanosheets were agglomerated
more severely than that of Zn-ZIF/GO-800 (Figure S6, Sup-
porting Information).

In contrast to the zinc species in ZIF-8, the cobalt species
in the ZIF play an important role in enhancing the ORR per-
formance of the obtained carbon, as they can act as a catalyst
to generate highly graphitized carbon and thus increase the
electron transfer. Furthermore, cobalt species may also coordi-
nate with N atoms in the carbon lattice such as pyridinic and
pyrrolic nitrogen to form the Co-N,-C clusters, which are more
active than sole N-doped carbon for oxygen reduction catal-
ysis.l'718 In order to introduce Co species in the nanoporous
carbon/graphene nanosheets, cobalt nitrate and zinc nitrate
were used as cometal ion precursors and the obtained materials
were denoted as Co-Zn-ZIF/GO. TEM image of Co-Zn-ZIF/
GO revealed the ZIF nanoparticles were deposited on GO uni-
formly, similar to the Zn-ZIF/GO (Figure S7, Supporting Infor-
mation). After carbonization under the same conditions (i.e.,
800 °C in Ar) and acid etching, the resultant cobalt-containing
carbon materials were denoted as Co-Zn-ZIF/GO-800. TEM
image of Co-Zn-ZIF/GO-800 showed a 3D aerogel-like carbon
materials with cobalt nanoparticles distributed uniformly in
the carbon matrix (Figure 3e). High magnification TEM image
revealed the cobalt nanoparticles with around 10 nm embedded
in nanoporous carbon (Figure 3f). In addition, the Co species
migrated to form large Co nanoparticles during carbonization,
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resulting in some large cavities with a diameter of several nano-
metres. By comparing the TEM results of Co-Zn-ZIF/GO-800
with Zn-ZIF/GO-800, the carbon nanosheets were more
severely agglomerated. This may be caused by the cobalt spe-
cies acting as a catalyst and converting amorphous carbon to
the graphitized one.

XRD patterns of Zn-ZIF/GO-800 and Co-Zn-ZIF/GO-800
revealed a typical crystalline structure similar to ZIF-8,
implying the nanoparticles deposited on GO showed an
ordered microporous structure (Figure S8, Supporting Infor-
mation). The addition of GO in the solution of ZIF clusters
did not affect the formation of ordered microporous structure
of ZIF. The peaks of GO were not observed owing to its lower
intensity comparing with that of ZIF. After carbonization, the
resultant Zn-ZIF/GO-800 material showed a carbon framework
with partial graphitization. No peaks related to Zn crystals were
seen, indicating that the zinc particles were fully removed by
acid etching process, also confirmed by TEM results. By com-
parison, Co-Zn-ZIF/GO-800 revealed new peaks which can
are related to the cobalt and Co,N phase. The cobalt and Co,N
nanoparticles may be wrapped by the graphitic carbon tightly,
and are retained in carbon matrix after acid leaching. Raman
spectrum of both Zn-ZIF/GO-800 and Co-Zn-ZIF/GO-800
revealed D band (=1350 cm™) and G band (<1590 cm™}), cor-
responding to the disorder and crystallinity of sp? hybrid carbon
atoms, respectively (Figure S9, Supporting Information). Their

www.MaterlalsVIews.com

Ip/Ig value (1.0) was greater than that of the graphene-based
carbon materials GO-800 (0.93) prepared via carbonization of
GO at 800 °C in Ar (Table S1, Supporting Information), indi-
cating a lower degree of graphitization and high content of N
atoms doped in the carbon lattice due to the coating of ZIF-
derived carbon on graphene layer. In addition, after coating
of ZIF-derived carbon materials on graphene, the 2D band of
GO-800 disappeared, further proving the amorphous carbon
was successfully coated on the graphene layer.

The specific surface area of the obtained carbon materials
were measured using nitrogen sorption technique (Figure 4a).
The Brunauer-Emmett-Teller (BET) surface area of Zn-ZIF/
GO-800 was as high as 1170 m? g~1. By comparison, the carbon
materials derived from the ZIF/GO-MIX-800 showed a lower
specific surface area (823 m? g7!), indicating the uniformly
distributions of ZIF nanoparticles can efficiently prevent the
agglomeration of the GO layer. After incorporation of cobalt
species, the specific surface area (373 m? g!) decreased dra-
matically as the severe agglomeration of graphene during car-
bonization process, consistent with their appearance in the
TEM results.

Note that pyridinic nitrogen and graphitic nitrogen are gen-
erally considered as the active sites for ORR, and pyridinic
nitrogen and pyrrolic nitrogen can coordinate with Co to form
Co-N, moieties, which are more active than sole N-doped
carbon for ORR.'® X-ray photoelectron spectroscopy (XPS)
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Figure 4. a) N, sorption isotherms of Zn-ZIF/GO-800, ZIF/GO-MIX-800, and Co-Zn-ZIF/GO-800; b,c) High-resolution N 1s spectra for Zn-ZIF/GO-800
and Co-Zn-ZIF/GO-800; d) High-resolution Co 2p spectra for Co-Zn-ZIF/GO-800. Inset in (b) are four different configurations for nitrogen atoms in
the N-doped carbon materials (N1:Pyridinic N; N2:Pyrrolic N; N3:Graphitic N; N4:Pyridinic N*-O7).
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analysis was used to investigate the chemical state of the
nitrogen on the surface of carbon materials. The high resolu-
tion N 1s spectra for Zn-ZIF/GO-800 were fitted with four
peaks at about 398.4, 399.7, 401.0, and 404.3 eV, corresponding
to pyridinic nitrogen, pyrrolic nitrogen, graphitic nitrogen, and
pyridinic N*—O~, respectively (Figure 4b). Their relative con-
tents were 31.2%, 21.5%, 29.5%, and 17.8%, respectively. By
comparison, the relative contents of N atoms in carbon lattice
for ZIF/GO-MIX-800 were 40.1%, 18.2%, 24.0%, and 17.7% for
pyridinic nitrogen, pyrrolic nitrogen, graphitic nitrogen, and
pyridinic N*—O~, respectively (Figure S10, Supporting Informa-
tion). Zn-ZIF/GO-800 and ZIF/GO-MIX-800 showed similar
N atoms bonding configurations due to their same composi-
tions and heat treatment conditions. The high resolution N 1s
spectra for Co-Zn-ZIF/GO-800 were fitted with two peaks at
398.7 and 400.4 eV, corresponding to pyridinic nitrogen and
graphitic nitrogen (Figure 4c). Their relative contents were 50.9
and 49.1%, respectively. The high content of pyridinic N*-~O~
found in Zn-ZIF/GO-800 and ZIF/GO-MIX-800 (=18%) were
not detected after introducing small amount of Co species in
the carbon matrix, indicating that the Co species accelerate N
incorporation into the carbon-ring, resulting in an ultrahigh
content of graphitic nitrogen. In the Co 2p spectra for Co-Zn-
ZIF/GO-800, the peak at about 780 and 786 eV assigned to
Co-N species, while the peaks at 796.5 and 804.6 eV originate

www.afm-journal.de

from Co-O species (Figure 4d). Both Co-N and Co-O spe-
cies can enhance ORR catalytic activity in alkaline conditions,
while Co-N sites play a key role in ORR performance in acidic
conditions.

Due to the uniform nanoporous carbon/graphene/nano-
porous carbon sandwich-like structure, high specific surface
area and nitrogen-doping carbon framework, these materials
were used as the nonprecious metal catalysts for oxygen reduc-
tion reaction, which is the important cathodic reaction of fuel
cell and metal-air batteries. The concept of the designed mate-
rials for ORR was shown in Figure 5a. Graphene acts as a con-
ductive layer to accelerate the electron transfer in the carbon
matrix and readily reach to the active sites smoothly. Nano-
porous carbon derived from ZIF acts as a catalytic layer, where
the active sites (i.e., N-doping carbon, Co-N,-C) were located in
the nanoporous carbon. Due to its high specific surface area
and nanoporous structure, large numbers of active sites are
easily accessible by the reactants (i.e., O, and H,0). In addi-
tion, the nanosheet structure also facilitates the fast transport of
reactants to reach the active sites and removal of corresponding
products (i.e., OH") from active sites due to the short transport
pathway.

The ORR performance of the nanoporous carbon/graphene
nanosheets was evaluated using a rotating disk electrode (RDE)
technique. Cyclic voltammetry (CV) curves revealed a clearly
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Figure 5. a) Schematic oxygen reduction process conducted on the nanoporous carbon/graphene sheets in alkaline conditions; b) LSV curves of com-
mercial Pt/C, Zn-ZIF/GO-800, ZIF/GO-MIX-800, and Co-Zn-ZIF/GO-800 at 1600 rpm in O, saturated 0.1 m KOH solution; c) Electron transfer numbers
of different catalysts from 0.2 to 0.6 V; d) Current-time chronoamperometric response of Pt/C, Zn-ZIF/GO-800, and Co-Zn-ZIF/GO-800 at 0.78 V with

a rotating speed of 1600 rpm in O,-saturated 0.1 m KOH solution.
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oxygen reduction peaks for all the carbon materials (Pt/C,
Zn-ZIF/G0O-800, ZIF/GO-MIX-800, and Co-Zn-ZIF/GO-800) in
O,-saturated 0.1 M KOH solution comparing with that in N,-satu-
rated solution, implying an oxygen reduction activity (Figure S11,
Supporting Information). The oxygen reduction peaks of Pt/C,
Zn-ZIF/GO-800, ZIF/GO-MIX-800, and Co-Zn-ZIF/GO-800
were at 0.82, 0.74, 0.72, 0.82 V (vs RHE), respectively. Note that
Zn-ZIF/GO-800 and ZIF/GO-MIX-800 were prepared using
the same kind of precursor (ZIF-8 and GO) and carbonization
condition. Their nitrogen atom bonding configurations were
similar according to the XPS results. Zn-ZIF/GO-800 showed
a more positive potential than ZIF/GO-MIX-800, indicating the
uniform structure of ZIF/GO composites plays an important
role in enhancing catalytic activity. Due to their regular struc-
ture, the agglomeration of graphene was effectively retarded,
resulting in a high surface area and high density of active sites.
After introduction of cobalt species in the carbon nanosheets,
Co-Zn-ZIF/GO-800 showed a more positive potential (0.82 V),
the same as the commercial Pt/C.

The linear scan voltammogram (LSV) curves revealed the
same trend with the result of CV. The onset potential of Pt/C,
Zn-ZIF/GO-800, ZIF/GO-MIX-800, and Co-Zn-ZIF/GO-800
were at 0.94, 0.92, 0.89, and 0.96 V (vs RHE), respectively
(Figure 5b). Co-Zn-ZIF/GO-800 revealed even higher onset
potential than commercial Pt/C, implying its high catalytic
activity. The limiting currents at 0.60 V were 5.1, 5.2, 4.2, and
44 mA cm™ for Pt/C, Zn-ZIF/GO-800, ZIF/GO-MIX-800,
and Co-Zn-ZIF/GO-800, respectively. Zn-ZIF/GO-800 showed
largest limiting current due to its high specific surface area.
For Co-Zn-ZIF/GO-800 catalysts, the limiting current was a
little lower than Pt/C and Zn-ZIF/GO-800 due to their low spe-
cific surface area, which may hinder fast mass transport and
exchange at more negative potential.

The electron transfer number per oxygen molecule (n) for
ORR was calculated from the LSV curves at different rotating
speeds (400-2500 rpm) using Koutechy—Levich (K-L) equation.
The K-L plots of Zn-ZIF/GO-800 within the potential range
from 0.20 to 0.60 V exhibited good linearity with a similar slop
(Figure S12, Supporting Information). The electron transfer
number was determined to be about 4.0, indicating a four-elec-
tron pathway for ORR (Figure 4c). Using the same method, the
electron transfer numbers of ZIF/GO-MIX-800 and Co-Zn-ZIF/
GO-800 were 3.2-3.5 and =4.0, respectively. Zn-ZIF/GO-800
and Co-Zn-ZIF/GO-800 revealed a higher electron transfer
number than ZIF/GO-MIX-800, indicating a low yield of inter-
mediates (i.e.,, H,0,), which were produced via two-electron
pathway.

The long-term stability of Zn-ZIF/GO-800, Co-Zn-ZIF/
GO-800, and Pt/C for ORR was assessed and compared by
chronoamperometric measurement at 0.78 V (vs RHE) in an
O,-saturated 0.1 M KOH solution. After 180 min of continuous
operation, the commercial Pt/C showed a decrease of current
by 23% (Figure 5d). By comparison, Zn-ZIF/GO-800 and Co-
Zn-ZIF/GO-800 revealed a decrease of current by 12% and 4%,
respectively. Such a high stability may be attributed to their
unique nanosheet structure. The nanoporous carbon sheet with
a rigid matrix facilitated the transport of reactant, intermedi-
ates and products, with the graphene layer maintaining a con-
tinuous electron-transport pathway for ORR. Unlike the Pt/C
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materials, the Pt nanoparticles were easily aggregated to lose
their active surface. This result also revealed Co species can fur-
ther enhance the stability of catalyst by increasing the degree of
graphitization of nanoporous carbon.

Co-Zn-ZIF/GO-800 was also used as an ORR catalyst in
acidic media (0.1 m HCIOy) due to its high catalytic performance
and long-term stability in alkaline conditions. As shown in
Figure S13, Supporting Information, CV curves of Co-Zn-ZIF/
GO-800 showed an obvious oxygen reduction peak at 0.67 V,
which was 110 mV negative to that of Pt/C (0.78 V). LSV curves
of Co-Zn-ZIF/GO-800 and Pt/C revealed their onset potentials
are 0.85 and 0.93 V, respectively (Figure 6a). The limiting cur-
rent of Co-Zn-ZIF/GO-800 and Pt/C at 0.40 V were 4.2 and 5.7
mA cm?, respectively. The onset potential and limiting current
density of Co-Zn-ZIF/GO-800 were 70 mV and 1.5 mA cm™
lower than Pt/C. The LSV curves at different rotation speeds
(400-2500 rpm) revealed the same onset potential (Figure 6b).
The K-L plots derived from Figure 6b showed a good lin-
earity and parallelism over the entire potential range (0.2-0.5
V), indicating that their electron transfer number for ORR is
similar. The electron transfer numbers for Co-Zn-ZIF/GO-800
is around 4.0, implying a 4e process in acid media (Figure 6c).
The ORR performance of Zn-ZIF/GO-800 and Co-Zn-ZIF/
GO-800 in both alkaline and acidic conditions is among the
best of nonprecious metal catalyst reported so far (Tables S2
and S3, Supporting Information). Co-Zn-ZIF/GO-800 revealed
a much higher stability than Pt/C from the results of chrono-
amperometric measurement operated at 0.72 V (Figure 6d).
After 180 min of reaction, the current of Co-Zn-ZIF/GO-800
only showed a loss of 16% while that of Pt/C revealed a loss of
93%. In addition, Co-Zn-ZIF/GO-800 showed a higher resist-
ance to the methanol cross-over effect than Pt/C, implying
good catalytic selectivity (Figure S14, Supporting Information).
The good methanol tolerance is of particular important in prac-
tical applications for direct methanol fuel cell.

3. Conclusion

In conclusion, we have demonstrated that a simple ZIF
nanocrystals layer produced on graphene oxide were able to
cause protected carbonization to prepare N-doped nanoporous
carbon/graphene/N-doped nanoporous carbon nano-sand-
wiches. The uniform ZIF/GO/ZIF sandwich-like structure with
around 20 nm in size fully covering both sides of GO were
firstly synthesized. The synthesis mechanism involved homog-
enous nucleation of ZIF, followed by the deposition of ZIF on
GO and a confined growth process. The continuous ZIF layer
was able to not only effectively prevent the agglomeration of
graphene during high-temperature treatment, but also was
converted to the N-doped nanoporous carbon layer with high
density of active sites for electrocatalysis. The resultant carbon
nanosheets revealed a high specific surface area (1170 cm? g7},
nanoporous structure and good electrical conductivity, all of
which assist fast mass transport and electron transfer required
by ORR. As a result, the N-doped nanoporous carbon/graphene
nanosheets showed a high onset potential (i.e., 0.92 V) and lim-
iting current density (i.e., 5.2 mA cm~2 at 0.60 V vs RHE) when
used as the electrocatalysts for the oxygen reduction in 0.1 m
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Figure 6. a) LSV curves of commercial Pt/C and Co-Zn-ZIF/GO-800 at 1600 rpm in O, saturated 0.1 m HCIO, solution; b) LSV curves of Co-Zn-ZIF/
GO-800 at different rotation speeds (400-2500 rpm); c) Electron transfer numbers for Co-Zn-ZIF/GO-800 from 0.2 to 0.6 V; inset in (c) is K-L plots
at different potentials; d) Current-time chronoamperometric response of Pt/C and Co-Zn-ZIF/GO-800 at 0.72 V with a rotating speed of 1600 rpm in

O,-saturated 0.1 m HCIO, solution.

KOH. By introduction of cobalt species in the carbon materials,
the Co-N,/carbon materials revealed a higher onset poten-
tial (0.96 V) than both commercial Pt/C (0.94 V) and N-doped
nanoporous carbon/graphene nanosheets. Furthermore, nano-
porous Co-N,/carbon nanosheets showed good electrocatalytic
activity in acidic media, with an onset potential (0.85 V) com-
parable with commercial Pt/C (0.93 V). Most importantly, the
nanoporous Co-N,/carbon nanosheets revealed a higher long-
term stability and better methanol tolerance than Pt/C mate-
rials in acidic media. This work represents a new ZIF layer
protected carbonization method to construct functional nano-
porous carbon/graphene nanosheets with high specific surface
area. Additionally, such N-doped carbon/graphene nanosheets
can also be used for other potential applications such as CO,
adsorption, supercapacitors, batteries, and water splitting.

4. Experimental Section

Synthesis of Zn-ZIF/GO: Graphene oxide (GO) was prepared via
modified Hummer method.' 0.366 g of Zn(NO3),-6H,0 and 0.811 g of
2-methylimidazole (mim) were dissolved in 12 and 20 mL of methanol,
respectively. Then, Zn(NO;), solution (12 mL) was added into the
2-methylimidazole solution to obtain a clear solution. 8 mL of GO
solution (1 mg mL™, in water/methanol, 1:4, v/v) was immediately
added to the above mixed solution. After stirring for 3 h, the gray
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precipitation was collected by centrifugation (8000 rpm for 3 min) and
washing with methanol at least three times. After drying at 50 °C for
12 h, ZIF/GO was prepared, which was denoted as Zn-ZIF/GO.

Synthesis of Co-Zn-ZIF/GO: the synthesis procedure is the same as
that of Zn-ZIF/GO except replacement of 10 wt% of Zn(NO;),-6H,0
with Co(NO3),-6H,0 (9:1) as metal ion precursor.

Synthesis of ZIF/GO-MIX: By comparison, GO solution was first
added into the Zn(NOj3), solution. The mim solution was then added
into the mixture. After stirring for 3 h, the obtained samples were
denoted as ZIF/GO-MIX. The ratio of GO:Zn:mim keeps constant with
that of Zn-ZIF/GO.

Synthesis of ZIF/GO-Derived Carbon Materials: Zn-ZIF /GO, Co-Zn-ZIF/
GO, and ZIF/GO-MIX were calcined at 800 °C for 3 h in Ar atmosphere.
Then the carbon composites were immersed in 2 m HCl aqueous
solution for 12 h and collected by centrifugation and washing with water.
After drying at 80 °C for 24 h, Zn-ZIF/GO-800, Co-Zn-ZIF/GO-800, and
ZIF/GO-MIX-800 were obtained.

Characterization: SEM images were taken with a field-emission
scanning electron microscope (FEI Nova NanoSEM 450) operating at
5 kV. TEM images were taken by a FEI Tecnai G2 F20 and FEI Tecnai
G2 T20 operated at an accelerating voltage of 200 kV. The samples
were first dispersed in ethanol. A drop of the dispersion was supported
on a copper grid with holey carbon films and then dried, prior to TEM
characterization. Nitrogen adsorption/desorption isotherms were
measured at —196 °C with a Micromeritics Tristar Analyzer. Before
measurements, the samples were degassed in a vacuum at 180 °C for at
least 12 h. The BET method was utilized to calculate the specific surface
area by using the adsorption data at p/p, range of 0.05-0.25. XPS
experiments were carried out on a Kratos AXIS Ultra DLD system with
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Al Kee radiation as X-ray source for radiation. Powder X-ray diffraction
(PXRD) patterns were recorded in the 26 range of 5°-80° at room
temperature using a Miniflex 600 diffractometer (Rigaku, Japan) in a
transmission geometry using Cu Ko radiation (15 mA and 40 kV) at a
scan rate of 2° min~' and a step size of 0.02°. The Raman spectra were
recorded on a WITEC Alpha 300 confocal micro-Raman system equipped
with a 532 nm laser source and 100x objective lens. The carbon powders
were sandwiched with two glass slides before the test.

Electrochemical Measurements: CV and LSV voltammetry were
performed by using a pAutolab electrochemical analyzer in a
conventional three-electrode electrochemical cell. A Pt wire auxiliary
electrode, a saturated Ag/AgCl (saturated with 3 m KCl) reference
electrode, and rotating disk working electrode were used. For the ORR,
4 mg of catalysts (or commercial Pt/C, 20 wt%, from Sigma-Aldrich)
were dispersed in 1 mL of ethanol (containing 0.03 mL of 5.0 wt%
Nafion) solution under ultrasonic agitation to form an electrocatalyst
ink. Then 10 (15 for acidic conditions) pL of the electrocatalyst ink
(5 pL for Pt/C) was dropped on the surface of the precleaned rotating
disk electrode (5 mm diameter, 0.196 cm?) and dried at room
temperature. The non-precious metal catalyst loading amounts are 0.2
mg cm~2in 0.1 M KOH and 0.3 mg cm™2 in 0.1 m HClO,. A 0.1 m KOH
(or 0.1 m HCIO,) solution was used as the electrolyte for all the CV
and RDE studies. Argon and O, were used to achieve oxygen-free and
oxygen-rich environments. The electrolyte was saturated with Ar (or O,)
before test. The CV curves were recorded at a scan rate of 50 mV s™'; the
RDE curves were recorded at a scan rate of 10 mV s™'. A flow of O, was
maintained over the electrolyte during the CV and LSV test to ensure O,
saturation. The numbers of electrons transferred (n) during ORR was
calculated by Koutecky—Levich equation, at various electrode potentials:

1.1 1 1

JuoJk Bw®

1
J
B=0.62nFCoDg v Ve

where J is the measured current density, Jx and J, are the kinetic and
diffusion-limiting current densities, @ is the angular velocity, n is
transferred electron number, F is the Faraday constant (96 485 C mol™),
Gy is the bulk concentration of O, (1.2 X 10 mol cm™ for 0.1 m KOH,
1.26 x 107 mol cm™ for 0.1 m HCIO,), Dy is the diffusion coefficient
of O, (1.9 X 10 cm? s7' in 0.1 m KOH, 1.93 x 10° cm? s in 0.1 m
HCIO,), and v is the kinematic viscosity of the electrolyte (0.01 cm? s~
in 0.1 M KOH, 0.01009 cm? s in 0.1 m HCIO,).

Supporting Information

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