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A hybrid of holey graphene and Mn;0, is prepared by a one-
step process, in which the formation of holey structure is
accompanied with Mn;O, nanoparticles through a high
temperature reaction between graphene oxide sheets and
KMnO,. Holey graphene and Mn;O, collaboratively attributed
to the enhanced catalytic activity and efficiency towards oxygen
reduction reaction.

To meet the increasing demand for high performance energy
devices, many advanced materials with high energy and power
density have been developed. For instance, owing to its
electrocatalytic mechanism, metal oxide is a very important
electrocatalyst in the energy storage devices such as fuel cells and
Li-O, batteries which have high energy density.! However, most
of the oxides are always with lower electrocatalytic efficiency
compared with noble metal catalysts due to their low
conductivity and utilization, resulting in the limitation of their
practical applications.? Various carbon matrixes have been used
to disperse the oxides nanoparticles (NPs) to improve their
performance, and graphene is considered to be a more promising
matrix because of its high surface area and excellent
conductivity.> However, the performance of the formed
graphene-based hybrids is still hard to approach that of the noble
metal-based catalysts due to their limited -electrochemical
activity.*

It has been widely accepted that the defects and edges on
graphene can serve as active sites in electrocatalytic process,’
and therefore introducing holey structure is an effective way to
enhance the catalytic properties. It is suggested that combining
oxide NPs with holey graphene sheet (HGS) should be more
promising in the electrocatalytic applications. Regrettably, the
enhancement of electrochemical activity of the holey structure on
graphene sheets has rarely been reported. Various methods, such
as photocatalytic oxidation, acid etching and template-directed
chemical vapour deposition,® have been developed to prepare
HGS, but most of these methods are complicated and of low
yield. Moreover, following these methods, post deposition of
oxide is needed to obtain HGS-oxide hybrids. Recently, metal
ions have been proved to be able to break the C-C bond of
graphene network under relatively mild condition,” providing a
potential strategy to prepare HGS and indicating a possible way
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to have a hybrid structure of HGS and metal oxide in a one-step
approach,

HGS-Mn;0,4

Scheme 1. Scheme of the one-step process for preparing a
hybrid structure of HGS-Mn;0,.

in which metal salt simultaneously act as the reactants to
introduce holey structure and precursor for oxide particles
surrounding the holey structure.

In this communication, we realized the one-step preparation to
obtain a hybrid of HGSs and Mn3;04 (HGS-Mn;0,). Uniformly
distributed holes are identified on the graphene sheets, which
were created by etching process of KMnO, towards graphene
oxide (GO) at high temperature. KMnQ, is then transformed into
Mn;0, particles surrounding the evenly distributed holes on the
HGS. As is expected, the HGS-Mn3O, hybrid shows high
electrocatalytic activity toward the oxygen reduction reaction
(ORR) in alkaline condition although Mn;0, is always
incorporated with N-doped carbons to reach high electrocatalytic
performance.*®®. A high electron transfer number (n, ~3.69) is
obtained for HGS-Mn;0,, which is much higher than that of non-
holey graphene-Mn;O, hybrid (n, ~3.18) and close to that of
commercial Pt/C catalyst (n, ~3.98). More importantly, it shows
higher onset potential and larger current density compared with
the graphene-Mn3;O, hybrid, suggesting an enhanced
electrocatalytic activity. The largely enhanced catalytic efficiency
and activity should be ascribed to the synergistic effect of holey
structure and Mn;O,4, and the strong interaction between HGS
and Mn;0Oy, inherited from the etching process.

The one-step preparation of the HGS-Mn;O, hybrid is
schematically shown in Scheme 1. In a typical experiment,
KMnO, powder (45 mg) was added to the GO aqueous dispersion
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(100 mL, 2 mg mL™") under stirring to obtain a uniform mixture. In
such a process, the permanganate adsorbed on the GO surface
and reacted with it forming the MnO, and MnCOs;, proved by the
X-ray diffraction (XRD) pattern shown in Fig. S1(ESI{). The
resident water was then removed by freeze-drying and the dried
product (denoted GO-Mn,,;;) was thermally treated under 800 °C
for 1 h in Ar atmosphere to realize the reduction of GO and
obtain the HGS-Mn;0, hybrid. During the thermal treatment
process, MnO, and MnCO; were decomposed and transformed
into Mn;0, and carbon atoms were etched to generate nanosized
holes on the graphene sheets. The detailed preparation process is
provided in the Supporting Information (ESIt). Moreover, the
density of pores and the content of Mn;O,4 can be easily tuned by
control the amount of KMnO,.

Fig. la shows the SEM image of the obtained HGS-Mn;0,
hybrid, from which uniformly distributed holes with the size of
40~100 nm can be observed on the graphene sheet. It is noted that a
NP with the size ~50 nm always surrounding each generated hole,
the TEM

——HGS-Mn0,
——HGS
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Fig. 1 (a) SEM image of HGS-Mn;0,, inset in (a) is the enlarged
SEM image of single nanohole and adjacent Mn;0, particle; (b)
TEM image of HGS-Mn;0,, inset in (b) is the enlarged TEM
image of single nanohole and adjacent Mn;0, particle; (¢) SEM
image of HGS; (d) XRD pattern of HGS-Mn;0, and HGS.

image (Fig. 1b) sees the similar finding, suggesting that these NPs
may play a key role in the pore formation process. According to the
XRD pattern of HGS-Mn;0, (Fig. 1d), these particles are identified
as Mn3;0,, which can be inferred from the strong peaks indexed to a
tetragonal spinel Mn;O4 with the space group of 141/amd (JCPDS
card No.24-0734). The evolution process of the pore formation can
be simply represented by the SEM images shown in Fig. S1 (ESIY).
Although KMnO, first reacted with GO during the mixing process,
no particles and pores can be found in the SEM image (Fig. Sla,
ESIt), suggesting the formed MnO, and MnCO; are very small
particles, which can be proved by the broadened peaks in XRD
pattern (Fig. S1d, ESIf). After a thermal treatment under 300 °C,
these manganic compounds were decomposed and transferred into
Mn;0,4, and uniformly distributed as small NPs but no holey
structure can be observed on the graphene sheets (Fig. S1b, ESI¥).
When the temperature increased to 600 °C, these NPs grew larger
(10~20 nm) and some holes can be observed (Fig. Slc, ESI{). It is
noteworthy the appearing pores are almost of the same size with the
NPs surrounding them, indicating the pores are formed by the
etching of the Mn;O4 NPs. After the temperature increased to 800 °C
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for 1 h, uniformly distributed holes were generated with the slightly
larger size than the NPs, as shown in Fig. la. When the thermal
treatment time was prolonged to 3 h, the graphene sheets were
greatly destroyed as shown in Fig. S2a (ESIY), and only very large
Mn;0, particles were left after 5 h (Fig. S2b, ESIt). These changes
clearly show that the pores should be created by the etching of the
Mn;0,4 NPs and suggest the thermal treatment and the Mn;O, NPs
are both responsible for the pore formation. The holey graphene
sheets (HGS) can be obtained by removing NPs from HGS-Mn;0,
through acid treatment, Fig. 1c and Fig. SS5a show the porous
surfaces of HGS, the successful removal of Mn;O,4 can be proved by
XRD pattern (Fig. 1d) and Raman spectra (Fig. S5b) of HGS.

The functional groups may also play a key role for the pore
formation. When graphene replaces GO as the starting material, no
holes are formed after the same preparation process (the obtained
graphene-Mn;0, is denoted as G-Mn;0,), as shown in Fig. S3a
(ESIf). Although the formed NPs are also Mn;O,4 (Fig. S3b, ESIY),
the particle size is larger than the case of HGS-Mn;0,4. The most
obvious difference between GO and the graphene used here is that
the functional groups of graphene are mostly removed, which can be
proved by the X-ray photoelectron spectrometry (XPS) results
shown in Fig. S4 (ESIt). Since the functional groups on GO plane
are mainly hydroxyl and epoxy groups,9 we believe these groups are
responsible for the pore formation and they help prevent the growth
of Mn3;0, NPs into large particles. As is widely reported, the epoxy
bond on GO surface is easy to break forming lattice defects or
chemical bonds with other compounds and has weaker reduction
ability than hydroxyl groups.m'11 KMnO, was reduced by hydroxyl
groups forming MnO, and the formation of MnCO; may be derived
from the reaction between KMnO, and epoxy groups, which help
explain why some pores appear under relatively low temperature.
The detailed mechanism study for the pore formation is underway.

Since the holes are formed by the reaction of Mn;O, NPs with
graphene, we believe that the strong interaction must exit
between the formed Mn;O, NPs and HGS. As shown in Fig. S5b
(ESIY), the G-band in Raman spectra is right shifted for the HGS
after removing the Mn;O, NPs compared with the case of the
HGS-Mn;0,4 hybrid, indicative of the existence of strong
interaction between Mn;O4 NPs and HGS.'? Besides, a Mn-O-C
bond can be found from the deconvoluted Ols XPS profile of
HGS-Mn;0, hybrid (Fig. S6b, ESIT), which does not exist in that
of G-Mn;O, hybrid (Fig. S7b, ESIt{), also suggesting the
interaction between the HGS and Mn;0,.

In order to investigate the electrocatalytic activity promoted by
HGS, we compared the ORR performance of HGS-Mn;0,4 hybrid
and the reference samples in 0.1 M KOH solution. As the cyclic
voltammetry (CV) profiles demonstrated in Fig. 2a, single
cathodic reduction peaks can be detected in the O,-saturated
electrolyte for HGS-Mn3;0,4 and G-Mn;0,, the peak for HGS-
Mn;0, appears at around -0.19 V, apparently higher than that of
G-Mn;0, (-0.31 V), revealing that HGS-Mn;O, has higher
electrocatalytic activity. Rotating disk electrode (RDE)
measurements were used to reveal the ORR kinetics of each
sample. The linear-sweep voltammetry (LSV) curves of HGS-
Mn;0, at different rotation speeds are shown in Fig. 2b.
Although the onset potential (-0.14 V) of HGS-Mn;0, is lower
than that of Pt/C (Fig. S8. ESI¥), it is much higher than that of G-
Mn;04 (-0.22 V), HGS (-0.33 V) and Mn;0, (-0.22 V), and the
limiting diffusion current is also higher than that of else samples
(Fig. S9-S12, ESI}), suggesting the enhancement of
electrochemical activity. Its high electrocatalytic activity can also
be demonstrated by the higher half-wave potential than those of
G-Mn;04 and Mn;0, which are listed in Table S1 (ESIT). The
calculated Koutecky-Levich (K-L) plots for HGS-Mn3;0, at the
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potential of -0.35 ~ -0.5 V are shown in Fig. 2c. The electron
transfer number estimated from the slope of K-L plot is 3.69 at -
0.35 V, much higher than that of G-Mn3;0, (n=3.16) and close to
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Fig. 2 (a) CV curves (scanning rate of 5 mV s') of HGS-
Mn;04 and G-Mn;0, in N, and O,-saturated 0.1 M KOH
solution; (b) LSVs (50 mV s ') at different rotating speeds on
HGS-Mn;04 in an O,-saturated 0.1 M KOH solution. (c)
Calculated K-L plots of HGS-Mn;0,4. (d) Comparison of
HGS-Mn;0, and G-Mn;O, on electron transfer numbers,
onset-potential and current density at -0.4 V.

that of a commercial Pt/C catalyst (n=3.98), exhibiting a close to
4e” process for ORR. The high performance of HGS-Mn;0,
should be ascribed to the interaction and synergic effects between
the two components because much lower electron transfer
number can be reached for HGS and Mn;0, used alone (2.95 and
3.10 respectively). The electron transfer number increase with
the increase of content of Mn;O, in the hybrid (e. g. 12 wt % of
Mn30,4, n=3.44, calculated by the K-L plots in Fig. S13, ESI¥),
but much higher Mn;O,4 only result in slightly higher electron
transfer number (e. g. 60 wt % of Mn;0,4, n=3.81, calculated by
the K-L plots in Fig. S14, ESI) but lower onset potential (-0.18
V) and current density which does not favor to the
electrocatalytic process. A diffusion control step at the potential
about -0.6 V can be observed from the LSV curves under high
rotation rate (Fig. 2b), suggesting the ORR does not follow a one-
step 4-electron pathway and 2-electron transfer reduction also
exists.'> Above results also suggest that there are two kinds of
ORR active sites in HGS-Mn;O,."* The high activity of the
hybrid can also be proved by the Tafel plot (Fig S15, ESIY),
which shows a slope (73 mV/decade) close to that of Pt/C (70
mV/decade) at low overpotential. However, much larger Tafel
slope at high overpotential is observed for the HGS/Mn;0,
hybrid, indicating the first electron transfer for protonation of O,
on the active sites is the rate-determining step.'™ "> Besides, this
hybrid shows high durability than Pt/C after 2000th cycles with
accelerated durability test, which can be seen from the Fig
S16(ESIT). The comparison of electrocatalytic performance
between HGS-Mn;0, and G-Mn;0, is presented in Fig. 2d,
which clearly shows the great enhancement derived from the
HGS since these two hybrids have the similar fractions of Mn;O,
(Fig. S17, ESIt). Two factors may be responsible for the
apparently improved ORR activity. One is the largely increased
defects and edges, which can be viewed as the active sites, along
with the higher specific surface area of HGS-Mn;0, hybrid (Fig.
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S18, ESI{), enhancing the adsorption of oxygen and making the
oxygen get electrons easier during the electrochemical reaction.
Another is the strong interaction between HGS and Mn;0,4. As
widely reported, the interaction between the catalysts and the
carbon enhances the electron transfer process, and thus, promotes
the catalytic activity of the catalyst NPs.>'® We are still making
efforts to investigate the detailed mechanism for the
electrocatalytic activity.

In summary, a HGS-Mn;0, hybrid is prepared from GO and
KMnO, by a simple one-step etching process. The hybridization
of Mn;0,4 with HGS, which has holey structure, results in a great
enhancement of ORR performance of alone Mn;O, and HGS.
Also, due to more active sites and strong interaction between
HGS and Mn;0,, HGS-Mn3;O; has a much better ORR
performance than the hybrid of non-holey graphene and Mn;0,.
This study not only provides a simple method for preparing a
hybrid of holey graphene and oxide, but also, more importantly,
indicates an effective strategy to design and prepare high
performance catalysts.
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