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Abstract
In this work, we demonstrate a facile strategy to synthesize a novel
(3D)

graphene aerogel-supported

and

graphene

quantum

dots-modified γ-MnOOH nanotubes as a highly efficient electrocatalyst. The structure,
morphology, and chemical composition of γ-MnOOH@GA/GQDs are investigated by
X-ray diffraction (XRD) spectroscopy, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), Raman spectroscopy, and X-ray
photoelectron spectroscopy (XPS). The electrocatalytic activity of catalysts is
discussed by cyclic voltammograms (CV), electrochemical impedance spectroscopy
(EIS), and rotating disk electrode (RDE) measurements in O2-saturated 0.1 M KOH
electrolyte. The γ-MnOOH@GA/GQDs hybrid exhibits more positive onset potential
and half-wave potential, faster charge transfer, lower Tafel slope than that of
γ-MnOOH@GA, GA and γ-MnOOH, and mainly undergoes a direct 4e- reaction
pathway. Furthermore, its electrocatalytic performance is comparable with the
commercial 20 wt.% Pt/C, which is attributed to the unique 3D crumpled porous
nanostructure of GA with large specific area and fast electron transport, and the
synergic covalent coupling between the γ-MnOOH nanotubes and GA. More
importantly, the GQDs structural defects can facilitate the adsorption of oxygen and
charge transfer. As a highly efficient surface “sensitizer”, GQDs are modified on the
γ-MnOOH surfaces to further boost the electrocatalytic property.
Key words: graphene aerogel; graphene quantum dots; electrocatalyst; oxygen
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1. Introduction
Metal-air batteries have attracted much attention due to their several advantages

being light weight,3,

4

environmental benignity,5 and great potential application in

modern life.6 However, the industrial application of metal-air batteries is limited
because of low current density and large overpotential exist in the current cathode.7-9
The main cathode reaction of metal-air batteries is oxygen reduction reaction (ORR).
Thus, great efforts have been made to explore stable and highly efficient catalysts for
accelerating the inherently sluggish ORR kinetics. Traditionally, platinum (Pt),
Ruthenium (Ru) and their alloys are used widely as the best ORR catalysts,6, 10, 11 but
the high cost and low abundance of noble-metal-based catalysts hamper the practical
application of metal-air battery technologies. Consequently, the development of
non-precious metal-based catalysts with high activity and good durability for ORR is
a great challenge.
Manganese oxides have been utilized extensively as cathodic catalysts for ORR
due to low toxicity, low cost, high electrocatalytic activity, and multiple valence states.
The catalytic activity of manganese oxides depends on their chemical composition,
structure, morphology, and preparation method. For example, the order of ORR
catalytic activity for phases of manganese oxide is as follows: γ-MnOOH > Mn2O3 >
Mn3O4 > Mn5O8.12 The catalytic activities for MnO2 of different phases are
demonstrated as α-MnO2 ≈ δ-MnO2 > γ-MnO2 > λ-MnO2 > β-MnO2.13. Similar to
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manganese dioxide, hydroxyl manganese oxide (MnOOH) also shows good catalytic
activity toward ORR.14 Ohsaka et al.15, 16 compared the ORR on a MnOOH-modified
electrode and a superoxide dismutase (SOD) modified electrode and found that the

the produced O2•− into O2 and HO2−, but also for that of the produced HO2− into O2
and OH−. In addition, a significant enhancement of the electrocatalytic activity toward
the ORR in alkaline media was observed when γ-MnOOH nanorod was
electrodeposited onto Pt electrode.17 MnOOH or MnO2 is often mixed with carbon
materials for the ORR activity characterizations,3,

16, 18

which due to their low

electrical conductivity. Carbon materials not only can increase the electronic
conductivity of the electrode, but also have relatively good ORR catalytic activity in
the alkaline media.19 Among them, three-dimensional (3D) graphene structural
materials have been considered as alternative catalyst support to improve catalytic
performance, owing to their unique network structure, large specific surface area,
being light-weight, enhanced electron and ion transport, good mechanical integrity
and outstanding electrical properties.20, 21 Recently, researchers have tried to fabricate
the framework of manganese oxides supported on graphene aerogel by chemical
methods. For instance, Wang et al.22 reported that MnO2/nanoporous 3D graphene
prepared by a mild hydrothermal method showed good performance as supercapacitor
electrode material. Zhu and co-workers23 synthesized the graphene/α-MnO2 3D
network by a facile hydrothermal method showed high performance as anode for
lithium ion battery. Yan et al.24 demonstrated that 3D graphene/MnO2 hybrid
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exhibited superior catalytic and cycle performance as the cathode material in a Li−O2
battery. Nevertheless, most work about manganese oxides supported on graphene
aerogel is applied for lithium ion batteries and supercapacitors, the reports of using

Graphene quantum dots (GQDs), zero-dimensional carbon nanostructures with a
size below 10 nm and a single atomic layer of nano-sized graphite, which display
unusual chemical and physical properties due to their strong quantum confinement
and edge effects.25,

26

Hence, GQDs have been applied in many fields, such as

biological science,27 photocatalysis,28 light-emitting,29,

30

sensors,31,

32

and so on.

However, the development and application of GQDs remain inchoate, especially in
the case of electrocatalysis. The surface of GQDs has many oxygen-rich functional
groups. Thus, the electroneutrality of GQDs is broken, generating a large number of
positively charged active sites for the O2 surface adsorption. Moreover, the active
sites on the edge of GQDs are also very advantageous in promoting ORR. Recently,
Valentin et al33 reported multiple doped graphene quantum dots favored a
four-electron reduction of oxygen to water. Qu et al.26 proposed that N-doped GQDs
with the feature of oxygen-rich functional groups exhibited superior electrocatalytic
ability for ORR. In addition, Li et al.34 also demonstrated that nitrogen-functionalised
GQDs showed a highly size-dependent electrocatalytic activity. Moreover, due to
their small dimension, GQDs can be easily interfaced to other nanomaterials in order
to build more complex systems. For example, Chen et al.35 demonstrated that
graphene quantum dots-supported Pt nanoparticles showed drastic enhancement ORR
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catalytic activity, in comparison to commercial Pt/C catalysts. Qu et al.36 proposed
that a novel metal-free catalyst composed of GQDs and multi-walled carbon
nanotubes (MWCNTs) exhibited a significant synergistic effect on enhanced catalytic

In this paper, we demonstrated a facile approach to synthesize the
three-dimensional

(3D)

graphene

aerogel

supported

and

zere-dimensional

GQDs-modified one-dimensional (1D) γ-MnOOH nanotubes as a highly active
electrocatalyst. The hybrid exhibits a higher catalytic activity for the ORR in alkaline
media than that of γ-MnOOH@GA, γ-MnOOH nanotubes, and GA. Such particular
conformation not only provides a large amount of active sites for ORR, but also is
beneficial for the fast transport of oxygen and charges. To the best of our knowledge,
this is the first time to fabricate γ-MnOOH@GA/GQDs hybrid as an efficient catalyst
for ORR.

2. Experimental
2.1 Preparation of graphene aerogel
Graphene oxide (GO) was synthesized from natural graphite by modified
Hummer's method.37 Graphene aerogel was prepared by chemical reduction and
self-assembly of GO sheets using ethylene glycol as the reducing agent. In a typical
synthesis, 40 mg of GO was dispersed in 40 mL of deionized (DI) water and sonicated
for at least 0.5 h to form a homogeneous suspension with the concentration of 1 mg
mL-1. 10 mL of ethylene glycol solution was slowly added into the suspension and
mixed using a magnetic stirrer for 0.5 h. Subsequently, the mixed suspension was
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transferred into a Teflon-lined autoclave and heated at 180 °C for 12 h. Then, the
products were centrifuged several times with DI water and ethanol to remove any
impurities and freeze-dried for one day to remove absorbed water to obtain graphene

heated from room temperature to 450 ˚C in Ar atmosphere. The heating rate was 10
˚C min -1 and heating time was 1 h.
2.2 Preparation of graphene quantum dots
The graphene quantum dots (GQDs) were prepared by using a simple
electrochemical (EC) procedure.38 The EC preparation of GQDs was carried out at
25 °C in a standard three-electrode cell, using a platinum foil as the counter electrode,
a saturated Ag/AgCl/Cl− electrode as the reference electrode, and a piece of reduced
graphene oxide (rGO) film (5 mm × 10 mm) as working electrode, cycling the potential

between ± 3.000 V (vs. Ag/AgCl) at a scan rate of 500 mV s-1. The reduced graphene
oxide was prepared with aqueous N2H4 in the presence of ammonia. Briefly, 50 mL of
0.5 mg mL-1 graphene oxide dispersion was treated with 350 µL of concentrated
ammonium hydroxide and 50 µL of hydrazine monohydrate (35%) for 1 h at 90 °C.
The freestanding reduced graphene oxide film was made by direct filtration of the
aqueous reduced graphene oxide colloidal suspension through a filter membrane with
a pore size of 0.22 µm. The electrolyte was 0.1 M phosphate buffer solution (PBS).
The rGO film was fixed with a clamp of electrochemical workstation and contact with
the electrolyte. The pure water-soluble GQDs were collected after 500 potential cycles.
2.3 Preparation of the GA-supported, and GQDs-modified γMnOOH nanotubes
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hybrid
The γMnOOH@GA hybrid was prepared by hydrothermal treatment. 0.3 mmol
of MnSO4·H2O and 0.9 mmol of KMnO4 were added to 50 mL of 4:1 (v/v) water/

transferred into a 100 mL Teflon-lined autoclave. A big piece of the as-prepared
graphene aerogel was immersed into the autoclave, which was sealed and heated at
180 °C for 14 h. The autoclave was naturally cooled to room temperature, then the
precipitate was collected and centrifuged several times with DI water and ethanol to
remove any impurities and excessive metal ions. The obtained black precipitation
dried at 60 °C in a vacuum oven for overnight. The product was calcinated at 450 °C
for 1 h to get γMnOOH@GA hybrid. Then, 50 mg of γMnOOH@GA was added into
5 mL GQDs solution under magnetic stirring vigorously for 2 h. Finally, the mixture
was dried at 65 °C in a vacuum oven for 10 h to obtain γMnOOH@GA/GQDs hybrid.
2.4 Materials characterization
X-ray diffraction (XRD, D/Max2250, Rigaku Corporation, Japan) analysis was
performed to determine the crystal structure of the samples using nickel-filtered Cu
Kα radiation (λ= 1.5406 Å), the diffraction angle ranging from 10˚ to 80˚ with a rate
of 1.0˚ min-1. UV−vis spectra of GQDs solution was carried out on a TU-1901 (Puxi
Current Technologies, Beijing) spectrometer with a 0.5 cm quartz cell and a
bandwidth setting of 2 nm at a scan speed of 1200 nm min−1. The morphology and
energy dispersive X-ray (EDX) spectra were investigated by a field emission scanning
electron microscope (FESEM, Nova NanoSEM 230). The microstructure was
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measured by a high resolution transmission electron microscope (HRTEM, FEI
TECNAI G2 F20) operated at 120 kV. Raman spectra was measured by a LabRAM
Hr800 confocal Raman microscopic system with a 532 nm excitation laser. The
surface elemental analysis of γMnOOH@GA/GQDs was performed by X-ray
photoelectron spectroscopy (XPS, K-Alpha 1063, Thermo Fisher Scientific)
spectrometer using monochromatized Al Ka (1486 eV) radiation. The measurement
parameters were as follows: 20 eV pass energy, 0.1 eV energy increments.
2.5 Cyclic voltammetry and impedance spectroscopy measurements
The measurements were carried out via an electrochemical analyzer (Zennium,
Zahner, Germany) in a standard three-electrode cell at room temperature. A
three-electrode cell configuration was consisted of a working electrode with glassy
carbon electrode of 3 mm in diameter, a counter electrode with platinum foil and a
reference electrode with Ag/AgCl in 3 M KCl. The electrolyte was 0.1 M KOH
aqueous solution. The catalyst ink was prepared by mixing 4 mg of catalytic material
and 13 µL 5 wt.% Nafion solution dispersed in 1 mL of 1:4 (v/v) water/isopropanol
mixed solvent, then ultrasonicated for at least 40 min to form a homogeneous
suspension. 5 µL of the prepared catalytic ink was dropped onto a glassy carbon
electrode and dried in air, resulting in the loading of around 0.25 mg cm-2 for all the
catalysts. The electrolyte was deaerated by purging high-purity O2 for at least 30 min
before each electrochemical measurement and a flow of O2 was maintained over the
electrolyte during electrochemical measurements. In compared experiments, CV
measurements were performed in N2 (99.99% pure) saturated electrolyte. Cyclic
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voltammograms were conducted from −1.2 to 0.2 V (vs. Ag/AgCl) at a scan rate of 50
mV s-1. The EIS measurement was performed with the alternative current (AC)
voltage amplitude of 5 mV, the voltage frequency ranging from 100 KHz to 0.01 Hz

2.6 Rotating disk electrode measurements
The measurements were also carried out by a three-electrode cell configuration.
The working electrode is glassy carbon rotating disk electrode (RDE) of 5.0 mm in
diameter (Pine Instrument Company, USA). The catalyst ink was prepared by mixing
4 mg of catalytic material and 15 µL of 5 wt.% Nafion (D-521, Alfar Aesar) solution
dispersed in 300 µL isopropanol, then ultrasonicated for about 40 min to form a
homogeneous suspension. 5 µL of the prepared catalytic ink was dropped onto a
glassy carbon RDE and dried in air, giving the loading of around 0.25 mg cm-2 used
for all the catalysts. The linear sweep voltammograms (LSV) was recorded from −1.0
to 0.2 V (vs. Ag/AgCl) at a scan rate of 5 mV s-1 with various rotation rates (400, 625,
900, 1225, and 1600 rpm).

3. Results and discussions
3.1 Characterizations of catalytic materials
The high resolution TEM (HRTEM) images (Figure S1, in supporting
information) reveal that GQDs have the diameters of 2 ~ 10 nm with an average value
of ~4 nm and obvious lattice fringe, which further confirm the good crystalline nature.
GQDs show good dispersion without obvious aggregation. The UV−vis absorption
spectrum of the dispersed yellow GQDs illuminated under UV light (365 nm) shows
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an absorption band at ca. 360 nm (Figure S2), which may be assignable to the n–π*
transition of the functional group containing oxygen.39, 40
This work introduces a facile approach to prepare novel γMnOOH@GA/GQDs

h leads to strong π−π interactions between the reduced graphene oxide (rGO) layers,
facilitating self-assembly into the GA monolith. The electrochemically assisted
formation of GQDs involves the oxidation of the C-C bonds and the interaction of the
electrolyte ions into the structure of rGO electrode, with the consequent release in
solution of GQDs33. γMnOOH@GA was synthesized by hydrothermal treated at
180 °C using prepared GA and metal ions.

Figure 1. Schematic illustration for the synthesis of graphene aerogel and
γMnOOH@GA/GQDs hybrid.
The X-ray diffraction (XRD) patterns of graphene aerogel, γMnOOH@GA, and
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γMnOOH@GA/GQDs were shown in Fig. 2. The characteristic diffraction peaks of
γMnOOH@GA/GQDs hybrid are at 2θ = 18.35°, 26.15°, 33.94°, 37.22°, 39.65°,
41.07°, 51.75°, 54.86°, 54.94°, 55.55°, 61.80°, 71.15°, which correspond to the (100),

planes of cubic γMnOOH structure (JCPDS card No. 41–1379) with a space group
P21/c(14) without any impurity. No graphene aerogel peak at 22.94° (002) is
observed, which indicates that γMnOOH nanotubes were efficiently deposited on the
GA surface. The lattice constants are calculated from the diffraction profile and a =
5.30, b = 5.28 and c = 5.31 Å, which are in agreement with the value of γMnOOH
from JCPDS file. After adding GQDs, the diffraction peaks of γMnOOH can be well
indexed, indicating that the GQDs have negligible influence on the intrinsic
crystallinity of γMnOOH.

Figure 2. X-ray diffraction (XRD) spectrum of GA, γMnOOH@GA hybrid and
γMnOOH@GA/GQDs hybrid, respectively.
12
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The morphology and structure of γMnOOH@GA/GQDs hybrid were
investigated by scanning electron microscope (SEM) and transmission electron
microscope (TEM). The SEM images of γMnOOH@GA/GQDs hybrid (Fig. 3)
clearly exhibit that γMnOOH nanotubes with the diameters of about 100 nm anchor
uniformly on the porous graphene aerogel sheets, suggesting efficient assembly
between the γMnOOH nanotubes and GA sheets during the solvothermal treatment.
As shown in Fig. 4a, γMnOOH nanotubes anchor on the chiffon shape graphene
aerogel sheets. The HRTEM images (Fig. 4b,c) show that the γMnOOH nanotubes
have obvious lattice fringe with spacing of 0.30 nm, corresponding to the (31-1)
lattice planes, and GQDs dispersed on the γMnOOH nanotubes with lattice spacing of
0.22 nm. The SEM images of GA and γMnOOH@GA were shown in Fig. S3 and the
TEM image of GA/GQDs was shown in Fig. S4, the GQDs, γMnOOH tubes, and
graphene aerogel can be identified clearly. Energy dispersive X-ray spectrometry
(EDS) analysis of γMnOOH@GA/GQDs confirms the existence of C (56.47 At%), O
(29.64 At%), Mn (12.16 At%), and K (1.73 At%) elements. The K to Mn ratio
correlates the information with the oxidation states of manganese, which has been
highlighted as a key in the oxygen reduction reaction.41 The γMnOOH@GA hybrid
was synthesized using KMnO4, K+ ions served as intercalated cations of the γMnOOH
nanotubes. The lower concentration of K+ makes the Mn4+ content decrease, leading
to a high ratio of Mn3+/Mn4+. The EDS spectrum of γMnOOH@GA hybrid was
shown in Fig. S5. The γMnOOH@GA/GQDs hybrid presents the higher K/Mn atomic

13

RSC Advances Accepted Manuscript

Page 13 of 31

RSC Advances

Page 14 of 31

ratio (0.142) than that of γMnOOH@GA hybrid (0.025), leading to a high ratio of
Mn3+/Mn4+, whereas the Mn3+ reduced ions are suggested to be the active sites in
recent studies for oxygen reduction.12,

42, 43

So γMnOOH@GA/GQDs hybrid

Figure 3. SEM images of γMnOOH@GA/GQDs hybrid at different magnification.
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Figure 4. TEM images of (a) γMnOOH@GA/GQDs; HRTEM image of (b, c)
γMnOOH@GA/GQDs; EDS spectrum of (d) γMnOOH@GA/GQDs.
Raman spectroscopy is a very powerful tool to characterize carbon materials. In
this work, it was used to investigate the structure of γMnOOH@GA/GQDs hybrid and
the interaction between γMnOOH nanotubes and GA sheets. Raman spectras of
γMnOOH/GQDs, γMnOOH@GA and γMnOOH@GA/GQDs is listed in Fig. 5a. The
D band at 1350 cm−1 and the G band at 1580 cm−1 reveal the presence of graphene
aerogel. The D band is attributed to the breathing mode of sp2-rings and requires a
defect for its activation by an intervalley double-resonance (DR) Raman process.44
The G band corresponds to the doubly degenerate E2g phonons at the Brillouin zone
center.45 Thus, the D to G band peak intensity ratio, ID/IG, is generally used to verify
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the degree of defects of the carbon nanomaterials. The ID/IG of γMnOOH@GA/GQDs
is 0.936, which is relatively higher than that of γMnOOH@GA (0.910), implying that
the size of the sp2 domains and defects increased during the modification of GQDs.
the

broad

D band and G band with weak intensity of

γMnOOH@GA/GQDs would be due to the interaction between γMnOOH nanotubes
and GA sheets.46, 47 New prominent peak at about 640 cm−1 appears in the spectrum of
all the materials, which is usually attributed to the (Mn−O) stretching vibration in the
basal plane of MnO6 sheet.48, 49
X-ray photoelectron spectroscopy (XPS) can be employed to investigate the
surface elemental compositions and electronic configurations of the catalysts. As
shown in the survey scan of γMnOOH@GA/GQDs (Fig. 5b), carbon (44.79 At%),
and oxygen (43.66 At%), manganese (11.2 At%), and potassium (0.35 At%) can be
detected. Notably, the surface Mn/O atomic ratio of γMnOOH@GA/GQDs is much
lower than the stoichiometric ratio of γMnOOH (Mn/O = 1/2), signifying some
oxygen-containing functional groups (hydroxyl and carboxyl) still locate on the edges
of graphene aerogel and GQDs. It can be seen from Fig. 5c that the Mn2p spectrum
exhibits two peaks at 641.69 and 653.79 eV can be referred to the binding energies of
the 2p3/2 and 2p1/2, respectively. The energy separation between the two peaks is 12.1
eV, which is in agreement with the literature on mixed valence of Mn element.50, 51
The main peaks and satellite peaks indicate the presence of Mn(III) and Mn(Ⅳ)
cations. In the Mn3s spectra, two peaks at 83.29 and 89.19 eV with the splitting value
of 5.9 eV were observed (Fig. 5d), which can be ascribed to the mixed valence state

16

RSC Advances Accepted Manuscript

Furthermore,

Page 17 of 31

RSC Advances

of Mn(III) and Mn(Ⅳ).42,

52

As shown in Fig. 5e, the C1s spectra of

γMnOOH@GA/GQDs can be assigned to the following carbon components: C–C
(sp2), C–O and C═O groups, respectively.53, 54 Contrary to the high-intensity peak for

groups is weak, which illustrates that GO is reduced into GA with most of oxygen
atoms removed. As shown in Fig. 5f, the O1s spectra can be divided into the peaks at
531.74 and 530.69 eV, corresponding to the binding energy of C=O, OHfunctionalities.
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C-C (284.7 eV) and the broad peak for C-O (285.6 eV) groups, the intensity for C=O

Figure

5.

(a)

Raman

spectra

of

γMnOOH/GQDs,
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γMnOOH@GA,

and

γMnOOH@GA/GQDs, respectively. The laser excitation wavelength is 532 nm. (b)
XPS spectra of γMnOOH@GA/GQDs hybrid; High-resolution XPS spectra of
γMnOOH@GA/GQDs: (c) Mn2p, (d) Mn3s, (e) C1s, and (f) O1s, respectively.

3.2 Electrocatalytic activity of the nanohybrid for oxygen reduction reaction
The ORR catalytic activity of γMnOOH@GA/GQDs hybrid was investigated by
cyclic voltammograms (CV) in N2 and O2 saturated 1.0 M KOH at a scan rate of 50
18

RSC Advances Accepted Manuscript

RSC Advances

Page 19 of 31

RSC Advances

mV s−1, respectively. The current densities of the catalysts were calculated using the
electrode geometric area. As shown in Fig. 6, cyclic voltammograms without any peaks

are obtained in the presence of N2 for all catalysts. In contrast, apparent reduction

The peak potential of γMnOOH@GA/GQDs hybrid (–0.28 V vs. Ag/AgCl) is 10 mV
more positive than that of γMnOOH@GA (–0.29 V vs. Ag/AgCl), which is even more
positive than that of GA (−0.31 V vs. Ag/AgCl), γMnOOH/GQDs hybrid (-0.42 V vs.
Ag/AgCl), and γMnOOH nanotubes (-0.43 V vs. Ag/AgCl). The reduction peak at
about –0.40 V (vs. Ag/AgCl) was corresponded to the reduction process of O2 to
HO2–.55 The addition of GA and GQDs brings the peak potential more positive, so
γMnOOH@GA/GQDs hybrid can promote this process. These results indicate that
γMnOOH@GA/GQDs hybrid obtain better ORR catalytic activity for ORR, which
may be due to the synergistic effect between the γMnOOH nanotubes and graphene
aerogel and the effect of GQDs.

Figure 6. Cyclic voltammograms obtained for (a) γMnOOH, (b) γMnOOH/GQDs, (c)
19
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GA, (d) γMnOOH@GA, (e) γMnOOH@GA/GQDs electrocatalysts in O2-saturated
and N2-saturated 0.1 M KOH aqueous solution.

RDE measurements were further employed to investigate the ORR kinetics of

voltammetry (LSV) curves of γMnOOH@GA, γMnOOH/GQDs, GA, γMnOOH, and
commercial 20 wt.% Pt/C catalysts at a scan rate of 10 mV s-1 with a rotation rate of
1600 rpm were shown in Fig. 7a. The γMnOOH@GA/GQDs hybrid shows the onset
potential for the oxygen reduction at 0.13 V , which is more positive than that of
γMnOOH@GA, γMnOOH/GQDs, GA, and γMnOOH, and is comparable with that of
20 wt.% Pt/C. In the mixed kinetic- and diffusion-limiting region (−0.35 ~ 0 V), the
mass transport plays an important role. The ORR activity can be evaluated by the
half-wave potentials, E1/2 (the potential at which the current reaches half its
diffusion-limited value). The half-wave potentials of all the catalyst follow the same
trend as that of onset potentials, indicating the fast reaction kinetics of
γMnOOH@GA/GQDs in catalyzing ORR. Wide current plateaus in the LSV curves
of

γMnOOH@GA/GQDs

and

γMnOOH@GA

are

considered

to

be

diffusion-controlled processes, corresponding to efficient four-electron-dominated
ORR pathways, which is the same as the case of Pt/C catalyst. The Tafel slopes
calculated from the E versus log(Jk) curves in O2-saturated 0.1 M KOH aqueous
solution were shown in Fig. 7c. The smaller Tafel slope indicates the higher intrinsic
catalytic activity for ORR. The γMnOOH@GA/GQDs hybrid exhibits a Tafel slope
of 82.7 mV dec-1 at low overpotentials, which is close to that of the 20 wt.% Pt/C
20
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catalyst and smaller than that of the γMnOOH@GA, GA, and γMnOOH catalysts. It
is indicated that γMnOOH@GA/GQDs hybrid has a faster reaction kinetic, and GQDs
can further improve the catalytic activity, resulting in lower overpotential. The

and Tafel slopes are summarized in Table 1. The electrocatalytic kinetics of
γMnOOH@GA/GQDs hybrid is superior to those of other four catalysts, confirming
the importance of the synergistic effect and GQDs modifying. In addition, the
comparison of MnOOH@GA/GQDs, γMnOOH@GA, MnOOH@carbon black and
MnOOH@carbon black/GQDs was conducted to further discuss the catalytic activity
of the hybrid materials. As shown in Fig. S6, the γMnOOH@GA and
MnOOH@GA/GQDs hybrids has better catalytic activity than the MnOOH@carbon
black/GQDs and MnOOH@carbon black hybrids, respectively. These results
highlight the improved ORR activity of γMnOOH@GA/GQDs, which demonstrates
that the 3D architecture structural GA helps to enhance the charge transfer and the
electrical

conductivity

of

and

γMnOOH,

GQDs

actually

facilitate

ORR

electrocatalytic activity. The superior electrocatalytic performance of our nanohybrid
material is remarkable in comparison to other similar metal-free composite catalysts
in alkaline solution.56-58
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electrocatalytic kinetic properties including the onset potential, half-wave potential

Figue 7. (a) LSV curves of γMnOOH, GA, γMnOOH@GA, γMnOOH@GA/GQDs,
and 20 wt.% Pt/C catalysts on RDE electrode in O2-saturated 0.1 M KOH solution at
a rotation rate of 1600 rpm with a scan rate of 5 mV s-1; (b) LSV curves of
γMnOOH@GA/GQDs hybrid in O2-saturated 0.1 M KOH solution at various rotation
rates with a scan rate of 5 mV s-1, the inset shows the corresponding
Koutecky–Levich plots at different potentials; (c) Tafel slopes from RDE cures; (d)
Durability of γMnOOH@GA/GQDs hybrid. The durability test was performed in
O2-saturated 0.1 M KOH electrolyte before and after 1000 extensive cycles.
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catalyst

onset potential
(V vs Ag/AgCl)

half-wave
potential (V vs
Ag/AgCl)

Tafel slope (mV
dec-1)

γMnOOH

-0.03

-0.40

194.9

GA

0.08

-0.39

135.3

γMnOOH@GA

0.09

-0.26

110.9

γMnOOH@GA/GQDs

0.11

-0.23

82.7

20% Pt/C

0.13

-0.17

78.5

To gain further insights into the ORR mechanism of γMnOOH@GA/GQDs, the
RDE measurements at different rotation rates (400, 625, 900, 1225, and 1600 rpm) in
O2-saturated 0.1 M KOH solution with a scan rate of 5 mV s-1 were employed. The
polarization curves and the correspongding Koutecky-Levich (K-L) plots at the
potential range from −0.70 to −0.55 V are shown in Figure 7b. The corresponding
RDE results at different rotation rates of γMnOOH@GA were illustrated in Fig. S7 as
compared. The electron transfer number (n) in the ORR is calculated by
Koutecky-Levich (K-L) equation as below:59

1
1
1
1
1
=
+
=
+
J J k J L J k Bω 1 / 2

(1)

2/3

B = 0.2nFDo ν −1 / 6Co

(2)

J k = nFkCo

(3)

where J is the measured current density, Jk is the kinetic current density, and JL is the
diffusion-limiting current density. ω is the angular velocity (rpm), n is the transferred
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Table 1. ORR kinetic parameters for the various catalysts investigated in this study.
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electron number, F is the Faraday constant (96500 C mol-1), Do is the diffusion
coefficient of O2 in 0.1 M KOH (1.9×10-5 cm2 s-1), Co is the bulk concentration of O2
(1.2×10-6 mol cm3), ν is the viscosity of the electrolyte (1.0×10-2 cm2 s-1), and k is the

γMnOOH@GA/GQDs at different potential are 3.60 (-0.55 V), 3.70 (-0.60 V), 3.76
(-0.65 V), and 3.80 (-0.70 V), respectively, close to 4, suggesting that the composite
material favors a higher selectivity for the four-electron pathway toward ORR. The
morphology of γMnOOH@GA/GQDs catalyst after oxygen reduction reaction was
also tested, as shown in Fig. S8. The hybrid material retained coupling between the
nanotubes and graphene aerogel without any detachment after the RDE measurements
at different rotation rates. Further, the porous nature of hybrid material was retained.
There was no obvious change and breakdown of γMnOOH@GA/GQDs hybrid after
oxygen reduction reaction, which demonstrated the material had high structural
stability.
Durability of the electrocatalysts is another important parameter in judging their
practical applications. To this end, cycling durability test in O2-saturated 0.1 M KOH
electrolyte was carried out to evaluate the stability of γMnOOH@GA/GQDs before
and after 1000 cycles between -1.0 and 0.2 V at 1600 rpm rotation rate. As shown in
Figure 7d, after 1000 potential sweeps, the polarization curve only shows 35 mV
positive shift in onset potential, no significant change in the limiting current, and only
25 mV negative shift in the half-wave potential, indicating the high durability of the
hybrid catalyst.
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electron transfer rate constant.42 The calculated electron transfer numbers for

RSC Advances

The electrochemical impedance spectroscopy (EIS) can be used to investigate the
interfacial processes and kinetics of electrode reactions in electrochemical systems.
The Nyquist plots reflect the relationship of the imaginary impedance −Z″ versus the
real impedance Z′, and the corresponding equivalent-circuit model is displayed in
Figure 8. The Nyquist plots mainly consist of arc-like profiles for all the five catalysts.
The impedance spectra is fitted using an equivalent circuit consisting of the resistance
(electrolyte (Rs), charge transfer (Rct)), and constant phase element (Cd). The observed
semicircles correspond to the Faradaic charge carrier transfer processes, and their
radius signify the charge transfer resistance of the redox processes. According to the
fitting results of the equivalent circuit, the charge transfer resistance (Rct) of
γMnOOH@GA/GQDs catalyst is 3715 Ω, which is smaller than that of
γMnOOH@GA (4368 Ω), γMnOOH/GQDs (6555 Ω) and γMnOOH (15254 Ω), but
is slightly larger than 20 wt.% Pt/C (2620 Ω) catalyst. The γMnOOH@GA/GQDs
hybrid exhibits the smaller charge transfer resistance among the four as-prepared
catalysts, which clearly demonstrates that the electrode with γMnOOH@GA/GQDs
allows a much faster transport of electrons during the ORR. The γMnOOH nanotubes
has low electrical conductivity, which limits the charge transport on its catalytic
active sites. However, the integration of γMnOOH with GA promotes the formation
of a porous conducting network with broad pore distribution and large pore diameter,
facilitating the charge transfer during the ORR on the γMnOOH surfaces. In addition,
the change trend of the catalysts indicates that GQDs play an important role in charge
transferring. The surface functionized GQDs make the γMnOOH nanotubes surface
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have more active sites,59 which can facilitate the adsorption of oxygen and the binding
of reaction intermediates on γMnOOH surfaces, and therefore enhance the reaction

Figure 8. Nyquist plots for γMnOOH, γMnOOH@GA, γMnOOH/GQDs,
γMnOOH@GA/GQDs hybrid, and 20 wt.% Pt/C, respectively.
3.3 The reaction pathway of γMnOOH@GA/GQDs
The γMnOOH@GA/GQDs catalyst has the similar Tafel slope and the electron
number (n) is close to 4, so it favors a direct four electron pathway or a serial 2 × 2 e
pathway for ORR, which can be simply expressed as equation (4), (5), (6) and (7).
Supposing that HO2- reduction and decomposition proceed (eq 6 and eq 7) infinitely
rapidly and completely, the total reactions is equivalent to eq 4. It has been reported
that manganese oxides are highly catalytically active toward the peroxide
decomposition or disproportionation reaction. Hence the intermediate HO2- formed on
26
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kinetics. The GQDs may work as a surface sensitizer.
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γ-MnOOH at the first step can be consumed almost instantaneously.

O2 + 2 H 2O + 4e − → 4OH −
O2 + 2 H 2 O + 2e − → HO2 + OH −

(5)

HO2 + H 2O + 2e − → 3OH −

(6)

2 HO2 → 2OH − + O2

(7)

−

−

−

The redox between Mn species is considered to assist the charge transfer on the basis
of the following equations:60, 61

2 MnOOH + O2 ↔ 2( MnOOH ⋅ ⋅ ⋅ O)

(8a)

MnOOH + O2 ↔ MnOOH ⋅ ⋅ ⋅ O2 )

(8b)

( MnOOH ⋅ ⋅ ⋅ O) + e − ↔ MnO2 + OH −

(9a)

( MnOOH ⋅ ⋅ ⋅ O2 ) + e − ↔ MnO2 + HO2
MnO2 + H 2O ↔ MnOOH + OH −

−

(9b)
(10)

The total reaction of eqs 8a, 9a, and 10 equals to eq 4, which shows a 4e reduction
process, whereas the eqs 8b, 9b, and 10 equals to eq 5 with a 2e transfer. These two
processes differ in the mode of O2 adsorption. For reaction 8a, each oxygen molecule
may adsorb onto two neighboring MnOOH sites with breaking O=O bond. Our results
indicated that both modes coexist in the ORR process because the n is determined to
be 3.7 for γMnOOH@GA/GQDs hybrid. It can facilitate O2 adsorption, HO2decomposition and change transportation.

4. Conclusion
In conclusion, graphene quantum dots were prepared by electrochemical (EC)
procedure and used for modifying 3D graphene aerogel-supported γ-MnOOH
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(4)
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nanotubes.

The

γMnOOH@GA/GQDs

nanohybrid

Page 28 of 31

material

has

excellent

electrocatalytic activity for the ORR in alkaline solution, and favors the four electron
pathway to reduce oxygen molecule, which is attributed to the 3D architecture of GA

GA and γMnOOH. Interestingly, modifying the γMnOOH nanotubes by GQDs brings
further advantages in enhancing the ORR electrocatalytic performance. The GQDs
may work as a surface sensitizer, which may be ascribed to the structural defects of
graphene quantum dots, leading to unique manipulation of the adsorption of O2 on
γMnOOH surfaces. The integration of the individual properties actually enhances the
overall performance of the hybrid catalyst. The results indicated that the
γMnOOH@GA/GQDs nanohybrid can be used as a promising low cost and highly
efficient cathode catalyst for metal-air batteries. This work may create a new strategy
for combining GQDs with other composite nanomaterials as electrocatalysts to further
improve ORR activity in metal-air batteries.
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