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  1   .  Introduction 

 Heterogeneous catalytic reactions usually involve adsorp-
tion of reactants and desorption of products on the surface of 
solid catalysts. [  1,2  ]  Therefore, a catalyst particle with an aniso-
tropic shape can greatly modify the catalytic performance by 
selectively exposing specifi c crystal facets, which is termed as 
shape-dependent heterogeneous catalysis. In the case of shape-
dependent catalysis, the ultimate goal is to design and synthe-
size catalysts by decreasing the less-reactive crystal facets and 
increasing the more-reactive ones, which leads to better cata-
lytic performance. Recently, the sluggish heterogeneous catal-
ysis-oxygen reduction reaction (ORR) has been reported to be 
the main challenge in the commercial success of fuel cells and 
metal-air batteries. [  3,4  ]  Pt-based materials are known as the most 
active ORR electrocatalysts, but their large-scale application has 
been constrained by the scarcity, prohibitive cost and limited 
durability of noble metals. [  5,6  ]  Therefore, low-cost ORR catalysts 
with competitive activity and durability are highly desirable, 
such as non-precious metal and metal-free catalysts. [  4,7  ]  

 Non-precious metal oxides have 
been actively pursued as electrocatalysts 
because of their low price, abundance 
and environmental compatibility. [  8–11  ]  As 
compared to other metal oxides, Mn 3 O 4  
is active for several redox reactions due 
to its polymorphism and coexistence of 
mix-valence. [  12,13  ]  However, the electrocon-
ductivity of Mn 3 O 4  is poor and nanopar-
ticles usually suffer from dissolution and 
agglomeration during catalytic processes, 
which can compromise kinetics and 
reduce ORR activity. Therefore, supports 
like doped graphene are usually employed 
to improve the electroconductivity, cata-
lytic stability and even activity. [  14  ]  As com-
pared to other supports, graphene, as a 
two-dimensional sp 2 -hybridized carbon 
sheet, has attracted a considerable atten-
tion because of its excellent electrical 
conductivity, high surface area and good 

chemical stability. Moreover, doped graphene with heteroatoms 
like nitrogen has displayed an excellent ORR performance, 
which is related to the introduced asymmetry spin density and 
charge density through heteroatom doping. [  15,16  ]  This effect 
would not fade even after long-time operation because the 
doped heteroatoms are covalently bonded to carbon, which 
guarantees a good durability of such hybrid material. The latter, 
consisting of Mn 3 O 4  and nitrogen-doped graphene, is inexpen-
sive, eco-friendly, highly active and stable ORR catalyst as com-
pared to other composites. [  9,17  ]  

 Shape-dependence in catalysis has been usually explained 
in terms of different active sites present on different exposed 
crystal facets of catalysts. [  1,2,18  ]  During ORR catalytic process, 
the surface atomic structures present on the exposed crystal 
facets are critically important for oxygen adsorption. To date, 
the dependence of ORR on the shape of electrocatalytic mate-
rials has been mainly explored for precious metals and their 
alloys. [  19,20  ]  The investigation of the shape-dependence of the 
ORR catalysis promoted by non-precious transition metal 
oxides is promising and highly demanded due to their crystal-
lographic polymorphism, which is rarely reported, but can be 
utilized for improving catalytic performance. [  21  ]  

 In this work, we synthesized three kinds of Mn 3 O 4  nano-
particles differing in the shape (spheres, cubes, and ellipsoids) 
and exposed crystal facets, integrated them with nitrogen-doped 
graphene, and investigated the shape-dependence of the ORR 
process. The adopted liquid phase method to dope nitrogen 
into graphene sheets is eco-friendly, energy-saving and non-
hazardous as compared to the widely used vapor phase process. 
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with an inter-planar spacing of 0.272 nm corresponding to the 
(103) plane of hausmannite Mn 3 O 4  (Figure  2 b). [  24  ]  The electron 
diffraction (ED) pattern of nanospheres (inset of Figure  2 b) is 
consistent with hausmannite Mn 3 O 4 . Interestingly, when the 
solvothermal synthesis was carried out in ethanol at 150 °C 
and 3 h, Mn 3 O 4  quasi-nanocubes with sizes from 5 to 20 nm 
were obtained on nitrogen-doped graphene (denoted as NCNG, 
Figure  2 c and Supporting Information, Figure S2c,d). The 
HRTEM image of NCNG (Figure  2 d) displays inter-planar spac-
ings of 0.284 nm and 0.234 nm, which can be assigned to (200) 
and (004) planes of hausmannite Mn 3 O 4 , which is consistent 
with the ED pattern (inset of Figure  2 d). Furthermore, Mn 3 O 4  
quasi-nanoellipsoids on nitrogen-doped graphene (denoted as 
NENG) were prepared in 1-pentanol at 200 °C for 5 h (Figure  2 e 
and Supporting Information, Figure S2e,f). The nanoellipsoids 
are about 5 nm in width and 20 nm in length. The HRTEM 
image of NENG shows inter-planar distances of 0.307 nm and 
0.272 nm, corresponding to (112) and (103) planes of haus-
mannite (Figure  2 f). The ED pattern of nanoellipsoids can also 
be ascribed to hausmannite Mn 3 O 4 , as shown in the inset of 
Figure  2 f. The sizes of three types of Mn 3 O 4  nanoparticles can 
be considered as similar. The disparities in the nanoparticle 
sizes observed from TEM and SEM images result from agglom-
eration of primary particles (TEM testing), which is also called as 
secondary particles (SEM testing).  

 The X-ray diffraction (XRD) patterns of the samples 
( Figure    3  a) can all be assigned to tetragonal Mn 3 O 4  structure 
(hausmannite,  I 4 1 / amd ,  a  0  =  b  0  = 5.76 Å, and  c  0  = 9.47 Å; 
JCPDS card no. 24-0734), which is in accordance with the ED 
patterns. [  24–26  ]  The Raman spectra display signals of Mn–O 
band (650 cm −1 ) from Mn 3 O 4 , D band (1360 cm −1 ), G band 
(1600 cm −1 ), and combination of D+G band (2900 cm −1 ) from 
graphene, confi rming the presence of graphene in these hybrid 
materials (Figure  3 b). [  27,28  ]  The high ratios of  I  D / I  G  (1.06, 1.1, 

The mesoporous architecture resulting from nanoparticle 
assembly is favourable to oxygen adsorption and molecular 
transport during the ORR process. The strong bonding between 
metal species and doped graphene could prevent nanoparticles 
from agglomeration and improve the electroconductivity. [  22  ]  The 
study of the ORR activity of transition metal oxide nanocrystals 
in relation to their shape opens new possibilities in optimizing 
the ORR performance in fuel cells and metal-air batteries.  

  2   .  Results and Discussion 

  2.1   .  Materials Synthesis and Characterization 

 The synthesis process is illustrated in  Figure    1  . Graphene oxide 
sheets (denoted as GO, Figure S1 in Supporting Information) 
merged with Mn(AC) 2  and ammonia in different solvents were 
fi rst treated in water bath at 80 °C for 10 h. During this process, 
irregular Mn 3 O 4  nuclei were formed on GO sheets via hetero-
geneous nucleation. The as-obtained GO-Mn nuclei solution 
was further solvothermally treated in an autoclave. In this pro-
cess, GO was deoxygenated and nitrogen was doped into gra-
phene sheets at a high pressure and elevated temperature; [  23  ]  
Simultaneously, Mn 3 O 4  nuclei continued to grow into sphere, 
cube, and ellipsoid-like nanoparticles under different reaction 
conditions.  

 The structure and morphology of the hybrid materials were 
examined. Firstly, Mn 3 O 4  quasi-nanospheres on nitrogen-doped 
graphene (denoted as NSNG) were obtained using 1-butanol as a 
solvent at 200 °C for 5 h ( Figure    2  a and Supporting Information, 
Figure S2a,b). Transmission electron microscope (TEM) images 
show that the size of these nanospheres ranges from several to 
20 nm. The high resolution TEM (HRTEM) image shows that 
each nanosphere is a single-crystal dominant Mn 3 O 4  nanoparticle 

      Figure 1.  Schematic illustration of the preparation procedure of Mn 3 O 4  nanoparticles with three different morphologies on nitrogen-doped graphene 
sheets. 
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 Nitrogen adsorption isotherms were measured to investi-
gate the pore structure of as-prepared hybrid materials. The 
isotherms of all samples are type-IV with a distinct hysteresis 
loop at relative pressures ( P / P  0 ) from 0.45 to 1.0 ( Figure    4  a), 
suggesting the presence of mesopores in these materials. The 
pore size distribution (PSD) curves of NENG and NSNG are 
centred at ≈42 nm which is larger than that of NCNG (≈22 nm), 
further confi rming their mesoporous structure (Figure  4 b). [  29  ]  
The Brunauer-Emmett-Teller (BET) surface area and the total 
pore volume of NENG was estimated to be 85 m 2  g −1  and 
0.19 cm 3  g −1 , in contrast to those of NSNG (47 m 2  g −1  and 
0.15 cm 3  g −1 ) and NCNG (164 m 2  g −1  and 0.35 cm 3  g −1 ). The 
mesoporous architecture of the hybrid materials resulting from 
nanoparticle assembly can facilitate oxygen adsorption and 
molecular transport during the ORR process.  

 X-ray photoelectron spectroscopy (XPS) survey scan of 
NENG ( Figure    5  a, 0–1000 eV) indicates the presence of man-
ganese, carbon, oxygen and nitrogen. The deconvolution of 
corresponding N 1s spectrum (Figure  5 b) indicates the exist-
ence of three nitrogen structures, that is, pyridinic at 398.7 eV, 
pyrrolic at 400.4 eV and graphitic at 401.5 eV. [  23,30  ]  The decon-
volution of C 1s spectrum (Figure  5 c) shows the presence of 
nonoxygenated carbon at 284.2 eV, C–O at 287.0 eV, and C=O 
at 288.8 eV. In the Mn 2p spectrum, a 2p 3/2 -2p 1/2  doublet at 
640.3 and 651.9 eV with a splitting width of 11.6 eV is in agree-
ment with previous report (Figure  5 d). [  31  ]  The estimated N/C 
ratio in NENG is 6.65%. XPS spectra of NSNG and NCNG 
are shown in Supporting Information, Figures S4,S5, with 
calculated N/C ratios of 4.75% and 7.21%. Furthermore, the 
as-prepared samples were characterized by Fourier transform 
infrared spectroscopy (FTIR, Figure S6, Supporting Informa-
tion). The FTIR spectrum of GO displays characteristic bands 
of stretching vibration of O–H (3400 cm −1 ), C=O (1725 cm −1 ), 
and C–O (1070 cm −1 ). However, these peaks disappear in the 
FTIR spectra of three hybrid samples, indicating the removal of 
these oxygen-containing groups. Importantly, new peaks were 
identifi ed at 1570 cm −1  for all three samples, probably due to 
the newly formed C–N bond after nitrogen doping. [  32,33  ]  The 
observed contradiction between XPS and FTIR data resulted 
from the different sensitivity of these two analysis tools.  

 The formation mechanism of Mn 3 O 4  nanoparticles with dif-
ferent shapes on nitrogen-doped graphene was further inves-
tigated. Apart from the oxygen-containing functional groups 
on GO, the nitrogen-doped graphene sheets can also act as 

anchoring sites for metal oxide nanoparticles, 
which result in a strong coupling between 
metal species and N-doped graphene that 
can effectively prevent metal oxide nanopar-
ticles from agglomeration and re-crystalliza-
tion into big particles. [  22,34  ]  For the purpose 
of comparison the corresponding samples 
without nitrogen doping were also prepared 
(Supporting Information, Figure S7, denoted 
as NSG, NCG, and NEG); in these three sam-
ples, Mn 3 O 4  nanocrystals re-grow into large 
particles due to Ostwald ripening, which 
resulted in a poor monodispersity. Gener-
ally, the surface energy plays a vital role in 
the anisotropic growth of nanoparticles after 

and 1.2 for NSNG, NCNG and NENG) clearly indicate the pres-
ence of structural defects in graphene sheets due to nitrogen 
doping. Furthermore, the mass ratios of Mn 3 O 4  in NSNG, 
NCNG, and NENG are similar as determined by thermogravi-
metric analysis (TGA), which are 83 wt%, 80 wt%, and 84 wt%. 
(Figure S3, Supporting Information).  

      Figure 2.  a) TEM images, b) HRTEM image of NSNG (inset is ED pat-
tern); c) TEM image, d) HRTEM image of NCNG (inset is the ED pattern); 
e) TEM image, f) HRTEM image of NENG (inset is the ED pattern). 

      Figure 3.  a) XRD patterns and b) Raman spectra of NSNG, NCNG, and NENG. 
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by 1-pentanol the high temperature (200 °C) 
with suffi cient growth duration (5 h), the 
crystal growth rate on high-free-energy facets 
increased because of the improved reactivity 
of ions in solution due to the decreased sol-
vent polarity, resulting in more low-Miller-
index facets, so ellipsoid-like nanoparticles 
were formed (sample NENG). [  38  ]  As a result, 
the ellipsoidal sample has the highest per-
centage of (001) facet, which features the 
lowest surface energy in three samples. [  39  ]   

  2.2   .  Electrocatalytic Analysis 

 ORR catalytic activities of three samples 
were examined by cyclic voltammetry (CV) on a rotating disk 
electrode (RDE) both in N 2  and O 2 -saturated 0.1  M  KOH solu-
tion. CV curves of all the samples recorded in N 2 -saturated 
electrolyte show no obvious peaks, indicating that ORR did 
not occur (Figure S8, Supporting Information). In contrast, the 
CV curve of NENG in O 2 -saturated electrolyte shows one ORR 
reduction peak at –0.30 V with a current density of 1.83 mA 
cm −2 ; the ORR reduction peak for NSNG is at –0.37 V with a 
current density of 1.30 mA cm −2 , while this peak for NCNG is 
at –0.38 V with a current density of 1.36 mA cm −2  ( Figure    6  a). 
The observed ORR peak for each sample originates from one-
step four-electron oxygen reduction pathway. [  40,41  ]  Although the 
peak potential of NENG (-0.30 V) is more negative than that of 

Pt/C (–0.19 V), its reaction current density 
is higher than that of Pt/C (1.64 mA cm −2 , 
Figure S9a, Supporting Information). To 
obtain further insight into ORR activities of 
these three samples, the linear sweep voltam-
mograms (LSVs) recorded in O 2 -saturated 
electrolyte on RDE at 1600 rpm were com-
pared (Figure  6 b). NSNG exhibits an onset-
potential of –0.18 V and a current density 
of 2.47 mA cm −2  at –0.6 V; NCNG shows an 
onset-potential of –0.16 V and a current den-
sity of 3.41 mA cm −2  at –0.6 V; and the LSV of 
NENG displays an onset-potential of –0.13 V 
close to that of Pt/C (–0.09 V, Figure S9b, Sup-
porting Information) and a high current den-
sity of 3.70 mA cm −2  at –0.6 V. As evidenced 
by CV and LSVs, NENG displays the highest 
ORR activity among these three samples, 
which is refl ected by the most positive onset-
potential and highest current density. The 
onset-potential of NENG is more positive than 
those reported for Fe 3 O 4 /nitrogen-doped gra-
phene, CoO/carbon nanotube, and Co(OH) 2 /
graphene hybrid materials; and its current 
density is also higher than those reported 
for Fe 3 O 4 /nitrogen-doped graphene and 
Co(OH) 2 /graphene hybrid materials. [  9,42,43  ]   

 To quantitatively understand ORR activi-
ties of these three samples, the Koutecky-
Levich plots (K-L,  J −1   vs   ω  −1/2  , Figure  6 c 

nucleation, and the growth rate is exponentially proportional 
to the surface energy. [  25,35–37  ]  At a high temperature (200 °C) 
and relatively long growth duration (5 h) in 1-butanol, the 
growth of nanocrystals is complete and the thermodynami-
cally favourable sphere-like Mn 3 O 4  nanoparticles are obtained, 
which is stabilized by some high Miller index facets, driven by 
autonomous minimization of the surface energy. According to 
the Wuff facet theory, the crystal growth should occur rapidly 
on high-free-energy facets, resulting in crystals with low-free-
energy facets. [  25  ]  Therefore, at a lower temperature (150 °C) 
and a shorter reaction time (3 h) in ethanol, the cube-like mor-
phology is observed, which was stabilized with low Miller-index 
facets ((100), (010), and (001)). Moreover, replacing 1-butanol 

      Figure 4.  a) Nitrogen adsorption-desorption isotherms, and b) pore size distribution curves 
of NSNG, NCNG, and NENG. 

      Figure 5.  XPS spectra of NENG. a) Survey scan, b) high resolution N 1s spectrum, c) C 1s 
spectrum, and d) Mn 2p spectrum. 
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 To further understand the ORR activity, 
the detailed LSVs of three samples at dif-
ferent rotating speeds from 0 to 2500 rpm 
between 0.2 and –0.8 V were recorded 
(Figure S10a,c,e, Supporting Information). 
LSVs measured on NENG exhibit a typical 
increasing current with higher rotation 
speeds at the same potentials because of the 
shortened diffusion distance at higher speeds 
(Figure S10e, Supporting Information). [  44,45  ]  
Detailed LSVs of NSNG and NCNG show 
similar behaviour. The K-L plots of NENG 
estimated from its LSVs from –0.4 V to 
–0.8 V display good linearity; but the linearity 
of K-L plots for NSNG and NCNG is not as 
good as that of NENG (Figure S10b,d,f, Sup-
porting Information). 

 In addition, the long-time stability of 
NENG was estimated using chronoampero-
metric response in O 2 -saturated 0.1  M  KOH 
solution at –0.3 V (Figure  6 e). NENG exhib-
ited an excellent stability, retaining 79% of 
the initial current even after 100 hrrunning. 
This performance is much better than that of 
commercial Pt/C catalyst, which lost almost 
50% current after 60 h running. [  29  ]  The tol-
erance of NENG to methanol crossover was 
also measured to test the selectivity towards 
ORR with the addition of 1  M  methanol 
(Figure  6 f). The current density of NENG 
displayed no obvious decrease after the addi-
tion of methanol, suggesting a high selec-
tivity to ORR. In contrast, commercial Pt/C 
always exhibits a distinct methanol oxida-
tion reaction (MOR) after the introduction of 
methanol, indicating that Pt/C is very sensi-
tive to methanol crossover. [  29  ]  The excellent 
long-term stability as well as high selectivity 
to ORR further suggest that NENG is a very 
promising ORR electrocatalyst for direct 
methanol fuel cells. 

 The density effect of Mn 3 O 4  nanoparticles 
on the ORR activity was also investigated. NENG-1 and NENG-2 
were prepared using the same method with NENG but with 
1 mL and 0.5 mL of 0.2  M  Mn(AC) 2 , so as NCNG-1, NCNG-2, 
and NSNG-1, NSNG-2. As shown in Supporting Information 
Table S1 and Figures S11,S12,S13, lowering the Mn loading in 
Mn 3 O 4 /N-graphene catalysts with different shapes led to reduc-
tion in the ORR activity, suggesting that the active reaction sites 
in our hybrid materials could be related to metal oxide nano-
particles. The optimal nanoparticle loading in the case of ellip-
soidal samples (NENG) is 56.7 wt% of Mn (78.7 wt% of Mn 3 O 4 ) 
determined by EDS (energy-dispersive X-ray spectroscopy), 
which is a little lower than 84 wt% of Mn 3 O 4  obtained by TGA 
because of the introduced Pt coating and carbon support for 
SEM testing. For cubic samples, the optimal nanoparticle popu-
lation is obtained in NCNG with 61.0 wt% of Mn (84.7 wt% of 
Mn 3 O 4 ), which is close to the TGA result (80 wt% of Mn 3 O 4 ). 
The optimal nanoparticle loading in the case of spherical 

and Supporting Information, Figures S9c,S10) were calculated 
from LSVs and compared at –0.6 V at various rotating speeds. 
All K-L plots display good linearity. [  44,45  ]  In particular, NENG 
shows the highest ORR current density, followed by those 
obtained for NCNG and NSNG (Figure  6 c). Furthermore, elec-
tron transfer numbers ( n ) and kinetic limiting current density 
( J  K ) were estimated from the slopes and the intercepts of linear 
K-L plots (Figure  6 d). NENG shows the largest n value of 3.81 
(close to that of Pt/C, 3.96, Figure S9d, Supporting Information) 
and the highest  J  K  value of 11.69 mA cm −2  at –0.6 V, as com-
pared to those of NCNG (3.70 and 9.38 mA cm −2 ) and NSNG 
(3.64 and 4.70 mA cm −2 ). The  n  values for all three samples are 
close to 4, suggesting that the effi cient four electron reduction 
dominates the catalytic processes on these hybrid materials. 
Obviously, the largest electron transfer number and the highest 
kinetic limiting current density further confi rm the best ORR 
performance of NENG. 

      Figure 6.  a) CV curves, b) LSVs at a sweep rate of 5 mV s –1 , c) the calculated K-L plots and 
d) kinetic limiting current density ( J  K ) and electron transfer number ( n ) of NCNG, NSNG, and 
NENG; e) Chronoamperometric response ( i – t ) of NENG, f)  i – t  of NENG and Pt/C before and 
after the addition of 1  M  Methanol. The tests were conducted in O 2 -saturated 0.1  M  KOH solu-
tion at –0.35 V. Catalyst loading was 0.1 mg cm –2  for all samples. 
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oxide aqueous solution was subjected to ultrasonic treatment (950 W, 
1 h) and then centrifuged at 3000 rpm for 0.5 h. 2 mL 5 mg mL −1  of 
GO aqueous solution were added into 20 mL of solvent (1-butanol, 
ethanol or 1-pentanol for NSNG, NCNG and NENG synthesis, 
respectively), followed by the addition of 2 mL, 0.2  M  Mn(AC) 2 , and 
2 mL of NH 4 OH (28 wt%). The mixture was kept at 80 °C for 10 h and 
then loaded into a Tefl on-lined stainless steel autoclave and heated at 
elevated temperature for several hours (200 °C for 5 h, 150 °C for 3 h 
and 200 °C for 5 h for NSNG, NCNG, and NENG, respectively). The 
samples were then washed with water and ethanol, and freeze-dried. 
For the samples without nitrogen doping (NSG, NCG, and NEG), the 
preparation method is similar as described above in the absence of 
NH 4 OH (28 wt%). To investigate the population effect of nanoparticles 
on the ORR performance, 1 mL and 0.5 mL of 0.2  M  Mn(AC) 2  were used 
by keeping other conditions the same to prepare the NENG, NCNG, and 
NSNG samples with different loadings of nanoparticles; these samples 
are denoted as NENG-1, NENG-2, NCNG-1, NCNG-2 and NSNG-1, 
NSNG-2. 

  Materials Characterization : TEM images were obtained on a Philips 
CM100 microscope at an acceleration voltage of 80 kV. High resolution 
TEM images were collected with JEOL JEM 2100 microscopy. SEM 
images were recorded on the FEI Quanta 450. For SEM testing, the 
powder samples were placed on carbon tabs and Pt was coated 
on surface of the smaple. AFM measurements were performed on 
NT-MDT Ntegra Solaris system. XRD patterns were collected on a 
powder X-ray diffractometer at 40 kV and 15 mA using Co-K α  radiation 
(Minifl ex, Rigaku). The Raman spectra were conducted on iHR550 from 
HORIBA Scientifi c with 532 nm solid laser as an excitation source. 
XPS spectra were obtained using an Axis Ultra (Kratos Analytical, UK) 
XPS spectrometer equipped with an Al K α  source (1486.6 eV). For XPS 
testing, the powder samples were dispersed on carbon conductive 
adhesive tape to form the fl at surface. Nitrogen adsorption isotherms 
were collected on a Tristar II 3020, Micromeritics adsorption analyzer at 
–196 °C. Prior to adsorption measurements, the samples were degassed 
at 200 °C for at least 10 h. Pore size distributions (PSD) were calculated 
using the adsorption branch of the isotherms by Barrett-Joyner-Halenda 
(BJH) method; the resulting PSD curves defi ned as d V /d(log  D ), where 
 V  is the volume adsorbed and  D  is the pore width, are presented in 
fi gures. The total pore volume was estimated from the adsorption 
volume at a relative pressure ( P / P  0 ) of 0.99. The FTIR spectra were 
collected on the transmission module of a Thermo Nicolet 6700 FTIR 
spectrometer at 2 cm −1  resolution and 64 scans. TGA was measured 
using a Setaram Labsys Thermogravimetric Analyzer in O 2  atmosphere, 
over a temperature range from 20 to 520 °C with a heating rate of 
10 °C min −1 . 

  Electrochemical Tests : Electrochemical measurements were performed 
in a standard three-electrode glass cell on a 760 workstation (Pine 
Research Instruments, US) under ambient conditions. A Pt wire and 
an Ag/AgCl/KCl (3  M ) were used as counter and reference electrodes, 
respectively. 1 mg of catalysts were ultrasonically dispersed in 970  μ L of 
mixed solution of 2-proponal and Milli-Q water (1/3, v/v) with 30  μ L of 
0.1 % Nafi on (15 wt% of Nafi on in the catalyst), resulting in a catalyst 
concentration of 1 mg mL −1 . A portion of catalyst dispersion was then 
transferred onto the RDE via a controlled drop casting method, which 
yielded a loading of catalyst 0.1 mg cm −2 . The resulting electrode was 
dried under ambient conditions. 

 The overall electron transfer numbers per oxygen molecule involved 
in the typical ORR process were calculated from the slopes of the 
Koutecky-Levich plots using the following equations: [  8,49  ] 

1

J
=

1

JL
+

1

JK
=

1

BT0 .5 +
1

JK  
 (1)

      

B = 0.62nFC0(D0)2 /3<−1 /6
  (2)      

JK = nFkC 0  (3)       

samples (NSNG) is 54.5 wt% of Mn (75.7 wt% of Mn 3 O 4 ) which 
is also close to the result measured by TGA (83 wt% of Mn 3 O 4 ). 
Note that the N/C at% of NENG, NCNG and NSNG obtained 
by EDS are 1.23, 1.43, and 1.02, which are similar. 

 The excellent ORR performance of these non-precious 
hybrid materials can be attributed to the mesoporous architec-
ture, nitrogen doping, introduced asymmetry charge and spin 
density, and strong coupling between metal species and doped 
graphene. [  17  ]  Specifi cally, the mesoporous structure can boost 
the mass transport during catalytic process; the unbalanced 
charge distribution resulting from nitrogen doping is greatly 
favourable to O 2  adsorption; a strong bonding between doped 
graphene and metal species can facilitate the electron transfer, 
and it is also a guarantee for the good durability. The different 
ORR activities of NENG, NCNG and NSNG can be attributed to 
various shapes of Mn 3 O 4  nanoparticles in the hybrid materials. 
Note that (001) facets with Mn 2 O 4  termination (Mn IV ) in Mn 3 O 4  
nanocrystals were shown to be favourable to catalytic processes 
due to high oxidation valence and strong ability to form a redox 
couple. [  46,47  ]  The prominent ORR activity of NENG with (001) 
facet dominant Mn 3 O 4  nanoparticles is probably related to the 
facile adsorption of oxygen on (001) facets of Mn 3 O 4  nanocrys-
tals during ORR process. As a result, the ellipsoid-like Mn 3 O 4  
with highly exposed (001) facets displayed the highest ORR per-
formance as compared to the cube-like sample with facets of 
(100), (010), and (001), and the most thermodynamically stable 
sphere-like sample with some high Miller index facets.   

  3   .  Conclusions 

 In summary, Mn 3 O 4  nanoparticles with three different 
shapes (spheres, cubes and ellipsoids) were integrated with 
nitrogen-doped graphene, and the shape effect of these tran-
sition metal oxide particles on the ORR activity was studied 
in alkaline electrolytes. These non-precious hybrid materials 
exhibited excellent ORR performance, which can be ascribed 
to the mesoporous architecture, nitrogen doping and strong 
covalent bonding between doped graphene and metal spe-
cies. Especially, the hybrid material with ellipsoid-like Mn 3 O 4  
nanocrystals on nitrogen-doped graphene displayed the best 
ORR activity among three samples studied, which is possibly 
related to the high activity of (001) facets in Mn 3 O 4  nanocrys-
tals. Signifi cantly, an insight into the correlation between the 
shape of metal oxide nanocrystals and oxygen reduction cata-
lytic activity is proposed in relation to the exposed crystal facets 
in metal oxide nanocrystals, which may open a new avenue for 
the development of low cost and environmentally friendly elec-
trocatalysts for highly effective ORR process. This work may 
also advance further tuning of surface chemistry of transition 
metal oxides and thus, rationally design catalysts with optimal 
catalytic performance.  

  4   .  Experimental Section 
  Synthesis of Different Shaped Mn 3 O 4  Nanoparticles on Nitrogen-

Doped Graphene : graphite oxide was prepared by a modifi ed Hummers’ 
method (see supporting information). [  48  ]  A 5 mg mL −1  of graphite 
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 in which  J  is the measured current density,  J  K  and  J  L  are the kinetic- and 
diffusion-limiting current densities,   ω   is the electrode rotating speed in rpm, 
and  B  is the reciprocal of the slope,  n  is the number of electrons transferred 
per oxygen molecule,  F  is the Faraday constant ( F  = 96 485 C mol –1 ),  C  0  
is the concentration of O 2 ,  D  0  is the diffusion coeffi cient of O 2 , <   is the 
kinematic viscosity of the electrolyte, and  k  is the electron transfer rate 
constant. In this study, the electrolyte was O 2  saturated 0.1  M  KOH,  C 0  , 
 D 0   and <   were used as 1.2 × 10 –3   M , 1.9 × 10 −5  cm 2  s –1 , and 0.01 cm 2  s −1 , 
respectively. The constant 0.62 in Equation  2  was substituted by 0.2 when 
the rotating speed is expressed in rpm.  
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