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Effi cient Synthesis of Heteroatom (N or S)-Doped 
Graphene Based on Ultrathin Graphene Oxide-Porous 
Silica Sheets for Oxygen Reduction Reactions
 Heteroatom (N or S)-doped graphene with high surface area is successfully 
synthesized via thermal reaction between graphene oxide and guest gases 
(NH 3  or H 2 S) on the basis of ultrathin graphene oxide-porous silica sheets 
at high temperatures. It is found that both N and S-doping can occur at 
annealing temperatures from 500 to 1000  ° C to form the different binding 
confi gurations at the edges or on the planes of the graphene, such as 
pyridinic-N, pyrrolic-N, and graphitic-N for N-doped graphene, thiophene-
like S, and oxidized S for S-doped graphene. Moreover, the resulting N and 
S-doped graphene sheets exhibit good electrocatalytic activity, long dura-
bility, and high selectivity when they are employed as metal-free catalysts for 
oxygen reduction reactions. This approach may provide an effi cient platform 
for the synthesis of a series of heteroatom-doped graphenes for different 
applications. 
  1. Introduction 

 Graphene, a two-dimensional aromatic monolayer of carbon 
atoms, has attracted great attention owing to its exceptional 
physical, [  1  ]  chemical [  2  ]  and mechanical [  3  ]  properties as well as 
its potential applications in electronics, [  4  ]  sensors, [  5  ]  superca-
pacitors [  6  ]  and batteries. [  7–10  ]  Both theoretical and experimental 
studies [  11–13  ]  have revealed that chemical doping of graphene 
with foreign atoms such as nitrogen, boron and sulfur can 
tailor its electronic property and chemical reactivity, as well as 
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give rise to new functions. A particularly 
exciting example is N-doped graphene 
(NG) that exhibits high electrocatalytic 
activity and CO tolerance in comparison 
to conventional platinum catalysts for 
oxygen reduction reaction (ORR), and thus 
holds great promise to replace noble metal 
catalysts in fuel cells. [  14  ,  15  ]  Up to now, sev-
eral approaches such as chemical vapor 
deposition (CVD), [  16  ]  arc-discharge, [  17  ]  
and thermal annealing of graphene oxide 
under ammonia atmosphere, [  18  ]  have been 
developed to produce B and/or N-doped 
graphene sheets. However, high vacuum 
conditions during the above synthesis 
are usually inevitable and the resulting B 
and N-doped graphene commonly con-
tain multilayers in addition to the single 
layers. [  16  ,  17  ]  Further, the synthesis of 
other heteroatom-doped graphenes for example by incorpora-
tion of sulfur remains a big challenge. Given that single-layer 
graphene oxide can be readily available in large quantities by the 
Hummers method, [  19  ]  thermal reaction of graphene oxide with 
guest gases such as ammonia at relatively high temperatures 
should provide a feasible protocol towards the large-scale pro-
duction of heteroatom-doped graphene. [  18  ]  Although this is easy 
to imagine, the actual operation is diffi cult because the direct 
thermal annealing process generally results in an irreversible 
stacking of graphene due to the strong  π -interactions. [  20  ,  21  ]  As a 
consequence, the specifi c surface area of the resulting graphene 
materials is low ( < 500 m 2  g  − 1 ), which hampers their physical 
and chemical properties. [  20  ,  21  ]  

 In this article, we describe an effi cient synthesis of heteroatom 
(N or S)-doped graphene via a thermal reaction between graphene 
oxide and guest gases (NH 3  or H 2 S) based on our graphene 
oxide-mesoporous silica (GO-silica) sheets. Thereby, each 
graphene oxide sheet is fully confi ned within a thin and porous 
silica shell. [  9  ]  By this means, the unique porous silica layer: 1) can 
favor the transport of the gas source to the surface of graphene 
oxide that facilitates the thermal reaction and 2) can effectively 
prevent the irreversible re-aggregation of graphene during the 
heteroatom doping process at high temperature. As a result, 
nitrogen and sulfur-doped graphenes with high surface areas can 
be achieved. Moreover, we demonstrate that the resulting N and 
S-doped graphenes can serve as metal-free electrocatalysts for the 
oxygen reduction reactions, showing comparable electrocatalytic 
activity to that of commercially available Pt/C.   
m Adv. Funct. Mater. 2012, 22, 3634–3640
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     Figure  1 .     a,b) Typical TEM and c) AFM images of GO-porous silica sheets with different 
magnifi cations. d) Nitrogen adsorption/desorption isotherm of GO-porous silica sheets 
(inset: pore size distribution), demonstrating the porous structure with the pore size of 
about 2 nm and a high BET surface area of 1051 m 2  g  − 1 .  
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  Scheme 1.  Schematic illustration of the fabrication of N and S-doped graphene: (1) and (2) hydrol-
ysis of TEOS around the surface of graphene oxide with the aid of a cationic surfactant, cetyltrime-
thyl ammonium bromide (CTAB); (3-1) thermal annealing of GO-Silica sheets in ammonia at 600, 
800, 900 and 1000  ° C, respectively; (3-2) thermal annealing of GO-Silica sheets in H 2 S gas at 500, 
700 and 900  ° C, respectively; and (4-1 and 4-2) removal of silica by HF or NaOH solution. 
 2. Results and Discussion 

  2.1. Preparation and Characterization of Heter-
oatom-Doped Graphene 

  As illustrated in  Scheme 1 , the thin, sandwich-
like graphene oxide-porous silica (GO-silica) 
sheets were fi rst fabricated via the hydrolysis 
of tetraethyl orthosilicate (TEOS) on the sur-
face of graphene oxide with the aid of a cationic 
surfactant, cetyltrimethyl ammonium bromide 
(CTAB). [  9  ]  Subsequently, the resulting porous 
nanosheets were subjected to annealing under 
NH 3  or H 2 S atmosphere at different tempera-
tures (500–1000  ° C), where the abundant func-
tional groups such as carbonyl, carboxyl, lactone 
and quinone at the edges and in the plane of 
graphene oxide were favorable for the binding 
of nitrogen [  18  ]  and sulfur. After removal of silica 
by etching with 10% HF or 2M NaOH solution, 
fully isolated N and S-doped graphene sheets 
were generated, which are denoted as NGX 
and SGX, respectively, where X represents the 
annealing temperature. 

 The morphology and structure of as-prepared 
graphene oxide-porous silica sheets were fi rst 
investigated via transmission electron microscopy 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 3634–3640
(TEM) with energy-dispersive X-ray (EDX) 
analysis and atomic force microscopy (AFM). 
As shown in  Figure    1  a, many nanosheets 
with similar morphology to that of graphene 
oxide can be distinctly observed. Remarkably 
enough, these sheets possess numerous mes-
opores with the size of about 2 nm and a high 
Brunauer–Emmett–Teller (BET) surface area 
of 1051 m 2  g  − 1  (Figure  1 b,d and Supporting 
Information Figure S1). EDX and elemental 
mapping further reveals that graphene oxide 
is confi ned in silica layers as expected (Sup-
porting Information Figure S2). Moreover, the 
resulting GO-silica sheets are highly trans-
parent to electron beams as displayed in the 
TEM image (Figure  1 a) which are even com-
parable to that of the graphene oxide sheets, 
indicating their ultrathin nature. Cross-sec-
tional AFM analyses were further conducted 
to investigate the structural features of GO-
silica sheets. Typical AFM images support the 
morphological conclusions drawn form from 
TEM observations and a thickness analysis 
reveals a uniform thickness of about 15 nm 
(Figure  1 c). Notably, the resulting sheets are 
much thinner than those in our previously 
reported GO-silica sheets (about 30 nm). 
Thus, one can expect that these thin sheets 
3635wileyonlinelibrary.comheim
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     Figure  2 .     a) Typical TEM and b) AFM images of NG. c) Typical TEM image of SG. d) Nitrogen 
adsorption/desorption isotherm of N-doped graphene (inset: pore size distribution), revealing 
that the BET surface area of NG is 816 m 2  g  − 1 . e) XPS survey spectra and f) Raman spectra of 
GO, SG, and NG, respectively.  
will be particularly favorable in allowing for the access of NH 3  
and H 2 S gas to the surface of graphene oxide for the simulta-
neous heteroatom doping and reduction of GO.  

 As demonstrated in  Figure    2  , N and S-doped graphene 
sheets with a laminar morphology like silk veil waves are 
obtained after thermal annealing of GO-silica sheets in NH 3  
and H 2 S gas at high temperatures and subsequent removal of 
silica. The morphology is similar to that reported for reduced 
graphene oxide [  22  ]  and the partially crinkled nature may origi-
nate from the defective structures formed during the fabrica-
tion of GO and the heteroatom doping processes. The AFM 
analysis (Figure  2 b) further discloses the same morphology 
as observed by TEM (Figure  2 a,c) with a thickness of about 
1 nm, confi rming the single-layer feature. The typical nitrogen 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
adsorption and desorption curve of the 
resulting heteroatom-doped graphene dis-
plays a high BET surface area of 816 m 2  g  − 1  
(Figure  2 d). Although this value is still lower 
than the theoretical value of 2630 m 2  g  − 1  
for single-layer graphene, [  23  ]  it is much 
higher than those reported for graphene and 
N-doped graphene (typically in the range of 
200 to 500 m 2  g  − 1 ). [  24  ,  25  ]  Moreover, the single-
layer nature of heteroatom-doped graphene 
with ultrahigh surface area can be well main-
tained by simple transformation into other 
sandwich-like, graphene-based materials via 
a conversional nanocasting process, in which 
heteroatom-doped graphene-porous silica is 
employed as a template. [  9  ]   

 X-ray photoelectron spectroscopy (XPS) 
and Raman spectroscopy measurements 
were conducted to elucidate the chemical 
structure of the resulting SG and NG sheets. 
Apparently, nitrogen and sulfur signals can 
be observed in the XPS spectra of NG and 
SG (Figure  2 e), respectively, suggesting that 
both N and S species have been successfully 
incorporated into graphene. In addition to 
the heteroatom doping, high temperature 
annealing of GO-silica sheets in the pres-
ence of NH 3  and H 2 S also has an infl uence 
on the reduction degree on graphene oxide. 
As presented in  Figure    3  a,d, the peak at a 
high binding energy of 286.5 eV in C1s XPS 
spectrum of GO sheets is nearly eliminated 
upon thermal treatment above 500  ° C. This 
suggests that the large amounts of oxygen-
functional groups such as C-O bonds, car-
bonyls (C  =  O), and carboxylates (O-C  =  O) 
on [  18  ]  GO are largely removed (see Supporting 
Information Figure S3). On the basis of ele-
mental analysis, a signifi cant decrease of the 
oxygen content from about 35% for GO to 
5% for NG and SG is observed. Raman anal-
ysis further confi rmed the reduction process 
of GO (Figure  2 f and Supporting Informa-
tion Figure S4). The typical Raman spectra of 
NG and SG exhibit two remarkable peaks at 
about 1330 and 1600 cm  − 1 , corresponding to the D and G band, 
respectively. [  26  ]  Clearly, the intensities of the D band of NG and 
SG become lower than that of GO ( I  D / I  G   =  1.46, see Supporting 
Information Figure S4), indicating that the graphitic degree 
of NG and SG is improved. Furthermore, with the increase of 
the annealing temperature, the  I  D / I  G  values of both NG and 
SG decrease, corresponding to the higher graphitic degree of 
NG and SG. In addition, comparing the  I  D / I  G  value of NG and 
SG annealed at the same temperature, we fi nd that the  I  D / I  G  
value of SG is lower than that of NG. This may be ascribed to 
the lower level of S-doping than N-doping on graphene (see 
below).  

 To probe the chemical state of nitrogen and sulphur in the 
heteroatom-doped graphene sheets, we analyzed the high 
nheim Adv. Funct. Mater. 2012, 22, 3634–3640
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     Figure  3 .     a) High resolution C1s XPS spectra of GO and NG with C1 (sp2 carbon in graphene) and C2 (sp3 carbon with C-O bonds, carbonyls (C = O), 
and carboxylates (O-C  =  O), originating from harsh oxidation). b) High resolution N1s XPS spectra of NG. The peaks are fi tted to three energy com-
ponents centered at around 398.0, 400.0, and 401.3 eV, corresponding to pyridinic-N (N1), pyrrolic-N (N2), and graphitic-N (N3), respectively. c) The 
content of three nitrogen species (N1, N2, and N3) in NG sheets. d) High resolution C1s XPS spectra of GO and SG with C1 and C2. e) High resolution 
S2p XPS spectra of SG. The peaks are fi tted to three energy components centered at around 163.9, 165.1 and 168.5 eV, corresponding to Sp 3/2  (S1), 
Sp 1/2  (S2), and S-O (S3), respectively. f) The content of sulfur species (S1, S2, and S3) in SG sheets.  
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resolution N1s peaks of NG and S2p peaks of SG. As shown in 
Figure  3 , all the NG samples exhibit an obvious N1s signal and 
the N content of NG is in the range of 2.4–4.6%, with the highest 
content for NG900. The complex N1s spectra can be further 
deconvoluted into three different peaks at the binding energies 
of  ∼ 398.0, 400.0 and 401.3 eV, corresponding to pyridinic-N 
(N1), pyrrolic-N (N2) and graphitic-N (N3) respectively. [  15  ,  27  ,  28  ]  
Remarkably, the shape of these three peaks signifi cantly 
changes with increasing the annealing temperature, indicating 
that different amounts of N bonding confi gurations are formed 
during the reaction of GO-silica sheets and NH 3  at various 
temperatures. It is worthy to note that, with the increase of 
temperature from 600 to 1000  ° C, the highest energy peak N3 
becomes dominant, implying that more graphitic N atoms are 
incorporated into the carbon network of graphene (Figure  3 b). 
Differently, when the annealing temperature is increased from 
900 to 1000  ° C, the contents of pyridinic and pyrolic N largely 
decrease (Figure  3 c) possibly owing to their lower stability at 
high temperature. Such a phenomenon is consistent with 
observation made for thermally pyrolyzed N-containing carbon 
materials. [  27  ,  29  ]  

 In comparison, all the high resolution S2p peaks of SG 
prepared at different temperatures can be again resolved 
into three different peaks at the binding energies of  ∼ 163.9, 
165.1 and 168.5 eV, respectively (Figure  3 e). The former two 
peaks are in agreement with the reported 2p 3/2  (S1) and 2p 1/2  
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 3634–3640
(S2) positions of thiophene-S owing to their spin-orbit cou-
pling. [  30  ,  31  ]  The third peak should arise from some oxidized 
sulfur (S3) [  31  ,  32  ]  in SG, whose XPS intensity signifi cantly 
decreases with increasing the annealing temperature, indi-
cating the lower stability of such species at higher tempera-
ture. Other sulfur components such as thiol (SH) at around 
162.0 eV [  30  ,  33  ]  can not be detected in the XPS spectra. Thereby, 
it can be inferred that the sulfur is mainly doped at the edges 
and defects of graphene in the form of thiophene-like struc-
tures at higher temperature ( > 700  ° C). This stands in contrast 
to nitrogen doped graphene in which several N binding con-
fi gurations in the hexagonal network of graphene can exist, 
like pyridinic- and graphitic-N. As a result, the overall content 
of sulfur in the SG prepared at 500–900  ° C is only in the range 
of 1.2–1.7%, much lower than the nitrogen content (2.4–4.6%) 
in NG. To the best of our knowledge, this is the fi rst detection 
of sulfur doping of graphene.   

 2.2. Electrocatalytic Properties of Heteroatom-Doped Graphene 

 One of the promising applications of the resulting heteroatom-
doped graphenes can be envisaged in fuel cells as electrocatalyst 
for ORR. [  34  ,  35  ]  It constitutes an ideal model material free of any 
metal for understanding whether nitrogen or sulfur incorpo-
rated into the graphene structure is electrocatalytically active in 
3637wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  4 .     Electrocatalytic activity of N-doped graphene for ORR. a) Typical cyclic voltammo-
grams of NG at a scan rate of 100 mV s −  1  in O2 and Ar-saturated 0.1 M KOH solution as well 
as O2-saturated 0.1 M KOH solution with 3M methanol. b) Rotating ring disk electrode (RRDE) 
linear sweep voltammograms of NG600, NG800, NG 900, NG1000, and Pt-C at a rotation 
rate of 1600 rpm. c) The dependence of electron transfer number (n) on potential for NG600, 
NG800, NG 900, NG1000, and Pt-C. d) Electrochemical activity given as the kinetic-limiting 
current density ( J  k ) at –0.50 V for all NG and Pt-C.  
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the oxygen reduction. The electrocatalytic activity of the resulting 
N-doped graphene towards ORR was initially investigated with 
respect to commercial Pt-C (30 wt% platinum on carbon black) 
via cyclic voltammetry (CV) in 0.1 M KOH solution saturated 
with argon or oxygen. As shown in  Figure    4  a, a quasi-rectangular 
voltammogram without any evident peak in the potential range 
from –1.0 to  + 0.2 V, typical of high-surface-area carbons and 
supercapacitor performance, [  36  ]  is observed for NG in the argon-
saturated solution. In contrast, a well-defi ned cathodic peak cen-
tered at –0.32 V appears in the CV when the electrolyte solution 
is saturated with O 2 , similar to that of commercial Pt-C (Sup-
porting Information Figure S5), suggesting a pronounced elec-
trocatalytic activity of the as-prepared NG for oxygen reduction.  

 To gain further insight into the kinetics of the oxygen reduc-
tion reaction on NG, rotating ring disk electrode (RRDE) 
linear sweep voltammetry was performed in O 2 -saturated 
0.1 M KOH solution at a scanning rate of 10 mV s  − 1 . As shown 
in Figure  4 b, the onset potential of NG increases positively from 
 − 0.23 to  − 0.04 V, close to that of commercial Pt-C (−0.04 V) as 
the annealing temperature is increased from 600 to 1000  ° C. 
This indicates that the electrocatalytical behavior of NG for 
ORR is signifi cantly infl uenced by the annealing tempera-
ture. The exact kinetic parameters including electron transfer 
number ( n ) and kinetic current density ( J  K ) of the resulting NG 
were analyzed on the basis of  Equation (1)  [  34  ]  and the Koutecky–
Levich equations [  27  ,  37  ]  (see Supporting Information Figure S6), 
respectively.
38 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
 n = 4ID/(ID+IR/N)   (1)   

where  N   =  0.36 is the current collection effi -
ciency,  I  D  is the disk current, and  I  R  is the ring 
current. Obviously, the NG prepared at 600  ° C 
exhibits two coexisting pathways involving 
both the two-electron and four-electron trans-
fers, with a very low kinetic current density 
of 2.5 mA cm  − 2  (Figure  4 c,d). Nevertheless, 
with the increase of the temperature from 
600 to 1000  ° C, the electron transfer number 
of NG approaches the derived modul of four 
for ORR. The kinetic current density of NG is 
also strongly governed by the heating temper-
ature. Typically, the highest current density 
of 7.8 mA cm  − 2  is observed for NG-900. This 
value is even higher than that of commercial 
Pt-C ( J  k   =  5.1 mA cm  − 2 ) at the same testing 
conditions (Figure  4 c,d). Owing to the metal-
free fabrication procedure, the different elec-
trocatalytical activity of N-doped graphene for 
ORR can be attributed exclusively to the incor-
poration of various nitrogen portions in the 
graphene structure. Based on the XPS studies 
(Figure  3 c), it is reasonable to believe that the 
increase of the electrocatalytic activity of NG 
prepared between 600 and 900  ° C is ascribed 
to the enhancement of both pyridinic and 
graphitic N contents, while the lower activity 
of NG1000 with respect to NG900 should be 
due to the reduced pyridinic N in the matrix. 
Given that the two types of nitrogen atoms 
with strong electron-accepting ability can create a net positive 
charge on the adjacent carbon atoms in the resulting NG sheets, 
they assist the adsorption of oxygen and can readily attract elec-
trons from the anode, thus facilitating the ORR. [  37  ]  

 Meanwhile, the electrocatalytic activity of S-doped graphene 
was also investigated via RRDE linear sweep voltammetry under 
the same testing conditions. As shown in  Figure    5  , all the S-doped 
graphenes show the obvious electrocatalytic activity for oxygen 
reduction reactions. And the electrocatalytic activity of SG is 
strongly dependant on the annealing temperature, similar to that of 
N-doped graphene. As the annealing temperature increasing from 
500 to 900  ° C, the electron transfer number of SG slightly decreases 
from 3.5 to 3.2 (Figure  5 b). Associated with our XPS analysis of SG 
samples, it is reasonable to believe that the decrease of the elec-
tron transfer number of SG should be ascribed to the reduction 
of the amount of sulfur (from 1.7% to 1.2%) in SG samples since 
the S-C bonds should play a key role to affect the catalytic process 
of SG for ORR, similar to that of N-C bonds in NG. In addition, 
we fi nd that the kinetic current density of SG900 (5.3 mA cm −  2 ) 
is signifi cantly lower than that of NG900 (7.8 mA cm  − 2 ). 
The reason for this should be that the S-C bonds are predomi-
nately at the edges and the defect sites of SG (demonstrated by our 
XPS analysis), which results in the lower content and inhomoge-
neous distribution of sulfur in SG compared to that of nitrogen in 
NG. Therefore, to improve the content and distribution of sulfur 
on graphene should be a promising way to improve the electro-
catalytic activity of S-doped graphene for ORR.  
nheim Adv. Funct. Mater. 2012, 22, 3634–3640
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     Figure  5 .     Electrocatalytic activity of S-doped graphene for ORR. a) Rotating ring disk elec-
trode (RRDE) linear sweep voltammograms of SG500, SG700, and SG900 at a rotation rate 
of 1600 rpm. b) Electrochemical activity given as the kinetic-limiting current density ( J  k ) and 
electron transfer number (n) of SG500, SG700, SG900, and Pt-C at −0.50 V.  
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n=3.5
 N and S-doped graphene as well as commercial Pt-C were 
further compared by separately introducing O 2  and fuel mol-
ecules (e.g., methanol) into the electrolyte to examine their pos-
sible selectivity and crossover effects via chronoamperometric 
measurements. As displayed in  Figure    6  , in the cases of NG and 
SG, the strong and stable amperometric responses are observed 
after the introduction of O 2  into the electrolyte, which remain 
unchanged after the subsequent addition of methanol. In con-
trast, a distinct change for Pt/C is detected once methanol is 
added under the same testing conditions. This result suggests 
that both N and S-doped graphenes indeed exhibits a high 
selectivity for ORR with a remarkable tolerance to crossover 
effects. More importantly, the durabilities of N and S-doped 
graphenes are higher than that of Pt-C. As shown in Figure S7b 
(Supporting Information), after 30 000 seconds of reaction at 
−0.3 V, 65% and 73% of the current density of N and S-doped 
graphenes towards ORR can be maintained, respectively, which 
are higher than that of the Pt-C catalyst (55%).     

 3. Conclusions 

 In summary, we have described a simple and cost-effective 
approach for the production of heteroatom (N or S)-doped 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinh

     Figure  6 .     a) Current-time ( I-t ) chronoamperometric responses of NG, SG, and Pt/C elec-
trodes at −0.3 V in 0.1 M KOH solution (1600 rpm) followed by separately introducing O 2  and 
methanol (0.3 M). b)  I-t  chronoamperometric responses of NG, SG, and Pt/C electrode at 
−0.3 V in O 2 -saturated 0.1 M KOH solution at a rotation rate of 1600 rpm.  
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graphene via thermal reaction between 
graphene oxide and guest gases (NH 3  or 
H 2 S) on the basis of sandwich-like, ultrathin 
graphene oxide-porous silica sheets at high 
temperatures. Our studies prove for the fi rst 
time that sulphur can be doped into graphene 
sheets in a major form of thiophene-like S, 
whereas nitrogen can be incorporated into 
graphene with three types of binding con-
fi gurations including pyridinic-N, pyrrolic-
N and graphitic-N. Moreover, the resulting 
N and S-doped graphene sheets showed 
excellent electrocatalytic activity, long dura-
bility and high selectivity when they were 
employed as metal-free catalyst for ORR. We 
believe that our synthetic approach can be 
further extended to produce a series of het-
eroatom-doped graphenes such as B, F and 
P-graphene with broad applications in electronics, fuel cells, 
supercapacitors and lithium ion batteries.   

 4. Experimental Section 
 Graphene oxide was synthesized from natural graphite fl akes by the 
Hummers method, [  19  ]  and the ultrathin graphene oxide-porous silica 
sheets were fabricated by a modifi ed approach in paper. [  9  ]  In a typical 
experiment, graphene oxide (30 mg) was fi rstly suspended in an 
aqueous solution containing CTAB (1 g) and NaOH (40 mg), and then 
ultrasonically treated for 3 h. After magnetic stirring for 2 h at 40  ° C, 
0.25 mL of tetraethylorthosilicate (TEOS) was slowly added to the above 
mixture. After reaction for 12 h, the desired ultrathin graphene oxide-
mesoporous silica sheets were obtained by washing with warm ethanol, 
separation and dryness. N and S-doped graphene were produced by 
thermal reaction between resulting graphene oxide-mesoporous silica 
sheets and NH 3  and H 2 S gas, respectively, at different temperatures 
(500–1000  ° C) and subsequent removal of silica by alkaline or HF 
solution. 

 The morphology and microstructure of the samples were investigated 
by TEM (Philips EM 420), HRTEM (Philips Tecnai F20), AFM (Veeco 
Dimension 3100), EDX (Philips Tecnai F20), and XPS (VG ESCA 2000) 
measurements. Nitrogen sorption isotherms and BET surface area were 
measured at 77 K with a Micromeritcs Tristar 3000 analyzer (USA). The 
Raman spectra of dried samples were obtained on Lab-RAM HR800 
with excitation by an argon ion laser (514.5 nm). The procedure of glass 
carbon rotating disk electrode (5 mm in diameter, 
from Pine Research Instrumentation) pretreatment 
and modifi cation were as follows: prior to use, the 
working electrode was polished mechanically with 
0.5  μ m diamond down to 0.05  μ m alumina slurry 
to obtain a mirror-like surface and then washed with 
Mill-Q water and acetone and allowed to dry. 1 mg 
N-doped graphene was dissolved in 1 mL solvent 
mixture of Nafi on (5%) and water (V: V ratio  =  
1:9) by sonication. For comparison, a commercially 
available catalyst of 30 wt% Pt supported on black 
carbon (fuel cell grade) was used and 1 mg/ml 
Pt-C suspension was also prepared as the same 
procedure described above. Subsequently, a 7.5  μ g 
portion of catalyst (NG or Pt-C) was introduced 
onto the surface of glassy carbon electrodes using a 
microsyringe. And then the electrode was allowed to 
dry at RT for 12 h before measurement. 

 Electrochemical experiments were conducted 
using a computer-controlled potentionstation (CHI 
3639wileyonlinelibrary.comeim
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760D, CH Instrument, USA). A conventional three-electrode cell was 
employed incorporating a working glass carbon RRDE (Pine Research 
Instrumentation), an Ag/AgCl, KCl (3 M) electrode as reference 
electrode, and a Pt electrode as counter electrode. All potentials were 
measured and reported vs. the Ag/AgCl, KCl (3 M) reference electrode. 
The experiments were carried out in O 2  saturated 0.1 M KOH solution 
for the oxygen reduction reaction. The potential range was cyclically 
scanned between -1.2 and  + 0.2 V at different scan rate of 100 mV/s at 
the ambient temperature after purging O 2  or Ar gas for 15 min. RRDE 
measurements were conducted at different rotation rates from 225 to 
2500 rpm.   

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