THE UNIVERSITY

of ADELAIDE

Design and Fabrication of Non-Noble-Metal Electrocatalysts

for Oxygen Reduction Reactions

Ji Liang

School of Chemical Engineering

A thesis submitted for the degree of Doctor of Philosophy

The University of Adelaide

Jul 2014



Table of Contents

N 1133 Tt 1
Thesis Declaration Statement........ccoiieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiieieieeeitetcistcimmeensscnns 2
ACKNOWIEAZEMENL. ....uuviinniiiniiiiiiiniiitiiietiieiiiuiieestosnetsestossssssssossscssssssssaressosssssnsssns 3
Chapter 1 Literature ReVIEW....ccooeiiiiiiiiiiieiiiiiiniiiiieiiiisiisiistiosesstcsssssossssssssssassossssses 4

1.1 Introduction
1.2 Carbon-based Catalyst Support in Fuel Cell Applications
1.3 Carbon Materials and Their Energy Conversion and Storage Applications

Chapter 2 Graphitic Carbon Nitride and Carbon Composites for Oxygen Reduction...........76

2.1 Introduction, Significance and Commentary

2.2 Facile Oxygen Reduction on a Three-Dimensionally Ordered Macroporous Graphitic
CsNy/Carbon Composite Electrocatalyst

2.3 Supplementary Information

Chapter 3 N-doped Carbon Hybrids with synergistically enhanced performance for ORR...98

3.1 Introduction, Significance and Commentary

3.2 N-Doped Graphene Natively Grown on Hierarchical Ordered Porous Carbon for Enhanced
Oxygen Reduction

3.2 Supplementary Information

Chapter 4 Non-Noble-Metal decorated Carbon Hybrid for ORR........ccccceieiiiiiiiiiainnnne. 127

4.1 Introduction, Significance and Commentary

4.2 Fe-N Decorated Hybrid of CNTs Grown on Hierarchically Porous Carbon for High
Performance Oxygen Reduction

4.3 Supplementary Information

Chapter 5 Design, Optimization and Insights of Non-Noble-Metal decorated Carbon Hybrid
(00 0. 2 N 161

5.1 Introduction, Significance and Commentary
5.2 Designable Fe-N-C Complex: an Avenue towards Best Oxygen Reduction Catalytic Activity
5.3 Supplementary Information

Chapter 6 Origin of the Synergistic Effect of Dual Dopants on Carbon for Metal-free ORR
L8 171 192

6.1 Introduction, Significance and Commentary

6.2 Sulfur and Nitrogen Dual-Doped Mesoporous Graphene Electrocatalyst for Oxygen
Reduction with Synergistically Enhanced Performance

6.3 Supplementary Information

Chapter 7 Conclusion and Perspective....ccceeviiiiieiiiiiniiiiiieiieieneicssssssossssscssssssosensscons 219
Appendix: Publications during Ph.D........cccoiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiciiiienccn 222



Abstract

Fuel cell is a device that can directly convert the chemical energy in fuels into electricity and it
has the advantages including high efficiency, high energy density and zero waste emission.
However, a current fuel cell requires noble-metal catalysts (in most cased platinum, Pt) to accelerate
the electrode reactions. As a result of the high cost of Pt, the commercialization of fuel cell has been
severely hindered. Thus, it is exceptionally important to search for an alternative low-cost catalyst,
especially on the cathode when the sluggish oxygen reduction reaction (ORR) occurs and much
larger amount of Pt is employed, to bring down the over-all price of a fuel cell. With this aim, this
Ph.D thesis has demonstrated the design and synthesis of a serial of high —performance Pt-free
catalysts based on carbon materials. These researches include:

(1) We firstly designed and constructed a series of porous g-C3N4/C composite with different pore
size ranging from large mesopores (ca. 12 nm) to large macropores (ca. 400 nm) and studied the
structural impact of these hybrid materials on their ORR performance. In this study, we have for the
first time revealed that macropores would be more favorable for ORR in such materials rather than
the conventionally believed mesopores.

(2) Then, we integrated short-range ordered mesopores into the walls of macropores to form a
hierarchical pore structure. By incorporating graphene into this system, its electric conductivity can
be enhanced. This is the first study to natively grow graphene on porous carbon. It is found that this
material shows an excellent ORR performance with synergistically enhanced activities. Tafel
analysis confirms that the good performance was brought from its unique structural advantages.

(3) To further enhance the catalytic activity of the above materials with ideal hierarchical
structures for ORR, we have introduced high active Fe-N species into the system during the
fabrication. By delicate tuning of the Fe content, we are able to control the carbon nano-materials
on the hierarchical porous carbon to form graphene or carbon nanotube. As a result, the catalyst has
obtained a similarity high performance as Pt as a result of the successful combination of the desired
merits for ORR on it.

(4) Besides the optimization of materials structure, we have also doped graphene with both N and
S, and studied the influence of dual dopants on its ORR activity. We found that a significant
performance enhancement was achieved by dual-doping. From density function theory calculation,
we found the synergistic effect was from the spin and charge densities redistribution brought by
dual-doping of S and N, leading to a larger number of ORR active sites.

The studies in this thesis have provided a thorough understand of the kinetic and mechanism of
the ORR process on the Pt-free catalysts. The research has not only provided materials with
optimized structure and high performance for ORR, but also showed an avenue on the materials'

design and construction for further study.
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Chapter 1 Literature Review

1.1 Introduction

This chapter reviews the application of carbon materials, especial the carbon nanomaterials, in
the fields of energy storage and conversion, such as in a fuel cell, battery, supercapacitor or solar
cell. The different types of carbon nanomaterials have been introduced from the aspect of their
morphology, microstructure, synthesis and applicational performance. This chapter includes two
sections: 1.2, carbon-based catalyst support in fuel cell applications; and 1.3, carbon materials and

their energy conversion and storage applications.

1.2 Carbon-based catalyst support in fuel cell applications

This section is included in the thesis as it appears as a book chapter published by J. Liang, S. Z.
Qiao, G. Q. Lu, D. Hulicova-Jurcakova, Carbon-based Catalyst Support in Fuel Cell Applications,
in: J.M.D. Tascon, Novel Carbon Adsorbents, Elsevier Ltd, 2012, 549.

It gives a review of the application of carbon materials as catalyst or catalyst support materials to be
used in a fuel cell, both on the anode to catalyze the fuel oxidation reactions and on the cathode to

catalyze the oxygen reduction reactions.
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1.3 Carbon-based catalyst support in fuel cell applications

This section is included in the thesis as it appears as a book chapter published by J. Liang, R. F.
Zhou, D. Hulicova-Jurcakova and S. Z. Qiao, on Carbon Materials and Their Energy Conversion
and Storage Applications, in: Producing Fuels and Fine Chemicals from Biomass Using
Nanomaterials, Taylor & Francis Group, 2014, 59.

It gives a review of the application of carbon materials as catalyst or catalyst support materials to
be used in a variety of applications concerning the conversion and storage of energy, including fuel

cells, batteries, supercapacitoers and solar cells.
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Chapter 2 Graphitic Carbon Nitride and Carbon Composites for Oxygen

Reduction

2.1 Introduction, Significance and Commentary

The state-of-the-art graphitic carbon nitride (g-C3;Ny) is a promising substitute for the expensive
and vulnerable Pt catalyst for fuel cell cathode oxygen reduction reactions (ORR). It has also been
investigated recently for other potential applications such as photocatalysis or hydrogen storage etc.
Integration of this novel metal free catalyst on a suitable structured carbon substrate can bring about
facile electron transfer, reduce the kinetic limitations and retain the structural stability. On this basis,
we have for the first time designed and constructed a novel g-C;N4/Carbon with 3-dimensionally
ordered macropores, which shows excellent ORR catalytic activity, extremely high fuel crossover
tolerance and outstanding long term durability. To our knowledge, all these features have rarely
been achieved in the case of other metal free catalysts, which make macroporous g-C;N4/Carbon
catalyst promising for the next generation alkaline fuel cells based on organic fuels. The highlights
in this work include:

1. We have for the first time designed and constructed a novel g-Cs;Ns/Carbon with
3-dimensionally ordered macropores through a facile synthesis using very cheap cyanamide as a
precursor and silica microspheres as hard template.

2. Macroporous g-C3;N4/Carbon with the optimum 150 nm pore size shows much higher ORR
catalytic performance than the mesoporous g-C3N4/C, which is closely comparable with commercial
Pt/C in both reaction current and onset potential.

3. This catalyst possesses completely fuel poisoning tolerance, much superior to commercial Pt/C,
and excellent long term durability in fuel cell environment, which is the highest among current

g-C3N4/Carbons.

2.2 Facile Oxygen Reduction on a Three-Dimensionally Ordered Macroporous
Graphitic C;N,/Carbon Composite Electrocatalyst

This section is included in the thesis as it appears as a research paper published by J. Liang, Y.
Zheng, J. Chen, J. Liu, D. Hulicova-Jurcakova, M. Jaroniec and S. Z. Qiao, Facile Oxygen
Reduction on a Three-Dimensionally Ordered Macroporous Graphitic C3;N4/Carbon Composite

Electrocatalyst. Angew. Chem. Int. Ed., 2012. 51, 3892.



Statement of Authorship

Statement of Authorship

Title of Paper

Facile Oxygen Reduction on a Three-Dimensionally Ordered Macroporous Graphitic
C3N4/Carbon Composite Electrocatalyst

Publication Status

® Published, (@) Accepted for Publication, O submitted for Publication, O Publication style

Publication Details

Published on Angewandte Chemie International Edition (impact factor 13.734)
Issue published online: 11 APR 2012

Article first published online: 2 MAR 2012

Manuscript Received: 13 NOV 2011

DOI: 10.1002/anie.201107981

Author Contributions

By signing the Statement of Authorship, each author certifies that their stated contribution to the publication is accurate and that
permission is granted for the publication to be included in the candidate’s thesis.

Name of Principal Author (Candidate)

Ji Liang (First Author)

Contribution to the Paper

Research plan, material synthesis, most of the characterizations, performance
assessment, manuscript drafting.

Signature

| Date | 23/5/2014

Name of Co-Author

Dr. Yao Zheng

Contribution to the Paper

Signature

Assistance with material synthesis, performance evaluation and part of
characterization

| Date | 23/5/2014

Name of Co-Author

Dr. Jun Chen

Contribution to the Paper

Signature

Assistance with material performance evaluation

lowe | 25/0/ 20/

Name of Co-Author

Dr. Denisa Hulicova-Jurcakova

Contribution to the Paper

Manuscript revising (The author is unable to response to the requirement of signing on
this statement due to the physical conditions)

My supervisor (Prof. Shizhang Qiao, the second author) will sign below on behalf of
her.

Signature

[ose | 23/5/2014




Statement of Authorship

Title of Paper

Facile Oxygen Reduction on a Three-Dimensionally Ordered Macroporous Graphitic
C3N4/Carbon Composite Electrocatalyst

Publication Status

® Published, O Accepted for Publication, O Submitted for Publication, O Publication style

Publication Details

Published on Angewandte Chemie International Edition (impact factor 13.734)
Issue published online: 11 APR 2012

Article first published online: 2 MAR 2012

Manuscript Received: 13 NOV 2011

DOI: 10.1002/anie.201107981

Author Contributions

By signing the Statement of Authorship, each author certifies that their stated contribution to the publication is accurate and that
permission is granted for the publication to be included in the candidate’s thesis.

Name of Principal Author (Candidate)

Ji Liang

Contribution to the Paper

Material synthesis, most of the characterizations, material performance assessment,
manuscript drafting.

Signature

|0 | 23/5/2014

Name of Co-Author

Dr. Jian Liu

Contribution to the Paper

Assistance with manuscript revising and drafting

Signature

IDate l 37/4‘[7 17120{4.

Name of Co-Author

Prof. Mietek Jaroniec

Contribution to the Paper

Assistance with manuscript revise and drafting

Signature

[owe | U/2¢[20Y

. L}

Name of Co-Author

Prof. Shizhang Qiao

Contribution to the Paper

Design of the project and structure of the manuscript,
Organisation of the research and supervision

Corresponding author, Assistance with manuscript revise and drafting

Signature

|0 | 23/5/2014




Angewandte

3892

Communications

Macroporous Catalysts

DOI: 10.1002/anie.201107981

Facile Oxygen Reduction on a Three-Dimensionally Ordered
Macroporous Graphitic C;N,/Carbon Composite Electrocatalyst**

Ji Liang, Yao Zheng, Jun Chen, Jian Liu, Denisa Hulicova-Jurcakova, Mietek Jaroniec, and

Shi Zhang Qiac*

One of the greatest stumbling blocks hindering broad
applications of fuel cells is the high cost and vulnerability of
the platinum catalyst as well as the sluggish oxygen reduction
reaction (ORR) on the cathode.l! Although Pt alloys or non-
noble metals have been developed as substitute catalysts for
the ORR,%?? they still suffer from multiple disadvantages,
such as low stability under fuel cell conditions, vulnerability to
fuel crossover, and harmfulness to the environment. Thus,
the ongoing search for metal-free catalysts for the ORR has
attracted much attention. In this regard, nitrogen-containing
carbon materials are of particular interest owing to their
catalytic activity towards the ORR brought about by nitrogen
incorporation, which has been confirmed by both experimen-
tal studiesP" and quantum-mechanical calculations.!®] Among
these materials, graphitic carbon nitride (g-C;N,) is especially
promising because of its high nitrogen content, low cost, and
easily tailorable structure,” which makes it potentially
suitable for oxygen reduction as well as other applications,
such as photocatalysis'” or hydrogen storage, under mild
conditions.!!

However, the ORR electrocatalytic activity of g-C;N,
alone is still inferior to Pt catalysts.">** This is because of
the extremely low electrical conductivity (ca. 10 ® Sm *[%14)
of g-C)N, as indicated by our recent theoretical calcula-
tions.**) With the aim to better utilize this nitrogen-rich but
poerly conducting material, a variety of carbon materials
have been recently introduced into g-C;N, by different routes,
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including mechanical mixing of g-C,N, with carbon black™ or

in situ immobilization of g-C;N, onto carbon black,’” gra-
phene,>!® or mesoporous carbon.!'*! Compared to pristine g-
CN,, the aforementioned composites show better catalytic
performance for ORR (that is, higher cathodic reaction
current or lower ORR starting potential in a half-cell test).
However, the effect of the structure of these composites on
the catalytic properties is still unknown.

The porosity of catalyst in a fuel cell is critical for mass
transport and access of the proton exchange ionomers[>®!
However, the pores of previocusly investigated g-C;N,/carbon
materials (g-CaNy/C) arise from pyrolysis of carbon precur-
sors ™ random stacking of graphene layers[*® or meso-
porous carbon with small pores.”] The pore sizes of these
composites are hard to control and often too narrow for
efficient transport and access.'»?¥ Furthermore, the potential
prospects of g-C;N,/C as a substitute for Pt cannot be forecast
on the basis of the current research because the ORR
catalytic activity of the existing g-C;N,/C is hardly compara-
ble to Pt andior they are not stable enough in the fuel cell
environments,!?

From this point of view, a more uniform structure with
suitable pore size of the carbon substrate could be preferable
for hybrid g-CN,/C fuel cell catalysts. More specifically,
a well-defined and continuous porous structure would facil-
itate reactant transport inside the pores, assure better contact
between catalyst and ionomer, and better stability, as well as
create an opportunity for an accurate evaluation of the
structural effect of the added carbon on the ORR catalytic
properties of g-CsN,/C. On this basis, a hard template method
using silica microspheres as templates can be especially
feasible and advantageous for preparing the carbon supports
for g-C;N, in several aspects. Preparation of g-C:N,/C with
tunable pore size from meso to macropores could be easily
achieved using this method =" Besides, the carbon materi-
als thus synthesized feature uniform cage-like interconnected
pores, which not only facilitate the mass transport but also
avoid possible confusion in assessing the effect of pore sizes
due to structural differences. Furthermore, this three-dimen-
sionally interconnected structure would be stronger than the
microscopically separated carbon materials, and the silica
spheres are either commercially available or easy to fabricate,
making the resulting g-CN,/C potentially favorable for
commercialization at low cost.

Herein we present the design and preparation of macro-
porous g-C;N,/C with three-dimensionally ordered intercon-
nected structures using silica microspheres as hard templates.
The main objective is to develop a high performance metal-
free fuel cell catalyst, to evaluate the structural effect of the

Angew. Chem. Int. Ed. 2012, 51, 38923806



resulting g-C;N,/C on the electrocatalytic activity as well as to
reveal its potential suitability as a substitute for Pt/C used in
fuel cells. The catalytic activity of g-C;N,/C for ORR has been
measured in comparison with mesoporous g-C;N,/C and
commercial Pt/C. The g-C;N,/C catalysts with ordered pores
of about 150 nm showed highest ORR performance, which
was comparable with Pt/C in both the reaction current and the
initial potential. Moreover, unlike the vulnerable commercial
PU/C, our material had extremely high tolerance against fuel
crossover. Furthermore, this macroporous g-C;N,/C catalyst
also possessed an excellent durability compared to both
commercial Pt/C and previously reported g-C;N,/C in alka-
line media."*™ To our knowledge, all of these properties have
not been achieved in other metal-free catalysts, which make
the current macroporous g-C;N,/C catalyst promising for the
next generation of alkaline fuel cells based on organic fuels.

Macroporous g-C;N,/C was prepared as shown in Fig-
ure 1a. Silica spheres with different sizes were synthesized by

Figure 1. a) The synthesis of macroporous g-C;N,/C as a reversal of
the SiO, sphere structure. Conditions: 1) Sucrose, 900°C, N,; 2) cyan-
amide, 550°C, N,. b)—d) Scanning electron microscopy (SEM) images
of 150-C/CN, 230-C/CN, and 400-C/CN (and the corresponding silica
spheres of each size (insets). Scale bars: 1 um.

Stober’s method® and packed up by gravitational sedimen-
tation or solvent vaporization, forming an opal monolith. The
monolith was then dried and calcined at 550°C to obtain
interconnected silica spheres. In the next step, a thin carbon
shell was coated on the silica spheres (C@SiO,) through
sucrose infiltration followed by carbonization at 900°C in
nitrogen (Supporting Information, Figure S1). Afterward,
melted cyanamide, as g-C;N, precursor, was impregnated
into the intersphere spaces of C@SiO,, followed by heating at
550°C in nitrogen to form g-C;N,/C@Si0O,. Finally, the silica
template was removed with hydrofluoric acid after g-C;N,
synthesis, rather than in earlier stages, which successfully
prevented the possible structural deterioration and pore
blockage. Noticeably, as-synthesized g-C;N,/C (denoted as X-
C/CN, where X is the pore size) has well-defined intercon-
nected ordered macropores with the same size as the silica
spheres (Figure 1).

Angew. Chem. Int. Ed. 2012, 51, 38923896
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The formation of g-C;N, in the composite is confirmed by
X-ray diffraction (XRD) on the basis of the peaks at 260
located at 30° and 52° and corresponding to the (002) and the
(101) face (Figure 2a).” The existence of g-C;N, on carbon is

2) 002 b)

284 282
201 Binding Energy / eV

20 40 60 30 290 283 286

Figure 2. a) Typical XRD pattern obtained by Co Ka X-rays; b) typical
high-resolution C1s XPS spectrum. Inset: corresponding survey scan
of g-GN,/C.

also evidenced by FTIR spectra on the basis of characteristic
g-C;N, absorbance peaks (Supporting Information, Fig-
ure S2). X-ray photoelectron spectroscopy (XPS) is another
method to probe the integration of g-C;N, with carbon. The
survey scan spectrum of g-C;N,/C shows the presence of
carbon, nitrogen, and oxygen (inset in Figure 2b). High
resolution Cl s spectra reveal the carbon status in the material
(Figure 2b). The emergence of the peak at 288.3 eV corre-
sponding to C—N coordination and the enhancement of the
peak at 284.5 eV corresponding to C—C coordination, com-
pared to pristine carbon and g-C;N, (Supporting Information,
Figure S3), confirm the successful incorporation of g-C;N,
onto carbon."™'®" Another peak at 285.7 eV corresponds to
C—OH, which is from the sucrose precursor and is commonly
observed on carbon materials.” High-resolution scans of N 1s
in g-GN,/C and g-CN, show similar nitrogen species,
indicating comparable nitrogen status in both materials
(Supporting Information, Figure S3). The porosity of these
materials was investigated by nitrogen sorption measure-
ments. As a result, all of the macroporous samples possess
similar Brunauer-Emmett-Teller (BET) specific surface
areas in the range between 50 and 100 m*g™"; the surface
area tends to decrease with increasing pore size (Supporting
Information, Figure S5). No significant presence of meso-
pores or micropores was observed.

To further evaluate the pore size effect on the ORR
catalytic activity of g-C;N,/C, mesoporous g-C;N,/C was also
prepared for the purpose of comparison. The fabrication was
firstly carried out by synthesizing mesoporous carbon using
12 nm colloidal silica spheres as a hard template as previously
reported.”” Cyanamide was then cast into the mesoporous
carbon followed by heating at 550°C, forming g-C;N, inside
mesoporous carbon (denoted as 12-C/CN). Both the 12-C/CN
and the mesoporous carbon have the similar isotherm
hysteresis loop confirming the presence of mesopores, but
slight pore shrinkage is observed in 12-C/CN as compared to
the parent carbon material (Supporting Information, Fig-
ure S6). These results indicate that both mesoporous materi-
als possess similar cage like pores and g-C;N, impregnation
into mesoporous carbon does not significantly change its pore
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structure. Transmission electron microscopy (TEM) observa-
tion also confirms the similar structures of mesoporous g-
C,N,/C and carbon (Supporting Information, Figure $6). The
uniform mesoporous structure of 12-C/CN is extremely
suitable for comparison with its macroporous counterparts
under study.

The ORR electrocatalytic activity of g-C;N,/C was firstly
tested through conventional three-clectrode cyclic voltam-
metry (CV) in O, or N, saturated 0.lm KOH aqueous
solutions (Figure 3a). A voltammogram without any signifi-

—12-CiCN
- -150-C/ICN
--. PUC

090 -0.45  0.00 “075 050 025  0.00
Evs. Ag/AgCl/ V Evs. Ag/AgCl/ V

-2
'

£
o
< u 12-CICN
E & 20% PUC
S * 150-CICN
8 0.1 ™ ™
-1.00 -0.75 -050 -0.25 0.00 0.02 0.03 0.04 0.05
Evs. Ag/AgCI/ V @' rpm™

Figure 3. Catalytic activity towards electrochemical reduction of oxygen
in 0.1m KOH aqueous solution at room temperature. a) Cyclic
voltammetry performed for 150-C/CN in O, and N,; b) onset potential
of mesoporous (12-C/CN), macroporous (150-C/CN) g-C;N,/C, and
Pt/C obtained with a rotating disk electrode (RDE) at 1500 rpm and
5mVs'; ¢) linear sweep voltammograms (LSVs) obtained for macro-
porous g-C;N,/C (150-C/CN) at various speeds; d) Koutecky—Levich
plot for g-C;N,/C and Pt/C obtained from LSVs in (c) and the
Supporting Information, Figure S7 at —0.6 V.

cant peak was obtained in the absence of oxygen. The quasi-
rectangular shape is due to a capacitor effect.®”! On the
contrary, when oxygen was introduced, a characteristic ORR
peak starting at —0.177 V was observed, showing the electro-
chemical reduction of oxygen initiated on g-C;N,/C. Com-
pared to previous reports on nitrogen-doped carbon materi-
als, the starting potential has increased positively,®33!
indicating an easier ORR process on g-C;N,/C. At the same
time, pure g-C;N, with similar structure was also tested under
the same conditions, showing the negligible ORR catalytic
activity. The results indicate that the performance enhance-
ment of g-C;N,/C was brought about by the introduction of
carbon (Supporting Information, Figure S7).

To further investigate the ORR catalytic activity of g-
C;N/C and the effect of pore size, these materials and
commercial Pt/C (Vulcan, 20 wt % ) were tested using a rotat-
ing disk electrode (RDE) in O,-saturated 0.1m KOH solution.
The g-C;N, amounts in each sample on the electrode in the
RDE tests were the same by carefully controlling the catalyst
ink concentration according to the elemental and thermo-
gravimetric analysis results (Supporting Information, Fig-
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ure S8 and Table S2). The ORR onset potentials of each
sample were acquired from RDE linear sweep at 1500 rpm
(Figure 3b). Remarkably, the macroporous g-C;N,/C showed
obviously better performance than the mesoporous material
in both onset potential (ca. —0.14 V) and reaction current
density, which is comparable to Pt/C and indicates better
performance brought about by larger pores.

Linear sweep voltammograms (LSV) were also recorded
from 500 to 2500 rpm. LSVs for all g-C,N,/Cs show typical
increasing current with higher rotations speeds (Figure 3c;
Supporting Information, Figure §9). This result can be
explained by shortened diffusion distance at high speeds,
which is in accordance with other studies.!*” Noticeably, 12-C/
CN showed a simultaneously increasing current density along
with overpotential at all rotation speeds (Supporting Infor-
mation, Figure S8), indicating a surface dominant reaction
without a diffusion limited current, which is possibly due to
the difficulties in reactant transfer within narrow 12 nm
mesopores. The slight decrease in the current density at high
rotation (2500 rpm) and high overpotential (> 0.9 V) might
be caused by the fast O, consumption in the test cell.

The Koutecky—Levich plots (/7' vs @) of each catalyst
are obtained from LSVs according to the current at —0.6'V,
and all plots show good linearity at various rotation speeds
(Figure 3d; Supporting Information, Figure S8). The macro-
porous samples exhibit higher current density than the
mesoporous sample, and the 150-C/CN possesses the highest
current density among all of the samples, which is even higher
than that obtained for Pt/C at all rotation speeds (Figure 3b.d;
Supporting Information, Figure S9), revealing the outstand-
ing catalytic activity of this macroporous g-C;N,/C. The
electron transfer numbers of ORR on different g-C;N,/C
samples can be obtained from the slope of Koutecky-Levich
plots (see details in the Supporting Information; these
numbers are listed in Table $1).P? All of the the g-C;N,/C
samples possess a similar value of about 3, indicating
a reasonably similar oxygen reduction process with combined
two-electron and four-clectron reaction pathways.”

To obtain insight into the ORR catalytic kinetic differ-
ences on g-C;N,/C with different pore sizes, the Tafel slopes,
representing the overall resistance in the ORR process, were
obtained according to the linear plots of LSVs at 1500 rpm for
all g-C;N,/Cs (Figure 4a; Supporting Information, Fig-
ure $S10). All of the plots show typical two-stage linear
regions at low overpotential (> —0.2 V) and high overpoten-
tial (< —0.25 V), and the slope values are listed in Figure 4b.

In the low-overpotential region, where the overall ORR
speed is determined by the surface reaction rate on the
catalyst,?™ all of the Tafel slopes were between 51.1 and
72.6 mV dec™'. The comparable values of the Tafel slopes for
g-C;N,/C are also in agreement with their similar electron
transfer numbers. This is in accordance with the fact that all g-
C;N/C can electrochemically reduce oxygen by a similar
oxygen reduction process mechanism combining two- and
four-electron reaction pathways. In the high overpotential
region, where the overall ORR rate is dependent on the
oxygen diffusion, the Tafel slope values for macroporous g-
C;N,/Cs are between 150 and 190 mV dec™!, which are much
smaller than that of 12-C/CN (308 mVdec ), confirming

Angew. Chem. Int. Ed. 2012, 51, 38923896
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Figure 4. a) Tafel plots obtained from the RDE measurements on g-
C;N,/C at 1500 rpm and b) the corresponding slope values of low and
high overpotential regions; c) current-time chronoamperometric
response of 150-C/CN and Pt/C in 0.1 M KOH solution. The arrow
indicates the introduction of O, and 10 vol % methanol; d) current—
time chronoamperometric response of 150-C/CN and Pt/C in O,-
saturated 0.1 m KOH solution.

significantly smoother reactant diffusion in the macropores
than that in mesopores. As all of the samples show similar
ORR mechanism at low overpotential, it is reasonable to
assume that the better ORR activity of macroporous g-C;N,/
C, compared to the mesoporous sample, is caused by the facile
mass transfer in macropores. The superior performance of
150-C/CN could be the combination of both the positive
effect of macropores on diffusion and the sufficient amount of
active sites linked to the highest BET surface area among all
macroporous samples.

For a new ORR eclectrocatalyst for fuel cells, a high
catalytic selectivity for cathode reactions against fuel oxida-
tion is important, especially when using small-molecule
organic fuels, such as methanol, which could cross over
through the polymer electrolyte membrane from anode to
cathode, seriously compromising the whole cell perfor-
mance.*") The methanol crossover effect was evaluated on
both macroporous g-C;N,/C and commercial Pt/C (Fig-
ure 4¢). A negative current appeared when oxygen was
introduced to Ny-saturated 0.1m KOH aqueous solution at
about 500 s, indicating ORR occurred on both g-C;N,/C and
Pt/C. After adding 10 vol % methanol to the electrolyte, g-
C;N,/C retained stable current response whereas the current
in the Pt/C system instantaneously jumped to positive values
owing to the methanol oxidation reaction (MOR) on Pt/C.
These results clearly show the excellent catalytic selectivity of
g-CN,/C and its better suitability as a cathode catalyst for
direct methanol fuel cells than the vulnerable Pt/C.

The durability of g-C;N,/C and Pt/C was also assessed
through chronoamperometric measurements at —0.3 V; at
this potential the current was the largest, indicating the
highest reaction rate (Figure 4d). The 100 h test only caused
slight activity loss (reaction current decrease) on g-C;N,/C,
whereas Pt/C lost nearly 50 % of its initial activity in just 60 h,
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confirming a much better stability of active reaction sites on
the g-C;N,/C materials than that on commercial Pt/C in
alkaline environment, which is favored for the next gener-
ation alkaline fuel cells.

Taking into account the similar composition of the g-C;N./
C catalysts in this study and previous reports,'* the observed
enhancement in the ORR durability on the macroporous g-
C;N,/C can be attributed to their uniquely porous structure.
The composite catalyst synthesized in our study have a three-
dimensionally interconnected porous structure, which effec-
tively prevent the structural collapse or catalyst detachment
that happens on microscopically separated carbon supported
Pt or g-C;N, catalysts, and thus help to keep our g-C;N,/C far
more stable than other g-C;N,/C materials or commercial Pt/
C.[U]

In summary, we have successfully designed and con-
structed a three-dimensionally ordered macroporous g-C;N,/
C catalyst with outstanding ORR performance for fuel cells.
This novel catalyst possesses prominent ORR catalytic
activity, which is comparable with commercial Pt/C in both
reaction current density and onset potential. As a metal-free
catalyst, the macroporous g-C;N,/C showed much better fuel
crossover resistance and long-term durability than the
commercial Pt/C in alkaline medium. Furthermore, this
material was synthesized through a simple procedure using
inexpensive cyanamide as a precursor and easily fabricated
silica microspheres as a template, which gives a great promise
for large scale production. The pore size of g-C;N,/C can be
casily tailored by using different size silica spheres as
templates. All these features make macroporous g-C;N,/C
a potentially promising and suitable substitute for the
expensive noble metal catalysts in the next generation
alkaline and direct methanol fuel cells.
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Experimental Section:

1. Preparation of macroporous g-C3;N4/Cs (pore size of 150-400 nm).

Silica spheres were prepared by Stober’s method. In a typical synthesis of 150 nm silica, 250
ml of absolute ethanol was mixed with 19 ml of deionized water and 8 ml of 25 wt. % ammonia
aqueous solution. The mixture was stirred vigorously for one hour followed by quick addition of 15
ml of tetracthylorthosilicate (TEOS). The solution was stirred for another 3 hours at 25 °C; during
this time the solution became milky white indicating the formation of silica spheres. Silica was
separated by centrifugation at 20,000 rpm for 5 min, followed by 3 times washing with ethanol and
2 times with deionized water. The product was re-dispersed in 20 ml of ethanol and kept at 50 °C in
vacuum until all solvent vaporized. For the microspheres with larger particle sizes, they were
packed up through gravimetrical sedimentation in aqueous suspension. The white solid was heated
to 550 °C with a ramp rate of 5 °C min™' and further calcined at 550 °C in air for 5 h.

Sucrose was used as a carbon precursor. In a typical synthesis, 6.25 g of sucrose was dissolved
in 25 ml aqueous solution containing 0.7 g of 98 wt. % sulfuric acid. Silica was immersed into
sucrose solution of the same weight and kept in vacuum for 3 h at room temperature for thorough
impregnation. Then the mixture was kept at 100 °C for 6 h and 160 °C for another 6 h for
polymerization of sucrose. The solid was subsequently carbonized at 900 °C in N, for 3 h to obtain
carbon shell coated silica spheres (C@SiO5).

The C@Si0, was lightly crashed and kept in melted cyanamide at 50 °C for 3 h in vacuum.
Then, the excess of cyanamide was removed and the black solid was heated at 550 °C for 5.5 h with
ramp rate of 4 °C min" in N, to convert cyanamide into g-C3;Ny. The product was etched in
excessive 20 wt. % hydrofluoric acid to remove the silica template. Macroporous g-CsN,4 was also
synthesized similarly by impregnating silica templates directly with cyanamide followed by heating

and template removal.

2. Preparation of mesoporous g-C3;N4/C

7 g of commercially available colloidal silica (Ludox HS 40, Aldrich, particle size 12 nm) was
mixed with 50 g of deionized water, 0.3 g of 98 wt. % sulfuric acid and 3 g of sucrose. The mixture
was stirred at 100 °C until all the water vaporized. The resulted pitch-like solid was treated in the
same way as described above for C@SiO,.

Mesoporous carbon was obtained after the silica nanosperes were removed using hydrofluoric
acid. The as prepared carbon has a BET surface area of ~1000 m” g'1 and pore volume of ~1.8 cm’
g, In the next step, 0.18 ml of melted cyanamide was mixed with 0.1 g of mesoporous carbon and
kept at 50 °C in vacuum for 3 h. The black powder was then heated to 550 °C with a ramp rate of 4
°C min" and kept at 550 °C in N for 5.5 h . The as prepared mesoporous g-C3N4/C has a BET

surface area of ~500 m?® g



3. Characterization

Silica particle size was in-situ monitored using a laser particle seizer (Zetasizer, Malvern).
Nitrogen adsorption-desorption isotherms were measured on Tristar II (Micrometrics) at 77 K. Pore
size distribution and specific surface area were obtained through Barrett-Joyner-Halenda (BJH) and
Brunauer-Emmett-Teller (BET) methods from adsorption branch of the isotherm, at a relative
pressure range of P/Py=0.05-0.25.

The phase crystallinity and d-spacing were determined through X-ray diffraction with Co Ka
radiation (Miniflex, Rigaku). FTIR was conducted on Nicolet 6700 FT-IR instrument. XPS analysis
was carried out on Kratos Axis Ultra XPS instrument with a hemispherical 165 mm electron energy
analyzer. Microstructures of the samples were observed on TEM (JEM-1010, JEOL) and SEM
(JSM-6300 F, JEOL).

g-C3Ny content of each sample was determined on an elemental analyzer through V,Os
enhanced combustion at 1020 °C (NA 1500 Elemental Analyser, Carlo Erba). Duplicated test was
done to minimize incidental errors. Thermogravimetric Analysis (TGA) was conducted on

TGA/DTA system (STAR®, Mettler Toledo) at 25-750 °C using a 15 ml min” N, flow.

4. Electrode preparation and electrochemical test

g-C3N4/C samples with different pore sizes were carefully weighted according to the elemental
analysis results (Table S 1) in order to get the same g-CsNj4 content. The samples were then
dispersed in deionized water (18.2 MQ) and g-C;N4 concentration was controlled to be 0.6 mg/ml.
The mixture was ultrasonicated for 10 min to obtain a homogenous catalyst ink.

To prepare the working electrode for CV measurements, 20 pl of ink was dipped on a mirror
polished glass carbon electrode (diameter of 3 mm). The electrode was dried in air, and another 5 pl
of 1 % Nafion aqueous solution was covered on the electrode surface. After drying at 50 °C, the
working electrode was inserted into the cell setup, which composed of a platinum counter electrode,
an Ag/AgCl reference electrode and a 20 ml glass cell containing 15 ml of 0.1 M KOH aqueous
solution. The whole setup was sealed by o-ring, with two tubes for O,/N, supply and tail gas outlet.

CV experiments were performed on Solartron electrochemical analysis station. Before test, a 4
ml/min O,/N; flow was used through the electrolyte in the cell for 20 min to saturate it with O,/N,.
The cell was kept at 25 °C in the test for all samples. The test was performed from 0.2 V to -1.2 V
versus Ag/AgCl/NaCl (3 M), with sweep rate of 100 mV s The sample was tested for 3 times to
avoid any incidental errors. Long term durability test of 150-C/CN and Pt/C (Vulcan, 20 wt. %) was
also conducted using the same setup as in CV. The test was performed for 100 h for g-C3N4/C and
60 h for Pt/C with 4 ml min™! 0O, continuous flow at 25 °C.

For the RDE test, catalyst inks were prepared by ultrasonically dispersing the catalysts in water

using g-C3Ny4 concentration of 0.6 mg ml™!. A rotating glass carbon electrode (0.2826 cm?, Princeton



Applied Research, USA) was used as a substrate for the catalyst and the modified RDE was
prepared as reported elsewhere ', Specifically, a total of 40 pL ink (24 pg g-CsN4) was pipetted
onto the electrode. After drying this amount corresponded to the g-C3Ny loading of 85 pg cm™; 10
ul of Nafion solution (0.1 wt % in water) was then dropped on the electrode to ensure the
attachment of the g-C3N4/C on the substrate. The modified-glass carbon electrode was dried in air to
let the solvents evaporate completely.

Electrochemical measurements were carried out using a 636 rotation disk electrode (RDE,
Princeton Applied Research, USA) controlled with a CHI 720c electrochemical Biopotentiostat (CH
Instruments, USA) under ambient conditions. A Pt mesh and an Ag/AgCl (3 M NaCl) were used as
the counter and reference electrodes, respectively. The linear sweep voltammograms of the
modified glass carbon electrode were recorded in O, saturated 0.1 M KOH with a scan rate of 5 mV
s at various rotating speeds from 500 to 2500 rpm. After each scan, the electrolyte was saturated
with O, again for 5 minutes.

The Koutecky-Levich plots were obtained by linear fitting of the reciprocal rotating speed
versus reciprocal current density collected at -0.6 V. The electron transfer numbers involved in a
typical ORR process can be calculated from the slopes of Koutecky-Levich equation as follows:

B=0.2 nFAv "Co,D0,™”

where n is the number of electrons transferred per oxygen molecule, F is the Faraday constant

(96485 C mol™) , Doy is the diffusion coefficient of O, in 0.1 M KOH (1.9x10” cm s™), v is the
kinetic viscosity, and Co; is the concentration of O, (1.2x10™ mol L™). The constant 0.2 is adopted

when the rotating speed is in rpm. The electron transfer numbers as calculated are listed in Table S1

Table S1 Electron transfer numbers on g-C3;N4/C

Sample Name 12-C/CN  150-C/CN  230-C/CN 400-C/CN

Electron Transfer

Numbers 3.17 2.89 3.06 3.12




Figure S1 SEM images of C@SiO; spheres and g-C3N4/C@SiO, (from left to right) with different

pore sizes from 150 nm to 400 nm (from top to bottom). All images are with scale bar of 1 micron.
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Figure S2. Fourier transform infrared spectroscopy of C, g-C3N4/C and pure g-C3Ny4. The g-C3N4/C
showed characteristic peaks that appeared in pure g-C;N4, indicating the existence of g-C3;N4 on

carbon.
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Figure S3. High resolution Cls XPS spectra of a) pristine carbon and b) g-C;Ny; c, d) N1s spectra
of 150-C/CN and pristine g-C3;N4, showing typical pyridinic N, pyrrolic N and graphitic N; all the
spectra are base-line subtracted.

Noticeably, a peak centered at ~284.5 eV was observed in b) Cls spectra of pristine g-C3Ny,
which is commonly believed as the response of C=C bond. However, it is highly unlikely to be such
sp> environment in carbon nitride because carbon atoms are bonded with three nitrogen atoms in the
graphite-like atom layers of stoichiometric g-C;N4. Similar feature was also observed in other
published researches using different precursors to synthesize g-C3N4 2. The reason for this is not
very clear so far. To avoid any carbon contamination which would bring about this peak,
thermal gravimetric analysis (TGA) was conducted on pristine g-C3N4 and carbon in nitrogen
atmosphere as shown in Figure S4, and the sample completely decomposed before 750 °C in N, i.e.
100 % weight loss, at which condition carbon is stable and the weight loss is negligible. The
presence of this peak might be the result of C-N=C bond within sp” environment, but further study

is needed.
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Figure S4. TGA weight lose curve of carbon and g-C;Ny tested in N, with ramp rate of 5 °C/min.

Pristine g-C3;N4 subjected to a total weight loss before 750 °C while carbon showed no obvious

weight loss, indicating no carbon contamination in carbon nitride. The aforementioned C-C

response in the XPS spectra in carbon nitride is not caused by carbon impurities.
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C@Si0O, parent templates. Specific surface areas of each sample are also listed.
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Table S2 Elemental compositions of the samples obtained from TGA and elemental analysis.*

Sample Name 12-C/CN 150-C/CN 230-C/CN  400-C/CN
Cwt. % 67.69 67.75 49.83 35.13
N wt. % 28.22 21.03 37.82 25.60
Hwt. % 0.97 1.83 1.73 9.27
CN wt. % by EA 44.20 32.83 60.19 60.09
CN wt. % by TGA 43.84 34.26 63.11 57.90

*Elemental analysis (EA) and thermogravimetric analysis (TGA) results of each sample, and the

corresponding g-C;Ny4 content were calculated assuming that C:N in g-C3Ny is 3:4 and H forms H,O.

Duplicated EA was conducted by combustion in oxygen with the assistance of V,0s and showed

very close results.
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Chapter 3 N-doped Carbon Hybrids with Synergistically Enhanced

Performance for ORR

3.1 Introduction, Significance and Commentary

The design and synthesis of advanced porous carbon materials with high surface area, accessible
porosity and good conductivity for various applications such as electrochemistry, adsorption,
separation and catalysis are extremely desirable but greatly challenging. In this work, we have
designed and prepared a new hybrid carbon material composed of hierarchical ordered porous
carbon and in-situ grown graphene, which has successfully combined the above mentioned merits
of the advanced carbon materials and resulted in an excellent and synergistically enhanced
electrochemical catalysis performances.

The highlights and novelty in this work include:

1. Novel Structure

a). We have for the first time designed and synthesized a novel N-doped hybrid carbon
material through a bottom-up route. The prepared material is composed of hierarchical
porous carbon micro blocks interlinked with in-situ grown graphene. To the best of our
knowledge, this is the first study to natively grow graphene from porous carbon.

b). Large surface area, high accessibility and excellent electron conductivity have been
successfully achieved by integrating the ordered mesopores, 3D interconnected & ordered
macropores and in-situ formed bridging graphene on this material.

2. New Method & Interesting Mechanism

a). The hierarchical porosity with large surface area of this carbon material has been for the
first time achieved by using polystyrene spheres as hard templates for 3D macropores and
F127 as a soft template for 2D mesopores. No harsh treatments or hazardous chemicals, as
in many previous studies for similar structure, are required to remove these templates (eg.
hydrofluoric acid to etch the silica/alumina templates). The preparation is convenient,
economical, eco-friendly and practically ready for mass-production.

b). This hybrid material was synthesized by one-step heating of hierarchical porous resin and
melamine/g-C3N4 via a very interesting mechanism: the resin acted as a precursor for both
porous carbon and graphene; the melamine served as the template to direct the formation of
graphene on porous carbon and initial N precursor to dope this graphene/carbon hybrid at
low temperature (<550 °C); while the g-C3N4 further doped N on this hybrid and also
prevented N leaching from it at higher temperature.

3. High Performance

a). It is found that this carbon material show an excellent ORR catalytic performance with

synergistically enhanced activity compared with the analogues, considering both its positive



onset potential and high reaction current. Tafel analysis confirms that the good performance
was brought from its unique structural advantages.

b). This completely metal-free material has also shown a complete methanol tolerance and
excellent long-term stability, which is much superior to the commercial Pt/C and makes our

porous carbon material potentially suitable for applications such as fuel cells and batteries.

3.2 N-Doped Graphene Natively Grown on Hierarchical Ordered Porous Carbon for
Enhanced Oxygen Reduction
This section is included in the thesis as it appears as a front inside cover paper published by J.

Liang, X. Du, C. Gibson, X. W. Du and S. Z. Qiao. A Hybrid of Nitrogen-Doped Graphene and
Hierarchical Porous Carbon for Enhanced Oxygen Reduction, Adv. Mater., 2013, 25, 6226.
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N-Doped Graphene Natively Grown on Hierarchical
Ordered Porous Carbon for Enhanced Oxygen Reduction

Ji Liang, Xin Du, Christopher Gibson, Xi Wen Du, and Shi Zhang Qiao*

Highly porous carbon materials with tunable pore sizes
have been widely employed in phase separation, gas adsorp-
tion, catalysis and organic conversion.'-® Among them, the
mesoporous carbon is especially popular and important in the
applications of electrochemical energy storage and conversion
due to its unique structural features which can offer both high
surface area for large amounts of potential active sites and chan-
nels for reactant/product transfer, respectively.”®! However, in
the processes requiring fast mass exchanges such as oxygen
reduction reactions (ORR), these mesopores seem incapable of
providing a reactant/product transfer that is smooth enough to
maintain the swift electrochemical reactions. In our previous
studies, by simply enlarging the 3-dimensional (3D) pores in
a carbon based catalyst from meso-size (12 nm) to macro-size
(150 nm), its ORR catalytic performance could be remarkably
enhanced due to a facilitated mass transfer in the macropores.”!
However, the relatively low surface area in this macroporous
material may lead to a smaller number of exposed active sites.
To tackle the issue of high surface and high accessibility in car-
bons with uniform pore sizes, hierarchical porous carbons with
well-defined mesopores located at the walls of the macropores
have been recently developed. They provide both large surface
area for active site exposure on the mesopores and efficient
mass transfer through macropores.'®"! Similar to many other
porous materials, such highly porous carbon could suffer from
a low crystalline degree and numerous defects, which would
consequently result in poor electron conductivity and inevitably
compromise the electrochemical catalytic activity.'>13) Further-
more, in most of the fabrications, silica materials have been fre-
quently employed as sacrificial templates, which always need to
be removed under extremely harsh and hazardous conditions,
making these porous carbons expensive and risky for large
scale production.[t01]
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Graphene, the 2-dimensional (2D) nanosheets composed
of few layers of sp’~hybridized carbon atoms, has also been
widely studied as a candidate for electrochemical applications
in fuel cells, metal-air batteries and sensors etc., particularly
because of its excellent electrical properties and theoretically
ultrahigh specific surface area, which is greatly important and
desirable for electrochemical processes.”* " To facilitate its
mass transportation, various pores have been introduced into
graphene by modifications such as: employing spacers like in-
situ grown?” or post grafted® carbon nanotubes, removable
hard templates,?*-?* sacrificial surfactants,/*! or various nano-
particles,??”) as well as complicated physical treatments such
as cyro-drying®®? to form “out-of-plane” meso/macropores
between the graphene nanosheets; using graphitic carbon
nitride (g-C3N4) as a sacrificial template?*?l or treating gra-
phene with strong chemical activation agentsP®3! to produce
irregular “in-plane” pores on the graphene nanosheets. How-
ever, in most of these processes, the graphene with “out-of-
plane” pores suffers from unexpectedly low specific surface
areas due to the re-stacking of the nanosheets with large aspect
ratio, making them less competitive because of the potentially
less active sites for catalysis; whilst the hazardous procedure
and/or the low yield of the approaches to form “in-plane” pores
render the materials environmentally and economically unfa-
vorable. Moreover, the high mechanical flexibility of graphene
as well as the loose contact between these nanosheets also leads
to the suspicion of structural instability of the porosity in above
mentioned materials.

With the aim of architecting a material with high surface
area, stable hierarchical structures, and good conductivity by an
economical and low-hazardous approach, we report here for the
first time an elaborate bottom-up design and successful prepa-
ration of a nitrogen-doped hybrid carbon material, which is
composed of hierarchical porous carbon micro blocks intercon-
nected with in-situ grown graphene. Remarkably, the excellent
structural properties, such as large surface area, high accessi-
bility, and good conductivity render this metal-free material a
very suitable candidate for electrochemical applications, which
is approved by its inherent ORR catalytic actives with synergis-
tically enhanced performance.

The nitrogen-doped ordered macro-mesoporous carbon/
graphene (N-OMMC-G) hybrid was prepared via a dual-tem-
plate method shown in Scheme 1. Polystyrene microspheres
(PS) (diameter ca. 150 nm) and a triblock polymeric surfactant
(F127) were used as the hard template for macropores and the
soft template for mesopores, respectively. Resol, the carbon
precursor, and F127 were first dissolved in ethanol and impreg-
nated into the aperture of PS hard templates; then, resol was
cooperated with F127 surfactant micelles via an ethanol evapo-
ration induced self-assembly (EISA) process to produce a 2D

Adv. Mater. 2013, 25, 6226-6231
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Scheme 1. Preparation processes of N-OMMC-G and the corresponding structure animation.

ordered mesostructure.’” Following that, resol was thermally
cross-linked into a rigid phenolic resin (PF), and the residual
templates were subsequently washed off by a recyclable ace-
tone and cyclohexane mixture, resulting in an ordered macro-
mesoporous resin (OMM-PF). This resin was finely ground
with melamine and graphitic carbon nitride (g-C3N,) in an agate
mortar, and then heated up to 900 °C in N, to obtain the final
N-OMMC-G. By contrast, nitrogen-doped macro-mesoporous
carbon (N-OMMC) without the in-situ grown graphene could
also be prepared by a similar heating process exept for sepa-
rating the OMM-PF and melamine/g-C;Ny in individual quartz
boats in the furnace tube. Nitrogen doped graphene (N-G) was
also prepared by exfoliation of graphite and post doping pro-
cesses for comparison.”! (For details of the materials synthesis,
please see Supporting Information)

The hybrid’s microstructure was first characterized by scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM). Overall, entangled foam-like graphene
nanosheets are present in between the porous carbon micro
blocks, interconnecting them to a network (Figure 1a, Sla-c).
The pores of these carbon blocks consist of both 3D ordered
macropores (ca. 150 nm, Figure 1b, S1d-f) and 2D mesopores
located at the walls of the macropores (Figure 1c,d and S1g-i).
The images of the graphene/carbon interface reveal the native

Adv. Mater. 2013, 25, 62266231
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in-situ growth of graphene from the porous carbon rather than
the simple physical combination of two materials, indicating
an excellent contact between them benefitting smooth electron
transfer (Figure 1d and Sl1g-i). High resolution TEM observa-
tions reveal that these graphene nanosheets are composed of
few single graphitic layers (Figure S1j-m). These nanosheets
have also been investigated by atomic force microscopy (AFM)
as shown in Figure 1f and S2. The corresponding AFM linear
scans reveal that their thickness is ca. 1.5-2.5 nm, indicating
4-7 single graphitic layers in such in-situ formed graphene, in
agreement with the TEM observations (Figure S1 j-m). Further-
more, the characteristic G band at ca. 1580 cm™ in the micro-
scopic Raman spectrum indicates the graphitic nature of this
material (Figure S3).*) Moreover, the small angle X-ray scat-
tering pattern also confirms the existence of the 2D hexagonal
mesochannels in this material (Figure S4).

The porosity of the materials was studied by means of
nitrogen sorption technique (Figure 1g and S5). The nitrogen
adsorption-desorption isotherms of N-OMMC-G disclose two
distinct hysteresis loops at both medium (P/P, = 0.4-0.6) and
high (P/P, = 0.85-1) pressure regions, which are attributed to
the mesopores and neck sections of the spherical macropores.
The rapid rise in the low pressure region also indicates the
presence of micropores (Figure lg inset). The mesopore
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Figure 1. Typical structure characterizations of N-OMMC-G. (a-e) TEM and SEM images. (f) AFM image and corresponding linear scan of the in-situ
formed graphene. (g) Pore size distribution and corresponding nitrogen sorption isotherms (inset).

diameter calculated by Barrett-Joyner-Halenda (BJH) method is
ca. 4 nm, consistent with the TEM observations. Remarkably,
the N-OMMC-G has an identical pore size distribution as its
N-OMMC counterpart, with just a lightly lower specific surface
area (1121 vs. 1360 m? g™'), suggesting the in-situ formed gra-
phene not to block the meso channels inside N-OMMC-G. The
unique hierarchical pore structure composed of short-range
mesopores located at the walls of large 3D ordered macropores
is expected to maximize the number of accessible active sites
as well as to facilitate the reactant transportation inside this
material. On the contrary, N-G exhibits a wider pore size distri-
bution (ca. 5-25 nm) and a much smaller specific surface area
(ca. 160 m? g1, similar to other graphenes with “out-of-plane”
pores provoked by the restacking of nanosheets."”!

Nitrogen doping on N-OMMC-G was first detected by energy
dispersive spectrometry (EDS) and further confirmed by Fou-
rier transform infrared spectroscopy (Figure S6). The EDS
elemental mappings of both graphene and porous carbon
regions in N-OMMC-G (Figure 2a) show a homogeneous
nitrogen distribution throughout the material. Regarding the
complete decomposition of melamine and g-C;N, at 900 °C,]
it is reasonable to deduce that all the N signals originate from
the N dopants. Detailed chemistry status of elements is fur-
ther probed by X-ray photoelectron spectroscopy (XPS). The
survey sweep shows similar element species of C, N and O in

© 2013 WILEY-VCH Verlag CmbH & Co. KGaA, Weinheim

all samples and the N content in the samples is on a similar
level (Figure 2b, S7b, e). High resolution XPS scans (inset of
Figure 2b and Figure S7d, g) show that the N1s spectrum can
be deconvoluted into three N species centered at ca. 401.2,
399.5 and 398.2 eV, corresponding to graphitic N, pyrrolic N
and pyridinic N, respectively.”**l High resolution Cls spectra
of the samples show typical carbon species in nitrogen doped
carbons (Figure S7a,c,f).

Based on these observations, the formation mechanism of
N-OMMC-G and the contribution of OMM-PF and melamine/
g-C3N, in the synthesis was revealed by comparing the prep-
aration processes of different products (N-OMMC-G vs.
N-OMMC) utilizing the same starting materials. It is reason-
able to hypothesize that OMM-PF first acts as a precursor to
form porous carbon in the thermal carbonization process. The
carbonaceous gases released during the heating also serve as
precursor for in-situ formed graphene. At the meantime, mela-
mine undergoes thermal polymerization (<550 °C) to form lay-
ered g-C3N, and releases nitrogenous gases. In this process, the
carbonaceous gases released from OMM-PF are confined by as-
formed g-C3N,, and the g-C;N, serves as a template directing
these carbonaceous gases to pyrolyze into graphene rather than
other forms of carbon.?* The released nitrogenous gases from
g-C3N, also serve as nitrogen dopant precursor for both gra-
phene and porous carbon.?*?! Increasing the temperature up

Adv. Mater. 2013, 25, 62266231
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Figure 2. Elemental analysis of N-OMMC-G. (a) EDS elemental mapping showing distribution of N (red) and C (blue) atoms in graphene and porous
carbon (inset) inside N-OMMC-G. (b) XPS sweap scan and high resolution N1s scan (inset).

to 900 °C leads to the decomposition of remaining g-C3N, lib-
erating the as-formed graphene present on the porous carbon.
The decomposing g-C;N, acts as a sacrificial nitrogen precursor
to further dope the hybrid and also minimizes the nitrogen
leaching from it at high temperature. From this aspect, the
separation of melamine/g-C;N, from OMM-PF into two boats
during the heating process prohibited the capture of the carbo-
naceous gases inside the graphitic layers of g-C3N, and thus,
pristine N-OMMC could be obtained. In this procedure, the
OMM-PF and melaimine/g-C;N, served exclusively as porous

(@) 2

carbon and nitrogen precursor respectively, which is also con-
sistent with our proposed hypothesis.

Due to the inherent nitrogen species in this material, ORR
was employed as an indicator reaction to evaluate the intrinsic
advantages of this metal-free carbon based material for elec-
trochemical processes. Cyclic voltammetry (CV) was first con-
ducted on N-OMMC-G and comparative samples (N-OMMC,
N-G; and their mixture, denoted as MIX) in both O, and N, satu-
rated electrolytes (Figure 3a and $8). In the presence of N,, only
a featureless quasi-rectangular voltammogram was obtained;
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Figure 3. Oxygen electrochemical catalysis on N-OMMC-G. (a) CV in O; and N, saturated elelctrolyte. (b) LSVs of different samples at 1600 rpm. (c)
Tafel plots of different samples and (d) the corresponding Tafel slope values.

Adv. Mater. 2013, 25, 6226-6231

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

6229

o
o
3
S
G
=
o
5
o
=




<
o
<
o
=
-
=
=
(*]
v

6230  wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

whereas distinct ORR responses were observed on all samples
in O, environment, suggesting their ability to electrochemically
catalyze ORR. It is worth to note that N-OMMC-G shows the
highest peak current of 1.81 mA cm™, which is significantly
higher than that of the other samples, clearly suggesting its
superior catalytic activity. Linear sweep voltammetries (LSVs) of
all samples as well as the commercial Pt/C have been collected
on a rotation disk electrode (RDE). Typically, increasing reac-
tion currents were observed with increasing rotation speed due
to the reduced diffusion distance (Figure S9a-e).®35 Despite
the structure optimized N-OMMC-G shows a highly positive
onset potential at ca. —0.05 V (Figure S9f), resembling that of
previously reported graphene decorated with dual heteroele-
ments or even metal particles,"'62 it still does not outper-
form Pt/C (Figure 3b). Apart from the positive onset potential,
N-OMMC-G possesses the highest diffusion-limited reaction
current (Jp) similar as Pt/C (Figure 3b), suggesting a large
number of exposed active sites on the material and a syner-
gistic effect between N-doped graphene and porous carbon
in this hybrid. The MIX sample, on the contrary, shows ORR
current with values between the second highest N-OMMC
and the lowest N-G (Figure 3b), which implies only a simple
current overlap without any synergistic effects by mechanical
mixing of N-OMMC and N-G. Besides, Koutecky-Levich (K-L)
plots of N-OMMC-G are similar to that of Pt/C (Figure S10),
which again confirms its excellent ORR activity. Furthermore,
this metal-free N-OMMC-G shows a complete tolerance to
methanol cross-over effect and excellent long term durability,
which are superior to Pt/C and therefore render it a promising
canditate for fuel cells or batteries (Figure S11).

To shed light on the origin of the synergistic effect and the
intrinsic advantage of this advanced hybrid material, Tafel
analysis was performed on these samples. The Tafel plots
demonstrated two distinct linear regions at both low and high
over potentials on all samples (Figure 3c and S12). The corre-
sponding Tafel slope values are listed in Figure 3d. In the low
over potential region, where the overall ORR process is con-
trolled by the kinetics of the surface reactions,*® N-OMMC-
G gives the lowest value of 76.9 mV dec!, likely provoked by
facilitated electron transfer by the native bridging graphene as
well as its high surface area with the large number of active
sites. In the high over potential region, on the other hand,
where the reaction speed is dominated by the diffusion limita-
tions inside the material, the Tafel slope of N-OMMC-G yields
the lowest value again (178 mV dec™!), closely followed by
N-OMMC (208 mV dec™), revealing the apparently facilitated
mass transfer inside this hierarchical porous material. Thus,
considering the similar chemical component of the studied
samples, the synergistically improved ORR catalytic activity of
N-OMMC-G, compared with the analogues, can be reasonably
attributed to the unique hierarchical pore architectures of the
carbon micro blocks exposing the largest number of accessible
active sites as well as the in-situ grown graphene present on the
carbon blocks which serves as an electron channel enabling the
rapid and sustainable reaction.

In conclusion, we have for the first time designed and con-
structed a novel hybrid material composed of natively grown
graphene on hierarchical porous carbon through a very con-
venient bottom-up route, which successfully combines the

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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advantages of both hierarchical porous carbon and graphene
such as high surface area, large porous channel size, and high
electron conductivity. Due to its excellent structural proper-
ties and inherent heteroatom dopants, this material itself can
serve as an outstanding completely metal-free catalyst for ORR.
The efficient electron transfer between carbon and the in-situ
formed graphene makes its catalytic performance synergisti-
cally enhanced. Moreover, this carbon-based material could also
potentially be used in other applications which require high
surface area, high accessibly, and high conductivity.
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I. Experimental Section

1. Chemicals

Graphite flakes, sulfuric acid (H,SO4, 95-98 %), potassium permanganate (KMnOs, 99 %),
phosphorus pentoxide (P,0s, 98 %), potassium persulfate (K,S,0g, 99 %), colloidal silica (Ludox
HS-40, 40 wt. % water suspension), melamine (99 %), hydrofluoric acid (HF, 48 %), styrene (ST,
99 %), polyvinyl pyrrolidone (PVP, MW 44000, 99 %), sodium hydroxide (NaOH, 99 %), ethanol
(EtOH, absolute), phenol (99 %), formaldehyde solution (37 wt. %), hydrochloric acid (38 wt. %)
were purchased from Sigma-Aldrich and directly used without further treatment or purification.

2. Preparation of polystyrene (PS) spheres

13 ml ST was firstly washed with 4 ml 10 wt. % NaOH aq for three times and then deionized (DI)
water for two times to remove the stabilizer. During this process, the ST changed from color-less
into light yellow, indicating the complete removal of the stabilizer. Then, ST was added to 100 ml
DI water containing 0.5 g PVP in a triple-neck flask. The mixture was flux-stirred at 70 °C/600 rpm



for 30 min with continuous N, purged in. Then, 20 ml aqueous solution containing 0.3 g K,S,0g
was injected into the flask to initiate the polymerization of ST into PS. The mixture was kept
flux-stirred at 70 °C/600 rpm for another 24 h. The milky product was then centrifuged and washed
with EtOH for three times. Finally, the PS microspheres dispersed in EtOH was dried in an
evaporation dish, resulting in a colorful 3D packed PS template.
3. Preparation of resol
Typically, 10 g of phenol was heated until melt at 42 °C in a sealed bottle. Then 2.1 g of 20 %
NaOH aqueous solution was added by drop with continuous stir at 100 rpm. Afterward, 17.7 g of 37
wt. % formaldehyde solution was added by drop and the heating temperature was raised to 70 °C.
The solution was heated and stirred for another 1 h, and then cooled to room temperature. After
that, the pH of the solution was adjusted with 2 M HCI aqueous solution until 7. Then, water was
removed by rotary evaporation and the product was diluted into a 20 wt. % EtOH solution. During
the dilution, the separated NaCl was then filtered, resulting in a pale yellow solution.
4. Preparations of N-OMMC-G and N-OMMC
0.3 g F127 was dissolved in 5 ml EtOH at 35 °C with continuous stir for 30 min. Then 1.5 g of
above prepared 20 wt. % resol solution was added and kept stirred for another 20 min. The above
solution was added by drop into an evaporation dish with 1.4 g of packed PS template. After all the
solution was added, the dish was kept under vacuum until no bubble came out from the PS template.
Then, the mixture was tried in air overnight forming PS/Resl/F127. After that, the material was
heated at 100 °C for 24 h in air and then at 350 °C in N; for 4 h with a ramp rate of 1 °C min'. The
obtained brown solid (PS/PF) was washed in excessive amount of acetone and cyclohexane mixture
(1:1 vol) at 60 °C twice under continuous stir to remove the residual template. The washing solvent
could be recycled by rotary evaporation. The solid (OMM-PF) was filtered and dried at 100 °C
overnight; and color from revered opal structure could be observed. OMM-PF was finely ground
with 10 times weight of melamine and g-Cs;Ny4 (prepared by heating melamine in air at 550 °C for 4
h) (1:1 wt.) in an agate mortar and the mixture was heated in the following program in N, to prepare
N-OMMC-G:
Room temperature > 60 °C (ramp rate: 1 °C min™', kept for 2 h) > 600 °C (ramp rate: 1 °C min™,
kept for 4 h) = 900 °C (ramp rate: 5 °C min™', kept for 3 h) = room temperature

To prepare N-OMMC without in-situ formed graphene, 5 times weight of melamine was
wrapped with aluminum foil and put in another boat beside the boat containing OMM-PF. The two
boats were heated following the program below in N»:
Room temperature > 60 °C (ramp rate: 1 °C min™, kept for 2 h) > 600 °C (ramp rate: 1 °C min™,
kept for 4 h) - room temperature
Then, the obtained carbon and 5 times of g-C3Ny4 in another boat were heated again at 900 °C for 3 h
in N, with a ramp rate of 5 °C min™ to obtain the final N-OMMC.



5. Preparation of chemically converted N-G

Graphene oxide (GO) was prepared through the modified Hammer’s method. GO was dispersed
into DI water to obtain a 0.05 wt.% suspension. 5 g of colloidal silica (as the hard template to form
the “out-of-plain” mesopores) containing 40 wt. % 12 nm silica nanospheres was added to 200 ml
of the GO suspension. Then, the mixture was rotary evaporated resulting in a crisp brown film.
Afterwards, the solid was slightly crashed in a motar with 0.5 g melamin into fine power, and then
heated at 900 °C for 1 h under the protection of Ar to obtain N-G/SiO,. The as-prepared sample was
finally washed with HF acid to remove the silica, followed by water washing and drying at 100 °C.
6. Characterizations

Nitrogen adsorption-desorption isotherm was recorded on Tristar I (Micrometrics) at -196 °C. Pore
size distribution was obtained by Barrett-Joyner-Halenda (BJH) model using adsorption branch data
of the nitrogen isotherms. The specific surface area was calculated using adsorption data at the
relative pressure range of P/Py= 0.05-0.3 by Brunauer-Emmett-Teller model.

Microstructures of the samples were observed on TEM (Tecnai G2 Spirit TEM) and SEM (Quanta
FEG 450, FEI). High resolution TEM images were obtained on JEM-2100 microscopy. Elemental
mapping was conducted using EDAX detector attached on JEM-2100. Small Angle X-ray
scattering measurement was conducted on Rigaku D/max 2500 V/PC (Rigaku, Japan). Fourier
transform infrared spectroscopy was obtained on Nicolet 6700 FT-IR (Thermal Scientific, US).

XPS analysis was carried out on AXIS Ultra spectrometer (Kratos Analytical Ltd., GB) with
monochromated Al Ka radiation at a pressure of ca. 510~ Pa. Binding energies were calibrated
using the adventitious carbon (Cls) =284.5 eV

All Raman spectra were collected in air using a Witec confocal Raman Microscope (Alpha 300RS,
Germany) equipped with a 532 nm laser diode (<60 mW). A CCD detector (cooled to -60 °C) was
used to collect Stokes Raman signals under a x40 objective (Nikon) at room temperature (ca. 24 C)
in a wavenumber range of 0 to 2000 cm” with an integration time of 0.5 or 5 s for each
measurement.

AFM images were acquired in ambient conditions with a Multimode and NanoScope V controller
(Digital Instruments, Bruker, US) using NSCI15 silicon probes (Mikromasch, US) operating in
tapping mode. These probes have a fundamental resonance frequency between 250 and 400 kHz,
nominal spring constant of 42 N m™ and nominal tip radius of 10 nm. Amplitude set-points were
typically 70 to 90% of the cantilever free amplitude. Topographic height images were obtained at a
scan rate of 1 Hz simultaneously with feedback controls optimized for each sample. All images
represent flattened data using the NanoScope Analysis version 1.20 software packages.

The conductivity of the samples were tested on a homemade mold with two round electrodes
connected to a digital multi meter (Agilent 34401A, US). The samples were tested under the same

constant pressure with the same contact area with the electrode. The thickness of the tested sample



was recorded with a caliper. Each sample was tested for 3 times and the average resistivity (R) was

listed below, which were obtained by dividing the measured resistance with thickness.

N-OMMC-G N-OMMC MIX N-G

R (Q/mm) 2.7 5.79 3.43 4

Interestingly, the N-G showed a relatively high apparent resistance, which might be due to its highly
loose structure, which is harder to be compressed and to form close contact between the nanosheets.
7. Electrochemical test
For the electrochemical test, 2 mg of each sample was dispersed in 1 ml of deionized water (18.2
MQ). The mixture was ultrasonicated to obtain a homogenous catalyst ink.
To prepare the working electrode for electrochemical measurements, 40 pl of the ink was dipped on
a mirror polished glass carbon electrode (0.192 cm?) and dried at room temperature in air. Then, the
working electrode was inserted into the cell setup, which is composed of a platinum counter
electrode, an Ag/AgCIl/KCl (3 M) reference electrode and a 125 ml glass cell containing 100 ml of
electrolyte.
Cyclic voltammetry (CV) experiments were performed on an electrochemical analysis station (CHI
760 C, CH Instruments, USA) at 50 mV s’!. Before test, an O,/N, flow was used through the
electrolyte in the cell for 20 min to saturate it with O,/N,. The cell was kept in a 25 °C water bath
for all the electrochemical tests.
For the rotating disk electrode (RDE) test, the same working electrode was prepared as for CV and
the test was conducted on CHI 760 C. A Pt wire and an Ag/AgCIl/KCl (3 M) were used as the
counter and reference electrodes, respectively. The linear sweep voltammograms of the modified
glass carbon electrode were recorded in O, saturated 0.1 M KOH with a scan rate of 5 mV s at
various rotating speeds from 400 to 2000 rpm for ORR. After each scan, the electrolyte was
saturated with O, again for 20 minutes. The sample was tested 2 times to avoid any incidental error.
The Koutecky-Levich plots were obtained by linear fitting of the reciprocal rotating speed versus
reciprocal current density collected at different potentials form -0.4 V to -0.8 V. The overall
electron transfer numbers per oxygen molecule involved in a typical ORR process weere calculated
from the slopes of Koutecky-Levich plots using the following equation:

1/jp=1/jx + 1/ Bw'?
where ji is the kinetic current in amperes at a constant potential, ® is the electrode rotating speed in
rpm, and B, the reciprocal of the slope, which was determined from the slope of Koutecky-Levich
plots based on Levich equation as followed:

B=0.2 nFAV_1/6C02D022/3



where n is the number of electrons transferred per oxygen molecule, F is the Faraday constant

(96485 C mol™) , Do» 1s the diffusion coefficient of O, in 0.1 M KOH (1.9X10'5 cm s'l), v 1s the
kinetic viscosity (0.01013 cm? s'l), and Coq, is the concentration of O, (1.2X10'3 mol L'l). The
constant 0.2 is adopted when the rotating speed is in rpm.

According to this equation, the electron transfer numbers of the metal free samples were listed in

the table below:

04V 05V 0.6V 0.7V 08V
N-OMMC-G 3.16 3.29 3.34 341 3.53
N-OMMC 2.67 2.81 2.93 3.11 3.41
MIX 2.67 2.84 3.01 3.23 3.51

N-G 1.95 2.16 2.31 2.48 2.75




II. Supplementary Results

NPT R




Figure S1. SEM and TEM images of N-OMMC-G. (a-c) SEM observations showing the
homogeneous distribution of in-situ formed graphene connecting the porous carbon micro blocks
inside the N-OMMC-G hybrid. (d-f) High magnification SEM images showing the ordered
macropores on N-OMMC-G micro blocks. (g-i) TEM images of the joint sections between
graphene and porous carbon in N-OMMC-G, showing the native growth of graphene from carbon.
(j-k) TEM images of the graphene sections in N-OMMC-G at both low and high resolutions. (I-m)
High resolution TEM images of the graphene section in N-OMMC-G. (n-o) SEM images of
N-OMMC and (p-q) TEM images of N-OMMC. (r-s) SEM images of MIX and (t-u) TEM images
of MIX.

It is worth to note that the images clearly show a different structure between the in-sifu formed
hybrid (N-OMMC-G) and the physically mixed material (N-OMMC/G, denoted as MIX). Due to
the large aspect ratio of the chemically exfoliated graphene, it is very easy to aggregate during the
drying (either to normally dry at room atmosphere or to freeze dry at very low temperature). Thus it
needs long time to grind the N-OMMC and N-G to form a relatively homogeneous mixture (MIX),
thus the structure of the N-OMMC in MIX could be partially broken during this process as shown

in Figure S1n-q, which on the contrary shows the advantages of our one-step in-situ growth of



graphene on porous carbon materials.
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Figure S2. AFM images of the graphene in(h)OMMC-G (a, c, e, g) and the corresponding linear

scans (scan regions shown in the AFM images) showing the thickness of these nanosheets (b, d, f,

g).
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Figure S3. Microscopic Raman spectra of in-situ formed graphene (red) and chemically converted

N-G (black).
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Figure S4. SAXS curves of N-OMMC-G and OMM-PF.

The SAXS of N-OMMC-G and OMM-PF are quite similar, indicating the mesostructure has been
maintained after the high temperature heating process. Only one peak has been observed on both
materials, which is possible due to the short range nature of the mesopores (less than 100 nm) in

this material.
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Figure S5. Nitrogen adsorption-desorption isotherms and the corresponding pore size distribution
of N-OMMC (a, b); chemically converted N-G (c, d); and OMM-PF (e, f).

The surface area of OMM-PF is ca. 258 m*/g and its pore size distribution (centered at ca. 6.7 nm)
is slightly larger than the final carbon materials (N-OMMC and N-OMMC-G), which results from a
pore shrinkage after the carbonization of the polymers, but the hierarchical porous structure has

been successfully remained as shown from the similar isotherms.
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respectively.



—
Q
—

2-
N

€ o

o

<

£

~ -2

= —N, J =0.924 mA cm”

— O2
09 06 -03 0.0 0.3
E vs. Ag/AgCl /V

C
(),
N 0-

=

(&)

< -1 J =0.188 mA cm?

E p

—

= -2 _N2

— 02
-3 . . . .
-0.9 0.6 0.3 0.0 0.3

E vs. Ag/AgCl /V
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Figure S9. LSVs of N-OMMC-G (a), N-OMMC (b), MIX (c), N-G (d) and Pt/C (e) at 0-2000 rpm
with an increment of 400 rpm between neighboring LSV curves. (f) Enlarged section of the LSVs of
N-OMMC-G at different rotation speeds showing the ORR onset potential at ca. -0.051 V vs.
Ag/AgCl.
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relatively larger amount of O, is reduced via the more efficient 4 electron pathway.
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Figure S11. (a) Methanol cross-over toleration test of N-OMMC-G and Pt/C in 0.1 M KOH
aqueous solution. (b) 60 h durability test of N-OMMC-G and Pt/C in O, saturated 0.1 M KOH
aqueous solution.

The higher stability of N-OMMC-G compared with the Pt/C could be possiblily attributed to
several aspects including: 1) good thermal stability coming from the high heating temperature
during the preparation for a relatively long period of time; 2) 3-D ordered carbon skeleton which

not only faciliate the mass diffusion, but also provide a good mechanical stability.
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Figure S12. Tafel plots of the samples obtained from the LSVs at 1600 rpm. (a) N-OMMC-G. (b)
N-OMMC. (c) MIX. (d) N-G. (e) Pt/C.

The Tafel plots demonstrates two distinct linear regions at both low and high over potentials on all
samples. In the low over potential regions where the overall ORR process is controlled by the speed
of surface reactions, the N-OMMC-G gives the lowest value of 76.9 mV dec” compared with
N-OMMC (85.7 mV dec™), N-G (101.8 mV dec™) or the MIX (90.9 mV dec™). The lower value of
N-OMMC-G compared with N-OMMC could be reasonably attributed to the more facile electron



transfer by the native bridging graphene, while the highest value on N-G would come from the
smallest number of exposed active sites due to its lowest surface area. Besides, the intermediate
value of MIX again clearly reveals simply mechanical mixing cannot bring synergistic performance
enhancement to the material. On the other hand at high over potential region where the reaction
speed is dominated by the diffusion limitations inside the material, the Tafel slope of N-OMMC-G
is 178 mV dec™!, which is closely followed by N-OMMC (208 mV dec™) and significantly lower
than the values of MIX (313 mV dec”) and N-G (291.4 mV dec™). The low Tafel slope value of
N-OMMC-G and N-OMMC at high over potential further confirms the apparently more facile mass
transfer inside this hierarchical porous material. Interestingly, the MIX has the highest Tafel slope
value, suggesting its highest mass transfer resistance, which indicates pore blockage of N-OMMC
by N-G after mechanical mixing.

The Tafel slope value of Pt/C has also been obtained based on the similar conditions as mentioned
above. The values show ca. -60 mV dec” and ca. -180 mV dec™ at low and high over potential,
respectively, which are typical of multi crystal Pt nanoparticles loaded on porous carbons for ORR

in KOH electrolytes. [1]
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