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Metal-free electrocatalyst is an emerging energy material to replace precious metal for effective oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER) in a working electrochemical energy con-
version device. Developing an effective bifunctional catalyst with abundant highly active sites and full
exposure to reactants is strongly considered. Herein a nitrogen-doped mesoporous graphene framework
(NMGF) was proposed with intrinsic N/O heteroatoms and abundant topological defects for metal-free
ORR/OER. The NMGF was fabricated by direct chemical vapor deposition on MgO template. The as-
obtained NMGF exhibited high porosity with a large specific surface area of 1440m2g-! as well as
a high electrical conductivity of 57.0S cm~!. This unique structure is demonstrated to possess several
advantages, including plentiful active centers due to defects and heteroatoms, improved utilization effi-
ciency by very high electrochemically active surface area and hydrophilic surface, facilitated ion diffusion
through interconnected pores and smooth electron transportation in the highly conductive 3D frame-
work, thereby leading to superior ORR and OER bifunctional activity. The ORR half-wave potential was
0.714V, and the potential to reach 10.0 mA cm~2 OER current density was 1.664 V with the potential gap
of 0.95 V. This bifunctional performance was better than routine precious metal-based catalysts (e.g. Pt/C
and IrO,) for oxygen redox reaction.
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Precious metals and their oxides are effective electrocatalysts in
these reactions, including Pt and PtRu for ORR [12,13] and Ir and

1. Introduction

The urgent request to solve the energy crisis and environmental
problems brings great interests in clean, renewable energy sources,
and emerging energy storage devices, like solar cells, hydrogen
fuel cells, and metal-air batteries. One critical issue in the related
sustainable chemistry is the transformation between water and
oxygen, including oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) [1-4]. Both ORR and OER are 4-electron
processes, suffering from their sluggish kinetics and high over-
potential, which strongly limit the efficiency of relative energy
devices. This calls for efficient electrocatalysts for ORR and OER
[5-7].Insome particular cases like rechargeable metal-air batteries,
ORR and OER are required to occur on the same electrode during the
charge and discharge process, respectively [8-10]. Therefore, the
bifunctional electrocatalysis of ORR and OER is of great significance
[8,11].
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IrO, for OER [14-16]. However, the high cost and limited natural
abundance of the precious metals obstruct their large-scale appli-
cations, and the precious metal catalysts usually afford poor activity
in bifunctional catalysis [17,18]. In recent years, the research and
development of non-precious metal bifunctional catalysts for ORR
and OER has been strongly considered. Catalysts based on tran-
sition metal compounds were firstly investigated, and Co- and
Mn-based high-performance bifunctional catalysts were reported
[19-22]. In 2014, Tian et al. [23] proposed a metal-free nanocar-
bon catalyst with remarkable activity on both ORR and OER. Since
then, increasingly more carbon nanomaterials were reported as
ORR/OER bifunctional catalysts attributed to their various, control-
lable structure and high electrical conductivity [11,24-28]. During
the researches on carbon nanomaterials for ORR/OER electrocatal-
ysis, two kinds of structural configurations, heteroatom and defect,
have attracted much attention and been demonstrated as active
sites [26,27,29-32].

To take full advantage of the active sites and facilitate the
oxygen transport, the metal-free carbon based electrocatalyst is
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preferred to be highly porous, which always results in a defective
structure with high electrical resistance [33-35]. In the electro-
catalysis of ORR and OER, however, the gas transport in the pore
and electron transport in the electrode are both important issues.
More understandings are required to rationally design an effec-
tive electrocatalyst with intrinsic ORR/OER reactivity as well as full
exposure of active centers to electrolyte.

In order to balance the porosity and electrical conductivity in
nanocarbon electrocatalysts with intrinsic reactivity for ORR/OER,
a 3D metal-free nanocarbon with interconnected pores constructed
by continuous graphene layers was proposed herein. This energy
material, named as N-doped mesoporous graphene framework
(NMGF), presents a highly porous morphology with high conduc-
tivity, and possesses both kinds of active sites: the heteroatom
(nitrogen) and the defect (five- and seven-carbon rings, C5 and
C7) derived from the curves of the graphene. Besides, the unique
structure of NMGF significantly contributes to the full accessibility
of active sites for ORR/OER. Consequently, the as-fabricated NMGF
material is demonstrated to be a superior metal-free bifunctional
electrocatalyst for both ORR and OER.

2. Experimental
2.1. Material synthesis

The NMGF was synthesized using chemical vapor deposition
(CVD) method with mesoporous MgO as template [36,37] and
methane/ammonia as carbon/nitrogen source.0.50 g MgO template
was dispersed uniformly into a quartz boat and then placed in
the center of a horizontal quartz tube reactor. The tube was then
inserted into a furnace at atmospheric pressure. Under the pro-
tection of Ar at a flow rate of 200 mLmin~!, the quartz reactor
was heated to 950°C, and then both CH4 (50 mLmin~!) and NH;
(40 mLmin~1) were introduced into the reactor for 10 min. After
the CVD growth of NMGF, the furnace was cooled to room tempera-
ture in the atmosphere of H, (10 mL min—1)and Ar. The product was
then mixed with 500 mL of 6 mol L-1 HCl and heated in oil bath at
80°C for 24 h to remove the MgO template. The acid was washed off
by deionized water during a vacuum filtering process. Finally, the
filter cake was dried by a freeze-drying method to obtain the NMGF
sample. MGF was prepared in a similar way in which ammonia was
not introduced in the CVD growth.

To verify the role of pore structure and defects in the NMGF,
a control sample N-doped graphene (NG) was synthesized from
chemical reduction of graphene oxide (GO). 30 mL of 2.0mg mL~!
GO aqueous solution was mixed with 1.80g urea by 30 min ultra-
sonic dispersion. Then the suspension was treated by hydrothermal
method at 180 °C for 18 h. After the vacuum filtering, washing, and
freeze-drying, the NG sample was achieved.

2.2. Structural characterization

The morphology of the graphene-based electrocatalsyts was
characterized using a JSM 7401F scanning electron microscope
(SEM) operated at 3.0kV and a JEM 2010 high-resolution trans-
mission electron microscope (TEM) operated at 120.0kV. The
Brunauer-Emmett-Teller (BET) specific surface area (SSA) of the
samples was probed by N, adsorption/desorption at liquid-N, tem-
perature using Autosorb-IQ2-MP-C system. The specific surface
area was calculated by the multipoint Brunauer-Emmett-Teller
(BET) method with the relative pressure of 0.05-0.30, and the pore-
size distribution was calculated based on quenched solid density
function theory model using the adsorption branch. The electri-
cal conductivity of plate-samples with a diameter of 13.0 mm and
a thickness of ca. 10 wm, which were prepared by compression

at 10.0 MPa, was measured using ST-102A four-probe technique
(4Probes Tech., China) with Keithley 2636A Source Meter. The
amounts of N-containing functional groups on NMGF were identi-
fied using X-ray photoelectron spectroscopy (XPS) by Escalab 250xi.
Raman spectra were obtained using a Horiba Jobin Yvon LabRAM
HR800 Raman spectrophotometer with He—Ne laser excitation at
633 nm. The contact angle was collected on Dataphysics OCA20. A
volume of the pure water droplet employed in the measurement
was 2 pL.

2.3. Electrochemical characterization

All electrochemical measurements were performed in a three-
electrode system, using Pt sheet as a counter electrode and
saturated calomel electrode (SCE) as a reference electrode. Rotating
ring-disk electrode (RRDE) coated with electrocatalyst was used as
the working electrode. This three-electrode system was controlled
by aCHI 760D electrochemistry workstation and the measurements
were carried out in O,-saturated 0.10 M KOH solution. Before other
measurements were applied, the catalyst was cycled several times
by cyclic voltammetry (CV) to obtain a stable CV curve. The OER
and ORR activities were tested by linear sweep voltammetry (LSV)
at the scan rate of 10.0mVs~1.

The working electrode was fabricated by a drop casting method.
5.0mg catalyst was dispersed in 0.95mL ethanol and 0.05mL
5.0 wt.% Nafion solution by 1.0h sonication to form a relatively
uniform suspension. Then 10.0 L of the catalyst suspension was
transferred onto the glass carbon electrode (GC, 0.196 cm?2) via a
controlled drop casting approach. The electrode was finally dried
by natural evaporation. In addition to the three carbon materials,
two commercial precious metal catalysts were also used as contrast
samples: Pt/C catalyst with 20 wt.% Pt (Sigma-Aldrich), and 99.99%
IrO, catalyst (Alfa Aesar).

The ORR electron transfer number n was determined as fol-
lowed:

n 4l
Clg+I/N

where I is disk current, I} is ring current and N is current collection
efficiency of the Pt ring which was determined to be 0.26.

Electrochemical active surface area (ECSA) was determined by
measuring the capacitive current associated with double-layer
charging from the scan-rate dependence of cyclic voltammetry
(CV). This measurement was performed on the same working elec-
trodes among a potential window of 0.95-1.05V vs. reversible
hydrogen electrode (RHE) and scan rates ranging from 20 to
100mVs~1. Then linear fitting of the charging current density dif-
ferences (Aj=ja —jc at the potential of 1.00V vs. RHE) against the
scan rate was done. The slope is twice of the double-layer capaci-
tance Cq;, which is used to represent ECSA.

The potential vs. RHE (Eys. rug) Was calculated by the following
equation: Eys ryg = Evs, scg +0.059 pH +0.241 (Eys. scg stands for the
potential vs. SCE) and the overpotential n=Eys gryg — 1.23.

3. Results and discussion
3.1. The NMGF grown on MgO templates

The morphology and synthesis method of NMGF are illus-
trated in Fig. 1. The MgO template is composed by closely packed
nanocrystals with a size of 4-8 nm (Fig. 1a). The 3D graphene was
deposited on the surface of the MgO template (Fig. 1b) during CVD
growth. After the template was etched by HCI, the graphene frame-
work with abundant mesopores and continuous graphene layers
was achieved (Fig. 1c).
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Fig. 1. The scheme of NMGF formation on porous MgO template.
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Fig. 2. Characterization of metal-free NMGF electrocatalyst. (a) SEM and (b) TEM images of NMGF. (c) Nitrogen adsorption-desorption isotherm of NMGF. STP is short for
standard temperature and pressure. Inset: Pore distribution of NMGF. (d) High-resolution XPS spectrum of N 1s core levels in NMGF.

NMGF sheets are hexagon with a diameter of about 2 um
and a thickness of around 50 nm (Fig. 2a). Interconnected meso-
pores are observed on a NMGF sheets by TEM (Fig. 2b). Besides,
NGMF is mainly constructed by single/few-layer curve graphene
nanosheets. The scene of overlapped pores with regular shape is
just like a Mondrian painting. In addition, there are abundant edges
and curves in the NMGF, which can be widely observed in TEM
images and are supposed to generate C5 and C7 defects [38].

The nitrogen adsorption-desorption isotherm curve (Fig. 2¢)
verifies the porosity of NMGF. There are abundant mesopores
between 2 and 10nm in the pore size distribution profile. The
SSA calculated by multipoint BET method was 1440 m2 g~!. The
four-point probe method reveals that the electrical conductivity of
NMGF is ca. 57.0Scm™1.

The total content of nitrogen heteroatoms in the NMGF is calcu-
lated to be 3.41 at.% based on the XPS method. The N1s spectrum
of NMGF is resolved into four peaks (Fig. 2d). The pyridinic N
(18.0at.%), pyrrolic N (20.8 at.%), quaternary N (32.9 at.%), and oxi-
dized N (28.3 at.%), with the bonding energy at 398.4, 400.1, 401.2,
and 402.9 eV, respectively, are confirmed.

Based on the above characterizations, the NMGF exhibits unique
features of N-doping and defect-rich, resulting in the intrinsic activ-
ity of NMGF for OER and ORR. Accompanied by the pore structure
and high electrical conductivity that enhance the gas transport
and electron transport, respectively, the NMGF is expected to be
a promising catalyst in the ORR/OER bifunctional electrocatalysis.

3.2. ORR/OER performances on NMGF

The electrochemical tests were performed in O,-saturated
0.10M KOH electrolyte with a three-electrode system. Besides
commercial IrO, and Pt/C catalysts, non-doped MGF and N-doped
graphene (NG, synthesized from reduction of graphene oxide, see
details in Section 2) are chosen as the control electrocatalysts. The
MGF and NG were also characterized by SEM and TEM (Fig. S1),
physical absorption (Fig. S2) and XPS (Fig. S3). For the three car-
bon nanomaterials, the pore structure information (specific surface
area and pore volume), and the elemental composition measured
by XPS are listed in Tables S1 and S2, respectively. The MGF has the
same microstructure as NMGF, but lacks the nitrogen heteroatoms.
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Fig. 3. The electrochemical performances of metal-free electrocatalysts. (a) The ORR LSV plots of NMGF, MGF, NG, and Pt/C at a scan rate of 10.0mV s~'. (b) The ORR electron
transfer number of NMGF, MGF, and NG. (c) The ORR stability of NMGF and Pt/C. The stability was measured using a potentiostatic method with the initial current density
of 1.0mA cm~2. (d) The OER LSV plots of NMGF, MGF, NG, and IrO, with the scan rate of 10.0 mV s~'. All the tests were operated in O,-saturated 0.10 M KOH electrolyte.

In contrast, NG consists of abundant nitrogen heteroatoms, but is
less porous than NMGF. In other words, in MGF, the active sites are
mainly topological defects (e.g. C5 and C7) attributed to the curv-
ing graphene structure; while in NG, the active sites are mainly
contributed from the heteroatoms. Contrastively, NMGF possesses
both kinds of potential active sites.

The electrocatalytic reactivity of ORR/OER on NMGF, MGF, and
NG is shown in Fig. 3. As shown in the ORR linear sweep voltam-
metry (LSV) plots (Fig. 3a), NMGF exhibits superior ORR activity
compared with MGF and NG. The ORR half-wave potential (E;;)
of NMGF is 0.714V vs. RHE, much better than 0.685V for MGF and
0.521V for NG. In our recent study [27], the activity of graphene
defects and nitrogen heteroatoms was investigated by density func-
tional theory (DFT) approach. Both C5 and C7 defects and the doped
N atoms were demonstrated to contribute to the ORR activity.
Therefore, NMGF with both kinds of active sites affords better ORR
performance than MGF. The superiority of MGF to NG is attributed
to the unique porous and conductive structure of the graphene
framework. The ORR electron transfer number (n) plotted in Fig. 3b
is also in line with the order of NMGF > MGF > NG. Moreover, the
ORR Tafel plots (Fig. S4) indicate more favorable kinetics of NMGF
than MGF and NG, even slightly better than Pt/C.

In order to determine the stability of NMGF, a long-time poten-
tiostatic test of NMGF and the commercial Pt/C was performed at
the initial current density of 1.0 mA cm~2 (Fig. 3¢). Pt/C catalyst only
maintained 85% of the initial current density after 5 h test. On the
contrary, the current density of NMGF was even slightly increased,
probably due to the infiltration of the electrolyte to more pores in
the NMGF.

The OERLSV plots are exhibited in Fig. 3d. The potential to obtain
10.0 mA cm~—2 OER current density (E1g) for NMGF, MGF, and NG is
1.664, 1.671, and 1.885V, respectively. It was claimed that the C5
and C7 defects outperformed N heteroatoms significantly in the
OER region [27]. As expected, MGF exhibited similar OER activity
to NMGF in spite of the absence of N-doping; while NG was almost
inactive for OER due to the lack of topological defects.

The bifunctional activity of the catalysts can be evaluated by
the potential gap (AE) between Eq; and Ejo [39-41]. The AE of
NMGEF is determined to be 0.95V, surpassing MGF (0.99 V) and NG
(1.36V), and furthermore, better than commercial IrO, (1.53 V) and
Pt/C (1.28 V). Based on the experimental results, we can identify
NMGF as a remarkable metal-free bifunctional electrocatalyst for
ORR and OER, with promising applications for metal-air batteries
and fuel cells.

3.3. Discussion on the superb ORR/OER activity on NMIGF

Both ORR and OER catalysis on the electrode are complicated
processes involving gas transport, surface reaction, electron con-
duction, and ion diffusions. An effective electrocatalyst of the
oxygen electrode is supposed to render active centers with high
intrinsic activity, and those active sites are expected to be fully
exposed during the oxygen redox reaction.

In this contribution, the NMGF electrocatalyst possesses two
kinds of active sites. The first one is the N/O heteroatom. From
the elemental analysis data of NMGF, MGF, and NG measured by
XPS (Fig. S3 and Table S2), the nitrogen atomic contents of NMGF
MGF, and NG are 3.41, 0.34, and 5.31 at.%, respectively, and the oxy-
gen content in NMGF, MGF, and NG are 3.34, 1.53, and 5.19 at.%,
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mass, tested at the potential of 1.80V vs. RHE (OER) and 0.50V vs. RHE (ORR). (d) The contact angles of NMGF and MGF.

respectively. The doping of nitrogen heteroatoms with a larger elec-
tronegativity induces a substantially positive charge density on
the adjacent carbon atoms [42], which is widely accepted as the
active centers of nitrogen doped carbon electrocatalysts for ORR
in alkali solution [43]. As shown in Fig. 2d, NMGF mainly consists
of graphitic N, while the majority of N dopants in NG is pyridinic
N (Fig. S5), probably due to the different synthesis methods of the
two materials. Based on our former work [27], graphitic N is more
active for OER, while pyridinic N is a better active site for ORR. This
corresponds well with the poor OER activity and relatively better
ORR activity of NG. Furthermore, the addition of oxygen dopants
break the electroneutrality of sp2 carbon lattice and therefore afford
an enhanced ORR activity [44]. However, the ORR and OER activ-
ity contributed by single oxygen-doping is quite limited [45,46],
and oxygen dopants would not have much effect on the catalytic
activity if there are no other heteroatoms in the metal-free carbon
electrocatalyst [5].

The second kind of active sites in NMGF is the topological C5 and
C7 defects induced by the graphene curves. To confirm the defect-
rich feature of the NMGF structure, the Raman spectra of NMGF
and NG was tested and plotted in Fig. 4a. The higher Ip/I; ratio of
NMGF compared with NG (1.39 vs. 1.16) indicates more defects in
NMGEF. It is accepted that the pentagon and zigzag edges decrease
the ORR reaction free energy and facilitate the electron transfer for
OOH*[29]. Anitrogen-free intrinsic defect of adjacent pentagon and
heptagon was identified as the best configuration for both ORR and
OER. The adjacent carbon rings with different electron densities
induce spatial curvatures and form a permanent dipole moment.
The dipole moment is weaker than the one between nitrogen and
carbon atoms, which facilitates the facile ORR/OER on defect-rich
carbon electrocatalysts [27,47]. In the Raman spectrum of MGF (Fig.

S6), the Ip/Ig ratio (2.17) is even higher than NMGF, which may
due to the higher surface area and more exposed defects of MGF.
However, a large quantity of defects in MGF may not be available in
the electrocatalysis process, because MGF has poor hydrophilicity
thus the surface can hardly expose to the electrolyte. This will be
discussed in detail in the following part.

Besides the intrinsic activity of the active sites, the structural
features of NMGF can further facilitate the exposure of active sites,
thus enhancing the activity of a working electrode. On one hand, the
continuous pore structure enlarges the surface area and benefits the
gas transport. The ECSA correlated to the double layer capacity (Cy;)
represents the contact area of the electrocatalyst and electrolyte
under working condition. The Cy was obtained by CV method in
a potential range without pseudo-reactions. The difference of the
charging current density and the discharging current density, Aj, is
a linear function of the CV scan rate (Fig. 4b). The slope is twice Cyj,
which is proportional to the ECSA. The ECSA of NMGF is about ten
times of that of NG at the same areal loading. This result indicates
more contact between the electrolyte and the catalyst for NMGF,
suggesting a higher utilization efficiency of the active sites.

The sufficient use of active sites in NMGF can also be identi-
fied by calculating the specific current density based on the mass
of nitrogen in the catalyst as the benchmark. The activity of NG is
provided mainly by the nitrogen doping, but the defects also con-
tribute a lot in NMGF. Herein, the N-contributed activity of NMGF
is approximated by subtracting the MGF current density from the
NMGF current density. According to the results in Fig. 4c, the ORR
and OER mass specific current densities both verify the superior uti-
lization efficiency of active sites on NMGF electrocatalyst compared
with NG. This advantage is largely attribute to its novel structure,
as characterized above.
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On the other hand, the N-doping in NMGF improves the
hydrophilicity, therefore exposes more active centers to the elec-
trolyte. In BET surface area values of NMGF, MGF and NG measured
by N, adsorption-desorption isothermal method listed in Table
S1, the SSA of NMGF (1440 m2g-1) is smaller than that of MGF
(2108 m2 g~1). However, the ECSA values of NMGF and MGF are
similar, indicating a better hydrophilicity of NMGF. The similar
ECSA of NMGF and MGF also demonstrates that, for NMGF and MGF,
the surface area exposed to the electrolyte are similar, thus the cat-
alytic activity mainly depends on the quantity of active sites on the
surface. Therefore, the ECSA test further confirms that the superior
activity of NMGF to MGF is attributed to the N doping, which brings
more active sites to NMGF.

The hydrophilicity can also be quantitatively described by the
contact angle. Fig. 4d exhibits the contact angle tests of NMGF
and MGF samples using deionized water as the wetting liquid.
With the introduction of N heteroatoms, the contact angle is
greatly decreased from 85.9° to 64.3°, demonstrating a remarkably
improved surface wettability and thereby an enhanced electrolyte
permeation and affinity. The contact angle of NG shown in Fig. S7 is
58.2¢, confirming that the hydrophilic surface is attributed to the N
doping. Benefitting from the active centers contributed by intercon-
nected pores and superb hydrophilicity, NMGF affords prominent
superiority in terms of enhancing the exposure of active sites.

With abundant effective active centers contributed by het-
eroatoms and defects, the unique 3D mesoporous framework and
hydrophilic surface, as well as the enhanced electron/ion con-
ductivity, NMGF exhibits impressive activity on the bifunctional
catalysis of ORR and OER. Such NMGF is also expected to be served
as electrocatalyst for other multi-electron redox reactions [48] and
conductive hosts for polar intermediate anchoring in a working Li-
S batteries [49,50], which is a novel energy material platform to
modulate the kinetic of oxidation/reduction and diffusion of inter-
mediates in an electrochemical energy conversion system.

4. Conclusions

The NMGF was synthesized through a CVD method on 3D MgO
templates. The as-obtained NMGF with interconnected 5-8 nm
mesopores have a N and O content of 3.41 and 3.34 at.%, respec-
tively, an electron conductivity of 57.0Scm™1, a surface area of
1440m?2 g~!, and a pore volume of 2.18 cm? g~!. Such unique struc-
tural features render NMGF as an efficient bifunctional catalyst
for ORR and OER. The NMGF catalyst exhibits a low OER-ORR
potential gap of 0.95V, which is much smaller than the routine
noble metal catalysts (IrO,, Pt/C), non-doped MGF and GO-derived
doped graphene. The NMGF material is promising for practical
applications like Zn-air batteries, and it can also be an excellent sub-
strate for the growth of other metal-based materials with further
enhanced performance. The structure design strategy of maintain-
ing the conductivity of porous material can be instructive for the
future investigation on electrocatalysis and other energy storage
systems based on multi electron redox reaction.
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