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ABSTRACT In this work, we present a synthesis approach for
nitrogen-doped graphene-sheet-like nanostructures via the graphitization
of a heteroatom polymer, in particular, polyaniline, under the catalysis of a
cobalt species using multiwalled carbon nanotubes (MWNTs) as a
supporting template. The graphene-rich composite catalysts (Co-N-MWNTs)
exhibit substantially improved activity for oxygen reduction in nonaqueous
lithium-ion electrolyte as compared to those of currently used carbon
blacks and Pt/carbon catalysts, evidenced by both rotating disk electrode
and Li—0, battery experiments. The synthesis—structure—activity corre-
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lations for the graphene nanostructures were explored by tuning their synthetic chemistry (support, nitrogen precursor, heating temperature, and transition metal
type and content) to investigate how the resulting morphology and nitrogen-doping functionalities (e.g., pyridinic, pyrrolic, and quaternary) influence the catalyst
activity. In particular, an optimal temperature for heat treatment during synthesis is critical to creating a high-surface-area catalyst with favorable nitrogen
doping. The sole Co phase, Co,Sg, was present in the catalyst but plays a negligible role in ORR. Nevertheless, the addition of Co species in the synthesis is
indispensable for achieving high activity, due to its effects on the final catalyst morphology and structure, including surface area, nitrogen doping, and graphene
formation. This new route for the preparation of a nitrogen-doped graphene nanocomposite with carbon nanotube offers synthetic control of morphology and
nitrogen functionality and shows promise for applications in nonaqueous oxygen reduction electrocatalysis for Li—0, battery cathodes.
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he oxygen reduction reaction (ORR) is
Tan important electrochemical reac-

tion, underlined by the strong research
interests in a variety of electrochemical en-
ergy storage and conversion technologies
such as low-temperature fuel cells and me-
tal—air batteries." A high ORR overpotential
has been the main obstacle to making these
technologies viable, and therefore, major
efforts have been devoted to discover-
ing cost-effective and efficient ORR catalysts
in traditional aqueous media.?>~> Recently, -
ORR in nonaqueous lithium-ion electrolyte
has become a key reaction in Li—0O, (air)
battery cathodes and received considerable
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attention. As potential next-generation en-
ergy storage devices, the Li—O, batteries
abandon the intercalation electrodes in tra-
ditional Li-ion batteries, and the Li ions react
directly with O, from the air in a porous
electrode. As a result, the unique battery
chemistry and electrode architecture provide
a greatly increased specific energy density
(theoretical value of 5200 Whkg),° holding
promise to meet the energy density targets
set for batteries in automotive applications
(1700 thg’1, a value comparable to the
usable energy content of gasoline).”?

A Li—O, cellis a battery/fuel cell hybrid,>'°
with the cathode similar to an oxygen
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cathode in a fuel cell, but with H, oxidation at the
anode being replaced with oxidation of metallic Li. The
use of nonaqueous electrolytes in a Li—O, battery has
the advantage of alleviating the parasitic corrosion of Li
metal at the anode, which occurs in aqueous media.®""
A major distinction of ORR between aqueous and
nonaqueous media is that the preferred reduction
products in aqueous electrolyte are H,0 or H,0,, while
insoluble lithium—oxygen species (Li,O or Li,0,) form
in nonaqueous electrolytes, readily leading to passivat-
ing layers on the cathode catalyst surface. The cataly-
sis mechanisms for ORR and approaches for efficient
catalysts are certainly different for nonaqueous Li™
electrolytes, relative to their aqueous counterparts.
Thus, development of active cathode catalysts compa-
tible with the nonaqueous Li* —0, systems remains a
significant challenge in Li—O, battery technologies.
At present, a large ORR overpotential is observed on
carbon cathode catalysts (Vulcan XC-72, Ketjenblack,
BlackPearl, etc.) in the nonaqueous Li*—0, systems,
causing the battery discharge voltage to be consider-
ably reduced (2.5 V) and the overall charge—discharge
cyclic energy efficiency to be low.'? In principle, the
ORR overpotential can be reduced by accelerating the
kinetic reaction with the development of advanced
catalysts.”> "' For example, nanostructured o-MnO,
nanowires have been found to be more ORR active
than carbon black catalysts.'* However, their low over-
all electron conductivity and insufficient activity still
result in commensurately low energy efficiency.
Bifunctional precious-metal-based PtAu/C catalysts
exhibit improved oxygen reduction and evolution
activity in the Li"—0, systems.'® Unfortunately, the
use of precious metals in cathode catalysts makes
them prohibitively expensive and limits their wide-
spread implementation in Li—O, batteries. Thus, the
battery technologies are in dire need of an efficient and
cost-effective alternative to Pt-based catalysts for their
nonaqueous electrolyte-based ORR cathodes.'”
Advances in nanostructured catalyst design and
synthesis are necessary to fully harvest the high-energy
densities offered by this battery technology.'®'® Re-
cently, stand-alone graphene and graphene oxide (GO)
have been explored as ex situ supports in the ORR
catalysts.2>~2* For example, nitrogen-doped graphene
materials were prepared by annealing GO with differ-
ent nitrogen precursors.”> However, the graphene
materials produced directly from the reduction of
GO are not part of the active catalysts and only act as
ex situ supports. In a similar manner, nitrogen-doped
graphene nanosheets (GNSs) synthesized from GO
through heat treatment with high-purity ammonia
once were examined in Li—O, batteries.?® Although a
higher discharge capacity of 8705 mAhg™' was mea-
sured with the GNSs cathode, the battery discharge
voltage plateau observed in the electrode only reaches
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2.58 V, illustrating that the very high ORR overpotential
still exists.2®

In contrast, this work uses nitrogen-doped gra-
phene-rich composite catalysts that have been devel-
oped from a graphitization process of a heteroatom
polymer (polyaniline, PANI) under the catalysis of a
cobalt species, using multiwalled carbon nanotubes
(MWNTSs) as a supporting template. Compared to the
reported metal-free graphene catalysts,>>?° the addi-
tion of the Co species significantly improves the cata-
lytic activity for ORR. Although the resulting CooSg in
the catalyst plays a negligible role in ORR, Co species
are found to be indispensable during the catalyst
synthesis to achieve high activity, due to its effects
on the resulting catalyst morphology and structure. In
particular, pyrrolic N is usually the dominant species
when using ammonia as a dopant;*® however, this
work finds a high level of quaternary and pyridinic N
when the graphene composite catalysts are synthe-
sized in the presence of Co, a finding that is concomi-
tant with much improved activity for ORR. We believe
the unique properties of the MWNTs acting as a
support are partially responsible for these improve-
ments. Beneficial mass and electron transport, specific
interactions between active site and CNTs, as well as
high corrosion resistance?”?® can all improve cathode
performance when using MWNTs to template the
polymer graphitization process. In addition, promo-
tional roles were found for MWNTSs during the forma-
tion of the graphene composites, showing extended
multilayered graphene sheet morphologies rather
than the agglomerated bubble-like graphene struc-
tures observed in the ketjenblack (KJ)-templated ma-
terials. Importantly, unlike the traditional synthetic
approaches for graphene materials, >3 the in situ
formation of nitrogen-doped graphene sheets directly
from heteroatom polymers provides a new route for
preparation of graphene nanocomposites, offering
controlled morphology and nitrogen functionality with
enhanced oxygen reduction catalytic activity.

RESULTS AND DISCUSSION

Synthesis of Nitrogen-Doped Graphene Composites. A syn-
thesis scheme for nitrogen-doped graphene-rich com-
posites is shown in Figure 1. As a both nitrogen and
carbon source, the heteroatom polymer, PANI, was
graphitized at elevated temperature with the catalysis
of a Co species. Due to their structural similarities, the
aromatic in PANI may facilitate the graphitization
process and form nitrogen-doped graphene-sheet-like
structures. MWNTSs proved to be an effective support-
ing template for the formation of graphene, as com-
pared to traditional carbon black supports. As the
MWNTs still obviously present in the catalysts after
heating treatment, the graphene-like sheets are likely
not derived from the carbon nanotubes. Optimized
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Figure 1. Scheme of the formation for nitrogen-doped graphene sheets derived from polyaniline and Co precursors using

MWNTSs as a template.

Figure 2. SEM (a) and HR-TEM (b—d) images of the graphene-rich nanocomposites observed in Co-N-MWNT catalysts.

heating temperatures lead to a maximum in the yield
of graphene structures in the final catalyst. Properly
selecting the transition metal and metal content in
synthesis is key to controlling the graphene morphol-
ogy and doped nitrogen structure. In this work, we will
describe this newly developed route toward the con-
trollable synthesis of nitrogen-doped graphene com-
posite catalysts for ORR in nonaqueous Li—0O, battery
cathodes.

Morphology and Structure. Electron microscopy images
of the prepared nanocomposite catalysts are shown in
Figure 2. It can be seen that the graphene-sheet-like
structures are dominant, which wrap around the
MWNTs. The large and extended sheets with lateral
dimensions in the hundreds of nanometers turn out to
be wrinkled on the edges and are most likely due to
nitrogen doping. They appear to be relatively thin
according to TEM imaging, but the exact thickness
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is yet to be determined from higher-resolution TEM
or Raman spectroscopy. Compared to traditional
approaches to single- and few-layer graphene struc-
tures,”®*° this synthesis of doped graphene materials via
a graphitization process is a new and more cost-effective
route. Recently, nitrogen-doped graphene materials
were also reported and derived from the reduced GO
(RGO) followed by additional treatment or chemical
reaction to achieve the nitrogen doping.>>?® However,
there is a delicate difference between the RGO and
graphene. In this work, however, the graphitization
approach is completely different from the RGO protocol.
Since we believe that our graphene-like structure is also
highly doped and defected, the detailed comparison of
RGO-derived graphene and our PANI/Co-derived gra-
phene in structures is still under investigation.

The resulting graphene-rich catalyst exhibited much
improved ORR activity in nonaqueous electrolyte and
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Figure 3. Morphology of Co-N-KJ-based catalyst with agglomerated graphene-sheet-like structures (marked by green

arrows): (a) SEM and (b) TEM images.

cathode performance in a Li—O, battery cell, relative
to currently used carbon and Pt-based catalysts. The
synthesis—structure—activity correlations for the nano-
composite were systematically explored in terms of
their morphology and structure as functions of synthetic
chemistry including supporting materials, nitrogen pre-
cursors, heat-treatment temperatures, and transition
metal types and content.

MWNTs as a Template. The morphology of the synthe-
sized graphene sheet structures was found to greatly
depend on the supporting template used during cat-
alyst synthesis. Unlike a substantial fraction of the
extended multilayered graphene sheets observed in
the MWNT-supported catalyst (Co-N-MWNTs), the KJ-
supported Co-N-KJ catalyst is dominated by agglom-
erated bubble-like graphene structures (Figure 3). This
lower level of agglomeration is likely due to the unique
surface properties and morphologies of the MWNTSs.
Consistent with the observed catalyst morphology,
MWNT supports provide a higher surface area and
abundant mesopores in the Co-N-MWNTs catalyst
(278 m? g "), relative to the KJ-supported catalysts
(101 m? g~ ") (Figure S1 in Supporting Information).

When O, is electroreduced in nonaqueous Li-ion
electrolytes, insoluble lithium—oxygen compounds
(Li,O, or LiO) are formed and cover the catalyst sur-
face, blocking the active catalytic sites and O, diffusion
channels and ultimately resulting in catalyst perfor-
mance degradation. Relative to the KJ-supported
catalyst, an improved tolerance to these insoluble
lithium—oxygen compounds was observed with the
Co-N-MWNT catalysts. Figure S2 shows the steady-
state oxygen reduction polarization plots continuously
recorded up to nine cycles without charging. The Co-N-
MWNT catalyst retains 65% of its activity at 2.0 V, as
compared to only 10% retention for the Co-N-KJ
catalyst. This performance enhancement is possibly
due to the higher surface area and more abundant
mesopores in the MWNT-based catalysts, both leading
to a higher density of active sites and improved mass
transport properties within Co-N-MWNT cathodes.
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Roles of Cobalt and Aromatic Polymers. As shown in HR-
TEM images (Figure 4), both PANI-derived Co-free
(N-MWNTs) and ethylenediamine (EDA)-derived Co-
based catalysts do not contain such graphene-sheet-
like structures and have relatively poorer ORR catalytic
activity (Figure S3). Specifically, in the absence of Co,
only amorphous carbon was formed from the PANI
graphitization at high temperatures (900 °C), suggest-
ing that the Co species is required to form highly
graphitized carbon nanostructures.

In addition, catalyst nanostructures are directly
related to the carbon—nitrogen precursors used dur-
ing synthesis. Unlike the PANI-Co-derived samples, the
morphology of the EDA-Co sample is dominated by
different carbon nanostructures, including nanotubes
and onion-like carbon, resulting from the carboniza-
tion of interlinked [-Co(EDA) -], complexes.®' The sig-
nificant differences in the carbon morphology observed
in these catalysts along with their varied ORR activity
imply that the type of the graphitized carbon nanos-
tructures in the catalysts is critical to catalytic activity for
the ORR in the nonaqueous electrolytes. In particular,
the aromatic structures in PANI and their close resem-
blance to graphene are likely key to forming graphene-
sheet-like structures with improved catalytic activity.

Heat Treatment. The morphology of the graphene-
rich Co-N-MWNT catalysts is dependent on the tem-
perature used during synthesis. XRD and BET analyses
were used to study crystalline phases and the surface
area of the Co-N-MWNT catalysts, respectively, as a
function of heating temperatures ranging from 600 to
1000 °C. Before the heat treatment, the well-resolved
crystalline structures observed are assignable primarily
to the excess oxidant (NH,),S,0g along with a small
amount of PANI. Following heat treatment, only dif-
fraction peaks associated with CogSg (260 = 15.3, 29.7,
31.2,39.4, 47.5, and 51.9°)*** are observed from 600
to 1000 °C (Figure S4a), with all PANI signals being
completely removed. The sulfur originates from the
(NH,),S,0g initially used as the oxidant in the aniline
polymerization process. BET surface area analysis of
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Figure 4. HR-TEM images of (a,b) metal-free N-MWNTSs and (c,d) ethylenediamine (EDA)-derived Co catalysts.

these samples indicates that the heat treatment during
synthesis is crucial to forming a high-surface-area
catalyst (Figure S4b). Prior to heat treatment, the
deposition of in situ polymerized aniline fills the pores
of the MWNT support (~230 m? g™ '), and the result-
ing material has a significantly reduced surface area
(~5 m? g~ ). High BET surface areas are not observed
until the heating temperatures are increased beyond
800 °C (177 m? g7'), with a maximum at 900 °C
(278 m?g™"). This process also results in the morphology
of the PANI nanofibers changing to spherical particles
as the postheating temperature increases up to 800 °C.
The graphene-sheet-like structures grown over the
solid particles are only observed when the heat-treat-
ment temperature reaches 900 °C (Figure S5). The
observed graphene-sheet-like structures are in good
agreement with the highest BET surface areas and
maximum catalyst activity measured with the samples
synthesized at 900 °C, due to the higher surface area of
graphene materials compared to other types of carbon
materials.3*

XPS was used to correlate the elemental content
and doped nitrogen functionality of the Co-N-MWNT
catalysts with their measured ORR activity. Elemental
compositions for C and N in Co-N-MWNT catalysts as a
function of heat treatment are measured by relative
XPS signal intensities (Figure S6). The C 1s XPS spectra
of the catalysts indicate that raising the temperature
leads to an increase in the content of low-binding-
energy carbon, presumably due to the formation of
graphitic carbon at the catalyst surface. The increase
in carbon content is accompanied by a decline in
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nitrogen content. It is of note, however, that the
decreased nitrogen content with the temperature
does not lead to a commensurate drop in ORR activity.
This may suggest that the ORR activity is not depen-
dent on the total amount of incorporated nitrogen but
more on how the nitrogen is incorporated into doped
nitrogen—carbon hybrid nanostructures. Nitrogen
functionality determined by N 1s XPS spectra reveals
subtle differences in the nitrogen doping of the carbon
structures controlled by the heating temperatures
during synthesis (Figure 5). These spectra can generally
be fitted with two primary peaks, which correspond to
pyridinic N (398.6 £ 0.3 eV) and pyrrolic N (400.3 + 0.3 eV)/
quaternary N (401.3 + 0.3 eV), respectively.3>~3’
Pyridinic N consists of nitrogen atoms doped at the
edges of a graphitic carbon layer. “Graphitic” nitrogen
atoms are labeled as quaternary N that is within a
graphite plane and bonded to three carbon atoms. In
addition, the quaternary N may include protonated
pyridine species remaining in the catalysts.>>® Primar-
ily, nitrogen can be viewed as an n-type carbon dopant
that assists in the formation of disordered carbon
nanostructures and donates electrons into the gra-
phene domain, theoretically facilitating the ORR. This
series of spectra illustrate that the low-binding-energy
pyridinic peak found at 398.6 eV starts forming at a low
temperature (600 °C), resulting from nitrogen doped at
the edge of a graphitized carbon plane, as opposed to
the secondary (R-N-R) and tertiary (R-N=R) amines
found in the PANI starting materials.3®3° In the mean-
time, pyrrolic N also found at lower temperatures
(600—700 °C) is associated with nitrogen atoms that
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Figure 5. XPS N 1s spectra of Co-N-MWNT catalysts as a function of heating treatment temperature.

are incompletely incorporated into the carbon lattice.
Yet, as the heat-treatment temperature increases, the
high-binding-energy peak gradually shifts to higher
energies (from 400.1 to 401.1 eV), indicating a conver-
sion from pyrrolic to quaternary N. Thus, the pyrrolic
nitrogen atom in the incomplete five-sided ring is
thermally unstable and transforms into a quaternary
nitrogen atom inside the graphitic carbon plane when
the heating temperature is above 800 °C. It is worth
noting that extremely high temperatures (1000 °C)
result in a significant reduction in pyridinic N on the
prepared catalyst and is accompanied with a commen-
surate drop in ORR activity.

Transition Metal Type and Content. The morphology,
structure, and activity of catalysts derived from PANI
are controllable by selecting the type of transition
metal (Co vs Fe) used during synthesis (Figure 57).*
Graphene-sheet-like structures abundantly exist in the
Co-based catalyst but not in the Fe-based one. The
relative content of pyridinic N in Co-based catalysts is
obviously higher than that observed with the Fe-based
catalysts. Importantly, X-ray absorption spectroscopy
indicates the metallic Co—Co shell is the main species
in the Co catalysts, while the Fe—N, coordination is the
dominant structure in the Fe catalysts. During catalyst
synthesis, Co species may promote nitrogen doping
into graphene, forming abundant CN, structures as
potential active sites for the ORR. On the other hand,
even at high pyrolysis temperatures, Fe can be
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stabilized by a nitrogen—carbon network in the form
of pyrrolic and/or pyridinic species and seems to par-
ticipate directly in the active ORR sites.”**" Although
the Fe-based catalysts usually exhibit higher activity for
ORR in aqueous electrolyte,? in this work, the Co-based
catalysts show superior performance in the nonaqu-
eous media (Figure S8). Thus, these results suggest that
the optimal active site structures for the ORR in non-
aqueous media are likely not the same as in traditional
agueous systems.

The graphene-rich catalyst morphology and struc-
tures were further studied as a function of Co content
during Co-N-MWNTs catalyst synthesis ranging from 0
to 30 wt %. XRD analysis indicates that the CogSg phase
is only observed when Co content is above 5 wt %
(Figure S9a). The BET surface areas of these catalysts
were also determined as a function of the Co con-
tent, increasing from 65 m? g~ for Co-free samples
to 100 m? g~ for samples with 5 wt % Co and to
278 m? g~ for 30 wt % Co-derived catalysts (Figure S9b).
Correlation of catalyst morphology (SEM images in
Figure S10) and the Co content indicates that the Co-
free sample is highly uniform with many intercon-
nected carbon structures, and an increase in the Co
content leads to a more heterogeneous catalyst. When
the Co content increases above 5 wt %, graphene-like
structures are observed, accompanied with the simul-
taneous formation of the CogSg phase. Thus, the pre-
sence of Co species during the heating treatment step
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is indispensable to the in situ formation of graphene. In activity, suggesting that pyridinic nitrogen atoms
turn, the formation of high-surface-area graphene doped at the edge of carbon structures may be critical
sheets in catalysts obtained at high Co content may to the ORR performance enhancement in the nonaque-
be directly associated with the increase of BET surface ous electrolyte. The Co species seem to facilitate the

area, corresponding the maximum ORR activity. formation of such active nitrogen functionalities.

The nitrogen-doping functionalities in Co-N-MWNT Raman analysis for the graphene-rich Co-N-MWNT
catalysts were also studied as a function of Co content catalyst as a function of Co content is shown in Figure 7.
used in synthesis. XPS analysis shows that an initial ~ Each spectrum was fitted to a series of four Lorentzian
increase of the Co content up to 2.5 wt % leads to a rise peaks, centered at 1200, 1350, 1510, and 1590 cm ™.
in the total nitrogen in the final catalysts (Figure 6).  These spectra are dominated by characteristic carbon
However, when higher Co content was used, a gradual ~ resonances around 1590 cm™' (G band) and 1350 cm ™

decline in the nitrogen is observed in the resulting (D band), which correspond to the planar motion of
catalysts, until a plateau is reached at a Co content of ~ sp’-hybridized carbon atoms in an ideal graphene

10 wt %. The N 1s spectra also show two major peaks layer and the defects in graphene structure including
associated with pyridinic and quaternary nitrogen  the carbon atoms close to the edge of a graphene
species. Importantly, the pyridinic-to-quaternary N ra- sheet, respectively.*> Consequently, the ratio of these

tio increases from 0.58 for Co-free samples to 0.79 for ~ peaks gives an indication of the overall crystallinity
the catalysts synthesized from Co content exceeding associated with the carbon structures. Additionally,
10 wt %. The observed plateau of pyridinic-to-quatern-  two broad signals at ca. 1200 and 1510 cm ™' are also

ary N ratio correlates well with the increasing ORR ~ convolved in the overall Raman spectrum. They are
associated with carbon atoms outside of a perfectly

09 T T T T T n 10 planar graphene network (such as aliphatic or amor-
phous structures) and integrated five-membered
rings or heteroatoms in graphene sheet structures,*>**
respectively.

While the Co-free PANI-MWNT and Co-N-MWNT (2.5
wt % Co) samples show nearly identical Raman spectra,

19

\,
Total Nitrogen Content (at %)

Ratio of Pyridinic-to-Quaternary N

16 pronounced differences are observed when the Co

P content is increased to 5 wt %. This observation is in

good agreement with the formation of graphene at a

05 . . . . ‘ J g Co content of 5 wt %. G and D peaks become mani-
0 5 10 15 20 25 30 fested in the 30 wt % Co sample that is dominated by

Pertonieniimsyninests w) graphene-like structures (Figure 1 and Figure S10). The

. " 1 .
Figure 6. Dependence of doped nitrogen type and content decreased peak intensities at 1200 and 1510 cm™ ' with

on Co content used in synthesis. Co content suggest that the carbon matrix contains a
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Figure 7. Raman spectra of Co-N-MWNT catalysts synthesized from different Co contents (black lines are experimental data;
the red lines are fitted results).
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lower ratio of amorphous carbon or distorted struc-
tures such as integrated heteroatoms within the gra-
phene planes. This is consistent with the results of the
XPS analysis discussed above, which indicates less
nitrogen doping at higher Co-content-derived cata-
lysts. The simultaneous occurrence of features in the
Raman spectra suggest that “ordered” graphitized
carbon (most likely graphene-sheet-like structures)
can be derived from the aromatic polymer (PANI)
decomposition only in the presence of high Co
content. Co species here are not only helping the
formation of catalytic sites but also catalyzing the
formation of graphitized carbon.

Oxygen Reduction Activity in Rotating Disk Electrode (RDE)
Tests. The ORR activity of the Co-based nitrogen-doped
graphene composite catalysts in 0.1 M LiPF¢ 1,2-di-
methoxyethane (DME)'? was studied using a RDE
and compared with that of other cathode catalysts
(KJ, metal-free N—C(KJ), and Pt/C) (Figure 8a). As for the
shape of the measured polarization plots, unlike in the
aqueous electrolyte, no saturated plateau at low po-
tential range is achieved for ORR in the nonaqueous
Lit—0, electrolyte.** Instead, a broad peak was ob-
served at the low potential range. This is due to the
formation of insoluble lithium—oxygen compounds
that cover the catalyst surface, ultimately resulting in
a degradation of catalyst activity. In the case of the
thermally treated metal-free N—C sample, the intro-
duction of nitrogen leads to an obvious improvement
in the ORR activity in the kinetic region, relative to the
nitrogen-free KJ carbon sample. However, the metal-
free N—C materials appear unable to effectively reduce
O, yet. A substantial improvement in the ORR activity
was only achieved with an addition of Co. The resulting
Co-based catalysts exhibit superior performance com-
pared to Pt catalysts, reflected by a positive difference
in the ORR half-wave potential, E;/, (2.42 V for Pt vs
2.77 V for Co-N-MWNTs) and, to a lesser degree, by a
difference in the onset potential (3.0 V for Pt vs 3.1 V
for Co-N-MWNTs). The low overpotential measured
with the Co-based catalysts indicates that more intrin-
sically active sites are formed under the catalysis of
the Co species. While a similar ORR kinetic activity
was obtained with both KJ- and MWNT-supported
Co-based catalysts, the MWNT support delivered
much improved performance in the mass transfer
potential region, due to high surface area and the
facilitated graphene morphology, as well as the domi-
nant mesopore in resulting catalysts as discussed
above (Figure S1).

The roles of different components existing in the
Co-N-MWNT composite catalyst can be convolved and
difficult to isolate. To test each component separately,
CooSg synthesized with a hydrothermal method,??
stand-alone RGO,** and MWNT supports were studied
as separate catalysts in nonaqueous Li* electrolytes for
the ORR (Figure 8b). Their activity was compared with
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Figure 8. RDE testing results for the ORR at 25 °C in oxygen-
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a rotating speed of 900 rpm on (a) various catalyst samples
and controls and (b) different components found in the best
performing Co-N-MWNT composite catalysts.

the Co-N-MWNT catalysts containing nitrogen-doped
graphene-rich structures. The CogSg shows insignifi-
cant ORR activity in the nonaqueous electrolyte. In
addition, both RGO and MWNT samples present much
lower performance as compared to the Co-N-MWNT
catalysts in terms of their onset and E; , potentials. This
comparison suggests that the in situ formed N-doped
graphene structures are mainly responsible for the
high activity measured with the Co-N-MWNT catalysts.
In addition, 1.0 M HNO; was used to leach out the CogSg
species from the Co-N-MWNT catalysts, and the result-
ing sample still exhibits comparable ORR activity to the
unleached catalyst (Figure S11). This direct assessment
indicated that the CooSg species play a minor role in the
Co-N-MWNT catalysts for ORR in nonaqueous Li*—0,
systems.

The exact structure of the active site(s) created
during the thermal treatment of carbon, nitrogen,
and metal precursors remains the subject of an intense
debate in the field."® Nevertheless, the catalytic sites
are thought to form during the thermal treatment step,
and thus the overall catalytic activity is expected to be
strongly dependent on the heating temperature. This
temperature effect was investigated by measuring the
ORR activity of the Co-N-MWNT catalysts synthesized
at temperatures ranging from 600 to 1000 °C (Figure 9a).
The ORR activity determined by onset potential
and E,,, increases with heating temperature, with a
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Figure 9. ORR activity of Co-N-MWNT catalysts as functions
of the heating treatment temperature (a) and Co content (b)
in synthesis; insets are correlations of heat-treatment tem-
perature (a) and cobalt content (b) with resulting catalyst
activity (Eq ).

maximum at 900 °C, followed by a slight drop at a
higher temperature (1000 °C). This behavior is likely
related to the highest surface area and the most
optimal nitrogen-doping structures (ratio of pyridinic
to quaternary N) that result from the heating treatment
at 900 °C. The activity decrease at elevated tempera-
tures (1000 °C) may be due to the reduction of surface
area caused by the possible collapse of the carbon
structures®® or the reduction in pyridinic N content
(Figure 5). As one of the major components in the
catalysts, CogSg species become more agglomerated at
higher temperatures (Figure S12). However, as CogSg
exhibits insignificant ORR activity in the nonaqueous
LiT—0, system, morphology change of CoSg is not
expected to influence the ORR activity.

The Co species are necessary for the creation of
highly active ORR catalysts; therefore, catalytic activity
was also studied as a function of the Co content from 0
to 30 wt % in the initial mixture of precursors
(Figure 9b). The activity in the kinetic region of the
polarization plots gradually increases with the Co
content up to 10 wt %. Further addition of Co to
30 wt % results in no statistically significant changes
to the kinetic activity but provides additional improve-
ment in the mass transfer region of the polarization
plot. The changes in activity can be well-correlated
with the catalyst morphology and doped nitrogen

WU ET AL.

functionalities that are dependent on the Co content
during synthesis. Thus, the role of the Co species in the
catalysts studied in this work appears to be simulta-
neously associated with the chemical (nitrogen-doped
active species) and morphological (graphitized carbon
nanostructures) properties of active catalytic sites (vide
supra).

Li—0, Battery Tests. Li—O, battery tests were then
carried out to further evaluate cathode catalyst perfor-
mance using an electrolyte containing 1.0 mol L™
LiPFg in tetraethylene glycol dimethyl ether (TEGDME)
(Figure 10). These tests show a similar trend as that
observed in the RDE measurements. The Co-based
catalysts exhibit improved initial discharge perfor-
mance relative to the control samples. In particular,
the average voltage plateau of the Co-N-MWNT cata-
lyst during discharge is ~2.85 V, significantly larger
than those measured with the Kl—carbon black (~2.51V),
the metal-free N—C material (~2.62 V), and the Pt/C
catalyst (~2.71 V), indicating greatly reduced ORR
overpotential with much increased energy density
(Figure 10a). It is worth noting that the electrical
conductivity for these electrodes was measured using
a four-point probe method,*” and all of the electrodes
show a comparable conductivity of around (0.9 + 0.1) x
10* S m~". Thus, the observed improvement in dis-
charge voltage in the Co-N-MWNT catalysts is not
simply the result of differences in electrode conductiv-
ity. The Co-N-MWNT catalysts also deliver the highest
initial discharge capacity (~3700 mAhgc,: ') among
the catalysts studied including the control catalysts
and Co—N—KJ (~2900 mAhg.,: ). The increased ca-
pacity is likely attributable to the increased activity
associated with catalytic sites embedded on both sides
of the extended graphene sheets. Additionally, the rate
performance of the best performing Co-N-MWNT cath-
odes was further investigated at various discharging
current densities (Figure 10b). A specific discharge
capacity of ~3700 mAhg., ' obtained at a low cur-
rent density of 50 mAg., ' still remains as high as
~1200 mAhg.,. ' at a very high discharge current
density of 800 mAgc. . This indicates good rate
capacity of the cathode catalysts. Discharge—charge
cycling tests up to 50 cycles were carried out with
voltage cutoff of 2.5 V (discharge) and 4.1 V (charge) at
a relatively high current density of 400 mAg.,: '
(Figure 10c). The cell showed very good cycling stabi-
lity up to 20 cycles without significant capacity loss;
further cycling to 30 and 50 cycles results capacity
losses of 8.4 and 20.4%, respectively. The discharge and
charge voltage profiles of the cell at 1st and 50th cycles
are compared in Figure 10d. A trace of Li,O remains
in the charged products based on XRD and Raman
analyses (see below), thus, the accumulated insoluble
solid particles may block the catalyst sites and O,
transfer channels in the electrodes, thereby leading
to the observed degradation. In addition, the gradual
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loss of electrolyte due to possible evaporation is a
likely reason for the observed cathode performance
degradation. The cyclic durability of Li—O, batteries
is one of the grand technical obstacles to commer-
cialization of the advanced battery technology.®
These results hold great promise for further devel-
opment of the rechargeable Li—0, battery cathode
using advanced electrolytes such as oligoether-func-
tionalized silanes*® for improved long-term cycle
stability.

The products after discharging and subsequent
charging process were analyzed using XRD and Raman
(Figure 11). According to the XRD patterns, in addition
to the CogSg phase originally belonging to the Co-N-
MWNTSs catalyst itself, Li,O, crystalline phases were
clearly observed in the discharge cathode, although a
small fraction of Li,O phase may exist. After fully
charging the cathode to 4.1V, the Li,0, species formed
during the discharge process were nearly eliminated.
In the meantime, Raman spectra for the same cathodes
studied in XRD indicate that the peaks at 790 and
250 cm™ ' observed in the discharged cathode can be
assigned to Li,0O,, attesting that the major discharge
product in the cathode is Li,O,. The peak around 480
and 690 cm ™' maybe belongs to the CooSg species in
the catalysts based on a comparison to the spectrum
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Figure 11. (a) XRD patterns and (b) Raman spectra for
discharged and subsequent charged cathodes in Li—0O,
batteries using an electrolyte containing 1.0 mol L' LiPF¢
in TEGDME.
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of a CogSg-containing catalyst. The Raman analysis
also suggests that the studied catalysts are able to
catalyze the decomposition of Li,O, during the char-
ging process, due to the absence of Li,O, in the
charged cathode. Thus, the formation of Li,O, ap-
pears to be reversible and is the dominant discharge
product for the graphene-rich composite cathode in
Li—O, batteries when the TEGDME-based electrolyte
is used.

CONCLUSION

In summary, this work describes a new route to
in situ synthesize nitrogen-doped graphene-rich nano-
composites with controllable morphology and doping
functionalities, relative to traditional synthetic ap-
proaches for graphene materials. In this approach, an
aromatic-rich heteroatom polymer, PANI, is subject to a
graphitization process with the catalysis of a cobalt
species using MWNTs as a supporting template. The
prepared graphene-rich catalysts exhibit superior
ORR activity and better performance as cathodes in

METHODS

Catalyst  Synthesis. Commercial MWNTs with a Bru-
nauer—Emmett—Teller (BET) surface area of ~230 m? g’1 were
first treated in a mixed HNOs + H,S0, (1:3 by volume) solution
at 80 °C for 8 h. Then 0.5 g of acid-treated MWNTs was mixed
with 2.0 mL of aniline dispersed in a 400 mL 0.5 M HCl solution.
Co(NO3),+6H,0 as a cobalt precursor with a mass of 0—8.3 g
was added into the above suspension, corresponding to nom-
inal Co content ranging from 0 to 30 wt %, as calculated against
the total amount of polyaniline, sulfur, cobalt, and carbon
supports. Adding oxidant solution (5.0 g of (NH4);S,0g in
100 mL of 0.5 M HCI) dropwise results in the polymerization
of the aniline to produce polyaniline. After being constantly
stirring for 24 h, a rotary evaporator was used to vacuum-dry the
suspension followed by ball-milling for 12 h. This mixture was
then heat-treated at elevated temperatures ranging from 600 to
1000 °C in an inert gas atmosphere (N, or Ar) for 1 h. The heat-
treated samples were then preleached in 0.5 M H,SO, to
remove unstable species from the catalysts. The resulting final
catalyst sample was denoted as Co-N-MWNTs. Typically, the
yield for the catalyst synthesis approach is around 60% for the 5
wt % Co-based catalyst. An alternative nitrogen—carbon pre-
cursor, ethylenediamine, and a traditional carbon support
(Ketjenblack) were also substituted into the catalyst synthesis
under identical conditions as control catalyst formulations.

Characterization. Catalyst morphology was characterized by
scanning electron microscopy (SEM) on an FElI Quanta 400
ESEM. High-resolution transmission electron microscopy (HR-
TEM) images were taken on an FEIl Titan 80-300 S/TEM. The
surface area of the carbon-based catalysts was measured by
Brunauer—Emmett—Teller method on an Autosorb-IQ/MP-XR
instrument using nitrogen adsorption at 77 K. The pore-size
distribution was determined from the adsorption isotherm
using density functional theory (DFT) with slit pore geometry
(Quantachrome analysis software). The crystallinity of various
samples was determined by X-ray diffraction (XRD) using a
Bruker AXS D8 Avance diffractometer with Cu Ka radiation. The
patterns were obtained at a scan rate of 5° min~" with a step of
0.02°. X-ray photoelectron spectroscopy (XPS) was performed
on an ESCA 210 and MICROLAB 310D spectrometer using a Mg
Ka source. High-resolution spectra were acquired with a 20 eV
pass energy. The area of analysis was 700 x 300 #m in size, and
each sample was analyzed at a 90° takeoff angle with a depth of
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nonaqueous Li—0, battery systems, as compared to
traditional carbon black and Pt/C catalysts. An optimal
temperature for heat treatment during synthesis is
critical to creating a high-surface-area catalyst with
favorable nitrogen doping. The addition of the Co
species is found to be indispensable during synthesis
for forming graphene morphology and achieving high
activity, while the resulting CogSg in the catalysts plays
a negligible role in ORR. Compared to the reported
metal-free graphene catalysts, a higher level of qua-
ternary and pyridinic N was identified when the cata-
lysts are synthesized in the presence of Co, which may
be concomitant with much improved activity. Promo-
tional roles were also found for MWNTSs during the
formation of the graphene composites, showing ex-
tended multilayered graphene sheet morphologies.
These established synthesis—structure—activity corre-
lations provide new insights into the further optimiza-
tion of chemical and physical properties in the
graphene nanocomposites for the nonaqueous Li—0,
battery cathode catalysts.

3—4 nm. All Raman spectra were obtained using a Kaiser
Holospec Raman system at 514 nm excitation focused through
at 100x microscope objective for a total interrogation spot size
of ~1 um. Excitation power was held constant at ~150 W for all
samples. Four individual 30 s spectra were summed for a total
integration time of 120 s.

Electrochemical and Battery Measurements. RDE tests were per-
formed using a CHI Electrochemical Station (model 750b) in a
conventional three-electrode cell at a rotating disk speed of
900 rpm and room temperature. The catalyst loading on RDE
was controlled at 0.6 mg cm 2. A graphite rod and Ag/AgCl (3 M
NaCl, 2.9 V vs Li/Li*) were used as the counter and reference
electrodes, respectively. ORR steady-state polarization curves
were recorded in oxygen-saturated 0.1 M LiPF4 in 1,2-dimethox-
yethane electrolyte (DME) with a potential step of 0.03 Vand a
period of 30 s. Battery tests were performed on an Arbin BT-
2000 battery station. The cathode catalysts were first mixed with
PVDF in a mass ratio of 10:1 and dispersed in NMP by bath
sonication to prepare “ink”. The obtained ink was then applied
to the gas diffusion layer (GDL, ELAT LT 1400W, E-TEK) by
successive brush-painting until the cathode catalyst load-
ing reached 2 mg cm™2, followed by a dry in a vacuum oven
at 140 °C for overnight. Then the fabricated cathode electrodes
were assembled with Li metal anode and two-layer Celgard
C480 separators into standard 2032 type coin cell cases (Figure
S13). Optimal pattern for hole distribution and size (16 x 1.0
mm) was designed and cut by laser on the positive case for
oxygen intake (Figure S13). LiPFg (1.0 mol L™ Yin tetraethylene
glycol dimethyl ether (TEGDME) was used as electrolyte.**>°
Discharge and charge current densities varied from 50 to 800
mMAges: | to study rate performance of the cathode catalysts. All
battery tests were carried out at 25 °C and in a moisture-free
glovebox fed by continuous O, flow.
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