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ABSTRACT: Electrochemical systems, such as fuel cell
and water splitting devices, represent some of the most
efficient and environmentally friendly technologies for
energy conversion and storage. Electrocatalysts play key
roles in the chemical processes but often limit the
performance of the entire systems due to insufficient
activity, lifetime, or high cost. It has been a long-standing
challenge to develop efficient and durable electrocatalysts
at low cost. In this Perspective, we present our recent
efforts in developing strongly coupled inorganic/nano-
carbon hybrid materials to improve the electrocatalytic
activities and stability of inorganic metal oxides, hydrox-
ides, sulfides, and metal—nitrogen complexes. The hybrid
materials are synthesized by direct nucleation, growth, and
anchoring of inorganic nanomaterials on the functional
groups of oxidized nanocarbon substrates including
graphene and carbon nanotubes. This approach affords
strong chemical attachment and electrical coupling
between the electrocatalytic nanoparticles and nanocarbon,
leading to nonprecious metal-based electrocatalysts with
improved activity and durability for the oxygen reduction
reaction for fuel cells and chlor-alkali catalysis, oxygen
evolution reaction, and hydrogen evolution reaction. X-ray
absorption near-edge structure and scanning transmission
electron microscopy are employed to characterize the
hybrids materials and reveal the coupling effects between
inorganic nanomaterials and nanocarbon substrates. Z-
contrast imaging and electron energy loss spectroscopy at
single atom level are performed to investigate the nature of
catalytic sites on ultrathin graphene sheets. Nanocarbon-
based hybrid materials may present new opportunities for
the development of electrocatalysts meeting the require-
ments of activity, durability, and cost for large-scale
electrochemical applications.

1. INTRODUCTION

Nowadays, we have become more reliant on energy for every
aspect of life than any time in the past. The global demand for
energy has been increasing rapidly and continuously. It is
projected that the primary energy demand in 2035 could be
about 1.5 times of that in 2008."! However, until now a
significant portion (over 80% in 2008)> of the total energy
supply comes from fossil fuels, such as coal, oil, and natural gas,
which are unsustainable and have finite reserves. The supply
and demand issues have caused energy to become one of the
greatest challenges facing mankind.
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Chemistry as a fundamental science to understand matters in
the world and beyond undoubtedly will play important roles in
meeting the energy challenges. A great example is electro-
chemistry that studies the conversion between electricity and
energy stored in chemical bonds. Electrochemistry can offer
solutions to energy challenges in several ways. First, electro-
chemical energy conversion is based on chemical reactions at
interface, allowing high thermodynamic efficiency in energy
conversion.”> The theoretical efficiency of an electrochemical
fuel cell system is much higher than a conventional heat engine
limited by Carnot efficiency at low temperature (Figure 1).
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Figure 1. Comparison of energy conversion efficiency in a heat engine
and H,—0, electrochemical fuel cell.®

Second, electrochemical systems can be utilized as efficient and
stable platforms for energy conversion and storage, which could
be coupled to renewable energy harvesting systems that are
temporal in nature and uneven in distribution, such as solar,
tidal, and wind. Third, energy conversion in an electrochemical
process is a direct and clean process with little impact to the
environment, avoiding the pollution and climate change issues
currently raised by fossil fuel combustion.”*

In practice, energy conversion in electrochemical processes is
often limited by high-activation barriers, which requires extra
energy to overcome. The extent of the barrier is defined by
overpotential or faradic efficiency. High overpotential or low
faradic efficiency will lead to waste of energy to heat.
Electrocatalysts are always applied to modify electrode, in
order to lower activation energy and increase conversion rate.
The performance of electrocatalyst could limit the properties of
an electrochemical system, such as energy efficiency, rate

Received: September 10, 2012
Published: January 22, 2013

dx.doi.org/10.1021/ja3089923 | J. Am. Chem. Soc. 2013, 135, 2013-2036


pubs.acs.org/JACS

Journal of the American Chemical Society

capacity, lifetime, and cost, which makes it a key component of
efficient electrochemical conversion. For large-scale applica-
tions in energy conversion and storage, electrocatalysts should
be efficient, durable, low-cost, and sustainable. However, most
of the existing electrocatalysts fall short in one or more of these
requirements for some of the most basic but important
electrochemical reactions. Precious metal-based materials are a
dominant class of electrocatalyst for important energy related
electrochemical conversions including oxygen reduction
reaction (ORR), oxygen evolution reaction (OER), hydrogen
oxidation reaction (HOR), and hydrogen evolution reaction
(HER), owing to their high performance and stability.®
However, the scarcity and consequently high cost of these
precious metals make them questionable for large scale
applications. Other alternatives based on lower cost materials
have been widely explored. However, most of the nonprecious
metal catalysts developed still underperform precious metal
counterparts. Strategies to develop new materials and/or
improve the electrocatalytic activity and stability of existing
materials are highly desirable.

This Perspective presents our recent efforts on developing
strongly coupled inorganic/nanocarbon hybrid materials for
advanced electrocatalysts. Several important electrochemical
reactions on energy conversion and storage and their
electrocatalyst systems will be briefly reviewed, followed by
our motivation and a brief historical account of our efforts in
developing inorganic/nanocarbon hybrid materials. We de-
scribe our general methods to synthesize strongly coupled
inorganic/nanocarbon hybrids and highlight several important
examples of these hybrid materials for ORR, OER, and HER
electrocatalysis. Beyond synthesis and electrochemical proper-
ties, characterization of the structures of the hybrid materials
and nature of coupling between inorganic nanoparticle and
nanocarbon will be discussed. Instead of an exhaustive review of
the field, this Perspective will aim at demonstrating the
promising opportunities presented by strongly coupled
inorganic/nanocarbon hybrid materials for electrocatalysis and
provide a guideline for both fundamental understandings and
practical applications of these materials.

2. ELECTROCATALYST FOR ENERGY CONVERSION
AND STORAGE

Energy conversion and storage can be performed through
electrochemical processes especially those involving ORR,
OER, HOR, and HER. Below, we will briefly introduce these
reactions and electrocatalysts used for them.

2.1. Oxygen Reduction Reaction (ORR). ORR (Figure 2)
is the cathode reaction for a range of energy applications
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Figure 2. ORR, OER, HOR, and HER and their representative
polarization curves.

including fuel cells, metal-air batteries, and chlor-alkali
electrolysis.” The strong O=0 bond makes ORR difficult to
proceed, which requires four coupled electron and proton
transfers. Therefore, ORR is kinetically very sluggish. Various
materials have been investigated as catalysts to enhance ORR.
Platinum-based materials (Pt and its alloys) are most widely
used catalysts for ORR with low overpotential and good
stability® but come at a price of high cost and scarcity.* Low-
cost alternatives, such as metal-N complex on carbon matrices
(M—N/C),9 metal chalcogenides,10 perovskites,11 spinel ox-
ides,"* and doped carbonaceous materials'® have been explored
with promising advances.”** Despite of these advances, it is still
challenging to develop ORR catalysts with high activities
comparable to Pt-based materials, similar or higher stability
than Pt-based materials and at much lower cost. Thus far, the
cathode oxygen electrocatalyst has been one of the major
limiting factors for energy conversion efficiency, cost, and
stability of fuel cells and metal-air batteries.'*

2.2. Oxygen Evolution Reaction (OER). OER is the
process to generate O, through electrochemical oxidation of
water, which is a half reaction of water splitting and solar fuel
synthesis"™ and is also involved in the charging process of
rechargeable metal-air batteries.'® As the reverse reaction of
ORR, OER also proceeds through multistep proton-coupled
electron transfer and is kinetically sluggish."” An effective
electrocatalyst is needed in order to expedite the reaction,
reduce the overpotential, and thus enhance the energy
conversion efficiency. Currently, the most active OER catalysts
are RuO, or IrO, in acidic or alkaline solutions,">*'® but these
catalysts suffer from the scarcity and high cost of precious
metals. Extensive efforts have been taken to develop highly
active, durable and low cost alternatives, such as first-row
transition-metal oxides' and perovskites.”’

2.3. Hydrogen Evolution Reaction (HER) and Hydro-
gen Oxidation Reaction (HOR). Hydrogen is a promising
energy carrier to replace hydrocarbon due to its cleanness and
ease of production. HER is the process to produce H, from
water, store electrical energy in the form of H,, which is the
cathodic half reaction in water splitting. HOR, the reverse
reaction to convert H, into electricity, is the anode reaction in
H,—0, fuel cell. Compared to oxygen electrode reaction, both
HER and HOR only involves two electron transfers, affording
faster reaction kinetics.”' Generally, a good catalyst for HER is
also a good catalyst for HOR. Pt-based electrocatalyst is the
most effective and practical electrocatalyst thus far for both
HOR and HER with rather small overpotential. However,
besides the price and supply issues, Pt-based materials are
readily poisoned by carbon monoxide existing in the reformate
H, gas and byproduct of alcohol oxidation in the case of direct
alcohol fuel cells.** More economical electrocatalysts based on
non-noble metal are explored recently, including transition-
metal chalcogenides,23 carbides,** complex25 and metal alloys,26
although they are still less effective or stable than Pt-based
electrocatalyst.

The reactions discussed above are central to the area of
electrochemical energy conversion and storage, especially for
renewable energy sources. In addition, there are also other
reactions important to the field. Alcohol oxidation reaction is
analogous to hydrogen oxidation, which can be coupled to the
anode of fuel cells.”” Compared to hydrogen, small-chain
alcohols are easy to store and transport. Pt or Pt-based alloys
are traditional electrocatalysts for alcohol oxidation. Electro-
chemical reduction of CO, is the conversion of CO, to lower

dx.doi.org/10.1021/ja3089923 | J. Am. Chem. Soc. 2013, 135, 2013-2036



Journal of the American Chemical Society

valence fuel species. The reaction enables the closing of
anthropogenic carbon cycle by electricity using renewable
energy. Currently, there are no electrocatalyst systems that are
efficient and stable enough for practical application of CO,
reduction.”®

In terms of catalyst synthesis, conventional Pt electrocatalysts
are typically formed and supported on conductive carbon black
with high surface area (Figure 3).*’ Carbon support can

Figure 3. TEM image of Pt/Vulcan XC-72.

increase the dispersion and utilization of the active catalyst, so
that catalytic activity could be improved. Meanwhile,
interactions between carbon support and metal can further
enhance the stability of catalyst.’® Carbon support is also
needed for nonprecious metal-based electrocatalyst, especially
for those with low electrical conductivity. Carbon support can

provide paths for the flow of electrons in the electrocatalytic
system.

The electrodes of many nonprecious metal electrocatalysts
are typically prepared by mixing electrocatalysts with carbon
black. However, simple mixing affords limited interactions
between the electrocatalyst and the carbon, leaving a siﬁniﬁcant
portion of the material electrochemically inactive.*’ Direct
synthesis or coating of electrocatalysts on carbon supports was
also studied,®"”> but the catalytic activities of these hybrids/
composites were not optimized due to excessive oxidation of
the carbon or the weak oxide-carbon coupling. An ideal carbon
material to couple with electrocatalyst requires high surface area
and high electrical conductivity as well as sufficient functional
groups on carbon to afford intimate interactions with inorganic
materials. Such interactions could also lead to high durability
and chemical stability of the catalyst to resist corrosion.>

3. ACCOUNT OF OUR WORK ON STRONGLY
COUPLED INORGANIC/NANOCARBON HYBRIDS

In the past several years, our group has developed synthesis of
graphene and carbon nanotube (CNT) hybrid nanomaterials
for electrocatalysts.>> Such hybrid materials contain inorganic
nanoparticles selectively nucleated and grown on the oxygen
functional groups of nanocarbon, which differs from typical
electrocatalysts prepared by mixing active inorganic materials
with a certain form of carbon. This relatively new research
direction in our group was initially motivated by experimental
observations made in our earlier work of coating CNTs and
graphene with metal or metal oxide dielectric layers for
electronic devices,>* briefly reviewed below.

Our earlier work since 2000 has found that since pristine
CNTs and graphene are chemically inert, it is difficult to attach
metal or metal oxide nanoparticles onto them without chemical
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Figure 4. Synthesis of Al,O; /graphene hybrid. (a) ALD of AL,O; on pristine graphene, scale bar is 200 nm. (b) ALD of AL,O; on PTCA-coated
graphene, scale bar is S00 nm. (c) Schematics of Al,O; deposition on various graphene substrates. Reproduced with permission from ref 34c.
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functionalization to impart functional groups by surfactant,
nucleic acid or polyaromatic molecules.>* For instance, in 2008,
we investigated the growth of AL,O; on §raphene sheet by
atomic layer deposition (ALD) method.** We found that
instead of uniform coating on pristine graphene sheets, Al,O;
mostly grew on edges and defect sites (Figure 4), suggesting
that the chemical groups on the edge and defect sites acted as
nucleation, growth, and anchoring site to interact with ALD
precursors, while the basal plane of pristine graphene lacked
such interactions, even though it had high surface area. To
enhance nucleation and growth, we used perylene tetracarbox-
ylic acid (PTCA) to functionalize the graphene sheets. The
perylene core could interact with the basal plane of graphene
through 77— interaction, while the carboxylic acid groups could
interact and react with the ALD precursors. The resulting
PTCA functionalized graphene could be uniformly coated with
ultrathin AL O, layer over a large area (Figure 4). This result
suggested the importance of functionalization of graphene for
the growth of metal oxides.

The research above marked the beginning of our effort to
synthesize inorganic nanoparticles, nanoplates, and nanorods
on graphene and CNTs that were oxidized to various degrees
with different amounts of oxygen functional groups. Our
motivation was that nucleation and growth of electrically
insulating metal oxides, hydroxides, and sulfides on graphene
and CNT with controlled oxidation should afford the best
electrical wiring to the inorganic nanomaterials, fully utilizing
the high electrical conductivity, large surface area, high
mechanical strength, and structural flexibility of nanocarbon.?®
This approach could produce advanced hybrid and composite
materials for various electrochemical applications, such as
electrodes for supercapacitor, lithium ijon batteries, and
electrocatalysts.

Indeed, in most cases, we found that the direct growth or
anchoring nanocrystals on graphene oxide (GO) sheets or
oxidized CNTs (0oxCNT) afforded formation of strongly
coupled hybrid (SC-hybrid) materials with optimal electrical
and mechanical coupling. Compared to electrode materials
based on physical mixtures of inorganics and nanocarbon, the
SC-hybrid exhibited either higher capacity/capacitance, en-
hanced charging/discharging rate capability, higher catalytic
activity, and/or improved cycling stability, leading to high-
performance batteries,> supercapacitors,®” fuel cell,***~* and
water splitting electrocatalysts,***® and other types of energy
storage and conversion materials.

For example, we developed a two-step method to grow
Ni(OH), nanocrystals on graphene oxidized to various degrees
by potassium permanganate and explored their properties for
electrochemical pseudocapacitors (Figure 5a).”* The crystal-
line Ni(OH), nanoplates grown on mildly oxidized graphene
sheets (GS) formed an electrochemical pseudocapacitor
electrode with a stable capacitance of ~900 F/g at a high
discharge current density of 40 A/g (Figure Sb), which was
almost twice of the capacitance made by simple mixing of
Ni(OH), nanoplates with graphene. In another work, Mn;0,
nanoparticles were grown selectively on reduced graphene
oxide (rGO) sheets to afford wiring of electrically insulating
Mn;0, nanoparticles to current collectors through the
underlying network of conducting graphene sheets (Figure
5¢).>* The Mn;0,/ graphene hybrid as an anode material in
lithium batteries showed a high specific capacity up to ~900
mAh/g with good rate capability and cycling stability, which
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Figure S. (a) TEM image of the Ni(OH),/GS hybrid. (b) Average
specific capacitance of the Ni(OH),/GS hybrid and Ni(OH), + GS
mixture at various scan rates. Reproduced with permission from ref
37a. Copyright 2010 American Chemical Society. (c) TEM image of
the Mn;0,/rGO hybrid. (d) Capacity retention of the Mn;0,/rGO
hybrid and Mn;O, + rGO mixture at various current densities.
Reproduced with permission from ref 36a. Copyright 2010 American
Chemical Society.

substantially outperformed physical mixtures of Mn;O, nano-
particles and graphene (Figure Sd).

Extending the concept above, we recently developed a new
type of Ni—Fe battery by employing strongly coupled inorganic
nanoparticle/nanocarbon hybrid materials for making the two
opposing electrodes in aqueous batteries (Figure 6a).** We
found that when pairing Ni(OH),/CNT and FeO,/graphene
hybrid materials together, one could deliver nearly 1000 times
faster charge and discharge rates compared to traditional Ni—
Fe batteries without obvious loss of specific capacity. As a
result, such inorganic nanoparticle/nanocarbon hybrid battery
delivered energy density similar to traditional Ni—Fe batteries
but much higher power density similar to supercapacitors
(Figure 6b,c).**® Direct growth of electrochemically active
inorganic nanomaterials on mildly oxidized nanocarbon
materials affords strong chemical and electrical coupling
between inorganic nanoparticles and carbon, allowing for
rapid electron transfer from active materials to current
collectors. Thus, this approach could open a venue toward
batteries with ultrafast charge and discharge capabilities while
attaining energy densities close to the theoretical limit.

Our work on electrocatalyst started with a serendipitous
observation that a Co;0,/graphene hybrid was highly active for
ORR, although the original goal of synthesizing such material
was for lithium ion battery electrode much like the Mn;0,/
graphene hybrid.**® Indeed, due to the desirable electrical and
mechanical properties, combined with high surface area and
rich functionality, oxidized graphene and CNT could be
exploited to derive advanced electrocatalysts.! Several recent
papers have reported using CNT or §raphene as support for Pt
(or Pd) in ORR catalyst application.”*® The graphene or CNT
support showed improved activity and stability compared to
other carbon-based supports. Nitrogen-doped CNTs or
graphene sheets prepared by high-temperature methods have
also been reported to show moderate catalytic activities for
ORR_ 133139
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Figure 6. (a) Scheme of the ultra-Ni—Fe battery made from inorganic nanoparticle/nanocarbon hybrid materials. An FeO,/rGO hybrid was used as
the anode and a Ni(OH),/MWCNT hybrid was used as the cathode. Upon charging, Ni(OH),/MWCNT and FeO,/graphene were converted to
NiOOH/MWNT and Fe/graphene, respectively. Upon discharging, NIOOH/MWCNT and Fe/graphene were converted back to Ni(OH),/
MWCNT and FeO,/graphene, respectively. (b) CV curves at various scan rates in two electrode configuration in 1 M KOH. 1.1 mg of Ni(OH),/
MWCNT and 0.7 mg of FeO,/graphene were loaded into 1 cm” Ni foams to form the electrodes. (c) Ragone plot of the ultra-Ni—Fe battery
measured in charging at 3.7A/g from 0.4 to 1.67 V. Reproduced with permission from ref 36¢c. Copyright 2012 Nature Publishing Group.

Cobalt-based spinel oxides have been widely investigated as
electrocatalysts.** In particular, Co;0, has been shown to
exhibit excellent OER catalytic activities in alkaline condition.*!
However, the performance limit of Co;0,-based materials in
terms of activity and stability for ORR has not been well
established in the literature. We synthesized a hybrid material of
Co3;0, nanocrystals grown on reduced, mildly oxidized
graphene oxide (rmGO) (Figure 7a)**® and observed improved
OER activity of Co;0, over free Co;0, nanoparticles physically
mixed with rmGO, suggesting improved OER electrocatalytic
activity of the hybrid material (Figure 7b). Interestingly, when
we extended the voltage scan window to a more negative
region, the Co;0,/rmGO hybrid also exhibited a higher oxygen
reduction current density than the physical mixture from cyclic
voltammetry (CV) measurement (Figure 7c). While free
Co;0, particles and rmGO each separately exhibited catalytic
activity for ORR, the Co0;0,/rmGO hybrid afforded smaller
overpotential and higher peak current for ORR, indicating a
synergistic effect in electrocatalysis (Figure 7c). The high ORR
activity of the Co;0,/rmGO hybrid was intriguing and inspired
us to pursue strongly coupled inorganic/nanocarbon hybrids
for electrocatalysis, as detailed in later sections after a brief
review of the synthesis methods.

4. SYNTHESIS OF STRONGLY COUPLED
INORGANIC/NANOCARBON HYBRIDS

4.1. Oxidation and Functionalization of Nanocarbon
Materials. Surface functionalization of carbon atom lattices is
important to synthesize inorganic nanocrystal/graphene or

2017

inorganic/CNT hybrids.**** The functionalization could be
categorized by noncovalent and covalent methods. In the
noncovalent method, surfactants or modified molecules are
introduced to interact with graphene or CNTs through
noncovalent bonds, such as 7—r stacking and hydrophobic
wrapping.>* Covalent modification methods utilize chemical
functionalization through oxidation,* cycloaddition,** or
radical addition.** Due to high efficiency and simplicity,
functionalization by oxidation to introduce oxygen functional
groups in graphene to form graphene oxide (GO) or oxCNT is
the most effective way to prepared inorganic/nanocarbon
hybrids.

GO sheets are most often prepared by the Hummers
method.*® In this method, a mechanically grounded graphite
powder is treated in sulfuric acid and oxidized by potassium
permanganate. GO sheets are obtained after washing and
sonication to form a stable suspension in an aqueous solution.
The Hummers method offers a high yield of GO sheets, but the
graphitic lattice in GO sheets is damaged and contains
abundant functional groups including hydroxyls, epoxides,
carbonyls, and carboxyl acid groups.”” This leads to the
substantial reduction of the electrical conductivity of graphene
sheet, even after postreduction treatment. To circumvent this
problem, we developed a simple method to synthesize GO
sheets with controlled degree of oxidation by adjusting the
amount of potassium permanganate used in Hummers
method.*® For example, a mildly oxidized graphene oxide
(mGO) was prepared by using 6 times lower concentration of
KMnO, to result in GO sheets with lower oxygen content than
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Figure 7. (a) SEM image of the Co;0,/rmGO hybrid. (b) Oxygen
electrode activities within the ORR and OER potential window of the
C030,/rmGO hybrid, Co;0, + rmGO mixture and Co;0, nano-
particles (catalyst loading ~0.24 mg/cm? for all samples) dispersed on
carbon fiber paper in O,-saturated 0.1 M KOH. (c) CV curves of
Co;0, nanoparticles, rmGO, and the Co;0,/rmGO hybrid, on glassy
carbon electrodes in O,-saturated (solid line) or Ar-saturated 0.1 M
KOH (dash line). Catalyst loading was 0.17 mg/cm? for all samples.
Reproduced with permission from ref 33b. Copyright 2011 Nature
Publishing Group.

Hummers GO (~15% vs ~30% measured by XPS and Auger
spectroscopy).>®* This led to GO sheets with sufficient oxygen
functional groups for nucleation and growth of inorganic
nanocrystals on GO sheets, while the mGO maintained
relatively high electrical conductivity (especially after reduc-
tion) needed for electrochemistry. Thus, it is possible to
identify an optimal oxidation degree of GO to balance chemical
functionality needed for optimal coupling with inorganic
particles and high electrical conductivity needed for charge
transfer in electrochemical processes.>*”#&372

The Hummers oxidation method can be extended to the
synthesis of oxCNTs. Compared to the commonly used strong
oxidizing acids (like HNO; and HNO;—H,SO,) used for CNT
oxidation,**** the modified Hummers method can afford
milder oxidation conditions and offer easier control on the
oxidation degree. High-resolution TEM images revealed that
the inner walls of the oxCNT were graphitic and continuous,
suggesting that the inner walls were not destroyed or oxidized

2018

during the oxidation process.>*® From XPS measurement, we
found the 0xCNT prepared by the modified Hummers method
had a higher ratio of —COO species to C—O species (9/21%)
than that of oxCNTs prepared by refluxing in HNO; (6/26%),
suggesting that the Hummers method was advantageous in
producing more abundant —COO species that could serve as
nucleation and anchored sites for nanocrystal growth.**®
Indeed, the type of oxidation method and detailed reaction
parameters of oxidation is an important factor in the synthesis
of inorganic/nanocarbon hybrids. Different methods or
conditions of nanocarbon oxidation could lead to inorganic/
nanocarbon hybrid with drastically different properties and
must be carefully optimized for each type of inorganic material
to be synthesized on oxidized graphene or CNTs.

4.2. Synthesis of Inorganic/Nanocarbon Hybrid
Materials. It is important to construct inorganic/nanocarbon
hybrid materials through nucleation and growth of inorganic
nanoparticles selectively on nanocarbon with the help of
oxygen functional groups, without free growth in solution. In
the past, there have been several reports on the synthesis of
inorganic/CNT hybrids or composites, such as SnO,/CNT,*
RuO,/CNT,*® and Co;0,/CNT.>" However, no systematic
work has been done to control the synthesis selectivity, identify
the optimal oxidation method, and oxidation degree to balance
inorganic-carbon coupling and the electrical properties of
CNTs. Also, little has been done to investigate the nature of
coupling between inorganic nanomaterials and CNTs.

We have developed a two-step solution or gas-phase
synthesis method to produce strongly coupled inorganic
nanoparticle/nanocarbon hybrid materials without the for-
mation of free nanoparticles in solution (Figure 8a,b). The first
step is the nucleation and growth of inorganic precursor on GO
or oxCNT stably suspended in solutions through controlled
solution-phase reactions by taking advantage of metal ion
coordination with oxygen functional groups followed by
hydrolysis.**>*> The reaction rate can be fine-tuned by
controlling the reaction temperature, solvent composition and
other parameters. For example, cosolvents such as alcohols or
DMF can be added to aqueous salt solutions to slow down
hydrolysis reactions rates. Careful pH control can also be
carried out by adding acid or base to control reaction rates. Fine
tuning of these parameters allows for selective nucleation of
inorganic nanoparticles on GO or 0xCNTs, with little particle
growth in the free solution.

Once the metal salt precursor species are exhausted in the
solution and a uniform coating of GO sheets or oxCNTs by
hydrolyzed/reacted products are achieved in the first step, a
second step treatment of the intermediate product by
hydrothermal (or solvothermal) annealing or gas-phase thermal
annealing is applied to crystallize the precursors nucleated on
the GO or oxCNTs to form nanocrystals. GO and oxCNT are
reduced to some degree in the second step. The temperature
and reaction time can be varied to tune the size and crystallinity
of the nanocrystals. Hydrothermal (or solvothermal) reactions
are known to produce crystalline nanoparticles at relatively low
temperatures (<200 °C). Gas-phase thermal annealing or other
reactions can prevent overgrowth of nanocrystals by avoiding
or limiting Ostwald ripening and can be carried out at much
higher temperatures than hydrothermal conditions. It should be
pointed out that oxygen functional groups could be removed
during the reduction process. As a result, mild reduction
treatment should be adopted. Strong reduction treatment could
lead to detachment of inorganic nanoparticles from nano-
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Figure 8. Schematic illustration for the synthesis of inorganic nanoparticle/nanocarbon hybrid. The cases of (a) graphene and (b) CNT. (c) An
example of the TiO,/rGO hybrid. In the first step, TiO, nanoparticles grow on GO sheet through controlling hydrolysis of Ti precursor. Such hybrid
is transformed to TiO, nanocrystal/rGO hybrid by hydrothermal treatment in the second step. Reproduced with permission from ref 53. Copyright

2010 Springer.

carbons. For example, we found that inorganic nanoparticles
detached from nanocarbons when the hybrids were reduced by
hydrazine in solution in the second step.

As a specific example, we review the synthesis of the TiO,/
graphene hybrid (Figure 8c). Fine nanoparticles of amorphous
TiO, were coated on GO sheets by hydrolysis of Ti(BuO), at
80 °C in a EtOH/H, 0 mixed solvent.>® Addition of H,SO, and
low water ratio (EtOH/H,O = 15/1, volume ratio) in the
solution was important to slow down the hydrolysis reaction,
thus affording selective growth of TiO, on GO (Figure 8c) with
little free growth of TiO, particles in solution. The average size
of TiO, nanoparticle increased with higher water/EtOH ratio
in the first step reaction due to higher hydrolysis reaction rate.
Nanoparticles were less tightly bonded to GO sheets, and some
free growth of TiO, particles occurred. This was especially
obvious when the synthesis was carried out in pure water
(Figure 9). The first step reaction is critical to selective growth
of inorganics on GO or oxCNT. In the second step,

Figure 9. SEM images of first step products of the TiO,/GO hybrid
prepared by using different EtOH/water ratios of (a) 15:1, (b) 3:1,
and (c) 0:1 (volume ratio). Reproduced with permission from ref 53.
Copyright 2010 Springer.
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hydrothermal treatment of the amorphous TiO,/GO at 200
°C was carried out to afford crystallization of TiO, into anatase
nanocrystals selectively on the GO sheets (Figure 8c).>> UV—
vis absorbance spectra showed that the absorption peak of GO
was red-shifted after hydrothermal treatment, suggesting the
reduction of GO to a certain extent.

Our two-step method is straightforward and general for the
synthesis of various types of metal oxide/nanocarbon hybrids.
It has also been used for the synthesis of nanocarbon hybrids
with metal hydroxides,” chalcogenides,®* and ternary systems
like lithium metal phosphate.®® This method can be extended
to other complicated systems with proper adjustment of the
reaction conditions.

It is interesting to note that synthesis of inorganic
nanomaterials on nanocarbon substrate can differ dramatically
from growth in solutions free of any GO or oxCNT substrates.
Inorganic nanoparticles grown on nanocarbon often afforded
smaller particle size and less aggregation than those grown
freely in solution by the exact same synthesis method and
conditions. This was observed in the cases of manganese
oxide,>® lithium metal phosphate,36b cobalt sulfide,**" and
molybdenum sulfide.*** We have also found for nanomaterials
(such as Ni, Co, and Fe hydroxide) nucleated and grown at
oxygen functional group sites of GO, the morphology of the
nanomaterials could be strongly affected by the oxidation
degree of GO.>* Thus, nucleation and growth on nanocarbon
allows for a degree of tuning of the morphology of inorganic
nanoparticles to favorable sizes and shapes (such as nano-
rod)*® to facilitate electrochemical processes in batteries and
electrocatalysis. This is an important aspect of strongly coupled
inorganic/nanocarbon hybrid materials.
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Figure 10. (a) TEM images of the Co;0,/N-rmGO hybrid. The electron diffraction pattern of the Co;0, nanocrystals on graphene is showed in
inset. (b) An XPS spectrum of the Co;0,/N-rmGO hybrid. (c) CV curves of the Co;0,/N-rmGO hybrid, Co;0,/rmGO hybrid, N-rmGO, and
Co;0, nanoparticles on glassy carbon electrodes in O,-saturated (solid line) or Ar-saturated 0.1 M KOH (dash line). Catalyst loading was 0.17 mg/
cm? for all samples. (d) Percentage of peroxide (solid line) and the electron transfer number (1) (dot line) of the Co,0,/rmGO and Co;0,/N-
rmGO hybrids at various potentials based on the RRDE data. (e) Oxygen reduction polarization curves of the Co;0,/rmGO, Co;0,/N-rmGO
hybrids, and a high-quality commercial 20% Pt/C catalyst (catalyst loading ~0.24 mg/cm? for all samples) dispersed on carbon fiber paper in O,-
saturated 1 M KOH. (f) Chronoamperometric responses of the Co;0,/N-rmGO hybrid and Pt/C on carbon fiber paper electrodes kept at 0.70 V vs
RHE in O,-saturated 1 M KOH. Reproduced with permission from ref 33b. Copyright 2011 Nature Publishing Group.

5. ELECTROCATALYST FOR ORR IN ALKALINE MEDIA

Oxygen reduction electrocatalysts in alkaline media are useful
for various technologies including alkaline fuel cells, metal-air
batteries, and chlor-alkali electrolysis.”> ORRs are known to
proceed more readily in alkaline media than in acid media, and
there are more choices of ORR electrocatalysts in alkaline
media than in acids.*® Even with a boarder range of materials
available, it is still challenging to develop a low-cost ORR
electrocatalyst with high activity comparable to Pt and excellent
stability and durability in alkaline conditions. The strongly
coupled inorganic/nanocarbon hybrid catalyst may offer a
solution to this problem.

5.1. Co;0, Nanocrystals Grown on Mildly Oxidized
Graphene Sheets. Using the two-step method described
above, we synthesized a hybrid material of Co;0, nanocrystals
grown on mGO reduced through the hydrothermal steps
(rmGO) and observed its high electrocatalytic activity for ORR.
We further optimized the hybrid synthesis by adding NH,OH
in the first step. Ammonia can coordinate to Co cation to
mediate hydrolysis of Co®" and its oxidation.”” Not only did the
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NH,OH addition yielded smaller Co;0, nanocrystals on
graphene sheets (Figure 10a), it also provided a source of
nitrogen and afforded nitrogen doping on rGO (Figure 10b).
Through CV measurements, we observed that the Co;0,/N-
rmGO hybrid was more active than Co;0,/rmGO with a more
positive peak potential and higher peak current density for
ORR catalysis (Figure 10c). Rotating ring-disk electrode
(RRDE) measurements suggested that the ORR pathway
catalyzed by both the Co0;0,/N-rmGO and Co;0,/rmGO
hybrids was mainly 4e reduction, yielding low amounts of
peroxide species (Figure 10d).

We further measured the iR-compensated polarization curves
on Teflon-treated carbon fiber paper (TCFP), which was close
to the setup of real fuel cell. The porous TCFP substrate is
highly hydrophobic, providing three phase contact points for
oxygen, electrolyte, and catalyst. Therefore, the measured
current on TCFP is not as limited by oxygen concentration in
the electrolyte as on other substrates and can better reflect the
kinetic property of the catalyst loaded.”® At the same mass
loading of catalysts, the Co;0,/N-rmGO hybrid showed just

dx.doi.org/10.1021/ja3089923 | J. Am. Chem. Soc. 2013, 135, 2013-2036
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Figure 11. (a) SEM and (b) low magnification TEM images of the MnCo,0,/N-rmGO hybrid. Inset in (b) shows the electron diffraction pattern of
the MnCo,0,/N-rmGO hybrid. (c) RDE voltammograms of the MnCo,0,/N-rmGO hybrid, MnCo,0, + N-rmGO mixture, Co;0,/N-rmGO
hybrid, N-rmGO, and Pt/C in O,-saturated 1 M KOH at a sweep rate of S mV/s at 1600 rpm. (d) Impedance spectra of the MnCo,0,/N-rmGO
hybrid and the mixture of MnCo,0, and N-rmGO at 0.8 V vs RHE. (e) Oxygen reduction polarization curves of the MnCo,0,/N-rmGO hybrid,
C0;0,/N-rmGO hybrid, and Pt/C on carbon fiber papers in 1 M KOH electrolyte. (f) Chronoamperometric responses of the MnCo,0,/N-rmGO
hybrid and MnCo,0, + N-rmGO mixture on carbon fiber paper electrodes kept at 0.70 V vs RHE in O,-saturated 1 M KOH. Catalyst loading is
~0.24 mg/cm? for all samples. Reproduced with permission from ref 33e. Copyright 2012 American Chemical Society.

slightly lower activity than a commercial Pt/C catalyst (Etek
20% Pt on Vulcan XC-72) (Figure 10e) but much better
stability (Figure 10f) at various alkaline media. High activity
and stability of Co;0,/N-rmGO for ORR are the major
features of the hybrid electrocatalyst.

Although the Co;0,/N-rmGO hybrid afforded higher ORR
current density than the Co;0,/rmGO hybrid (Figure 10e),
both hybrids exhibited similar ORR onset potentials (Figure
10c), suggesting that the active sites for ORR were similar in
both hybrids but that the ORR activity could be enhanced by N
doping of mGO. Systematic decrease in the ORR activity was
observed when lowering the Co loading on graphene from 20%
to 3% in the Co;0,/N-rmGO hybrid catalyst.**®* The physical
mixtures of Co;O0, with rmGO or N-rmGO were found to
afford lower ORR activity and stability than the corresponding
hybrid material. These results suggested that Co oxide species
are the active sites for ORR and strong coupling with graphene
especially N-doped graphene could lead to an ORR catalyst
with high activity and stability.

C0504/NGO hybrids made from GO with different
oxidation degrees were synthesized, and their catalytic perform-
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ances were compared. The hybrid made from mGO out-
performed those made from either less oxidized GO or heavily
oxidized Hummers’ GO.** A similar trend was also observed in
CNT hybrids.**® The results indicated that a balanced degree of
oxidation to afford sufficient functional groups on carbon
materials and electrical conductivity was important to the high
activity of the resulting hybrid materials.

5.2. MnCo,0,/N-Doped Graphene for ORR Electro-
catalysis. To further enhance the hybrid catalyst, we
developed manganese-cobalt spinel/graphene hybrids, since
cation substitution by Mn, Ni, or Cu into Co;0, has shown
higher electrocatalytic activity for ORR than pure Co,0,.*%
The hybrids were synthesized by a similar method as for the
C030,/N-rmGO hybrid using Co(OAc), and Mn(OAc), at a
certain ratio in the first-step solution-phase synthesis.>*® By
controlling the reactant ratio of Co(OAc),/Mn(OAc), in 2/1,
we grew MnCo,0, nanocrystals in cubic spinel phase on
graphene sheets to form strongly coupled MnCo,0,/N-rmGO
hybrid (Figure 11a,b). Rotating disk electrode (RDE) measure-
ments revealed that the MnCo,0,/N-rmGO hybrid catalyst
outperformed N-rmGO and the free MnCo,0, nanoparticle

dx.doi.org/10.1021/ja3089923 | J. Am. Chem. Soc. 2013, 135, 2013—-2036
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mixture with N-rmGO sheets in terms of disk current density
and half-wave potential (Figure 1lc). In electrochemical
impedance spectroscopy measurements, the MnCo,0,/N-
rmGO hybrid showed a much smaller semicircle than the
mixture and free MnCo,0O, nanoparticles at the ORR operation
potential of 0.8 V, indicating a much smaller charge-transfer
resistance for the hybrid materials during ORR (Figure 11d).®°
These results suggested that the high catalytic activity of the
MnCo,0,/N-rmGO hybrid resulted from the strong electrical
coupling between MnCo,0, nanoparticles and N-doped
graphene sheets.

The MnCo,0,/N-rmGO hybrid outperformed the Co;0,/
N-rmGO hybrid with a 20 mV more positive half-wave
potential (Figure 11c). Consistent with the RDE measurement,
the MnCo,0,/N-rmGO hybrid showed higher current density
than pure Co;0,/N-rmGO hybrid (Figure 11le) from polar-
ization curves measured on TCFP. The current density of
MnCo,0,/N-rmGO hybrid even exceeded that of Pt/C at
potentials <0.75 V (Figure 11e). Both the MnCo,0,/N-rmGO
and Co;0,/N-rmGO hybrids exhibited similar surface area.
The enhanced electrocatalytic activity was attributed to Mn
substitution.”*® This result also suggested that the spinel oxide
nanocrystals on the graphene sheets were the active sites in the
hybrid materials.

The MnCo,0,/N-rmGO hybrid also exhibited excellent
stability for ORR through chronoamperometric measurements
(Figure 11f), much more stable than the mixture of
nanoparticles and N-rmGO. The ORR current density at a
constant voltage of 0.70 V decreased by only 3.5% for the
hybrid catalyst over continuous operation in 5.5 h, while the
physical mixture sample exhibited ~25% decreases in the same
operation. This suggested that the coupling between nano-
particles and GO remains intact in the hybrid case in the ORR
potential range.

2022

5.3. Graphene vs Carbon Nanotubes for Making
Inorganic/Nanocarbon Hybrids. Through our work, we
found that inorganic/graphene hybrids required a suitable
oxidation degree of GO to afford high performance of
electrocatalysis. GO with a suitable degree of oxidation should
be used for high-performance catalysts, since functional groups
are needed for nucleating and anchoring nanocrystals on GO
sheets to achieve strong attachment. However, a dilemma is
that the existence of defects and functional groups on graphene
sheets could lower its electroconductivity and limit the catalytic
performance of the hybrid material. For example, Co;0,/N-
doped graphene hybrid prepared by the original Hummers GO
method afforded much lower performance than the Co;0,/N-
rmGO hybrid prepared with mGO.**® Harsh oxidation of GO
caused a problem due to the imbalance of the inorganic-carbon
coupling interactions and the electrical conductivity of the
hybrid material.

Recently, we realized that multiwalled CNT (MWCNT) or
few-walled CNTs could overcome this problem as the inner
graphitic walls could remain intact to provide highly conducting
network, while the outermost wall can be oxidized and
functionalized to afford chemical reactivity. This was proven
to be the case in the work of developing a nanotube—graphene
complex for ORR in acidic conditions.*® Therefore, it is
interesting to hybridize CNTs with active nonprecious
inorganic nanocrystals, such as Co;0, to afford high-
performance ORR catalysts, which has not been done
previously.

We synthesized a Co;0,/NCNT (N-doped CNT) hybrid by
growing Co;0, nanocrystals on oxidized MWCNT using the
same method as for the Co;0,/N-rmGO hybrid (Figure
12a).>*8 The oxidized MWCNT was prepared by the modified
Hummers method with KMnO,/C = 1/1 in mass ratio, higher
than that to prepare mGO (1/2).3*"¢ CV spectra showed that
both the Co0;0,/NCNT and Co030,/N-rmGO hybrids

dx.doi.org/10.1021/ja3089923 | J. Am. Chem. Soc. 2013, 135, 2013-2036
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Figure 13. (a) TEM image of the CoO/NCNT hybrid with inset showing the electron diffraction pattern of the hybrid. (b) CV curves of CoO/
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permission from ref 33g. Copyright 2012 American Chemical Society.

exhibited the same onset and peak potentials for ORR,
suggesting similar active sites in both hybrids (Figure 12b).
The C0;0,/N-rmGO hybrid showed a larger loop compared to
the Co;0,/NCNT hybrid in the CV data measured under N,,
indicating higher electrochemically active surface area in the N-
rmGO hybrid. This was consistent with the BET results that
BET surface area of Co;0,/N-rmGO was ~210 m?*/g, while
Co;0,/NCNT was ~154 m*/g. However, when loaded onto
TCFP for measurements, the Co;0,/NCNT hybrid showed
significantly higher ORR current density than the Co;0,/N-
rmGO hybrid (Figure 12c). The Nyquist plots of electro-
chemical impedance data indicated that the Co;0,/NCNT
hybrid exhibited a smaller charge-transfer resistance for ORR
with a smaller semicircle for the Co;0,/NCNT hybrid than the
N-rmGO hybrid at the ORR operation potential of 0.8 V
(Figure 12d). Direct electrical resistance measurement on the
sample pellet showed that the Co;0,/NCNT hybrid had a
smaller resistance (~40—60 Q) than the Co;0,/N-rmGO
hybrid (~200—300 Q). These results suggested that higher
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electrical conductivity in the NCNT hybrid could account for
improved ORR performance in the Co;0,/NCNT hybrid.

In a related work, we employed oxidized MWCNTs as
substrates for nucleating and growing Ni(OH), nanoplates and
observed higher specific capacitance values of the Ni(OH),
nanoplates grown on MWCNTs than the nanoplates grown on
graphene sheets.*’* Thus far, our results suggest that oxidized
multiwalled or few-walled CNTs are advantageous over GO for
the formation of inorganic/nanocarbon hybrid when the
inorganic nanomaterials are extremely insulating electrically.
In this case, strong coupling of the nanoparticles to a
nanocarbon material (e.g, CNT) with high electrical
conductivity is of particular importance to the electrochemical
characteristics of the resulting hybrid. GO on the other hand is
advantageous in providing higher surface area for constructing
hybrid materials. GO sheets also possess the ability to host
materials with various shapes include nanorods and plates and
are highly effective in hybridizing with inorganic nanoparticles

dx.doi.org/10.1021/ja3089923 | J. Am. Chem. Soc. 2013, 135, 2013-2036
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on carbon fiber paper electrodes kept at 0.70 V vs RHE in O,-saturated 1 M KOH. Catalyst loading was ~0.24 mg/cm?” Reproduced with

permission from ref 33f. Copyright 2012 Springer.

with relatively high intrinsic electrical conductivity to afford
advanced electrochemical materials.

5.4. Gas-Phase Annealing vs Hydrothermal Reactions.
We carried out gas-phase annealing to replace hydrothermal
reaction as the second step and synthesized a cobalt oxide/
CNT hybrid.**® The first-step product was thermal annealed at
400 °C in a NH;/Ar atmosphere, yielding cobalt oxide
nanocrystals growing on NCNT in cubic CoO structure
(Figure 13a). CV data suggested that the CoO/NCNT hybrid
had higher ORR electrocatalytic activity than NCNT control
prepared by the same method but similar to the Co;0,/NCNT
hybrid in terms of ORR onset and peak potential (Figure 13b).
This also suggested that both CoO/NCNT and Co;0,/NCNT
hybrids possessed similar active site in nature, which was
reasonable as the surface of CoO nanoparticle was easily
oxidized to C0,0,.>*8

When measured on TCFP, the CoO/NCNT hybrid
synthesized by the gas-phase annealing method exhibited the
highest ORR performance to date among our various hybrid
materials. The CoO/NCNT afforded significantly higher ORR
current density than the Co;0,/NCNT hybrid, the commercial
Pt/C catalyst and the MnCo0,0,/N-rmGO hybrid at moderate
overpotentials (<0.80 V vs RHE) (Figure 13c). The CoO/
NCNT catalyst also exhibited the smallest semicircle in the
Nyquist plot compared to Pt/C, Co;0,/NCNT, and NCNT
(Figure 13d), suggesting the lowest charge-transfer resistance
from the electrode to oxygen molecule during ORR. Gas-phase
annealing in NH; led to better reduction of 0oxCNTs, lowing
the resistance of the hybrid compared to hydrothermally
derived Co;0,/NCNT hybrid. By the same token, we found
that NH; annealing of the Co;0,/N-rmGO hybrid33b yielded a
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CoO/N-rmGO hybrid also affording higher ORR current
density than the hydrothermally synthesized Co;0,/N-rmGO
hybrid.>*® These results suggested that gas-phase annealing of
hybrid materials was effective in improving the ORR perform-
ance of the hybrid material due to the better reduction at high
temperatures especially in the presence of NHj.

Recently, we evaluated the ORR catalytic performance of the
CoO/NCNT hybrid in 10 M NaOH at 80 °C, a condition used
for oxygen depolarized cathode in chlor-alkali electrolysis.>> We
found that the CoO/NCNT hybrid afforded higher ORR
current than Pt/C at potential voltages < —0.15 V vs the Hg/
HgO reference electrode (MMOE) (Figure 13e), with little
change in the cathode potential when operated chronoampero-
metrically at 400 mA/mg for S h (Figure 13f). The high ORR
activity and excellent durability of the CoO/NCNT catalyst in
such harsh conditions are important features of this material,
making it a promising electrocatalyst for high-energy reaction
processes involving chlor-alkali electrolysis.

5.5. Manganese Oxide/Nanocarbon Hybrid. Owing to
high abundance, low cost, and environmental benignity as well
as rich electrochemical properties, manganese oxides have the
potential to be sustainable and eflicient electrocatalysts for
ORR. However, most of the current electrocatalysts based on
manganese oxides suffered from low activity and rapid activity
decay.**®'! Our success on cobalt oxide hybrid systems
motivated us to explore high-performance manganese oxide
ORR catalyst based on hybrids with nanocarbon materials.**

Manganese oxide hybrid was prepared by a modified two-
step method to afford direct growth of Mn;O, nanoparticles on
nanocarbon substrate (Nano-C) containing a mixture of GO
and oxidized MWCNT with a mass ratio of 10/1 (Figure

dx.doi.org/10.1021/ja3089923 | J. Am. Chem. Soc. 2013, 135, 2013-2036
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Figure 15. (a) SEM image of the Co,_,S/rGO hybrid. (b) XRD spectrum of a compacted film of the Co,_,S/rGO. (c) CV curves of the Co,_,S/
rGO hybrid on glassy carbon electrodes in O,-saturated (red line) and Ar-saturated (blue line) 0.5 M H,SO, with a sweep rate of 10 mV/s. Catalyst
loading was 0.285 mg/cm? (d) RRDE curves of the Co;_,S/rGO (loading ~0.1 mg/cm?) in O,-saturated 0.5 M H,SO, with a sweep rate of 5 mV/s
at a rotating speed of 1600 rpm. Inset showed the electron-transfer number 7 at different potentials calculated from RRDE curves. (e)RDE curves of
the Co,_,S/rGO hybrid, free Co,_,S nanoparticles, physical mixture of rGO and Co,_,S nanoparticles, and Pt/C at a rotating speed of 1600 rpm in
O,-saturated 0.5 M H,SO, with a sweep rate of 5 mV/s. Catalyst loading was 0.1 mg/cm? for all the samples. (f) Galvanostatic constant current
discharge curves of the Co;_,S/rGO hybrid, free Co,_,S nanoparticles, physical mixture of rGO and Co,_,S nanoparticles, and Pt/C at a rotating
speed of 1600 rpm in O,-saturated 0.5 M H,SO,. Discharge current density was ~1.5 mA/cm? for Co,_,S/rGO hybrid, ~0.05 mA/cm? for free
Co,_,S nanoparticles and physical mixture of rGO and Co,_,S nanoparticles, and ~1.5 mA/cm? for Pt/C. Reproduced with permission from ref 33c.

Copyright 2011 Wiley-VCH.

142).> Due to the high surface area of GO, most of the
manganese oxide nanoparticles were grown on graphene sheets
in the Mn;0,/Nano-C hybrid, while the oxidized MWCNTs
addition was intended to improve the electrical conductivity of
the hybrid considering the highly insulating nature of Mn;O,.

RDE measurements revealed that the ORR electrocatalytic
activity of the Mn3;0,/Nano-C hybrid was higher than the
physical mixture of free Mn;O, nanoparticles and Nano-C***
and comparable to the Co0;0,/N-rmGO hybrid**" (Figure
14b). In terms of both half-wave potential and disk current, the
Mn;0,/Nano-C hybrid was among one of the highest activity
manganese oxide-based ORR catalysts operating in alkaline
conditions. Consistent with RDE result, measurement on
TCFP showed that the Mn;O,/Nano-C hybrid afforded much
higher ORR current density than the physical mixture (Figure
14c). Air calcination in the second step was found to be
important to the high activity (Figure 14c), attributed to higher
density of Mn (III) species on the surface of manganese oxide
nanoparticles responsible for active sites of ORR. Stability of
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the Mn;0,/Nano-C catalyst was also excellent (Figure 13d).>*

These results confirmed that hybridization of metal oxide
nanoparticles including cobalt oxide and manganese with
nanocarbon materials through oxygen functional groups
represented a viable approach to high-performance electro-
catalysts. We also found that rationally selecting graphene,
CNT, or their combinations with suitable oxidation degrees is
important to produce the highest performance electrocatalyst
based on nonprecious metal inorganic materials.

6. ORR ELECTROCATALYST IN ACIDIC MEDIA

Proton exchange membrane (PEM) based fuel cell system is
currently the leading fuel cell technology as it affords high
power density and minimal material problems compared to
other systems, making it more suitable for the applications in
transportation and portable power.”> A key limitation for the
development of PEM fuel cell lies in the cathode ORR
electrocatalyst, which operates in acidic conditions with high
efficiency, good durability, and low cost.”> Nonprecious metal-
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based electrocatalysts, such as metal—nitrogen complexes on
carbon matrixes and metal chalcogenides could offer low-cost
alternatives for the precious metal catalysts, although their
activity and stability are still lower than the precious metal
counterparts.”* Nanocarbon hybrids could open up new
strategies to improve these catalysts to attain higher activity
and stability for ORR in acidic solutions.

6.1. Cobalt Sulfide-Graphene Hybrid. Cobalt sulfides are
among the most active ORR electrocatalysts based on
nonprecious metal chalcogenides in acidic meida.”> However,
their ORR catalytic activities are far below Pt, and the reduction
pathway is dominant by 2e processes.® For improved cobalt
sulfide-based electrocatalyst, we synthesized a cobalt sulfide-
graphene hybrid by selective growth of Co,_,S nanoparticles on
rGO through a two-step method.** A low-temperature
solution-phase reaction by reacting Co(Ac), with thioacetamide
(TAA) at 80 °C was conducted in the first step, followed by
gas-phase annealing step at 500 °C in Ar atmosphere, affording
Co,_,S nanoparticles on rGO sheets. The cobalt sulfide
nanoparticles were selectively grown on graphene sheets with
an average particle size of ~10—20 nm (Figure 15a) in the
hexagonal Co,_,S phase as revealed by XRD (Figure 15b).

CV measurements showed that the ORR onset and peak
potential for the Co,_,S/rGO hybrid were located at ~0.8 and
~0.73 V vs RHE, respectively, in 0.5 M H,SO, at 25 °C (Figure
15c). The electron-transfer number of the hybrid determined
by RRDE measurement was ~3.4 at 0.7 V and inceased steadily
to ~3.8 at 0.18 V (Figure 15d). At 0.7 V in the RDE
measurments, our Co,_,S/rGO hybrid catalyst afforded a
current density of ~1.1 mA/cm?, higher than previous reports
for cobalt chalcogenide-based catalysts. Physical mixture of free
Co,_,S nanoparticles and rGO sheets exhibited similar onset
potential as the Co;_,S/rGO hybrid, indicating that the active
sites in these catalysts were oringinated from Co,_,S (Figure
1Se). Direct growth on rGO for the Co;_,S/rGO hybrid
afforded the most effective way to render Co,_,S nanoparticles
electrochemically active, affording high ORR activity for this
material. The Co;_,S/rGO hybrid also showed improved the
electrocatalytic stability than the free Co,_,S particles mixed
with rGO (Figure 15f).

We also synthesized a Co,_,S/MWCNT hybrid by the same
two-step method (Figure 162).% In the measurement on TCFP
in 0.5 M H,SO,, the Co,_,S/MWCNT hybrid exhibited further
improved ORR performance than the Co,_,S/rGO hybrid. At a
potential of 0.50 V, the Co; ,S/MWCNT showed an ORR
current density of 76.5 mA/cm?, significantly higher than that
of the Co,;_,S/rGO hybrid electrode (30.8 mA/cm?) (Figure
16b). Electrochemical impedance spectroscopy revealed that
the Co,_,S/MWCNT hybrid showed a smaller charge-transfer
resistance than the Co,_,S/rGO hybrid (~4.5 Q vs ~8.7 Q),
consistent with the higher ORR current density afforded by the
Co,_,S/MWCNT hybrid material. This again suggested
inorganic hybrids with mildly oxidized MWCNT could
outperform GO counterparts owing to higher electrical
conductivity of the hybrid materials, leading to enhanced
electrochemical properties.

6.2. Carbon Nanotube—Graphene Complexes. Recent
advances’®” have shown that metal-N/C electrocatalysts made
by pyrolyzing metal and nitrogen containing precursors on
solid carbon supports are promising low-cost alternatives to Pt-
based electrocatalysts for ORR in acidic conditions. However,
the insufficient activity and low stability require further
improvement for practical applications.”® Carbon nanotube-
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Figure 16. (a) TEM image of the Co,_,S/MWCNT hybrid. (b)
Linear sweep voltammetry curves of the Co,_,S/MWCNT hybrid, the
Co,_,S/rGO hybrid and Pt/C catalyst loaded on TCFP measured O,-
saturated 0.5 M H,SO, with a sweep rate of 5 mV/s. Catalyst loading
was 0.24 mg/cm? (c) AC impedance spectra of the Co,_ ,S/MWCNT
and Co,_,S/rGO hybrids measured at 0.60 V in 0.5 M H,SO,.

based electrocatalysts have been explored due to their high
electrical conductivity and corrosion resistance. Unfortunately,
most of CNT-based ORR catalysts showed low activities in
acidic media, possibly due to low density of catalytic sites
formed on the less defective CNTs.

We decided to extend our preparation of GO sheets to the
oxidation of few-walled CNTs (FWCNTs, mostly double-
walled) as a way to introduce abundant structural defects on
the outer walls of FWCNTs for hosting M-N, ORR active sites
(Figure 17a).*" FWCNTs were first oxidized under a
condition harsher than the typical Hummers method, affording
partial unzipping of the outer walls into nanoscale graphene
pieces attached to the mostly intact inner walls. Upon
subsequent annealing in ammonia gas, the abundant edges
and defect sites on nanographene reacted with iron impurities
(inherited from catalyst seeds for FWCNT growth) and
ammonia, giving an efficient ORR catalyst comprised of CNT—
nanographene complexes (NT-G)(Figure 17ab).

The NT-G catalyst displayed good electrocatalytic activity
and durability for ORR in acidic media. In 0.1 M HCIO,, the
catalyst afforded an ORR onset potential of ~0.89 V and a half-
wave potential of ~0.76 V vs RHE in RRDE polarization curves
(Figure 17c), which was ~80 mV away from the 20 wt % Pt/C
benchmark. The NT-G was more active than other CNT-based
electrocatalysts in acidic conditions® with a more positive
onset potential by >150 mV and well-defined plateaus of
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Figure 17. (a) Schemetic representations of ORR catalized by NT-G. (b) TEM images of the NT-G material showing damaged outer walls and
exfoliated graphene pieces attached to double- or triple-walled CNT. (c) RDE polarization curves of Pt/C (black) and NT-NG (red) in O,-saturated
0.1 M HCIO,. The loading of catalysts is 16 ugp./ cm? for Pt/C and 0.485 mg/ cm? for NT-NG. Electrode rotation speed is 1600 rpm. Scan rate is 5
mV/s. Pt data are collected from anodic sweeps. (d,e) RDE polarization curves of the NT-NG catalyst before and after 8000 potential cycles in Ar
(d) and O, (e) saturated 0.1 M HCIO,, respectively. The potential cycling is carried out between 0.6 and 1.0 V vs RHE at S0 mV/s. (e) RDE
polarization curves of NT-NG in O, saturated 0.1 M HCIO, with (red) or without (black) 0.5 M methanol. (f) RRDE polarization curves of NT-G
respectively in O, saturated 0.1 M HClO, with (red) or without (black) 0.5 M methanol. (g) RDE polarization curve of purified NT-G in
comparison with NT-NG without intentional Fe impurity removal in O,-saturated 0.1 M HCIO,. (h) RDE polarization curves of NT-G (red) and
N-doped graphene (blue) in O,-saturated 0.1 M KOH with (solid lines) or without (dotted lines) 10 mM CN~. Reproduced with permission from
ref 33d. Copyright 2012 Nature Publishing Group.

diffusion limiting currents. Its mass activity derived from the
RRDE disk current was 4.4 A/g at 0.80 V, among the most
active nonprecious metal-based ORR catalysts in acid
conditions.”®’® RRDE measurements revealed that the NT-G
catalyzed ORR was through a mainly 4¢ pathway with a low
H,0, yield < 4% at all operating potentials.
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In addition to its high activity, the NT-G catalyst also
exhibited good cycling durability in acidic conditions as
assessed by DOE’s accelerated durability test protocol. After
8000 continuous cycles between 0.6 and 1.0 V at 50 mV/s in
0.1 M HCIO,, the half wave potential of NT-G showed a small
negative shift of ~11 mV under Ar cycling (Figure 17d) and
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Tafel plots of OER currents in (b). Reproduced with permission from ref 33b. Copyright 2011 Nature Publishing Group. (d) Oxygen evolution
currents of the MnCo,0,/N-rmGO hybrid, MnCo,0, nanoparticles, MnCo,0, + N-rmGO mixture, and MnCo,0O, + CB mixture dispersed on
carbon fiber paper in 1 M KOH electrolyte. Catalyst loading is ~0.24 mg/cm? for all samples. Reproduced with permission from ref 33e. Copyright

2012 American Chemical Society.

~17 mV under O, cycling (Figure 17¢), while Pt/C catalyst
measured in the same condition exhibited >20 mV negative
shift under O, cycling. Furthermore, the NT-G catalyst showed
little activity loss when exposed to methanol, in contrast to the
methanol poisoning effect on Pt/C catalyst (Figure 17f).

We found that iron and nitrogen played important roles in
forming the active NT-G catalyst. We prepared purified
FWCNTs by removing most metal impurity to afford a
material with a much lower Fe content (~0.11 wt.% vs ~1.1%
in NT-G). The purified NT-G material exhibited a ~100 mV
more negative onset potential and half-wave potential than the
NT-G catalyst without intentional Fe removal (Figure 17g).
Moreover, we observed that in the presence of low-
concentration KCN, the ORR activity of Fe-containing NT-G
was significantly suppressed in alkaline media, suggesting
coordination of cyanide to Fe and thus blocking the active
sites. We observed that Fe-free nitrogen-doped graphene
showed no such deactivation by cyanide (Figure 17h). These
results suggested that Fe was a key element involved in the
ORR active sites in our NT-G catalyst, similar to the roles
played by nitrogen. A NT-G material annealed in Ar or vacuum
without the presence of NH; exhibited much lower ORR
activity, suggesting the important role of N-doping. This work
also found that metal impurities in as-grown CNT materials
could play important roles in downstream ORR catalysis
reactions and should be carefully taken into consideration.”>

7. ELECTROCATALYST FOR OER

We found that in addition to ORR activity, our Co;0,/rmGO
hybrid showed higher catalytic activity than free Co;0,
nanoparticles for OER, making it an efficient bifunctional
catalyst for oxygen reduction and evolution (Fi%ure 18a),
similar to manganese oxide'! and spinel CoMnO'* catalysts.
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We performed a detailed study of the OER performance of the
catalysts loaded into Ni foam at ~1 mg/cm?® in 1 M KOH at
room temperature (Figure 18b).**" Both the Co;0,/rmGO
and Co03;0,/N-rmGO hybrids showed higher OER current
density than free Co;0, nanoparticles. The overpotential to
reach 10 mA/cm? and the Tafel slope (Figure 18c) afforded by
the Co0;0,/rmGO and Co;0,/N-rmGO hybrid were small and
compare favorably with other Co;0, nanoparticle OER
catalysts.”" Unlike the ORR case, N-doping of graphene did
not lead to obvious improvement of OER performance for
C03;0,/N-rmGO vs Co;0,/rmGO. The OER activity of the
MnCo,0,/N-rmGO hybrid was much higher than the physical
mixture of MnCo,0, nanoparticles with N-rmGO or carbon
black (CB) (Figure 18d).**¢ Therefore, the MnCo,0,/N-
rmGO hybrid could also serve as an efficient bifunctional
catalyst.

Motivated by the high ORR activity and good OER activity
of the MnCo,0,/N-rmGO hybrid in aqueous solutions, we
explored the material as a cathode catalyst for Li-O, battery
using 1 M LiClO, in propylene carbonate (PC) as the
electrolyte (Figure 19a).”* Li-O, batteries are promising energy
storage systems with high gravimetric energy density than
lithium ion batteries.”> However, Li-O, cells suffer from high
overpotential and short cycle lives, partially due to the low
performance of electrocatalyst for oxygen reduction during
discharge and ineflicient oxygen evolution by lithium oxide
during charging at the cathode side.#P7374

We found that the ORR catalytic activity of the MnCo,0,/
N-rmGO hybrid in aqueous solutions could be translated to the
organic electrolyte, giving a high discharging potential of the Li-
O, cell (Figure 19b). The MnCo,0,/N-rmGO hybrid was also
more active in catalyzing the charging reaction than N-doped
graphene (N-rmGO), CB, and a mixture of MnCo,0,
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Figure 19. (a) Schematic structure of the Li-O, cell catalyzed by the
MnCo,0,/N-rmGO hybrid. (b) Charging and discharging voltage
profiles of Li-O, cells catalyzed by different catalysts at a current
density of 100 mA/g. (c) Specific discharge capacity of the cell
catalyzed by the MnCo,0,/N-rmGO hybrid over 40 cycles at 400
mA/g. (d) Cell voltage upon completion of each discharge (black) and
charge (red) segment over the 40 cycles in (c). (e) Specific discharge
capacity of the Li-O, cell catalyzed by Pt/C over 10 cycles. Current
density was 100 mA/g for the first 6 cycles and 200 mA/g for the rest
of cycles. (f) Cell voltage upon completion of each discharge (black)
and charge (red) segment over the 10 cycles in (e). Reproduced with
permission from ref 72. Copyright 2012 The Royal Society of
Chemistry.

nanoparticles and CB (Figure 19b). The MnCo,0,/N-rmGO
hybrid showed similar overpotential and charging—discharging
performances as the benchmark Pt/C catalyst (Figure 19b).
However, the hybrid catalyst exhibited much better cycling
stability of the Li-O, cell than Pt/C through charge and
discharge with a capacity cutoff of 1000 mAh/g over 40 cycles
(Figure 19c), with little changes on the discharging and
charging potentials (Figure 19d). Compared to the hybrid, the
Pt/C catalyzed cell exhibited much faster increase in over-
potential and shorter cycle life over cycling (Figure 19e,f)
The discharging and charging reactions on the cathode side
of the Li-O, cells in organic electrolyte remain poorly
understood. The charging reaction could involve the
decomposition of carbonate electrolytes.”” A possible con-
sequence is that Pt/C, a poor OER catalyst in alkaline
solutions, could catalyze the charging reaction of Li-O, cells
with a similar overpotential as the OER active MnCo,0,/N-
rmGO hybrid. Nevertheless, the substantial performance
improvement afforded by the hybrid material over the physical
mixture of MnCo,0, and graphene suggested that the strong
coupling within the hybrid structure played important roles in
effectively and rapidly transfer charges to and from the catalytic
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active sites of the MnCo,0, nanoparticles even in organic
electrolytes.

8. MOS,/GRAPHENE HYBRID ELECTROCATALYST
FOR HER

MoS, is a promising nonprecious metal-based electrocatalyst
for HER with moderate overpotential in the range of ~0.1 to
~0.4 V reported in the literature.”® The HER active sites are
suggested to arise from the sulfur edges,”” but the reaction
mechanism and pathways are still inconclusive. In an effort to
improve the HER catalytic activity of MoS,, we synthesized a
MoS,/rGO hybrid by solvothermal reaction of (NH,),MoS,
and mGO with hydrazine at 200 °C.>** This method produced
MoS, nanoparticles selectively and uniformly grown on the
graphene sheets (Figure 20a) in a form of 2D-like plates with
thickness of 3—10 atomic layers and abundant edge structures
(Figure 20b). In strong contrast, in the absence of GO, the
exact same synthesis method produced MoS, coalesced into
3D-like particles of large sizes (Figure 20c),>** again high-
lighting the role of GO as a novel support material in directing
the growth morphology of nanomaterials as discussed in
Section 4.2.

We evaluated the HER activity of MoS,/rGO hybrid catalyst
on a glassy carbon electrode in 0.5 M H,SO,. Compared to
MoS, nanoparticles and rGO alone or their physical mixture at
the same loading, the MoS,/rGO hybrid catalyst exhibited a
smaller overpotential of ~0.1 V and a much improved HER
current density (Figure 20d). This high activity compared
favorably with previous MoS, catalysts”””® owing to the small
size edge-rich MoS, nanoparticles intimately coupled to the
underlying graphene sheets. To gain insight into the possible
reaction mechanism on MoS,/rGO hybrid catalyst, we analyzed
the Tafel plot derived from the polarization curve and found a
Tafel slope of ~41 mV/decade (Figure 20e). This was the
smallest value measured for MoS,-based HER electrocatalysts
and suggested electrochemical desorption as the rate-
determining step and thus the Volmer—Heyrovsky HER
mechanism.**® Further, the hybrid electrocatalyst displayed
satisfactory stability with little cathodic current loss after 1000
potential cycles between —0.3 and 0.7 V (Figure 20f).

9. INVESTIGATION OF THE STRUCTURE AND
COUPLING EFFECTS IN HYBRID MATERIALS

While it is desirable to develop catalysts with high reactivity and
sufficient stability, it is equally important to characterize the
materials down to the atomic scale and understand the
structure—property relationship. Not only will this lead to
fundamental understanding of materials but also provide
guidance to further material design. Below we present
characterizations performed to glean the structures and
interactions in the strongly coupled inorganic/nanocarbon
hybrid materials as well as CNT—graphene complexes.

9.1. X-ray absorption near-edge structures (XANES).
XANES is an X-ray absorption spectroscopy technique that
probes photoexcitation of electrons from a core level
(absorption edge) of an atom to levels within an energy
range of ~50 eV above the absorption edge. It is characterized
by intense resonance owing to excitations of core-level
electrons to unoccupied orbitals and multiple scattering of
the emitted photoelectrons by the geometrical arrangement of
neighboring atoms.”® Therefore, XANES is sensitive to the local
chemistry of the atom being detected, which could be used to
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Chemical Society.

investigate the chemical bonding, electronic structure, and
interactions of the materials.

We measured XANES at the carbon K-edge to investigate
interaction effects to nanocarbon in the hybrid materials.
Compared to N-rmGO, the Co;0,/N-rmGO hybrid showed
clear intensity increase of peak at ~288 eV and the nearby
shoulders, which are characteristic of defects in graphene
associated with nitrogen and oxygen functional groups®’
(Figure 21a). This suggested significantly perturbed bonding
between carbon—oxygen and carbon—nitrogen,®' likely resulted
from interfacial Co—O—C and Co—N—C bonds of the oxygen
and nitrogen atoms from graphene sheets to metal atoms in the
oxide nanoparticles. The MnCo0,0,/N-rmGO*** and CoO/
NCNT>* hybrids showed similar changes in the C K-edge
spectra compared to their pure nanocarbon samples (Figure
21b,c), indicating that such bonding is general in the inorganic
nanoparticle/nanocarbon hybrids. The metal-N—C bonding
could also be gleaned from the nitrogen K-edge XANES. The
MnCo,0,/N-rmGO and Co;0,/N-rmGO hybrids exhibited
higher 7* peaks in the range of 398—402 eV and broadened o*
peak at ~407 eV compared to pure N-rmGO in N K-edge
XANES (Figure 21d). Enhancement of the z* peak could be
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attributed to electron transfer away from nitrogen due to
coordination of nitrogen to metal in the hybrid,** while the
broadening of 6* peak suggested strengthened C—N bonding
caused by bonding of N-rmGO and metal oxide.*

The Co;0,/N-rmGO hybrid**" showed increases in the peak
intensities at the Co L-edge XANES compared to pure Co;0,
nanocrystal (Figure 22a).** This was also observed in the metal
L-edge XANES of the MnConA‘/N—rmGO33e and CoQO/
NCNT>*® hybrids compared to their respective nanoparticle
samples (Figure 22b—d). These results suggested electron
transfer from the metal atoms to neighboring atoms in the
hybrid materials. A decrease in the unoccupied O 2p—Co 3d
hybridized state (~532 eV)®** was observed in the oxygen K-
edge XANES of the Co;0,/N-rmGO hybrid**® compared to
Co0;0, nanoparticles (Figure 23a), likely due to electron
transfer from Co to O, giving a higher ionic Co—O bonding in
the hybrid.**

Metal L-edge XANES were used to investigate the state of
metal atom in the hybrid materials. In the Co L-edge XANES,
the MnCo,0,/N-rmGO hybrid showed a lower ratio of high-
energy/low-energy peaks than the Co0;0,/N-rmGO hybrid
(Figure 23b), suggesting an increase in the ratio of Co®*/Co*
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Figure 22. (a) Co L-edge XANES of the Co;0,/N-rmGO hybrid and Co;0, nanoparticles. Reproduced with permission from ref 33b. Copyright
2011 Nature Publishing Group. (b) Co L-edge XANES of the MnCo,0,/N-rmGO hybrid and MnCo,0, nanoparticles. (c) Mn L-edge XANES of
the MnCo,0,/N-rmGO hybrid and MnCo,O, nanoparticle. Reproduced with permission from ref 33e. Copyright 2012 American Chemical Society.
(d) Co L-edge XANES of the CoO/NCNT hybrid and CoO nanoparticles. Reproduced with permission from ref 33e. Copyright 2012 American

Chemical Society.

in the MnCo,0, hybrid.*® The Mn L-edge XANES of the
MnCo,0,/N-rmGO hybrid matched that of a Mn,O; reference
(Figure 23c), indicating Mn was mainly in 3+ state. These
results showed Mn** substitution of Co®" in the oxide particles
in the MnCo,0, hybrid, resulting a spinel structure of
Co"(Co™Mn™)0,. Mn** has been suggested to be a more
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active ORR catalytic site than Co species,” which could
account for the higher activity of the MnCo,0,/N-rmGO
hybrid than the Co;0,/N-rmGO hybrid.>*®

9.2. Single-Atom STEM and Energy Loss Spectrosco-
py. The most desirable way to characterize a material is to
image atom by atom, identify the chemical nature of each atom
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and reveal the nature of atomic bondings in the material.
Graphene presents the thinnest material possible and is highly
transparent to the electron beam. This combined with some of
the impressive advances in atom-by-atom microscopy imaging
and spectroscopy®’ will allow for characterization of catalysts
with atomic level information, which would be impossible with
traditional catalysts supported on carbon particles.

STEM imaging of a sample performs scanning of a finely
focused electron beam in a faster pattern and collecting signal
generated pixel by pixel. Aberration-corrected annular dark-field
(ADF) imaging and electron energy loss spectroscopy (EELS)
in STEM provide powerful tools to interrogate the structural
and chemical nature of a material down to the single atom scale.
Since the ADF signal is sensitive to the atomic number of the
atom,®”* it is able to differentiate heavier metal atoms from
lighter atoms, such as carbon, oxygen, and nitrogen. The
identity of elements can be further confirmed by spatially
resolved EELS with atomic resolutions.*® Since ADF and EELS
signals are originated from electrons scattered to different solid
angles, they can measured simultaneously. The combination of
STEM-ADF and EELS mapping is capable of atom-by-atom
structural and chemical analysis.

Our collaborators in the Oakridge National Laboratory
employed ADF and EELS imaging in STEM to investigate the
structure and elemental distribution in our Fe- and N-doped
NT-G catalyst (Figure 24a). From ADF images (Figure 24b),
bright atoms were found to be dispersed over the carbon
background and preferentially located on the nanographene
pieces especially along their edges (Figure 24b). EELS analysis
corroborated that the brightest atoms were Fe. In addition, the
spatial distributions of Fe and N species were mapped out
through EELS mapping with nearly atomic precision (Figure
24d,e overlaid with Figure 24f). The distribution of Fe atoms
on the nanographene sheets was often accompanied by N

atoms, suggesting possible covalently bonded Fe—N species in
the material. This was the first time that the chemical nature of
metal-N/C type of catalyst was imaged by ADF and EELS at
the atomic scale. Although the exact nature of active sites and
the role of metal species in metal-N/C ORR catalysts are still
unclear,” catalysts formed on atomically thin substrates will
possess unique structural advantages for direct microscopy
spectroscopy investigations, which may eventually lead to an
atomic scale and chemical view of the catalyst sites.

10. CONCLUSIONS AND OUTLOOK

A series of inorganic/nanocarbon hybrid materials has been
developed as efficient electrocatalyst for ORR, OER, and HER.
Nanocarbon materials, including graphene and CNT, are
oxidized to a suitable degree to introduce functional groups
for nucleation, growth, and anchoring of inorganic materials
while maintaining a relatively high electrical conductivity. Due
to the direct nucleation and growth of inorganic nanomaterials
on the functionalized nanocarbon, strong chemical and
electrical coupling between the inorganic nanomaterials and
nanocarbon is obtained, which enhanced charge transport
through interfaces thus affording high electrochemical perform-
ance of the hybrid materials.

The strongly coupled hybrid materials represent a new way
of synthesis of electrocatalysts. The direct nucleation and
growth approach to form hybrid affords intimate coupling and
interactions between active materials and carbon supports,
leading to both higher electrocatalytic activity and stability than
each component alone or their physical mixture. This approach
is general to oxides, hydroxides, sulfides, and phosphates and
could stimulate further work to improve a wide range of
nonprecious metal-based catalysts. The high structural stability
of graphene and CNT and strong interactions with inorganic
nanomaterials are responsible for the higher stability and
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Fe mapping

combined mapping

N mapping

Figure 24. (a) Bright-field and (b) simultaneously acquired ADF
STEM images of a CNT partially covered with nanosized graphene
pieces showing many heavy atoms in the NT-G material. The area
marked by the white square in (b) is further characterized by (c) ADF
intensity mapping, (d) Fe EELS mapping, (e) N EELS mapping, and
(f) overlaid Fe and N EELS maps. The ADF and EELS maps were
recorded simultaneously. Reproduced with permission from ref 33d.
Copyright 2012 Nature Publishing Group.

durability of the inorganic/nanocarbon hybrids. Catalyst
durability is as important as activity for practical application
of electrocatalytic systems. The strongly coupled hybrid
materials are promising to impart higher stability to renewable
energy devices including fuel cells, water splitting by
electrolysis, metal-air batteries, and chlor-alkali electrolysis.
Another important feature of the inorganic/nanocarbon
synthesis approach is that graphene or CNTs oxidized to
various degrees present a novel class of substrate for
nanoparticle synthesis. We have observed that the growth of
inorganic particles on oxidized nanocarbon substrates often
differs from free particle growth in solution. Through the
inorganic precursor—carbon substrate interactions, oxidized
graphene and nanotubes play important roles in directing the
growth of nanoparticles into smaller sizes and interesting
shapes (nanoplates, nanorods, etc.). The degree of oxidation of
carbon provides a degree of control over the morphology of the
nanoparticle. This is interesting and novel from the material
chemistry point of views. Last but not least, catalysts formed on
nanoscale graphene or CNT structure are unique in that the
ultrathin carbon sheets allow for atomic scale interrogation of
the catalytic sites formed in these structures by single-atom
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imaging and spectroscopy. This could present a platform to
answer some of the long-standing questions in the electro-
catalysis area including natures of catalyst sites.

It is conceivable that the strongly coupled hybrid approach
will replace traditional ways of making carbon supported
electrocatalysts and other electrochemically active materials to
improve Dbatteries, supercapacitors, fuel cells, solar water
splitting cells and other types of energy storage and conversion
devices. GO can be synthesized from low-cost graphite with
high yield, while the production of MWCNT has been
advanced to the ton scale at low cost nowadays.”® The
synthesis of inorganic/nanocarbon can be prepared by simple
processing methods without incorporation of precious metal.
All of these could ensure the low cost of inorganic/nanocarbon
hybrid materials for electrocatalysis.

Further work is needed in order for inorganic/nanocarbon
hybrids to become a successful class of electrocatalyst material.
More efficient catalysts should be developed for a wide variety
of electrochemical reactions. There are very few nanocarbon
hybrid catalysts for high-performance OER, and hydrogen
evolution/oxidation reactions. Little has been explored to
improve alcohol oxidation reactions and carbon dioxide
reductions. Even for ORR, though several nanocarbon hybrid
catalysts have demonstrated good catalytic performance in
alkaline and acidic media, there are still significant overpotential
gaps to be filled to match that of Pt, especially in acidic
conditions. Innovative design of the various components in the
hybrid and engineering of the chemical and electrical coupling
between inorganics and nanocarbon could further enhance the
activity and durability of the electrocatalysts.

More general synthetic chemistry for inorganic/carbon
hybrids should be developed to grow a broader range of
inorganic nanomaterials and enable better control in the size,
phase, and composition of nanoparticles grown on nanocarbon
substrates. Size and shape control could enable new hybrid
materials with optimized performance. Although our prelimi-
nary X-ray spectroscopy studies have revealed possible bonding
and covalent interactions in the hybrid materials, it is necessary
to improve the understanding and glean the inorganic-carbon
interfacial structures at the atomic scale. Such understanding
could lead to further optimization of the hybrid materials. It is
also important to fully characterize the electrocatalytic
properties, ie., activity and durability of the hybrid materials,
and correlate with structures and interfacial coupling of the
hybrid. Lastly, for real-world applications, synthetic methods
suitable for large scale synthesis should be developed.
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