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An oxygen reduction electrocatalyst based on
carbon nanotube-graphene complexes

Yanguang Li', Wu Zhou?3, Hailiang Wang', Liming Xie', Yongye Liang', Fei Wei*, Juan-Carlos Idrobo3?,
Stephen J. Pennycook3? and Hongjie Dai'*

Oxygen reduction reaction catalysts based on precious metals such as platinum or its alloys are routinely used in fuel cells
because of their high activity. Carbon-supported materials containing metals such as iron or cobalt as well as nitrogen
impurities have been proposed to increase scalability and reduce costs, but these alternatives usually suffer from low
activity and/or gradual deactivation during use. Here, we show that few-walled carbon nanotubes, following outer wall
exfoliation via oxidation and high-temperature reaction with ammonia, can act as an oxygen reduction reaction
electrocatalyst in both acidic and alkaline solutions. Under a unique oxidation condition, the outer walls of the few-walled
carbon nanotubes are partially unzipped, creating nanoscale sheets of graphene attached to the inner tubes. The graphene
sheets contain extremely small amounts of irons originated from nanotube growth seeds, and nitrogen impurities, which
facilitate the formation of catalytic sites and boost the activity of the catalyst, as revealed by atomic-scale microscopy and
electron energy loss spectroscopy. Whereas the graphene sheets formed from the unzipped part of the outer wall of the
nanotubes are responsible for the catalytic activity, the inner walls remain intact and retain their electrical conductivity,

which facilitates charge transport during electrocatalysis.

here has been an intense search for efficient, durable and
inexpensive alternatives to precious-metal electrocatalysts
such as platinum (and its alloys) for the oxygen reduction
reaction (ORR) in acidic media for proton-exchange membrane
fuel cells'™. For example, much has been done to produce metal-
(for example, iron and cobalt) and nitrogen-containing catalysts
by pyrolysing precursor compounds on a carbon support material
such as carbon black or carbon nanotubes®'?. Problems plaguing
such catalysts include insufficient activity and/or low stability
against oxidation by peroxide intermediates, leading to catalyst
deactivation’. Understanding the nature of ORR catalytic sites on
the atomic scale using microscopy or spectroscopy, identifying the
causes of instability, and designing catalysts with both optimal
activity and stability for ORR in acidic solutions all remain
outstanding challenges.

In principle, it should be possible to make use of the high degree
of graphitization, electrical conductivity and corrosion resistance of
carbon nanotubes to impart high stability to ORR electrocatalysts.
However, the ORR activities of carbon-nanotube-based catalysts
have been found to be low in acids. Nitrogen-doped multiwalled
carbon nanotubes or aligned carbon nanotube arrays have been
made by feeding in nitrogen precursors during the growth of
nanotubes!!~!* or by annealing pre-oxidized nanotubes in NH; at
elevated temperatures'®. The resulting catalysts exhibited ORR
activity in alkaline electrolytes!*'®17 but poor activity in acids. So
far, all nanotube-based ORR catalysts have exhibited inferior activi-
ties compared with those formed with carbon black and platinum /-
carbon in acidic conditions, probably due to the relatively few
catalytic sites formed on the carbon nanotubes. A possible approach
to enhancing ORR activity is to introduce abundant defects and
functional groups onto the carbon nanotubes to increase the
number of catalytic sites. However, harsh oxidation conditions
could lead to the loss of the structural integrity and high electrical

conductivity of the nanotubes, a desirable property for charge
transport during electrocatalysis. It would therefore be advan-
tageous to identify a suitable strategy to afford abundant catalytic
sites on carbon nanotubes while retaining the structure and electri-
cal conductivity for producing advanced ORR electrocatalysts.

In this Article, we develop a new type of ORR electrocatalyst
based on few-walled (two to three walls) carbon nanotube-graphene
(NT-G) complexes. We identify a unique oxidation condition to
produce abundant defects on the outer walls of the carbon nano-
tubes through partial unzipping of the outer walls and the formation
of large amounts of nanoscale graphene sheets, attached to the intact
inner walls of the nanotubes. The edge- and defect-rich graphene
sheets facilitate the formation of catalytic sites for ORR on annealing
in NH;. Iron impurities and nitrogen doping are found to be
responsible for the high ORR activity of the resulting NT-G
complex catalyst. Indeed, in acidic solutions the catalyst exhibits
high ORR activity and superior stability, and in alkaline solutions
its ORR activity closely approaches that of platinum. We also use
annular dark-field (ADF) imaging and electron energy loss (EEL)
spectrum imaging in aberration-corrected scanning transmission
electron microscopy (STEM) to investigate the chemical nature of
the ORR catalytic sites on the atomic scale. Iron atoms are often
found along the edges of the defective graphene sheets attached to
the intact inner walls of few-walled nanotubes, and they often
appear next to nitrogen atoms. This provides the first indication
of the atomically resolved structure of the ORR catalyst.

Electrocatalyst preparation and characterization

Few-walled carbon nanotubes (with a high percentage of double-
walled nanotubes and a small percentage of triple-walled nano-
tubes) grown from MgO-supported iron seeds by chemical vapour
deposition'® were oxidized in KMnO,/H,SO, solutions at 65 °C
by systematically varying the concentration of KMnO, (see
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Figure 1| Structural and compositional characterization of carbon nanotube-graphene complexes. a, XPS survey spectra of as-oxidized material (oxidized
NT-G) and final catalyst (NT-G). b,¢, High-resolution C 1s XPS spectra (b) and N 1s spectra (¢) of as-oxidized material (oxidized NT-G, black) and final
catalyst (NT-G, red). Oxidized NT-G is reduced and doped with nitrogen during the high-temperature ammonia annealing. d, Chart showing the percentages
of iron, nitrogen and oxygen in the final NT-G material measured by ICP-MS and XPS. e f, Aberration-corrected TEM images of the NT-G material, showing
damaged outer walls and exfoliated graphene pieces attached to double- or triple-walled carbon nanotubes (CNTs).

Methods). A harsh oxidation condition (KMnO,:carbon nanotube
mass ratio &~ 5) was identified to afford oxidized carbon nanotubes
with partially unzipped outer walls and exfoliated graphene oxide
pieces and nanoribbons (Supplementary Fig. Slab; the oxidized
product is denoted ‘oxidized NT-G’). The oxidation method uses
a similar concentration of KMnO, oxidizer as used by Tour and
co-workers for unzipping multiwalled nanotubes when producing
oxidized graphene nanoribbons!®. The defective nature of the
oxidized material is evident from the high D/G ratio in Raman
spectroscopy (Supplementary Fig. Slc). The average length of the
oxidized tubes was determined to be on the order of several
hundred nanometres from atomic force microscopy (AFM;
Supplementary Fig. S1d). Based on X-ray photoelectron spec-
troscopy (XPS) analysis, a nominal 36 at% oxygen was measured
in the as-oxidized material in the form of hydroxyl, carbonyl and
carboxyl groups (Fig. 1a,b, black curves).

Subsequently, the water-soluble oxidized NT-G material was
ultrasonicated, centrifuged to remove aggregates, then lyophilized
and subjected to NH; annealing at 900 °C to afford the final
product, denoted NT-G. X-ray photoelectron spectroscopy analysis
revealed that most oxygen groups were removed by the annealing
process (Fig. 1a). The NT-G material contains pyridinic and pyrrolic
nitrogen species®® with a nominal nitrogen level of ~5.3 at% (Fig. 1c).
Nitrogen groups in the nanotubes result from reactions of NH; with
oxygen functionalities’’ and other defects in the oxidized graphitic
structures?*?*. Inductively coupled plasma mass spectroscopy (ICP-
MS) revealed an iron content of ~1.10 wt% (corresponding to
0.24 at%, Fig. 1d) in the final product, which is inherited from the
metal impurities contained in the initial raw material (~3.7 wt%).

Figure lef presents high-resolution aberration-corrected
transmission electron microscopy (TEM) images of the NT-G
material. The nanotubes are mostly two- to three-walled, with
their outer walls damaged and exfoliated to form single-layered
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nanosized graphene pieces (<5nm) or ribbon-like structures
(Supplementary Fig. S1b) by the harsh oxidation process. These
graphene structures exhibit abundant edges and are often found
attached to nanotubes. Regions with intact inner walls on the
exfoliated nanotubes are also frequently observed.

Electrocatalyst activity and durability
We performed cyclic voltammetry (CV) and rotating ring-disk
electrode (RRDE) measurements in 0.1 M HCIO, to assess the
ORR activity of NT-G material that had been ultrasonically
dispersed in a Nafion solution of H,O/ethanol mixed solvent
(Nafion-to-catalyst mass ratio, ~0.1) then deposited onto a glassy
carbon working electrode. As a reference point, commercial
20 wt% platinum on Vulcan carbon black (Pt/C from E-tek) was
measured for comparison?*~2°. The NT-G material exhibits a pro-
nounced cathodic ORR peak at 0.75 V versus the reversible hydro-
gen electrode (RHE) when the electrolyte is saturated with O,
(Fig. 2a). The high ORR activity is also gleaned from its onset poten-
tial (~0.89 V) and half-wave potential (E, 12X 0.76 V) in the RRDE
polarization curves (Fig. 2b). The mass activity of the NT-G catalyst
at 0.80 V is 44 A g °, making it one of the most active ORR
catalysts”?’. The H,0O, yield is less than 4% at all potentials, decreas-
ing to ~2% at 0.2V (Fig. 2b). Kinetic currents derived from
the mass transport correction of the disk currents (Fig. 2c) show
a Tafel slope of ~68 mV per decade at low currents, close to the
~70 mV per decade for the Pt/C catalyst. Similar to ORR catalysed
by platinum, transfer of the first electron catalysed by NT-G is
probably the rate-determining step, as indicated by the Tafel slope
being close to —2.303RT/aF~ 60 mV per decade (R, T, @ and F
are the molar gas constant, absolute temperature, transfer coefficient
and Faraday constant, respectively) at room temperature?>%.

The NT-G catalyst shows markedly higher ORR catalytic activity
than previous carbon-nanotube-based electrocatalysts in acidic
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Figure 2 | Electrochemical characterization of the carbon nanotube-graphene ORR catalyst. a, CVs of commercial 20% Pt/C (black) and NT-G (red)
catalysts in O,-saturated (solid) or argon-saturated (dotted) 0.1 M HCIO,. b, RRDE polarization curves and peroxide yield of Pt/C (black) and NT-G (red) in
O,-saturated 0.1 M HCIO,. ¢, Kinetic current densities versus potential derived from the mass transport correction of the corresponding RRDE disk currents
in b. d, RRDE polarization curves and peroxide yield of Pt/C (black) and NT-G (red) in O,-saturated 0.1 M KOH. NT-G exhibits high ORR electrocatalytic
activity in both acidic and alkaline electrolytes. For all the RRDE measurements, the loading of catalysts is 16 pgp, cm ™2 for Pt/C and 0.485 mg cm 2 for NT-
G. Electrode rotation speed, 1,600 r.p.m.; scan rate, 5 mV s~ . Platinum data are collected from anodic sweeps.

medial’'*%, with a more positive ORR onset potential (by

>150 mV; Supplementary Table S1) and well-defined plateaux of
diffusion-limiting currents in the RRDE polarization curves. In
0.1 M KOH electrolyte, the NT-G catalyst shows an ORR activity
closely approaching that of Pt/C with an ORR onset potential
>1.05 V (Fig. 2d).

We assessed the durability of the NT-G catalyst using the US
Department of Energy’s accelerated durability test protocol by
cycling the catalysts between 0.6 and 1.0 V at 50 mV s~ ' under
argon and O, atmospheres, respectively®>!. After 8,000 continuous
cycles, the half-wave potential E, /, exhibited a small negative shift of
~11 mV under argon cycling and ~17 mV under O, cycling
(Fig. 3a—c), which compares favourably with most non-precious
metal catalysts®**? and the Pt/C catalyst (>20 mV negative shift
for Pt/C; see Fig. 3¢ and Supplementary Fig. $2). The NT-G catalyst
was also exposed to fuel molecules (for example, methanol) for
testing possible poisoning effects. For use in direct methanol fuel
cells, ORR catalysts should exhibit satisfactory tolerance to the
methanol that may pass across the membrane from the anode.
We therefore measured the RRDE polarization curves in the pres-
ence of 0.5 M methanol, observing, as expected!, a drastic decrease
in the ORR activity of Pt/C (Fig. 3d). In contrast, the NT-G catalyst
shows little activity loss (Fig. 3e), exhibiting excellent tolerance to
methanol poisoning effects.
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Identifying an optimal oxidation condition for the few-walled
carbon nanotubes is key to the high activity of the carbon nano-
tubes—graphene ORR catalyst. We therefore investigated the effect
of nanotube oxidation degree (using Hummers’ oxidation method
with a KMnO:carbon ratio varying from 1 to 8, or by using the
reflux method in 3:1 v/v H,SO,:HNO; ref. 33) on the ORR electro-
catalytic activity of the final product. We found that Hummers’
oxidation with a KMnO,:carbon ratio of 5 affords the most active
ORR catalyst over other oxidation conditions (Supplementary
Fig. S3). Transmission electron microscopy imaging revealed that
the commonly wused acid refluxing oxidation method®
(Supplementary Fig. S3d) and also low degrees of Hummers’ oxi-
dation conditions (Supplementary Fig. S3a,b) fail to unzip the
carbon nanotubes and produce few exfoliated graphene sheets of
nanosize width. Excessive oxidation (with a KMnO,:carbon ratio
of ~8) destroys most nanotubes (Supplementary Fig. S3c) and elim-
inates the intact inner tubes that are desirable for hosting the gra-
phene sheets containing active ORR sites and for facilitating the
charge transport needed for ORR.

Furthermore, we found that our method can be generalized to
produce highly active ORR catalysts with multiwalled carbon nano-
tubes (from C-NANO) as the starting material and by intentionally
adding iron precursors to the nanotubes (Supplementary Fig. S4).
Similar  exfoliated nanosized graphene sheets attached
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Figure 3 | Characterization of the durability and methanol tolerance of the NT-G ORR catalyst. a,b, RRDE polarization curves of the NT-G catalyst before
and after 8,000 potential cycles in argon- or O,-saturated 0.1 M HCIO,,, respectively. Potential cycling was carried out between 0.6 and 1.0 V versus RHE at
50 mVs ™. ¢, Negative shift of the NT-G half-wave potential (E; ) under argon or O, cycling compared with the Pt/C reference material under O, cycling.
Little ORR activity loss is observed for NT-G during the accelerated durability test. d,e, RRDE polarization curves of Pt/C (d) and NT-G (e) in O,-saturated
0.1 M HCIO, with (red) or without (black) 0.5 M methanol. NT-G exhibits a dramatically enhanced tolerance to methanol compared with Pt/C.

to multiwalled nanotubes with intact inner tubes are also observed
in aberration-corrected TEM experiments (Supplementary
Fig. S4a,b). The existence of defective graphitic structures is
evident from the high D/G ratio in Raman spectroscopic data
(Supplementary Fig. S4c). Electrochemical RRDE polarization
curves revealed the high ORR activity of such a catalyst with an
onset potential of ~0.87 V and half-wave potential of ~0.73V,
which is only slightly less active than the NT-G catalyst based
on predominantly double-walled nanotubes (Supplementary
Fig. S4d). This result suggests the generality of producing highly
active ORR catalysts based on properly oxidized NT-G complexes.

Role of iron and nitrogen impurities
We found that iron impurities in the raw carbon nanotube sample
contribute to the high activity of the carbon nanotubes-graphene
ORR electrocatalyst. Vigorous purification was performed to
remove as many metal impurities as possible before oxidation and
NH; annealing (see Methods). ICP-MS and XPS analysis of the
final product based on the purified material (purified NT-G)
revealed a substantial decrease in iron content to ~0.11 wt%
(from ~1.1 wt% in NT-G), whereas the nitrogen and oxygen
levels and percentages of pyridinic nitrogen were similar to those
for NT-G ((Fig. 4a) Supplementary Fig. S5a). Raman and TEM
characterizations revealed that purified NT-G also exhibits a
similar degree of disorder in the graphitic structures to NT-G
(Supplementary Fig. S5b,c). Importantly, however, the purification
and iron removal step cause a large loss in ORR activity in purified
NT-G (Fig. 4b,c), with an onset ORR potential ~100 mV more
negative than NT-G (Fig. 4b,c), accompanied by a smaller RRDE
disk current and higher percentage of peroxide generation (Fig. 4c).
To determine the role of iron in forming active ORR catalytic sites
in the NT-G complex, we investigated the ORR activity of NT-G and
purified NT-G in 0.1 M KOH containing 10 mM KCN (Fig. 4d and
Supplementary Fig. S6). CN ™ ions are known to coordinate strongly
to iron and poison the iron-centred catalytic sites for ORR, as in the
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case of iron phthalocynanine catalysts***. In the presence of CN ™,
the ORR onset potential of the NT-G catalyst decreases significantly
by more than 100 mV, with a decrement in the diffusion-limiting
current (Fig. 4d), suggesting blocking of the iron sites by CN ™ ions
and a reduction of the electron transfer number from four-electron.
Interestingly, the purified NT-G material shows less activity loss in
the presence of CN, exhibiting an ORR activity similar to the
NT-G catalyst under CN~ blocking (Supplementary Fig. S6). A
further comparison was made with metal-free nitrogen-doped gra-
phene made by NH; annealing of graphene oxide at 900 °C
(ref. 21). Tt is worth noting that the metal-free nitrogen-doped gra-
phene is found to be much less ORR-active than iron-containing
NT-G (especially in 0.1 M HCIO,), with lower diffusion-limited
current and higher peroxide generation (Supplementary Fig. S7).
However, nitrogen-doped graphene exhibits no appreciable ORR
activity decrease in the presence of CN™ (Fig. 4d), suggesting no poi-
soning effects of CN™ on the nitrogen functionalities in the catalyst.
Also important is the fact that the same NT-G material annealed in
argon or vacuum without any NHj for nitrogen doping demonstrates
very low ORR activity. These results suggest that both iron and nitro-
gen species are important to the high ORR electrocatalytic activity
observed in the NT-G material.

To investigate the atomic distribution of iron and nitrogen in the
NT-G catalyst, we performed STEM-ADF imaging (a technique
sensitive to the atomic number Z)® in an aberration-corrected
STEM, with simultaneous chemical mapping by EELS (ref. 37).
The STEM analysis was performed on very thin regions of the
sample, either from a single suspended nanotube (two to four
atomic layers thick) or a suspended graphene layer attached to an
isolated carbon nanotube (one to two layers thick). In this way,
we ensured that we were imaging only the exposed surfaces of the
sample, as well as unambiguously resolving single heavy dopant
atoms and the carbon lattice. The bright-field STEM image
(Fig. 5a) and corresponding ADF image (Fig. 5b) confirm nanosized
graphene pieces attached to carbon nanotubes. Bright atoms
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Figure 4 | Characterization of the role of iron in ORR catalysed by the NT-G material. a, Chart showing the percentages of iron, nitrogen and oxygen in
purified NT-G determined by ICP-MS and XPS analysis. Compared with NT-G without intentional iron impurity removal, purified NT-G shows a substantial
decrease in iron content. b,c, CV (b) and RRDE polarization curve and peroxide yield (¢) of purified NT-G in comparison with NT-G without intentional iron
impurity removal in O,-saturated 0.1 M HCIO,. Purified NT-G exhibits a marked ORR activity loss due to iron removal. d, RRDE polarization curves for NT-G
(red) and nitrogen-doped graphene (blue) in O,-saturated 0.1 M KOH with (solid lines) or without (dashed lines) 10 mM CN". Exposure to CN™ ions blocks
iron sites in the NT-G catalyst and reduces ORR activity; this CN™ poisoning effect is not observed for metal-free nitrogen-doped graphene.

dispersed over the graphitic carbon background are observed
(Fig. 5b), corresponding to heavy elements. The atoms with the
highest ADF contrast are identified by EELS analysis to be predomi-
nantly iron atoms (Fig. 5c). Some silicon impurities (source
unknown) were also detected by EELS and show intermediate
image contrast in Fig. 5b. The iron atoms are preferentially
located on graphene pieces, especially at the edges (Fig. 5b and
Supplementary Figs S$8,59). In contrast, iron atoms are rarely
observed on the intact walls of the carbon nanotubes.

Elemental mapping by EELS imaging (Fig. 5d-g) was performed
to determine the spatial relations between iron and nitrogen atoms
on the NT-G complexes through simultaneous ADF imaging
(Fig. 5d) and EELS elemental mapping of nitrogen (Fig. 5e) and
iron (Fig. 5f) atoms. The data set was taken from the sample
region highlighted in Fig. 5b. Bright atoms in the ADF image
(Fig. 5d) correspond well with the EELS signals of iron (Fig. 5f).
Nitrogen species were identified and mapped out by STEM-EELS
(Fig. 5e) and overlaid with the iron signals (Fig. 5g and additional
chemical mapping data sets in Supplementary Figs S8,S9). It was
found that iron atoms on the graphene sheets are often adjacent
or close to nitrogen atoms, suggesting possible Fe-N bonding.
Further work is needed to resolve the chemical bonding configur-
ations of single iron and nitrogen atoms in graphene lattices.
To our knowledge, this is the first time that iron and
nitrogen atoms have been imaged by ADF STEM and mapped
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out by atomic-scale EEL spectroscopic imaging for ORR
electrocatalysts.

Many years ago, Yeager and co-workers proposed metal cations
coordinated by pyridinic nitrogen atoms at defects of graphitic
carbon as active ORR sites”®®, Despite intense investigations*>*%%,
the exact nature and structure of ORR active sites remained unclear
and they have not been imaged at the atomic scale previously. It is
possible that the NT-G material falls into the category of metal-
nitrogen catalysts because of the observed iron and nitrogen
atoms in the graphitic lattices as well as Fe-N proximity. The
cyanide experiments also suggest that the high ORR activity of
NT-G is due to iron-containing species, with the degree of ORR
activity loss to CN™~ blocking dependent on the iron level in the
material (Supplementary Fig. S6). The iron species in our NT-G
catalyst originate from the metal seed nanoparticles used in
synthesizing the carbon nanotubes. It is possible that during the
solution-phase oxidation step, iron nanoparticles are etched into
Fe’™, which is known to coordinate and bind to carboxylic acid
groups®® on the unzipped outer walls of nanotubes and graphene
oxide pieces attached to nanotubes. On annealing, the iron species
can react with NH; to form Fe-N moieties in the NT-G complex.

Conclusions
We have synthesized the first ORR electrocatalyst based on carbon
nanotubes—graphene complexes, which exhibit a high activity,
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Figure 5 | Microscopy imaging and spectroscopic mapping of iron and nitrogen atoms on carbon nanotube-graphene complexes. ab, Bright-field (a) and
ADF STEM (b) images of a carbon nanotube partially covered with nanosized graphene pieces, showing many heavy atoms in the NT-G material

(bright regions). c-g, The area marked by the white square in b is further characterized by EELS (¢, spectrum summed over the area indicated), ADF intensity
mapping (d), nitrogen EELS mapping (e), iron EELS mapping (f) and an overlaid iron and nitrogen EELS map (g). The ADF and EELS maps were recorded
simultaneously. Interestingly, iron atoms are frequently observed on the edges of graphene sheets in close proximity to nitrogen species.

excellent tolerance to methanol and superior stability in compari-
son to other non-precious metal catalysts, in both acidic and alka-
line solutions. The high ORR electrocatalytic activity and durability
of the NT-G catalyst are attributed to a novel carbon-based struc-
ture formed by an optimal oxidation condition identified for few-
walled carbon nanotubes. The oxidation method produces partially
unzipped, damaged outer walls in the carbon nanotubes, with
numerous small graphene oxide pieces attached to the outer
walls. These structures present abundant edges and defect sites,
which are responsible for the ORR catalytic activity. The less
damaged or intact inner walls of the nanotubes are electrically con-
ducting and highly stable against corrosion during ORR, maintain-
ing the high electrical conductivity in the complex that is needed
for sustaining efficient charge transport during electrocatalysis.
Moreover, the high degree of graphitization of the carbon nano-
tubes, the exfoliated outer walls and the graphene pieces in the
NT-G sample could be responsible for imparting high oxidative
corrosion resistance to the catalytic sites and thus high durability
to the carbon nanotubes-graphene ORR electrocatalyst.
Furthermore, purified NT-G with the metal impurities largely
removed affords significantly lower ORR activity. The NT-G
catalyst shows a significant loss in activity on exposure to
cyanide anions, suggesting that the high ORR activity stems from
iron-containing  catalytic ~sites. Using aberration-corrected
STEM-ADF and EELS mapping techniques we have investigated
the distribution of iron and nitrogen atoms on the atomic scale
and frequently observed iron atoms on the edges of graphene
sheets in close proximity to nitrogen species. The catalyst synthesis
strategy we have shown here exploits novel carbon-based
structures, and could represent a general approach to highly
efficient and durable electrocatalysts for a range of important
electrochemical reactions.
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Methods

Materials synthesis. Oxidized NT-G was prepared using a modified Hummers’
method. Few-walled carbon nanotubes (0.5 g) were dispersed in 20 ml of concentrated
H,SO, in a flask and continuously stirred at room temperature for 24 h. KMnO,
(2.5 g) was added slowly to the solution while keeping the temperature of the solution
to <35 °C. The solution was stirred for 1 h, then heated to 65 °C for another 1 h. The
reaction was then quenched by pouring over ice, followed by the addition of 5 ml of
30% H,0, solution. The solution was centrifuged at 8,000 r.p.m. The collected solid
was washed with 5% HCI solution twice, redispersed in H,O and dialysed until the pH
was >3. The solution was transferred to a glass vial, vigorously sonicated for 30 min,
then centrifuged at 5,000 r.p.m. for 5 min. Oxidized NT-G in the supernatant was
collected for later use. To prepare NT-G, lyophilized oxidized NT-G powders were
annealed in 2 torr of 10% NH;/argon at 900 °C for 30 min. For nanotube purification
(to remove metal impurities), raw carbon nanotubes were first calcined in air at 450 °C
for 30 min. These were then sonicated in concentrated HCI for 1 h. After washing the
acid away, nanotube powders were lyophilized and annealed in vacuum (<1 mtorr) at
1,100 °C for 1 h. Subsequent oxidation and annealing were carried out in the same
way as described above to afford purified NT-G. This procedure was effective in
removing some of the amorphous carbon and metal impurities*!.

Electrochemical measurements. NT-G catalyst (4 mg) and 8 pl of 5 wt% Nafion
solution were dispersed in 0.80 ml of H,O and 0.20 ml of ethanol by sonication for
>1h to form a homogeneous ink. The formulation was optimized to give the best
catalyst dispersion. CV and RRDE studies were conducted in a home-built
electrochemical cell using a saturated calomel electrode (calibrated and converted to
RHE; see Supplementary Information) as the reference electrode and a graphite rod
as the counter electrode. For CV, 5 pl of the catalyst ink was loaded onto a glassy
carbon electrode (3 mm in diameter). For RRDE, 30 pl of the catalyst ink was loaded
onto a RRDE electrode with 5.6 mm glassy carbon disk. Before the start of each
measurement, the 0.1 M HCIO, electrolyte was bubbled with O, for >10 min.
A flow of O, was maintained over the electrolyte during the measurement to ensure
continuous O, saturation. For all RRDE measurements, the electrode rotation speed
was 1,600 r.p.m. (scan rate, 5mV s~ '; platinum data collected from anodic sweeps).
Commercial 20 wt% platinum on Vulcan carbon black (Pt/C from E-tek) was
measured for comparison. The catalyst ink was prepared as follows. Pt/C (3 mg) and
24 pl of 5 wt% Nafion solution were dispersed in 1.0 ml of ethanol by sonication for
>1 h. Other experimental conditions were the same as for the NT-G catalyst, except
that a platinum wire was used as the counter electrode.
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Characterization. HRTEM images were collected on an aberration-corrected FEI
TEAM 0.5. STEM imaging and EELS analysis were performed with a Nion
UltraSTEM located at Oak Ridge National Laboratory, an aberration-corrected STEM
equipped with a cold field-emission electron source and a corrector of third- and
fifth-order aberrations, operating with a probe current of ~110 pA at 60 kV
accelerating voltage. EEL spectra were collected using a Gatan Enfina spectrometer,
with an EELS collection semi-angle of 48 mrad. Samples were prepared by drop-
drying a diluted suspension of oxidized NT-G onto a SiN TEM grid, then annealing in
NH; at 900 °C. XPS spectra were collected on an SSI S-Probe XPS spectrometer.
Samples were prepared by drop-drying from ethanol suspensions onto silicon wafers.
Raman spectra of the powder samples were recorded with a LabRAM HR Raman
microscope with a laser excitation wavelength of 532 nm. ICP-MS analyses were
performed on a Thermo Scientific XSERIES 2. Samples were first calcined at 600 °C
for 2 h. The residues were dissolved in a concentrated HNOj, solution before
dilution to the 1-5 ppm level with ~2% acid for the measurement. AFM was carried
out with a Vecco IIIa Nanoscope in tapping mode.
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