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Nanostructured high-surface-area carbon materials are ubiq-
uitous in many applications, including catalysis, energy
storage, and separations.[1–3] As supports for catalytic nano-
particles, nanostructured carbons can provide conductive
substrates with high surface areas and excellent dispersion
characteristics, which are important both for optimizing the
synergistic nanoparticle–support interactions and for max-
imizing the mass activity of expensive precious metal
catalysts.[4,5] This is particularly important for platinum-
based nanoparticle catalysts, the benchmark electrocatalysts
for proton-exchange-membrane fuel cells (PEMFC) that
facilitate hydrogen oxidation at the anode and the oxygen
reduction reaction (ORR) at the cathode.[6] The ORR is
critically important for fuel-cell applications because it is the
reaction that prevents maximum efficiency from being
realized.[7] General strategies for improving ORR catalysis
focus on increasing the accessible surface area of the catalyst
and enhancing activity by size reduction, nanostructure
control, and alloying.[8–10]

Herein, we describe a significant improvement in appar-
ent platinum mass activity for the ORR in 0.5m H2SO4 by
anchoring platinum nanoparticles (PtNPs) onto a new type of
nano-engineered carbon support: monodisperse spherical
nanoshells of graphitic carbon that are intermediate in size
between C60 and most other hollow graphitic nanomaterials.
Nanostructured carbon materials are often prepared by
carbon replication of sacrificial colloidal and porous tem-
plates,[1, 2,11] chemical leaching of metals from metal car-
bides,[12] pyrolysis of carbon-rich organic materials,[1] and a
variety of other methods.[13] For all of these methods, high-
temperature (> 600 8C) processing is typically required to
produce graphitic carbon.[12]

Our approach to graphitic carbon nanoshells, shown
schematically in Figure 1, is inspired by carbide-derived
carbons (CDCs), which are formed by high-temperature/
high-pressure extraction of non-carbon elements from metal
carbides.[12] For example, silicon and titanium can be leached

from SiC and TiC, respectively, using chlorine gas. The
leaching process introduces large numbers of micropores and
mesopores, which result in high surface areas. However, the
high temperatures and large particle sizes make it difficult to
exploit CDCs as highly-dispersible supports for catalytic
nanoparticles. Our nanostructure design strategy (Figure 1)
yields highly dispersible uniform nanoshells of graphitic
carbon with high surface areas by synergistically merging
several important materials capabilities from colloidal nano-
science and solid-state chemistry. Recent reports have
described the synthesis of nanocrystalline Ni3C

[14] and NPs
of the hcp allotrope of nickel,[15] both of which have similar
XRD patterns. The product of a reaction claimed to yield
near-monodisperse particles of hcp Ni,[15] when heated,
behaves as would be expected for Ni3C, decomposing at
about 420 8C.[16] In nanoparticle form, this decomposition
results in phase separation to generate a nickel core
surrounded by a carbon shell. Transition metals are known
to catalyze the low-temperature graphitization of carbon,[17]

which leads to a graphitic carbon shell. Finally, nickel metal is
readily soluble in HNO3, so it can be removed to leave behind
uniform colloidal shells of graphitic carbon that were
templated by the Ni3C NP precursors.

Powder XRD data (Figure 2) confirms the formation of
Ni3C NPs, which serve as the precursor to the hollow carbon
shells. (Our ability to extract carbon from this phase, which
has previously been attributed to hcp Ni,[15] provides further
evidence that it is most likely Ni3C and not the metastable hcp
allotrope of nickel.) Figure 3a shows a TEM image of the
colloidal Ni3C NPs, which are (19� 3 nm) in diameter. A
high-resolution TEM (HRTEM) image of a phase-separated
nickel-core carbon-shell (Ni@C) particle formed after heating
to 450 8C under argon is shown in Figure 3 b. The nickel core
exhibits lattice fringes of 2.0 �, which correspond to the (111)
plane of fcc Ni. The carbon shell, which has a thickness that

Figure 1. Multistep reaction pathway for synthesizing hollow carbon
shells and Pt/C shell catalysts using Ni3C nanoparticle precursors.
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ranges from 2.5–3.5 nm, is graphitic, with the (002) basal
planes clearly evident in the HRTEM image (Figure 3 d).

Figure 3c shows a representative TEM image of the final
carbon shells after the nickel core has been etched. The
carbon shells are spherical and uniform with diameters of
about 20 nm, which is consistent with the size of the Ni3C NP
precursors. A HRTEM image (Figure 3 d) confirms the
graphitic nature of the hollow carbon shells, along with
disordered regions. The HRTEM image also indicates that the
thickness of the carbon shells remains close to 2.5 nm, which
is consistent with an average thickness of seven graphite
layers. Compared to other hollow carbon nanostructures that
have been made previously (primarily by pyrolysis routes),[18]

these carbide-derived carbon shells tend to be smaller, more
dispersible, and significantly more uniform in size and
morphology.

The powder XRD pattern of the carbon shells (Figure 2)
shows only broad peaks that are attributable to graphite. No
nickel peaks are observed by XRD, and nickel is also not
observed in EDS data. Nitrogen adsorption measurements of
the carbon shells indicate Brunauer–Emmett–Teller (BET)
surface areas[19] that range from 525–600 m2 g�1, which is
consistent with other highly porous carbon materials. The N2

adsorption/desorption analysis (Supporting Information, Fig-
ure S1) reveals a type IV isotherm that indicates mesoporos-
ity, although micropores are also present. The Barret–Joyner–
Halenda (BJH) pore volume[20] (mesopores) is 0.8–
0.9 cm3 g�1. The mesopore size distribution is broad, with a
maximum centered around 2.5 nm. Analysis using the Hor-
vath–Kawazoe (HK) method[21] indicates micropores of
approximately 0.8 nm.

PtNPs were anchored onto the carbon shell substrates at a
loading of 5 wt % Pt by the polyol-mediated reduction of
K2[PtCl6].[22] Powder XRD data for this sample (Figure 2)
matches that expected for a mixture of graphite and nano-
crystalline platinum. Scherrer analysis of the XRD data
indicates a particle size of approximately 6 nm. This is
consistent with the particle size observed by TEM, which
was about 2–6 nm. For comparison, PtNPs were anchored in
an analogous way to a commercially available Vulcan XC-72
carbon support, and the size, dispersity, and loading were
identical, within the limits of detection (Figure 2 and
Figure 3). TEM images for both samples (polyol–Pt-on-C-
shells and polyol-Pt-on-Vulcan XC-72), along with commer-
cial ETEK Pt/Vulcan (20% Pt, 3–4 nm PtNPs), are shown in
Figure 3. Each sample contained PtNPs of approximately the
same size. (For a HRTEM image of the Pt/C shell sample, see
the Supporting Information, Figure S2.)

Electrochemical hydrogen absorption–desorption and
oxygen reduction mass activity for 5 % Pt/C shells, 5% Pt/
Vulcan, and ETEK 20% Pt/Vulcan were measured with the
powders adhered to a glassy-carbon rotating-disc electrode.
The hydrogen adsorption–desorption data obtained by cyclic
voltammetry (CV) in nitrogen-purged 0.5m H2SO4 show a
very high capacitance for the carbon nanoshells containing
5 wt % Pt (Supporting Information, Figure S3). The high
capacitance of the Pt/C shell catalysts, which has been
observed previously for other high-surface-area carbon
materials,[2, 3] masked detailed hydrogen adsorption–desorp-

Figure 2. Powder XRD patterns for a) Ni3C nanoparticle precursor (as-
synthesized) and the carbon-shell products, and b) polyol-deposited
5 wt% Pt/C shell and 5 wt% Pt/Vulcan supported nanoparticle cata-
lysts. Simulated XRD patterns for Ni3C, graphite, and platinum are
shown for comparison.

Figure 3. TEM images of a) as-prepared Ni3C nanoparticles, b) Ni@C
produced by thermally-induced phase segregation of the Ni3C particles,
c,d) uniform hollow carbon shells produced by acid leaching of nckel
from Ni@C, (e) polyol-deposited 5 wt% Pt/C shell, f) polyol-deposited
5 wt% Pt/Vulcan, and g) commercial ETEK 20 % Pt/Vulcan. The
HRTEM images in (b) and (d) show the predominant graphitic charac-
ter of the carbon shells.
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tion features, which are evident for the ETEK 20% Pt/Vulcan
control catalyst and for polyol-deposited Pt/Vulcan. The high
capacitance measured in CV experiments is likely to be a
result of the high surface area of the carbon nanoshells.

The apparent mass activity of the 5% Pt/C shell catalysts
as measured in 0.5m H2SO4 with air sparging was approx-
imately 6 mA per mg Pt at 0.6 V versus Ag/AgCl. This
apparent mass activity is more than twice that of the ETEK
20% Pt/Vulcan control sample (Figure 4). The results for the

ETEK control sample agree with previous studies of platinum
catalysts in air-sparged H2SO4.

[23] The apparent mass activity
of the 5% Pt/C shells was also greater than that for polyol-
deposited 5% Pt/Vulcan. The similar sizes for the E-TEK
catalyst and polyol-deposited 5 % Pt/Vulcan are consistent
with these catalysts having similar intrinsic mass activities.
The size of the PtNPs on the carbon shells is not significantly
different than for those on Vulcan carbon. However, the high
surface area of the shells and high PtNP dispersion on the
carbon shell support appears to increase the apparent
platinum mass activity in the rotating disk experiments.

In conclusion, we have designed and demonstrated a
multistep template-based strategy for generating circa 20 nm
graphitic carbon shells that are uniform in both size and
shape. These novel shells can serve as high-surface-area
carbon supports for highly-dispersed Pt NP catalysts, resulting
in apparent platinum mass activities for the ORR in 0.5m
H2SO4 that are more than twice that of comparable commer-
cial and control catalysts. Given the prevalence of nano-
structured carbon materials in many other applications, these
carbon shells also have the potential to be generally useful for
improving properties and performance in areas beyond
catalysis, such as energy storage, environmental remediation,
and biomedical detection and analysis.

Experimental Section
Synthesis of Ni3C: Nickel 2,4-pentanedionate (256 mg, 95%, Alfa
Aesar) was dissolved in a mixture of 1-octadecene (8.5 mL, 90%,
Alfa Aesar), oleylamine (1 mL, min. 40 %, TCI America), and
trioctylphosphine (0.5 mL, 90%, Aldrich) in a 100 mL three-neck

round-bottom flask equipped with a condenser, thermometer, and
magnetic stir bar. The mixture was heated by mantle to 120 8C while
periodically evacuating under vacuum and backfilling with argon,
then heated to 240 8C under argon and held at that temperature for
1 h. The flask was removed from the heat and allowed to cool to room
temperature. An excess of methanol/cyclohexane (3:1) was added,
and the nickel nanoparticle product was collected by centrifugation
and dried under ambient conditions. This procedure yields 20–30 mg
of Ni3C, but the reagents can be scaled up appropriately to yield 2–3 g
with no observable change in particle size or dispersity.

Synthesis of Ni@C: Finely ground Ni3C powder was placed in a
ceramic boat in a quartz tube and heated in an argon-filled tube
furnace by raising the temperature to 450 8C over 2.5 h and holding at
that temperature for 15 min, followed by cooling under ambient
conditions to room temperature.

Synthesis of carbon shells: The Ni@C product was placed in a
40 mL scintillation vial with a magnetic stir bar, and while slowly
stirring, 10 mL of concentrated HNO3 was added very slowly.
(Caution: this reaction rapidly liberates hazardous gas and heat,
and must be performed slowly, in a fume hood, and with appropriate
safety precautions). Instead of concentrated HNO3, 0.5m HNO3 can
also be used, along with a longer reaction time. After the acid was
added, the reaction was allowed to proceed for 1–2 h. The carbon
shells were then collected by centrifugation, washed several times
with water until the pH of the supernatant was neutral, and finally
washed with ethanol.

Synthesis of Pt/C-shells and Pt/Vulcan: Ethylene glycol (10 mL,
J.T. Baker) and potassium hexachloroplatinate(IV) (5.7 mg, Alfa
Aesar) were placed in a 50 mL Schlenk flask with a magnetic stir bar.
The mixture was sonicated for 5 min, placed in a 60 8C oil bath with
stirring, and heated with periodic vacuum and argon backfilling cycles
until the platinum salt had dissolved (ca. 1 h). The flask was removed
from the oil bath and carbon shells (ca. 40 mg) were added to the
solution. The flask was returned to the oil bath, which was heated to
110 8C and held for 1 h. After cooling to room temperature, the
product was collected by centrifugation and washed with acetone. Pt/
Vulcan was made in an analogous manner, except that about 40 mg of
MISC Milled Vulcan XC-72 Carbon (E-TEK) was used instead of the
C-Shells.

For materials characterization and catalytic testing, see the
Supporting Information.
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