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T
he application of nanostructured
carbonaceous materials exhibiting
high electrical conductivity, such as

graphitic carbon nanofibers,1,2 hollow car-

bon capsules,3 ordered porous carbons,4,5

graphenes,6 and fullerenes7,8 as support or

scaffold for catalysis, energy conversion,9

and energy storage10 has attracted consid-

erable interest. Their electrocatalytic per-
formance could be improved by their struc-

tural optimization.11�13 Dispersion of metal

catalysts, such as Pt or Pt�Ru alloy nano-

particles, on carbon scaffolds was reported

to be a particularly efficient strategy to this

end.3,4 Here we report the direct carboniza-
tion of self-assembledmultilayers of inverse

block copolymer (BCP) micelles loaded with

noble metal nanoparticles (NPs). The BCP

serves as soft template in the synthesis of

the NPs and, simultaneously, as carbon
source. Thus, metal/carbon hybrids, which
contain multilayers of dispersed metal nano-
particles in a carbon matrix, are obtained as
a novel type of electrode material. The
electrocatalytic performance of the metal/
carbon hybrids was evaluated using formic
acid oxidation and methanol oxidation as

model reactions.
BCPs self-assemble into nanoscopic do-

main structures14 and have been exploited
as soft templates in the generation of arrays
of inorganic nanoobjects.15�19 Moreover,

BCPs have gained increasing interest as a
carbon source.20�25 Recently, we generated
two-dimensional graphitic carbon films con-
taining incorporated metal nanoparticles
by direct carbonization of UV-light stabi-
lized polystyrene-block-poly(4-vinyl pyridine)
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ABSTRACT A synthetic strategy for the fabrication of graphitic

carbon nanomaterials containing highly dispersed arrays of metal

nanoparticles is reported. This synthetic strategy involves successive

deposition of inverse micelle monolayers containing a metal

precursor and reduction of the latter, followed by direct carboniza-

tion of the obtained multilayer structure of inverse micelles

containing metal nanoparticles. Thus, a “direct-carbonization”

concept, in which the block copolymer simultaneously serves as

soft template and as carbon source, was combined with a multilayer buildup protocol. The inner architecture of the multilayer structures consisting of

carbon and metal nanoparticles was studied by X-ray reflectivity, grazing incidence small-angle X-ray scattering, and cross-sectional transmission electron

microscopy imaging. The hexagonal near ordering of the metal nanoparticles in the block copolymer micelle multilayers was by and large conserved after

carbonization. The resulting carbon structures containing multilayers of highly dispersed metal nanoparticles exhibit superior electrocatalytic activity in

formic acid and methanol oxidation, suggesting that they are promising electrode materials for fuel cells.

KEYWORDS: metal/carbon hybrids . direct carbonization . electrodes . self-assembly . block copolymers
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(PS-b-P4VP) inverse micellar films.26,27 The self-as-
sembled nanoscopic structure of inverse BCP micelle
layers stabilized by cross-linking with UV light could be
conserved upon carbonization so that nanopatterned
carbon films were obtained.25,26 In this work, we pre-
pared multilayered metal/carbon hybrid nanostruc-
tures containing platinum (Pt)/ruthenium (Ru) alloy
NPs (Pt�Ru/carbon) or Pt NPs (Pt/carbon), as displayed
in Scheme 1, by combining a layer-by-layer deposition
process yielding self-ordered multilayer structures of
BCP inverse micelles containing dispersed metal NPs
with direct BCP carbonization. Homogeneous solutions
containing PS-b-P4VP and metal precursor (PtCl4
and/or RuCl3) were spin-coated onto solid substrates
so that layers of inverse BCP micelles formed (step 1).
The polar metal precursors segregated to the likewise
polar P4VP domains. The reverse BCP micelle layers
were stabilized by cross-linking with UV light, and

reduction of the metal precursors yielded metal NPs
in place of the P4VP domains (step 2). Repetition
of steps 1 and 2 resulted in the formation of inverse
BCP micelle multilayers loaded with metal (step 3).
Finally, direct carbonization of the BCP at 873 K
for 1 h under Ar atmosphere without addition of
further carbon sources yielded metal/carbon hybrid
nanostructures.

RESULTS AND DISCUSSION

Atomic force microscopy (AFM) revealed that the
quasi-hexagonal morphology of the reverse micellar
monolayers was conserved upon cross-linking with
UV light and reduction of the metal precursors even
after the fifth deposition step (Figure 1). The surface
roughness of metal/BCP samples slightly decreased
after each consecutive deposition cycle. However, the
changewasmarginal compared to the increase in total

Scheme 1. Schematic diagram of the fabrication process of the metal/carbon nanostructures.

Figure 1. Height contrast AFM images of the surfaces of (a) Pt�Ru/BCP1, (b) Pt�Ru/BCP3, (c) Pt�Ru/BCP5, and (d) the
carbonized counterpart of Pt�Ru/BCP5, Pt�Ru/carbon5. In the second row, height contrast AFM images of the surfaces of (e)
Pt/BCP1, (f) Pt/BCP3, (g) Pt/BCP5, and (h) Pt/carbon5, the carbonized counterpart of Pt/BCP5, are seen. The scale bars in the
images correspond to 500 nm.
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film thickness per deposition cycle, as verified by X-ray
reflectivity (XR) (see below) and AFM topography
measurements (Supporting Information, Figure S1
and Table S1). Figure 2 displays transmission electron
microscopy (TEM) images of Pt/BCP hybrid films
prior to carbonization containing one (Pt/BCP1), three
(Pt/BCP3), and five (Pt/BCP5) inverse micelle layers
as well as of the carbonized products Pt/carbon1,
Pt/carbon2, and Pt/carbon5. The Pt NPs of sample
Pt/BCP1 seen as dark spots in Figure 2a were arranged
in a hexagonal array, proving that their positions
corresponded to those of the P4VP/PtCl4 cores in the
inverse micelles prior to the reduction of the PtCl4.
Direct comparison of the morphologies of sample
Pt/BCP1 (Figure 2a) and its carbonized counterpart
(Figure 2d) revealed that local hexagonal ordering
was conserved upon carbonization. However, the di-
ameter of the dark spots marking the areas containing
Pt decreased from∼25 nm, (consistent with a previous
report28) to ∼15 nm, indicating that ripening in the
course of the high-temperature treatment converted
small Pt clusters dispersed throughout the P4VP do-
mains into single Pt NPs. The average center-to-center

distance between neighboring Pt NPs of sample
Pt/carbon1 amounted to ∼60 nm, as determined by
image analysis. TEM images of samples Pt�Ru/carbon1
and Pt�Ru/carbon5 are shown in Figure 3. The results
of high-resolution transmission electron microscopy
(HRTEM) of Pt-Ru alloy NPs (Figure 3a, inset) were
consistent with X-ray diffraction, which will be dis-
cussed later. Successive deposition of inverse BCP
micelle monolayers containing metal NPs led to in-
creasing numbers and higher apparent area densities
of the Pt or Pt�Ru NPs in top view TEM images
(Supporting Information, Figure S2 and Table S2).
The number of NPs that can be separated from the
brighter background (carbon) by thresholding in an
imaged area of 4.3 μm2 increases from 591 in Figure 2d
(sample Pt/carbon1) to 1116 in Figure 2e (sample
Pt/carbon3) to 2019 in Figure 2f (sample Pt/carbon5).
Thus, the apparent area densities of the Pt NPs in-
creased from 137 NPs/μm2 for sample Pt/carbon1 to
260 NPs/μm2 for sample Pt/carbon3 to 470 NPs/μm2

for sample Pt/carbon5. It should be noted that in
samples Pt/carbon3 and Pt/carbon5 individual NPs
located in different layers at laterally similar positions

Figure 2. Top view TEM images of samples (a) Pt/BCP1, (b) Pt/BCP3, and (c) Pt/BCP5, and of their carbonized counterparts
(d) Pt/carbon1, (e) Pt/carbon3, and (f) Pt/carbon5. The scale bars in the images correspond to 200 nm.

Figure 3. Top view TEM images of (a) Pt�Ru/carbon1 and (b) Pt�Ru/carbon5. The insets in panel a show a Pt-Ru NP (upper
inset) and a HRTEM image of a Pt-Ru NP (lower inset). The scale bars in the images correspond to 200 nm. The worm-like
features in panel a originate from the carbon coating in the preparation stage of the specimen.
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may not be separable in top view TEM images showing
two-dimensional projections of the three-dimensional
NPmultilayer structure. Hence, NPs located in different
layers at laterally similar positions may be counted as
single entities. In the imaged area of Figure 3b showing
sample Pt�Ru/carbon5, 1479 individual entities (344
NPs/μm2) corresponding to single NPs or NPs with
similar lateral position in different layers counted as
single entities could be identified.
X-ray reflectivity (XR) measurements of samples

Pt/BCP1 to Pt/BCP5 deposited onto Si substrates yielded
specular XR intensity profiles (Figure 4a). As detailed in
the experimental section, a critical wave vector transfer
Qz,c is given by 4π/λ 3 sin θc. The critical angle θc can be
approximated by θc ≈ (2δ)1/2, and λ is the wavelength
of the incident beam. The position of Qz,c is directly
correlated to the electron density Fel of the probed
sample. The dispersion, δ, which is the real part of the
index of refraction, is given by δ = λ2Felro/2π, where ro
is the classical electron radius (2.82 � 10�13 cm). Most
XR curves exhibited faint interference fringes, implying
a certain degree of surface roughness as the reflected
beams were significantly diffused out. The curve of
sample Pt/BCP1 showed a broad oscillation with a
period ΔQz indicating the presence of a monolayer of
inversemicelles. For samples Pt/BCPn (n= 2, 3, 4, and 5)
the frequencies of the oscillations became abruptly
narrower and were shifted to lower Qz values, indicat-
ing an increase in film thickness with increasing num-
ber of deposition cycles. A small dip below the critical
edge (Qz,c ≈ 0.03177 Å�1) of the Si substrate progres-
sively appeared (Figure 4a, inset). The dip became
more pronounced as the number of deposited
Pt/BCP layers increased, indicating the successive in-
crease in thickness of the inverse BCP micelle multi-
layer structures (that have lower electron density than
the Si substrate).

XR measurements of sample Pt/carbon5 revealed a
pronounced shift of the reflection intensity as com-
pared to the XR profiles of sample Pt/BCP5 (Figure 4b).
This outcome indicates significant densification and
smoothening in the course of carbonization, which is
accompanied by significant reduction in film thickness.
Film thickness values for samples Pt/BCPn (n = 2, 3, 4,
and 5) and Pt/carbon5 obtained by data fitting are
shown in the inset of Figure 4b. The repeated Pt/BCP
depositions resulted in stepwise, linear increase of the
film thickness. The thickness of the Pt/BCP1monolayers
was calculated to be about 9.8( 1 nm, which is slightly
thinner than the value expected for a 2-dimensional
micellar PS-b-P4VP monolayer. However, the inverse
micelle layer in direct contact with the Si substrate
might exhibit an asymmetrically deformed hemimicel-
lar structure. Although surface roughness was evident
in the case of thicker films (Pt/BCP2�4), systemically
varying higher frequencies of the Kiessig fringes and
the deepened critical edge for the polymer layers
correspond to a stepwise thickness increment of 24 (
2.6 nm. Carbonization of sample Pt/BCP5 with a thick-
ness of 95 ( 2 nm led to a significant decrease in
thickness to 18 ( 4 nm (Figure 4b) accompanied by a
drastic increase (∼14%) in electron density.
The internal structures of the metal/BCP and metal/

carbon multilayers were probed by two-dimensional
grazing incidence small-angle X-ray scattering (2D-GISAXS)
(see Supporting Information, Figure S3 for the scatter-
ing geometry). The in-plane component qy and the
out-of-plane component qz of the scattering vector
are correlated to structural features along the normal
to the plane of incidence (xz-plane or film plane) and
along the normal to the film surface, respectively.
Figure 5a shows 2D-GISAXS patterns of samples
Pt/BCP5 and Pt�Ru/BCP5 on Si substrates. For both
samples two in-plane scattering peaks were observed

Figure 4. (a) XR data of samples Pt/BCP1 (solid black circles), Pt/BCP2 (black open circles), Pt/BCP3 (red circles), Pt/BCP4
(green circles), and Pt/BCP5 (blue circles). The reflectivities were normalized by multiplying with Qz

4, and offset by a factor
of 10. Solid lines are fits obtained by the iteration of thickness and electron density. The inset shows reflectivity curves near
the critical edge without the normalization. (b) XR data of before and after the carbonization of Pt/PCB5. The arrow indicates
the pronounced increase in reflected intensity after the carbonization. The inset shows thickness (d) values obtained from
XR fits.
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near qz = 0 (Figure 5b). The first in-plane peak at low
qy designated by a thick arrow, qP* = 0.095 nm�1

(d = 66 nm), indicates that the spatial arrangement
of the metal-loaded cores of the inverse micelles is
characterized by pronounced near order. The broad
in-plane peak at high qy designated by a thin arrow,
qB* = 0.28 nm�1 (d = 22.4 nm), originates from the
internal structure of the inversemetal/BCPmicelles and
reflects the layer sequence PS shell-metal/PVP core-PS
shell. Figure 5c shows 2D-GISAXS patterns of samples
Pt/carbon5 and Pt�Ru/carbon5. As obvious from the
in-plane scattering intensity profile (Figure 5d), the
low-qy peak qP* = 0.095 nm�1 remained at the same
position as prior to the carbonization, indicating that
the spatial distribution of metal has remained unal-
tered. The striking disappearance of the high-qy peak
qB* can be interpreted as a signature of the complete
conversion of BCP into carbon during high temperature
treatment.
2D-GISAXS patterns of samples Pt/BCP5 and Pt�Ru/

BCP5 (Supporting Information, Figure S4) as well as of

samples Pt/carbon5 and Pt�Ru/carbon5 (Supporting
Information, Figure S5) on Si substrates weremeasured
at different incidence angles between 0.14� and 0.22�.
In all 2D-GISAXS patterns, that is, for any incidence
angle, the low-q in-plane scattering peak indicative of
near ordering of the metal NPs was found. Thus, the
uniform and near-ordered arrangement of the metal
NPs is also evident along the direction perpendicular
to the film plane before and after carbonization. This
outcome is in line with the cross-sectional TEM image
of a Pt/carbon10 film located on an Al substrate shown
in Figure 6. The Pt/carbon10 film contains condensed
spherical entities originating from the BCP micelles
that consist of Pt NPs surrounded by densified carbon.
As discussed above, carbonization of BCP inverse
micelle multilayers is accompanied by significant
volume shrinkage. The thickness of sample Pt/BCP10
apparent from the TEM image seen in Figure 6 was
∼20 nm. The preparation of the TEM specimen by
ultramicrotomy was accompanied by significant dis-
tortion of the Pt/BCP10 layer and the underlying Al

Figure 5. 2D-GISAXS patterns at an incidence angle of 0.2� to probe the internal film structure. (a) Pt/BCP5 (left) and Pt�Ru/
BCP5 (right); (c) Pt/carbon5 (left) and Pt�Ru/carbon5 (right) on Si substrates. The in-plane scattering intensity profiles seen in
panels b andd are line scans from the2D-GISAXSpatterns parallel to the y-axis (Supporting Information, Figure S3) takennear
qz = 0. To avoid overlapping, the in-plane scattering intensity profiles are vertically shifted by a factor of 5.

Figure 6. Cross-sectional TEM image of a Pt/carbon10 film deposited on an Al substrate.
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substrate. Since the thickness of one single carbonized
BCP inverse micelle monolayer was around 7 nm,25

and XR yielded a thickness of sample Pt/BCP5 of
18 ( 4 nm, we assume that the layer thickness of
carbonized BCP inverse micelle multilayers does not
linearly depend on the number of BCP inverse micelle
multilayers.
X-ray diffraction (Figure 7) of bulk Pt/carbon con-

firmed the presence of fcc Pt. A slight shift of the
characteristic reflections in the X-ray pattern of bulk
Pt�Ru/carbon to higher 2θ angles as compared to the
Pt/carbon pattern and the absence of the characteristic
peaks of metallic Ru indicate that bimetallic NPs con-
sisting of Pt�Ru alloy were obtained.29 The alloy
formation was further confirmed by X-ray photoelec-
tron spectroscopy (XPS) (Figure 8 and Supporting
Information, Table S3); as compared with Pt/carbon5,
the 4f binding energy of Pt�Ru/carbon5 was clearly
shifted to higher values. Energy-dispersive X-ray spec-
troscopy (EDS) revealed a Pt:Ru ratio of ∼75:25 in
Pt�Ru/carbon5 (Supporting Information, Figure S6).
The Raman spectra of bulk Pt�Ru/carbon and Pt/
carbon showD bands at about 1360 cm�1 andG bands

at about 1600 cm�1, indicating that partially graphitic
carbon was formed according to Ferrari-Robertson
scheme (Figure 9).30

The electrochemical properties of Pt�Ru/carbon5
and Pt/carbon5 were measured by cyclic voltammetry
(CV) in N2-saturated HClO4 solution (Figure 10a).
Both samples showed typical hydrogen adsorption/
desorption behavior. However, in the presence of Ru
the voltammetric profile is broader and less confined.
The potential of Pt�Ru/carbon5 and Pt/carbon5 as
electrodes in fuel cells was evaluated using oxidation
of formic acid and methanol as model reactions. CV
profiles of Pt�Ru/carbon5 and Pt/carbon5 for formic
acid oxidation are displayed in Figure 10b. The onset
potential of Pt�Ru/carbon was similar to that of
Pt/carbon and Pt�Ru alloy did not exhibit lower
peak potentials than Pt/carbon. The peak potential of
sample Pt/carbon5 was∼0.3 V (vs Ag/AgCl). Compared
with state-of-the-art Pt/carbon catalyst E-TEK,31 the
peak potential of Pt/carbon5 was shifted in positive
direction. However, it was similar or shifted in negative
direction compared with other homemade Pt/carbon
samples.32,33 For this reason, we compared the ratios
of the peak current densities of the first (If) and the

Figure 7. XRDpatterns of bulk Pt�Ru/carbon (top) andbulk
Pt/carbon (middle); at the bottom, calculated diffraction
patterns of fcc Pt (red lines, JCPDS no. 04-0802) and hcp Ru
(blue lines, JCPDS no. 06-0663) are displayed.

Figure 8. High resolution XPS spectra of Pt�Ru/carbon5 and Pt/carbon5: (a) Pt 4f region and (b) Ru 3d region.

Figure 9. Raman spectra of bulk Pt�Ru/carbon (top) and
bulk Pt/carbon (bottom).
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second anodic peak (Is) in forward scans If/Is as well as
the absolute peak current densities to comparatively
assess the electrocatalytic activities of the tested samples.
The anodic peak current density of Pt�Ru/carbon5 was
approximately four times higher than that of Pt/carbon5.
This outcome is in line with previous reports according
to which Pt�Ru shows electrocatalytic activity for formic
acid oxidation34�37 and introduction of Ru improves the
catalytic activity of Pt.36,37 The higher If/Is value of Pt�Ru/
carbon5 (If/Is = 1.23) as compared to that of Pt/carbon5
(If/Is = 0.736) implies that the presence of Ru enhances
the tolerance of the Pt�Ru/carbon5 against CO;32,33

formic acid is apparently directly oxidized to CO2 by
dehydrogenation, whereas dehydration of formic acid
producing carbon monoxide (CO) as intermediate
poisoning the catalyst is suppressed.32 The If/Is ratio
of a commercial Pt/carbon catalyst (E-TEK) calculated
for comparison is 0.18231 and, therefore, significantly
lower than the values obtained for Pt�Ru/carbon5 and
Pt/carbon5. We also found enhanced electrocatalytic
activity of Pt�Ru/carbon5 and Pt/carbon5 for metha-
nol oxidation (Figure 10c). As compared to Pt/carbon5,
the onset and peak potentials of Pt�Ru/carbon5 in the
forward sweep were enhanced and the anodic peak
current density of Pt�Ru/carbon5 was approximately
doubled. Most importantly, the If/Is ratio of Pt�Ru/
carbon5 (If/Is = 2.62) was markedly increased as
compared to the corresponding values of Pt/carbon5
(If/Is = 1.24) and of E-TEK catalyst (If/Is= 0.74).

This outcome can be explained by adsorbed hydroxyl

species (�OH) on Ru, which are formed as a result of

the dissociation of H2O. These hydroxyl species pro-

mote the oxidation process of methanol by transfer of

their oxygen to adjacent Pt atoms covered with carbo-

naceous residues, which in turn enhances conversion

of CO to CO2.
38,39 As the�OH species bind to Ru easier

than to Pt, the poisoning is effectively reduced on the

surface of Pt catalysts. Therefore, the electrocatalytic

oxidation of methanol can be improved if Pt and Ru

form an alloy.31 These results indicate that the new

type of metal/carbon nanohybrids reported here has

great potential for practical applications in fuel cell

electrodes.

CONCLUSIONS

In summary, a synthetic strategy for the fabrication
of advanced hybrid metal/carbon nanostructures con-
taining multilayers of dispersed metal nanoparticles in
a carbonmatrix was introduced. This synthetic strategy
involved the combination of layer-by-layer deposition
of inverse block copolymer micelles loaded with metal
precursor and direct carbonization of the block copoly-
mer. The block copolymer acted as template for the
spatial arrangement of the metal nanoparticles and at
the same time as carbon source. The self-ordered spatial
arrangement of the metal nanoparticles was conserved
during carbonization. The obtainedmetal/carbon nano-
hybrids containing dispersed noble metal nanoparticles

Figure 10. Cyclic voltammograms of metal/carbon5 films in N2-saturated aqueous solutions of (a) 0.1 M HClO4, (b) 0.2 M
HCOOH þ 0.1 M HClO4, and (c) 0.2 M CH3OH þ 0.1 M HClO4 at room temperature. Arrows in panels b and c indicate the
direction of forward scans. The scan rate was 50 mV s�1.
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showed distinct electrocatalytic activity in the oxidation
of formic acid and of methanol. By proper selection of
the metal precursors, a broad variety of metal/carbon

combinations shouldbeaccessible that couldbeutilized
in a broad range of energy storage and conversion
devices beyond fuel cells.

EXPERIMENTAL SECTION
Materials. All chemicals were used as receivedwithout further

treatment. Asymmetric poly(styrene-block-4-vinyl pyridine) di-
block copolymer (PS-b-P4VP, Mn,PS = 41.5 kg mol�1, Mn,P4VP =
17.5 kg mol�1, PDI = 1.07) was purchased from Polymer Source.
Platinum chloride (PtCl4), ruthenium chloride (RuCl3), sodium
borohydride (NaBH4), perchloric acid (HClO4), and formic acid
(HCOOH) were purchased from Sigma Aldrich.

Preparation of Multilayered Pt/Carbon and Pt�Ru/Carbon Electrocata-
lysts. Pt precursor or mixtures of equal amounts of Pt and Ru
precursors (molar ratio 1:1) in isopropyl alcohol (1 wt % of Pt
precursor or precursormixture)were added to solutions of PS-b-
P4VP in toluene (0.75 wt %) at a molar ratio of metal precursor/
vinyl pyridine block = 0.3 and stirred vigorously overnight.
Metal/BCP films were prepared on indium tin oxide glass or
on Si wafers by spin-coating at 2000 rpm for 60 s using a Spin-
1200D (Midas System Inc.) spin-coater and subsequent stabi-
lization by exposure to UV light with a wavelength of 254 nm
and a power of 25 W cm�2 (XX-15S; UVP, Inc.) for 1 h under
vacuum at room temperature. It is well-known that UV irradia-
tion leads to the formation of cross-links in PS as well as PxVP
homopolymers.25,40,41 To form Pt or Pt�Ru nanoparticles, the
precursor-loaded inverse micelle films were dipped into an
ethanolic NaBH4 solution (0.01 M) for 10 or 30 min followed
bywashing with ethanol. Experimental details of the fabrication
of hybrid carbon nanostructures by direct carbonization are
described elsewhere.26,27 The above procedures were repeated
to fabricate metal/BCP multilayer films. Subsequently, direct
carbonization of the metal-loaded PS-b-P4VP inverse micelle
films was carried out by putting the samples into a furnace
preheated to 873 K, heating them to this temperature for
1 h in Ar atmosphere, and removing them from the furnace
immediately after the heat treatment.

Morphological Analysis. Atomic force microscopy (AFM) of
metal/BCP andmetal/carbon films was performedwith a Digital
Instruments Dimension 3100 scanning force microscope in
the tapping mode. Top-view TEM images and EDS spectra
were obtained on a JEOL JSM-2100-F microscope at 100 kV.
The samples for TEM analysis were prepared according to the
method described in our previous study.42 Cross-sectional TEM
images were obtained as follows. Al substrates with a diameter
of 20.0 mm and a thickness of 0.5 mm (Goodfellow, purity
>99.999%)were at first electropolished at room temperature for
4 min at 25 V using a solution of 25 vol% of 60% HClO4 and
75 vol% ethanol. Then, 10 Pt/BCP layers were deposited onto
the electropolished Al substrates and carbonized as described
above. The Al substrates coated with Pt/BCP10 films were cut
into ultrathin slices along a direction perpendicular to the plane
of the Pt/BCP10 film using an ultramicrotome Leica UCT and a
diamond knife Diatome Ultra 3.0 mm (cutting edge angle 45�).
The cutting velocity was 1 mm/s. The slices were transferred
to TEM grids (300 mesh) coated with a holey carbon film and
investigated on a Zeiss EM902A TEM at 50 kV.

X-ray Reflectivity. To obtain thicknesses (d) and density in-
formation, XR measurements on Pt/BCP and Pt/carbon films
were performed using a D8 Advanced X-ray diffractometer
(Bruker AXS, Germany) equipped with a Cu KR source (λ =
1.5418 Å). A scintillation detector was combined with a slit with
a vertical gap of 0.6 mm.

A series of Pt/BCP samples was prepared on Si wafer pieces
with edge lengths of 1.5 cm� 1.5 cm. Since indices of refraction
depend on electron density, the indices of refraction of metal/
BCP filmswere sufficiently different from that of the Si substrate.
For example, at the incident energy of 8.05 keV of Cu KR
radiation, the calculated indices of refraction n = 1 � δ of Si,
polystyrene (PS), and Pt are nSi = 1 � 7.5972 � 10�6, nPS = 1 �
3.5579� 10�6 and nPt = 1� 51.893� 10�6, respectively, where

δ is the dispersion. As described above, δ linearly depends on
the electron density Fel; the reflected intensity at the interfaces
is sensitive to variations in Fel. If a reflectivity spectrum exhibits a
clear periodic oscillation with a period ΔQz, the film thickness
can readily be estimated fromΔQz according to d= 2π/ΔQz. The
recursive Parratt formalismwas used to fit themeasured data by
varying the dispersion, the layer thickness, d, and the interfacial
roughness of each layer.43�45

As seen in Figure 4a,b, XR spectra of Pt/BCP and Pt/carbon
films exhibit oscillations with very low amplitude, probably due
to the presence of rough surfaces. XR analysis then requires a
more vigorous analytic approach; to estimate the absolute
density and thickness of a thin film, critical edge regions were
carefully observed, as described below.

Essentially, Snell's law of refraction states that an index of
refraction n for X-rays crossing the interface between vacuum 1
and a medium 2, is given by

n1 cos θ1 ¼ n2 cos θ2 (1)

where θ1 and θ2 are the incident and the reflected angles,
respectively, at the interface. For X-ray radiation, the index of
refraction can be written as

n ¼ 1 � δ � iβ (2)

The dispersion δ and the absorption β are given by

δ ¼ λ2Felr0=(2π) and β ¼ μλ=(4π) (3)

where Fel is the electron density and r0 = 2.8 � 10�10 nm is the
classical electron radius. For incident angles smaller than
a critical minimum value θc, total external reflection of the
radiation will occur. Combining eqs 1�3, we can derive the
relationship between critical wave vector transfer, Qz,c, and
dispersion by Qz,c = 4π/λ(sin(θc)), where the critical angle is
given by θc ≈ (2δ)1/2. Therefore, the exact Qz positions of the
critical edges, where the total external reflection ended, are
a clear indication of the presence of the layers having the
corresponding dispersions (or the corresponding electron
densities). The calculated values for Qz,c at λ = 1.5418 Å for Si,
PS, and Pt are 0.03177, 0.02174, and 0.08303 Å�1, respectively.

The expanded reflectivity spectra (inset of Figure 4a) show
the intensity at low values of Qz obtained from samples Pt/
BCP1-5 deposited onto Si substrates. For the thinnest sample
Pt/BCP1, there is only a single critical edge at 0.03177 Å�1 which
belongs to the Si substrate, indicating that the presence of a
single layer of Pt/BCP1 is not sufficient to generate a critical
edge on the top of the Si substrate. A slight dip in intensity
progressively developed at Qz ≈ 0.024 Å�1, which should
correspond to the critical wave vector of BCP multilayers
containing Pt. The position of this dip at Qz,c ≈ 0.024 Å�1 is
slightly shifted to higher Qz,c values as compared to pure
PS-b-P4VP (Qz,c = 0.02174 Å�1), revealing that Pt atoms occupy
about 4 vol % in Pt/BCP hybrids. The increase in depth of the dip
at Qz,c ≈ 0.024 Å�1 associated with deposition of additional
metal-containing inverse micelle monolayers indicates an in-
crease in total layer thickness. Combining the faint oscillation
from thewhole spectrum and the development of the criticalQz

value from the successively deposited Pt/BCP layers, we could
estimate the thicknesses of the deposited layers.

Grazing Incidence Small-Angle X-ray Scattering (GISAXS). Two-di-
mensional (2D)-GISAXS experiments were conducted at 8-ID-E
beamlines of the Advanced Photon Source at Argonne National
Laboratory, USA, with a wavelength of 1.69 Å (Δλ/λ = 5� 10�5)
and a sample-to-detector distance of 2.2 m. The 2D-GISAXS
patterns were recorded by using a 2D detector (DECTRIS Ltd.,
Pilatus 1M) located at the end of a vacuum guide tube with an

A
RTIC

LE



JANG ET AL. VOL. 7 ’ NO. 2 ’ 1573–1582 ’ 2013

www.acsnano.org

1581

exposure time of 10 s. The scattering vector q* belonging to an
intensitymaximum is related to the corresponding d-spacing by
d = 2π/q*.

X-ray Diffraction and Raman Spectroscopy. Bulk Pt�Ru/carbon
and Pt/carbon samples for X-ray diffraction and Raman spec-
troscopy were prepared by evaporating the solvents from
Pt�Ru/BCP and Pt/BCP solutions, followed by cross-linking/
reduction/carbonization steps carried out in the same way
as in the case of the spin-coated film samples. XRD patterns
were obtained with a Rigaku Dmax2000 diffractometer using Ni
filtered Cu KR radiation (λ = 1.5418 Å). Room-temperature
micro-Raman scattering spectra were recorded using aMcPher-
son 207 spectrometer equippedwith a nitrogen-cooled charge-
couple device (CCD) array detector. Light with a wavelength of
488 nm emitted from a DPSS laser was focused to a spot∼1 μm
in diameter on the sample surface for 60 s using a microscope
objective lens (�100). The excitation laser power on the sample
surface was estimated to be 16.5 mW.

X-ray Photoelectron Spectroscopy (XPS). XPS measurements were
carried out using monochromatic Al KR-radiation (Thermo VG,
U.K. Al KR line: 1486.6 eV, 12 kV, 3 mA).

Electrochemical Tests. Cyclic voltammograms were measured
in a three-electrode system using a potentiostat (Autolab
PGSTAT302N, Eco Chemie) with platinum foil as counter elec-
trode and a Ag/AgCl reference electrode from�0.2 to 1.0 V at a
scan rate of 50 mV s�1 at room temperature. For the measure-
ments, Pt�Ru/carbon5 and Pt/carbon5 on ITO glasses were
used as working electrodes in N2-saturated aqueous solution of
0.1 M HClO4, or in N2-saturated mixtures of 0.2 M HCOOH and
0.1 M HClO4 or 0.2 M CH3OH and 0.1 M HClO4.
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