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A
dsorbate-induced faceting of sur-
faces is a form of self-assembly on
the nanometer scale that has been

studied for several decades.1�8 Faceting is a
thermodynamically driven but kinetically
limited process. Faceting of initially planar
surfaces is facilitated by the adsorption of
gases and metals that enhance the anisot-
ropy of the surface free energy.4,6,7 There
are extensive studies of faceting for gas/
metal systems,6,7,9�12 whereas there are
only a few investigations of faceting for
metal/metal systems.1,7,13�17 Faceted metal
surfaces have been utilized for probing
structural and size effects in catalytic reac-
tions18�20 and as nanotemplates for growth
of metallic nanoparticles.21,22

The hydrogen evolution reaction (HER) is
one of the most extensively studied electro-
chemical reactions.23�30 This reaction is of
increasing interest as a route to carbon-free
generation of H2 and has great promise for
use in the future for automobiles.25,28,29,31,32

Pt is commonly used as an electrocatalyst
for the HER. However, due to the high cost
and limited supply of Pt, considerable effort
has recently been devoted to the explora-
tion of new HER catalysts that minimize the
amount of Pt needed.28,29,32 Of particular
interest is the use of Pt monolayer (ML)
catalysts for theHER in order to substantially
reduce the Pt loading.28 For example, it was
found that the activity of a Pt ML supported
on planar tungsten carbide (WC) shows the
same HER activity as bulk Pt.28

Rhenium is mainly used in the aircraft
industry and in catalysts for petroleum
processing.33 Recently, Re has received in-
creasing attention due to its high reactivity
in many important catalytic reactions such

as selective reduction of NOx with NH3,
34

selective oxidation of methanol,35,36 thio-
phene hydrodesulfurization,37 and ammo-
nia synthesis38,39 where the reaction rate is
sensitive to the catalyst surface structure. In
the work presented here, we investigated
carbon-induced nanofaceting of a Re(1121)
single-crystal substrate as part of our larger
interest in the influence of carbon on the
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ABSTRACT

We report the first observation of carbon-induced nanofaceting of a Re single crystal and its

application in synthesizing a nanostructured model Pt electrocatalyst investigated using multiple

surface science techniques, including low-energy electron diffraction, Auger electron spectroscopy,

X-ray photoelectron spectroscopy, low-energy ion scattering, and scanning tunneling microscopy,

combined with electrochemical reaction measurements. Upon annealing in acetylene at 700 K

followed by annealing in vacuum at 1100 K, an initially planar Re(1121) surface becomes completely

faceted and coveredwith three-sided nanopyramids exposing (0111), (1011), and (1120) faces. Using

the faceted C/Re(1121) surface as a template, we have successfully fabricated a nanostructured Pt

monolayer (ML) electrocatalyst. The Pt ML supported on the C/Re nanotemplate exhibits higher

activity for the hydrogen evolution reaction than Pt(111). This is the first application of facetedmetal

surfaces as templates for synthesis of nanoscale model electrocatalyst with well-defined (facet)

surface structure and controlled (facet) size on the nanometer scale, illustrating the potential for

future studies of nanostructured bimetallic systems relevant to electrocatalytic reactions.

KEYWORDS: rhenium . faceting . carbon . platinum . nanostructure .
electrocatalysis
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surface structure of Re(1121). Such a study is of prac-
tical importance since carbon is one of the most
common impurities in metal-based heterogeneous
catalysts. This work is part of an ongoing study that
previously addressed O- and N-induced faceting of
Re(1121).7,21 We have now found that the presence of
surface carbon on Re(1121), if followed by annealing in
vacuum, causes faceting of Re(1121); that is, an initially
planar Re(1121) surface becomes “nanotextured” to
expose new crystal faces on the nanometer scale. The
faceted C/Re(1121) surface is then used as a nanotem-
plate to synthesize a Pt ML electrocatalyst, which can
serve as a nanoscale model Pt electrocatalyst to bridge
the gap between Pt single crystals and supported Pt
nanoparticles since a Pt monolayer supported on a
faceted C/Re(1121) substrate has a well-defined sur-
face structure and controlled facet size on the nano-
meter scale. We also demonstrate that a Pt ML sup-
ported on faceted C/Re(1121) exhibits higher activity
than a bulk Pt(111) surface for the HER.

RESULTS

Carbon-Induced Nanofaceting of Re(1121). Figure 1a shows
a LEED pattern at an incident electron energy (Ee)
of 60 eV from the clean Re(1121) surface. The sharp
spots with low background intensity indicate that the
surface is highly ordered. Furthermore, when Ee was
increased, all of the diffraction spots converged to-
ward the center of the LEED screen, indicating that
the surface was macroscopically planar. Upon dosing
C2H2 on clean Re(1121) at 700 K followed by annealing
in UHV at 1100 K, which leads to a C-covered surface
due to thermal decomposition of C2H2 on Re, the
LEED spots from the planar surface completely dis-
appeared and instead new LEED spots appeared
(Figure 1b). Moreover, these new diffraction spots

did not converge to the screen center butmoved toward
three distinct points marked by circles A, B, and C when
Ee increased (note: circles B and C are located just outside
of the LEED screen). The three fixed points are specular
beams from three different facets that are macroscopi-
cally tiltedwith respect to theplanar Re(1121) surface. The
LEED pattern from the faceted surface is a superposition
of the three sets of LEED patterns that originate from the
three tilted surface planes. The spots were less sharp
compared to those from the planar surface, which is due
to the small finite size of the facets. It is well-known that
the size of LEED spots changes with facet size, and the
bigger the facet size, the sharper the LEED spots.18,42 The
orientations of the three facets were determined as
(0111), (1011), and (1120) on the basis of the three
specular beam positions,21 where A is (1120) and B and
C are (0111) and (1011), respectively. Comparison of
simulated LEED patterns at several incident electron
energies with the corresponding LEED patterns observed
experimentally confirms this conclusion, and for example,
kinematical simulations of LEED patterns for the planar
(Figure 1a) and faceted (Figure 1b) surfaces are shown in
Figure 1c and Figure 1d, respectively.

Figure 2a shows a representative scanning tunnel-
ingmicroscopy (STM) image from a faceted C/Re(1121)
surface prepared by dosing 0.3 L of C2H2 at 700 K
followed by annealing at 1100 K for 1 min. The surface
was completely covered by three-sided pyramids, in
agreement with LEED measurements. The three-sided
pyramids shown in Figure 2a have a narrow size
distribution with an average side width of ∼10 nm,
which changes with annealing temperature. Figure 2b
shows a hard sphere model of a single pyramid of the
faceted surface.

Carbon-induced faceting has not been reported
previously on any Re surface. This has important
implications for Re-based heterogeneous catalysts that
operate under carbon-rich conditions since the struc-
ture of catalyst surfaces often affects their perfor-
mance. It should be noted that the C-induced
faceting of Re(1121) presented here occurs at low
carbon coverage (∼0.35 ML) as determined by
auger electron spectroscopy (AES). The exploration of
the possible formation of rhenium carbide at high

Figure 1. (a) LEED pattern at 60 eV from a clean Re(1121)
surface; (b) LEEDpattern at 60 eV froma faceted C/Re (1121)
surface prepared by dosing 0.3 L of C2H2 at 700 K followed
by annealing at 1100 K; (c) kinematical simulation of (a); and
(d) kinematical simulation of (b).

Figure 2. (a) STM image of a faceted C/Re(1121) surface
prepared by dosing 0.3 L of C2H2 at 700 K followed by
annealing at 1100 K; and (b) hard sphere model of a single
pyramid from the faceted C/Re(1121) surface.

A
RTIC

LE



YANG ET AL. VOL. 6 ’ NO. 2 ’ 1404–1409 ’ 2012

www.acsnano.org

1406

coverage and high annealing temperature is of interest
and will be the subject of future studies since it is
known that transition metal carbides have important
catalytic properties themselves.43 For our purposes
herein, faceted C/Re(1121) surfaces with a well-defined
facet structure and controlled facet size on the nano-
meter scale can serve well as a nanoscale model
catalyst or as a nanotemplate for synthesis of more
complex materials and structures.20

Pt Monolayer on Faceted C/Re(1121). The carbon-
induced faceted Re(1121) surface discussed above can
routinely be prepared in situ by annealing during C2H2

gas exposure. Using this C/Re surface as a template, a
nanoscale model electrocatalyst has been successfully
fabricated by evaporating a monolayer of Pt onto this
template at room temperature. The Pt coverage was
characterizedbyboth LEIS andXPS, as shown in Figure 3.
The LEIS spectrum in Figure 3a from the Pt ML on
faceted C/Re(1121) (blue curve) displays only a Pt peak
and a negligible Re peak, whereas the red curve shows
only a Re peak in the LEIS spectrum from the clean
Re(1121) surface. The Pt4f and Re4f core levels in XPS
from the Pt ML on faceted C/Re(1121) are shown in
Figure 3b. After this preparation, the Pt ML/C/Re(1121)

sample was transferred from the UHV chamber to an
electrochemical cell to test its catalytic activity for the
HER. Figure 4a shows polarization scans for the HER
using Re(1121), Pt(111), and PtML/C/Re(1121) samples,
which were performed in an Ar-purged 0.1 M HClO4

solution at room temperaturewith a scan rate of 2mV/s.
Figure 4b gives plots of the HER overpotentials as a
function of the logarithm of the exchange current
density to produce the corresponding set of Tafel
curves. Clearly, the activity of Re(1121) for the HER is
much lower than Pt(111) as evidenced by the large
overpotential. However, the Pt ML/C/Re(1121) sample
has a significantly improved activity with even better
performance than Pt(111). The exchange current (j0)
values for Pt ML/C/Re(1121) and Pt(111) are 6.30 �
10�4 and 3.98 � 10�4 A/cm2, respectively.

DISCUSSION

The enhanced HER activity of the Pt ML/C/Re(1121)
sample likely has its origin in the electronic structure of
the Pt film. When a metal monolayer (ML) resides on
the surface of another metal, the d-band center of the
overlayer metal typically changes. The energy position
of the d-band center of the metal monolayer depends
upon the relative electronegativities of the monolayer
and substrate metals and affects the binding energy
of both atomic and molecular adsorbates.44�46 In
studies of the oxygen reduction reaction (ORR), an

Figure 3. Surface characterization of a Pt monolayer sup-
portedon the facetedC/Re(1121) surfaceby LEIS (a) andXPS
(b). In (a), the red curve was taken from a clean Re(1121)
surface; LEIS conditions were 4.5 keV Arþ, 3.0 nA.

Figure 4. (a) HER polarization curves of (1) Re(1121), (2)
Pt(111), and (3) Pt ML supported on faceted C/Re(1121), in
Ar-purged 0.1 M HClO4; and (b) corresponding Tafel plots
for the data in (a). The scan rate in the polarizationmeasure-
ments was 2 mV/s.

A
RTIC

LE



YANG ET AL. VOL. 6 ’ NO. 2 ’ 1404–1409 ’ 2012

www.acsnano.org

1407

electrochemical reaction occurring at the cathode
electrode, a volcano-type dependence of the reaction
rate on the center of the d-bands is observed for
Pt MLs on different metal substrates.47 The Pt mono-
layer on Pd(111) is at the top of the volcano curve with
higher ORR activity than both Pt(111) and Pt MLs on
other single-crystal metals.47 Similar volcano type of
relationships exists between the hydrogen binding
energy (HBE) and HER exchange current density. Such
volcano curves are consistent with Pt being the most
efficient electrocatalyst for the HER.31 Greeley et al.

have found that for a PdML on Pt/Ru, which has a HBE
value located at the center of the volcano curve, a
higher HER exchange current density is found com-
pared to pure Pt and Pd MLs on other metal sub-
strates.25 Recently, Esposito and co-workers have
shown that a Pt ML on WC has an HBE that is similar
to that on Pt(111) and thus shows HER activity com-
parable to that of the single-crystal platinum
surface.28 Therefore, the much lower HER activity of
Re(1121) compared to Pt(111) is most likely due to the
much stronger HBE on Re(1121) than on Pt(111).31 The
origin of higher HER activity of Pt ML/C/Re(1121) than
Pt(111) may be due to a substantially reduced HBE on
Pt ML/C/Re(1121) compared to that on Re(1121). One
might expect this to be affected by the amount of
carbon, and density functional theory (DFT) calcula-
tions of the HBE on Pt-ML/C/Re(1121) with different
carbon concentrations would provide insight into the
origin of the enhanced HER activity of Pt-ML/C/
Re(1121) surfaces.
Faceting is well-known to affect the chemical activity

of a surface. Using Monte Carlo simulations, Persson
et al. investigated the interplay between reactions
occurring on adjacent facets of nanometer-sized sup-
ported catalyst particles.48 These results indicate that
the reaction kinetics on faceted nanocrystals can be
remarkably different from those on single-crystal sur-
faces due to nontrivial coupling of the kinetics on the
individual facets. Earlier experimental studies of acet-
ylene reactions on planar Pd/W(111) and faceted Pd/
W(111) surfaces with varying facet sizes, as well as on
a planar Pd/W(211) surface, revealed the important
effects of geometric structure and finite size at the

nanometer scale on reactions.49 Notably, unlike the
faceted W(111) surface induced by Pd, which consists
of three-sided pyramidal facets having only {211}
faces,50 the Pt ML on faceted C/Re(1121) has facets
with two different kinds of faces (two {01�11} faces
and one (1120) face). The presence of two faces on the
nanometer scale may make it more difficult to explain
the effects on the HER due to kinetic competition and
finite size effects.51

LEIS studies revealed that when faceting of ametal/
metal system occurs, the overlayer metal is thermally
stable and “floats” on the outer surface of the faceted
substrate.52 A good example is Pt-induced faceting of
W(111) and Mo(111).52,53 However, no evidence was
found for Pt-induced faceting of Re(1231), another
atomically rough Re surface.54 This may be attributed
to intermixing between Pt and Re, which was ob-
served by synchrotron-based high-resolution photo-
emission spectroscopy (HRPES) (unpublished data).
Therefore, Pt-induced faceting of Re(1121) under our
experimental conditions is unlikely. A detailed spec-
troscopic and microscopic characterization of the Pt
monolayer on faceted C/Re(1121) surfaces as a func-
tion of carbon coverage will be the subject of future
studies to elucidate the role of carbon in stabilizing
the Pt monolayer on faceted C/Re(1121) substrates.

CONCLUSION

We report our observations of carbon-induced nano-
faceting of Re(1121), which is unprecedented on a
rhenium surface. Dosing C2H2 on Re(1121) at 700 K
followed by annealing at 1100 K causes faceting of
Re(1121) to form three-sided nanopyramids exposing
(0111), (1011), and (1120) faces. Using the faceted C/
Re(1121) substrate as a nanotemplate, we have suc-
cessfully synthesized nanoscale model electrocatalysts
composed of one monolayer of Pt supported on this
surface. The Pt ML on the faceted C/Re(1121) surface
exhibited higher activity for HER than Pt(111). This is
the first report on the application of a faceted metal
surface as a template for synthesis of nanoscale model
Pt electrocatalysts with well-defined facet surface
structure and controlled facet size on the nanometer
scale.

EXPERIMENTS
The experimentswere conducted in either one or the other of

two ultrahigh vacuum (UHV) chambers with base pressures of
2� 10�10 Torr.40,41 The same Re(1121) and Pt(111) crystals were
used for all experiments. A Re(1121) crystal was used to prepare
both a clean planar Re(1121) surface and a C-covered, faceted
Re(1121) surface. Clean planar Re(1121) was prepared by cycles
of sputtering (1 keV Arþ, 5 � 10�6 Torr, 0.4 μA, 5 min) and
annealing (1100 K, 2 min). Small oxygen exposures (5 � 10�9

Torr, 1 min) on the sample were also needed to remove surface
carbon. A C-covered, faceted Re(1121) surface was generated
by dosing acetylene (C2H2) on the surface at 700 K followed by

annealing at 1100 K. The clean Pt(111) surface was also pre-
pared by cycles of sputtering (1 keV Arþ, 5 � 10�6 Torr, 0.4 μA,
5 min) and annealing (1100 K, 2 min). AES was used to verify the
surface cleanliness and the surface carbon coverage. Low-
energy electron diffraction (LEED) and scanning tunneling
microscopy (STM) were used to monitor the surface structure.
Pt was deposited on C-covered faceted Re(1121) by physical
vapor deposition, and the presence and coverage of surface Pt
were characterized by low-energy ion scattering (LEIS) and
X-ray photoelectron spectroscopy (XPS). C2H2 (99.96% purity,
Matheson) was purified by passing it through a dry ice/acetone
cold trap. Research-purityO2wasusedwithout further purification.
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All dosing was carried out by backfilling the chambers. All gas
exposures are given in Langmuirs (1 Langmuir = 1� 10�6 Torr 3 s)
and are uncorrected for ion gauge sensitivities.
After surface preparation in the UHV chamber, the crystal was

transferred to an electrochemical cell for electrochemical
analysis.40,41 Quick transfer of the sample between the main
UHV chamber and the electrochemical cell was accomplished
with the aid of a small high-pressure antechamber/load lock
attached directly to the UHV chamber. Before sample transfer,
this antechamber was filled with high-purity N2 (99.998%
purity, Airgas) to a pressure of 1.5 atm and a small flow of
N2 gas was maintained during sample transfer. The UHV-
prepared Pt monolayer supported on the faceted C/Re(1121)
substrate, denoted as Pt ML/C/Re(1121), was protected by
placing a droplet of high-purity water (HPLC grade, Fisher)
on the surface immediately after opening the port to the
antechamber and then immediately transferred into an elec-
trochemical cell and immersed in a 0.1 M HClO4 solution for
electrochemical measurements. Here, 1 ML refers to one
physical ML that is defined as the coverage needed to shadow
all substrate atoms. One physical ML on Re(0111) or Re(1011) = 2
geometrical MLs = 1.43 � 1015 atoms/cm2; 1 physical ML on
Re(1120) = 2 geometrical MLs = 1.88 � 1015 atoms/cm2; 1
physical ML on Re(1121) = 4 geometrical MLs = 1.79 � 1015

atoms/cm2. However, if we consider a three-sided pyramid
covered by one physical ML of Pt on all of the three facets,
the density of Pt per projected unit area on (1121) is the same as
1 physical ML on planar Re(1121). A hanging meniscus rotating
disk technique was used and the height of the meniscus was
carefully controlled to prevent wetting the side of the crystal.
A standard three-electrode electrochemical cell with a Pt wire
counter electrode and a hydrogen reference electrode was used.
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