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ABSTRACT: The stability of Cu, Ag, Au, Ni, Pd, and Pt nanowires supported on
graphite steps is investigated by density functional theory. Two step borders are
examined: armchair and zigzag. It was found that the Ni, Pd, and Pt wires are
more stable than coinage metal ones and that the zigzag configuration is the most
energetically favored. The adsorption of hydrogen on such systems is also studied.
In Ni, Pd, and Pt graphite-supported wires the reaction occurs on the wire, while
in coinage metal wires hydrogen adsorbs directly on graphite steps, breaking the
bond between wire and step. Our results suggest that, in early stages of wire
formation, hydrogen adsorption could induce the desorption of coinage metals
from graphite. The catalytic properties for hydrogen adsorption on graphite-
supported and freestanding nanowires are also compared.

■ INTRODUCTION

Metal nanowires have many applications in nanotechnology: as
chemical sensors,1−6 for nanoelectronics, as superstrong and
tough composites, in functional nanostructured materials, and
for novel probe microscopy tips.7 From the electrochemical
point of view, these wires are interesting due to their unique
electronic structure: the density of states (DOS) of nanowires
shows substantial d band upshifts in comparison with the DOS
of fcc(111) surfaces, particularly for Cu and Au. As predicted by
the d band model,8,9 these upshifts make Cu and Au wires
excellent catalysts for the hydrogen evolution reaction
(HER).10

However, in order to be used as catalysts in real devices, such
wires need to be supported on inert substrates. Promising
systems are wires adsorbed at the edge of graphite steps, which
are obtained by electrochemical step edge decoration.11 These so-
called graphite-supported wires (GSWs) are stable even above
600 K.12,13 In such structures, graphite steps are first oxidized,
then metal clusters nucleate at the steps, and finally, these
particles grow to coalescence into continuous metal wires.
Another possibility is to support the wires on graphene,

which are isolated graphite single layers. Several experimental
techniques are given in the references for fabricating such
structures, among which we mention lithographic patter-
ing,14−17 sonochemical methods,18,19 and carbon nanotube
unzipping by metallic nanoparticles.20−25 Graphene itself
exhibits interesting optical, thermal, mechanical, and electronic
properties,26−28 such as high electron mobility at room
temperature and a band gap between 0.5 and 3.0 eV depending
on the graphene width. For an extended review on graphene,
we recommend Acik and Chabal.29 Concerning the chemical
reactivity of both graphite and graphene, it is clear that the

edges are more reactive than the perfectly bonded sp carbon
atoms in the basal plane. In fact, it was found that atomic layer
deposition of metal oxide occurs only if the pristine graphene
surface is functionalized or presents dangling bonds.30 Similarly,
experiments and theory show that there is no electron-induced
interaction between Cr clusters and pristine graphene.31

A major challenge in the fabrication of these devices is to
control the structure and functionalization at the edges. Details
concerning the structure of the nucleation seeds are difficult to
explore, given the large diversity of possible configurations. The
systematic exploration of several structures by means of density
functional theory helps in selecting those configurations of
relative importance as well as in eliminating those with
energetic instability. Thus, even if the most stable structure is
not found, this theoretical study restricts the search, guiding the
work of experimentalists.
We shall treat here the hypothetical scenario of direct bond

formation between the metal and the graphite step. This has
been experimentally observed for the case of Cr at the zigzag
edges of graphene.31 We leave the cases of oxygen structures for
a future study. In a previous work we have investigated Pt and
Au wires at the zigzag edge of graphite sheets.32 In this work we
extend our study to six metals (Ni, Pd, Pt, Cu, Ag, and Au)
forming wires at the two stable graphite step edges: zigzag and
armchair steps (see Figures 1 and 2). The catalytic properties
for hydrogen oxidation are also investigated.
We shall also compare these results with those of the

freestanding wires, which are promising catalysts. The stability
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of supported wires at high temperatures suggests a strong
graphite−wire interaction. If that is the case, is graphite only a
supporting media for the nanowires or does it modify their
unique chemical properties?
This work is organized as follows: First the metal−step bond

is studied and discussed in detail. Then the affinity of hydrogen
to the wire and to the graphite step (leading in some cases to
wire desorption) is compared. Later, the kinetics of hydrogen
adsorption and oxidation in an electrochemical environment
are explored. Finally, the results of this work are summarized in
the Conclusions.

■ RESULTS
Characterization and Stability. As one can observe in

Figure 1, the distances from the metal atoms to the step are the
same for the zigzag edges. In contrast, for the armchair case,
there are two nonequivalent metal atoms. One is surrounded by
four nearest neighbors, and is strongly adsorbed to the step
(Ms). The other is surrounded by two nearest neighbors, and is
weakly adsorbed to the step (Mw). The corresponding
distances are dGMw

and dGMs
. The graphite−wire distances for

zizag (dGM) and armchair (dGMs
and dGMw

) GSWs are depicted
in Figure 2 and summarized in Table 1. The step of armchair
GSWs is perfectly planar, while the metal wires at zigzag GSWs
show a corrugation along the z axis forming an angle θ as
indicated in Figure 2. Since the metal atoms in the armchair-
supported wires are not all equivalent, a similar corrugation is
observed in the xy plane.
Due to the graphite lattice, the closest metal−metal distance

(dMM) of zigzag GSWs is 2.46 Å, which corresponds to a

noncorrugated wire. If dMM of bare wires is smaller than this
value, the corresponding supported wires will have no
corrugation; otherwise, the bigger dMM of the bare wires is,
the more corrugated will be the supported wire (θ < 180°).
The configuration of metal wires at the zigzag edges is in

agreement with experimental and theoretical results of Wang et
al.31 The authors also found that, for small Cr and Pt clusters,
there is a tendency to assemble in line instead of in
configurations of larger dimensions.
The binding energy between graphite and wire (Eb) for

armchair and zigzag is calculated according to eq 1:

= + −E E E E m( )/b G NW GSW (1)

where EGSW, EG, and ENW are the energies of the graphite-
supported wire, the bare graphite, and the bare wire,
respectively, and m is the number of wire atoms. Thus, the
larger Eb is, the stronger the metal−step bond will be. In order
to better distinguish the energetics of diverse configurations at
the armchair steps, for the strongly and the weakly adsorbed
metal atoms (Ms and Mw) the following binding energies were
defined.

= + −E E E E(M )b1 s G NW GMs (2)

= + −E E E E(M )b1 w G NW GMw (3)

= + −E E E E(M )b2 w GM NW GSWs (4)

EG is the energy of the bare graphite step, ENW is the energy
of the relaxed isolated wire, EGMs

is the energy of the step with

only the strongly adsorbed metal, EGMw
is the energy of the step

with only the weakly adsorbed metal, and EGSW is the energy of
the whole graphite-supported wire (with both Ms and Mw).
Equations 2 and 3 correspond to the energy gain of taking one
atom from the nanowire and binding it to the step at Ms and
Mw, respectively. Equation 4 is the energy gain of taking one
atom from the nanowire and binding it to a step in which Ms is
already adsorbed. All these binding energies are given in Table
2.

Figure 1. Lateral unit cell of zigzag and armchair graphite-supported
wires. The lateral unit cell is sketched with black plain lines.

Figure 2. Relevant distances and angles of armchair and zigzag GSWs.

Table 1. Values of Distances and Angles Shown in Figure 2a

Ni Pd Pt Cu Ag Au

dGM(zz) [Å] 1.80 1.97 1.94 1.92 2.14 2.08
dGMs

(arm) [Å] 1.93 2.06 2.07 1.96 2.13 2.10

dGMw
(arm) [Å] 2.03 3.05 3.05 2.30 3.38 3.29

dMM(NW) [Å] 2.13 2.50 2.39 2.32 2.64 2.61
θ(zz) [deg] 180 145 151 180 132 134
θ(arm) [deg] 180 180 180 180 180 180

aThe wire−bond distance (dMM) is compared with that of bare wires
(NWs). “zz” corresponds to zigzag and “arm” to armchair.

Table 2. Binding Energies, Eb (in eV), of Zigzag and
Armchair GSWs amd Binding Energies of Strongly and
Weakly Adsorbed Species (Ms and Mw, Respectively)

Ni Pd Pt Cu Ag Au

Eb(zz) 3.00 3.29 3.53 2.27 1.72 1.91
Eb(arm) 2.20 2.24 2.29 1.70 1.40 1.98
Eb1(Ms) 3.30 3.55 3.81 2.77 2.11 2.33
Eb1(Mw) 2.34 2.56 2.13 1.24 0.68 0.51
Eb2(Mw) 1.01 0.73 0.78 0.63 0.69 1.53
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It is clear from Table 2 that the first metal atom to bind to
the armchair step is Ms. The corresponding binding energy is
even larger than for the zigzag atoms, principally because Ms is
bonded to two carbon atoms, while for the zigzag wire each
metal atom is bonded to one. In all cases Eb1 for Mw is smaller
than for Ms by more than 1 eV. These differences are due to the
fact that the orbitals of Mw do not overlap with those of the
carbon edge, while those of Ms do. Actually, Mw bonds only to
Ms and not to the carbon edge.
Two clear trends emerge from Table 2: first, the wires

supported on zigzag steps are more stable than those supported
on armchair steps. This is due to the fact that, after the first
adsorption in the armchair step (Ms), the second adsorption
(Mw) is very weak (compare Eb1(Ms) with Eb2(Mw) in Table 2).
Although the Ms−step bond is stronger than that of the zigzag
supported wire, the wire−step bond is weaker on average. Only
in the case of Au, zigzag- and armchair-supported wires have
similar binding energies because its Eb2(Mw) is large enough.
The armchair edge is more stable than the zigzag edge due to a
triple covalent bond between the two open edge carbon
atoms;33 this also favors the metal adsorption on the zigzag
edge.
The second trend found is that for zigzag and armchair

GSWs the binding energy decreases in the order Ni ≈ Pd ≈ Pt
> Cu ≈ Ag ≈ Au. This trend is explained by the nature of the
chemical wire−step bond. Two states are particularly involved:
one is the spy

2 of the Cedge, and the other one is a d state of the
metal. The combination of both results in bonding and
antibonding states, as shown in Figure 3. If the antibonding
states are occupied (below the Fermi level), the graphite−wire
bond becomes weaker, as is the case for the coinage metals.

Figure 4 shows the DOS corresponding to the atomic
orbitals shown in Figure 4. The antibonding states are
highlighted with arrows.
For zigzag GSWs the antibonding states of Ni, Pd, and Pt are

empty, while the antibonding states of Cu, Ag, and Au are filled.
This immediately explains why the binding energies are Ni ≈
Pd ≈ Pt > Cu ≈ Ag ≈ Au.
The DOS of the armchair GSWs shown in Figure 4

corresponds to the strongly adsorbed atom, Ms. The positions
of the antibonding states are similar to those of the zigzag wires,
but in this case Au antibonding states are almost empty. This is

in agreement with the binding energies of armchair GSWs since
the trend is in the order Ni ≈ Pd ≈ Pt ≈ Au > Cu ≈ Ag.

Hydrogen Affinity. Hydrogen adsorption on GSWs can
take place on the metal wire or directly at the edge of the
carbon step, which entails the desorption of the wire as shown
in Figure 5.

In order to compare these two scenarios thermodynamically,
the corresponding adsorption energies were calculated. The
pertinent reactions are also shown.

+ ⇌GSW H GSWH2 2 (5)

=
− +

E
E E E( )

2ad
wire GSWH GSW H2 2

(6)

+ ⇌ +GSW H GH NW2 2 (7)

=
+ − +

E
E E E E( )

2ad
step GH NW GSW H2 2

(8)

EGSWH corresponds to the energy of the graphite-supported
wire with hydrogen adsorbed, EGH is the energy of a hydrogen-
terminated graphite edge, and EH2

is the energy of a hydrogen

Figure 3. Atomic orbital combination of the graphite wire bond. For
the bonding states, the higher probability of finding the electron
density is in between Cedge and the metal; in the antibonding case, this
region is separated by a node.

Figure 4. Density of states of the atomic orbitals shown in Figure 3 for
zigzag (left) and armchair (right) supported wires. The antibonding
states are highlighted with arrows.

Figure 5. Two possible scenarios for hydrogen adsorption on GSWs
for θ = 1 (one hydrogen per metal atom).
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molecule in a vacuum. Equations 6 and 8 correspond to the
adsorption energy per hydrogen atom for a high coverage of
hydrogen (one hydrogen per metal atom). Note that both
GSWH2 and GH2 have two hydrogen atoms per unit cell. In
order to normalize the energy per hydrogen atom, the
equations are divided by a factor of 2. In this case, the more
negative the adsorption energy, the stronger is the adsorption.
Results are summarized in Table 3.

Hydrogen adsorption on Ni, Pd, and Pt supported wires is
favored on the wire. On the other hand, for the three coinage
metals, hydrogen adsorption is preferred on the graphite step,
indicating that for these metals wire desorption is thermody-
namically favored. Another clear trend is that hydrogen
adsorption is stronger on armchair-supported wires than on
zigzag-supported wires, which is in line with the fact that the
former are more reactive.
Comparisons with the adsorption of hydrogen on free-

standing wires at similar coverages reveal some similarities: The
hydrogen−wire bond is stronger for the Ni periodic group than
for the Cu periodic group. Of the six metals studied, silver is the
worst metal to adsorb hydrogen. Interestingly, the adsorption
on nickel and platinum armchair supported wires is even more
exothermic than that on their corresponding freestanding wires.
Thus, Ni- and Pt-supported wires promise to be good catalysts
for hydrogen adsorption, even better than the bare gold wires,
but for a definite conclusion it is crucial to calculate reaction
barriers, as we shall do in the section Hydrogen Adsorption in
an Electrochemical Environment for Pt-supported wires.
Hydrogen Adsorption in an Electrochemical Environ-

ment. If we are looking for cheap catalysts, the results of the
previous sections are disappointing in comparison with those
for freestanding wires.10 There, we found that the coinage
metals Cu and Au were excellent catalysts, while on the
supported wire they can be displaced by adsorbed hydrogen,
rendering them unstable during hydrogen evolution. At least
the transition wires are stable, and it is of interest to compare
their activity toward hydrogen with that of the bulk material.
We have chosen to investigate platinum as a model substance
because of its importance in fuel cell catalysis. Therefore, we
have calculated the energy of activation for the adsorption of a
hydrogen atom from the solution (Volmer reaction) using the
same procedure as for bulk platinum.34

Thus, we have calculated the energy of a single hydrogen
atom at various distances from the armchair graphite-supported
platinum wire; only the distance was kept fixed, otherwise the
atom was free to move. These calculations gave us the energy of

the atom as a function of the distance, and also its electronic
density of states (DOS). From the latter we obtained the
constants for the interaction of the hydrogen 1s orbital with the
Pt wire, and with these parameters we calculated the free
energy surface for the reaction H+ + e− → Had as a function of
the distance of the reactant from the supported platinum wire
and of the solvent coordinate q. For the details we refer to our
previous paper10 (as above).
We remind our readers briefly of the meaning of the solvent

coordinate, a concept originally introduced by Hush.35 During
the reaction the configuration of the solvent changes from that
appropriate to the solvated proton to that of the adsorbed
hydrogen atom. The solvent coordinate q describes the
configuration of the solvent during the reaction; we have
normalized it in such a way that a solvent characterized by a
value q would be in equilibrium with a reactant of charge −q.36
The corresponding free energy surface is shown in Figure 6

for a potential of 0 V SHE. We have restricted the distance d to

the range d ≤ 2 Å, because at larger distances spin polarization
of the hydrogen atom sets in. Far from the wire, centered at q =
−1, we observe a valley for the solvated proton. The minimum
at a distance of d = 1.1 Å and q = 0 corresponds to the adsorbed
hydrogen atom. The two regions are separated by a saddle
point with an energy of activation of the order of 0.47 eV,
which is somewhat higher than the value of 0.3 eV we observed
for a Pt(111) electrode using the same procedure. The
difference is caused by the fact that the interaction between
the Pt wire and the hydrogen 1s orbital decays more rapidly
with distance than at the bulk electrode. The same effect had
been observed before for the freestanding wire; it is mainly
caused by the different geometry.37

■ CONCLUSIONS
In a previous work, it was shown that freestanding nanowires of
Cu and Au are excellent catalysts for the hydrogen evolution
reaction (HER).10 Here, we explore the energetics and the
catalytic properties of structures closer in their design to that of
real devices: metal nanowires supported on graphite/graphene
edges. We have examined the energetics of wire formation for
several metals at the two most stable graphite edges: zigzag and
armchair steps. The binding energy between the step and the
metal was found to decrease in the order Ni ≈ Pd ≈ Pt > Cu ≈
Ag ≈ Au. Wires of Ni, Pd, and Pt are more stable due to
unfilled antibonding states, which are occupied in the case of

Table 3. Hydrogen Adsorption Energies (in eV) for High
Symmetry Sites of Supported Wires, on the Wire and
Directly on the Step Edge,a with Values for Hydrogen
Adsorption on Freestanding Wires for Comparison

Ni Pd Pt Cu Ag Au

zigzag −0.22 −0.06 −0.29 −0.18 0.00 −0.26
wire
Cedge −0.04 0.25 0.48 −0.78 −1.32 −1.13

armchair −1.02 −0.49 −0.78 −0.73 −0.06 −0.15
wire
Cedge −0.27 −0.23 −0.22 −0.78 −1.08 −0.49

bare wire −0.45 −0.75 −0.55 −0.39 0.09 −0.62
aThe most stable of these two scenarios is highlighted in italics for
each metal.

Figure 6. Free energy surface for the adsorption of a proton (Volmer
reaction) on an armchair graphite-supported platinum wire as a
function of the distance from the electrode and the solvent coordinate
q. The calculations have been performed for the equilibrium potential
at 0 SHE; all energies are in eV.
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coinage metal wires. In general, wires supported on zigzag steps
are more stable than those supported on armchair steps because
in the latter case half of the wire atoms are weakly adsorbed to
the edge. This entails that supported wires on armchair steps
are more reactive toward hydrogen adsorption. In comparison
with freestanding nanowires, hydrogen adsorption is in some
cases favored at the supported wires (such as Pt supported
wires on armchair steps), and in other cases it is favored at bare
wires (such as Au freestanding wires). However, the
dissociation of molecular hydrogen is exothermic at most
supported wires. Unfortunately, the reaction is even more
exothermic at the graphite step for the three coinage metals.
Therefore, the promising catalytic properties of Cu and Au
nanowires are not such at graphite-supported media. Platinum
armchair supported nanowires are good catalysts for the
hydrogen evolution reaction, but not as good as platinum bulk
(111) due to the faster decrease of the metal−hydrogen
interaction (coupling constant) for the nanowires. In future
studies we will address these topics including other possible
structures at the early stages of nucleation, such as oxygen
coadsorbed structures.

■ COMPUTATIONAL DETAILS

First-Principles Calculations. All calculations were
performed with DACAPO,38 a density functional theory
(DFT) code. The electron−ion interactions were accounted
through ultrasoft pseudopotentials,39 while the valence
electrons were treated within the generalized gradient
approximation (GGA) in the version of Perdew, Burke, and
Ernzerhof (PBE).40 An energy cutoff of 450 eV was used with a
(16 × 1 × 1) k-points Monkhorst−Pack grid41 for the graphite-
supported wires and (24 × 1 × 1) k-points for the bare wires.
In any case, the increase by 1 k-point, or by 50 eV in the energy
cutoff, led to a negligible change in energy of 5 meV. For the
relaxations the convergence criterion was achieved when the
total forces were less than 10 meV/Å. The orbitals shown have
been obtained with the Wannier formalism.42

Modeling. GSWs are represented by two graphite layers,
one graphite step, and the metal wire as shown in Figure 1. The
interplane distance corresponds to that of the experimental
systems (3.35 Å).43 The first two layers act as a supporting
media for the step. The surface extends in the xy plane and the
edges of the step along the x axis. One side of the step is closed
with hydrogen atoms and the other is closed with the metal
wire. The step extension along the y axis was optimized by
increasing the number of carbon atoms at the step until the
change in the wire−step binding energy was less than 40 meV.
The convergence was reached with 12 carbon atoms per step
for all the metals studied here and for both configurations
zigzag and armchair. The steps gap (y axis distance between
steps) is sufficiently large to avoid the interaction of the step
images (10.65 Å for zigzag and 7.37 Å for armchair). The
vacuum between surfaces (along the z axis) corresponds to
three graphite interplane distances.
The bare graphite substrate (G) is just like the corresponding

GSW without the wire. Bare wires (NW) are infinite
freestanding one-atom-thick wires along the x axis separated
by 12 Å from each other in y and z axes.
The two bottom layers of GSWs and G’s were kept fixed and

the rest was fully relaxed (including systems with hydrogen
absorbed at the wire or at graphite of GSWs, described above).
NWs were relaxed in the x axis only.

Ni and Pd bare nanowires were found to be spin polarized
with magnetic moments of 1.15 and 0.54 bohr magneton (μB)
per atom, respectively. The energy difference with respect to
the nonmagnetic systems (ΔEspin = EspinON − EspinOFF) is −0.15
eV for Ni and −0.02 eV for Pd. However, the spin polarization
is lost for Pd GSWs and becomes weaker for Ni armchair
GSWs, where the magnetic moment is 0.30 μB and ΔEspin =
−0.01 eV. The rest of the systems studied do not show
magnetic behavior.
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