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Abstract. In present work we analyzed some electronic properties
involved during the adsorption of BHz; on Cu(100), Ag(100) and
Au(100) surfaces. Reactivity descriptors such as ionization energy,
hardness, electrophilicity, frontier molecular orbitals, condensed Fukui
function, adsorption energies and density of states were calculated to
identify changes in the reactivity on Cu(100), Ag(100) and Au(100).
The results suggest the BH; adsorption is favored on Cu(100) more
than on Ag(100) or Au(100). The BHz-Au(100) system showed higher
values of 1 and @ in comparison with BHz-Ag(100) and BH3-Cu(100)
systems. Last results suggest that gold is a better electron acceptor
in comparison with silver and copper. Also, the fraction of electrons
transferred during the BH; adsorption was calculated indicating a big-
ger electron transfer from BHj to Cu(100) compared to Au and Ag.
Key words: Borohydride, Adsorption, Cu, Ag, Au, DFT, LANL2DZ,
DOS.

Resumen. En el presente trabajo analizamos algunas propiedades
electronicas involucradas durante la adsorcion del BHy sobre las su-
perficies Cu(100), Ag(100) y Au(100). Se calcularon descriptores de
reactividad tales como energia de ionizacion, dureza, electrofilicidad,
orbitales moleculares frontera, funciéon Fukui condensada, energias
de adsorcion y densidad de estados, para identificar cambios en la
reactividad de las superficies Cu(100), Ag(100) y Au(100). Los resul-
tados sugieren que la adsorcion del BHj es favorecida sobre Cu(100)
mas que sobre Ag(100) y Au(100). El sistema BH3-Au(100) mostrd
los valores mayores de 4 y @ en comparacion con los sistemas BHz-
Ag(100) y BH3-Cu(100). Estos resultados sugieren que el oro es un
mejor aceptor de electrones que plata o cobre. También se calculd la
fraccion de electrones durante el proceso de adsorcion, los resultados
indicaron que existe una mayor transferencia de carga del BHj; hacia
el cobre comparada con las obtenidas en Au 'y Ag.

Palabras Clave: Borohidruro, adsorcion, Cu, Ag, Au, TFD, LANL-
2DZ, DOS.

Introduction

A fuel cell (FC) is an attractive energy device which may oper-
ate continuously, as long as external fuel and oxidant reactants
are supplied [1]. If this external fuel may be regenerated and
coupled with a clean source of renewable energy; a FC repre-
sents a sustainable alternative to conventional energy sources
[2]. Several FCs technologies have been developed like a pro-
ton exchange membrane FC which uses hydrogen to produce
clean energy, water and heat. Other acidic FCs use methanol,
ethanol, formic acid, hydrazine and glucose as fuels and their
power generation depends on several factors such as catalyst,
fuel purity, membrane material and cell design [3, 4].

The direct borohydride fuel cells (DBFC) have attracted a
great interest because of their potential advantages such as a
high capacity (5.7 Ah g'!) and energy density (9.3 Wh g! at
1.64 V) [5]. In these cells the borohydride or tetrahydroborate
anions (BHj3) can be oxidized directly on a large variety of
electrode materials liberating a maximum of eight electrons via
the following suggested overall reaction [6]:

BH; + 8SOH- BO; + 6H,0 + 8¢~ 1)
(Eanode = —1.24 V vs SHE)

However, the final product of the surface oxidation re-
action (1) still is unclear [7]. Different electrodes have been
employed to carry out the borohydride oxidation but only on
gold [7-10] and silver [7, 10, 11], it is possible to produce eight
electrons [7, 11]. Although the borohydride oxidation on silver
occurs at more positive potentials than on gold, silver is more
attractive due to its lower cost (less than 2% compared to the
gold’s cost). Studies carried out by Chatenet et al. [7] showed
transference of 7.5 electrons during the borohydride oxidation
on polycrystalline silver employing a solution containing 1 M
NaOH. Similar results have been reported employing oxidized
polycrystalline silver [12], and chemical silver deposited on dif-
ferent carbon substrates [13]. From such studies, it was found
the borohydride oxidation reaction (BOR) starts following an
adsorption step (equation 2) and an electrochemical reaction
(equation 3) [6]:

BH; + M — BHj s — M )
BHZ,adS +OH — BH3,adS + H20 + 2e (3)

However, an understanding of the mechanisms involved
in equations (2) and (3) is still missing. Thus, an analysis at



Theoretical quantum study about the adsorption of BH,~ onto X(100) where (X=Cu, Ag and Au) 303

electronic level would allow an efficient design of new materi-
als to carry out the borohydride oxidation. From equation (2)
note the first step previous to the oxidation reaction of BHy is
the borohydride adsorption, which may change the electronic
properties of the substrate and its behavior during the oxida-
tion route. Recently, the borohydride adsorption on Pt(111) and
Au(111) surfaces was studied employing Density Functional
Theory (DFT). It was found the initial adsorption step dictates
the activity of gold and platinum anodes [8]. However, in such
studies an analysis of the molecular reactivity involved during
the adsorption was not done.

Seemingly silver and gold are the best electrodes to get a
transfer of eight electrons during BOR. Here it is interesting
to note that copper shows a similar electronic configuration to
the presented by gold and silver. However, copper surface has
not been employed as DBFC anodes. This is because of the
thermodynamical oxidation potential of Cu (+0.159 V) is more
positive than the BOR (-0.45 V). However, it is important to
consider that an adsorption process may change the electronic
properties of the surface including its oxidation potential. It
has been reported that Cu, Ag and Au show a periodic pinpoint
distribution of the electrophilic actives sites [15-17]. Thus, it is
possible to suggest the BH; adsorption on to these metals may
show a periodic behavior. Therefore, in this work we examine
some reactivity descriptors and the distribution of active sites
of the monocrystalline surfaces of Cu, Ag and Au with (100)
orientation caused by borohydride adsorption. We consider the
results gained will allow getting a major understanding to select
the substrates used during the BOR.

Theory

From DFT it is possible to define universal concepts of molecu-
lar stability and reactivity such as electronic chemical potential
(1), absolute hardness (77), and global electrophilicity index (w)
[18-24]. The electronic chemical potential u was defined by
Parr et al [25] as

p=-3+ ) 4)

where, u is characteristic of electronegativity of molecules, / is
the vertical ionization energy and A stands for the vertical elec-
tron affinity. Absolute hardness can be defined as [26-28]:

n=1I1-4 )

Also, the global electrophilicity index w was introduced by
Parr [22, 29, 30,] and calculated using the electronic chemical
potential u and the chemical hardness #:

e

:2_77

According to this definition @ measures the propensity of
specie to accept electrons. Thus, a good nucleophile has low
values of x and w. On the other hand, a good electrophile is
characterized by high values of ¢ and w. Also, the hard and soft

[0

(6)

acids and bases principle (HSAB) has been useful to predict the
reactivity of chemical systems [27, 28, 30, 31-35]. The HSAB
principle has been used in a local sense in terms of DFT con-
cepts such as Fukui function (#) [36, 37]. Gazquez and Mendez
showed that sites in chemical species with the largest values of
Fukui Function (f(¥) ) are those with higher reactivity [36, 37].
The Fukui function is defined as [38-41]:

p(7)
ON )’

f(r) = ( (M
where p(7) is the electronic density, N is the number of elec-
trons and v is the external potential exerted by the nucleus. This
parameter is associated to the frontier orbital within the frozen
core approximation. This approximation considers that when
there is a variation on the number of electrons, only the respec-
tive frontier orbital is affected, when N increases to N + dN it
is obtained the Fukui function for an electrophilic attack:

@) = $u()u(r) = pu(r) ®)

where py(#) is the electronic density of the highest occupied
molecular orbital (HOMO).

When N diminish to N-dN it is obtained the Fukui function
for an nucleophilic attack:

1) = §1(g(F) = pr(P), )

where p;(¥) is the electronic density of the lowest occupied mo-
lecular orbital (LUMO). The Fukui function is a local reactivity
descriptor that indicates the preferred regions where a chemical
species will change its density when the number of electrons is
modified. It is possible to define the corresponding condensed
or atomic Fukui functions on the j,;, atom site as [42-47]:

fi(F)=qn-1y —4q;(ny (10)
fPG) =408 —4qine) (11)

— 1
f(,‘o (r) = E{Q_/(N—l) - q_/(N+1)} (12)

for an electrophilic (f;(7)), nucleophilic (f;(#)) or free radi-
cal attack ( ff(?)) on the reference molecule, respectively. In
these equations, gj is the atomic charge (evaluated from Mul-
liken population, electrostatic derived charge, etc.) at the jg,
atomic site in the neutral (N), anionic (N + 1) or cationic (N
— 1) chemical species.

Results and discussion
Optimized geometry and reactivity descriptors

Figure 1 shows the optimized structures at BALYP/LANL2DZ
level at the adsorption site. It may be observed the bond lengths
of BH3- with Cu, Ag and Au increase respectively.

In all cases the H-B length was 1.25 A in average which
compare favorably with the value of 1.24 A reported recently
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Fig. 1. Optimized geometry during the adsorption of a) BH; on Cu(100), b) BH; on Ag(100) and c)
BH; on Au(100) systems. For sake of clarity in Figure it is only shown the adsorption geometry site.

by Arevalo [48] during the adsorption of BHz- on Mn and 1.24
A reported by Rostamikia et al for the the adsorption of BHz-
on Au(111) and Pt(111) [49-51]. Also, the adsorption energy
calculated for each system is reported in Table 1. The adsorp-
tion values reported are in the range reported by Arevalo [48§]
and Rostamikia et al [49-51] for the BH; on different surfaces.
Note the system BHz-Cu(100) has the lowest adsorption energy
compared to Ag and Au which suggests a favored adsorption of
BHZ on copper surface. From same table, note the gap energy
for BHz-Au(100) system is bigger in comparison with silver
and copper suggesting more stability. If one compares the band
gap values with the exhibited by the clean surfaces, it is pos-
sible to observe the BHj; adsorption stabilizes the BHz-X(100)
systems.

Reactivity descriptors such as u, # and @ involved during
the adsorption of BH; onto X(100) were calculated and they are
reported in Table 2. In all cases, observe the hardness value of
the surfaces is decreased when the BHy is adsorbed. This result
indicates the adsorption activates the surfaces. Also, employ-

Table 1. Adsorption energies calculated for the adsorption of BH; on
X(100) (where X = Cu, Ag and Au), gap energy (Enomo-Erumo)
for clean surfaces (X(100)) and surfaces with the adsorbed BHj ion
(BH3-X(100)).

ing the values of # and u one can calculate the global electro-
philicity index w given by equation (6) where this reactivity
index measures the susceptibility of species to accept electrons.
Observe that gold is being able to accept more electrons than
either copper or silver. Additionally, the BH;-Au(100) system
has the higher values of p and ®. Last result suggests that gold
is more electronegative and a better electron acceptor when
the BHj ion is adsorbed. If one compares last results with the
reactivity descriptors calculated for clean surfaces (Table 3),
it is possible to note that when BHj is adsorbed their capacity
to accept electrons is diminished. On the other hand, the hard-
ness of the systems decreased with the BHy; adsorption, which
suggests an increase in the reactivity of the surfaces, however
the change in the copper surface reactivity is few. It is seen
that the BH; adsorbed increases the ability of the surfaces to
accept electrons (see o in Table 2) and their reactivity, except
for copper. From the parameters reported in Table 2, it is pos-
sible to calculate the electronegativity value (y = (I + A)
[18]. Also, it is possible to calculate the fraction of electrons
transferred during the borohydride adsorption following the
next equation [52].

Table 3. Electronic parameters obtained for X(100) systems. / = Ioni-
zation potencial, 4 = Electronic Afinity, # total hardness, u electronic
chemical potential, w electrophilicity index, y = electronegativity.

Adsorption GAP/eV GAP/eV Delta

energy/eV  BH3-X(100) X(100) GAP/eV 1/eV AleV nleV 7% 1) x
Cu =2.77 0.645 0.574 0.071 Cu(100)  5.17 2.62 2.55 -390 2975 3.90
Ag -2.36 0.569 0.537 0.032 Ag(100)  5.05 —2.84 7.89 -1.10  0.077 1.10
Au -2.57 0.839 0.776 0.062 Au(100) 626 -3.76  10.02 -1.25 0.078 1.25

Table 2. Electronic parameters obtained for BH;-X(100) systems. / = Ionization potencial, 4 =
Electronic Afinity, # total hardness, u electronic chemical potential, @ electrophilicity index, y =
electronegativity and AN fraction of electrons transferred.

1 A n u w x AN
/eV /eV /eV /eV
BH;-Cu(100) 2.77 0.38 2.39 -1.574 0.518 1.574 0.24
BH;-Ag(100) 2.89 0.69 2.20 -1.793 0.731 1.793 —0.04
BH3-Au(100) 4.04 1.51 2.53 -2.772 1.519 2.772 —-0.06
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X x00) — Xpy;
AN = XU A (13)
2(1x 100y + Mpp; )

From the results reported in Table 2, note that AN is bigger
onto copper in comparison with silver and gold which suggests
a major electron transfer to this substrate.

Charge distribution
It is well known the interaction among molecular species modi-

fies the electronic density of such species causing a redistribu-
tion of the electric charges on them. It is because the magnitude

a)

of such redistribution is a function of the interaction. In the
case of the adsorption, the change on the charge values will
be indicative of such interaction. Figure 2 shows the charge
distribution on Cu(100), Ag(100) and Au(100) surfaces and
those where the BHj is adsorbed. It is important to mention that
when a cluster model is employed to study a surface, there is
charge redistribution due to the border effects. Thus, there are
two possible ways to take into account the border effects into
the calculations. The first one is to saturate the valences on the
cluster borders considering in artificial way the effect of the
others atoms in the limits of the system. A second one consists
in increasing the cluster size until the electronic properties do
not change in the center of the cluster. For Cu(100) the varia-

Fig. 2. Charge distribution on different studied systems in the adsorption site a) Cu(100), b) BH3-
Cu(100), c) Ag(100), d) BHz-Ag(100), ¢) Au(100), f) BHz-Au(100).
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tion in the charge values in the center of the cluster is less to
3% when the cluster size is bigger than four unit cells [16, 17].
Similar results have been obtained for gold and silver. There-
fore, the surfaces modeled with clusters containing four cells
should consider the border effects. Note that for BH;-Cu(100)
(Figure 3b) there is, in the center of the cluster, an increase
in the negative charge on the cluster compared with the clean
surface (Figure 2a). Thus, in Cu(100) the atom with a charge
of —2.617 got a value of -3.790 when the BH; was adsorbed
indicating a charge transfer of 1.173 from BHz to Cu(100).
Note that a decreasing of the charge on BHj is similar to an
oxidation process caused by the adsorption. In the case of silver
and gold an increase in the positive charge on the surface could
be observed around the adsorption site. This is because there
is a charge transfer from surface to BH; which may be inter-
preted as a BHjreduction process. Also, note that the charge
transferred from gold to BHj is major in comparison with the
charge transferred from Ag to BHj. Las results suggest that
when the BHZ oxidation is performed it is possible to get more
electrons from gold and silver in comparison with copper. Thus,
it is a possible explanation why gold is more efficient to getting
electrons during the borohydride oxidation.

Molecular orbitals analysis

The distribution of the electrophilic sites in a system can be
derived from the theory of frontier orbital within the frozen
core approximation [31], Eq. (8). To find out this distribution
caused by the borohydride adsorption, we analyzed the sites
where the HOMO frontier orbital attains its larger absolute
value on the studied surfaces. The greatest extension value of
HOMO, calculated at B3SLYP/LANL2DZ level, was observed
on hollow positions; see Figure 3a, 3b and 3¢ for copper, silver
and gold respectively. These results are consistent with the pre-
viously reported in literature [15-17]. Note the BHj interaction
with gold surface does not modify the HOMO’s distribution
and the number of electrophilic actives sites (NES) present in
gold remains constant during the interaction. Different results
were observed on copper and silver. On these surfaces if one

Fig. 3. HOMO’s distribution a) Cu(100), b) Ag(100), ¢) Au(100), d)
BH3z-Cu(100), ¢) BHz-Ag(100) y f) BHz-Au(100).

Luis Humberto Mendoza-Huizar et al.

considers the BH; adsorption the number of NES decreases.
This result indicates the electrophilic tendency attack is lesser
on copper and silver when the BHj ion is adsorbed. Last results
are agreeing with the index w value calculated in this work. In
the case of LUMO’s distribution for clean surfaces of copper
(Figure 4a) and silver (Figure 4b), it was observed a clear delo-
calization. Also, observe that this delocalization is bigger to the
presented by gold surface (Figure 4c). Last behavior suggests
that copper and silver are more reactive to a nucleophilic attack
in comparison to gold. The modification of LUMO’s distribu-
tion caused by the BHj adsorption is depicted in Figure 4d, 4e
and 4f for copper, silver and gold respectively. Note that BHz
deactivates the copper and silver surface. On the other hand, the
gold surface is activated around the adsorption site.

Condensed Fukui function

From Figure 3 and 4 it may be observed that the HOMO and
LUMO orbitals do not allow an analysis of the reactivity atom
by atom. However, reactivity indexes derived from DFT theory
have been successfully applied in describing and understanding
of chemical reactivity defining atomic reactivity indexes, such
as the condensed Fukui function. Thus, it possible to calculate
the pin point distribution of the reactivity. We employed the
equations (10-12) to calculate the value of the Fukui function
atom by atom for electrophilic, nucleophilic and free radical at-
tack. The values were coded as is shown in Table 4, the darker
atoms corresponds to higher condensed Fukui function while
the clearer atoms are associated to the lower values. For the
electrophilic case, observe that the BH; adsorption increases
the reactivity on gold and copper, while deactivates the silver
reactivity. For nucleophilic case the copper surface was the
most activated compared with silver and gold. Also, we show
the behavior of the surfaces for a radical free attack, note that
copper and gold showed the higher reactivity.

Density of states

The density of states (DOS) provides a convenient overall view
of the cluster electronic-structure. We studied the dependence

Fig. 4. LUMO’s distribution a) Cu(100), b) Ag(100), ¢) Au(100), d)
BHz-Cu(100), ¢) BHz-Ag(100) y f) BHz-Au(100).
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Table 4. Condensed Fukui function for BH;-X(100) systems. f7(¥) = electrophilic attack, f7(r) =
nucleophilic attack, fjo(?) = free radical attack. The clearer atoms correspond to lower condensed
Fukui function while the darker atoms correspond to the higher values.
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on electronic properties of clusters by examining the calculated
total electronic DOS. The total DOS of a cluster is composed
by compact d states and the more expanded sp states. In small
clusters the d and sp bands are clearly separated while the
change of d states from small clusters toward bulk solid be-
havior is a monotonic broaden of band width. As the cluster
size increases, both d and sp levels gradually broaden, shift,
overlap with each other, and finally come into being bulk elec-
tronic band. At a first glance note the presence of continuous
electronic bands, see Figure 5, which suggests that our models
reproduce adequately the solid behavior. Also, from Figure 5,
observe that in all cases the borohydride adsorption displaces
the states occupation to higher energy levels in BH3-X(100)
system in comparison with X(100). . Last may be indicative of
a bigger stability caused by the adsorption. Note the LUMO-
HOMO gaps are slightly enlarged, suggesting a major stabil-
ity during the adsorption. The values of DOS at HOMO and
LUMO energies almost were not modified. It has been reported
that for a metal at absolute zero, the reciprocal of the hardness
is the density of states at the Fermi level (g(ef)) [53-56], equa-
tion (14):

Lo ger) (14)
n

2
1 EF — &
g(er) :A_&,Zg’ exp[—[FTj ] (15)

where €; are the orbital eigenvalues, g; is the degeneration in
the state i, g is the energy in the Fermi level and A is the am-
plitude of the gaussian function. Here it is important to mention

that in systems with few atoms the levels are discrete and the
Fermi level corresponds to the HOMO’s energy. Under these
conditions, from Figure 6, we measured the values of the g(ef)
and global hardness associated were 2.3, 6.3 and 11.8 eV for
Cu(100), Ag(100) and Au(100) respectively. For BH;-Cu(100),
BH;-Ag(100) and BH;-Au(100) the values were 2.5, 2.4 and
2.6 eV respectively. These values compare favorably with those
reported in Table 2 and Table 3 suggesting that the models
employed in present work are adequate to model the adsorption
process of BHz-on Cu(100), Ag(100) and Au(100).

Methodology

Models

The monocrystalline surfaces of Cu, Ag an Au with (100)
orientation were modeled as finite clusters with face centered
cubic (fcc) structure, Figure 6. We used crystallographic pa-
rameters for their construction [57]. The orientation (100) was
selected because it is the main crystallographic face exhibited
by fcc metals [57]. In present work we employed the electronic
unit cell (EUC) [15-17]. An EUC is defined as the minimal
number of atoms maintaining a structural (crystallographic)
pattern that is capable to model a particular electronic property
of certain solids or surfaces [15-17]. During the adsorption,
we performed restricted optimizations in where the adsorption
coordinates of BH; were optimized while the coordinates of
surface atoms were fixed. This procedure was followed because
there is not experimental evidence about the existence of a
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Fig. 5. Density of states for different cluster keeping the structure fcc
and (100) orientation. Gaussian broadening of 0.05 eV is used. Expe-
rimental Fermi’s energy value is shown in Figure as Ep.

reconstruction process caused by the BHz ion on the surface
where it is adsorbed. The optimal adsorption geometry was
obtained employing the hybrid functional B3LYP [58-60] and
the relativistic pseudopotentials (LANL2DZ) of Hay and Wadt
[61, 62].

Luis Humberto Mendoza-Huizar et al.

b)

o g ‘L .

Fig. 6. Clusters models used. a) and c) clean surfaces X(100), b) and
d) BH3-X(100). Surfaces.

Computational resources

We employed a cluster with 32 cores Xeon 3.0 GHZ and 10
GB of memory for all the calculations. These calculations were
performed with the package Gaussian 09 [63] and visualized
with the GaussView V. 3.05 [64], Gabedit [65] and Gaussum
[66] packages.

Conclusions

In present work we performed a theoretical quantum study
about the borohydride adsorption onto Cu, Ag and Au at
B3LYP/LANL2DZ. The results suggest a more favored ad-
sorption of BHz on Cu(100) in comparison with Ag(100) or
Au(100). Reactivity descriptors such as 7 y 4 and w involved
during the adsorption process of BH; onto X(100) suggest
that gold is a better electrophile. From the condensed Fukui
function values it was found that in the electrophilic case the
BHj; adsorption increases the reactivity on gold and copper,
while deactivates the silver reactivity. For nucleophilic case
the copper surface was the most activated compared with silver
and gold. For a radical free attack copper and gold showed the
higher reactivity.

The evaluations of condensed Fukui function reveled that
for the electrophilic case BH; adsorption activates the silver
reactivity, while it deactivate the copper reactivity. For nu-
cleophilic case the gold surface was the most reactive. The
spd electronic density of states indicated that the models used
reproduce adequately the solid behavior.
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