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Natural sulfidation of silver nanomaterials can passivate the surface, while preserving desirable optical and electrical
properties, which is beneficial for limiting Ag* release and cytotoxicity. But little is known at the atomic scale about silver
sulfidation mechanisms, particularly on different crystallographic terminations. Using density functional theory (DFT)
calculations, we examined the process of H,S sorption and reaction on Ag(100) surfaces relevant to Ag nanowires
(AgNWs).  DFT energy minimizations predict a strong dissociative chemisorption of H,S on the surface yielding co-
adsorbed sulfide and hydrogen atoms in specific surface sites. However, nudged elastic band (NEB) calculations suggest
relatively large activation energies for both the first and second dissociation steps, due in part to overcoming the energy to
cleave the S-H bond and attendant site migration from an on-top Ag site position to a hollow site position of the bound S
atom. The large barriers associated with the dissociative chemisorption reaction for gas-phase H,S points to the
importance of including thermochemical contributions and the influence of other components in more complex
environmental media such as air or water to help complete the mechanistic picture of silver sulfidation and passivation for
realistic systems.

development as anticancer agents,(16,17) and antimicrobial
INTRODUCTION agents for medical applications(18—22) or wastewater
treatment.(23) But it remains unclear how sulfidation

Understanding the sulfidation of silver-based nanostructuresis .
influences reaction outcomes.

important both for supporting their increasing deployment in

modern industry and developing risk-mitigation strategies for . . . . .
The case of silver nanowires (AgNWs) is of particular interest

because it is under review for cytotoxicity risks to different
organisms that these nanomaterials might ultimately be in
direct contact with(20,24,25). Typically a few nanometers
wide by up to several tens of micrometers long, AgNWs
combine high conductivity with low optical extinction leading
to promising device applications. The main issue is the
possibility of Ag* release and the higher potential for cellular
entry induced by the wire shape. Sulfidation may limit Ag*
release and cytotoxicity by preventing AgNW
dissolution(19,21,26) while apparently maintaining their
desirable optical properties.(8,27—30) But because the atomic
structure of tip and side surface terminations of AgNWs are
different, developing a fundamental understanding of surface-
specific sulfidation mechanisms could help improve strategies

their fate in the environment. Silver metal naturally reacts with
sources of sulfur in air at ambient conditions, which can create
an Ag,S-like passivation layer.(1,2) The resulting silver sulfide
possesses temperature-dependent conductivity ranging from
semiconducting to superionic due in the latter case to highly
mobile silver ions in the sulfur sub-lattice.(3) Thin films of
silver sulfide have applications in photoconducting and
photochemical cells(4,5), in sensors(6), infrared detectors(7)
and as solar selective coatings for conversion of solar energy
into electricity (8,9). Quantum dots of sulfides, including Ag,S,
are being intensively studied for fluorescent labels in biology
and medicine(10-15). And the well-known antibacterial
properties of silver nanostructures has led to their

a Univ. Grenoble Alpes, Univ. Savoie Mont Blanc, CNRS, IRD, IFSTTAR, ISTerre, for AgNW design by selecting surfaces with beneficial
Grenoble, France. ) passivation behavior. In general, sulfidation of silver
b-Earth Science Division, Lawrence Berkeley National Laboratory, Berkeley, ) . ) o i
California 94720 nanomaterials is of great interest for limiting degradation and
¢ Physical Sciences Division, Physical and Computational Sciences Directorate, increasing life expectancy of newly designed devices.
Pacific Northwest National Laboratory, Richland, Washington 99352, United
States
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H,S is the simplest source of sulfide that can directly react with
Ag to form Ag,S. Although many studies have been devoted to
understanding the sulfidation of various sorbents,(25,31-34)
little is known about H,S adsorption and reaction pathways on
Ag. The sulfidation reaction 24g° + 52~ — Ag,S requires an
oxidant to be correctly balanced. In anaerobic environments
where H,S concentrations are significant, gaseous or dissolved
0, is in limited supply. The redox interactions that enable
sulfidation in natural environments are thus complex. Here we
elect to study the process of H,S adsorption and reaction on
Ag surfaces a first step in unravelling AgNW sulfidation.

10pum

Figure 1a.) Scanning electron micrograph of typical AgNWs, b.) schematic view of
relevant crystallographic terminations. a. Reprinted with permission from
Elechiguerra, J. L.; Larios-Lopez, L.; Liu, C.; Garcia-Gutierrez, D.; Camacho-Bragado,
A.; Yacaman, M. ). C

Silver nanowires typically have a pentagon shaped cross-
section with the crystal plane (100) expressed on the sides of
the wire and the (111) planes expressed on the tips (Fig. 1a,b.).
(35) Because the (100) termination dominates the total surface
area, we choose to focus our study on this specific surface. The
goal was to examine the reaction barrier for each elementary
step leading to the dissociative chemisorption of H,S on
Ag(100), which in the complete atomization limit is
represented by:

atomization

H)S—=S+2H

To provide basic insight into the dissociation mechanism, we
considered the surface reaction in vacuo. We used density
functional theory (DFT) combined with nudged elastic band
(NEB) calculations to access relevant surface and molecular
properties, structural parameters, activation and reaction
energies(31,36—40). Important contributions about the
adsorption and dissociation mechanism of H,S on metal and
metal oxide catalysts have been made previously using ab
initio methods (32,38,41-44). In most cases, the following
reactions are of primary interest:

H,S (ads) — SH (ads) + H (ads) (1)
SH (ads) — H (ads) + S (ads) ?)

2| J. Name., 2012, 00, 1-3
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Indeed, the dissociation pathway studied here involves
sequential abstraction of H atoms from H,S adsorbed on
Ag(100). We investigated the reaction barrier for each
elementary step of H—S bond cleavage yielding Ag—S and Ag—H
hydride surface groups. By providing a better understanding of
these first steps of Ag(100) sulfidation by H,S, future work can
compare the same process on other terminations and
ultimately be extended to examine multilayer formation and
passivation.

Figure 2 Top view of the adsorption sites on Ag(100) 3 x 3
supercell: on-top site (T), two-fold bridge site (B), four-fold hollow
site (H). Unit cell is shown in black solid lines in bottom left
corner.

COMPUTATIONAL METHODS

All calculations were carried out with periodic boundary
conditions (PBC) in the plane-wave Vienna Ab initio Software
Package (VASP) (45,46) electronic structure code. The
simulations were performed within the gradient generalized
approximation (GGA) with the exchange-correlation functional
of Perdew, Burke and Ernzerhof (PBE) (47). The plane-wave
calculations were carried out under the projector-augmented
wave method with a kinetic energy cutoff of 400 eV (48). The
total energy convergence criteria were set to be within 10 eV
with a Gaussian smearing width of 0.05 eV to improve the
convergence of orbital energies. The vacuum region between
the two silver surfaces has been set to 30 A (unless stated
otherwise) to eliminate spurious interactions between the
adsorbate and the periodic image of the bottom layer of the
surface.

The Ag(100) surface, as shown on Figure 2, has three high
symmetry adsorption sites: one at the top of an Ag at the
surface (top site, T), one between two of them (bridge site, B)
and one between four of them (hollow site, H). Our study
considered all three sites as potentially active reaction sites.

This journal is © The Royal Society of Chemistry 20xx
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We calculated the adsorption energy of the adsorbate species,
AE, using the expression:

Eagsiab + Eadsorbate — Etotal

AE = > 3)
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Figure 3. Schematic view illustrating the modeling approach. In order to get
adsorption energy (Eq.3), electronic density deformation (Eq.4) and charge
transfer analysis, we separated the substrate from the adsorbate and ran
calculations on each individually.

where Eiqa is the total energy of the silver slab with the H,S
adsorbed on the surface, Exg 42p is the total energy of the slab,
and E,qgsorbate 1S the total energy of adsorbate in gas phase (H,S,
SH/H or S/H/H). We must divide by two the result because we
have a molecule symmetrically adsorbed on each side of the
slab. Based on this definition, the larger the AE is, the more
thermodynamically favorable is the adsorption. The procedure
used to separately calculate the adsorbate and silver energy
from the total system is schematically represented in Figure 3.
To investigate changes in the electronic structure when the
solute is adsorbed on the surface, we calculated the
deformation charge density, Ap(r), which includes a direct
comparison to the non-sorbed state:

Ap(r) = ptotal(r) - (pAg slab(r) + padsorbate(r)) (4)

where piotailr), Pag siab(F) @and pagsorbate(r) are electron densities
of the total system, the silver slab and the adsorbate in gas
phase, respectively.

We studied the charge transfer by comparing the Bader
charges(49-52) between the slab surface and the gas phase
molecule with the adsorbed state. We evaluated the strength
of bonds between the adsorbates and the surface by
calculating the charge density at (3,-1) bond critical points
Vp(1)cp, corresponding to the zero-values of the gradient: Vp
(r) = 0. These saddle points correspond to a minimum in the
charge density along a bond path, providing a measure of the
strength of bonding in terms of the electronic overlap.

This journal is © The Royal Society of Chemistry 20xx
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RESULTS AND DISCUSSION
H,S adsorption on Ag(100).

We first investigated the adsorption of H,S. Here, 12 initial
configurations were relaxed with the molecule oriented with
either the two H-S bonds parallel to the surface (Fig. 4a, b), or
one parallel and the other one pointing away from the surface
(Fig. 4c,dc, d) We distinguish them as parallel versus
perpendicular orientations. Figure 4 is an example of four
initial configurations tested on the H-site of the silver surface.
In this work the optimized silver matrix is face centered cubic
with a lattice parameter of 4.08 A in the bulk, that extends to
4.15 A at the surface.

Energy minimization of all 12 configurations led to one optimal
configuration with H,S parallel to the surface. We found that
the adsorption site with the largest adsorption energy is the T-

‘000000
Lo 040
Q00 000
b.oeod.oeo
QLWL 00O
Q00 000

Figure 4 Examples of initial configurations tested on the hollow
site (H). Panels a.) and b.) have H2S parallel to the silver surface
with H-S bonds respectively pointing toward the bridging site (B)
and the top site (T), while c.) and d.) have one H-S bond point

site (Fig. 2), such that even when starting a calculation with
H,S facing the H site, the molecule easily migrates to face the
T-site. Two different configurations, with either H pointing
toward H- or B-sites, have a remarkably similar adsorption
energy, with a slight preference for the orientation toward the
B site (0.184 eV vs 0.182 eV) (Fig. 5). All other configurations of
hydrogen surface that
converged have an adsorption energy ranging between 0.056
eV and 0.169 eV.

sulfide adsorbed on the silver

2 95.36°
2793 A

© 0o
©Q o900

Figure 5 Largest adsorption energy configuration of H2S on Ag(100) with a.) the

. @
top view of the configuration and b.) the side view.

J. Name., 2013, 00, 1-3 | 3
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All the bond lengths and the binding charge densities
calculated for the systems studied are summarized in Table 1.

Ap(T)cp (e/A3) | Bond length (A) | Adsorption

energy (eV)

S-Ag H-Ag S-Ag H-Ag
H,S 0.02 - 2.79 - 0.184
HS/H 0.10 0.55 2.21 2.79 4.50
S/H/H | 0.07 0.10 2.52 2.11 8.21

Table 1 Binding charge density, bond length values and adsorption energies for the
most energetically favorable configurations of the three states of H2S decomposition
on the surface.

In the highest energy structure, the H—S and S—Ag bond
lengths are 1.352 and 2.793 A respectively, while the H-S-H
angle is 91.85° (angle is computed to be 91.57° for the free gas
phase H,S molecule). In fact, the H,S molecule is not exactly
parallel to the surface; the sulfide atom is slightly pointing
toward the T-site silver atom with an Ag-S-H angle of 95.36°.
The H—S bond length for the H,S molecule in its adsorbed
state is slightly longer (0.2%) than in the gas phase (1.349 A),
and the H-S-H angle is slightly wider. This indicates that the
strength of the H—S bond becomes weaker due to the
adsorption, consistent with promotion of dissociation. We also
found that the binding charge density at the critical point for
the S—Ag bond is 0.019 e /A3 (see Table 1) which may be
qualitatively equated to a weak O—H bond (53).

In Figure 6, we present the deformation of the electronic
structure of this configuration, obtained through the
procedure explained in the Methods section and in Figure 3.
We show the electron density difference between the gas
phase hydrogen sulfide and silver slab, with in blue depletion
and in red accumulation of electron density. It shows here that
the electron density of both H,S and silver is depleted, while
there is an accumulation of electrons between the sulfide and
the surface. Indeed, electrons move in this latter region to

Journal Name

create a bond between S and the surface silver atom. As
expected, this mixing of the electron density points toward
chemisorption. The charge density analysis revealed that the
electron density shared between H,S and its facing Ag atom is
equivalent to the density shared between two bulk Ag atoms.
This evidence further supports the notion that the H,S
molecule has a strong interaction with the Ag surface.
According to the Bader charge analysis (49-52), the S atom
lost 1.5 e" between H,S in gas state and in adsorbed state,
while there is no significant loss of charge for the H atom nor
for the Ag atom interacting with H,S. This charge is delocalized
from the S atom to the red area between S atom and silver
surface to form a bond, equivalent in strength to an H-bond.

Figure 6. Deformation of the electronic density of H2S adsorbed on
[100] silver surface compared to H2S in gas phase. The blue and red
isosurface values (103 e-/A?) respectively represent a depletion and
accumulation of electrons.

This red area is also the location of the S-Ag bond’s critical
point. The silver atom interaction with the adsorbate does not
exhibit any loss of charge. This could be explained by the

PDOS
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Figure 7 Projected density of states comparison between the d orbital of the silver (grey area) and the s, p and d orbitals of H2S in gas phase (dashed lines) and

in adsorbed state (solid lines).
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conducting nature of the silver slab that largely compensates
loss of charges on this fine scale.

Figure 7 shows the projected density of state (PDOS) of the
silver d orbitals in filled grey area, compared to the s, p and d
molecular orbitals of H,S respectively in dashed black, blue and
red lines for the gas state, and solid lines for the adsorbed
state. The Fermi level energy (E;) is set as the reference in all
cases. For adsorbed H,S molecule, the low energy s orbitals are
positioned at -15.31 eV followed by two sharp peaks at -7.57
eV and -5.93 eV with sp hybridization. H,S molecular d orbitals
are spanning an energy range from -4.75 eV to -1.82 eV. The
first peak of the d orbitals of the silver slab is located at -5.70

Physical.Chemistry Chemical Physics

chemisorption preferentially on the T-site. It is worth
mentioning that the adsorption energies are calculated from
the relaxed configurations in both states (adsorbed and
desorbed) in order to account for interaction energies and
system deformation. This approach is consistent with the main
conclusions from Zhang et. al., that state the importance of
dimensionality of chemisorption at metallic interfaces.(54)
Moreover, the magnitude of the calculated adsorption
energies is consistent with similar reactions studied previously
such as, for example, water on Ni(111).(55-58) The charge
density in the area between the S and the closest Ag is of the
same order of magnitude than between two silver atoms in

Figure 8 Local density of states (LDOS) integrated between -5.0 eV and -2.0 eV for the H2S adsorption on Ag(100)
surface. The isosurface is at 3.1x102 e A3,

eV, which is similar to the energy of peak of H,S(,q45) ONn the p
orbital at -5.93 eV, suggesting a possible binding interaction.
We observe a clear shift in lower energies for the first three
peaks going from gas to adsorbed phase. The s orbitals peaks
localized at -12.71 eV, -5.13 eV, and -3.29 eV for H,Sy
respectively shift in energy to -15.31 eV, -7.58 eV, and -5.93 eV
for the adsorbed H,S. The fourth peak observed for the gas
phase, located at -0.46 eV, belongs to both p and d orbitals.
The shift (around 2.6 eV) and splitting of this last peak is a
strong indicator of chemical bonding between H,S and silver.

Figure 8 is the volumetric representation of the electron
density integrated in an energy range relevant to the d orbitals
(i.e., between -5.0 eV and -2.0 eV) of H,S, mixed with those of
the silver surface. The isosurface is at 3.1x102 e".A3, at this
level we can see that these electrons belong to both the H,S
absorbed molecule and the silver atom interacting with it. This
result is another proof of the formation of a chemical bond
between the silver surface and the H,S molecule.

To summarize the results for the first step of H,S adsorption on
the Ag(100) surface, we find compelling evidence for strong

This journal is © The Royal Society of Chemistry 20xx

the bulk. The adsorption energy proves that this interaction is
strong enough to make this configuration thermodynamically
favorable. Adsorption leads to elongation of H-S bonds, which
could in turn promote the dissociation, which we examine in a
subsequent section.

HS and H co-adsorption on Ag(100).

We next examined configurations for co-adsorbed HS and H
fragments to assess stable dissociated configurations and
dissociation energies. We examined 27 possible configurations
of co-adsorbed HS and H fragments. For clarity, the H atom
that remains bonded to the S will be referred to as H,, the
bound SH molecule will be referred to as H,S, and the
dissociated H will be referred to as H,. We characterize these
configurations first based on the posture of the H,S fragment:
parallel with the H, pointing to the B-, H- or T-sites, or
perpendicular to the surface. In addition, there are three
possible adsorption sites to investigate for the atomized H,
atom. We identified the most stable of these configurations to
have the H,S fragment perpendicular to the surface on top of
the B-site with S facing the surface. The remaining H, atom is
above an adjacent B-site, as depicted in Figure 5. In this

J. Name., 2013, 00, 1-3 | 5
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Figure 9 a.) Configuration corresponding to the largest co-adsorption energy of HaS/Hb on Ag [100] surface, and b.) the deformation of the electron density

associated to this configuration with the increase of electron density is in red and the decrease in blue.

configuration, the S-Ag distance is 2.21 A, which is 26.2%
shorter than in the H,S adsorption case (2.79 A). The S-H, bond
length is also slightly smaller (0.7%) than in the adsorbed H,S
case with 1.34 A (vs 1.35 A). The atomized H, forms a square
based pyramid with four Ag atoms from the surface, standing
2.79 A away. This highlights that after atomization, the
interaction of the two adsorbates with the surface is stronger
than in the H,S case.

This is clearly reinforced by energetic considerations. Indeed,
the dissociation of H,S into H,S and Hp at the surface is
energetically favorable, as expected from previous work
(41,42). The atomized configuration has an adsorption energy
of 4.50 eV whereas for the H,S chemisorbed on the Ag [100]
surface the energy is only 0.18 eV. The binding charge
densities of both S-Ag bond and Hy,-Ag bond were found to be
respectively 0.09 e /A3 and 0.55 e”/A3. The charge density of
the S-Ag bond is much higher (by a factor 3.73) than in the H,S
adsorption case, which is consistent with the contraction of

the S-Ag bond length. The charge density of the H,-Ag bond is,
as expected, much higher, qualitatively consistent with a
strong O-H (around 0.3 e-/A3) interaction (53).

The most stable configuration is displayed in Figure 9a and the
corresponding deformation of the electron density in Figure
9b. It shows a charge density decrease on the H,S molecule
compared to the gas phase and an increase between the
molecule and the silver surface, which means that the H,S
molecule loses some electron density to form a bond with the
silver surface. Because the silver surface is a conductor, there
is no significant charge density decrease on the silver atoms
interacting with the H,S molecule. As expected, there is an
increase of charge density on the remaining H, atom
interacting with the surface. According to a Bader charge
analysis of the adsorbed H,S fragment, the S atom gained 0.55
e” compared to the same molecule in gas phase, while the H
atom gained 0.13 e, which means the total charge transfer
between H,S and the silver surface is 0.68 e-. Finally, the

;HSadS S
:Hsads [} Ce—
L HSgaS p """"""" IHSadS d — -

PDOS

-20 -15 -10 10 15 20

Figure 10 PDOS comparison between the d orbitals of silver (grey area) and the s (black), p (blue) and d (red) orbitals of the HS molecule in gas phase (dashed line)
and in adsorbed state (solid lines).

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Figure 11 Local electronic density of states (LDOS) integrated between -7.10 eV and -3.50 eV for the HaS
adsorption of silver surface. The isosurface is at 2.91x10-2 e-.A-3

atomized H atom on the surface gained 0.2 e. Compared to
the H,S molecule in adsorbed state the S atoms see an
increase of 1.64 e and 0.1 e for the H, atom of the H,S
molecule. The charge density observations are consistent with
the shortening of the bond length compared to the H,S
adsorption case and the increase of the adsorption energy.

Using the PDOS we can compare the H,S adsorption, and the
first atomized state (H,S/H,) adsorbed on the silver surface.
Figure 10 shows the PDOS of the d orbitals of silver compared
to the s, p and d orbitals of the HS molecule in gas phase
(dashed lines) and in adsorbed state (solid lines). The Ag d
orbitals display wide peaks of available states below the fermi
level extending from -7.19 eV to -2.71 eV that correspond to
H,S p orbitals available states. Concurrently, for H,S molecule
the deeper level of valence band is positioned at -13.80 eV and
belongs to the s orbitals and is followed by two peaks of
populated states going from -7.29 eV to -6.50 eV with sp
hybridization, and then a wide range of populated states in the
p orbitals extending from -5.60 eV to -3.02 eV and a last peak
centered at -2.35 eV. The two peaks centered at -1.04 eV and
0.4 eV are pd hybridized and do not remain in the adsorbed
state. These populated states shift to the lower energies and
become purely p or sp hybridized. Since one of the peaks fits
to the populated states of the silver d orbitals, we focused the
visualization of the partial charge in the energy range between
-7.10 eV and -3.50 eV.

As we did for the H,S adsorption case, we integrated the
electronic density of states from -7.10 eV to -3.50 eV (see
Figure 11). The H,S molecule in this configuration shares
electrons between one of the four closest silver atoms that can
be found around the B site. The isosurface is at 2.91x102 e".A-3

This journal is © The Royal Society of Chemistry 20xx

, Which is the highest value of the charge density at critical
point of the first S-Ag bond. The lowest value of isosurface
allowing continuity between silver and adsorbate is 2.65x102
e~.A3, which makes a range of charge density of 4.8x1073 e".A-3
between the first end the fourth S-Ag bond. This narrow range
is relevant with the dispersion of the Ag-S bond length:
3.30x102 A

The H,S/H, co-adsorption is thus thermodynamically more
favorable compared to the H,S chemisorption alone. There is
an evident correlation between the deformation of the charge
density, the density of charge at the critical point and the
contraction of the Ag-S bond compared to H,S adsorbed. Yet,
the charge density at the critical point indicates that the Ag-S
bond appears to be comparable to a weak hydrogen bond,
which is consistent with the electronic density in the energy
range where silver and H,S orbitals overlap and is a proof of
the formation of a chemical bond between the HS adsorbate
and the silver surface.

Given our observations for the H,S/H, chemisorption on the
silver surface, this likely defines the product state for the first
dissociation step, which would entail S first located over the T-
site when in the form of H,S, followed by S located in the B-
site after dissociation. Before considering the activation
energy for this first dissociation step, we first examine the
possibility that the second dissociation step leading to S/H/H
co-adsorption is also energetically favorable.

S and two H co-adsorption on Ag(100).

J. Name., 2013, 00, 1-3 | 7
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Figure 12 a.) View of the most stable configuration of co-adsorption of S/Ha/Hb on [100] silver surface, and b.) the deformation of electron density of the most

stable S/Ha/Hb adsorption configuration on Ag [100] with the increase of electron density (5x10-3 e-.A

In the S/H,/H, co-adsorption case, we counted 27 initial
configurations determined by the positions of the three
adsorbates (two H and one S) on the three possible adsorption
sites. Figure 12 shows the configuration found to be the most
favorable in energy. Adsorbing the two H, and H, atoms on
two H-sites next to each other seems to be a more
straightforward path, but the repulsive interaction between
the two H atoms is too strong to converge while maintaining
the configuration as it is. Actually, in the most stable
configuration, the two H atoms need to be separated by at
least one unit cell (Fig. 12a). This configuration has an
adsorption energy of 8.21 eV, which is larger than both the

the strongest interaction with Ag. In fact, the S atom in this
configuration is free to form 4 bonds with the 4 surrounding
silver atoms which makes the overall configuration more
stable than the H,S adsorption case, despite the S-Ag bond
stretching. In addition, the two H atoms tend to bind at the H-
sites just adjacent to the S atom. The Ag-H bond length is 2.11
A, shorter than the 2.79 A from the H,S adsorption case,
suggesting a stronger interaction.

As in the previous case with H,S/Hy, co-adsorption, the S atom
here is interacting with four neighboring Ag atoms, which
increases the area where the electron density is deformed (Fig.

Agc:lI

PDOS

-20 -15 -10

15 20

Figure 13 PDOS comparison between the d orbital of silver (grey area) with the s (black) and p (blue) orbitals of the S atom in gas phase (dash) and in adsorbed

state (line).

H.S/Hp (4.35 eV) and the H,S (0.18 eV). Ignoring for the
moment specific reaction pathways and energy barriers
separating adsorption configurations, adsorption energy
considerations taken alone indicate that dissociative
chemisorption of H,S on Ag(100) should proceed to complete
two-step atomization on the surface.

In this configuration, the length of the S-Ag bond is 2.52 A, so

slightly larger than the one in H,S/H, co-adsorption case,
suggesting that S atom in the H,S/H, co-adsorption system has

8 | J. Name., 2012, 00, 1-3

12b). We calculated a charge increase of 0.67 e on the
adsorbed S compared to the gas phase, confirming that
despite the increase of the S-Ag bond length, the interaction
between the S atom and the silver surface is stronger than in
the H,S and H,S cases. The two H, and Hy, atoms interacting
with the silver surface have the same Bader charges than the
Hp in the H,S/H, case. The S atom charge increases here,
compared to the previous atomization step, which is also a
consequence of the S-H, interaction drawing electronic density

This journal is © The Royal Society of Chemistry 20xx
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out of the S atom to maintain the H,S bond. The red bulb on
the S atom in Figure 12b illustrates that phenomenon.

We compared the PDOS for the adsorbed S atom with that in
gas phase in Figure 13. The silver density of states is close the
one we obtained for the two previous steps of the dissociation
mechanism, with a wide range of d orbital populated states
going from -7.19 eV to -2.71 eV. For S, we obtained two wide
ranges of states extending from -15.06 to -8.82 eV for the s

ARTICLE

The charge densities of S-Ag and H-Ag are 0.07 e-.A3 and 0.10
e-.A3 respectively. This is consistent with the bond length
variation calculated from H,S and HS/H adsorption steps. The
S-Ag binding charge density is also consistent with the increase
of the bond length. However, for the H-Ag, the decrease of the
binding charge density and the increase of the bond length
seems to be in contradiction, especially because the Bader
charge of the H atom remains the same as in H,S/H co-

Figure 14 Local electronic density of states (LDOS) integrated between -5.76 eV and -2.83 eV with the isosurface at 5x10-2e-

.A-3 for the S atom adsorbed on the silver surface.

orbital and from -4.05 to unpopulated states higher than the
Fermi level in the p. On one hand, the adsorption of sulfur
causes a shift in the lower energies compared to the gas phase
for p orbitals, that simultaneously divides into two peaks. The
splitting and shifting are consistent with the adsorption energy
found for this configuration. On the other hand, the s orbital
peak stays centered around the same energy at -12.57 eV but
becomes sharper. The peak of the p orbital of Sq) matches
the first d orbital peak of Ag between -5.76 eV and -2.83 eV, so
we focused on this energy range to visualize the spatial
distribution of the charge density.

Figure 14 illustrates the electron density for the electrons
comprised in the energy range between -5.76 eV and -2.83 eV.
At this stage of dissociation, we expect to observe another
chemical binding between the S atom and the silver surface.
We noticed a continuity of the isosurface at 1.56.102 e".A3 .
The isosurface value for the first S-Ag bond is 1.56x102 e".A3
and 1.60x102 e".A3 for the fourth, which is a range even
narrower than in the HS adsorption case. Still, the width of this
range is relevant to the range of the Ag-S bond length
dispersion (2.17x103 A). As explained in detail below, despite
it being lower than H,S-Ag bond, it is in the range of a strong
O-H hydrogen bond. (53)

This journal is © The Royal Society of Chemistry 20xx

adsorption case. This seeming discrepancy can be explained by
the lack of sufficient excess electron density in the simulation
box, given that H atoms at silver surface act as electronic traps.
Indeed, H atoms are significantly more electronegative than
the other present species, so they tend to attract any available
electron density, to the detriment of S in our case.

Activation energies for dissociation steps.
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In addition to the discussed energetics and electronic
interactions  associated with the two dissociative
chemisorption steps of H,S on Ag(100), we also explored the
energy barriers along the reaction pathway using the NEB
method with the VTST package.(59—63) The results of the NEB
calculations for the two-step mechanism are shown in the
energy diagram in Figure 15. As one can see, relative to the
intervening barrier heights, the minimum energy adsorption
configurations a, ¢ and e have quite similar energies.
Dissociated configurations b and c are defined by relatively
large activation energies of 0.90 eV and 1.06 eV respectively.
The first dissociation step shown in configuration c¢ is
exothermic by AH = -0.08 eV compared to a, while the next
dissociation step is endothermic by AH = +0.02 eV compared to
c. The NEB results thus indicate that the last dissociation step
(from H,S/Hy, to S/H./H,) is slightly thermodynamically
unfavorable. This apparent contradiction with the calculated
adsorption energies presented earlier arises because the
adsorption energies were calculated relative to gas-phase
S/H./Hy, species and a clean Ag surface, whereas the AH values
between the minima in the NEB landscape are all relative to
adsorbed configurations. Thus, the NEB landscape assumes a
reaction path occurring entirely on the surface and cannot be
directly compared to the adsorption energies to deposit
configurations a, ¢, and e directly from the gas-phase.

The large barrier heights likely relate to the substantial
changes in S binding sites predicted by our calculations. For
example, dissociation of chemisorbed H,S on the T-site
proceeds to SH binding on an H-site, the reaction pathway of
which involves migration of S by 2.31 A and introduction of
strain into the original Ag-S bond by elongation by 2.56 A to
ultimately bind in the H-site. The energy associated with

L2 ¢

08 r

06

04 f

Energy (eV)

AE,=0.90 eV

Journal Name

cleaving the S-H bond is also relatively large (4.67 eV in gas)
with little assistance provided by the strength of any long-
range H...Ag surface site interaction. The same explanation can
be referred to for the heights of the energy barrier of the
second dissociation path (from c to e).

Notwithstanding, given the apparent dominance of the
activation energies on the reaction pathway relative to the
energy differences between energy minima, it is clear that
kinetics will largely control system behavior, at least in vacuo,
and chemisorbed H,S may not readily dissociate in the absence
of elevated temperature or collective effects arising from
interactions with other adsorbed H,S molecules and/or other
environmental constituents that would be present in more
realistic complex media (e.g., in air or water). In this latter
sense, it is noteworthy that interaction with the environment
could abstract H atoms from Ag-H hydride surface groups and
lower the probability of any backward reaction (from e to c).
This, in turn, would effectively decrease the energy barrier.
Other possible influences not encompassed by our calculations
that introduce uncertainty in the rate of achieving the final
fully dissociated end state include the prospect for diffusion of
adsorbed H atoms across the surface away from the S
adsorption site or into the Ag bulk matrix as often observed for
metal alloys, for example.

Conclusions

In the present work, H,S, HS/H and H/H/S adsorption systems
investigated

were through the calculation of stable

AE, = 1.06 eV

\ AH, = 0.021 eV

0,2 Gt

20

Image number

Figure 15NEB results for the two dissociation steps that atomize adsorbed H2S to co-adsorbed S/H/H on Ag(100).
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configuration geometries, electron distributions, deformation
of these configurations and their electronic density of states
using ab initio methods. We were able to highlight favorable
two-step dissociation of chemisorbed H,S on the Ag(100)
surface. The most favorable adsorption site of the H,S
molecule is found to be on top of a surface silver atom (i.e., T-
site). Following the first dissociation step, the SH adsorbate
will migrate from a T-site to an H-site, where S remains after
the second dissociation step. During the dissociation process,
we found that fragments are chemisorbed at each step via an
accumulation of electron density between the sulfide and Ag
atom(s) to which it is bonded.

The reaction mechanism we propose is predicted to be
thermodynamically favorable although the computed
activation energies for the two dissociation steps are relatively
large. Because our study only involves minimization of the
total
encompass other influences on system behavior such as finite
temperature thermochemical contributions. Furthermore,
ultimately it is important to consider the probabilities for
adsorbed H atoms to diffuse and desorb by interacting with
the environment or enter into the bulk Ag metal matrix. In
complex environmental media, several different mechanisms
could be responsible for desorption the H atoms, which would
in turn decrease its surface concentration, thus inhibiting the
backward reaction. Although these more complex influences
on system behavior are not encompassed in this study, the
work helps lay a foundation for more realistic pathways that
lead to AgNW sulfidation. It is also crucial to investigate the
behavior on other stable terminations of Ag comprising AgNW
morphology, such as the (111) tip surfaces.

electronic energy, future work should attempt to
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