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A B S T R A C T

The electrochemical behavior of phosphate species on Ag(111) and Ag(100) single crystal surfaces was studied
by experimental techniques and theoretical calculations. Characteristic cathodic/anodic potential peaks (Vp)
appear in the current density-potential curves (j–V) for H2PO−

4 , H3PO4, and in the case of PO −
4
3 for concentrations

lower than 0.1 M, where the interaction is stronger for the Ag(100) electrode. This demonstrate that the ad-
sorption is sensitive to the surface structure. The adsorption energy (Eads) of the different species on both sur-
faces was studied by means of DFT-vdW calculations. All phosphate species have tri-dentate binding. The |Eads|
increased for the H3PO4; H2PO−

4 ; HPO
−

4
2 and PO −

4
3 sequence, and the tetrahedral structures are compressed.

Although the same trend was observed on both crystalline surfaces, the films have the symmetry of the substrate,
C3v and C4v. The influence of hydroxide co-adsorption was studied for different [HPO −

4
2 ]/[PO −

4
3 ] ratios in so-

lution. The strength of adsorption obtained from experimental and theoretical calculations show an excellent
qualitative correlation.

1. Introduction

Phosphate adsorption on single crystal surfaces of metals has been
reported for different electrolytes [1-3,5-18]. While specific adsorption
occurs below the pztc, desorption takes place at potentials above the
pztc, depending on the surface. The controversy found in the literature
about the interaction between phosphate species and different single
crystals, specifically the platinum surface [5,8], can be mainly attrib-
uted to the polyprotic nature of phosphoric acid and the inherent
complexity of the solid surfaces in contact with the electrolyte, which
further complicates its study.

Yaguchi et al. [2] investigated the geometry and nature of phos-
phate species adsorbed on Au(111) by surface-enhanced infrared ab-
sorption spectroscopy in the ATR configuration (ATR-SEIRAS) and DFT
calculations. Based on the SEIRA spectra of phosphate species adsorbed
on an Au thin-film electrode in 0.1 M phosphate buffer at two different
pHs, they have demonstrated that the acid-base equilibrium of ad-
sorbed phosphate species is significantly shifted to lower pH compared
to that of phosphate anions in the bulk solution. They postulated,
supported by additional information from DFT calculations, that the
observed P–O stretching bands corresponded to tri-dentate binding of

(HPO4)ads or (PO4)ads species, bonded via three oxygen atoms on Au
(111) electrode surface. This research represented an important ad-
vancement on the identification of surface phosphate species and their
dependence on electrode potential and pH. However, an approach that
considers the role of solvent and its incidence on the interactions be-
tween the crystallographic phase of the electrode and the adsorbed
molecule is an issue that is still poorly understood. An advance in this
direction can be found in recent research by the F. Tielens group [20].

Surface-Enhanced Raman Spectroscopy (SERS) studies, have shown
difficulty in assigning signal shifts to the results from single crys-
tals [19]. This technique has significant restrictions to get a measurable
signal/noise ratio, where a surface with a large roughness factor is
needed. The recently developed shell-isolated nanoparticle-enhanced
Raman spectroscopy (SHINERS) technique [21] allows studying single
crystal surfaces in an electrochemical environment. Using an electro-
chemical in-situ experimental setup (EC-SHINERS) [22,23], the char-
acterization of the adlayer geometries and the detection of intermediate
reactive species (likely to have formed during the chemical reactions
occurring at the electrode surface) are possible [22,24]. Weber
et al. [12] informed that phosphate species adsorption is not sensitive to
Pt surface geometry. They reported that the H2PO−

4 ion was adsorbed in
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the low potential region, whereas both H2PO−
4 and HPO −

4
2 were ad-

sorbed at higher potentials, in contrast with the results obtained by
Nikolic et al. [25]. Atomic scale information on electrochemical inter-
faces has been provided employing single crystals with different crys-
tallographic orientations. Examples can be found in both theoretical
and experimental studies. The adsorption of ions on low-index crystal
faces of gold, silver and platinum [26–29] is also extended to high-
index to systematically study adsorption as well as charge transfer
processes. The double layer at the electrode/electrolyte interface is
determined by the properties of the metal and the nature of the ions
present in the electrolyte [30]. Knowledge of the interactions between
the different adsorbed phosphate species and the electrode surface is
significant from a biochemical point of view. For example, the charged
electrochemical interface can serve as a useful model system for better
understanding of the interactions of the phosphate group in bioma-
cromolecules [31,32].

The symmetry of the anion-cluster system and the charge trans-
ferred to the metal have been investigated by many authors [33,34].
Anion binding energies, adsorption sites, and adsorbate orientation
have been informed for SO −

4
2 , HSO−

4 , CO
−

3
2 , HCO−

3 , ClO
−
4 , NO

−
3 , and

PO −
4
3 . Ab-initio quantum mechanical calculations were used to study

low-index single crystal silver surfaces. It was observed that the binding
energies for different coordinations of phosphate anions increased from
mono-dentate, bi-dentate and tri-dentate, and comparable binding en-
ergies values on the (111) and (100) crystal faces were reported [33].

In the present, work we have performed j–V and current transient
profiles of Ag(111) and Ag(100) electrodes in K3PO4, KH2PO4 and H3PO4

solutions. In order to take a microscopic view of the adsorption phenom-
enon, the adsorption process of these species on both surfaces was modeled
by means of DFT-vdW calculations. The particular case of H2PO−

4 ion on Ag
(100) surface was explored for three conformations: mono-dentate, bi-
dentate or tri-dentate binding. For both surfaces, considering tri-dentate
binding, we calculate the PO −

4
3 , HPO −

4
2 , H2PO−

4 and H3PO4 adsorption
energies, charge transfer process and the change on the geometries. Finally,
we analyze the experimental and theoretical trends.

2. Experimental

2.1. Methods and materials

The working electrodes were Ag(hkl) single crystals provided by
Mateck (orientation accuracy < 1 °). Pretreatment of the crystals was
performed by following the same sequence of steps before the begin-
ning of each measurement as in Refs. [32,35,36]. The potential of zero
charge (pzc ) of the crystallographic orientation of the electrode surface
was measured in 0.010 M KClO4 by electrochemical Impedance Spec-
troscopy (EIS) and values of −0.735 V and −0.865 V vs. SCE were
obtained for Ag(111) and Ag(100) electrodes, respectively [35,37].
Oxygen free solutions were obtained by continuously purging the
electrochemical cell with nitrogen gas (99.999% purity). Water from a
Milli-Q Millipore System was used for the preparation of all solutions
and also for glassware cleaning. Some of the phosphate solutions stu-
died were prepared from recrystallized salts such as KH2PO4. All che-
micals were of analytical grade. Table 1 shows the calculated con-
centrations of phosphate species, using published pKa values. The
activity coefficients were taken as unitary.

2.2. Cyclic voltammetry(CV) measurements

The electrochemical analyzer was an AUTOLAB-PGSTAT302N
equipped with staircase scan module. The data were collected and
analyzed by NOVA 1.7 software. The single crystal electrodes were
transferred with a drop of ultrapure water to the electrochemical cell.
The contact between the electrode surface and the solution was made
by means of the hanging meniscus method under potential control, at a
potential below the potential of zero charge. Electrodes treated with
this procedure yield nearly ideal voltammetric responses for the un-
derpotential deposition of Pb monolayers according to the litera-
ture [38]. Before each measurement, the surface was stabilized by
maintaining the potential several minutes at −1.1 V vs. SCE and then
cycling in the range of −1.1 V to −0.70 V vs. SCE at 0.050 V/s. The
effect of double-layer charging was assessed by subtracting a given
baseline from each steady state current voltammogram. Different scan
rates were measured to study voltammperometric peaks dependence on
potential from 0.010 V s −1 to1.0 V s −1.

2.3. Potential step measurements

The current transients were recorded applying a consecutive po-
tential step procedure. Stabilization of the system was performed ap-
plying an initial potential, Vi, of −0.40 V. Then, a potential step was
applied at a more negative potential value, Vtrans, and the current was
recorded as a function of time. After that, the potential was returned to
the initial value.

2.4. Theoretical calculations

Theoretical calculations were performed using SIESTA code (at DFT
level with Van der Waals interactions, vdW-DFT) [39]. The silver single
crystal surfaces were represented by four sixteen-atom layers and 3D
periodic boundary conditions. The optimized lattice parameter for the
FCC latice was 4.10 Å. The unit cells were (11.61 Å × 11.61 Å × 30 Å)
in both cases; the (100) was orthorhombic and the (111) was hexahe-
dral. Since we are modelling the solid/vacuum interphase, we have
chosen a big modulus unit cell vector in the z direction, so the inter-
actions between the system and their images become negligible. We
have performed such calculations for different surface dimensions of
the unit cell. The optimal super-cell must have low interactions be-
tween phosphate species and a reasonable number of atoms to demand
an affordable computational cost. We have chosen (4 × 4) because it
was found to be more adequate for the present purpose. To model the
interaction between the adsorbed phosphate species at low coverage
(Θ=0.0625) and metal surfaces, we used a structure with the sym-
metry of the substrate. This is because to the best of our knowledge, a
detailed information as reported for Cu and Au in references [3] and [6]
is still scarce in literature for Ag single crystals.

The adsorption energies are calculated on two single crystal surfaces
considering top mono-dentate coordinations between O and Ag (surface
atom) as initial geometry. The nature of the charge transfer process is
analyzed by means of Mulliken population analysis to evaluate the
atomic charges. All the calculations were performed with spin polar-
ization (sp) and van der Waals interactions. Core electrons were

Table 1
Calculated concentrations of the phosphate species.

Solutions pH [H3PO4] [H2PO−
4 ] −[HPO ]4

2 −[PO ]4
3 [H+] [OH−]

0.05 M K3PO4 12.56 5.63×10−18 1.86×10−7 0.03624 0.01375 2.759×10−13 0.03624
0.01 M K3PO4 11.96 2.24×10−15 1.86×10−7 0.00912 0.00088 1.096×10−12 0.00912
0.1 M KH2PO4 4.67 2.31×10−4 0.099 2.52×10−4 1.25×10−12 2.12×10−5 4.72×10−10

0.01 M KH2PO4 4.79 1.75×10−5 0.0099 3.34×10−5 2.18×10−13 1.60×10−5 6.25×10−10

0.1 M H3PO4 1.52 0.077 0.023 4.17×10−8 1.46×10−19 0.030 3.32×10−13
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replaced by norm-conserving pseudopotentials, built with the Troullier-
Martins recipe [40] to represent the nucleus and the core electrons of
the species considered. In the pseudopotential description of the atoms,
only electronic valence states were considered. The basis set used for
expanding in eigenstates was composed of double-polarized numerical
orbitals (NAOs), which were solutions of the Kohn-Sham Hamiltonian
for isolated pseudo-atoms. Exchange and correlation effects were de-
scribed in the generalized gradient approximation (GGA) with Perdew-
Burke-Ernzerhof (PBE) functional [41]. The energy of confinement
(Energy-Shift) was 50 meV, which was the optimum value to obtain the
best accuracy and computational efficiency for these systems. The en-
ergy cut-off (Mesh-Cut-Off) used was 150 Ry. The C6 coefficient in
eV Å6 used were: Ag: 155.13, H: 1.21, O: 6.08, and P: 67.74 and the van
der Waals radii in Å were: Ag: 1.57, H: 1.00, O: 1.34, and P:
1.71 [42–44]. The minimum-energy configuration was determined by
the conjugate gradient technique, which minimizes the system energy
from an initial configuration with respect to the atomic coordinate until
the force on each atom was less than 0.04 eV Å−1. The minimum en-
ergy path (MEP) was optimized by means of the nudged elastic band
method (NEB) [45,46].

3. Results

3.1. Cyclic voltammetry measurements

The predominant phosphate species present in K3PO4 aqueous
electrolyte are PO −

4
3 and HPO −

4
2 , with a high concentration of the OH−

anion as shown in Table 1. Lucas et al. [47] reported surface oxidation
in 0.1 M KOH at more positive potentials than −0.1 V vs. SCE, thus we
took special care not to measure in that potential region [48–51].

Fig. 1 (upper panel) depicts j–V profiles of Ag(111) and Ag(100)
electrodes in 0.05 M K3PO4 at 0.050 V s −1. When the potential was
scanned from negative to positive values, two anodic peaks were ob-
served for both single crystal surfaces (Vp at −1.095 V and −0.59 V for
Ag(100), and −1.060 V and −0.57 V for Ag(111)). For cathodic cur-
rents, there was a shoulder at −0.80 V on both single crystal surfaces,
and well defined peaks were recorded at −0.98 and −0.99 V for Ag
(111) and Ag(100), respectively. Vp values are slightly shifted towards
more negative potentials for the (100) face.

Fig. 1 (lower panel) shows the j–V profiles of Ag(111) electrode in
0.01 M K3PO4 and 0.01 M KOH at 0.05 V/s. The effect of co-adsorption
of hydroxide ions can be better appreciated from these profiles com-
pared to upper panel figure. When only the hydroxide species is present
in solution (dotted line), the features observed from −0.8 V to −0.4 V
have been assigned to adsorption and structuration of the adsorbed
layer [47]. The current starts increasing at potentials more negative
than the pzc (≈− 0.75 V), whereas at the phosphate solution (black
circles) an analogous process starts at more negative potentials (shifted
by 85 mV). Then, an anodic peak is observed at −0.55 V, where the
corresponding cathodic peak was observed at −0.9 V (a peak separa-
tion of almost 400 mV). The inset of Fig. 1 lower panel shows the j–V
profiles of Ag(111) and Ag(100) in 0.01 M KOH. These voltammetric
responses are in agreement with in-situ and classical electrochemical
measurements [47,49,51].

Lucas et al. [47] described the structure of Ag(111)/0.1 M KOH
interface by means of Surface X-ray Scattering measurements (SXS).
They observed an OH(ads) ordered layer with a coverage of 0.35, where
the distance of K+ ions to the Ag(111) surface depends on the electrode
potential. Jovic et al. [49] reported the formation of a reversible or-
dered OH(ads) monolayer, where OH− was adsorbed during the anodic
scan and desorbed in the cathodic scan. We observed an analogous
process when the j–V profiles of Ag(111) electrode were recorded in
0.01 M K3PO4 (Fig. 1 lower panel, black circles). The current starts
increasing at more negative potentials than the j–V profiles in 0.01 M
KOH, which can be attributed to the onset of hydroxide adsorption in
the presence of the adsorbed phosphate species [14]. The anodic peak

observed at −0.55 V, can be associated to the formation and/or re-
structuring of the phosphate adsorbed layer [10,14,52]. The surface
coordination of the phosphate species can be induced to change from
bi-dentate to tri-dentate when scanning towards more positive poten-
tials, and as the potential was scanned up to −0.2 V, the oxide was not
formed. Niaura et al. [10] studied the adsorption of phosphate species
on silver, gold, and copper electrodes by SERS. They proposed mono-
dentate surface coordination of the PO−

4
3 and HPO −

4
2 ions and inter-

preted the dependence of the relative intensity of the internal modes on
electrode potential in terms of the migration of P–O groups from the
surface, as potential became more negative. The co-adsorption of hy-
droxide ions increased as the potential was scanned towards more po-
sitive values and the formation of surface oxides was not detected. For
the strength of phosphate adsorption the following order was estimated:
Cu > Au > Ag.

Fig. 2 shows current density peaks vs. scan rate (v) of Ag(111)
(upper left) and Ag(100) (upper right) electrodes in 0.05 M K3PO4

(cathodic j|Δ |pc
black circles, and anodic j|Δ |pa

, red circles). The poten-
tial scan was started from the most negative values. The 111 surface
shows a different dependence of |Δjp| on v with respect to the 100
surface. When the [HPO −

4
2 /PO −

4
3 ] ratio was about 10 (Table 1), com-

petition for the adsorption sites between hydroxide and phosphate

Fig. 1. Upper panel: Current density vs. potential (j–V) profiles of the Ag(111) (black)
and Ag(100) (red) electrodes in 0.05 M K3PO4. Scan rate 0.050 V s−1. Lower panel: j–V
profiles of the Ag(111) electrode in 0.01 M K3PO4 (black circles) and 0.01 M KOH (dotted
line). Inset: j–V profiles of the Ag(111) (dotted line) and Ag(100) (solid line) electrodes in
0.01 M KOH. Scan rate 0.050 V s−1. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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anions was stronger than at a lower ratio. Neither hydroxide nor
phosphate species are adsorbed on the surface when the potential scan
starts at −1.35 V [14,47,52]. Niaura et al. [14] have studied the effect
of alkali metal cations on the surface-enhanced Raman spectra of
phosphate anions adsorbed at silver electrodes, and they have demon-
strated that phosphate species were not adsorbed at −1.4 V vs. Ag/
AgCl(sat. KCl). The j–V profile obtained from−1.35 V (lower left panel,
black circles) was different from that starting at −0.2 V (red circles),
mainly in the anodic scan. The first anodic peak can be associated to the
adsorption of phosphate species, and the second anodic peak to the
formation/restructuring of the phosphate layer. Thus, the differences
observed in the j–V profiles, when starting at −1.35 and at −0.2 V, can
be explained by the absence and presence of an adsorbed phosphate
layer, respectively. At 0.01 M K3PO4 the processes are better resolved
(see Fig. 1 lower panel) than at 0.05 M, where the higher interaction
between adsorbate-adsorbate and adsorbate-surface, mainly due to a
higher coverage, may prevent a better differentiation between the
processes.

Fig. 3 depicts the j–V profiles of Ag(111) and Ag(100) in 0.1 M
KH2PO4 (upper panel) at 1.0 V s −1. Bonding of the hydrogen ions to
PO−

4
3 results in reduced symmetry in H2PO−

4 ion, thus changing the
features observed in the j–V profiles. Two cathodic peaks are observed
at −0.46 V and −0.69 V for Ag(111), and at −0.67 V and −0.86 V for
Ag(100). The separation in potential of cathodic/anodic peaks indicates
quasi-reversible reactions for both electrode surfaces. Much research
about adsorption of H2PO−

4 species on single crystals can be found in the
literature, employing different techniques [4,5,11]. Weber et al. studied
the adsorption of H2PO−

4 ion on Pt(111) in 10−3 M KH2PO4, observing
a reversible process at−0.5 V vs. SHE. They also studied the adsorption
of −H PO2 4 on Au(111) and Au(110) electrodes and no differences be-
tween the two surface orientations were reported, attributing these

results to the fact that the H2PO−
4 has only two free oxygen atoms to

coordinate to the electrode surface [12]. In this case, the proposed
structure of the adsorbed ion was the two-fold through the two oxygen
atoms. Our results show that the adsorption of H2PO−

4 ion on silver
single crystals is stronger on Ag(100) electrodes. This behavior marks
the strongest difference to the gold surfaces. Fig. 3 (lower panel) shows
the j–V profiles of Ag(111) and Ag(100) electrodes in 0.10 M H3PO4 at
1 V s −1. In this case, the differences between the 111 and 100 surfaces
are more evident. The j–V profile for the 100 surface could not be re-
corded at values more negative than −0.7 V, due to the hydrogen
evolution reaction.

Fig. 4 shows the cathodic and anodic |Δjp| responses as a function of
scan rate for Ag(111) and Ag(100) electrodes in KH2PO4 solutions. A
clearly different behavior can be observed when the KH2PO4 con-
centration in solution changes from 0.010 M to 0.10 M. Fig. 4 upper left
and upper right panels show a linear dependence of |Δjp| on v, and the
same slope for cathodic and anodic processes. The insets show the Vp

dependence on v. From both (|Δjp| and Vp dependence on v) it can be
inferred that the cathodic process is directly correlated to the anodic
process on both electrodes, where the observation of a linear depen-
dence on v, means that a process taking place on the electrode surface is
detected.

At higher concentration of KH2PO4 (Fig. 4, lower left and lower
right panels), two peaks can be clearly detected which display char-
acteristic slopes, and their dependence on v is different for the two
electrode surface orientations. For the Ag(111) electrode (Fig. 4 lower
left panel), the |Δ jp| of the anodic process tends to a saturation with
increasing scan rate, while a linear behavior is observed for the
cathodic process in the whole scan rate range. The opposite behavior is
observed for Ag(100) electrodes, where the |Δ jp| of the cathodic pro-
cess shows saturation from 0.500 V s −1 for both peaks (Fig. 4 lower

Fig. 2. Upper left panel: Peak current (|Δjp|) vs. scan rate (v) of Ag(111) electrode in 0.05 M K3PO4. Upper right panel: |Δjp| vs. v of Ag(100) electrode in 0.05 M K3PO4. Lower right
panel: |Δjp| vs. v of Ag(100) electrode in 0.01 M K3PO4. Lower left panel: j–V profiles of Ag(100) electrode in 0.01 M K3PO4. The potential scan was started from negative (black) towards
more positive potential values, and from positive (red) towards more negative values. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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right panel). The peak potential of the cathodic (Vpc)/anodic (Vpa)
processes occurring on Ag(100) surface (inset of Fig. 4 lower right
panel) has almost the same value and remains constant for all in-
vestigated v. The changes observed in Vp values are noticeable for the
Ag(111) surface (inset of Fig. 4 lower left panel). For the process oc-
curring at more negative potential values, a 0.050 V of cathodic to
anodic peak potential separation is observed. The processes occurring
at more positive potential values (green and blue circles) showed a
greater separation of almost 0.150 V.

Fig. 5 compares normalized current for j–V profiles of Ag(111)
electrodes in 0.01 M K3PO4, KH2PO4 and H3PO4. It shows the potential
shift for the different phosphate species, where a characteristic Vpc is
displaced to more negative potential values as the negative charge on
the species increases. For the three species, the order in which the
cathodic peaks appear and the separation between them follow the
same trend observed for theoretical results (see Table 2). The Vpa cor-
responding to the H3PO4 species was slightly more positive (by
0.060 V) than that corresponding to H2PO−

4 species. In the case of
K3PO4, the separation in Vpc/Vpa values was about 0.260 V. During the
cathodic scan, OH− interference disappeared, due to OH− desorption
beginning before the phosphate. The more negative the cathodic Vpc,
the higher the interaction between phosphate species and electrode
surface.

Thus, cathodic peak potentials (V pc
111) appear in the following order:

< <− − −V (PO ), (HPO ) V (H PO ) V (H PO ).pc pc pc
111

4
3

4
2 111

2 4
111

3 4 (1)

3.1.1. Current transient measurements
The initial potential was −0.40 V, condition which was maintained

until a time-independent signal was recorded. A cathodic current was
observed for all adsorbates, indicating that a given charge is taken from
the electrode surface. These results can be correlated with the results
obtained from theoretical computations. The current transient mea-
surements where performed for all the systems investigated. Fig. 6
shows the current density as a function of time for a potential step
applied to Ag(111) electrode in 0.01 M K3PO4. When starting from a
steady state condition at −0.40 V, then changing the potential at
−1.35 V during 600 s and finally returning to the initial potential value
during 300 s, a higher cathodic current density during the potential
pulse was observed. The steady state condition was restored within
450 s. After the current transient, the final state was recorded at
−0.40 V, which was almost instantaneously established. The same
behavior was observed for a Vtrans of −0.40 V, when starting from
−1.35 V. This demonstrates that under our experimental conditions,
the electrode surface can be recovered with the same properties after
pulses of different potential values are applied. At −0.4 V, PO −

4
3 ,

HPO −
4
2 and OH− ions are competing by the surface adsorption sites,

whereas at −1.35 V, all of them are desorbed.

3.2. Theoretical results

The adsorption of H3PO4, H2PO−
4 and PO −

4
3 species on Ag(111) and

Ag(100) was studied by means of DFT calculation. Fig. 7 shows – ac-
cording to the size of the substrate employed and taking into account
the periodic boundary conditions – the adsorbed species, which corre-
sponds to ordered layers of p(4 × 4) structure. As previously men-
tioned, a low coverage was selected in order to achieve a better com-
parison between the different phosphate species. In both cases the film
has the symmetry of the single crystal surface, i.e. C3v and C4v for ad-
sorption on Ag(111) and Ag(100), respectively. In Fig. 8, the initial
configuration of H2PO−

4 corresponds to mono-dentate binding species
on a top site of the Ag(100) surface. The change in energies (ΔE[eV]) as
a function of the Conjugate Gradient steps shows a monotonous de-
creasing change leading to bi-dentate adsorption. There is no barrier on
the potential energy surface from the mono-dentate to bi-dentate po-
sition and the molecule change freely. There is a barrier of 0.37 eV from
the bi-dentate to the tri-dentate position, which was calculated by
means of nudged elastic band method (NEB). The tri-dentate position is
the preferential configuration (0.65 eV more stable than the bi-den-
tate). The Eads was determined as follows:

= − −E E E Eads
hkl

A S hkl A S hkl
( )

/ ( ) ( ) (2)

where EA/S(hkl) denotes the phosphate species adsorbed on the surface;
EA is the phosphate species represented as a radical and ES(hkl) is the
substrate in the vacuum.

Table 2 shows the Eads calculated for the different species on Ag
(111) and Ag(100) surfaces.

In all cases, the species are negatively charged (Qtotal), except for
phosphoric acid on Ag(111)

∑=
=

qQtotal
i

n

i
1 (3)

where Qtotal is the sum of the atomic Mulliken charge of the atoms
composing the species. The surface charge (Qsup), is what the metal
developed as a consequence of the adsorption process. It is of opposite
sign to the species due to the charge transfer process.

= −Q Q
Ssup
total

(4)

where S is the surface area of the substrate. The Qtotal values evidence

Fig. 3. j–V profiles of Ag(111) (black) and Ag(100) (red) electrodes in 0.1 M KH2PO4

(upper panel) and in 0.1 M H3PO4 (lower panel). The y-axis were multiply by a factor.
Scan rate 1.0 V s−1. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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the formation of ordered structures, due to repulsive lateral interac-
tions.

The P atomic charge (Qp) decreases as the charge on phosphate
species increases. When viewing the geometries, it can be seen that the
tetrahedral structure of the phosphate species is compressed. This effect
can be observed through the distance between the P atom and the
surface (dP−sup, Table 2). These trends observed in the structure, are
related to the Eads as shown below:

< < <− − −E (PO ) E (HPO ) E (H PO ) E (H PO ).ads ads ads ads4
3

4
2

2 4 3 4 (5)

In all cases, Eads are of chemical type, within a range of −0.98 to
−6.44 eV, which results in stable films of ordered structures on both
single crystal surfaces. Eads values for the different species follow the
same trend observed in experimental results (Fig. 4 and Eq. (1)). Hy-
drogen loss in the phosphate species leads to a more stable structure on
both surfaces.

In Fig. 9, we can note the change in Eads for the different species
through the Partial Density of States (PDOS) of the P atom adsorbed on
Ag(111), which is the central atom of the oxoanion. While the atoms in
contact with the surface are the three O atoms, it is not possible to
compare the PDOS of all type of oxygen atoms, since it would involve

Fig. 4. |Δjp| vs. v for KH2PO4 electrolyte in contact with Ag(111) and Ag(100) single crystal surfaces.Upper left panel: |Δjp| vs. v for 0.01 M KH2PO4/Ag(111). Inset: Peak potential (Vp)
vs. v at−0.65 V vs. SCE; cathodic (black) and anodic (red). Upper right panel: |Δjp| vs. v for 0.01 M KH2PO4/Ag(100). Inset: Peak potential (Vp) vs. v at−0.80 V vs. SCE; cathodic (black)
and anodic (red). Lower left panel: |Δjp| vs. v for 0.1 M KH2PO4/Ag(111). Inset: Peak potential (Vp) vs. v for peaks arising at −0.60 V and −0.65 V vs. SCE (cathodics: green and black);
and at −0.70 V and −0.45 V vs. SCE (anodics: red and blue). Lower right panel: |Δjp| vs. v for 0.1 M KH2PO4/Ag(100). Inset: Peak potential (Vp) vs. v for peaks arising at −0.70 V and
−0.80 V vs. SCE (cathodics: green and black); and at −0.85 V and −0.75 V vs. SCE (anodics: red and blue). The y-axes are multiplied by 1×10−4.

Fig. 5. Normalized j–V profiles of Ag(111) electrodes in 0.01 M K3PO4 (blue), KH2PO4

(red) and H3PO4 (black), in the −1.2 V to −0.2 V vs. SCE range. Scan rate 0.050 V s−1.
(For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Table 2
Phosphate species at Θ= 0.0625 in a p(4×4) ordered layer adsorbed on Ag(111) and Ag
(100). The adsorption energies Eads are in eV, the phosphate-surface distances (dP−sup)
are in Å, QP (phosphorus atom charge) and Qtotal (total charge of the species). Mulliken's
charges are in atomic units (a.u.) and the surface charges are in C cm−2.

Adsorbate Eads dP−sup QP Qtotal Qsup

Ag(111)
H3PO4 −1.08 3.20 0.23 1.08 −1.42 ×10−5

H2PO−
4 −3.61 2.71 0.19 −0.55 7.25×10−6

HPO −
4
2 −5.33 2.39 0.13 −1.05 1.38×10−5

PO −
4
3 −6.11 2.36 0.08 −1.31 1.71×10−5

Ag(100)
H3PO4 −0.98 3.13 0.26 −0.19 2.63×10−6

H2PO−
4 −3.71 2.83 0.22 −0.54 7.43×10−6

HPO −
4
2 −5.78 2.39 0.16 −0.97 1.33×10−5

PO −
4
3 −6.44 2.36 0.11 −1.31 1.79×10−5

C.B. Salim Rosales et al. Journal of Electroanalytical Chemistry 799 (2017) 487–496

492



too much information which would make it difficult to draw conclu-
sions. However, we can observe the changes in the intensity of elec-
tronic density of the orbitals involved in the bonds between the P with
the four O atoms: 3s, 3px, 3py and 3pz, which are related to the changes
observed in the geometric structure of the oxoanions. There are changes
in the angles and in the tetrahedral shape of the anionic species, which
gets deformed, becomes more compressed and less high. All these ef-
fects can be observed through a change in the dP−sup. The black line
corresponds to H3PO4 species where the P atom is at a distance of
3.20 Å from the surface. The highest band of the total density appeared
between −10.5 and −9.5 eV because of the interaction of the 3p or-
bitals with the 5s band of the silver surface. The more deprotonated the
phosphate species, H2PO−

4 (red line) and PO −
4
3 (blue line) are, the P

atom becomes closer to the surface (2.71 and 2.36 Å, respectively), and
the species develop negative charges of −0.55 and −1.31 eV, respec-
tively. These charges produce a shift of the bands to higher energies.
Since the P atom is close to the surface, the 3s and 3pz orbitals inter-
acted with the 4d bands of the metal surface, which appear in the re-
gion of −6 to −2 eV.

Fig. 10 shows the PDOS vs. energy plot corresponding to P atom of
the phosphate species adsorbed on Ag(100). Changes of the PDOS
profiles were produced by changing the single crystal surface. Although
the orbitals 3s and 3p of the P atom exhibit qualitatively the same
changes as in the Ag(111), the magnitude of the displacements and the
intensity of the peaks, were modified due to the new crystallographic

order of the substrate. The main differences on the total profiles were
observed between −10.5 and −6 eV.

As a first approach in these DFT calculations, the presence of the
solvent was not taken into account. However, the fact that the trends of
the experimental results were qualitatively reproduced by the calcula-
tions, suggests that the adsorption phenomenon was mainly dominated
by the adsorbate/substrate interaction. The trends observed for both
crystallographic orientations were in agreement with the experimental
results measured at macroscopic level.

Fig. 6. Current density vs. time profiles of Ag(111) electrodes in 0.01 M K3PO4. Initial
potential (Vi) −0.40 V vs. SCE. Potential step (Vtrans) −1.35 V vs. SCE and Final potential
(Vf) = Vi.

Fig. 7. Optimized geometry of the H3PO4 molecule forming a p(4×4) structure on A) Ag(111) and B) Ag(100).

Fig. 8. CG energy changes [eV] vs minimization from the mono-dentate to bi-dentate
adsorption position of H2PO−

4 on Ag(100) (upper panel). Minimum Energy Path for the bi-
dentate to tri-dentate change of position (lower panel).
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4. Discussion

The identity of the predominantly adsorbed anion strongly depends
on the electrode potential. The changes in the symmetry of the ad-
sorbed phosphate species as a function of potential are related to the
pztc of the electrode [10]. The phosphate species adsorbed on silver
electrodes as a function of applied potential has been studied by
SERS [14,52]. It has been determined that at more negative potentials
(−0.8 V vs. Ag/AgCl(sat KCl)), the P–O–M mode transforms into
P–O–H (the solvent exposed P–O bands) due to its high sensitivity to
hydrogen-deuterium exchange experiments [14]. The potential-depen-
dent conformational geometry of the adsorbed phosphate, and a surface
free of adsorbed anions at −1.4 V was demonstrated by these authors.
Avalle et al. [32] studied the Ag(111) electrode in 0.010 M KClO4 and
observed that the shape and position of the current density peaks in the
CV profiles changes upon injection of analytes (which differ only in the
phosphate moiety), indicating a strong interaction between these ions
and the Ag(111) surface. It has been proven that, for silver electrodes,

the applied potential is the main factor that controls the interaction
between the metal surface and the adsorbates [14,32,52,53]. Jovic
et al. [49] studied the hydroxide adsorption on Ag(100) and Ag(111)
electrodes at two different concentrations of NaOH, and proposed a
complete charge transfer between this ion and the electrodes. As a re-
sult of the oxidation/reduction of the Ag2O a roughening of the silver
surface was observed.

Experimental studies of phosphate species adsorption performed on
gold and platinum single crystal electrodes in solutions containing HF/
KF as supporting electrolyte [9,11], reveal a dependence of the nature
and/or geometry of the adsorbed phosphate species on both, the nature
of the electrode and the applied potential. However, in the case of
platinum electrodes, an absence of surface specificity regarding the
geometric distribution of surface atoms was observed at the more po-
sitive adsorption potentials, under the given experimental condi-
tions [7]. The changes in symmetry for the adsorbed phosphate species
on Pt were assigned to the different dissociation of the anionic species
upon adsorption, mainly due to the polyprotic nature of phosphoric

Fig. 9. PDOS vs. energy for the P atom adsorbed on Ag(111).
Black: H3PO4, red: H2PO−

4 and blue: PO −
4
3 . Solid line: spin up;

dashed line: spin down. The zero energy corresponds to the
Fermi energy level. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of
this article.)

Fig. 10. PDOS vs. energy for the P atom adsorbed on Ag(100).
Black: H3PO4, red: H2PO−

4 and blue: PO −
4
3 . Solid line: spin up;

dashed line: spin down. The zero energy corresponds to the
Fermi energy level. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of
this article.)
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acid [5,11]. The phosphate species adsorbed on Au(111) electrodes did
not show any symmetry changes even for high positive potentials [33].
Other remarkable fact observed for Au(100) electrodes, was that the
presence of adsorbed phosphate species shifts the lifting of surface re-
construction to lower potentials by 0.20 V.

Weber et al. [12] studied the adsorption of H2PO−
4 on Au(100) and

Au(111) by in situ Fourier Transform Infrared Spectroscopy (FTIS).
They observed that the structure of the phosphate species adsorbed on
both electrodes presents the same characteristics. They concluded that
this was not an unexpected result since H2PO−

4 ions have only two
oxygen atoms free to coordinate to the surface (thus, the crystal-
lographic structure of the electrode does not determine the structure of
the adsorbed ion.). Then, the coordination of H2PO−

4 ion for both
electrodes was two-fold through the two oxygen atoms. In our case, the
shifting and change in shape of the peaks, indicate that the structure
and chemical interactions are likely to be different for the two crys-
tallographic orientations. The surface concentration can be considered
as the result of contributions by the predominant species present in
solution. In electrolytes containing phosphate anions, the following
acid-base equilibrium hold as shown below:

⇄ + =+ −H PO H H PO pK 2.04aq aq aq a3 4( ) ( ) 2 4( ) (6)

⇄ + =− + −HH PO HPO pK 7.27aq aq aq a2 4( ) ( ) 4( )
2

(7)

⇄ + =− + −HHPO PO pK 12.98.aq aq aq a4( )
2

( ) 4( )
3

(8)

Considering the experimental and theoretical results for the parti-
cular case of Ag(100) electrodes in 0.010 M KH2PO4, where the HPO −

4
2 /

H2PO−
4 ratio in solution is 1/298 (i.e. the H2PO−

4 is the predominant ion,
see Table 1), a tri-dentated coordination for the adsorbed species and
the formation of an ordered layer are expected. A bi-dentated co-
ordination is also possible but less stable. The rotation between these
two coordinations is not possible due to to the fact that a high barrier
must be overcome at room temperature. However, the change can occur
through mechanisms involving participation of the solvent. From ex-
periments, a reversible process was detected, which strongly depended
on the surface crystallographic orientation and the initial concentration
of the KH2PO4 solution.

In K3PO4, PO −
4
3 , HPO −

4
2 and OH− species are simultaneously ad-

sorbed at the electrode surface. It was demonstrated that their ad-
sorption has a competitive character.

5. Conclusions

In the present work phosphate species adsorption on Ag(111) and
Ag(100) was investigated by means of computational and experimental
studies and the following conclusions were drawn:

- Adsorption of phosphate species on silver single crystals is highly
sensitive to surface structure, in contrast to what was observed for
gold single crystals.

- The V pc
hkl(anion) depends on the crystallographic orientation of the

electrode surface and the predominant species in solution. The fol-
lowing trends were observed:

< <− − −V (PO , HPO ) V (H PO ) V (H PO )pc pc pc
111

4
3

4
2 111

2 4
111

3 4

and

<− − −V (PO , HPO ) V (H PO ).pc pc
100

4
3

4
2 100

2 4

The V pc
100(H3PO4) was not observed within the potential range stu-

died. Experimental results follow the same qualitative trends as
theoretical ones.

– Due to OH− co-adsorption in K3PO4, V pa
hkl(anion) appears as follows:

< <− − −V (H PO ) V (H PO ) V (PO , HPO ).pa
hkl

pa
hkl

pa
hkl

2 4 3 4 4
3

4
2

– A stable phosphate species adlayer was formed at potentials higher
than that of zero total charge (pztc) for Ag(111) and Ag(100) elec-
trodes. In the particular case of Ag(100)/H3PO4, peaks were not
observed from j–V profiles in the potential range studied.

– Complexity of the processes increased with hydrogen loss in phos-
phate molecules.

– We also studied the phosphate(ads)/Ag(111) and phosphate(ads)/
Ag(100) interfaces by means of theoretical calculations to obtain
accurate information at an atomic scale. We found that all phos-
phate films on silver are stable and have the same symmetry as the
single crystal surface.

– As the anion charge increases (for the different species studied) so
does film stability. The films formed have in all cases ordered
structures due to the fact that charged anions cause repulsive lateral
interactions.

– Theoretical results are consistent with the sensitivity observed in
electrochemical measurements on Ag(111) and Ag(100) electrodes.
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