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 A B S T R A C T

In this computational study, the adsorption of alkali metal atoms on Pt(111) is studied by periodic electronic 
structure calculations based on density functional theory. This study is motivated by the promoting role of 
alkali metal atoms in several reactions in electro- and heterogeneous catalysis. In a systematic approach, 
we first study the explicit interaction of the atoms with the Pt(111) surface focusing on structural and 
electronic details of the alkali interaction with the metal substrate, also as a function of the adsorbate coverage. 
Furthermore, we contrast our findings with corresponding results for the anionic counterpart, the adsorption 
of halogen atoms, identifying common and diverse trends.
1. Introduction

The interaction of alkali metal (AM) atoms with metal surfaces is 
of strong current interest, in particular in the field of electrochem-
istry and electrocatalysis [1,2]. It is well-known that at electrochem-
ical interfaces of metal electrodes AM cations typically adsorb non-
specifically [3], i.e., with their solvation shell still intact, whereas for 
example halide anions adsorb specifically [4,5], i.e. in a chemisorption 
fashion. Still, in spite of the non-specific adsorption, it is known that 
the presence of alkali metal cations in the electrolyte can strongly affect 
important electrochemical processes taking place on metal catalysts 
such as the reduction of CO2 [6–8], and oxygen [9,10], hydrogen evo-
lution [11], and the electrooxidation of ethanol [12] and alcohols [13]. 
Interestingly, AM can act as promoter of a given reaction on some 
metallic catalysts and has no effect on another ones [10,13]. Outside 
of the electrochemical environment, alkali metals are often used as 
promoters in heterogeneous catalysis, for example for the ammonia 
synthesis on iron [14], the hydrogenation of alkynes and alkenes [15], 
and the CO and CO2 hydrogenation [16–21].

The reasons behind the observed enhancement in the catalytic 
activity of the systems with the AM promoters has remained largely 
unresolved. In case of the electrochemical CO2 reduction reaction it 
was suggested that hydrated alkali metal cations create a dipole field 
that has a stabilizing effect on the adsorption of CO2 reduction inter-
mediates with significant dipole moments, simultaneously decreasing 
CO2 adsorption energy [6]. Other theories explain the AM-promoted 
CO2 reduction reaction in terms of their effect on the interfacial electric 

∗ Corresponding author at: Institute of Theoretical Chemistry, Ulm University, Ulm, Germany.
E-mail address: akoverga@unal.edu.co (A.A. Koverga).

field [7] and highlight the impact of alkali metal cations on the inter-
action of the CO with interfacial water, which is critical for ethylene 
formation [22]. In a similar fashion, the interfacial water structure 
and its destabilization induced by the alkali metal presence has been 
proposed as an important factor of enhanced oxygen reduction in 
alkaline solution [10]. It was also suggested, based on DFT simula-
tions [1,23] that the reduction of CO2 is promoted by the presence of 
partially desolvated metal cations that stabilize the CO2 intermediate 
via short-range electrostatic interactions.

As for the hydrogen evolution reaction, it has been shown that the 
presence of small cations such as Li+ induces a higher OH coverage 
on Pt, which promotes water dissociation and the Volmer step kinetics, 
leading to an improved overall activity [11] of this otherwise sluggish 
process in alkaline media. Outside of the electrochemical environment 
the ability of potassium to increase the bonding energy of nitrogen and 
reduce the activation energy of N2 dissociation was tied to the im-
proved ammonia synthesis rate on the iron catalyst [14]. Similarly, the 
enhanced CO dissociation on transition metal surfaces was attributed 
to the potassium-promoted strengthening of CO bonding [16].

Thus, despite the plethora of accumulated evidence demonstrating 
the promoting properties of alkali metals on the catalytic activity of 
other metals, the question of the fundamental basis of this enhancement 
remains largely under dispute. At the same time, it is a well-known 
fact that decorating metal surfaces with foreign atoms, or adatoms, 
affects their fundamental and catalytic properties [24–31]. In particular 
the modification of platinum – one of the best known single-element 
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catalyst – with adatoms of other elements has drawn significant at-
tention over the last several decades [32–42]. While there are reports 
on experimental studies of the high coverages of AM adatoms on Pt 
surfaces [18,43–45], the available fundamental-level works focus only 
on rather low Na and K adatom coverages, up to 0.25 ML [46,47]. Also, 
no information is available on coadsorption of several lithium atoms on 
platinum. Since it is an established fact that these systems demonstrate 
a significant variation of fundamental properties with coverage [43], 
the theoretical investigation of higher AM coverages on platinum is 
highly warranted.

In this regard, a study of Li, Na and K adlayers on platinum with 
two-dimensional geometry could provide important informations on 
the adsorption and interaction of AM atoms with other atoms in the 
adlayer and with the substrate. By considering only overlayers with 
a planar structure the study would be able to focus on the situation 
where all adsorbed atoms are able to interact with the substrate and 
that any adatom–adatom interaction is lateral, which is not possible 
upon formation of three-dimensional structures. It can also shed light 
on the factors driving growth and formation of AM structures on other 
metals [48]. The Pt(111) surface presents an attractive choice as a 
possible substrate, since it is densely packed and has not been reported 
to reconstruct at high AM coverages.

The present work aims to explore, by means of density functional 
theory calculations, the evolution of fundamental properties of alkali 
metals on Pt(111) in the coverage range where the AM overlayer retains 
its two-dimensional structure. We determine and discuss in detail the 
stability of the adsorbed atoms on the surface, the geometrical structure 
of the adlayer, the global work function of the composite systems and 
the adatom-induced charge redistribution in the surface. In addition, 
we consider a possible alkali metal incorporation into subsurfaces 
layers as well. We are confident that the findings of this work will be 
of interest in the fields of heterogeneous catalysis, electrocatalysis and 
material science in general.

2. Computational details

Spin-polarized periodic density functional calculations were carried 
out using the Vienna ab initio simulation package (VASP) code (version 
6.4.2) [49–52]. The exchange–correlation energy was calculated using 
the generalized gradient approximation (GGA) by Perdew, Burke and 
Ernzerhof [53], which is a popular choice for studying transition-
metal based systems and their fundamental characteristics [54–57]. 
The atomic cores were described with the Projector Augmented Wave 
(PAW) method [58], as implemented by Kresse and Joubert [59], with 
the following valence configurations: Pt – 5d96s1, Li – 2s1, Na – 3s1, 
and K – 4s1. The electronic wave functions were expanded in a plane 
wave basis set with the energy cut-off set to 400 eV.

The platinum (111) surface was modeled as a 6-layer (4×4) supercell 
system created from the bulk structure with a calculated optimized 
lattice constant of 3.97Å. For the specific alkali metal coverage of 0.33 
ML reported in some experimental studies [18,46,47], a (2

√

3 × 2
√

3)
cell was used. All calculations were carried out with a vacuum region 
of 18Å preventing the interaction between the repeated cell images in
z direction. In addition, a dipole correction scheme was applied in all 
cases to ensure that the slabs were decoupled. For the geometry opti-
mization, the first irreducible Brillouin zone was sampled by 4 × 4 × 1 
Monkhorst–Pack [60] k-points mesh while a denser 13 × 13 × 1 scheme 
was used for the density of states (DOS) calculations. In all cases 
the first order Methfessel–Paxton approach [61] was applied with a 
Gaussian width of smearing of 0.2 eV.

For the structure optimization, the three uppermost out of six total 
metal layers were allowed to relax, while the three bottom layers were 
frozen in the bulk-like geometry. The atoms present on the surfaces 
were allowed to relax in all three directions together with the upper 
three layers of platinum, the structural optimization was performed 
until the forces acting on all atoms were below 0.01 eV/Å.
2 
Fig. 1. Adsorption sites available on the Pt(111) surface. Platinum atoms are 
represented by gray spheres.

This study focused on systems with Li, Na and K adlayers on the 
Pt(111) surface, denoted here as Li/Pt, Na/Pt and K/Pt, respectively. 
The minimal coverage corresponds to a single alkali metal atom on 
Pt(111) within a (4 × 4) surface unit cell, leading to a coverage of 
𝛩𝑚𝑖𝑛 = 1∕16, or 0.06 ML. To model a 0.33ML coverage, a (2

√

3 × 2
√

3)
surface unit cell was employed. As possible adsorption sites, the top, 
bridge and two types of three-fold hollow sites, fcc and hcp, present on 
the Pt(111) were considered, as illustrated in Fig.  1.

By gradually occupying preferable surface sites with Li, Na and K 
atoms the systems at higher AM coverages were then created. The dif-
ferential adsorption energy for each nth adatom was derived according 
to 
𝐸𝑎𝑑𝑠 = 𝐸𝑛𝐴𝑀∕𝑃 𝑡 − 𝐸(𝑛−1)𝐴𝑀∕𝑃 𝑡 − 𝐸𝑐𝑜ℎ,𝐴𝑀 (1)

where 𝐸𝑛𝐴𝑀∕𝑃 𝑡 and 𝐸(𝑛−1)𝐴𝑀∕𝑃 𝑡 are the total energies of the systems 
comprising 𝑛 and 𝑛−1 Li, K or Na atoms on the Pt surface, respectively, 
and 𝐸𝑐𝑜ℎ,𝐴𝑀  is the cohesive energy per atom of the corresponding 
alkali metal. This ‘‘step-wise’’ adsorption energy allows to conclude 
how adding an atom to the adlayer affects its stability.

The bulk cohesive energy is obtained from the expression 

𝐸𝑐𝑜ℎ,𝐴𝑀 =
𝐸𝐴𝑀𝑛

− 𝑛 ⋅ 𝐸𝐴𝑀,𝑔

𝑛
(2)

in which 𝐸𝐴𝑀𝑛
 and 𝐸𝐴𝑀,𝑔 are the total energies of a cell with n AM 

atoms in bulk geometry and of one AM atom isolated in gas phase, 
respectively.

An alternative approach to estimate the stability of adlayers on the 
substrate is to calculate the integral adsorption energy [62] according 
to 

𝐸𝑎𝑑𝑠,𝑖 =
𝐸𝑛𝐴𝑀∕𝑃 𝑡 −

(

𝐸𝑃 𝑡 + 𝑛 ⋅ 𝐸𝐴𝑀,𝑔
)

𝑛
(3)

Here again, 𝐸𝑛𝐴𝑀∕𝑃 𝑡 is the total energy of the system with a 𝑛 AM atom 
adlayer, supported on Pt(111), 𝐸𝐴𝑀,𝑔 is the energy of the isolated AM 
atom and 𝐸𝑃 𝑡 the energy of the pristine Pt(111) surface.

The integral adsorption energy is the crucial quantity to determine 
the equilibrium coverage of the adsorbates as a function of their chem-
ical potential [63,64]. It can furthermore be useful for estimating the 
contributions of the substrate–adlayer interaction, Es-a and adsorbate–
adsorbate interaction, Ea-a to the overall adsorption energy. The values 
of Es-a and Ea-a can be obtained from: 

𝐸𝑠−𝑎 =
𝐸𝑛𝐴𝑀∕𝑃 𝑡 −

(

𝐸𝑃 𝑡 + 𝐸𝐴𝑀,𝑎𝑑𝑙
)

𝑛

𝐸𝑎−𝑎 =
𝐸𝐴𝑀,𝑎𝑑𝑙 − 𝑛 ⋅ 𝐸𝐴𝑀,𝑔

𝑛
𝐸𝑎𝑑𝑠,𝑖 = 𝐸𝑠−𝑎 + 𝐸𝑎−𝑎

(4)

Here, additionally to the terms, described above, 𝐸𝐴𝑀,𝑎𝑑𝑙 stands for the 
total energy of a free-standing adlayer (as it is referred to in the work 
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of Pašti and Mentus [62]) comprising n isolated atoms organized in a 
geometry identical to that they have on the Pt substrate.

The degree of strain allows to estimate how ‘‘compressed’’ or 
‘‘stretched’’ the AM overlayer is due to the presence of the Pt substrate 
with respect to the corresponding bulk structure which can significantly 
influence the reactivity of metal surfaces [65,66]. It was calculated as 
indicated earlier in the literature [44,67]: 

𝑆 =
𝑑𝐴𝑀−𝐴𝑀(𝑎𝑑𝑙) − 𝑑𝐴𝑀−𝐴𝑀(𝑏𝑢𝑙𝑘)

𝑑𝐴𝑀−𝐴𝑀(𝑏𝑢𝑙𝑘)
× 100% (5)

where 𝑑𝐴𝑀−𝐴𝑀(𝑎𝑑𝑙) and 𝑑𝐴𝑀−𝐴𝑀(𝑏𝑢𝑙𝑘) are average AM-AM distances 
in adsorbed adlayers and in the bulk, respectively. From this formal-
ism, positive values of S would correspond to a overlayer stretching, 
negative values–to its compression.

The work function, 𝛷, for pristine and adatom-modified platinum 
surfaces was calculated as the difference of the electrostatic potential 
in vacuum, 𝑉∞, and the Fermi level of the surface, EF: 

𝛷 = 𝑉∞ − 𝐸𝐹 (6)

The adatom induced charge redistribution in the studied systems 
was analyzed using the Density Derived Electrostatic and Chemical 
(DDEC6) partitioning scheme [68,69], with net charges on atoms calcu-
lated with Chargemol [69,70]. The charge density difference, 𝛥𝜌, was 
obtained from the equation: 
𝛥𝜌 = 𝜌𝐴𝑀∕𝑃 𝑡 − 𝜌𝐴𝑀 − 𝜌𝑃 𝑡 (7)

Here, 𝜌𝐴𝑀∕𝑃 𝑡 is the charge distribution in the system with an adatom 
on a Pt surface, 𝜌𝐴𝑀  and 𝜌𝑃 𝑡 are the charge distributions for the 
isolated alkali metal atom and the bare surface, respectively. Impor-
tantly, the charge density difference (CDD) must be calculated under 
the strict condition that the 𝜌𝐴𝑀  and 𝜌𝑃 𝑡 components of the studied 
systems are obtained using the same atom positions as in the composite 
system [71].

The obtained data were visualized by making a 2D slice through 
the three-dimensional representation of the charge density difference 
of each AM/Pt system. The cutting plane was selected in such a way 
that the obtained plane would include the adatom, the surface Pt atom 
directly in contact with it and another surface atom further away from 
the adsorbate (see Fig. S1). This allows to assess how the different 
surface atoms interact with the adsorbate depending whether they are 
in direct contact with it and to see the charge difference in a specific 
point where the adatom–surface interaction takes place.

The dipole moment per AM atom at all coverages with an adsorbate 
density 𝑛𝑜 was determined using the Helmholtz equation that estab-
lishes a relation between the work function change, 𝛥𝛷 and the dipole 
moment, 𝜇 [46,47,54]: 

𝜇 = − 𝛥𝛷
2𝜋𝑛𝑜

(8)

3. Results and discussion

3.1. Single Li, Na and K atom interaction with Pt(111)

3.1.1. Stability of the adatoms and preferred adsorption sites
The most stable adsorption site for each considered alkali metal was 

established by placing a single atom of lithium, potassium and sodium 
on all possible adsorption sites available on Pt(111) (Fig.  1) at an initial 
distance of ∼2.5Å with a subsequent relaxation of the systems. All AM 
species were found to preferably interact at the sites with the highest 
coordination, resulting in adsorption on three-fold hollow sites.

Specifically, the analysis of Eads values revealed that for all adatom 
species the hcp site was the most stable one, followed by fcc (see Table 
1). This is somewhat different from previously reported results [72,73], 
indicating that the fcc site was preferable for adsorption of single alkali 
metal atoms. However, from low-energy electron diffraction (LEED) 
3 
structural analysis combined with theoretical calculations it was con-
cluded that Na and K are more stable on the hcp site [46,47]. The 
authors also argued that the local electronic environment on the hcp 
sites leads to a more favorable overlap between the valence states 
of alkali metals and the Pt. As the result, even though the energy 
difference between fcc and hcp is very small (less than 0.1 eV as it 
can be seen in Table  1), the hcp sites enable a better screening of the 
alkali-induced dipoles and minimize the repulsive interaction with the 
underlying Pt layers. Overall, a common agreement on the preferable 
adsorption sites for AM is that the energy difference between hcp and 
fcc sites is negligible [72,74]. Since the experimental data suggests hcp 
sites as the most stable for Na and K at low coverages, they were chosen 
for the analysis of the Li, Na, and K interaction with Pt(111).

The values for the adsorption energy, listed in Table  1, point to a 
strong AM-Pt interaction. This is reflected by the fact that the listed 
Eads that are determined with respect to the bulk cohesive energy of the 
AM (see Eq. (2)), are all negative indicating that the single AM atom 
adsorption on Pt(111) is energetically more favorable for the alkali 
atoms than joining the bulk structure of the respective bulk metal. This 
affinity for adsorption on Pt follows the order K > Na > Li, with sodium 
and lithium characterized by very close Eads values.

The Eads values calculated with respect to the isolated AM atoms 
are very close to those reported in earlier studies: −3.52 eV vs. −3.33 
eV [73] for Li, −3.13 eV vs. −2.89 eV [73] for Na and −3.37 eV
vs. −3.13 eV [73] for K. The difference between the calculated and 
reported values could be a result of different model parameters used 
in the present study and in the work of Matanović et al., the choice of 
the exchange–correlation functional and the AM coverage among them.

The distances between the AM and the substrate dAM–Pt follow the 
same K > Na > Li trend, probably reflecting the decrease in the atomic 
radii (𝑟𝐾 = 202.5 pm, 𝑟𝑁𝑎 = 157.2 pm and 𝑟𝐿𝑖 = 122.5 pm [75]). It 
is evident that the weakest adsorbed lithium is closest to the surface, 
followed by sodium with an intermediate Eads and then the most stable 
potassium. The adsorption of either of the AM species causes a small 
increase in Pt-Pt distances in the contact region from 2.80Å  to 2.85Å, 
not affecting surface atoms further from the location of the adatom.

Interestingly, the Eads values calculated with respect to the energy 
of an AM atom isolated in vacuum indicate a slightly different stability 
order of the AM stability as the one obtained using Ecoh as the reference. 
This other trend, Li > K > Na, however, does not correlate neither with 
trends in the atomic numbers nor with adatom–substrate distances. This 
might indicate that Eads calculated vs. Ecoh provides a more accurate 
representation of the AM stability on platinum.

It must be noted here that in the study by Lehmann, Roos and 
Bertel [45] it was demonstrated that at coverages below 𝛩𝐴𝑀 = 0.22 ML 
the light alkali metals can be incorporated into the surface, reverting 
to regular adsorption at the higher coverages. In such systems the AM-
AM repulsion would be mostly eliminated, which could be a stabilizing 
factor.

However, in the later works by Moré et al. the authors came to 
the conclusion that the subsurface K and Na adsorption in Pt(111) is 
not favorable especially at lower temperatures, mainly because of the 
size of Na and K atoms [46,47]. The insertion into the bulk of the Pt 
surface would cause a significant expansion of the internal structure of 
platinum, destabilizing the overall system. Furthermore, the formation 
of such systems would entail breaking of several stable Pt-Pt bonds and 
the creation of weaker AM-Pt bonds, which is another argument against 
the substitutional AM adsorption in Pt(111).

Nonetheless, the Li atomic radius is the smallest among the con-
sidered AM species, and the possibility of its insertion into Pt(111) 
surface was considered here as well, with the substitutional adsorption 
of Na and K taken as a reference. The analysis, described in detail 
in Section S1.1 of the Supporting Information, revealed that in all 
cases, the systems where one AM atom is inserted into the surface 
or subsurface layers of Pt(111) are less stable than the corresponding 
ones with AM atoms adsorbing on Pt(111) (Table S1), suggesting that 



A.A. Koverga et al. Applied Surface Science 718 (2026) 164918 
Table 1
Calculated cohesive (Ecoh) and differential adsorption energies on hcp (𝐸ℎ𝑐𝑝

𝑎𝑑𝑠 ) and fcc (𝐸𝑓𝑐𝑐
𝑎𝑑𝑠 ) sites, distance between the adatom 

and the surface (dAM–Pt), DDEC6 (bold) and Bader (italic) atomic charge values for adatom (QAM), average DDEC6 (bold) and 
Bader (italic) charges for Pt atoms in contact with it (QPt) and adatom induced change in the work function (𝛥𝛷) for the studied 
AM/Pt systems.
 System Ecoh (eV) 𝐸ℎ𝑐𝑝

𝑎𝑑𝑠 (eV) 𝐸𝑓𝑐𝑐
𝑎𝑑𝑠  (eV) dAM–Pt (Å) QAM (e)a QPta 𝛥𝛷 (eV) 

 Li/Pt −1.68 −2.19 −2.10 2.01 +0.75/+0.87 −0.31/−0.25 −0.92  
 Na/Pt −1.10 −2.24 −2.15 2.41 +0.78/+0.82 −0.27/−0.22 −1.46  
 K/Pt −0.94 −2.60 −2.52 2.82 +0.82/+0.84 −0.23/−0.20 −1.97  
a Negative and positive values correspond to charge gain and loss, respectively.
Fig. 2. 2D plots of the electron localization function for AM/Pt surfaces. The probability of finding electron varies from 0 (blue) to 1 (red). The gray circle with 
concentric inner circles represents the Pt atom in contact with the adatom, gray, green, pink and purple spheres denote Pt, Li, Na and K atoms, resp.
substitutional adsorption is less likely to occur than adsorption on the 
surface. Therefore, only adsorption of the AM on the Pt(111) surface 
was considered while studying the increasing coverage of Li, Na, and 
K.

3.1.2. Analysis of the electron localization function and charge density
The electron localization function (ELF) plotted in Fig.  2 was ob-

tained by making a 2D slice through the three-dimensional representa-
tion of the electron localization data for each AM/Pt system (see Fig. 
S1). It indicates a small increase in the probability to find electrons in 
the contact region between the AM and platinum surface. The slightly 
smeared nature of this region points to the presence of mostly metallic 
bonds between all AM atoms and Pt. An interesting feature is seen in the 
K/Pt system, where the electron localization around the adatom visibly 
shifts away from the Pt surface, indicating a polarization of the adatom–
Pt bond, not evident in the ELF plots for Li and Na. Overall however, 
the presence of the adatom appears to impact only Pt atoms directly 
in its vicinity, not involving either surface atoms located further away 
from the adsorbate or deeper in the bulk of the AM/Pt systems.

Charge transfer is an important aspect of the adatom–surface in-
teraction. The determination of net atomic charges offers one of the 
simplest ways to assess the adatom-induced charge redistribution in 
adsorbate–surface systems in general and in AM/Pt systems in particu-
lar. In any material there is an electron cloud surrounding the atomic 
nuclei. The partitioning of a given charge distribution to specific atoms 
effectively means associating parts of this electron cloud to each atomic 
nucleus. Within this approach the net atomic charge will be defined as:
𝑄𝑋 = 𝑍𝑋 − 𝑞𝑋 (9)

Here ZX is the nuclear charge of atom X, and qx – number of electrons 
attributed to this atom.
4 
It is important to note that this assignment is by no means unique 
[76]. There are many approaches to assign fractions of electron clouds 
to a given atom, including the Hirshfeld [77], Bader [78], Charge Model 
5 [79], and Density Derived Electrostatic and Chemical (DDEC6) [68,
69], partitioning schemes. Furthermore, net atomic charges can be es-
timated from a wave function using other methods, such as population 
analysis [80], and electrostatic fitting [81].

Consequently, net charges obtained for the same system using dif-
ferent approaches can vary significantly, and it is impossible to verify 
which method offers the most accurate results since partial charges 
are not accessible experimentally. Furthermore, population analysis 
methods are not directly applicable to plane-wave basis sets [82], and 
electrostatic fitting methods do not work for crystalline systems [83].

As for the partitioning schemes, the Hirshfield method usually 
underestimates net charges [79], and the Charge Model 5, while mit-
igating some shortcomings of the Hirshfield partitioning scheme by 
including empirical corrections to it, cannot be used to calculate certain 
atoms-in-materials properties [69].

For the AM/Pt systems both DDEC6 and Bader approaches to elec-
tron density partitioning agree that in all cases an adatom → surface 
charge transfer takes place. The adsorbed AM species become positively 
charged, while surface Pt atoms in contact with the adsorbates gain 
charge and become more negative, although both schemes yield dif-
ferent values of the partial charges for the AM and platinum atoms. 
Furthermore, within the DDEC6 method the derived positive charge 
values for the AM species decrease in the order K (+0.82 e) > Na (+0.78
e) > Li (+0.75 e), in agreement with the electronegativities of these 
elements: 𝜉𝐾 = 0.82, 𝜉𝑁𝑎 = 0.93 and 𝜉𝐿𝑖 = 0.98 [84].

In contrast, the net atomic charges calculated for the same systems 
using the Bader approach yield a somewhat different trend, where 
positive values of Q  decrease in the row Li (+0.87 e) > K(+0.84 e) >
AM
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Na (+0.82 e). Importantly, neither of the partitioning schemes are able 
to describe accurately the exact relationship between the net charge 
transfer and change in the work function (see Table  1). However, the 
trend in charge transfer, predicted by the DDEC6 scheme, 𝑄𝐾 > 𝑄𝑁𝑎 >
𝑄𝐿𝑖, correlates well with adatom-induced changes in the work function, 
𝛥𝛷𝐾∕𝑃 𝑡(111) > 𝛥𝛷𝑁𝑎∕𝑃 𝑡(111) > 𝛥𝛷𝐿𝑖∕𝑃 𝑡(111).

The overall more positive net charges derived with the Bader ap-
proach compared to those obtained with the DDEC6 partitioning could 
be the result of the reported tendency of the Bader charge analysis 
method to sometimes overestimate atomic charges, particularly in light 
atoms [85]. The disagreement on charge transfer trends, in its turn, 
arises from the fundamental differences in the partitioning schemes.

The Bader method is very sensitive to the local topology of the 
electron density, partitioning space into basins of the electron density, 
separated by zero-flux surfaces. The charge of each atom is estimated 
from the number of electrons contained inside its basin. For smaller 
atoms such as Li the valence density is concentrated close to their 
nuclei, and charge donation leads to a significant outward shift of the 
dividing surface, so that the Bader method assigns a more positive 
charge. Conversely, for larger diffuse atoms such as K, the valence 
density decays more gradually, so more electron density remains within 
their basin after adsorption, leading to a smaller apparent charge 
transfer.

In contrast, the DDEC6 approach partitions the total electron density 
into atomic contributions by optimizing the reference atomic densities 
to reproduce the electrostatic potential in the external region of the ma-
terial, keeping the resulting charges chemically meaningful, i.e. charges 
on similar atoms in similar environments remain consistent [68,69].

Since both Bader and DDEC6 approaches predict a charge transfer 
from the AM adatoms to the platinum substrate, either of them can 
be used as the first estimate of the trends in charge transfer upon 
adatom–substrate interaction at different coverages. Taking into ac-
count that the final result cannot be verified experimentally, the choice 
of the scheme is, ultimately, subjective. Here the DDEC6 scheme was 
used since the charges obtained with it align better with trends in 
AM adsorption energies on Pt(111) and AM-induced changes in its 
work function. Furthermore, the DDEC6 method handles delocalized 
electrons better than the Bader scheme which is crucial for metallic 
systems [69].

The AM → Pt charge transfer was further confirmed by determining 
the spatial electronic distribution of the total charge density difference, 
𝛥𝜌, from Eq. (7). As described in Section 2, a 2D slice was made out 
of the 3D charge difference representation (Fig. S2) with the cutting 
plane including the adatom, the Pt atom in contact with it and another 
surface atom not directly interacting with the adsorbed species (Fig. 
S1).

The obtained 2D slices can be seen in Fig.  3, which evidences that 
for all AM species only the two topmost layers of Pt are affected by the 
presence of the adatoms, while the charge distribution in the remaining 
four layers virtually remains the same as in the pristine surface.

In all AM/Pt systems a charge depletion region of roughly spherical 
shape is present above and on the sides of the adatoms, indicating the 
involvement of their s orbitals in the charge transfer process. At the 
same time, a charge buildup is seen at the Pt surface atoms in contact 
with the adsorbate, forming a region with one lobe oriented toward 
the adatom and another into the interior, indicating the involvement 
of the Pt 5d orbitals [31,47] in the AM-Pt bond formation. Conversely, 
the charge density on the surface atom located further away from the 
interaction region does not undergo such a significant change as the 
Pt atom directly in contact with AM adatom, confirming the localized 
nature of the impact of the AM adatoms on the Pt electronic properties 
seen in the ELF plots (Fig.  2).
5 
3.1.3. Changes in the work function of Pt(111) upon AM adsorption
The observed charge transfer should also result in a change of 

the work function, 𝛷, of the Pt(111) surface with the adsorbed AM 
atoms. The work function is an important characteristic reflecting 
the interaction of adsorbates with a catalyst surface and, hence, its 
reactivity [54,86,87]. For a given system the work function can be 
divided into contributions from the bulk part and from the surface. The 
bulk part of the work function corresponds to the position of the Fermi 
energy relative to the average electrostatic potential inside the bulk. 
Since it depends mainly on crystal structure, composition and electron 
density, it is practically not affected by the presence of the adatoms.

The surface component, in its turn, is very sensitive to the charge 
redistribution originating from the adsorption of species with elec-
tronegativities different from that of the atoms in the host surface. 
The presence of adatoms with electronegativities lower than that of 
Pt (𝜉𝑃 𝑡 = 2.28 [84]) would lead to a positive surface dipole moment 
change, resulting in the decrease of the work function [18,31,54,88] 
from the calculated value of 𝛷𝑃 𝑡(111) of 5.73 eV.

Fig.  4 summarizes the planar-averaged potential energy in AM/Pt 
systems as a function of the z coordinate. Notice that the number of 
minima on each panel corresponds to the total number of platinum 
layers in each system. Another important feature is the asymmetry of 
the potential energy values on the left and right sides of each plot, 
caused by presence of the adatom. It can be seen that in all cases the 
adsorption of the AM atom leads to a lowering of the potential energy 
and of the work function of the surface with the adsorbed AM atoms.

As seen in Fig.  4 and in Table  1, the biggest impact on the work 
function 𝛷𝑃 𝑡(111) is seen for the potassium adatom, followed by sodium, 
whereas the lowest change was observed in the Li/Pt system. This trend 
follows the one seen for the total net charge values calculated for the 
adatoms (decreasing in the order K > Na > Li as discussed above) which 
is in agreement with experimental data available in literature, at least, 
concerning Pt with potassium and sodium adatoms [18,89].

As for Li/Pt, the calculated value for 𝛥𝛷 is −0.93 eV, seemingly 
in disagreement with the value of −3.35 eV calculated for this system 
previously [72]. However, the latter 𝛥𝛷 value was obtained for a 
lithium coverage of 0.25 ML, while the work function change reported 
here corresponds to a coverage of 𝛩𝐿𝑖 of 0.06 ML. Recalculating the 
work function for a 0.25 ML coverage yields a 𝛥𝛷 value of −3.00 eV, 
significantly closer to the previously reported value.

Overall, the observed tendency of the AM adatoms to lower the 
work function of Pt are in line with previously reported studies on 
AM-induced 𝛷 changes of transition metal substrates in general, and 
Pt in particular [18,46,47,89]. The reported work function lowering 
is usually attributed to the interaction between the valence state of 
the AM adsorbate and conduction band states of the transition metal 
substrate, resulting in an AM → substrate charge transfer.

3.1.4. Electronic structure analysis
Similarly to other systems comprised of Pt surfaces with foreign 

atoms on them, alkali metal adatoms can be potentially employed for a 
fine tuning of the catalytic properties of Pt-based systems, depending on 
the target process. However, comparing to adatom-induced 𝛥𝛷 values 
for Pt(111) for other species upon single foreign atom adsorption at 
0.06 ML coverage (−0.72 eV [31], −0.45 eV [31], and −0.45 eV [88] 
eV for Bi, Te and Ni, respectively) the effect of the alkali metals on the 
work function is the largest. For some processes this could deteriorate 
the Pt catalytic activity, as for the case of the hydrogen evolution 
reaction, where the AM-induced change in the work function would 
cause a stabilization of the reaction intermediate and hinder product 
removal from the surface, potentially leading to a blockage of active 
sites.

Despite the apparent simplicity of the AM/Pt systems, the interac-
tion of Li, Na and K with Pt(111) involves a complex interaction of 
electronic states of the adsorbed species with the surface atoms. The 
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Fig. 3. Charge density difference plot for systems comprising a single atom of Li, Na, or K adsorbed on Pt(111). In each panel, the Pt atoms in contact with the 
adatoms are located on the left, while Pt atoms further away from the contact regions are located on the right. Red and yellow colors denote regions of charge 
buildup (negative partial charge), while blue and green of charge depletion (positive partial charge). The color coding of the atoms is the same as in Fig.  2.
Fig. 4. Plane-averaged potential in the stable AM/Pt systems. Parts of the 
vacuum region on the clean side of each slab and on the side where the adatom 
is present have been cut out from each plot to facilitate the visualization. 
Gray, green, pink and purple spheres denote Pt, Li, Na and K atoms, resp. 
The horizontal black line in each panel indicates the work function of pristine 
Pt(111), 5.73 eV. The values of the work functions for the sides of the slabs 
with adatoms are indicated as well.

charge transfer by itself is not sufficient to fully understand the AM-
Pt interaction, since it ultimately depends on the selected partitioning 
scheme. Thus, to further assess the mutual impact of the AM and Pt 
on their electronic structures an analysis was conducted of the changes 
in the s states of the AM species and in the 5d, 6s and 6p states of Pt 
resulting from the AM-Pt interaction. This analysis could be especially 
useful when identifying the orbitals of the adatoms and of platinum 
that were involved into charge transfer and AM-Pt interaction.

For this purpose the difference between the s states of the adsorbed 
AM and the states of the isolated species was analyzed, as presented in 
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the upper panel of Fig.  5. As for platinum, the effect of the AM presence 
was estimated from the difference between the s, p and d states of the 
surface atom interacting with the AM adatom and the states of the 
corresponding Pt atom in the bare surface. The most affected states are 
summarized in the bottom panel of Fig.  5. Also changes in all states of 
platinum atoms in the contact region are illustrated in Fig. S3 of the 
Supplementary Information. The specific choice of the surface atoms 
in the direct vicinity of the adsorbate was dictated by the fact that 
surface atoms further away from the modification site do not undergo 
any significant changes in their electronic structure as evidenced from 
the ELF and CDD plots, and, therefore, are not involved in the AM-Pt 
interaction.

It is evident that a depletion was found in all cases for the AM s
states. For Li and Na the depopulation of their s states is comparable, 
while for K the observed s state depopulation was significantly higher, 
in agreement with the charge transfer tendencies discussed above. 
The observed disappearance of the states in the vicinity of the Fermi 
level has been already reported for lithium upon its adsorption on 
Pt(001) [72], suggesting the possibility that Li, Na and K suffer similar 
changes in their electronic structure upon adsorption on Pt surfaces 
with different orientations.

As for platinum, the presence of any AM affects all electronic states 
of the surface atom in the vicinity of the adatom, although some states 
were affected more than others. Specifically, the biggest changes were 
seen in the dz2  and dxz states, followed by the much less affected s state, 
regardless of the nature of the AM adatoms. The changes of the dxz state 
apparent in Fig.  5 corroborate the preliminary conclusions made from 
the CDD plot in Fig.  3 about its involvement into the AM-Pt bonding.

Changes in the rest of the states are rather small, allowing to draw 
the conclusion that the interaction of the AM adatoms and Pt mainly 
involves the s states of the adsorbates and the dz2  and dxz states of 
platinum. Similar results have been already reported for the electronic 
states of Pt in the Na/Pt(111) system [47], where the adatom-induced 
polarization of Pt atoms via filling of dz2  orbitals and the depletion of
dxz,yz states was argued to contribute to the strong interaction of Na 
and Pt in particular and of smaller alkali metals with transition metal 
substrates in general. The obvious similarities in the electronic structure 
changes seen for all AM/Pt systems, regardless of the nature of the 
adatom, suggests the applicability of this conclusion for Li and K as 
well.
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Fig. 5. Changes in the projected densities of states (PDOS) of AM species and 
Pt upon AM adsorption on Pt(111). For clarity the range of energies between 
−4.0 eV and 4.0 eV is shown. The orbitals, contributing to charge transfer 
are indicated: s-orbitals of AM with red; dz2 - and dxz-orbitals of Pt with pink 
and green. Thin black lines denote the orbitals of Pt that do not undergo 
a noticeable change upon the AM adsorption. Dashed vertical line indicates 
position of the Fermi level.

These findings paint a picture, similar to that observed for the 
evolution of electronic states of Pt upon adsorption of a single atom of 
Bi and Te, where the adsorption process affected the electronic states of 
the substrate atoms that extended toward the perpendicular direction 
of the surface, causing only little changes in the rest of the electronic 
states [31]. Indeed, the dz2  state is oriented directly perpendicular 
to the surface plane while the lobes of the dxz one have an angled 
orientation above and below the plane, contributing to the adsorption 
on the hcp three-fold hollow sites, where the adatom and the surface 
atoms involved into the AM-Pt interaction form a tetrahedron-like 
geometry.

3.2. Formation and properties of 2D layers of Li, Na and K on Pt(111)

3.2.1. Structural characteristics of the planar AM adlayers and adsorption 
energy trends

The AM adsorption on Pt(111) at low coverages leads to a strong 
repulsive interaction between the adsorbed species because of the 
large dipole moment associated with their adsorption [18,43,44,46,47]. 
However, while the formation of uninterrupted AM islands on the 
surface is not possible because of the electrostatic repulsion between 
the dipoles, the cohesive adatom–adatom interaction potentially could 
overcome it. Therefore, the coadsorption of two AM atoms at the lowest 
coverage of 0.13 ML was first considered on the neighboring hcp sites 
(𝑑𝐴𝑀−𝐴𝑀 ≈ 3.5 Å) and on hcp sites separated by two atomic rows 
(𝑑𝐴𝑀−𝐴𝑀 ≈ 5.6 Å).

The results for these arrangements revealed that the Na/Pt and K/Pt 
systems with two adatoms initially placed on neighboring hcp sites are 
energetically extremely unfavorable. As a consequence, upon allowing 
for relaxation, the adatoms moved to the hcp sites at a distance of 
5.6Å. As for Li/Pt, the adatoms remained on the neighboring surface 
sites, however, this arrangement is 0.2 eV less stable than the system 
with adatoms adsorbed at a larger distance. Subsequently, a higher 
population of the Pt(111) surface with adatoms was achieved, when 
possible, by placing each new AM atom at the maximum distance from 
the atoms already present on the surface.
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Importantly, for a Na and K coverage of 0.25 ML (2 × 2) struc-
tures have been reported [46,47] with significant separations between 
coadsorbed adatoms. However, higher coverages could give a rise 
to alternative adatom arrangements, including different adatom in-
plane distributions and aggregations. Therefore, for coverages above 
0.25 ML several alternative 2D structures have been tested, and these 
calculations confirmed that the structures, reported in the present work, 
correspond to the lowest-energy configurations.

Another possible consequence of the strong AM-AM cohesive in-
teraction could be the adsorption of AM atoms on the atoms of the 
same species already adsorbed on the surface and the formation of 3D 
structures. The possibility of a two-dimensional layer formation of a 
given metal on a substrate can be assessed by comparing the adsorp-
tion energies of the adatoms with their corresponding bulk cohesive 
energies that can be obtained from Eq. (2). Specifically, for adatom–
substrate systems, in which the adsorption energy, 𝐸𝑎𝑑𝑠, calculated 
from the Eq. (1) using 𝐸𝑐𝑜ℎ as a reference, is equal or more positive 
than 0 eV, the adatoms will preferably bind to each other and form 
3D structures. In the case when 𝐸𝑎𝑑𝑠 remains negative, the adatom will 
preferably interact with the substrate, forming a planar 2D structure. 
The values for 𝐸𝑎𝑑𝑠 and 𝐸𝑐𝑜ℎ, listed in Table  1 for the lowest considered 
coverage of 0.06 ML indicate that initially all considered AM species 
will readily interact with the Pt substrate.

Importantly though, with growing adatom coverage the value of 
𝐸𝑎𝑑𝑠 for a given AM may become more positive, and if at a given 
coverage it becomes equal or larger than 0 eV, the formation of a 3D 
geometry will be energetically more favorable from then on. Therefore, 
the 𝐸𝑎𝑑𝑠 < 0 criterion was used for all AM coverages to assure that the 
overlayer maintained its planar structure.

Also, at high enough coverages, even though the condition of nega-
tive 𝐸𝑎𝑑𝑠 is fulfilled, the surface could become too crowded and would 
not be able to accommodate the next adatom into the 2D structure, 
making a 3D geometry the only option. Thus, for coverages equal or 
greater than 0.31 ML, the stability of 2D structures was compared to 
that of possible three-dimensional geometries with identical number 
of adatoms in the system to assure that the planar adlayer was more 
stable than the 3D structure with the same number of AM atoms in 
it. The results evidenced no formation of 3D structures in the range of 
coverages up to maximum coverage specific for each considered AM, 
discussed further.

With this in mind the AM adatoms were placed one by one onto the 
hcp sites of the Pt(111) surface at increasing 𝛩𝐴𝑀  and were allowed 
to relax. The obtained stable geometries are summarized in Fig.  6, 
the corresponding evolution of the adsorption energy values with the 
coverage is shown in Fig.  7. It is evident that at lower coverages of 
0.13 ML and 0.25 ML, the surface has enough sites for the adatoms 
to maintain the maximum separation due to repulsive interaction. At 
these coverages the average adatom–adatom distance is mainly defined 
by the distance between the surface hcp sites and for all AM species it 
is close to 5.6 Å, leading to p(2 × 2) pattern, reported previously for 
Na and K on Pt(111) [43,46,47]. The degree of strain, calculated for Li, 
Na and K from the Eq. (5) at these low coverages was +87 %, +54% 
and +22%, respectively, indicating a significant stretching of the AM 
adlayers compared to the bulk structure of the adsorbed metals.

At coverages higher than 0.25 ML, the surface becomes more 
crowded and the adsorbed species are not longer able to remain on the 
sites that are energetically preferable at lower coverages. For instance, 
at 𝛩𝐴𝑀 = 0.33 ML 4 adatoms on the 2

√

3 × 2
√

3 surface are occupying 
the hcp sites that are separated from each other by a single fcc site, 
rather than by unoccupied hcp site as at the 0.25 ML coverage (see 
Fig.  6). Thus, while the AM adatoms are also organized in a rhombus-
like pattern at the 0.33 ML coverage, the AM-AM distances are close to 
4.8 Å. As the result the AM adlayers are less stretched than at the 0.25 
ML coverage: +61%, +32% and +4% for Li, Na and K, respectively.

Further increasing coverage leads to the surface getting more pop-
ulated by the adatoms, however, up to 𝛩 = 0.50 ML, the overlayers’ 
𝐴𝑀
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Fig. 6. Stable geometries for selected coverages of Li, Na and K on Pt(111) up to 𝛩𝐴𝑀 values at which the adlayer maintains 2D structure. Gray, green, pink 
and purple spheres represent Pt, Li, Na and K atoms, resp.
Fig. 7. Left panel: Differential adsorption energies for Li, Na and K on Pt(111) for the range of coverages where the adlayers maintain 2D structure. Right panel:
Calculated changes in the work function for Pt(111) upon Li, Na and K adsorption in the same range of coverages.
structures remain very similar. At this coverage, the geometry of the 
adlayer has a hexagonal organization, largely defined by the substrate’s 
geometry, because the AM-Pt interaction strength is able to overcome 
the repulsive AM-AM interaction, possibly resulting in an effective 
emerging cohesive AM-AM interaction. The resulting overlayers, how-
ever, are noticeably compressed, as seen from the calculated degrees 
of strain of +1% for Li, −16% for Na and −31% for K. In all cases 
the growth of the adlayer up to the half-monolayer coverage has 
gone through continuous compression, rather than via the formation 
of islands, which confirms a defining role of the electrostatic repulsion 
in this process at coverages that are lower or equal to 0.50 ML.

As it can be seen, the overlayer of potassium is significantly more 
compressed than adlayers of Li and Na, mainly because of its atomic 
radius being larger than of the rest of the considered AM (𝑟𝐾 = 202.5
pm, 𝑟𝑁𝑎 = 157.2 pm and 𝑟𝐿𝑖 = 122.5 pm [75]). As a result, at coverages 
higher than 0.50 ML no K adlayer with 2D structure is formed, making 
the half-monolayer coverage the highest possible for potassium layers 
on Pt(111) to maintain planar geometry.

For Li and Na, however, this is not the case, and at 𝛩𝐴𝑀 = 0.63
ML their adlayers still retain a 2D geometry. A closer look at Fig.  6 
evidences that Li and Na adatoms still are organized in a pattern close 
to hexagonal, which is more symmetrical for Li than for Na, where a 
slight distortion is seen, due to the higher compression of the latter 
(−12% for Li and −23% for Na).

At coverages higher than 0.63 ML, Na no longer forms two-
dimensional layers on Pt, rather interacting with sodium adatoms 
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already present on the surface. Lithium, in turn, is able to reach a sig-
nificantly higher coverage of 0.81 ML after which the two-dimensional 
adlayers do not form anymore. At 𝛩𝐿𝑖 = 0.81 ML, corresponding to 13 
Li atoms per surface unit cell adsorbing mainly on the hcp sites, a 2D 
structure is formed with hexagonal symmetry. Because of the lattice 
mismatch between the Li adlayer and the Pt substrate the adsorbed 
layer is significantly compressed as evidenced by −16% of strain.

Overall, the critical compression, 𝑆𝑐𝑟𝑖𝑡, after which only three-
dimensional AM structures form on Pt(111) are specific for each 
adsorbed metal. The lowest one of −16% was estimated for Li at 
𝛩𝐿𝑖 = 0.81 ML, followed by Na at 𝛩𝑁𝑎 = 0.63 ML with 𝑆𝑐𝑟𝑖𝑡 = −23% and 
the largest one of −31% calculated for K at half-monolayer coverage.

A direct comparison of the obtained maximum AM coverages with 
experimental data is complicated, because most of the studies report 
ordered AM overlayers on Pt(111) at 𝛩𝐴𝑀 = 0.25 ML with (2 × 2)
structure or at 𝛩𝐴𝑀 = 0.33 ML with (

√

3 ×
√

3)𝑅𝑜 geometry. However, 
several works have investigated higher AM coverages on Pt(111) and 
on selected other surfaces [89–92], and maximum coverages for Na and 
K on Pt(111) reported in an experimental study were 𝛩𝑁𝑎 ≈ 0.55 ML 
and 𝛩𝐾 ≈ 0.42 ML [89], close to theoretical values of 0.63 ML and 0.50 
ML, resp. obtained in the present study. Larger calculated values can 
be attributed to imperfections in practical surfaces and experimental 
conditions that are different from those within the DFT model.

Looking at the evolution of Eads with coverage, illustrated in Fig. 
7, the overall tendency of Eads to become more positive with coverage, 
is evident. This trend is exactly opposite to the stabilization observed 
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for metals with attractive interaction in their adlayers, supported on 
Pt(111), such as Pd, Pt and Ni [62,88].

Also, regardless of which AM is present on the surface, two main 
regions can be distinguished on the plot: the first one corresponding to 
the range of coverages between 0.06 ML and 0.25 ML, the second one 
— to 𝛩𝐴𝑀  between 0.31 ML and maximum coverage where each AM 
overlayer maintains a planar geometry.

In the first region the adsorption energy is becoming more posi-
tive (AM-Pt interaction weakening) rather monotonously for each AM 
species. This effect is the biggest for K, followed by Na, and the lowest 
Eads change is seen for Li, indicating that the addition of each new atom 
has an effect on the stability of the adlayer decreasing in the row of K >
Na > Li. This can be tied to the atomic radii of these metals decreasing 
in the same order. Taking into account that AM atoms are larger than 
late d transition metals, such as Pd, Pt and Ni, it can be argued that 
at higher coverages the large size of the AM adatoms is one of the 
important factors driving adsorption properties of the AM species on 
Pt, giving rise to the repulsion of the atoms in the adlayer.

At the AM coverage of 0.31 ML a distinctive feature is seen on the 
plot, corresponding to a sudden weakening of the AM-Pt interaction 
(jump of the adsorption energy toward more positive values), followed 
by the stabilization of the adlayer until it reaches half-monolayer 
coverage. After that the adsorption energy values for the AM again 
become more positive with each added atom until reaching the last 
coverage where 2D adlayer is formed.

This feature appears because at 0.25 ML coverage the 4 AM adatoms 
present on the surface are able to adopt the geometry that assures their 
maximal separation, as seen from the degrees of strain, discussed above. 
Inclusion of the fifth atom destabilizes this structure significantly, 
leading to the ‘‘bump’’ in the Eads vs. 𝛩𝐴𝑀  plot. It can be argued that 
the following stabilization can be the result of the compression of the 
adlayer and cohesive AM-AM interaction in it that contributes to the 
overlayers’ stabilization on a substrate [88]. Also, at the 0.33 ML cov-
erage the AM adatoms adopt a rhombus-like geometry with an average 
AM-AM distance of 4.8 Å as discussed above, thus forming a more 
stable adlayer than at 0.31 ML coverage. However, once the surface 
becomes more crowded the AM adlayers continue to be destabilized as 
seen in Fig.  7.

3.2.2. Work function and dipole moment coverage-dependent trends
The AM adatoms lower the work function of the surface due to 

charge transfer, as described above. This tendency is preserved at 
higher 𝛩𝐴𝑀  as well, as can be seen in Fig.  7. It is evident that for Na/Pt 
and K/Pt the obtained dependency of 𝛥𝛷 on the AM coverage agrees 
very well with previously reported experimental trends [18,44,89], 
while for Li/Pt, to the best knowledge of the authors no such data 
has been reported so far. For each added AM atom, the work function 
first decreases, reaching a minimum after which it increases until the 
formation of the 2D adlayer is no longer possible.

While all considered systems have these features, regardless of the 
adsorbed AM, the effect of each added atom on the value of 𝛷 is the 
biggest in the K/Pt system, followed by Na/Pt and Li/Pt. The position of 
the minima of the curve is also specific for each AM species: for K and 
Na the work function starts to increase after reaching 𝛩𝐾 of 0.25 ML, 
while for Li this change occurs at a higher coverage of 0.44 ML. It is 
unclear whether the work function would continue increasing at higher 
coverages or it would reach a plateau, similarly to Bi/Pt(111) [33] 
or Na/Ni(100) [93], since monolayer and higher coverages were not 
considered in the present study. It is also possible to assume that at 
multilayer AM coverages the work function of the AM/Pt systems will 
be approaching the value of the AM surface, since sufficiently thick 
metallic adlayers would have properties resembling those of the parent 
metal [94], in particular when the growth is no longer pseudomorphic.

A work function passing through a minimum with increasing cov-
erage of metal adlayer on a metal substrate has been reported before 
for systems such as Pd, Pt, Cu, Au, Pb and Bi on Pt [33,62]. This 
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Fig. 8. Dipole moment as a function of the AM coverage, calculated from 
Eq. (8). The inset graph summarizes average atomic charges for each AM at 
selected coverages.

phenomenon has been explained by the depolarization of the adsorbate 
with growing coverage [44], which in turn could be the result of the 
back donation of charge from substrate to adlayer [62]. If this is the 
case for the AM/Pt systems, one way of confirming it is analyzing the 
evolution of the AM dipole moments with their growing coverage.

Fig.  8 summarizes the changes in dipole moment per adsorbate atom 
at each studied coverage and the net atomic charges for selected 𝛩𝐴𝑀 . 
In agreement with the observations made from the ELF plot in Fig.  2, 
the K adatom has the highest dipole moment, followed by Na and Li. 
These high dipole moments at low coverages also lead to a significant 
repulsive AM-AM interaction even when there are only two AM atoms 
simultaneously present on the surface. The decreasing dipole moments 
as a function of AM coverage points to an universal depolarization of 
the considered AM adatoms, in agreement with the data on Na and 
K adlayers on metal substrates [43,44]. It must be noted here that 
net atomic charges values for each AM decline with the coverage, 
evidencing a decrease in the AM-Pt interaction that is in agreement 
with differential adsorption energies gradually growing more positive 
in the same range of 𝛩𝐴𝑀  (Fig.  7).

Combined with the net positive charge decreasing with the growing 
coverage, the depolarization of the overlayers indeed can be the reason 
behind the AM/Pt work function shape seen in Fig.  7. Importantly, 
these factors also lead to a decrease of the AM-AM repulsive interaction 
with growing 𝛩𝐴𝑀 , making the binding of higher number of the AM in 
a 2D geometry possible, instead of pushing them to form a two-layer 
structure, as it is seen in case of halide adsorption on Pt(111) [54].

The coverage-induced changes in the interaction of the AM atoms 
within the overlayers and with the substrate can be visualized by 
employing the integral adsorption energy and its decomposition into 
substrate–adlayer interaction, EAM-Pt, and adsorbate–adsorbate interac-
tion, EAM-AM, in the same adlayer (see Eqs.  (3) and (4)), summarized in 
Fig.  9. It can be seen that, first of all, the comparison of the integral ad-
sorption energy with the cohesive energy cannot be used as a criterion 
for the formation of a metal adlayer with planar geometries because 
the Eads,i values calculated for the AM adlayers with 3D structures still 
remain well below the corresponding cohesive energies.

Nonetheless, these plots illustrate the tendencies for substrate–
adlayer and adsorbate–adsorbate interactions, described above. Specifi-
cally, it can be clearly seen that at low coverages the main contribution 
to adsorption energy comes from Pt interacting with the adatoms, 
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Fig. 9. Integral adsorption energy Eads,i and its EAM-AM and EAM-Pt contributions, calculated as in [62] in the range of considered 𝛩𝐴𝑀 . Eads,i values for 𝛩𝐴𝑀 where 
the adlayer has 3D geometry are included as well and denoted by circle on each plot. Horizontal dashed lines indicate cohesive energy for each AM species.
 

while the AM-AM interaction is very close to 0, due to the significant 
separation of the adatoms on the surface.

As coverage increases, an adlayer depolarization occurs and the 
adatom–adatom interaction becomes energetically more favorable while
the AM-Pt contribution to the overall adsorption energy decreases, 
and its values become more positive with growing 𝛩𝐴𝑀 . Thus, when 
there are only few AM atoms present on the Pt(111) surface they 
mainly interact with the substrate. At higher coverages, the adatom–
substrate decreases, in agreement with net atomic AM charges declining 
with the growing 𝛩𝐴𝑀 , and the adatom–adatom interaction within the 
adlayer plays gradually increasing role, resulting in destabilizing of the 
adsorption of the adlayer.

In this regard, it must be noted here that while the curves for EAM-AM
changing with 𝛩𝐴𝑀  in Fig.  9 seem to go toward negative values in the 
opposite mirror fashion to that of EAM-Pt, a careful revision shows that 
the decrease in the adatom–substrate interaction energy is more than 
twice as large as the increase in the adatom–adatom interaction energy 
in the adlayer, which is especially evident in case of the K/Pt system. 
This difference shifts the overall balance between these energies toward 
destabilization of the overlayer adsorption.

Overall, the obtained results identify the combined effect of the 
interaction of the adsorbed atoms with the underlying substrate and 
the mutual interaction of the AM atoms in the adlayer as an important 
factor driving the formation of the adlayer. It is largely defined by the 
charge transfer from the AM to Pt that gradually decreases with grow-
ing coverage leading to the depolarization of the AM overlayers. As a 
result, an attractive AM-AM interaction becomes possible, contributing 
to the stabilization of the adlayer with planar geometry.

3.3. Platinum surfaces modified with alkali metals in context of catalysis

3.3.1. Effect of structural and fundamental changes in AM/Pt surfaces on 
their catalytic activity

The exact understanding of the factors in control of the reactivity of 
a material toward a specific heterogeneous reaction is one of the most 
challenging goals of surface science in general and of informed novel 
material design in particular. From the results obtained in the present 
study it can be seen that the adsorption of the AM on Pt surfaces causes 
significant structural changes in the resulting systems. Combined with 
the complex interplay of the electronic states of the adatoms and Pt 
surface atoms, these changes could give rise to a shift in the catalytic 
properties of the complex AM/Pt systems, which must be carefully 
analyzed.

In this regard, at lower AM coverages, Pt sites not eclipsed by 
the adatoms will be still available for interaction. Their fundamental 
properties, however, will be affected by the present overlayer and 
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they would be expected to interact differently with possible adsorbates 
compared to surface atoms of a pristine Pt(111).

For instance, an experimental study showed that the presence of 
potassium on platinum stabilizes adsorption of CO on top and bridge 
sites of the surface [18]. Another experimental study investigated the 
coadsorption of water with K and Na on Pt(111), and although not 
specifying adsorption sites for H2O, indirectly argued for H2O interac-
tion with Pt-sites [89]. This work also demonstrated that the presence 
of K promotes H2O dissociation due to dipole–dipole interaction be-
tween the coadsorbed species causing water molecule reorientation. 
This promoting effect depends on potassium coverage, thus evidencing 
the importance of the combination of electronic effects and AM-induced 
structural factor on catalytic properties of platinum.

At higher 𝛩𝐴𝑀  there will be no clean Pt-sites available for inter-
actions with possible adsorbates as it can be seen in Fig.  6. It can 
be surmised that in this case any possible adsorbates approaching 
the surface will be interacting mainly with the AM-sites. Importantly, 
these sites cannot be treated simply as those on a corresponding AM 
surface, since the AM-Pt interaction modifies fundamental properties 
of both overlayer and substrate species. Instead, the AM/Pt systems 
must be considered as unique materials with properties different from 
their parent systems [94]. To the knowledge of the authors, however, 
no experimental or theoretical data are available specifically on the 
interaction of AM-sites with other adsorbates, thus making it impos-
sible to predict adsorption trends, which could potentially present an 
interesting topic for future studies.

On the other hand, the obtained results demonstrate that AM ad-
sorption on Pt(111) produces two key electronic effects: a charge 
transfer from the AM adlayers to the Pt substrate and a noticeable 
lowering of the surface work function. The significance of these effects 
on catalytic properties of Pt can be easily seen in the context of CO2
reduction.

Clean Pt(111) in ultra high vacuum (UHV) does not bind CO2 in 
the range of temperatures between 100 K and 300 K, however, doping 
platinum with potassium enables CO2 adsorption and dissociation [19]. 
This could be attributed to the AM-induced lowering of the work 
function, discussed above, which would activate CO2 by facilitating 
electron donation into its antibonding 𝜋∗ orbitals from the surface. 
Indeed, Liu et al. argued that on the K/Pt surface CO2 is adsorbed in 
two forms: weakly-bonded CO2 and activated CO−

2  that consequently 
dissociates into CO and O−. Similar conclusions can be made for ex-
perimentally observed potassium-promoted CO2 dissociation on metals 
such as Ag [20] or CuxO/Cu(111) where activation of adsorbed CO2
was evidenced as well [21].

Another study directly established the correlation between the pro-
moting effect of alkali metals on the catalytic properties of copper 
toward water gas shift reaction [95]. It was revealed that the promoting 
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AM effects on H2O and CO2 dissociation on copper increases in the 
order of Cs > Rb > K > Na, opposite to the electronegativity trend 
of these metals Na > K > Rb > Cs. It was demonstrated above that 
less electronegative alkali metals donate more electrons to the same 
substrate (see Table  1) and are responsible for the higher work function 
change and larger surface dipole moment. Thus, less electronegative 
AM adatoms would promote more electron donation from the sub-
strate to H2O and CO2 on the same surface, activating them and 
lowering dissociation barriers to a larger extent, compared to more 
electronegative AM adatoms. In agreement, the resulting dissociation 
barriers for water and carbon dioxide on Cu(111) follow the trend of 
the AM electronegativities, Cs/Cu(111) > Rb/Cu(111) > K/Cu(111) >
Na/Cu(111) > Cu(111) with the highest barrier on pristine Cu surface.

Because the CO molecule is very stable, no dissociation is seen 
on Pt(111) under typical conditions even with AM present on the 
surface [18]. Nonetheless, CO coadsorbed with AM on Pt(111) des-
orbs easier compared to CO on pristine platinum, reducing surface 
poisoning [17]. Similarly to CO2 activation the effect of alkali metal 
adatoms on the CO stability can be attributed to the work function 
decrease and facilitated electron donation from platinum to 2𝜋∗ orbital 
of CO. In agreement with this, a theoretical study on the adsorption and 
activation of CO on clean and potassium-modified transition metals, 
including both non-noble and noble ones, revealed that the addition of 
the potassium atom to the studied surfaces can promote CO activation 
on Fe(100), Ni(100), and Pd(111) surfaces [96]. Also, potassium was 
reported to universally stabilize CO, which was attributed to the strong 
short-range K → CO charge transfer. While somewhat disagreeing with 
the experimental data, this work evidenced the extreme importance of 
the electronic effect of potassium on CO activation on transition metals 
surfaces.

The importance of charge redistribution induced by the presence 
of potassium on metal surfaces could be also seen in the context 
of extremely important reactions, such as the Haber-Bosch process. 
It has been studied extensively and widely implemented on the in-
dustrial scale requiring, however, high temperature and pressure. A 
practical implementation of a low-temperature, low-pressure process 
still remains elusive because the active sites of industrial catalysts 
are poisoned by oxygen or hydroxyl groups at low temperatures. The 
industrial Haber-Bosch process heavily relies on a catalyst which is 
typically iron with potassium and oxygen-containing promoter [14]. 
Therefore, a theoretical study has been conducted to investigate the 
role of potassium on the catalytic properties of rhenium, ruthenium, 
iron, rhodium, and platinum toward the Haber-Bosch reaction [97]. 
In agreement with the results discussed above, it was reported that 
the potassium presence on metal surfaces has the two-fold promoting 
effect: because of dipole–dipole interactions electropositive potassium 
stabilizes the partially negatively charged transition N2 state and pro-
motes N-N bond scission through enhanced electron donation from 
metal. At the same time the presence of potassium destabilizes NH2, 
facilitating its evacuation from the surface and increasing the reaction 
rate. The side effect of this is oxygen stabilization on the surface, that 
on practice is mitigated by higher temperatures.

The electronic effects of the considered alkali metals adsorbed 
on the metal substrate cannot be directly tied to the reported AM-
promoted electrocatalytic activity of various metals toward CO2 and 
O2 reduction, alcohol electrooxidation or hydrogen evolution reaction, 
because AM do not adsorb specifically on metal surfaces in electro-
chemical conditions and instead exist in the form of hydrated cations. 
Still, in many cases the impact of the AM on catalytic properties of 
complex electrochemical systems can be traced back to the tendencies 
discussed above. For instance, the enhanced CO2 reduction on Cu and 
Au [6,7] was attributed to a dipole field formation due to the presence 
of alkali metals in solution. This field stabilized the adsorption of 
surface intermediates with significant dipole moments, at the same time 
decreasing the energy for CO2 adsorption and facilitates the formation 
of C  products. Still, it is evident that a better fundamental-level 
2
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understanding of the AM/Pt materials in presence of water is essential 
for clarifying the impact of the AM cations on catalytic properties 
in the practical systems. In this regard, ab initio molecular dynamics 
methods or deep neural network models, such as those employed in 
Deep Potential Molecular Dynamics [98] can offer a important insight 
into factors affecting fundamental and catalytic properties of these 
systems.

Overall, the obtained results clearly align with experimental data 
available on the AM overlayers supported on metal surfaces and their 
catalytic properties. Understanding composite adatom–substrate sys-
tems is not a trivial task and it requires more data to become a valuable 
and reliable tool for a systematic design of catalysts with an optimal set 
of characteristics tuned for the target processes. Thus, the present study 
contributes to the field of the informed design of Pt-based materials and 
offers possible directions for the further research on the AM/Pt systems.

3.3.2. Interaction of AM adlayers with Pt(111) compared to that of halides
In real-life systems, an electrolyte interacting with a given elec-

trode surface contains equal number of cations and anions. Often, the 
anions that are present in the system are halides, such as Cl-, Br-, 
and I-. Because of their strong interaction with metals, the electrodes 
become covered with halides in the course of many electrochemi-
cal processes, leading to a noticeable changes in their fundamental 
properties, directly related to catalytic performance [54].

Thus, by carefully comparing similarities and differences in
adsorbate-induced shift of platinum properties upon interaction with 
AM atoms and with halides [4,54], could provide a better understand-
ing of a complex phenomena taking place on metal electrodes when AM 
cations and halide anions are simultaneously present in electrochemical 
solution.

In this regard, it has been clearly demonstrated above that AM 
adatoms form mostly metallic bond with Pt substrate, ceding charge 
to it, while the halides bonding with platinum has more covalent 
nature, and is accompanied by charge transfer toward the adsorbate. 
Regardless of the nature of the bond, a repulsive adsorbate-adsorbate 
interaction is seen in the AM adlayers and overlayers of halides on 
Pt(111), leading to maximum separation between adatoms at each 
given coverage.

Also, both types of the adsorbates lower the work function of 
Pt(111), although the mechanisms behind this change are different. 
The AM adatoms lower the work function due to the AM → Pt charge 
transfer and resulting positive surface dipole change. On the other 
hand, for halide adsorbates the charge transfer from the surface would 
be expected to increase the work function. In reality, however, this 
effect is overcompensated by a significant polarization of the adsorbate, 
leading to the work function decrease.

Because of the different mechanisms behind the work function 
decrease upon the AM and halides adsorption, changes in the work 
function with the coverage are significantly steeper when AM adatoms 
interact with platinum, while the effect of halides is more monotonous.

Upon concurrent presence of both AM and halides on the surface, 
it can be surmised, that co-adsorbed AM and halides adatoms would 
form ionic surface pairs that might neutralize each other’s local field 
effect, possibly leading to reduced net dipole per adsorbed pair. Be-
cause of this, the work function decrease still will be seen, however, 
the 𝛷 vs. coverage curve can demonstrate a nonmonotonic behavior 
depending on the alkali/halide ratio. Also, based on the dipole moment 
dependency on the coverage, it is conceivable that at low coverages 
alkali metal-induced 𝛷 lowering may be a dominant, and shifting to 
intermediate and higher coverages halide adsorption could moderate 
the 𝛷 drop.

This complex interplay of AM- and halide-induced changes in fun-
damental properties of Pt(111) could affect its electrocatalytic activity 
toward reactions, such as hydrogen evolution reaction (HER), and CO2
reduction reaction (CO2RR) and even enable suppression or promotion 
of selected processes. Specifically, the work function lowering can 
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facilitate electron donation of the surface, and weaken H adsorption, 
favoring the desorption step. For the processes involving CO2, as dis-
cussed above, the combined effect of the AM and halides present on 
the surface can improve electron transfer to the molecule, enhancing 
its activation and stabilize possible intermediates such as CO−

2 , ∗COOH, 
and ∗CO, potentially leading to lower overpotentials.

Also, on platinum HER and CO2RR are competing processes, with 
HER often overshadowing CO2RR. While AM significantly lower work 
function, promoting the HER, halides may partially suppress HER by 
blocking key proton-adsorbing sites. Therefore, by carefully tuning 
halide coverage it could be possible to tip the balance in favor of the 
CO2RR under specific conditions.

These conclusions require further study and confirmation, more-
over, they do not account for the presence of actual electrochemical en-
vironment, where the effect of concurrent presence of AM and halides 
in the system can be more complex. It can involve interfacial water 
reorientation, affect water structure rigidity and introduce hydrogen 
bonding competition, affecting catalytic processes as the result. How-
ever, the present study paves the road toward more complicated models 
closer to realistic systems.

4. Conclusions

A density functional theory study has been conducted addressing 
the interaction of early alkaline metals with the Pt(111) surface from 
0.06 ML coverage up to coverages where these overlayers still maintain 
a planar structure. While experimental studies are available for Na/Pt 
and K/Pt, adsorption of lithium at higher coverages has not been stud-
ied in detail. Hence our systematic study provides important insights 
for the understanding of the AM/Pt systems.

Overall, the early AM demonstrate a rather similar behavior with 
respect to their interaction with Pt(111). The sub-surface adsorption of 
all considered AM is energetically less favorable than adsorption on the 
surface, evidencing that AM/Pt composite systems are formed through 
deposition on the surface.

The maximum coverages for 2D overlayers were estimated to be 
0.81 ML, 0.63 ML and 0.50 ML for Li, Na and K, respectively. A 
thorough analysis of the adsorption energies and geometries for the 
AM/Pt systems has been performed, in particular by regarding the 
evolution of the work function and charge distribution as a function of 
the coverage. The obtained results were found to be in good agreement 
with those available in the literature, at the same time expanding the 
available knowledge and offering more fundamental insights into the 
AM–Pt interaction.

At the lowest considered coverage, all studied alkali metals acquire 
a positive net charge upon adsorption and interact strongly with the 
platinum surface. Their impact on the properties of the substrate has a 
very localized nature, affecting only Pt atoms in direct contact with 
the adsorbate. Nonetheless, the adsorption of even single AM atom 
significantly lowers the work function of Pt(111).

Despite of each AM having a specific maximum coverage in their 
flat overlayers, their geometries at each given coverage are very sim-
ilar to each other. At half-monolayer coverage all adlayers adopt a 
substrate-induced symmetry, similar to hexagonal, which largely re-
mains preserved at higher 𝛩𝐴𝑀 . Furthermore, for all studied alkali 
metals, the depolarization of the adlayer with growing coverage is 
observed. As a result, at lower coverages up to 0.25 ML the adatoms 
mainly interact with the substrate, and adsorption of the adlayers is the 
most stable compared to the systems with higher 𝛩𝐴𝑀 . After reaching 
0.25 ML coverage, the adatom–adatom interaction gradually increases, 
while adatom–substrate interaction decreases. Because of the overall 
larger decrease in the adatom–substrate component compared to the 
increase in the adatom–adatom one, the overall stability of the adlayer 
gradually decreases with the growing 𝛩𝐴𝑀 .

The tendency of the AM adatoms to lower the work function seen 
at the lowest 0.06 ML coverage remains when more than one atom is 
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present on the surface. However after reaching 0.25 ML coverage for Na 
and K and 0.44 ML for Li, the work function of AM/Pt systems starts to 
increase. Based on the calculated dipole moment and the net positive 
charges decreasing with each added atom, this could be a combined 
result of the adlayer depolarization and the back donation of charge 
from Pt to the AM adlayers.

The obtained results provide deeper insights into the direct AM-Pt 
interaction and addresses possible outcomes of concurrent presence of 
AM atoms and halides on platinum surface. The analysis of the factors 
behind the growth and structure of the AM overlayers on platinum 
derived from our calculations will contribute to a better understanding 
of AM/Pt composites and of adlayer–substrate metallic systems in 
general.
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