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A B S T R A C T

In this computational study the explicit interaction of Bi and Te with (111), (110), and (100) platinum surfaces 
was investigated, focusing on structural and electronic characteristics of the studied systems as a function of the 
adsorbate coverage. For Bi/Pt systems, good agreement was found between calculated results and previously 
published data. At all coverages adsorbed Bi or Te atoms interact repulsively. At coverages close to half a 
monolayer the structure of the adlayers on more open Pt(110) and (100) surfaces is defined by the geometry of 
the substrate, while on densely packed Pt(111) the regular pattern breaks and adsorbed Bi or Te layers become 
more disordered, as experimentally reported for Bi. Additionally, whereas the downshift on the d-band centre of 
Pt atoms in contact to the adatoms weakens the Pt-Bi(Te) bond, the depolarization of the adlayer contributes to 
the stabilization of the adatom-adatom interaction within the adlayer. Obtained results evidence that Bi and Te 
adlayers supported on Pt cannot be treated as a mere combination of their parts and, instead, must be considered 
as unique materials with properties different from their parent systems.

1. Introduction

Our civilization is constantly growing in complexity, relying on an 
increasing number of (electro)chemical processes across numerous in
dustrial branches of various scales. Developing efficient catalysts for 
these processes is essential for advancing technology and achieving 
sustainable economic growth, urging the search for materials with cat
alytic properties finely tuned to meet the requirements of specific target 
reactions. One promising approach is the selective decoration of metallic 
and non-metallic surfaces with atoms of foreign elements, which is 
known to affect fundamental and catalytic properties of the initial ma
terials [1–3].

Typically, the effects of the adsorbed foreign atoms are divided into 
three categories: third-body, bifunctional, and electronic effects. Third- 
body effects occur when the adsorbed atom, or adatom, blocks surface 
sites prone to poisoning or formation of undesirable products, steering 
the reaction along the desired path. Bifunctional mechanism describes 
the situation when the adatom directly interacts with reactants and re
action intermediates, providing alternative adsorption sites, thus, 
affecting reaction rates or mechanisms or even forming new products. 
Finally, electronic effects occur when the foreign species modify 

fundamental properties of the substrate, directly related to its (electro) 
catalytic activity, such as its work function [4], charge distribution [5], 
and electronic structure of the surface atoms [6].

Unfortunately, for any given adsorbate–substrate system the effect of 
the adatom can fall in either of these categories or be a combination of 
thereof, which is why experimentally it is difficult to precisely identify 
how exactly the foreign species affect (electro)catalytic properties of 
resulting systems [7]. Also, the adatom–substrate interaction depends 
on the nature of the interacting adsorbate and host surface, complicating 
even further the analysis.

Since platinum is the best-known catalyst for several (electro)cata
lytic processes important for energy conversion and storage, it is his
torically one of the most studied metals. Because of the enormous 
amount of information available on Pt-based systems, selective deco
ration of platinum surfaces not only presents a viable strategy for 
designing new (electro)catalytically active materials, but also could 
serve as a valuable case study for a better understanding of catalytic 
systems. It may enable efficient identification of active surface sites, 
and/or the chemical composition of active centres allowing to shed light 
on complex correlations between reactivity of the catalyst and its surface 
structure and composition [8–10].
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In this regard, the interaction of platinum with several adatom spe
cies in the context of (electro)catalytic properties of resulting composite 
systems has been studied both experimentally [2,8–26] and theoreti
cally [27–29]. While the impact of different foreign atoms on the 
(electro)catalytic properties of platinum has been analysed, most often it 
was explained in terms of third-body effect, evidently overlooking more 
intricate details of the adatom-substrate interaction. Thus, despite sig
nificant research efforts, the current understanding of the adatom effect 
on the atomistic level largely remains unclear and requires further 
investigation. In respect to this, although limited, few studies have 
offered some insight into the adatom-induced changes in the funda
mental properties of platinum surfaces upon adatom adsorption 
[5,18,25,29,], discussing in detail changes in the work function and 
electronic structure of the substrates. These works have also demon
strated that accounting for adatom's coverage is extremely important for 
a more accurate description of these catalysts, bringing the theoretical 
models closer to realistic systems [18,25].

Decorating platinum surfaces with Bi and Te is known to modify the 
catalytic activity of platinum toward reactions significant to energy 
conversion [8–17,21–24,26]. There are plenty of experimental studies, 
mainly under the electrochemical environment, evidencing the impor
tance of these systems in modifying the electrocatalytic activity of Pt 
basal planes, and polycrystalline Pt toward key reactions of interest 
[1–3,5,8–17,19,23,26], such as the oxidation of many organic molecules 
(formic acid, methanol, ethanol, among others). In many cases, while 
large reactivity enhancements have been reported on some basal planes, 
no effect, or even inhibition has been found on the other surfaces. The 
reasons behind these experimental facts mostly remain unknown, 
although some simple models have been reported.

An earlier theoretical study elucidated the impact of a single Bi or Te 
atom on fundamental properties of Pt(111), Pt(110), and Pt(100) sur
faces, and made a link between the adatom effect on practically 
observed changes in catalytic activity of platinum toward various elec
trochemical processes [29]. It clearly showed the important role of the 
theoretical approach for identifying the electronic effects of adatoms 
and their implications for the catalytic properties of platinum were 
discussed in detail. However, models used in the mentioned study did 
not include the analysis of the complex adatom–substrate, and ada
tom–adatom interactions, emerging when several adatoms are present 
simultaneously on the surface, and, potentially, contributing to the shift 
of the catalytic activity of the composite system.

Therefore, a density functional theory study of platinum surfaces, 
modified with submonolayer coverages of bismuth and tellurium, be
comes essential as a first step toward a systematic understanding of the 
reasons behind reported increases on the electrocatalytic activity. This 
study could shed light on the impact of Bi and Te adatoms on the evo
lution of fundamental properties of platinum with increasing adatoms' 
coverage. Moreover, because of the level of generality and trans
ferability of these calculations, results can potentially be expanded, as a 
preliminary assessment, toward other important similar adatom- 
modified Pt electrocatalytic systems, such as Sn-, Ge-, As- and Sb-Pt. 
This information is crucial for establishing new and efficient strategies 
for the design of novel electrocatalytic materials.

It is important to highlight, though, that calculations performed in 
vacuum cannot be immediately tied to the experimentally observed Bi- 
or Te-induced changes in catalytic activity of platinum toward specific 
electrochemical processes due to the complexity of the practical cata
lytic systems and reactions. In particular, beside electronic properties of 
the electrode, factors such as the solvent, spectator ions, electrode po
tential, interfacial electric fields, and specific adsorption of reaction 
intermediates also play an important role in electrocatalysis. Conse
quently, the adatom-induced changes in the fundamental properties of 
platinum surfaces alone cannot provide quantitative predictions of cat
alytic activity under operating electrochemical conditions.

However, the intrinsic electronic properties of clean and modified 
metal surfaces that have a direct impact on interaction of reactants and 

reaction intermediates with the surface, such as work function and d- 
band centre, are largely defined by the electronic configuration of the 
metal and local coordination. At the same time, it has been found that 
the direct interaction of water with transition metal surfaces does not 
dramatically affect local density of states of the metal, entailing only 
modest changes in adsorption energies of other adsorbates [30]. Thus, 
the qualitative trends discussed in the present study will be relevant for 
understanding changes in catalytic properties of platinum decorated 
with bismuth or tellurium.

The present work, therefore, aims to explore changes in the charge 
distribution, the work function, and the electronic structure of model Pt 
(111), Pt(110), and Pt(100) surfaces, caused by adsorption of bismuth 
and tellurium at coverages up to half a monolayer. In realistic systems 
under electrochemical conditions complex structural phenomena can 
potentially emerge, including surface reconstruction [31], alloying, 
clustering, or potential-dependent ordering of overlayers [31–36]. 
However, as the first step toward understanding the Bi- and Te-modified 
Pt systems, this study did not explicitly consider these effects to sys
tematically investigate the effect of the adatom coverage, adatom- 
substrate, and adatom-adatom interactions. The trends for the funda
mental properties of platinum surfaces were analysed as a function of 
coverage of the adatoms and their nature. Additionally, the geometrical 
structure and stability of the adlayers, and factors impacting their for
mation and growth were also discussed in detail.

2. Computational details

In the present study periodic spin-polarized density functional theory 
(DFT) calculations were performed using Vienna ab initio simulation 
package (VASP) [37–40]. The exchange–correlation effects were 
accounted within the generalized gradient approximation by Perdew, 
Burke and Ernezerhof [41]. This is a common choice for studying 
transition metal-based systems where the metal is either substrate or 
adsorbing species, yielding accurate description of their fundamental 
characteristics [18,25,42–44]. The core electrons were represented by 
the Projector Augmented Wave core potentials [45] as implemented by 
Kresse and Joubert [46]. An energy cut-off of 415 eV was chosen for a 
plane-wave basis set to assure convergence of the calculations.

For the geometry optimisation calculations, the reciprocal space for 
all considered surfaces was described within Monkhorst-Pack approach 
[47] with a 5 × 5 × 1 k-points sampling. A denser 10 × 10 × 1 grid was 
used for Density of States calculations. In all cases the Fermi level was 
smeared using first order Methfessel-Paxton approach [48] with 0.2 eV 
Gaussian width of smearing. All necessary calculations for isolated 
atoms were carried out in 8 × 8 × 8 Å cubic cell using similar parameters 
as described above but with single Γ-point sampling.

Model platinum (111), (110), and (100) surfaces were created from 
an optimized platinum bulk structure with the calculated equilibrium 
lattice parameter, a, of 3.97 Å, in a good agreement with the values 
available throughout the literature [49,50]. The range of coverages 
between 0.06 ML and 0.50 ML on the Pt (111) surface was studied using 
a (4 × 4) supercell, containing 16 atoms in its topmost layer, while a 
(
2

̅̅̅
3

√
× 2

̅̅̅
3

√ )
supercell with four adatoms was employed to model the 

0.33 ML adatom coverage. The (110) and (100) surfaces were modelled 
using (3 × 3) supercell with 18 surface atoms. All supercells comprised 
four atomic layers, with the two bottom layers frozen in the bulk-like 
geometry. The two upper layers were allowed to relax simultaneously 
together with the adsorbed atoms (adatoms) present on the surface 
during structural optimization.

To prevent possible interactions between supercell images repeating 
in the direction, perpendicular to the surface, a vacuum region of 18 Å 
was introduced to all systems and dipole corrections were applied. 
Structural optimization was complete when the variation in the total 
forces was smaller than 0.01 eV/Å at the current and previous step.

This study focused on the systems with Bi and Te adlayers on Pt(hkl) 
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surfaces, denoted here as Bi/Pt(hkl) and Te/Pt(hkl), respectively. Single 
Bi and Te atom adsorption was considered on surface sites summarized 
in Fig. 1. Minimal coverage on Pt(111), thus, was 0.06 ML, while on Pt 
(110) and Pt(100) –0.05 ML.

By selecting the systems with the most negative adsorption energy 
the fcc site on Pt(111) and four-fold hollow sites on Pt(110) and (100) 
were identified as preferable for both adatoms. Following this, an 
analysis was conducted on whether at non-minimal coverages the newly 
added atoms would adsorb next to adatoms already present on the 
surface, or rather occupy an adsorption site located further away from 
them. For this, two Bi or Te atoms were placed on the neighbouring 
stable sites on each surface (fcc sites on Pt(111), and four-fold hollow – 
on Pt(110) and (100)) and on the sites that were separated by not less 
than 5 Å, as shown in Fig. S1.

After relaxation, it was evident that on Pt(111) simultaneous 
adsorption of two atoms on the neighbouring sites is energetically less 
favourable than on the separated sites by 0.30 eV and 0.45 eV for Bi and 
Te, respectively, due to the repulsive Bi-Bi and Te-Te interaction 
emerging when two adatoms are adsorbed next to each other. Impor
tantly, this comparison also indicates stronger repulsive Te–Te interac
tion compared to the Bi–Bi one.

The distance between neighbouring four-fold hollow sites on the Pt 
(110) and (100) surfaces is larger, compared to the that between fcc sites 
on more densely packed Pt(111). As a result, the repulsive Bi-Bi and Te- 
Te interactions on these surfaces are not as strong as on Pt(111). On Pt 
(110) bismuth atoms adsorbed at a distance from each other were 0.16 
eV more stable than those adsorbed on the neighbouring sites, and for Te 
this difference was 0.23 eV. The Pt(100) surface represents an inter
mediate case between Pt(111) and Pt(110), since separation of the 
adatoms led to the stabilization of 0.19 eV and 0.27 eV for bismuth and 
tellurium, respectively.

The interaction of Pt surfaces with growing overlayers of Bi and Te 
was studied by placing the adatoms one by one onto the stable 
adsorption sites separated from each other on the model surfaces, when 
possible, until half a monolayer coverage was reached. This approach 
enabled calculations of experimentally reported p(2 × 2), and 

( ̅̅̅
3

√
×

̅̅̅
3

√ )
R30o patterns formed on Pt(111) at 0.25, and 0.33 ML, resp., for 

adsorption of both Bi [32,33,51], and Te [35,36], and the c(2 × 2) 
structure for adsorption of Bi on Pt(100) at 0.5 ML [34,52], under both 
UHV and electrochemical conditions.

The differential adsorption energy for each nth adatom was calcu
lated as: 

Eads,n = EnBi(Te)/Pt − EBi(Te),g − E(n− 1)Bi(Te)/Pt (1) 

where EnBi(Te)/Pt and E(n− 1)Bi(Te)/Pt are total energies of systems 
comprising n and n-1 Bi or Te atoms on Pt surface, respectively and 
EBi(Te),g – total energy of the isolated Bi or Te atom in vacuum. This 
approach to calculating adsorption energy provides insight into how 
adding an atom to the adlayer affects its stability.

The degree of strain allows to estimate how”compressed” 
or”stretched” is the adlayer due to the presence of Pt substrate in respect 
to corresponding stable bulk structure (rhombohedral for Bi and trigonal 

– for Te) and it was calculated as indicated earlier in the literature 
[53,54]: 

S =
dBi(Te)− Bi(Te),adl − dBi(Te)− Bi(Te),bulk

dBi(Te)− Bi(Te),bulk
× 100% (2) 

where dBi(Te) − Bi(Te),adl and dBi(Te) − Bi(Te),bulk are average dis
tances between the atoms in adsorbed adlayer and in stable bulk 
structures, respectively. From this formalism, positive values of S would 
correspond to the adlayer stretching, negative – to its compression, 
relative to the bulk Bi(Te).

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

Φ = V∞ − EF (3) 

Since bismuth, tellurium and platinum are heavy elements, the 
impact of spin–orbit coupling (SOC) effect on adsorption energies and 
work functions was evaluated as well. Specifically, trends in adsorption 
energies and work functions obtained with and without including the 
SOC effect into calculations were compared.

Adatom-induced charge redistribution was analysed by employing 
four different calculations. A Density Derived Electrostatic and Chemical 
(DDEC6) partitioning scheme [55,56], with net charges on atoms 
calculated with Chargemol [56], the Bader charge analysis [57], as 
implemented in VASP by Henkelman, Arnaldsson and Jonsson [58]. In 
the latter case, the total net charge for platinum, bismuth and tellurium 
atoms were calculated as a difference between the number of valence 
electrons in the corresponding isolated atom, ZA, and obtained Bader 
charge value, qA, Bader for the same atom in the adsorbate–substrate 
system: 

QA = ZA − qA,Bader (4) 

A third approach for approximating the maximum adatom-induced 
charge, QCDD

max , was by integrating along z-axis, perpendicular to the 
surface plane, curves of the charge density differences (CDD) calculated 
as 

Δρ = ρPt+Bi(Te) − ρPt − ρBi(Te) (5) 

where ρ Pt + Bi(Te) is the charge distribution in the system with an adatom 
on a Pt surface (the whole interacting system), and ρPt and ρBi(Te) are the 
charge distributions for the pristine surface, and for the adatom species 
in the gas phase (the isolated, non-interacting components of the whole 
system), but with the exact same geometry as in the composite, inter
acting system [29], respectively.

Finally, the fourth method for estimating the adatoms-charge was by 
calculating the equivalent charge of a dipole with a magnitude similar to 
the change in the work function upon adatoms’s adsorption, and at 
separation equal to the distance between the surface and the adatom. 
The calculation of the surface dipole from the change in the work 
function was made through the Helmholtz equation [29].

The d-band centre for platinum atoms was calculated as first moment 
of the projected d-band density of states, ρ(x), in respect to the Fermi 

Fig. 1. Adsorption sites considered on the Pt(111), (110) and (100) surfaces. For Pt(110) short bridge (SB) and long bridge(LB) sites are illustrated. Surface platinum 
atoms are represented by light-grey spheres, while dark-grey spheres indicate Pt atoms in the sublayers.
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level [59]: 

εd =

∫∞
− ∞ xρ(x)dx
∫∞
− ∞ ρ(x)dx

(6) 

3. Results and discussion

3.1. Interaction of single Bi or Te atom with model platinum surfaces

The detailed analysis of a single Bi and Te atom interaction with Pt 
surfaces can be found in the earlier study [29], while here certain crucial 
characteristics of Bi/Pt and Te/Pt systems are summarized in Table 1. 
Both adatom species are very stable on the considered surfaces, in 
agreement with the experimental results available on Bi [32,33,51] and 
Te [35,36] interaction with Pt(111) and Bi on Pt(100) [34,52]. It must 
be noted here that the adsorption energy values obtained for Bi without 
accounting for SOC effect are closer to experimental ones than those 
calculated including SOC. Specifically, Eads for Bi on Pt(111) calculated 
without SOC was − 3.31 eV, closer to the experimental value of − 3.52 eV 
[51] than − 3.84 eV calculated accounting for SOC. Similarly, for Bi 
adsorbed on Pt(100) the adsorption energy without SOC was − 3.87 eV, 
while accounting for SOC resulted in much more negative value of 
− 4.40 eV, significantly further from the experimental value of − 3.95 eV 
[52].

The electron localization function (ELF) analysis revealed that both 
adatom species interact with platinum in a similar fashion, forming a 
mixed covalent-metallic Bi–Pt and Te–Pt bonds [29]. Based on calcu
lated total net charges, within the Density Derived Electrostatic and 
Chemical (DDEC6), Bader partitioning schemes and by approximating 
the maximum adatom-induced charge, an adatom → surface charge 
transfer is seen, following differences on electronegativity between Pt 
and adsorbed species in the Pauling scale (ξPt = 2.2, ξBi = 1.9, and ξTe =

2.1). In agreement, adatom → surface charge transfer is also found in all 
cases by the integration of curves of the charge density difference (CDD) 
for each system, and these results are resumed in Fig. S2.

For the Bi/Pt ad Te/Pt systems the QCDD
max scheme as well as both 

DDEC6 and Bader approaches agree on the charge transfer direction, 
similarly to reported results obtained with either the Hiershfield or 
Mulliken formalism [19]. Importantly, maximum charge transfer esti
mated from Δρ can be seen as just another “partitioning” scheme to 
estimate the adatom’s charge. Hence, the uncertainly regarding the se
lection of the position of z-plane that separates positive and negative 
excess charge densities at the interface, inherent to all approaches to 
dividing the total electron density into atomic contributions [60], is also 
characteristic to this method as well.

While each method predicted different total net charge values for the 
adatoms, neither of the approaches reflected completely the adatom- 
induced changes in the work function, which are not uniform and 
more sensitive to the surface orientation [61]. Thus, all discussed par
titioning schemes offer a valid first estimate of the trends in charge 

transfer upon adatom–substrate interaction at different coverages. In the 
present study the DDEC6 scheme was used since it better handles 
delocalized electrons than the Bader scheme, which is crucial for 
metallic systems [56].

Regarding the adatom-induced changes in electronic structure of 
platinum atoms, the d-band centre, εd, values become more negative 
upon adsorption of either Bi or Te single atom, i.e. a noticeable shift of 
the average d-band centre further away from the Fermi level is seen for 
the surface atoms directly in contact with the adsorbed species, in 
agreement with experimentally observed enhancement of oxygen 
reduction reaction on Te-modified platinum surfaces [26]. This shift is 
manly defined by the ligand effect [62] caused by the adsorbate–sub
strate interaction, specifically, through s and p outer shell electrons of Bi 
and Te and 5d electrons of Pt [29].

3.2. Interaction of Bi or Te with model platinum surfaces at increasing 
adatom coverage

The coverage-dependent interaction of Bi and Te adlayers with 
model platinum surfaces was studied in the range of ΘBi(Te) from 0.06 ML 
to 0.50 ML on Pt(111) and from 0.05 ML to 0.50 ML – for Pt(110) and 
(100). Through studied coverages both Bi and Te tend to interact 
repulsively in the adlayer, occupying the available surface sites as far as 
possible from the adatoms already adsorbed on the substrate. Impor
tantly, at coverages higher than 0.25 ML several alternative adatom 
arrangements become possible on all considered surfaces, including 
different adatom in-plane distribution and aggregation. Thus, for cov
erages higher than 0.25 ML several alternative 2D structures have been 
tested. In this work, reported structures were built up by selecting the 
lowest-energy configurations after addition of the “new” adatom at 
increasing coverages. Thus, although experimentally reported p(2 × 2), 
and 

( ̅̅̅
3

√
×

̅̅̅
3

√ )
R30o superstructures at 0.25, and 0.33 ML for both Bi/ 

Pt(111) [32,33,51], and Te/Pt(111) [35,36], and the c(2 × 2) pattern for 
Bi/Pt(100) at 0.5 ML [34,52], under both UHV and electrochemical 
conditions, were calculated, as highlighted above, other superstructures 
at different coverages may have been not included [32–36,51,52].

On Pt(111) at coverages up to 0.25 ML, corresponding to 4 adatoms 
on the surface simultaneously, Bi and Te are able to adsorb maintaining 
maximum separation and minimizing the repulsive adatom-adatom 
interaction. As the result, a p(2 × 2) structure at 0.25 ML forms on Pt 
(111) where distances between the adatoms are mainly defined by the 
distances between the non-neighbouring fcc surface sites. The geometry 
of the adlayer has a structure resembling that of the substrate with the 
distance between the adsorbed atoms ~ 5.6 Å in both Bi/Pt(111) and 
Te/Pt(111) systems. Thus, the degree of strain for Bi and Te adlayers at 
this coverage were +67% and +76%. This corresponds to the overlayers 
being stretched, comparing to the corresponding bulk structures with 
interatomic distances of 3.34 Å and 3.19 Å for Bi and Te, respectively.

With the coverage growing from 0.25 ML to 0.50 ML the surface 

Table 1 
Preferable adsorption site, calculated adsorption energy (Eads), distance between the adatom and the surface (dBi(Te)–Pt), Pt–Pt distances in the proximity of the adatom 
(d Pt–Pt), total net charge values for the adatoms calculated using the DDEC6 scheme(QDDEC6

B(Te) ), Bader approach (QBader
B(Te) ), and QCDD

max approach for single Bi and Te adsorbed 
on the model Pt surfaces. Adatom-induced changes in the work function (ΔΦ) and d-band centre positions for Pt atoms are indicated as well.

System Site Eads (eV) dBi(Te)–Pt (Å) dPt–Pt (Å)a QDDEC6
B(Te) (e)b QBader

B(Te) (e)b QCDD
max (e)c Δεd (eV)d

Bi/Pt(111) fcc − 3.31 2.11 2.95 +0.45 +0.73 +0.26 − 0.32
Te/Pt(111) fcc − 3.82 1.92 3.07 +0.27 +0.51 +0.17 − 0.41
Bi/Pt(110) 4fold − 3.99 1.49 2.86 / 3.88 +0.39 +0.72 +0.15 − 0.13
Te/Pt(110) 4fold − 4.38 1.29 2.89 / 3.86 +0.26 +0.52 +0.10 − 0.16
Bi/Pt(100) 4fold − 3.87 1.91 2.91 +0.42 +0.69 +0.19 − 0.19
Te/Pt(100) 4fold − 4.44 1.72 2.94 +0.28 +0.51 +0.14 − 0.24

a For Bi(Te)/Pt(110) surfaces the distances between Pt atoms in the short-bridge and long-bridge adsorption sites are indicated.
b Positive values correspond to charge loss.
c The maximum adatom-induced charge, calculated by integrating the charge density difference curves along z-axis, perpendicular to the surface plane.
d Calculated values for εd of Pt(111), Pt(110) and Pt(100) were − 2.59 eV, − 2.32 eV and − 2.51 eV, resp.
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becomes more “crowded” and adatoms are not able to maintain the 
maximum separation. The repulsive interaction leads to the breaking of 
initially surface-defined adlayer pattern. A significant distortion of the 
hexagonal organization of the adlayers on Pt(111) is seen by ΘBi(Te) >

0.33 ML and adatoms shift from their stable fcc sites, occupied at low 
coverages, to other (initially) less stable locations. In agreement with 
available experimental data [51], resulting structures do not follow a 
hexagonal structure anymore and become less stretched compared to the 
adlayers at lower coverages, as evidenced by the degrees of strain of 
+8% and +20% calculated for Bi and Te at half a monolayer coverage.

On Pt(110) and (100) surfaces, that are less densely packed than Pt 
(111), the tendency of the adatoms to adsorb at a distance from each 
other combined with the larger separation of the stable adsorption sites 
led to a significant stretching of the Bi and Te adlayers at lower cover
ages up to ΘBi(Te) = 0.22 ML, corresponding to four-atoms adlayers. The 
calculated degrees of strain for the adlayers on Pt(110) at this coverage 
were +104% and +114% for Bi and Te, resp., indicating extreme 
overlayer stretching in respect to the corresponding bulk structures. On 
Pt(100) the stretching of the adlayers at ΘBi(Te) = 0.22 ML was smaller, 
corresponding to 64% for Bi and 71% – for Te adlayers compared to the 
their bulk geometries.

The adlayers get somewhat less strained with the growing coverage: 
at ΘBi(Te) = 0.50 ML the average adatom distances in the Bi and Te 
structures on Pt(110) are 44% and 51% longer compared to the dis
tances in the respective bulk structures. On Pt(100) the estimated de
grees of strain were +19% for Bi and +24% for Te – smaller than on Pt 
(110) because of shorter distance between the stable adsorption sites. As 
in the Bi(Te)/Pt(111) systems the adlayers organize in the patterns 
defined by that of the substrate, and on Pt(100) both adatoms form a c(2 
× 2) pattern at 0.5 ML. However, unlike it occurred on Pt(111), no 
significant departure of the surface-defined patterns is seen for either Bi 
or Te adlayers in the whole range of considered coverages because of the 
separation of the adatoms on the Pt(110) and (100).

3.3. Evolution of adsorption energy with coverage

The evolution of Eads with the adatom coverage is summarized in 
Fig. 3. It is evident that addition of a new adatom gradually destabilizes 
the adlayers in agreement with experimentally observed trend for Bi 
adlayers on Pt(111) [51]. This trend is exactly opposite to that seen in 
systems where d-metals such as Pd, Pt, and Ni, are adsorbed on Pt 
[18,28], resulting in a strengthening of the adlayer-substrate interaction 
with each newly added adatom. This difference can be tied to the 
repulsive adatom-adatom interaction seen in the Bi(Te)/Pt systems, 
whereas attractive adatom-adatom interactions take place in adlayers of 
d-metals. Another factor contributing to the destabilization of the Bi and 
Te adlayers may be larger atomic radii of Bi and Te than that of the late 
d-metals such as Pd, Pt and Ni, suggesting that the atomic radius of the 
adatoms is an important factor driving the formation of the adlayer.

It must be noted that by comparing the adsorption energy of nth 

adatom to corresponding bulk cohesion energy, Ecoh, it can be concluded 
whether the new added adatom would adsorb on the available surface 
sites or it would rather interact with adatoms forming a three- 
dimensional structure [63–65]. The bulk cohesion energy values, 
calculated for stable rhombohedral crystal structure of Bi and the 
trigonal structure for Te, were − 2.31 eV and − 2.25 eV, resp. These 
values are somewhat more negative than the corresponding experi
mental ones of − 2.18 eV and − 2.19 eV [66]. Nonetheless, similar dis
crepancies between theoretical and experimental cohesion energy 
values were reported for transition metals [67].

Thus, using the calculated Ecoh values, a formation of 3D structures 
for both Bi and Te would be predicted at coverages above 0.38 ML on Pt 
(111). However, planar adlayers for both species were found to be more 
stable than possible 3D structures, in agreement with the results ob
tained experimentally for Bi adlayers on Pt(111) where planar adlayers 
were formed at coverages below 0.56 ML [51]. In this regard, the 

thickness at which the properties of supported metallic adlayers start to 
resemble those of the pure metal surfaces depends on the nature of the 
metal [68]. Thus, it is possible that the coverages of Bi and Te, consid
ered in the present study, are not enough to recreate their bulk prop
erties, including the cohesion energy.

Also, as discussed above, the Bi and Te adlayers on Pt(111) experi
ence a tensile strain, potentially further affecting their fundamental 
properties [69]. The combination of these factors can be the reason 
behind formation of the planar overlayers of Bi and Te on Pt(111) in the 
range of coverages up to half a monolayer even though adatom-surface 
interaction is weaker than cohesion energy of bismuth or tellurium.

Interestingly, tellurium is initially more stable than bismuth on all 
model surfaces, however, on Pt(111) Te adlayer becomes less stable than 
Bi adlayer after Θ = 0.31 ML is reached where 5 adatoms are present on 
the surface. The same tendency is seen on Pt(100) closer to half a 
monolayer coverage, evidencing that after a certain ΘBi(Te) is reached on 
these surfaces, a noticeable change in Bi–Pt and Te–Pt interactions takes 
place.

A noteworthy feature is present for both adlayers on Pt(111) at 0.33 
ML coverage, specifically, an approximately 0.5 eV stabilization is seen 
for Bi and Te. This stabilization arises mainly because on the 
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rhombus-like pattern with the average adatom-adatom distance close to 
4.8 Å, more separated than at the 0.31 ML coverage, where this distance 
was 3.9 Å. Due to this separation the repulsive adatom-adatom inter
action is lower at 0.33 ML coverage than at 0.31 ML coverage, resulting 
in the Eads stabilization seen in Fig. 3. Interestingly, the rhombus-like 
pattern for the adlayers at ΘBi(Te) = 0.33 ML is similar to that seen at 
0.25 ML coverage, the main difference is that on the 
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hcp sites separated from each other by an fcc site, rather than by the 
surface hcp site as they are at the 0.25 ML coverage (see Fig. 2). As the 
result the 4.8 Å of adatom-adatom distances at ΘBi(Te) = 0.33 ML are 
significantly shorter than the 5.6 Å at ΘBi(Te) = 0.25 ML, and the adlayer 
is less stable at higher coverage despite similar geometry.

For the adlayers on Pt(110), a significant destabilization is seen at 
ΘBi(Te) = 0.22 ML, with the addition of 4th adatom to the system, as seen 
on Fig. 2 where rapid decrease appears for Eads, while adsorption en
ergies on Pt(111) and Pt (100) decrease mostly in a monotonous fashion. 
Regardless of the nature of the adsorbing species, a small plateau is seen 
on Pt(110), followed by a stabilization of the adlayer with 7 atoms. After 
this, the addition of 8th and 9th atoms leads to a gradual destabilization 
of the adlayers, despite both Bi and Te adsorbing on the same four-fold 
hollow site in the whole considered range of coverages.

This difference in adsorption energy trends on the considered plat
inum surfaces may be a result of the substrate geometry affecting the 
adlayer structure. It was demonstrated above that at lower coverages 
repulsive Te–Te interaction is stronger than the Bi–Bi one. Thus, on the 
most densely packed Pt(111) the tellurium adlayer destabilizes faster 
with the coverage than on Pt(100), where the repulsive adatom–adatom 
interactions are mitigated by higher separation of the adsorbed species 
on it. As the result on Pt(111) Bi adlayer becomes more stable than the 
Te overlayer at lower coverage compared to the Pt(100). At the same 
time, on the least densely packed Pt(110), the repulsive Te–Te interac
tion is nearly eliminated and tellurium remains more stable than bis
muth in the whole range of the considered coverages.

Importantly, inclusion of spin–orbit coupling effects resulted in the 
same Eads vs. ΘBi(Te) trends, introducing an almost constant shift of 
adsorption energies toward more negative values (Fig. S3). As it was 
discussed above, the non-SOC values for adsorption energies of bismuth 
in Bi/Pt(111) and Bi/Pt(100) are in better agreement with available 
experimental data. Thus, it can be argued that SOC is not strictly 
required for the analysis of adsorption energy changes with Bi and Te 
coverage.
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3.4. Changes on d-band centre upon adatom adsorption

The evolution of the electronic structure of platinum surface atoms 
with adatom coverage can be analysed based on changes on the position 
of the d-band centre of Pt atoms directly in contact with Bi and Te (εd, 

cont) and of the average d-band centre of all platinum atoms in the 
topmost layer of each surface (εd,surf), as it is summarized in Fig. 4.

As discussed above, the adsorption of even a single Bi or Te adatom 
impacts the electronic structure of the surface atoms in contact with the 
adsorbate through locally generated strain and interaction of s and p 
outer shell electrons of Bi and Te with 5d electrons of Pt [29]. A single Bi 
or Te adatom causes a downshift for both εd,cont and εd,surf toward more 
negative values, and this shift is larger in the Te/Pt systems, regardless 
of the geometry of the substrate. At this low coverage the total number 
of surface atoms interacting with the adsorbates is 3 out of 16 for Pt(111) 
and 4 out of 18 – for Pt(110) and Pt(100), thus, the change in εd,cont is 
much higher compared to that in εd,surf.

With the increasing ΘBi(Te) more and more surface Pt atoms become 
involved into adsorbate–substrate interaction and the difference be
tween εd,cont and εd,surf decreases. Starting with 0.33 ML coverage on Pt 

(111), all platinum atoms in the topmost layer interact with the adatoms 
and εd,cont and εd,surf converge. For Pt(110) this convergence takes place 
at ΘBi(Te) = 0.33 ML, where 6 adatoms are present on the surface, and for 
Pt(100) – at ΘBi(Te) = 0.44 ML, with 8 adatoms interacting with plat
inum. This difference arises from the specific geometry of each surface 
and the adatom coordination in each case.

The coverage ΘBi(Te) at which εd,cont and εd,surf converge on Pt(111) 
and Pt(100) is close the coverage where the Te adlayer becomes less 
stable than the Bi adlayer on these surfaces (Fig. 3). This correlation 
indicates that the change in adlayer stability with coverage can be linked 
to the number of surface Pt atoms affected by the presence of the ada
toms. Because Te impact on the Pt εd is higher compared to that of Bi, the 
cumulative effect of Te on the electronic structure of platinum is greater 
once all surface atoms are involved into interaction with the overlayer, 
ultimately leading to a more pronounced destabilization of the Te 
overlayer.

Importantly, at lower coverages the electronic structure of the sur
face platinum atoms located sufficiently far from the adatoms is not 
affected. With growing coverage, however, the number of unaffected 
surface platinum atoms will decrease and, eventually, there will no 

Fig. 2. Stable geometries for selected coverages of Bi and Te on Pt model surfaces. For Pt(111) coverages of 0.12 ML, 0.25 ML and 0.50 ML are illustrated; for Pt(110) 
and Pt(100) – coverages of 0.11 ML, 0.22 ML and 0.50 ML are shown. Light grey, dark grey, magenta and ochre spheres denote surface Pt, sublayer Pt, Bi and Te 
atoms, resp.

Fig. 3. Differential adsorption energies for Bi and Te on Pt model surfaces in the range of coverages from 0.06 ML to 0.50 ML for Pt(111) (panel a) and from 0.05 ML 
to 0.50 ML – for Pt(110) (panel b) and Pt(100) (panel c). Magenta and ochre dashed horizontal lines indicate cohesion energies of Bi and Te, respectively. Note that 
for Pt(100) and Pt(110) values of cohesive energies are outside of the y-axis scale.
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unmodified Pt sites. Simultaneously, the properties of atoms in the Bi 
and Te adlayers will be different from those of pure bismuth or tellu
rium, due to the present charge transfer and strain. Thus, the systems 
comprising overlayers of Bi and Te supported on Pt cannot be treated as 
a mere combination of their parts and, instead, must be considered as 
unique materials with properties different from their parent systems.

3.5. Changes in the work function with adatom coverage

Calculated work functions for Pt(111), (110) and (100) were 5.79 eV, 
5.50 eV, and 5.64 eV, respectively, being in a good agreement with 
experimental values of 5.91 eV, 5.53 eV, and 5.67 eV [70] and theo
retical data obtained with the PBE functional [25,71].

As it can be appreciate from Fig. 5, an example of the unique prop
erties of the Bi/Pt and Te/Pt systems compared to those of the parent 
materials is the induced change in the work function, ΔΦ, and it evo
lution with ΘBi(Te). In general, in absence of an external field, there are 
three main contributions to the change of the work function induced by 
adatoms [72,73]: the surface dipole density of the free-standing adsor
bate layer, the charge rearrangement upon adsorption, and the substrate 
relaxation induced by the adsorbed layer. For the systems discussed 
here, an analysis of charge distribution and dipole change has been 
previously shown that the charge rearrangement upon adsorption is the 
most important factor in determining ΔΦ at the lowest coverage [29]. 

Analogously, a similar analysis for higher coverages evidences that the 
sign and magnitude of ΔΦ closely follows the sign and magnitude of the 
bond dipole associated with the modification of the electrostatic po
tential upon bond, as shown in Fig. S4.

Thus, charge rearrangement upon adsorption is the main reason of 
the change of the work function induced by adatoms, and the sign of ΔΦ 
can be estimated from the direction of the charge transfer in the modi
fied system. In this case, when the substrate is more electronegative than 
the adatom, the resulting negative dipole would be pointing toward the 
vacuum because of the”adatom → surface” charge transfer and the work 
function will decrease, i.e. ΔΦ < 0. In the opposite case, if the adsorbate 
is more electronegative than the substrate, the ”adatom ← surface” 
charge transfer will take place, causing a negative charge build-up on 
the outside of the surface and positive charge accumulation within it. 
This would lead to a negative surface dipole, pointing toward the sur
face, causing the work function to increase, i.e. ΔΦ > 0.

Fig. 5 demonstrates that both Bi and Te lower the work function of 
the model platinum surface in the whole range of considered coverages. 
I.e. upon adsorption of either Bi or Te atom the work function decreases, 
regardless the orientation of the surface, being in agreement with pos
itive charge build-up on the adatoms seen both from charge density 
difference [29] and either Mulliken, Hirshfield [5], Bader or DDEC6 
partition schemes (see Table1). Thus, no additional analysis of changes 
in the surface dipole moments upon the adatom adsorption has been 

Fig. 4. Changes in the d-band centre position of Pt atoms in the Bi(Te)/Pt(111) (panel a), Bi(Te)/Pt(110) (panel b), and Bi(Te)/Pt(100) (panel c) systems. Average 
values for εd of Pt atoms in the topmost layer of each surface and atoms directly interacting with adatoms are indicated with solid and dashed lines, respectively.

Fig. 5. Calculated changes in the work function for Pt model surfaces upon Bi and Te adsorption in the range of coverages from 0.06 ML to 0.50 ML for Pt(111) 
(panel a) and from 0.05 ML to 0.50 ML – for Pt(110) (panel b) and Pt(100) (panel c). Average values for partial charges are indicated for selected coverages. 
Experimental curve for the Bi/Pt(111) system was
adapted from [52].
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performed here. It is noteworthy that while on bare surfaces Φ decreases 
in order (111) > (100) > (110), the presence of either of the adatom 
species lead to a new (100) > (110) > (111) trend, evidencing, thus, that 
the magnitude of the work function change strongly depends on the 
surface geometry. The observed adatom → surface charge transfer 
agrees well with an experimental study that attributed less favourable 
OH adsorption during oxygen reduction reaction to the charge transfer 
from Te to Pt and additional negative charge buildup on Pt [26].

The changes in Φ are larger for the Bi/Pt systems compared to those 
in Te/Pt surfaces with the same substrate geometry and these changes 
are in agreement with the difference in electronegativities of Pt and the 
adatoms, decreasing in order: ξPt > ξTe > ξBi [74]. Importantly, inclusion 
of spin–orbit coupling effects changes the calculated work function 
values only marginally, by values not exceeding 0.04 eV, which is within 
the numerical accuracy of the method. Therefore, inclusion of SOC does 
not affect the conclusions drawn from calculations relying on scalar- 
relativistic approximation (non-SOC calculations). Similarly, as it was 
discussed above, accounting for SOC effect does not alter overall trends 
in adsorption energies for the studied systems. Thus, a conclusion can be 
made that including SOC effects is not required to capture adsorption 
trends in Bi/Pt and Te/Pt systems in the range of coverages considered in 
the present study.

There is no experimental data available on evolution of the work 
function of platinum surfaces with growing coverage of bismuth and 
tellurium, except for the Bi/Pt(111). For this system the calculated trend 
is on average 0.2 eV below the experimental values [51] (Fig. 5). These 
discrepancies may be due to differences in the theoretical and experi
mentally observed overlayer structures, which may arise because the 
approach, used in the present study, does not account for possible non- 
zero temperature adlayer disordering that is inevitably present in the 
experimental results obtained at 110 K and at ~ 600 K.

It can be seen that the geometry of the substrate has an impact on 
how the work function decreases with the adatom coverage. On the least 
densely packed Pt(110) surface the ΔΦ vs. ΘBi(Te) trends are almost 
linear for both adsorbing species, while on more densely packed (100) 
surface a small curvature appears, especially evident for Bi, and the plot 
becomes slightly steeper. Finally, on the most densely packed Pt(111) 
the curves have the steepest descent between 0.06 ML and 0.25 ML, after 
which they reach a stable region where work function only decreases 
slightly with each added Bi or Te adatom. For this last surface, a similar 
feature has been observed in the work of Paffett, Campbell and Taylor 
[51], although the experimental curve passes through a small minimum 
close to ΘBi = 0.40 ML and the stable region is located between 0.60 ML 
and 1.2 ML coverages.

Changes in the work function, ΔΦ for a given surface are linearly 
connected to changes in the surface dipole, Δµ, through the Helmholtz 
equation, Δμ = e

ε0
ΔΦA

Θ , where A is the slab surface area, Θ – adatom 
coverage, e – elementary charge and ε0 is vacuum permittivity. There
fore, presence of the stable region where the change in the work function 
with the increasing adatom coverage is minimal (ΘBi(Te) ≈ 0.25 ML – 
0.50 ML) indicates that the net surface dipole per adatom undergoes 
only small changes in this range of coverages. This small change in Δµ 
could evidence depolarization of the adlayers, i.e. a reduction in the 
local dipole moment associated with each adatom as coverage increases. 
Specifically, the adatoms initially positive at lower coverages, become 
less positively charged because of charge redistribution within the 
adlayer and back-donation from the surface, resulting in the smaller 
contributions to the overall surface dipole.

The observed trend in the net adatom charges supports this inter
pretation. Both Bi and Te species become progressively less positively 
charged with the increasing coverage, this effect being the most 
noticeable on Pt(111), followed by Pt(100) and the smallest – on Pt 
(110). This trend can be directly linked to the adatom-adatom distances 
on these surfaces, which determines the degree of lateral repulsion and 
polarization within the adlayer. On Pt(111), the adatoms are closest to 

each other, forming a distorted pattern with the strongest lateral in
teractions. The depolarization of the adlayer reduces the repulsive 
dipole–dipole interaction, and adatoms are able to approach each other 
without significantly increasing the surface dipole.

A similar explanation has been proposed for alkali metals adsorbed 
on Pt [53], and for the Bi/Pt(111) system [51]. The rapid decrease in the 
work function up to a certain coverage followed by a slower decrease at 
higher coverages, without an obvious minimum, has been also reported 
for sp-metal adlayers on Pt(111) such as Sn [28]. Conversely, the work 
function of the same surface with adlayers of d-metals such as Ni, Pd, Pt, 
Cu, and Au, passes through a well-defined minimum [18,28].

In contrast, on Pt(110) and Pt(100) the adatom are organised in well- 
ordered surface-defined geometries characterised by larger adatom- 
adatom distances that reduce lateral interactions, so depolarization is 
less pronounced, resulting in the semi-linear region in the ΔΦ vs. ΘBi(Te) 
trend.

Depolarization of the adlayers also explains the trend observed for 
the adsorption energies decreasing with the growing ΘBi(Te). At low 
coverages the adatoms are strongly polarized, thus, producing larger 
local dipoles and weaker adatom-substrate interactions. With the 
increasing coverage and the adlayer depolarization, the local dipole 
moment of each adatom decreases, weakening the adatom-substrate 
interaction and reducing Eads. Simultaneously, the reduced dipole mo
ments decrease lateral adatom-adatom repulsion, stabilizing adatom- 
adatom interaction within the adlayer and allowing formation of Bi 
and Te adlayers denser than at lower coverages. This mechanism is 
consistent with the semi-linear ΔΦ vs. ΘBi(Te) trend and the weakening of 
substrate-adlayer interactions with coverage (Fig. S5). More information 
is available in Section S4 of the Supplementary Information.

Overall, the obtained results highlight the orientation of the surface 
and the balance between adatoms interacting within the adlayer and 
with the substrate as the key factors in adlayer formation. The orienta
tion of platinum surface plane affects adatoms packing, their lateral 
interactions and the evolution of adatom-surface charge transfer with 
the coverage. As the result, the depolarization of the adlayers with the 
increasing coverages is also surface-sensitive. Specifically, reduction of 
the local dipole moment associated with each adatom due to charge 
redistribution in the adlayers and back-donation from the substrate 
plays a central role in controlling both the work function and the 
adsorption energies in the Bi(Te)/Pt systems resulting in depolarization 
of the overlayers and weakening of adsorbate–substrate interaction.

3.6. Adatom-induced changes in fundamental properties of platinum in 
context of electrocatalysis

Designing catalysis for a target (electro)chemical process historically 
has been based on a ”trial and error” strategy. However, advances in 
surface science, computational chemistry, and a better understanding of 
reaction mechanisms for target processes, are gradually shifting the 
catalyst design toward a more informed and systematic approach. In this 
regard, the results presented above cannot be directly used to fully 
explain the effect of either Bi or Te on catalytic properties of the prac
tical platinum-based catalytic systems. They, however, provide insight 
into fundamental-level impact of these adatoms on platinum surfaces 
that have hitherto been overlooked or underestimated in the context of 
catalytic properties of the overall complex Bi/Pt and Te/Pt systems.

Also, it is important to emphasize that the results presented here 
were obtained for model surfaces in vacuum and do not explicitly ac
count for the factors that affect catalytic activity in electrochemical 
environments, such as solvent effects, electrode potential, interfacial 
electric fields, and specific adsorption of reaction intermediates. 
Consequently, the adatom-induced changes in the electronic or struc
tural properties of platinum surfaces alone do not provide quantitative 
predictions of catalytic activity under operating electrochemical con
ditions. These changes, however, have a direct impact on the interaction 
of reactants or reaction intermediates with the catalyst surface. Thus, 
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the trends discussed in the present study remain relevant for under
standing changes in the catalytic properties of platinum decorated with 
bismuth or tellurium.

The connection between the catalytic activity of a material and the 
stability of a reactant was established more than a century ago by 
Sabatier [75], who proposed that for an optimal catalytic reaction the 
interaction of the catalyst with the reactant should be neither too weak, 
nor too strong. Later a linear relationship between the activation energy 
and the enthalpy change of an elementary reaction, or the Brønsted- 
Evans-Polanyi (BEP) relation, was established [76,77]. Applying the 
BEP principle to reactions that involve reactant adsorption on the sur
face of a catalyst enabled more efficient catalyst screening by plotting 
catalytic activity of different materials against adsorption energy of 
species participating in the reaction. The resulting volcano-shaped curve 
has the optimal catalyst close to its apex, since it binds reagents and 
products neither too strongly, nor too weakly, satisfying the Sabatier’s 
principle.

Importantly, because electrochemical reactions occur on the surface 
of the catalyst, the adsorption and desorption of reactants and reaction 
intermediates is largely defined by the fundamental properties of the 
surface atoms. For instance, the d-band centre theory [6] establishes a 
correlation between the adsorbate stability and d-band centre position, 
offering a useful first estimate of catalytic activity of a given material.

For the hydrogen evolution reaction (HER), a process essential for 
academic electrochemistry and for energy conversion and storage 
technologies, one of the first volcano curves was reported by Trasatti, 
who used the energy of hydride formation, since at that time no 
experimental or theoretical data was available on hydrogen adsorption 
energy [4]. In the same work, a clear link between the catalytic activity 
of a metallic catalyst toward the HER and its work function was also 
established, evidencing that atomic hydrogen stability directly depends 
on Φ. More specifically, the logarithm of the exchange current density is 
linearly related to the work function of the metal, regardless of the 
detailed nature of the mechanism involved as the rate-determining step 
[4]. While departure from this correlation may arise under specific 
electrochemical conditions, the work function remains a valuable pre
liminary criterion to assess the reactivity toward the HER.

In the context of the HER, both Bi and Te adatoms would be expected 
to destabilize atomic hydrogen on the model platinum surfaces. Indeed, 
the universally seen εd downshift will cause a downward shift of the 
antibonding states, formed upon hydrogen s and platinum d states, 
weakening the Pt–H bond as the result [78]. Since Pt is already at the 
apex of the HER volcano curve [79], this effect would shift it to the 
weak-binding shoulder of the curve, predicting a decrease of its catalytic 
activity toward HER. Similar conclusions can be made from the decrease 
in Φ [4], which would be also expected to destabilise hydrogen 
adsorption, potentially decreasing catalytic activity of the composite Bi 
(Te)/Pt systems.

The impact of both adatom species on the fundamental properties of 
Pt is proportional to their coverage, as discussed above, thus, at very low 
ΘBi(Te) the decrease in the HER activity would be minimal. At sufficiently 
high coverages, however, all surface atoms would be affected and the 
deleterious effect of Bi and Te presence on the activity would become 
more evident.

To the knowledge of the authors there are no studies available on 
HER activity of the Te-modified platinum, however, the combined effect 
of the factors, discussed above, may contribute to the experimentally 
observed significant decrease in HER activity of platinum surfaces upon 
irreversible adsorption of Bi on them [12,13]. Interestingly, while 
adsorbed Bi has deleterious effect on the HER activity of platinum, a 
combined theoretical–experimental study showed that the HER activity 
of BiPt surface alloys is better than that of pure Pt because of their 
optimized hydrogen binding [80]. Despite their shortcoming as HER 
catalysts, practical Bi-adatom modified platinum surfaces show a greater 
promise for the electrooxidation of organic molecules such as formic 
acid [8,11,14,21,22], alcohols [15,16,23] and glucose [9,17,24]. In 

many of these studies the adatom-induced improvement in catalytic 
properties of platinum has been explained in the terms of the third-body 
effect, when the foreign atom blocks surface sites and steers reaction 
along a more optimal path.

Often, however, third-body effects alone are not enough to account 
for all observed activity changes. In this regard, it has been proposed 
that the adatom-modified Pt(111) catalytic activity toward formic acid 
oxidation (FAO) depends on whether the adatom species display a work 
function lower than platinum [20] and the bigger the difference be
tween the work function of the modifying element and that of Pt, the 
more evident is the promoting effect. Based on this argument the cata
lytic activity of Bi/Pt systems (ΦBi = 4.22 eV) would be higher than that 
of Te/Pt (ΦTe = 4.95 eV), which has been demonstrated experimentally 
in the same study.

Furthermore, the increase in the catalytic activity of platinum has 
been directly tied to the partial positive charge of the modifying atoms 
[5], since the presence of positively charged adatom promotes formic 
acid physisorption in a C–H down configuration, facilitating the C–H 
bond cleavage [81]. However, increasing the number of positively 
charged atoms on the surface would not necessarily lead to a propor
tionally increased catalytic activity of Pt toward FAO, because of posi
tive charge on the adatoms decreases with their coverage, as discussed 
above.

In this regard, experimental studies of catalytic properties of Bi/Pt 
systems toward FAO evidenced that the maximum catalytic rate is 
achieved at the intermediate Bi coverages [19,82]. At these coverages 
the electronic properties of most of the surface Pt atoms are modified by 
presence of Bi adatoms and at the same time they remain available for 
interaction with the reaction intermediates. Conversely, it was proposed 
that at higher Bi coverages the adlayers are too populated to produce Bi- 
free Pt sites, resulting in the decreased catalytic performance toward 
FAO.

Similarly, enhanced catalytic activity of Pt, modified by a bismuth 
adlayer, toward the electrooxidation of alcohols is typically attributed to 
the third-body effect. However, it has been demonstrated that bismuth 
reduces the poisoning effect of strongly adsorbed species, such as CO, 
generated during ethanol electrooxidation [15]. Thus, the promoting 
effect of bismuth on catalytic activity of Pt in this case may also originate 
from the adatom-induced changes in the electronic properties of plat
inum surfaces, with the d-band centre downshift being a contributing 
factor to the improvement of catalytic properties of the overall system.

This effect is clearly coverage-sensitive, since the biggest enhance
ment of the activity toward ethanol oxidation has been observed for the 
system with relatively low ΘBi = 0.34 ML [15]. At this coverage the 
adatoms affect electronic structure of all surface atoms, while leaving Pt- 
sites available for interaction with possible adsorbates resembling the 
optimal Bi coverages for FAO, discussed above.

The enhanced catalytic activity of Pt modified by adlayer of bismuth 
toward glucose electrooxidation is another example of the adatoms 
impact on the electrocatalitic activity of the substrate. Although in this 
case, a mechanism different from the third-body effect has been pro
posed. It has been remarked that Bi adsorbed on platinum, tends to bind 
OH– from the alkaline solution, consequently sharing it with the 
neighbouring Pt [9], increasing the number of the main active species 
for electrooxidation of glucose on Pt. Another reason behind this 
improved activity could be an effect similar to that proposed in the Bi- 
modified Pd system [3], where the presence of bismuth facilitated the 
desorption of gluconate from the surface that reduces its poisoning by 
the reaction product, giving the significant decrease on the d-band 
centre reported above for Bi/Pt systems. In either case, adatoms affect 
the catalytic activity of the overall system through the bifunctional 
mechanism, which would directly depend on the adatom coverage.

Unfortunately, most of the experimental data available in the liter
ature only concern Bi/Pt systems, leaving Te/Pt systems without much 
experimental comparison. Nonetheless, there is experimental evidence 
that the charge transfer from Te to platinum, and adatom-induced 
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downshift of platinum d-band centre destabilize OH adsorption on the 
Pt, which is consistent with the experimentally observed enhanced 
electrocatalysis for oxygen reduction reaction [26].

Also, undeniable similarities in the effects of Bi and Te would allow 
to extend the conclusions made for Bi-modified systems to those with Te 
adatoms. It can be seen that in practice it is extremely difficult to identify 
the mechanism by which adatoms affect catalytic properties of the host 
surface. Therefore, while developing novel catalytic materials, a 
detailed theoretical characterization could improve the understanding 
of the mechanism behind adatom impact on catalytic properties of 
complex substrate – adlayer systems toward a target reaction.

Although theoretical modelling of systems with higher adatom 
coverage is often demanding in terms of computational resources and 
time, accounting for the coverage effect is essential for the compre
hensive description of substrate – adlayer systems in the context of their 
application in (electro)catalysis. In this regard, the present study offers 
an insight into the effect of multiple adatoms adsorbed on model plat
inum surfaces on their fundamental properties and contributes to the 
field of informed and systematic design of Pt-based catalysts.

4. Conclusions

A theoretical study has been conducted on the interaction of bismuth 
and tellurium with Pt(111), Pt(110) and Pt(100) surfaces in the range of 
the adatom coverage from 0.06 ML on Pt(111) and 0.05 ML – on the rest 
of the studied surfaces, up to half a monolayer. A systematic analysis of 
adsorption energies, geometries, and the adatom-induced evolution of 
important electronic properties of platinum surfaces provides insights 
into Bi–Pt and Te–Pt interactions on the atomistic level.

Good agreement was found between obtained results and literature 
data for a more studied Bi/Pt(111) system. Overall, both Bi and Te 
demonstrate a lot of similarities in their interaction with model platinum 
substrates. Even at the lowest considered coverages both Bi and Te 
noticeably affect Pt substrates, ceding charge to them, decreasing the 
work function, and shifting the d-band centre position of surface atoms 
interacting with the adatoms further away from the Fermi level.

At lower coverages adsorbed atoms of the same species interact 
repulsively with each other, thus, preferably occupying surface sites, at a 
distance from each other. At the coverages close to half a monolayer the 
decrease on the d-band centre of Pt atoms in contact to the adatom 
weakens the metal-adatom bond, while stabilizing the adatom-adatom 
interaction within the adlayer due to depolarization of the adatoms. 
Because of this while the addition of each new atom to the model sur
faces gradually destabilizes the whole system (i.e. makes adsorption 
energies less negative) adlayers remain stable in the whole range of 
considered coverages. On more open Pt(110) and (100) surfaces the 
substrate-defined adlayer patterns remain in the whole range of cover
ages. Conversely, on densely packed Pt(111) the initially hexagonal 
pattern seen at lower coverages breaks with ΘBi(Te) approaching half a 
monolayer. In all cases the adlayers maintain planar geometry rather 
than forming 3D structures.

The tendencies observed for the impact of a single adatom on the 
work function of the surfaces and position of the d-band centre are 
retained at higher coverages. Specifically, lowering of the work function 
has been observed for all substrates, except for Pt(111). There, after the 
coverage of 0.25 ML was reached, further addition of Bi and Te adatoms 
causes only a slight decrease in Φ. This may indicate back donation of 
the charge from substrate to adlayers, which is in line with net positive 
charges on Bi and Te decreasing with coverage.

Regarding the d-band centre of the surface atoms in contact with the 
adatoms, a gradual decrease with the growing adlayers coverage is 
calculated. However, at coverages of 0.33 ML on Pt(111) and Pt(110) 
and 0.44 ML — on Pt(100), all platinum atoms in the topmost layer are 
in contact with adatoms, thus their impact on the electronic structure of 
the substrate becomes surface-wide. Combined with observed changes 
in the work function and charge distribution, adatom adsorption may 

entail a shift in catalytic properties of the whole composite Bi/Pt and Te/ 
Pt systems toward important processes such as hydrogen evolution re
action and electrooxidation of formic acid, glucose and alcohols.

The obtained results offer valuable insights for a systematic under
standing of the Pt-based catalysts, contributing to a better understanding 
of adlayer-substrate metallic systems in general. Conclusions drawn in 
present work can be potentially useful for a more informed and 
methodical approach to catalysts design and fine tuning of their 
properties.
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