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ARTICLE INFO ABSTRACT

Keywords: In this joint experiment-theory work the adsorption of organophosphonic acids on a-Bi,0; surfaces is studied by
Bi, 03 means of X-ray photoelectron spectroscopy (XPS), diffuse reflectance infrared Fourier transform spectroscopy
Surface analysis (DRIFTS), as well as density functional theory (DFT). The present results demonstrate the formation of a full
Phosphonic acid bidentate-bonded monolayer structure with an all-trans configuration of the aliphatic chains, whereby the
zgg evolution of the monolayer can be monitored via the shape of XPS spectra. Our results for the model oxide
FTIR are a basis for the surface modification of oxide covered Bi with functional organophosphonic acids.

1. Introduction

Bismuth electrodes are valued in a very broad range of applica-
tions due to their interesting properties, such as low toxicity, high
electrochemical stability, and unique electronic structure. Example ap-
plications include battery technology [1], photovoltaics [2] and fuel
cells [3], where they lead to improvements in efficiency and stabil-
ity, as well as seawater desalination. Here, nanocrystalline Bi-foam
electrodes may serve as an efficient and high capacity Cl-storage elec-
trode [4]. In addition, they are being used in electrochemical cataly-
sis [5,6], electrochemical [7] and biomedical sensing [8] and heavy-
metal detection [9]. Bismuth films are also being explored in photode-
tectors [10]. In general, the material is a sustainable, effective option
across various fields, serving as an environmentally friendly alternative
to mercury-based electrodes and enhancing performance in sensing,
energy storage, catalysis, and more.

The electrodes’ properties are strongly influenced by their surface
chemistry [11-14]. Under ambient conditions the bismuth electrodes
are characterized by the formation of an oxide film [15]. The initial
stages of the oxidation have been modeled, e.g., in Refs. [16,17]. Bis-
muth surface-oxide films are typically polycrystalline, and multiphase:
While BiO dominates for very thin films [18], thicker oxide films show
components of elemental Bi, BiO as well as Bi,O; [19]. Bulk Bi,03
occurs in several phases, whereby the so-called « phase is the one
dominating under ambient conditions. Similar to bulk Bi, also bismuth
oxides show a series of properties [19,20], which make it interesting to
various applications, e.g., as dielectrics [21] or for catalysis [22,23].

It has been shown that oxide removal and stabilization of bismuth
films is possible outside a vacuum environment using a wet chemistry
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approach using the self-assembly of 1-dodecanethiol as passivating
agent [24]. Organothiols are also reported to increase the function-
ality for electrochemical sensor technology [25]. Also electrochemical
indicators based on cyclic voltammetry have shown the formation of
self-assembled monolayers (SAMs) of alkyl thiols on bismuth elec-
trodes, and revealed that the defect structure as well as the stability
of the SAMs depend on the length of the alkyl thiols [26].

In the context of surface functionalization, organophosphonic acids
are commonly applied for the analogue modification of oxide-coated
alloys or single-crystalline oxides [27-29]. Their adsorption mecha-
nisms on various oxide-terminated surfaces, e.g., aluminum, magne-
sium, or titanium, have been investigated in detail. For example, it was
found that these organophosphonic acids spontaneously self-assemble
on aluminum-oxide surfaces, but longer adsorption times are required
to produce dense, ordered films [20]. In addition, several studies also
investigated the adsorption, ordering and stability of organophospho-
nic acids on refractive alloys with the main alloying elements being
aluminum, titanium and zinc [30-35]. Infrared spectroscopy was used
to analyze the monolayer ordering and the interfacial binding mech-
anisms [36,37], while a bidentate bonding of phosphonate groups to
surface metal ions is often reported as the main reason for chemisorp-
tion [38-40]. In addition, in particular for low coverages, tridentate
configurations are found [41].

As far as we know, no attempts have been made yet to functionalize
bismuth or bismuth-oxide surfaces with phosphonic acids. This would
be highly desirable, however: In particular in case of self-organized
layers, organophosphonic acids are significantly less sensitive to ox-
idation compared to organothiols. This motivates the present joint
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Fig. 1. Schematic representation of the surface modification of a-Bi,O; powder with ODPA from an ethanolic solution. For details see main text.

experiment-theory study on the adsorption of phosphonates on «-Bi, 05
surfaces. By combining vibrational and electronic spectroscopy with
density-functional-theory (DFT) calculations we explore the absorp-
tion of phosphonates on bismuth oxides in order to contribute to a
knowledge-driven optimization of Bi coating procedures.

2. Methodology
2.1. Experiment

Bismuth-oxide powder (99.9%, Sigma Aldrich) with a mean particle
size of 10 pm is used for the surface analytical studies. XRD powder
studies were performed to determine the phase of the Bi,O; particles
[23]. For this investigation a Bruker D8 Advance diffractometer with a
copper Ka radiation (40 kV, 40 mA) was used. The measurement was
carried out in an angle range between 10° and 70° (2 theta) with a
step size of 0.2° and a counting time of 3 s per step. The results of this
measurement are shown in Fig. S2 in the Supplemental Materials and
confirm that the particles are a-Bi,05.

For surface functionalization, octadecyl phosphonic acid (ODPA)
(97%, Sigma Aldrich) was dissolved in absolute (abs.) ethanol (Mundo
oHG). More precisely, we added 5g of Bi,O; powder to 50ml of
ethanol, and mixed the suspension for two hours at room temperature
on a vibrating plate. Afterwards, the so-modified powder was cleaned
in abs. ethanol and dried using a rotary evaporator. This process is
sketched in Fig. 1.

X-ray photoelectron spectroscopy (XPS) is performed using an Omi-
cron ESCA+ system (Omicron NanoTechnology GmbH). This is equip-
ped with an Al Ka (1486.3eV) X-ray source. In addition, we use
a hemispherical energy analyzer at a chamber pressure below 5 -
10~ mbar and a take-off angle of 60° with respect to the sample sur-
face. Note that the measurements are carried out with neutralization.
The filament current, the emission current as well as the beam energy
amount to 1000mA, 10 uA, and 1eV, respectively. Survey spectra and
the high-resolution core-level spectra are recorded with a pass energy
of 100eV and 20eV, respectively. All the spectra are calibrated to the
experimental C Is peak (at 285.0eV). For the data analysis we use the
CasaXPS software (V2.3.23, Casa Software Ltd.). To evaluate the peak
integrals, we use the corresponding relative sensitivity factor values.
The background as well as the P 2p peak are fitted with a Shirley-type
fit function. The signal peaks of the C ls, O 1s and Bi 4f spectra are
fitted with a Gaussian Lorentzian peak shape of 70% to 30%.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) is carried out with a BrukerVertex70 (Bruker Optics, Ger-
many) under dry air conditions. Thereby, a DTGS detector is employed,
and the powders are filled in a funnel, which is provided for this
purpose. In addition, KBr powder is used as the reference system. The
resolution of the samples is 4cm~! and 512 scans are carried out. The
OPUS software (V6.5 Bruker Optics GmbH) is used for evaluating the
spectra.

2.2. Theory

Density-functional-theory (DFT) calculations are performed using
the Quantum ESPRESSO (QE) package [42,43]. Norm-conserving pseu-
dopotentials are used to model the electron-ion interaction. The elec-
tron exchange and correlation effects are described within the general-
ized gradient approximation (GGA), using the Perdew-Burke-Ernzerhof
functional (PBE) [44]. The electron wave functions are expanded into
plane waves up to a cutoff energy of 70Ry. The Bi,05(100) surface is
modeled within a 320-atom supercell that contains a material slab com-
posed of a 4 x 2 x 2-repeated a-Bi,O; (monoclinic) unit cell [45-47],
and about 20 A of vacuum, see Fig. S4 in the Supplemental Materials.
The surface termination is chosen following Ref. [48], i.e., using the
energetically most favored T,p;;) model, which is stoichiometric and
nonpolar [48].

The surface Brillouin zone is sampled using a 3 x 3 Monkhorst-Pack
k-point set [49]. Energy and force convergence criteria of 10~8 Ry and
104 Ry/bohr are employed for structural relaxation. The five central
layers of the symmetric slab, see Fig. S4, are kept frozen at their ideal
bulk positions. Methylphosphonic acid (CH;PO(OH),, MPA) is used as
model system to describe the adsorption of larger phosphonic acids by
means of first-principles calculations. XPS spectra are simulated using a
delta self-consistent field (ASCF) approach [50-53] which allows for the
atomically resolved interpretation of the measured spectra [54]. Pseu-
dopotentials with occupation-constrained inner shells were generated
to model the core holes.

3. Surface characterization
3.1. Infrared spectroscopy

The DRIFTS analysis provides information on the binding mecha-
nisms as well as the packing density of organic chains of ODPA. The
survey spectrum is presented in Fig. 2 (a). The two insets shown in
subfigures (b) and (c) correspond to the regions of the OH-stretching
vibration and the phosphonate peak in the fingerprint region, respec-
tively. Obviously, the ODPA adsorption leads to a decrease in the
surface hydroxyl density (peak at 3720cm~1) and the adsorbed water
layer thickness (broad peak at 3500 cm™1).

In addition, in the fingerprint region in Fig. 2 (c) both the P=0 peak
and the phosphonate peak are present in the spectrum. The presence
of the P=0 peak hints at the presence of bidentate bonds. However, in
parallel tridentate bonding might occur. The recent study of Schuschke
et al. [41] shows that the binding modes might change with the surface
coverage. For insolated adsorbed molecules a tridentate was found for
a Co30,(111) surface. However, with increasing surface coverage the
bidentate binding mode became more dominant. Thus the parallel ex-
istence of both binding mechanism on the oxide powder is most likely.
The respective peak assignments are compiled in Table 1. The DRIFTS
analysis of ODPA adsorbed on Bi,O; in comparison to ODPA mixed in
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Fig. 2. DRIFTS analysis of the ODPA-modified a-Bi,O; surface (a). The insets show
region of the OH-stretching vibration (3000-3700cm™!) (b) and the fingerprint region
with the peak of the phosphonate stretching (c).

Table 1

Peak assignments of the DRIFTS spectra based on literature.
Wavenumber Vibration mode (cm™') Literature
3500 H,0 Ref. [56]
2960 asym. CH; Ref. [39]
2918 asym. CH, Refs. [39,57]
2850 sym. CH, Refs. [39,57]
1631 H,0 Ref. [56]
1185 P=0 Ref. [39,41]
1001 (1150-931) PO}~ Refs. [39,57]

KBr powder (see Fig. S1) shows a clear shift of the CH,-stretching peak
position to lower wavenumbers (2852 cm™! to 2850 cm™1). In agreement
with Spori et al. [55], this peak shift indicates an all-trans configuration
of the aliphatic chains of ODPA.
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3.2. DFT models

To assist in the understanding of the adsorption mechanisms of
phosphonic acids onto bismuth-oxide surfaces, we perform DFT total-
energy calculations.

At first, stable hydroxyl-group terminated Bi,0;(100) surface struc-
tures are determined, starting from the bare, stoichiometric surface
models suggested in Ref. [48]. We probed various coverages and struc-
tures and find that the arrangement in alternating chains of BiO,(OH),-
BiO, polyhedra along the [001] as shown in Fig. 3(a) is most favorable.
Furthermore, we notice that shifting one of the BiO,(OH),-BiO, chains
by 1/4 of the lattice parameter along the [001] direction increases the
energy by less than 150 meV. Thus, some disorder at the OH-terminated
surface is possible, and this finding also suggests the possibility for the
rearrangement of the hydroxyl groups in response to the adsorption of
phosphonic acid.

The hydroxyl groups do not lead to a strong substrate relaxation,
i.e., the OH-adsorbed surface resembles the structure of the bare sur-
face. The hydroxylated surface features three differently coordinated
bismuth atoms: There are Bi surface atoms that are either four- or six-
fold coordinated to oxygen. Some of the six-fold coordinated Bi atoms
experience a rather strong surface relaxation and are present already
in case of the clean surface. In addition, there are the Bi atoms that
remain in their bulk coordination, i.e., BiO5. They may be subdivided
into two groups with slightly different polyhedral volumes. Similarly,
the O atoms can be divided into three groups: O atoms showing the
bulk coordination, surface O atoms, and hydroxyl group O atoms.

To investigate the adsorption of phosphonic acids onto the bismuth
oxide surface, we replace two of the hydroxyl groups on a BiO,(OH),
polyhedron with one CH;PO;. Depending on the starting geometry, a
number of equilibrium configurations is obtained. Two energetically
relevant ones are depicted in Fig. 3 (b) and (c). For model A the MPA
molecule adsorbs at two Bi surface atoms and it is almost perpendicular
to the Bi, 05 surface. On the other hand, for model B, the PC bond forms
an angle of about 25° with the surface, and the MPA molecule assumes
a bidentate configuration. Thereby, model A is by about 180 meV more
favorable compared to model B.

Upon the MPA absorption, the overall surface geometry remains
almost unaffected. Nevertheless, the adsorbing Bi atoms are slightly
shifted compared to their position in the fully hydroxylated surface.
More precisely, for model A, the marked Bi atom is shifted by about
0.94 A, while the second adsorbing Bi atom is risen by about 0.3 A. For
model B, on the other hand, the adsorbing Bi atom is lowered by about
0.3 A compared to its previous position in the BiO,(OH), polyhedron.
In addition, in both models, the phosphonic acid is distorted compared
to its gas-phase structure: The PC bond length is enlarged by about
0.026 A and 0.016 A for model A and B, respectively, and also the
angles formed by the central P atom with the O atom and the hydroxyl
groups are affected to different extents.

In accordance with Ref. [41], for the investigation of denser cov-
erages we study the simultaneous adsorption of two MPA molecules
orientated as for model B, clearly showing a bidentate configuration. In
addition, since our DRIFT analysis revealed an all-trans configuration,
this finding is also reflected in our simulations. Here, six different
configurations are possible, see Fig. 4. Depending on the configuration,
the adsorption energy per molecule decreases by at least 73 meV. This
shows a slightly repulsive interaction and suggests a rather uniform
distribution of the adsorbed species. We find the molecules to be
prone to adsorb on different polyhedral chains. However, the structures
shown in Fig. 4 (c) and (d) are only slightly less favorable, suggesting
some disorder in the overlayer formed. Generally, it is favorable for
the molecules to adsorb in front of “empty” BiO, polyhedra, compare
Fig. 4 (a) and (c) as well as (d) and (e). The configuration where two
phosphonic acids adsorb on two adjacent BiO, polyhedra (Fig. 4 () is
not stable.
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Side view

Fig. 3. (a) Structurally relaxed hydroxylated Bi,0;(100) surface. The hydroxyl groups have only a minor influence on the surface morphology, and form alternating chains of
BiO,(OH),-BiO, along the [001] direction. (b-d) Relaxed hydroxylated Bi,05(100) surface with CH;PO; adsorbed. Surface and bulk O atoms are represented by green and orange
balls, respectively. The remaining O atoms are colored according to their coordination, more precisely, the ones in hydroxyl groups in burgundy, the P-coordinated one in magenta,
and the P-Bi-coordinated O atoms in blue. Model A is by about 180 meV more favorable compared to model B. Model C obtained by allowing for O desorption from the surface

is by about 1.5eV less favorable than model A.

At this point, we would like to point out that the adsorption of
phosphonic acids on the Bi,0; surface could be accompanied by the
desorption of O atoms from the surface, and there is also the possibility
of adsorbed (or desorbed) H,O molecules. To test this possibility, we
replaced two of the OH groups as well as a O surface atom with
the O atoms of the MPA molecule, also see model C in Fig. 3 (d).
Nevertheless, we find that this configuration is by about 1.5eV less
favorable compared to model A and will thus not be considered further
in this study.

4. XPS peak assignment

The experimental XPS survey data for the Cls, O 1s, Bi4f, and P2p
states of the bare and the ODPA-modified surface are shown in Fig. S5
in the Supplemental Material. Here, the O 1s spectra are fitted based on
established models for experimental studies.

The compositions with respect to each element as determined from
high-resolution spectra of each element are compiled in Table 2. The
spectra indicate the presence of bismuth, oxygen and carbon on both
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Fig. 4. Top view of the structurally relaxed hydroxylated Bi,05(100) surface shown
in Fig. 3 with two MPA molecules adsorbed at different relative positions. For clarity,
the bulk O atoms are not shown and the O adatoms are colored in blue. The energies
are given with respect to the most favorable structure. The structure (f), where the
molecules adsorb on adjacent polyhedra, is not stable.

Table 2
Atomic composition of the bare and ODPA-modified Bi,O; surface as measured by
high-resolution XPS.

Substrate C ls O s Bi 4f P 2p
(at.%) (at.%) (at.%) (at.%)

Bi,O, 50.4 30.5 19.1 -

Bi,0;+ODPA 64.3 17.3 15.6 2.7

surfaces. The content of carbon for the pure bismuth oxide can be
explained by typical contamination on the surface after exposure to
the ambient atmosphere. Additionally, in the O 1s spectra interfacial
water is detected. The O ls peak of the pure Bi,O; powder origins
from both the Bi,O; particles and oxygen-containing adsorbate layers
such as carboxylates and an ice-like surface bound water layer. During
the adsorption of ODPA such adsorbates are at least partially desorbed
and substituted by the phosphonate molecule. Thereby, the O 1s signal
decreases more strongly than the Bi4f signal.

The O 1s XPS spectra are characteristic for the ODPA modification
of the bismuth oxide surface. The experimental O 1s spectra for the
bare Bi,03, see gray curve in Fig. 5(a), clearly reveal a strong oxidic
contribution at 530.2 eV, while the contribution at about 532.5eV can
be attributed to hydroxyl groups and/or interfacial water. The rather
large peak widths can be explained by the defective surfaces of the
particles as well as by the adsorption of carboxylic acids and water
under ambient conditions. Water is indeed easily adsorbed on metal
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oxide surfaces based on hydrogen bonding [58]. Typically, one or two
monolayers of ice-like structured water remain on oxide surfaces even
at UHV conditions. Such layers can be detected, e.g., by temperature-
controlled desorption (TPD) which shows that desorption of such layers
occurs only at elevated temperatures (see, e.g., [58]). As the particle
layer surface is not smooth but shows very rough topography, the
actual take-off angle differs from the macroscopically adjusted angle.
In addition, the adsorbate layer, consisting of a few water monolayers
and surface-bound monolayers, is in the range of 1 to 3 nm thickness.
Both effects contribute to the strong signature of the surface near region
in the XPS spectra.

Upon adsorption of ODPA, the spectrum undergoes a noticeable
transformation, see also gray curve in Fig. 5 (b) and (f). First of all,
the comparison of the high-resolution XPS data shows a single peak for
phosphorous. In addition, the contribution of adsorbed water decreases
in intensity. This can be explained by the adsorption of the hydrophobic
monolayer. Moreover, the oxidic contribution (BE = 529.5 eV) sharpens,
while the hydroxylic component appears to be red-shifted by about
0.7 eV, and still seems to cover different surface states. This shift can be
explained by the effect of charge neutralization, resulting in different
full half widths (FHWM) for pristine and ODPA-modified Bi,0;. More
precisely, the FHWM of ODPA-modified Bi,O; is reduced to about
66.7% of the one for pristine Bi,O;, see also Fig. S5.

Due to the powder form, the resolution of the experimental XPS
spectra is limited. For example, the O 15 peak of the phosphonate group
(expected upon the ODPA modification at about 532.3 eV) cannot be
clearly differentiated from the contributions tentatively attributed to
the interfacial water and the hydroxyl groups. Thus, DFT simulations
are carried out to assist in the interpretation of the XPS spectra, also
see Fig. 5. To this end, we classify the O atoms in the systems according
to their coordination number with respect of Bi, H, P and C. Then, we
determine the binding energy of every O atom via the ASCF approach.
The resulting energy distributions are smoothened using a 20 meV
energy window and fitted with Gaussian-type functions. To account for
the neutralization effect observed in the experiment (cf. Fig. S5), the
FHWM of the Gaussian functions for the MPA-modified Bi,0; surface
was fixed to 66.7% of the one of the pristine surface. Finally, since the
DFT binding energies can only be determined up to a common additive
constant, a rigid shift of 740.92 eV and 740.20 eV for pristine and MPA-
modified Bi,O; surface, respectively, is applied in order to align the
onset of the DFT spectra to the experimental ones.

For the bare surface, our DFT calculations confirm that the main
peak in Fig. 5 (a) can be assigned to the surface (green) and bulk
(orange) O atoms, while the secondary peak originates from the hy-
droxyl groups (burgundy). Nevertheless, since we do not account for
interfacial water on the oxide surface, the secondary DFT peak is lower
and more narrow compared to the experimental peak.

For the modified oxide, we simulate the XPS spectra for both models
A and B discussed in Section 3.2. In fact, their total energies do not
differ by more than 180 meV, and the exact geometry is sensitive to the
monolayer density [41]. To understand the origin of the spectra of the
ODPA-modified surface, we assign the contributions to the differently
coordinated O species of the adsorption structure shown in Fig. 3 (b)
and (c). Upon the phosphonic-acid absorption, two additional O types
can be identified: One coordinated to both Bi and P, and one bonded to
P, exclusively. These atoms give rise to additional peaks (light blue, and
magenta, respectively). Notably, the relative position of the additional
signals differs for the two models, cf. 5 (b) and (f). More precisely,
for model A the additional signatures frame the peak attributed to
surface O atoms. For model B, in contrast, they are located between
the signatures of the hydroxyl group and the surface O atoms. So, our
data suggest that these new oxygen types as well as the desorption of
OH groups determine the XPS line shape.
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Fig. 5. Measured (gray) and simulated (black envelope) XPS data for O 1s on hydroxylated (a) and phosphonic acid adsorbed Bi,O; surface for model A (b-e) and model B (f-i).
The color coding used for the Gaussian fits corresponds to the colors used in Fig. 3 (b) and (c) for the different O types. Notably, both models A and B yield a good agreement
with the experiment, suggesting the possibility of coexistence of both adsorbing geometries on modified BiO,0; surfaces. Note that the experimental spectra correspond to the

ones shown in Fig. S5 (b) in the Supplementary Material.

Nevertheless in both cases, the black envelope line of the DFT data
does not fully reproduce the experimental spectrum. The former, in
fact, still features a significant hydroxylic contribution, hinting that the
DFT surface models deviate with respect of the monolayer density from
the experimental system.

In order to simulate XPS spectra for higher phosphonic-acid cover-
ages, we scale the intensities calculated for the models A and B shown
in Fig. 3 b and c, respectively, to the respective stoichiometries for
quarter, half, and full monolayer density, see Fig. 5 (c—e), and (g-i) for
the two models A and B, respectively. This approximation is justified

given that the core-level shifts are mainly determined by the local
coordination and that the molecular adsorption leads to only minor
structural relaxation of the surface. Notably, irrespective of the investi-
gated DFT surface model, we find that the comparison of the simulated
XPS spectra, i.e., the black envelope lines and experiment is best for
full monolayer coverage. Notably, however, the experimental spectrum
is broader and narrower compared to the DFT ones of the model A
and model B, respectively. Thus, we suggest that both configurations
can coexist on BiO,0; surfaces. In addition, we note that in both cases
the agreement with the experiment might be further improved by also
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considering interfacial water in the DFT simulations. This is expected
to give rise to additional signatures, contributing to the broader left
shoulder of the experimental spectra.

5. Summary and conclusions

The adsorption of octadecylphosphonic acid on «-Bi,O; surfaces
was investigated with XPS and DRIFTS. The resulting data were an-
alyzed with the help of DFT total-energy calculations and theoretical
spectroscopy for a model system, methylphosphonic acid adsorbed
on the a-Bi,05(100) surface. Our results show that a full monono-
layer of phosphonic acid forms, with an all-trans configuration of the
aliphatic chains. Thereby, the phosphonates are expected to predom-
inantly assume a bidentate configuration. The XPS signatures can be
utilized to control the monolayer coverage, and therefore the adsorp-
tion mechanisms. It can be concluded that organophosphonic acids
can be successfully used to functionalize and protect Bi,O; covered Bi
electrodes from oxidation.
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