
Vol.:(0123456789)

Theoretical Chemistry Accounts (2024) 143:34 
https://doi.org/10.1007/s00214-024-03103-2

RESEARCH

Redox properties of PbO2, IrO2 and SnO2 (110) surfaces 
with an adsorbed OH molecule: a chemical reactivity study 
in the grand canonical ensemble

Claudia Islas‑Vargas1,2 · Alfredo Guevara‑García3 · Marcelo Galván1

Received: 31 January 2023 / Accepted: 29 February 2024 / Published online: 30 March 2024 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2024

Abstract
Employing the formalism of the joint density functional theory (JDFT) in the grand canonical ensemble, this paper stud-
ies the electronic structure and relative reactivity of an hydroxyl radical adsorbed on the surface of three different metal 
oxides that share the rutile-type structure and the (110) crystal plane; these materials are electrodes used in electrochemical 
advanced oxidation processes which consist in the generation of hydroxyl radicals, highly reactive species, that are able to 
oxidize organic compounds to CO

2
 , making these anodes efficient for wastewater treatment. By analyzing the changes in 

the average number of electrons as a function of the applied chemical potential at fixed external potential, we studied two 
reactivity indices from conceptual density functional theory: global and local softness, to help us understand the differences 
between these materials, additionally we propose a new scheme to approximate the redox properties of clean surfaces or 
surfaces in contact with different adsorbed molecules so that these values can be arranged in a relative potential scale which 
would allow direct comparison with experimental results.

Keywords  Chemical reactivity · DFT · GCDFT · Chemical potential · Redox potential

1  Introduction

Tables of Standard Electrode Potentials are sources of valu-
able information for electrochemists because they contain 
information to evaluate solubility products, equilibrium and 
complexation constants and because, potentials are “really 
indices of free energies,” an ordered list of them can point 
out if a redox reaction will proceed spontaneously [1].

Having the ability to build a theoretical tool to obtain 
the redox properties of surfaces or surfaces in contact with 
different adsorbed molecules should be very helpful in the 
design of new materials because it could lead the way in 
proposing modifications of surfaces through metal dop-
ing or changing the nature of the adsorbates. Of course 
the task for building such a tool is monumental, because 
theoretically describing the behavior of an electrochemical 
solid–liquid interface requires to take into account pro-
cesses occurring at a wide time and length scales. There 
are many efforts up to date to set up such kind of theoreti-
cal protocols (see Ref. [2] and references therein). Starting 
from the possible models, there are full cells set ups con-
taining the two electrodes with opposite charges and the 
electrolyte; also, there are single cell models. In relation to 
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the level of theory used, it ranges from classical Molecular 
Dynamics to ab initio Molecular Dynamics; in addition, 
there are also combined QM/MM like approaches. The 
time scale of the simulations and the size of the models 
depend greatly on the approximation used: 103–104 atoms 
and around 10 ns for Classical Molecular Dynamics and 
near 100 atoms and up to 100 ps for ab initio Molecu-
lar Dynamics. One of the main challenges of the simula-
tions in electrochemical interfaces is the presence of a 
finite surface charge that induces changes in the structure 
of the solvent and ions in its vicinity. Describing such 
changes requires a good sampling of the structures of the 
solvent and ions that imply larger times in the simulation 
or the use of enhanced sampling techniques; in addition 
to that, an accurate description of the electronic structure 
of the system is also recommended. The simulations can 
be done in different ensembles, the Grand Canonical �
PT, the NVT or the NPT. In theoretical electrochemistry, 
treatments within Grand Canonical formalism require that 
electrons and chemical species are in contact with their 
corresponding constant chemical potential reservoirs. In 
this work, we introduce a calculation scheme for ordering 
the redox properties for this type of systems in a relative 
potential scale. It uses the Density Functional Theory in 
the Grand Canonical ensemble (GC-DFT) [3], a formal-
ism that allows to carry out calculations of microscopic 
electrochemical systems in thermodynamic equilibrium 
since it is possible to set the temperature (T) and the 
chemical potential ( � ), in the same way as experiments 
do, where the electrochemical potential of the electrons is 
an independent variable and is associated with the poten-
tial imposed on the electrode. It also employs joint density 
funcional theory (JDFT) [4, 5] to describe electronic sys-
tems in thermodynamic equilibrium with a liquid envi-
ronment. In our application of JDFT, only electrons are 
“grand canonical,” whereas the atomic species are only 
treated as a fixed external potential. The level of theory 
used to describe the system is a standard GGA exchange 
and correlation functional [6] using a half cell model using 
periodic conditions; the solvent is treated as a continuum 
polarizable media with monopole and dipole responses 
[7]. We should not expect that our approximation matches 
the actual redox potentials but as we will show, qualitative 
trends might be obtained with this scheme. We applied 
our ideas on metal oxides involved in electrochemical 
advanced oxidation processes that rely on the generation 
of hydroxyl radicals (OH⋅ ), which have a high oxidizing 
power at ambient temperature and atmospheric pressure, 
thus capable of oxidizing organic contaminants which 
make them efficient for wastewater treatment [8].

Metal oxide anodes are classified according to a model 
proposed by Comninellis [9] that is based in its catalytic 
power toward the oxygen evolution reaction (OER) into two 
types: active, and non active. IrO2 surface presents a low 
overpotential for the OER and is considered as active, while 
SnO2 and PbO2 have high overpotentials and the oxidation 
of organic compounds is expected to take place. These three 
metal oxides will be used to test the proposed scheme. In a 
previous work [10], we studied the chemical reactivity of 
these solvated surfaces with two explicit water molecules 
according to the first step in the mechanism proposed by 
Comninellis [9]:

where M denotes a metallic active site on the anode surface. 
We found that both molecules dissociate in H and OH hence, 
in this work our interest lies in the chemical reactivity of the 
systems when an OH molecule is adsorbed on the surface of 
the metallic oxide since these are the species that carry out 
the oxidation of the organic molecules:

where R is an organic compund and the anode acts as an 
inert reservoir of electrons, as pointed out by Marselli et al. 
[11]

2 � Proposed scheme to approximate redox 
properties of surfaces

Sprik et al. [12, 13] developed a method to study an electro-
chemical half-reaction

where m and � are integers with 𝜈 > 0 , in a grand canoni-
cal formulation where they limited the number of electronic 
states in the grand canonical partition function ( Ξ(T ,�) ) to 
two, which are the ground state of the reduced and the oxi-
dized system, with N and N − � electrons, respectively

here kB is the Boltzmann constant and assuming that the 
temperature, T, is low compared to the electronic excita-
tion energies, therefore Q0(T ,N) and Q0(T ,N − �) are the 
ground-state canonical partition functions for the N and 
N − � electron systems, respectively.

To get an equation for the chemical potential in terms of 
the partition functions of both electronic systems, first they 
consider the expectation value of the number of electrons in 
the system to get the following expression

(1)M+H2O → M(⋅OH) + H+ + e−

(2)M(⋅OH) + R → M+ mCO2 + nH2O + H+ + e−

(3)Xm
→ Xm+� + �e−

(4)

Ξ(T ,�;NI) = exp

(
N�

kBT

)
Q0(T ,N) + exp

(
(N − �)�

kBT

)
Q0(T ,N − �),
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Subsequently, they define a fractional charge by taking the 
charge of the N-electron system as reference, x ≡ N − ⟨N⟩ , 
from which they obtain an equation of � as a function of x

With the free energy of each electronic system defined as 
AN = −kBT lnQ0(T ,N) , Eq. (6) can be rewritten in terms 
of the Helmholtz free energy of the oxidation reaction 
( ΔA = AN−� − AN ) as

By making the calculations at constant volume, the Helm-
holtz free energy difference can be taken as a Gibbs free 
energy difference in calculations at constant pressure. This 
approximation allows the use of the classical electrochemi-
cal relation ΔG = −�F�0 , with F the Faraday constant and 
�0 the experimental redox potential. Substituting this relation 
in Eq. (7), they get an expression that relates the chemical 
potential with �0

and from this equation one can see that when x = �∕2 , the 
value of chemical potential can be used to estimate the 
standard redox potential

As the partition functions in Eq. (6) include contributions 
from the movements of the atoms in the system, Sprik et al. 
perform molecular dynamics where they consider an aver-
age of the ground states by taking into account the struc-
tural variations due to thermal fluctuations. They vary � until 
they determine �1∕2 from a sigma-shaped variation of the 
fractional charge as a function of � , calling this method a 
numerical titration.

In this work, we propose to take the equilibrium geom-
etries of the electronic systems in their respective ground 
states, so we can make calculations at fixed geometry vary-
ing � inside the electrochemical window of experimental 
interest. This will allow us to get an estimation of the redox 
potential of each electrode. These values can be placed in a 
relative scale (vs. the standard hydrogen electrode) of redox 
potential which would give an estimation of the oxidizing 
power of an electrode with respect to an electrochemical 

(5)

⟨N⟩ ≡ kBT

�
�lnΞ

��

�

T

=
(N − �) + N

�
Q0(T ,N)

Q0(T ,N−�)

�
exp(

��

kBT
)

1 +
�

Q0(T ,N)

Q0(T ,N−�)

�
exp(

��

kBT
)

(6)� =
kBT

�

(
ln

Q0(T ,N − �)

Q0(T ,N)
− ln

x

� − x

)
.

(7)� = −
1

�
ΔA −

kBT

�
ln

x

� − x
.

(8)� = −F�0 −
kBT

�
ln

x

� − x

(9)�1∕2 = −F�0.

reaction of interest. The scale can be directly compared to 
experimental values (in Volts) of compounds of interest as 
depicted in Fig. 1, and it should be useful to predict possible 
redox reactions.

3 � Computational details

All calculations were performed under the joint density 
functional theory (JDFT) [14, 15] formalism and plane 
wave basis set with GBRV ultrasoft pseudopotentials [16] 
as implemented in the open-source density functional the-
ory software, JDFTx [17]. Due to the radical nature of the 
OH and to explore the magnetic properties of these sys-
tems, spin polarized calculations were done with the Per-
dew–Burke–Ernzerhof (PBE) [6] exchange-correlation 
functional along with DFT-D2 pair-potential dispersion cor-
rections [18] and without imposing the magnetic moment 
so that the final magnetic state always corresponds to the 
self-consistent result.

As in a previous work [10], the chosen metal oxides share 
the rutile-type structure and the most stable crystal face, the 
(110), [19–21] which is oxygen terminated Fig. 2. First it 
was done the optimization of lattice parameters and ionic 

Fig. 1   Schematic representation of the relative �
1∕2 scale vs the 

standard hydrogen electrode in Volts, where oxidants and reduct-
ants go up and down the scale, respectively. MO

2
 represents the 

electrochemical pair with a − �2
1∕2

 redox potential of an elec-
trode surface with < N + 1 >− and < N > electrons, respectively. 
Xm∕Xm+� depicts any electrochemical pair with −�1

1∕2
 as its exper-

imental redox potential

Fig. 2   Schematic representation of the oxygen terminated (110) MO
2
 

surface where M = Pb, Ir, Sn. A unsaturated metal atom and B oxy-
gen atom in a bridge position
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positions of the bulk structures, then the metal oxide sur-
faces were constructed in a periodic, symmetric slab setup, 
as 2 × 1 supercells with five layers of the metal atom and slab 
separation of 16 Å. Seven layers were also considered but we 
found almost no difference between both geometries.

In all models, lattice parameters were kept fixed and 
atomic positions of the two top layers were optimized, with 
the ionic Debye screening set to reflect 1 M concentration of 
electrolyte, employing the CANDLE [7] implicit solvation 
model. Afterward a molecule of OH was placed in a “flat” 
configuration (parallel to the surface plane) on top of one of 
the metal unsaturated atoms, then we performed the opti-
mization of the top two layers of atoms with the molecule. 
With this geometry, we constructed inversion-symmetric 
slab models Fig. 3 and kept it fixed to study these systems 
under applied chemical potential ( � ) making single point 
calculations in the grand canonical formalism, using Fermi 
smearing at 298 K.

The cutoff energy for the plane wave basis set was fixed at 
32 Hartree for all calculations. The Brillouin zone was sam-
pled with a Monkhorst-Pack [22] k-point mesh of 9 × 9 × 1 . 
The energy and forces convergence criteria were 10−7 Har-
tree and 10−4 Hartree/bohr, respectively. The calculations 
were performed employing truncated Coulomb potentials 
[23] and the auxiliary Hamiltonian method [24]. To facili-
tate the correlation of applied chemical potentials to the 
electrochemical scale, all values are reported relative to the 
standard hydrogen electrode (SHE) energy, � − �SHE , where 
�SHE = −4.66 eV as calibrated with the CANDLE solvation 
model for the PBE exchange-correlation functional [7]. As 
stated in the introduction, all these approximations should 
be enough to obtain at least qualitative trends as shown in 
previous works [24–26].

4 � Results

4.1 � Density of states, global and local softness 
of MO2 surfaces with an adsorbed OH molecule

After optimization, the distances of the oxygen of the OH 
molecule to the unsaturated metal atom of the surface were 
2.134, 2.016 and 1.928 Å for PbO2 , SnO2 and IrO2 surfaces, 
respectively. These results are in agreement with a previ-
ous work [27] where it was found that the OH is weakly 
adsorbed on the electrodes used for advanced electrochemi-
cal oxidation(PbO2 , SnO2 ), in contrast to IrO2 where the 
computed adsorption energy is larger and the OER takes 
place. All surfaces have a metallic character once the OH 
molecule is adsorbed as it is shown in Fig. 4. PbO2 and SnO2 
density of states(DOS) have a similar shape. This happens 
due to the fact that these surfaces alone present different 
behaviors, SnO2 is a semiconductor and PbO2 is a metallic 

system but with low density of states around the Fermi level 
( Ef  ), consequently when an OH molecule is adsorbed its 
states contribute to the system around the Ef  in both surfaces 
giving them a similar shape, whereas IrO2 has a metallic 
character with high density of states around the Ef  thus the 
adsorption of an OH molecule does not modify the shape 
of its DOS. It is worth mentioning this methodology allows 
to compare the DOS, aligning the eigenvalues with respect 
to the SHE rather than the standard alignment of the Fermi 
levels. This fact enables the possibility to correlate such dif-
ferences directly with the experiment.

Table 1 contains the corresponding chemical potentials of 
zero charge of the three surfaces with an adsorbed OH mole-
cule, where SnO2 and PbO2 have similar values. As expected 
from the experimental results of these two non active mate-
rials which have the same high overpotential for the OER, 
1.90 V versus SHE in contrast with the low overpotential for 

Fig. 3   Schematic representation of the inversion-symmetric slab 
model of MO

2
 where M = Pb, Ir and Sn with an OH molecule on top 

of an unsaturated metal atom of the surface
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IrO2 surface, 1.52 V versus SHE [28]. The alignment with 
respect to the SHE reveals that the electronic states of both, 
SnO2 and PbO2 , appear in the same energy region, that is 
why the chemical potentials of zero charge are similar. This 
can be rationalized, considering the similar nature of the 
electronic states involved for Sn and Pb, as main elements 
of the same family compared to Ir a transition metal atom.

As in electrochemical experiments, employing GC-DFT 
coupled with JDFT allows us to impose a particular chemi-
cal potential and the average number of electrons ⟨N⟩ of the 
system is obtained for each imposed chemical potential. We 
can evaluate the chemical reactivity of the systems by study-
ing the changes in ⟨N⟩ with respect to the changes in � . In 
this work, we will use two reactivity indices from Concep-
tual Density Functional Theory [29, 30] that were introduced 

by Yang and Parr [31]. The first one is a global reactivity 
index, called the global softness (S), defined as:

which indicates the chemical potential range where the sys-
tem is more prone to exchange charge. The second one, is 
the local counterpart called the local softness (s(r) ) [31] that 
shows the spatial regions of the system where a charge trans-
fer can occur. The local softness is defined as:

As can be seen from the previous equations, evaluating these 
quantities under the GC-DFT formalism is straight forward.

The ⟨N⟩ as a function of � for the studied oxides are 
shown in Fig. 5. According to the zero charge potentials of 
these surfaces(see Table 1) and remembering that at these 
potentials the surfaces incluiding the adsorbate are neutral, 
it is clear that the response of each one of the systems is dif-
ferent in the region where they lose electrons ( 𝜇 < 𝜇zc ) than 
in the one where they gain electrons ( 𝜇 > 𝜇zc).

From the data of ⟨N⟩ as a function of � (Fig. 5), the global 
softness for each system can be evaluated using a central 
finite difference approximation, the results are shown in 
Fig. 6. All the surfaces show a near constant global softness 
when 𝜇 < 𝜇zc , having a similar value for PbO2 and SnO2 sur-
faces and a lower value for IrO2 . The maxima of S for all the 
surfaces lie on the region where the systems gain electrons 
compared to their own neutral ones, i.e., where 𝜇 > 𝜇zc . The 
positions of the maxima are related to the �zc value for each 

(10)S =

�
�⟨N⟩
��

�

T ,v(r)

.

(11)s(r) =

�
�⟨�(r)⟩
��

�

T ,v(r)

,

(c)
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Fig. 4   Density of States per unit cell of the slab models with an OH 
molecule a PbO

2
 , b IrO

2
 and c SnO

2
 . Black solid line and red dotted 

line denote the �zc (zero charge potential) and the Fermi level of each 
system, respectively

Table 1   Potential of zero 
charge referred to the standard 
hydrogen electron ( �zc ), in eV, 
for the metallic oxide surfaces 
with an adsorbed OH molecule

Surface �zc

PbO
2

−2.64
IrO

2
−1.30

SnO
2

−2.65

<
N

>
−

N
0

µ−µSHE (eV)

PbO2−OH
IrO2−OH

SnO2−OH

−1

−0.5

 0

 0.5

 1

 1.5

 2

 2.5

−4 −3.5 −3 −2.5 −2 −1.5 −1 −0.5  0

Fig. 5   Average number of electron difference, ⟨N⟩ – N 
0
 , at applied 

chemical potential (eV), where N
0
 is the number of electrons of the 

neutral system MO
2
 with an OH molecule (with M = Pb, Ir, Sn)
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surface. According to the global softness values, for all three 
systems, if we impose the chemical potential starting from 
the corresponding �zc , all the systems will have a greater 
tendency to gain electrons than to lose them, having PbO2 
and SnO2 a greater tendency than IrO2.

To get information of which regions of the surfaces are 
involved in a charge transfer process when we change the 
chemical potential, we evaluated the local softness, s(r) , for 
PbO2 and IrO2 , because these two systems show different 
behavior in the oxidation of organic compounds. Figures 7 
and 8 show, for different values of � , the local softness, the 
total charge of the surface and the local magnetization of the 
oxygen atom of the adsorbed OH molecule on PbO2 and IrO2 
surfaces, respectively. For the PbO2 case (Fig. 7), at 𝜇 > 𝜇zc , 
it can be observed that the local softness lies mainly over the 
adsorbed OH molecule and on the two oxygens in bridge 
position on the surface. At the beginning, while � is increas-
ing, the average number of electrons of the surface increases 

producing a more negative charge on the surface and also 
the local softness increases (Fig. 7d). Then at a certain point, 
even though the surface is still gaining electrons, the local 
softness decreases (Fig. 7h), losing capacity of trapping 
electrons on the OH and on the oxygens in bridge position( 
Fig. 7i). For IrO2 , also at 𝜇 > 𝜇zc , the local softness lies on 
the oxygen atoms of the surface and on the oxygen atom of 
the adsorbed OH. Again the local softness increases as � 
increases until it reaches a certain � value(Fig. 8d), then it 
starts to decrease but at a lower rate than in the PbO2 surface. 
This behavior can be explained by the values of the global 
softness for these systems(Fig. 6).

4.2 � Redox properties of MO
2
 surfaces 

with an adsorbed OH molecule

As stated, considering the two states model in the grand 
canonical ensemble, �1∕2 corresponds to the redox poten-
tial. One can vary (impose) the chemical potential in order 
to obtain the average number of electrons. For systems in 
which the neutral and ionic species do not have close excited 
states, the plot of ⟨N⟩ versus � should look in principle like 
a sigmoid function, similar to a titration curve, from whom 
this method gets the name of numerical titration [13]. For 
the reduction half-reaction of ∙OH:

we plotted the behavior of ⟨N⟩ vs � at different geometri-
cal arrangements in Fig. 9. The analyzed region involves 
chemical potentials that are greater than the �zc for the ∙OH , 
i.e., the ∙OH should gain electrons in this region. The ⟨N⟩ 
were computed using the geometries of the ∙OH , OH− or the 
optimized geometry at each chemical potential. As shown in 
Fig. 9a, the results of the average number of electrons at dif-
ferent potentials are similar despite the geometry used. The 
values obtained with the optimized geometry at each chemi-
cal potential can be fitted to a function f (x) = (1 + e−a(x−b))−1 

(12)∙
OH + e− → OH−

,

S

µ−µSHE (eV)

PbO2−OH
IrO2−OH

SnO2−OH

 0

 20

 40

 60

 80

 100

−4 −3.5 −3 −2.5 −2 −1.5 −1 −0.5  0

Fig. 6   Softness in a.u. of the slab models MO
2
 with an adsorbed OH 

molecule at applied chemical potential (eV)

Fig. 7   Local softness ( s(r) ) 
at 0.06 a.u. of the slab model 
PbO

2
 with an adsorbed OH 

molecule at applied chemical 
potential ( � ) in eV, charge of the 
supercell (q) and local magnetic 
moment (m) of the oxygen atom 
of the adsorbed OH molecule
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with a = 118.529 and b = −1.42318, as displayed in Fig. 9b. 
Using this function, the reduction potential of ∙OH/OH− is −

1.42 eV, differing in 480 meV from the experimental value 
(1.90 V vs. SHE [32]).

Fig. 8   Local softness ( s(r) ) at 0.06 a.u. of the slab model IrO
2
 with an adsorbed OH molecule at applied chemical potential ( � ) in eV, charge of 

the supercell (q) and local magnetic moment (m) of the oxygen atom of the adsorbed OH molecule

Fig. 9   Average number of electrons difference from the neutral, ⟨N⟩ − N
0
 , 

as a function of the applied chemical potential ( � ), where N
0
 is the num-

ber of electrons of ∙OH : a employing the ∙OH , OH− geometries and per-
forming a geometry optimization at each applied potential ( ∙OH-OH− ), 

respectively, and b fitted function to the ∙OH-OH− data (solid blue line), 
function f (x) = (1 + e−a(x−b))−1 with a = 118.529 and b = −1.42318. 
Gray-dotted line indicates the gain of half average electron
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To make this approximation viable for the redox prop-
erties of surfaces, we decided to study the changes in ⟨N⟩ 
as a function of the chemical potential at a fixed geometry 
to avoid the geometry optimization cost of the system at 
each chemical potential. For the surfaces with an adsorbed 
OH, it is possible to obtain the reduction potential ( �red ) 
and the oxidation potential ( �ox ) according to the following 
half-reactions:

where M(OH)⟨N⟩ is the state of the surface with an adsorbed 
OH with N electrons, M(OH)⟨N + 1⟩− is the state with N + 1 
electrons and M(OH)⟨N − 1⟩+ the state with N − 1 electrons. 

(13)M(OH) ⟨N⟩ + e− → M(OH) ⟨N + 1⟩−

(14)M(OH) ⟨N⟩ → M(OH) ⟨N − 1⟩+ + e−

For the advanced electrochemical oxidation, �red is the rel-
evant quantity because these materials produce the oxidation 
of the organic compounds in solution.

As previously mentioned, according to the zero charge 
potentials of these surfaces, it is clear that the response of 
each one of the systems is different in the region where they 
lose electrons ( 𝜇 < 𝜇zc , see Fig. 10a) than in the one where 
they gain electrons ( 𝜇 > 𝜇zc , see Fig. 10b).

In all cases, the data obtained can be fitted to a straight 
line for 𝜇 < 𝜇zc and for the region where 𝜇 > 𝜇zc , the data 
were fitted using third degree polynomials. Using these 
functions, the �1∕2 , i.e., the chemical potentials where the 
systems gain or lose half average electron, can be obtained 
corresponding to the respective potentials that are shown in 
Table 2. These values can be arranged in a potential scale, in 
Volts, to observe the relative oxidative or reductive power of 
the species(Fig. 11). From the scale it can be observed that 
for the neutral surfaces, SnO2(OH) has the greatest oxidative 
power or ability to oxidize another species and IrO2(OH) the 
smallest oxidative power. This trend can be correlated with 
experimental results [33, 34]. We can also observe that the 
positively charged surfaces have a greater oxidative power 
than their respective neutral one as expected.

Instead of doing the ⟨N⟩ versus � curve to obtain the �1∕2 
value, there is an alternative approach by calculating the Helm-
holtz free energy at a fixed N = N0 + 1∕2 or N0 − 1∕2 values. 
In this approach, rather than the grand potential the Helmholtz 
free energy is obtained at a fractional number of electrons with 
the same Fermi-Dirac smearing function. A detailed study of 
this scheme is in progress. The potentials obtained this way are 

Fig. 10   Average number of electrons difference from the neutral, 
⟨N⟩ − N

0
 , as a function of the applied chemical potential ( � ), where 

N
0
 is the number of electrons of the neutral system MO

2
 with an 

adsorbed OH molecule (where M = Pb, Ir, Sn). The colored solid 
lines are the fitted functions a f (x) = ax + b in the loss region of elec-
trons ( 𝜇 < 𝜇zc ) with a = 0.7256, b = 1.8839 for the PbO

2
 surface, a 

= 0.4931, b = 0.6062 for IrO
2
 and a = 0.6273, b = 1.6139 for SnO

2
 , 

and b a third degree polynomial f (x) = ax3 + bx2 + cx + d in the 
gain region of electrons ( 𝜇zc < 𝜇 ) with a = 0.4913, b = 1.7810, c = 
2.6342, d = 3.3407 for PbO

2
 , a = 0.0601, b = −0.6059, c = 0.1673, 

d = 1.2260 for IrO
2
 , a = 0.3652, b = 1.2280, c = 1.7080, d = 2.7132 

for SnO
2
 . The dotted gray lines indicate the loss or gain of half aver-

age electron, respectively

Table 2   Oxidation Potential ( �ox ) and reduction potential ( �red ), 
referred to the standard hydrogen electrode, in eV, for MO

2
 surfaces 

with an adsorbed OH molecule (where M = Pb, Ir, Sn) computed 
interpolating the values of ⟨N⟩ − N

0
= −0.5 and ⟨N⟩ − N

0
= 0.5 

using the ⟨N⟩ = f (�) curves, respectively. The potentials obtained by 
imposing the condition on the systems to have N

0
+ 1∕2 or N

0
− 1∕2 

electrons are also shown(see the text for details)

Interpolation Imposing N

MO
2
(OH) �ox �red �ox �red

Sn −3.37 −2.46 −3.37 −2.49
Pb −3.29 −2.39 −3.29 −2.37
Ir −2.24 −0.92 −2.24 −0.94
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also shown in Table 2. This approximation is less expensive 
and can be used to study a larger set of systems.

5 � Conclusions

Our results showed that SnO2 and PbO2 surfaces with an 
adsorbed OH molecule have similiar electronic properties 
as redox potentials, DOS, local and global softness, which 
agree with the experimental similiar performance of the 
surfaces in the oxidation of organic compounds. The large 
difference of the computed reduction potential for IrO2 com-
pared to the ones computed for SnO2 and PbO2 , is in line 
with the experimental result that IrO2 should have a smaller 
oxidative power than the other metal oxides compared in 
this work. Despite all the approximations involved in the 
proposed scheme for arranging the redox properties of sur-
faces in a relative scale, qualitative trends can be obtained 
that explain the experimental behavior of these metal oxides. 
The use of better solvation models and density functional 
approximations might be necessary to improve the obtained 
results. We believe that the proposed scheme for computing 
the redox properties of surfaces or surfaces in contact with 
different adsorbants can be useful at least as a first screen-
ing to guide or propose modifications of the surfaces or the 
adsorbants.
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