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Efficient electrochemical energy storage and conversion require high

performance electrodes, electrolyte or catalyst materials. In this contribution

we discuss the simulation-based effort made by Institute of Energy

and Climate Research at Forschungszentrum Jülich (IEK-13) and partner

institutions aimed at improvement of computational methodologies and

providing molecular level understanding of energy materials. We focus on

discussing correct computation of electronic structure, oxidation states and

related redox reactions, phase transformation in doped oxides and challenges

in computation of surface chemical reactions on oxides and metal surfaces

in presence of electrolyte. Particularly, in the scope of this contribution we

present new simulated data on Ni/Co and Am/U-bearing oxides, and Pb, Au

and Ag metal surface materials. The computed results are combined with

the available experimental data for thoughtful analysis of the computational

methods performance.

KEYWORDS

atomistic simulations, energy materials, electronic structure, electrodes for batteries,
thermodynamics, electrolyte, electrochemical conditions

1 Introduction

Energy transition requires cost efficient, compact and durable materials for energy
production, conversion and storage (Grey and Tarascon, 2017; Stamenkovic et al., 2017).
There is a race in finding materials with increased energy and/or power density
for energy storage devices (Grey and Tarascon, 2017). Energy fuels of the future
such as hydrogen require efficient electrocatalysts that are economically viable and
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available for mass production of the fuels. Fuel cells used in
conversion of hydrogen to electricity, besides electrocatalyst
material, require durable and efficient electrolytes that can offer
enhanced ionic conduction and withstand different operational
conditions (Wang et al., 2020). Last, but not least, nuclear energy
is still foreseen as clean energy resource. Deep understanding
of behavior of nuclear fuel during and post reactor operation
requires enhanced knowledge of the phase formations, redox
reactions and oxidation states that prevail in uranium oxide
materials. Understanding the phase transitions in uranium
oxides is essential for assuring safety and security of nuclear
technology, including efficient, post operational management of
nuclear waste (Neumeier et al., 2017a; Bosbach et al., 2020).

In the last two decades, atomistic modeling became a
popular research tool in various research fields, including energy
materials (Chroneos et al., 2013; Jahn and Kowalski, 2014;
Wu et al., 2019). Steady advancements in high performance
computing and computational software enable investigation
of complex systems containing hundreds of atoms from
first principles (Jahn and Kowalski, 2014). Over the past
decade, ab initio methods have been intensively applied,
including our own studies, for computational investigation
of various classes of energy materials, including these
of importance in electrochemistry, energy storage and
nuclear energy production, delivering information on:
the structural (Rustad, 2012; Feng et al., 2013; Blanca-
Romero et al., 2014; Beridze et al., 2016; Connor et al., 2021),
the electronic structure (Blanca-Romero et al., 2014;
Kowalski et al., 2017a; Lee et al., 2017; Kowalski et al., 2021;
Murphy et al., 2021; Cui et al., 2022; Tesch and Kowalski, 2022),
the elastic (Wang et al., 2005; Feng et al., 2013; Ali et al., 2016;
Kowalski and Li, 2016; Ji et al., 2017a; Kowalski et al., 2017b),
the thermodynamic (Mogilevsky, 2007; Feng et al., 2013;
Li et al., 2014; Kowalski et al., 2015; Kowalski et al., 2016;
Ji et al., 2017b; Neumeier et al., 2017b; Eremin et al., 2019;
Kowalski et al., 2021), the thermochemical (Rustad, 2012;
Beridze et al., 2016; Kowalski, 2020) parameters, properties
of electrochemical interfaces (Krishnamurthy et al., 2004;
Lee et al., 2017; Tesch et al., 2021) and the radiation damage
resistance (Kowalski et al., 2016; Li et al., 2016; Ji et al., 2017c;
Jolley et al., 2017; Cui et al., 2022), to name but a few. Energy
materials often contain d and f elements (e.g., transition metals
(TM), lanthanides (Ln), actinides (An)), which play an active
part in determining the materials properties. These contain
strongly correlated electrons, which represent a challenge to
the computational quantum chemistry (Vogiatzis et al., 2019).
In a series of papers we have demonstrated that only with
proper accounting for the electronic correlation effects, beyond
standard methods such as the DFT + U approach, one can
deliver correct information on the molecular scale properties
of energy materials (Beridze and Kowalski, 2014; Blanca-
Romero et al., 2014; Kowalski et al., 2015; Li andKowalski, 2018;

Murphy et al., 2021; Tesch and Kowalski, 2022). Among other
aspects, we found the importance of derivation of the Hubbard
U parameter for the cations in different oxidation states and
structural arrangements, and careful choice of projectors for the
estimation of occupancy of d and f orbitals within the DFT +
U scheme (Maxisch and Ceder, 2006; Kvashnina et al., 2018;
Kick et al., 2019; Kowalski et al., 2021; Murphy et al., 2021).
In particular, we apply the linear response method for
computation of the Hubbard U parameter (Cococcioni
and de Gironcoli, 2005) and Wannier-type functions as
representation of d or f orbitals (Kvashnina et al., 2018;
Kowalski et al., 2021). Here we will demonstrate the impact
of these procedures on the correct computation of the TM
oxides materials that are considered as electrodes in energy
storage devices. In addition, we will discuss certain aspects of
computation of electrochemical interfaces, including simulations
under realistic conditions such as presence of aqueous electrolyte
and the applied potential (Tesch et al., 2021).

In this contribution we provide an overview of our
recent atomistic modeling activities on various aspects of
energy materials, focusing on the studies that allowed for
better characterization of these materials, including electronic
structure, interface charging relations and thermodynamics
aspects of surface chemistry in the presence of electrolyte.
Besides such an overview, we present new results on computation
of common TM and actinide oxides, and different aspects of
Au, Ag, Pb and Pt metal surfaces under realistic electrochemical
conditions.

2 Computational approach

Most of the ab initio calculations discussed and performed
here were performed with the density functional theory (DFT)-
based plane wave Quantum-ESPRESSO simulation package
(Giannozzi et al., 2009)1. To represent the core electrons of atoms
we applied the ultrasoft pseudopotentials (Vanderbilt, 1990).The
plane-wave energy cutoff of 50 Ryd was sufficient to obtain
converged results. Because we are specifically interested in
correct computation of structural data, we applied the PBEsol
exchange-correlation functional (Perdew et al., 2008). The
DFT + U calculations were performed with the Hubbard U
parameter values computed from first principles using the linear
response method of Cococcioni and de Gironcoli (2005), as in
our previous studies (Blanca-Romero et al., 2014; Li et al., 2015;
Beridze et al., 2016; Murphy et al., 2021). We applied the
poormanwannier. x tool implemented in Quantum-ESPRESSO

1 In this contribution we call DFT methods an ab initio approach as the
exchange-correlation functionals utilized in our studies were designed
based on pure-theoretical considerations.
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to construct realistic projectors for occupations of d orbitals.This
computational setup was successfully applied in our previous
studies [e.g., Blanca-Romero et al. (2014); Beridze et al. (2016);
Finkeldei et al. (2017); Murphy et al. (2021); Kowalski et al.
(2021)].

For the structural models used in calculations of LixNiO2
in Section 3.2.1 we selected the most favorable arrangement of
Li atoms and vacancies, which give the most negative (most
stable) Coulomb energies among all possible configurations.The
Coulomb energies were calculated using the package designed by
Okhotnikov et al. (2016).

The DFT-based calculations of the 3 × 3 Pb(100) surface
discussed in Section 3.3.2 were performed with the PBE
exchange correlational functional using the VASP package
(Perdew et al., 1996; Kresse and Hafner, 1993; Kresse and
Furthmüller, 1996b; a). We used the projector augmented wave
(PAW) method to describe the core electrons and the plane-
wave cutoff energy was set to 500 eV. The 3 × 3 Pb(100)
surface was represented by a five-layers slab and the model
was created using the atomic simulation environment (ASE)
(Hjorth Larsen et al., 2017). In order to mimic the bulk-like
environment at the bottom of the slab, the two bottom Pb layers
were kept fixed during the geometry optimization, while the
other three layers were allowed to relax. In order to avoid any
undesired interaction between the periodically repeated surface,
in the direction perpendicular to the surface, a 20Å vacuum layer
has been applied. A Monkhorst–Pack 4 × 4 × 1 k-point grid was
used for the structure relaxations (Monkhorst and Pack, 1976).
The calculated equilibrium bulk Pb lattice constant of 5.03Å is
comparable to the measured value of 4.95Å (Fan et al., 2020).
The adsorption energy of HCOO* and COOH* species on the
Pb(100) metal surface was defined as follows:

Eads = EHCOO/COOH+sur face −Esurface −ECO2
− 0.5EH2

, (1)

where EHCOO/COOH+surface, Esurface, ECO2
, EH2

correspond to the
energy of Pb(100) surface with adsorbed HCOO* and COOH*
species, the energy of bare Pb(100) surface and the energies of
gas phase CO2 and H2 species, respectively. The water solvent
was simulated using the VASPsol continuum solvation scheme
(Mathew et al., 2014; 2019).

The effective screening medium reference interaction site
method (ESM-RISM) implementation applied in Section 3.3.3
is that implemented in Quantum-ESPRESSO code. Within
the ESM framework (Otani and Sugino, 2006), a potentiostat
is implemented (Bonnet et al., 2012) that allows to grand-
canonically vary the charge of the electrode, and thus to simulate
it at an applied electrode potential.The RISM setup was identical
to the one applied by Tesch et al. (2021). The DFT calculations
of Au(111) surface were performed with the PBE exchange-
correlation functional (Perdew et al., 1996), with the optimized
lattice constant of 4.17 Å. The surface was modeled with the
single atom 1 × 1 surface unit cell and six layers thick slab

with the positions of two bottom layers fixed to the bulk
configuration. The 12 × 12 × 1 k-point mesh has been applied.
The Lennard-Jonnes parameters for Au atoms required for
the RISM calculations were σ = 2.629, Å and ϵ = 5.29 kcal/mol
(Heinz et al., 2008). These values were selected in a way that
the resulting water density profile matches well the ab initio
molecular dynamics data of Goldsmith et al. (2021).

For the calculation ofmolar entropies ofmolecules presented
in Section 3.3.4 we applied the two-phase thermodynamic
(2PT) method (Lin et al., 2010; 2003; Pascal et al., 2011).
The molecular dynamics (MD) trajectories necessary for
this approach were simulated with the LAMMPS software
package (Plimpton, 1995). The OPLS AA/L (Jorgensen and
Tirado-Rives, 1988) and the Interface Force Field (IFF)
(Heinz et al., 2013) were applied to describe interaction
between the solutes and metal surfaces atoms, respectively.
The SPC water model (Berendsen et al., 1987) was used to
represent water molecules. The random initial configuration
of solvent molecules was created using the PACKMOL package
(Martínez et al., 2009). MD simulations of the solute molecule
(HCOOH) in a solvent were 200 ps long. For the 2PT analysis,
we performed a NPT ensemble equilibration run followed by
a 20 ps NVT ensemble production run. This setup follows
from previous studies of Lin et al. (2003), who have shown
that 20 ps long trajectory is sufficient for obtaining accurate
thermodynamic properties. The longer applied equilibration
runs are essential to assure equilibrated water structure at metal
surfaces (Cheong et al., 2022).

3 Results and discussion

3.1 Computation of electronic structure

Correct computation of the electronic structure
of TM elements bearing materials is a challenge for
computational electrochemistry. This is because the underlying
chemistry is driven by the strongly correlated d electrons
(Vogiatzis et al., 2019). DFT often fails to predict the electronic
structure of these materials, also on the qualitative level.
Wide-band gap materials considered as electrodes in
energy storage, conversion or catalysts devices are often
predicted by DFT or DFT + U methods to be metals. These
include, for instance, NiOOH electrocatalyst (Zaffran and
Caspary Toroker, 2016). Below we discuss specific aspects of
computation of the electronic structure of TM elements-bearing
compounds.

3.1.1 NiO and CoO
As a test case we computed here the simple oxides: NiO

and CoO, both containing TM-cation in + 2 oxidation state.
The Hubbard U parameters derived for TMs and the resulting
band gaps in these two compounds are provided in Table 1.
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CoO and NiO are wide band gap charge transfer Mott insulators
(Zhang et al., 2021). For such materials, the band gap should be
equivalent to half of the Hubbard U parameter (expected shift of
the unoccupied d states). The Hubbard U parameters computed
here for these compounds are large and indicate wide band gaps
(Table 1).Theband gaps computedwith theDFT+Umethod are
consistent with the measurements. This is, however, somewhat
misleading, as it results from incorrect occupations of d states.
Because the atomic orbitals are applied as projectors, these
result in significant, fractional occupations of empty orbitals
(Table 2) and overestimated total occupancy of the d states.
This shortcoming is corrected with the Wannier-functions as
projectors. The resulting occupation matrix and number of d
electrons are also reported in Table 2. These reflect the expected
values, which has also significant impact on the computed
band gaps. In set of previous studies we obtained similar
improvement for occupations of d and f orbitals of various other
elements [e.g., Murphy et al. (2021); Kowalski et al. (2021)]. The
band gaps computed with the DFT + U(WF) method are
larger than the ones predicted with the standard DFT + U
approach. We note that for this case, the hybrid functionals
such as HSE06 also predict correct band gaps of the considered
oxide materials (Seo et al., 2015). This is opposite to the case of
lithiated transition metal oxides, which show significant level
of d elements delocalization and overestimation of the band
gaps of these materials by the hybrid functionals approaches
(Seo et al., 2015).

3.1.2 Metals with DFT + U
Metal phases consisting of transition metal elements

play a key role in the electrochemical devices. The
strong correlation character of d electrons these systems
contain has been illustrated by the computation of large
Hubbard U parameters in a series of computational studies
(Schnell et al., 2002; Nakamura et al., 2006; Şaşıoğlu et al., 2011;
Tesch and Kowalski, 2022). This would imply the importance of
Hubbard model corrections also for these systems. On the other
hand, it has been demonstrated that the standard DFT method
results in very good prediction of metal properties, including
good description of the x-ray photoelectron spectroscopy
(XPS) spectra by the resulting density of states (DOSes)
(Hofmann et al., 2012). This apparent contradiction could
be explained by the delocalized character of d electrons in
metals and inapplicability of the fully localized limit (FLL)
of standard DFT to metals. An “around mean field” (AMF)
version of DFT has been proposed instead for computation
of metals (Czyżyk and Sawatzky, 1994; Petukhov et al., 2003;
Himmetoglu et al., 2014; Ryee and Han, 2018). In this approach,
the occupations are forced to reproduce the mean values, instead
of the preference of fully occupied or unoccupied orbitals, as in
the standard DFT + U approach. This causes no overall change
in the DOSes when the AMF version of the DFT + Umethod is

applied. Nevertheless, it has been also proposed that the correct
computation of metals should be done with a combination of
the FLL and AMF methods (Petukhov et al., 2003). Having wide
popularity of the FLL version of the DFT +U approach, it is thus
of importance to understand the performance of this method
when applied to metallic systems.

Tesch and Kowalski (2022) derived the Hubbard U
parameters for all the 3d, 4d and 5d transitionmetals applying the
linear response method (Cococcioni and de Gironcoli, 2005).
The values (up to 11 eV) and trends of increasing the U
parameter values with increasing number of valence electrons,
observed in previous studies (Şaşıoğlu et al., 2011), have been
reproduced. These show that the 3d metals exhibit the largest
Hubbard U parameter values, followed by 4d and 5d metals.
Having these results, Tesch and Kowalski (2022) performed a
thoughtful analysis of the performance of the DFT + U method
for metals. When computing transition metals with the DFT +U
approach, they observed a shift of the d-band to lower energies,
comparing to the experimental XPS spectra. Interestingly, they
found a very similar behavior when hybrid functionals (like
PBE0) were applied. As mentioned, this behavior could be
prevented when the AMF approach is applied. However, Tesch
and Kowalski (2022) also demonstrated the importance of the
projectors of d orbitals for the overall results. When theWannier
functions-based projectors of the occupancy of d states were
applied, the spurious shift of the d-band was prevented. A
correct description of metal d-bands is extremely important,
since they are often used as descriptors for catalytic activity,
like in the famous d-band model (Hammer and Norskov, 1995;
Ruban et al., 1997).

3.2 Voltage of electrode materials

3.2.1 LiNiO2
Layered oxides are the most widely used electrode

materials in rechargeable lithium-ion batteries. Among them,
LiCoO2 (LCO) is one of the successfully commercialized
cathodes (Blomgren, 2016). However, the increased demand
of cobalt resulted in a high cost of such materials, triggering a
widespread research effort to find alternative cobalt-free cathode
materials, applicable especially for automotive applications
(Olivetti et al., 2017). In the past decades, LiNiO2 (LNO)
has been considered as an alternative cathode material for
rechargeable lithium batteries. This is because of its high
availability and associated low cost, as well as safety and
energy-density when compared to the commercial cobalt
counterpart (Kalyani and Kalaiselvi, 2005; Mukai et al., 2010).
If accurately described by first principles methods, a valuable,
molecular-level insight into the properties that determine
the cycle stability and charge capacity, when these materials
are used in electrochemical compounds, could be obtained
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TABLE 1 The Hubbard U parameter and the band gap values (direct band gap) of CoO and NiO compounds computed with different methods, and
measured.We note that for the two compounds we obtained the same Hubbard U parameter values with both considered d orbitals projector types.

Compound Value of Hubbard U (eV) DFT + U DFT + U(WF) exp

CoO 7.6 2.9 4.7 2.7–5.4a

NiO 6.7 3.2 3.5 3.6–4.3b

a(Anisimov et al., 1990; Gillen and Robertson, 2013), b(Gillen and Robertson, 2013; Malik et al., 2020).

TABLE 2 The occupancies of 3d orbitals obtained with the atomic orbital- andWannier functions (WF)-based projectors. The resulting number of d
electrons is reported in the last column.

element spin d1 d2 d3 d4 d5 d electrons

Co ↑ 0.991 0.991 0.999 1.000 1.000 7.4

↓ 0.151 0.151 0.578 0.578 0.992

Co (WF) ↑ 0.992 0.992 0.997 0.998 0.998 7.0

↓ 0.005 0.005 0.005 0.996 0.996

Ni ↑ 0.998 0.998 1.001 1.001 1.001 8.4

↓ 0.203 0.203 0.999 0.999 0.999

Ni (WF) ↑ 0.992 0.992 0.999 0.999 0.999 8.0

↓ 0.009 0.009 0.999 0.999 0.999

FIGURE 1
The partial and total DOSes computed for LNO with the derived (right) and rescaled (left) Hubbard U parameters.

(Chakraborty et al., 2018). There exist several first-principle
studies on LNO [e.g., Yoshida et al. (2019); Zhu et al. (2011);
Chen et al. (2011); Mock et al. (2021))]. However, DFT fails
to correctly predict the electronic structure of these systems:
the band gap is severely underestimated and oxidation
states of cations are incorrectly described (Pavarini et al.,
2012).

The DFT + U method improves the materials description
in the outlined aspects (Seo et al., 2015; Kowalski et al., 2021).
However, even this correction can fail for the TM elements
with more than five d-electrons, such as iron or nickel
(Kowalski et al., 2021). The description of d-electrons in nickel
can be further improved by representing the orbitals with
strongly correlated electrons with Wannier-type functions

(Marzari et al., 2012; Gu et al., 2020; Kowalski et al., 2021;
Murphy et al., 2021).

Here, we computed the Hubbard U parameter for Ni in the
layered rhombohedral (R ̄3m) structure and obtained the value
of 7.96 eV. It is well known that LCO has a stronger covalency
compared to CoO, which induces less charge localization on the
TM (van Elp et al., 1991; Galakhov et al., 1996). Seo et al. (2015)
studied the LCO and LNO compounds with first-principle
calculation using the HSE06 hybrid functional and showed that
the optimal exact exchange admixing parameter α for LCO
and LNO is substantially lower than the default one (α = 0.25),
namely 0.17 for LCO and 0.18 for LNO.We assume here that the
strong covalency in LCO and LNO will also affect the derived
Hubbard U parameter and that the more realistic value should
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FIGURE 2
Computed specific voltage of LixNiO2 as a function of Li content x.

be these rescaled to U = 0.18/0.25 ⋅ 7.96 eV = 5.73 eV. As shown
in Figure 1, comparing to the derived U parameter, the rescaled
parameter describes more accurately the density of states of
LiNiO2 (Chakraborty et al., 2018).

In order to track the effect of delithiation, series of LixNiO2
compounds was computed with different Li concentration,
namely with x = 1.00, 0.75, 0.50, 0.25 and 0.00. The geometries
were relaxed and the Hubbard U parameter was computed
and rescaled for all the considered structures. Beyond the
expected oxidation of Ni3+ into Ni4+ (three atoms at a time
with increasing Li content), no disproportionation of Ni3+ into
Ni2+ and Ni4+ species was observed during delithiation process,
after wannierization scheme was applied. This suggests that the
instability of Ni4+ reported in literature is due to other chemical
forces during the synthesis of the material rather than to an
inherent instability of the final structure itself (Li et al., 2022).
The DFT + U(WF) method resulted in overall more stable
structures, lower in energy by at least 10 kJ/mol, and the correct
occupations of d orbitals, as in the case of NiO and CoO.

The intercalation voltage was estimated using standard
approach (Aydinol et al., 1997; Dixit et al., 2016):

V = −
[E(Lix+dxNiO2)] − [E(LixNiO2) + dx ⋅E(Libcc)]

dx
, (2)

with dx = 0.25 as a step change of Li content, E (LixNiO2) the
total energy per formula unit at Li content x, and E (Libcc) the
total energy per formula unit of Li in the bulkmaterial. As shown
in Figure 2, the average calculated value of 4.17 eV is in good
agreement with the measured value (Ohzuku et al., 1993).

In order to test the performance of the applied method for
predicting the formation enthalpy of LNO, we also computed the
Li2O and NiO compounds, and the molecular O2. Assuming the
following LNO formation reaction:

0.5 Li2O+NiO+ 0.25O2→ LiNiO2, (3)

we estimate the formation energy of LNO from oxide to be
65.12, kJ/mol. When the entropy of gas phase (oxygen) is

FIGURE 3
The Hubbard U parameter obtained with the linear response
approach as a function of Li content. The linear fit to the data is
presented in upper right corner.

considered (S = 205 J/mol/K at 293 K), the resulting free energy
of formation is 50.31, kJ/mol, is in good agreement with the
measured value of 53.35, kJ/mol (Wang and Navrotsky, 2004).

During the delithiation process, as a result of oxidation of
Ni atoms, removal of Li causes a linear increase of the Hubbard
parameter U (Figure 3). Such a dependence of the Hubbard U
parameter on the oxidation state is consistent with our previous
studies [e.g., Beridze et al. (2016); Beridze and Kowalski (2014);
Kowalski et al. (2021)]. The change in the oxidation state of Ni
from + 3 to + 4 results in change in the DOS and the band gap
(Figure 4), and in shortening of the Ni-Ni, Ni-O and O-O bond
lengths, and increase of Ni-Li distances, as shown in Table 3.
The cell parameters of the optimized supercell show excellent
agreement with the crystallographic data.

It is worth noting that, while the applied Wannierization
scheme contributes to the correct description of the oxidation
states of Ni cations, it also replicates the small experimental
band gap of 0.4 eV in LiNiO2 (Laubach et al., 2009; Shishkin
and Sato, 2016), as indicated in Figure 4. On the other hand,
in most of the computational studies, perfect-layered LNO
was computed as half-metal even with the computationally
intensive hybrid functionals (Laubach et al., 2009; Shishkin and
Sato, 2016; Chakraborty et al., 2018). In our studies, the accurate
computation of occupation of d orbitals was prioritized, as the
changes in the oxidation state of Ni are crucial to correctly
describe the delithiation process.

3.2.2 LiCoO2
Similar computations were performed for LiCoO2 in the

layered rhombohedral (R3̄m) structure. We derived a Hubbard
U parameter of 6.8 eV, which for the same reason as in the
case of LNO, we assume to be overestimated. The computed
Hubbard U parameter value was rescaled, taking the optimal
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FIGURE 4
The partial and total DOSes of LixNiO2 with x = 0.75 (left) and 0.25 (right). The overlap between Ni d-bands and O p-bands is more pronounced
upon delithiation, as expected.

TABLE 3 Different bond lengths computed for LNO compound (LixNiO2)
at different delithiation level. The experimental data are those of
Molenda et al. (2002).

Bond Type Li content (x) Distance (Å)

Ni-Ni x = 1.00 2.8726

0.75 2.8841

0.50 2.8333

0.25 2.8104

0.00 2.7992

Ni-O x = 1.00 1.9496

0.75 1.9504

0.50 1.9292

0.25 1.8710

0.00 1.8758

Ni-Li x = 1.00 2.8917

0.75 2.8920

0.50 2.9181

0.25 2.9677

0.00 –

O-O x = 1.00 2.9203

0.75 2.8999

0.50 2.8529

0.25 2.8122

0.00 2.7992

Cell Parameter computed exp

a (Å) 2.873 2.880

c (Å) 14.214 14.180

V (Å3) 101.58 101.86

TABLE 4 The band Gap of LCO computed with different methods and U
parameters (computed and rescaled). The values are provided in eV.

Value of Hubbard U DFT + U DFT + U(WF)

4.6 (rescaled) 2.4 3.4

6.8 2.8 4.4

mixing parameter α for the exact Hartree-Fock exchange as a
reference (Seo et al., 2015).This procedure gave a value of 4.6 eV.
The computed band gaps with different U parameter values and
with the DFT + U and DFT + U(WF) methods are shown
in Table 4. A good agreement with the experimental value of
2.7 eV (Galakhov et al., 1996) is obtained with the rescaled value
of Hubbard U parameter.

Applying the same computational approach as for LNO,
we also computed the formation energy of LCO from oxides,
following the reaction:

0.5 Li2O+CoO+ 0.25O2→ LiCoO2. (4)

We obtained the value of 128.50 kJ/mol. Though less
accurate than the one obtained for LNO, the computed LCO
formation enthalpy from oxides shows reasonable agreement
with the experimental value of 140.18 kJ/mol (Wang and
Navrotsky, 2004; Takahashi et al., 2007).

3.3 Thermodynamic aspects of energy
materials

3.3.1 Am-doped U3O8
Spent nuclear fuel contains significant amount of fission

products or minor actinides (Np, Am, Cm), elements
which can alter the material structure and performance

Frontiers in Energy Research 07 frontiersin.org

https://doi.org/10.3389/fenrg.2022.1096190
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#articles


Kowalski et al. 10.3389/fenrg.2022.1096190

TABLE 5 The Hubbard U parameters derived for Am doped U3O8
compounds. The values are given in eV.

Cation C2mm P62m

U(VI) 3.2 3.0

U(V) 2.7 2.8

Am(III) 5.0 5.1

FIGURE 5
The computed difference in enthalpy between the C2mm and
P62m phases of U3O8. The predicted phase transition is at the
content of Am of 1.2%.

(Bosbach et al., 2020). Doping of a phase with an element
of other oxidation state can trigger a phase transition and
stabilization of the new phase. This is for instance the case of
yttria-stabilized zirconia, where doping of zirconium dioxide
phase with ∼8% of tri-valent element like yttrium, stabilizes the
cubic phase of that compound, which is one of the fastest known
ionic conductors (Kowalski et al., 2021). Here we investigate
the phase transition upon doping U3O8 phase (realized as
a phase with the space group C2mm) with small amount
of Am. This system has been investigated experimentally by
Caisso et al. (2016). They found stabilization of a phase with the
space group P62m phase upon doping with ∼10% of Am. Here
we confirm this finding with the aid of atomistic simulations.

First, we computed the HubbardU parameters for U and Am
in both structures. The resulting values are reported in Table 5.
These are consistent with our previous studies (Beridze and
Kowalski, 2014; Beridze et al., 2016). We notice, however, that
the values derived for U species in U3O8 are larger than the
ones obtained in Kvashnina et al. (2018).This is because in those
studies another structure of U3O8 was investigated.

The computed formation enthalpy difference between the
phases with space groups P62m and C2mm as a function
of Am content are shown in Figure 5. Following studies of
Caisso et al. (2016) we assumed that Am is incorporated as
+3 species on U +5 site and the charge is compensated by the

TABLE 6 The computed andmeasured volumes of pure and Am doped
U3O8 (at Am/U ratio of 1/9). Themeasured data are those of
Caisso et al. (2016). The values are in Å3 per two formula units.

Phase Computed Measured

U3O8 335.6 333.0

Am:U3O8 341.7 (+6.1) 338.1 (+5.1)

conversion of the two U +5 species to the oxidation state of +6.
We predict the phase transition at very low content of Am of
∼1.2%. It is thus not surprising that Caisso et al. (2016)measured
the P62m phase at higher Am content of ∼10%. The obtained
volumes of pure and Am doped U3O8 are also well consistent
with the measurements of Caisso et al. (2016) (see Table 6). The
computed values are within 1% of those measured, and the
computed increase in volume upon doping with Am is also well
consistent with the measured values.

3.3.2 Solvent effects on surface chemistry
To show the importance of solvation for computation of

surface electrochemical pathways, as a test case we investigated
the effect of explicit and implicit solvation on the CO2 reduction
reaction towards CO and HCOOH on the Pb(100) surface. We
considered the following reaction pathways for the formation of
CO and HCOOH species:

CO2 (g) +H+ + e−→ HCOO* (5)

HCOO* +H+ + e−→ HCOOH (g) (6)

CO2 (g) +H+ + e−→ COOH* (7)

COOH* +H+ + e−→ CO (g) +H2O (8)

We assumed that the CO2 forms either a HCOO*
intermediate, which reacts further to formic acid (HCOOH),
or COOH* which further reacts to CO and water.

Figure 6 shows the energy diagram for both pathways
computed in three ways: (M1) assuming no solvation,
(M2) in the presence of explicit solvation and (M3) by
applying the continuum solvation model. In the approach
M2, the aqueous phase was modeled by explicitly adding
12 water molecules. The case M3 was computed using the
implicit solvation model implemented in VASPsol method
(Mathew et al., 2019). The adsorption energies for HCOO*
and COOH* intermediates computed with M1 are -0.45 eV
and 0.73 eV, respectively. In the presence of implicit solvation,
the HCOO* and COOH* adsorption energy increases to
−0.61 eV and 0.52 eV. These indicated bonded HCOO* and
unbonded COOH*. Applying method M2, the adsorption
energy of the two species increases by 0.27 eV and 1.00 eV,
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FIGURE 6
Reaction energy diagram for CO2 reduction towards HCOOH and
CO on the Pb(100) surface, computed in vacuum as well as with
the implicit/explicit/hybrid solvation models.

respectively. These results show the importance of including
solvent effects, when computing chemical pathways on metal
surfaces.

The method M3 is a fast way to include solvent effects in the
DFT calculations. In the considered cases, it results in increase
in the adsorption energies, but significantly smaller than the
explicit solvation schemes.The adsorption energies are changing
by 0.1 eV only.

In Figure 6, we also show the results of hybrid solvation
approach, where on top of the 12 explicit water molecules we
have applied the implicit solvation, to preserve continuity of the
solvent medium. While for the HCOO* intermediate, the effect
of implicit solvation leads to an insignificant change, COOH* is
stabilized by more than 0.2 eV. This shows that for the adsorbed
species, the effect of first hydration shell dominates the solvent
effect on the bonding energy between the adsorbate and themetal
surface. In case of the weak bonding, the long-range interaction
between the species and the solvent plays an important
role.

3.3.3 Metal interfaces with the ESM-RISM
approach

Simulation of electrochemical solid/liquid interfaces at an
applied electrode potential is a challenge in computational
electrochemistry (Schwarz and Sundararaman, 2020). It
requires an approach that can consistently describe charging
of the electrode as well as effects of an electrolyte solution.
Both conditions are realized by the DFT-based effective
screening medium reference interaction site method (ESM-
RISM) (Nishihara and Otani, 2017). The RISM (Chandler
and Andersen, 1972; Hansen and McDonald, 2013) is an
implicit solvent model that relies on the classical theory
of liquids. It computes in a statistical way correlations
between electrolyte species and thus takes into account

the electrolyte structure. Electrolyte–electrolyte as well
as electrode–electrolyte interactions are described by the
parameterized interparticle interaction potentials. The method
requires a choice of classical water model for description of the
aqueous electrolyte solution, a set of Lennard–Jones parameters
for the electrode–electrolyte interaction and the partitioning
of the system into quantum-mechanically and classically
treated parts (i.e., treatment of near-surface water layers at
the level of DFT) (Nishihara and Otani, 2017; Tesch et al.,
2021).

We applied this method in our previous study for
computation of the partially oxidized Pt(111)/electrolyte
interface (Tesch et al., 2021). Taking into account the potential-
dependent oxygen coverage of Pt(111) surface, we were able
to accurately describe the chemisorption and charging state of
the interface, correctly reproducing the chemisorption-induced
non-monotonic charging relation of this specific interface [see
Figure 8 of Tesch et al. (2021)]. Here, we applied the ESM-
RISM approach to model the interface between the Au(111)
electrode and an 0.1 M aqueous HCl solution. Figure 7 shows
the obtained interface structure of the electrolyte solution as
represented by the density distribution functions of water
and electrolyte ions species. The near-surface structure of
water solvent shows alternating shells of water, with the main
peaks positions that agree well with the AIMD simulations
(Goldsmith et al., 2021). The effects of the applied potential
and the resulting surface charge on excess or depletion of
ions near the interface, as expected from the electrostatic
arguments, are clearly seen. This indicates that the electrode
charge is correctly balanced by the arrangement of electrolyte
ions. The relation between the surface charge and the applied
potential is linear (see Figure 8). This is expected because
the Au(111) surface under these conditions (the considered
potential range) is characterized by the formation of double
layer and is not covered by adsorbed species, as indicated by
the cyclic voltammetry (Hamelin, 1996). Other computational
studies have derived very similar charging relation (Letchworth-
Weaver and Arias (2012); Goldsmith et al. (2021), see in
Figure 8). The trends are consistent with the experimental
findings of linearly decreasing (i.e. opposite) charge at
the outer Helmholtz plane (Saha and Zenyuk, 2021). The
double layer capacitance, as derived from the slope of linear
fit, is 23.4 μF/cm2 and compares well to the experimental
(Vasiljevic et al., 2004; Garlyyev et al., 2018) and other
computational (Kastlunger et al., 2018; Hörmann et al., 2019;
Goldsmith et al., 2021) results.

3.3.4 Entropy of solvation
The reliable computation of surface chemical reactions

at electrochemical conditions requires correct estimates of
thermodynamic parameters. In particular, entropy effects
are usually omitted in atomistic modeling studies [e.g.,
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FIGURE 7
Density profiles as a function of distance from the Au(111) surface. Different panels show results for: (A) water molecules, (B) H3O

+ electrolyte ions
and (C) Cl− electrolyte ions. Different lines represent the results computed with the ESM–RISM approach at different electrode potentials. The
potential of zero charge (pzc) is located at 0.5 V vs. SHE.

FIGURE 8
The computed surface charge vs. the applied electrode potential
for the Au(111)/electrolyte interface in 0.1 M aq. HCl solution (our
data), in pure water by Goldsmith et al. (2021) and in an electrolyte
of 1 M ionic strength by Letchworth-Weaver and Arias (2012). The
dashed red line represents a linear fit to our data. The vertical
dashed line shows the pzc assumed here [0.5 V vs. SHE
(Le et al., 2017)].

Klinkova et al. (2016))]. However, most of the electrocatalytic
reactions on a solid catalyst surface happen in the presence
of a dense electrolyte. The entropic contributions from
the solvation effects can have a non-negligible effect on
the reactions free energy. There are ways to compute the
entropy of species in a solvent phase. These are based
either on the theoretical consideration [e.g., Garza (2019)]
or simulation based approaches, such as thermodynamic
integration (Baranyai, 2018) or analysis of the velocity
autocorrelation function (Pascal et al., 2011). Garza (2019)
proposed a simplified approach to the computation of entropy
of liquid phases and obtained agreements with the measured
values within 12 J/mol/K. Regarding entropy at the interfaces,

TABLE 7 Standardmolar entropies of HCOOH in bulk solution and at
the Pb(100) and Ag (100) surfaces. All entropy values except the
experimental value are calculated using the 2PTmethod.

Location of HCOOH Standard molar entropy [J/mol K]

Gas phase (exp) 248.7a

Bulk (exp) 131.8b

Bulk 124.1

Pb(100) 100.7

Ag (100) 91.6

Ref: aMillikan and Pitzer. (1957), bStout and Fisher. (1941).

Jung et al. (2021) applied the two-phase thermodynamics
(2PT) approach (Lin et al., 2010; 2003; Pascal et al., 2011) and
computed entropy of aqueous phase as a function of distance
from the Pt(111) interface. Here we applied the 2PT approach to
evaluate different entropy contributions for HCOOH molecules
submerged in aqueous phase, in the bulk and at the Pb(100)
and Ag (100) surfaces. The so estimated total entropy is given in
Table 7.

The computed molar entropy of HCOOH in bulk water is in
good agreement with the experimental values. For HCOOH on
Pb(100) surface and Ag (100) surface, we observe a reduction in
entropy by∼30 J/mol/K.However, we observe a slightly different
magnitude in entropy reduction at the Ag (100) and Pb(100)
surfaces, with the Ag (100) surface causing larger reduction in
entropy. This can be explained by more hydrophilic character of
Ag (100) surface than that of Pb(100), and thus easier movement
of HCOOH when adsorbed in the latter case. The reduction
of ∼30 J/mol/K, moving a species from the bulk water to the
metal surface, contributes to the reaction free energy by∼0.1 eV,
which is a non-negligible effect. This indicates necessity of
accounting for the solvation entropy effects when computing the
electrochemical reactions under realistic reaction conditions.
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4 Conclusion

In this contribution we presented an overview of the
atomistic modeling research on energy materials we have
performed in the last decade. We focused on discussing various
challenges associated with the computation of molecular-level
materials properties. In particular, we discussed the computation
of electronic structure, phase transitions, surface chemistry
and electrochemical interfaces, focusing on accounting for the
presence of electrolyte phase. For the class of electrode materials
we show the performance of the parameter-free DFT + U
approach as well as the importance of application of realistic
projectors for counting the occupancy of orbitals containing
strongly correlated d and f electrons for obtaining correct
description of electronic structure, and the related parameters,
such as formation energies, specific voltage or phase stability.
Materials important for electrochemistry and energy sector, such
as LCO, LNO, U3O8 or metal surfaces have been considered,
with some parameters essential for understanding of their
performance computed. Last but not least, we discussed the
importance of entropic effects on the computational surface
(electro) chemistry.

Besides discussing various successful applications of
atomistic modeling to computation of atomic-scale properties
of energy materials, we outlined challenges encountered by
computational electrochemistry. We highlight the importance
of thoughtful analysis of the computed results vs. the available
experimental data. Overcoming the challenges faced by
the atomistic simulations of energy materials will lead to
accurate, simulation-based materials design, that will facilitate
development of more efficient materials for fulfilling future
energy demands.
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