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ABSTRACT: The hydrogen adsorption energetics on the surface of inorganic compounds can be used to predict electrolyte stability
in Li-ion batteries and catalytic activity for selective oxidation of small molecules such as H, and CHs. Using first-principles density
functional theory (DFT), the hydrogen adsorption was found to be unfavorable on high band-gap insulators, which could be attributed
to lower energy level associated with adsorbed hydrogen relative to the bottom of conduction band. In contrast, the hydrogen adsorp-
tion was shown the most favorable on metallic and semiconducting compounds, which results from an electron transfer from adsorbed
hydrogen to the Fermi level or the bottom of conduction band. Of significance, computed hydrogen adsorption energetics on insulat-
ing, semiconducting and metallic oxides, phosphates, fluorides, and sulfides were decreased by lowering the ligand p band center
while the energy penalty for ligand vacancy formation was increased, indicative of decreased surface reducibility. A statistical re-
gression analysis, where 16 structural and electronic parameters such as metal-ligand distance, electronegativity difference, Bader
charges, bulk and surface metal and ligand band centers, band gap, ligand band width and work function were examined, further
showed that the surface ligand p band center is the most accurate single descriptor that governs the hydrogen adsorption tendency,
and additional considerations of the band gap and average metal-ligand distance further reconcile the differences among compounds
with different ligands/structures, which ligand bands are different in shape and width. We discuss the implications of these findings
for passivating coatings and catalysts design and the need for novel theoretical methods to accurately estimate these quantities from
first principles. These results establish a universal design principle for future high-throughput studies aiming to design electrode
surfaces to minimize electrolyte oxidation by dehydrogenation in Li-ion batteries and enhance the H-H and C-H activation for selec-
tive oxidation catalysis.

INTRODUCTION

Inorganic compounds with transition metals including metal
oxides,'? phosphates,** fluorides,’ and sulfides®’ are used in en-
ergy applications such as Li-ion batteries, *!%!! water split-
ting!>!%!* and (electro)catalysis of hydrogenation/dehydrogena-
tion.'>16!7 Generally speaking, the reduction/oxidation (redox)
of transition metal ions (or centers) governs the lithium interca-
lation voltage and capacity.'® Lowering the energy of transition
metal density of states (DOS) increases lithium intercalation
voltage,"” which can be further tuned by changing the crystal
structures®®?"'"? and/or the nature of metal-ligands.**?’

Similarly, the redox of transition metal ions can greatly influ-
ence surface adsorption energetics,”*** which is critical to con-
trol catalytic activity (using the Sabatier principle: not too
strong nor too weak absorption of reaction intermediates to
maximize activity)®* and selectivity.”® Recent work has
shown that activating ligand redox by tuning the nature of
metal-ligand bonds,*%33233 can greatly influence the stability
of lithium battery electrodes®**3%*7 and electrolytes,*$*404!
potentially enhance lithium intercalation capacity®®** through
increasing the electrons stored not only on transition metal ions
and but also oxygen ions, 4 and promote the kinetics of ox-
idation reactions,***’**® which represent great opportunities for



the design of new Li-ion storage materials, and oxidation cata-
lysts.

The redox of ligands can be activated by increasing the contri-
bution of ligand DOS near the Fermi level, where ligand/anion
redox in addition to metal redox can occur in solids.***° For ex-
ample, strong metal-oxygen hybridization can lead to the for-
mation of ligand holes in late transition metal oxides,**** and
the redox of ligand nonbonding states'® can generate new anion
clusters in metal selenides,** sulfides®'*? and oxides®!*. Using
more electronegative metals can lower the energy of antibond-
ing states (largely metal character'®****) while having less elec-
tronegative ligands can increase the energy of bonding states
(largely ligand character?), both of which can lead to increased
density of states from the ligand near the Fermi level." When
the Fermi level is lowered into the O(2p) states upon lithium de-
intercalation from late transition metal oxides during charging
of Li-ion batteries, these oxides become unstable against oxy-
gen evolution, as oxide ions can be oxidized to molecular oxy-
gen to form spinel or rocksalt as observed on LixNigsC0920,,%
LixNi1/3Mnl/3C01/302,56 LixNi0.4Mno.4C00.1xTio.020257, and
LixNigsCo00.15Al.0s0,°%. Evolution of highly reactive singlet ox-
ygen has also been reported, which can readily attack the elec-
trolyte.* In addition, oxidation of anions or oxide ions has
been attributed to additional capacities to metal redox in Li-rich
layered materials (e.g.  LibRuO;,*  LilrO;"  and
Li; 2 Tip4sMng 40,%?) and cation disordered layered oxides such as
LizMn2/3Nb1/302F63and LizMIlOzF.64 Moreover, the redox or ac-
tivation of oxygen sites for highly covalent oxides such as
SrCo0;*%* can promote the kinetics of oxygen evolution reac-
tion (OER) upon water electrochemical oxidation in addition to
transition metal sites. °*?7 Furthermore, the activation of oxy-
gen sites of high-capacity Li-ion electrode materials such as
LiNi,Co,Mn,.xyO, (NMC) can promote the dehydrogenation of
carbonate-based electrolytes®’, which is enhanced with moving
the Fermi level closer to the O 2p band center associated with
increasing Ni and/or decreasing lithium content.*'*8¢7 Specifi-
cally, electrolyte solvents like ethylene carbonate (EC) can be
energetically favorable to dissociate at a C-H bond and adsorb
the two fragments on surface oxygen sites,*®7° where the re-
duction of two transition metal ions accompanies the electron
displacements induced by the newly formed C-O and O-H
bonds upon dissociative adsorption (Figure 1a*'%%). This pro-
cess is more favorable than electrophilic attack,” " nucleophilic
attack,” dissociation with the formation of an oxygen vacancy’!
and ring opening’*”*. The dissociative adsorption energetics of
C-H bonds on surface oxygen sites correlates with hydrogen ad-
sorption energy such as % H; + O-M"-0 — *H" + O-M®™
*—Q (Figure 1b) for Li,MO; layered oxides.®® This process can
be considered analogous to the C-H activation of methane or
other small hydrocarbons on oxides via oxidative adsorption at
the oxygen sites (Figure 1c) as reported for perovskite oxides
47, transition-metal-doped La,Os” and CeO,’*”7. We note that
on high band gap materials this homolytic dissociation becomes
energetically unfavorable and the H-H and C-H bond dissocia-
tion occurs heterolytically at the metal and oxygen site.”®” Sim-
ilarly to the EC dissociation, the small hydrocarbons C-H acti-
vation has been correlated with the hydrogen adsorption en-
ergy?’® and oxide reducibility®®”’, where on the surface of
ABO; perovskites, the activation barrier for methane first C-H
dissociation correlates with the hydrogen adsorption energy
(Figure 1¢). Late 3d transition metal perovskites are more ac-
tive compared to early transition metals, while the A site has a

lesser effect on the oxygen activity (Figure 1€).*’” Therefore, hy-
drogen adsorption energetics on surfaces can be used to meas-
ure the thermodynamic driving force for dehydrogenation of
aprotic electrolytes in Li-Ion batteries, and the kinetics of hy-
drogen oxidation and selective oxidation of hydrocarbons.
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Figure 1. Analogy between ethylene carbonate (EC) dissociative
adsorption, hydrogen adsorption and methane C-H activation on
transition metal oxides, involving the reduction of the oxide transi-
tion metal ions on reducible oxides, CxO,H, + 2 O-M""—0 —
*CxOyH,.1" + *H" +2 O-M®-D"~0, where *CyOyH,.| and *H rep-
resent the molecule (CxOyH,) decomposition products adsorbed on
the surface of the oxides (O—M—0). (a-c) Schematic representation
of EC, H, and CHj dissociative adsorption highlighting the interfa-
cial electron transfer. (d) Adsorption energy for EC dissociative ad-
sorption (AEEgc) as a function of hydrogen adsorption energy (AEn)
on the (1014) surface of LiMO; layered compounds (M = Mn, Co
and Ni; x=1, 0.5, 0) as reported in previous work®, computed at
PBE level of theory. (¢) Activation energy for CH4 dissociative ad-
sorption (AE’cu4) as a function of hydrogen adsorption (AEn) on
the A- or B- terminated (001) surface of perovskite ABO; oxides
(A =Sr and Ba, B=Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zr) as
reported in Ref. 47, computed at PBE level of theory with D3 van
der Waals correction. Note that the hydrogen reference has been
changed from atomic H to 1/2 H, molecule compared to previous
work?.

Here we examine the hydrogen adsorption energy on a library
of inorganic compounds beyond oxides, which can used as a
direct measure or activity descriptor for the selective oxidation
of molecules such as hydrogen and C-H bond containing mole-
cules. We study the hydrogen adsorption and anion vacancy for-
mation energy on a variety of ionic compounds, including ox-
ides, phosphates, fluorides and sulfides, with the aim of under-
standing the physical properties governing surface activity, and
anion activation or release. We have used a data-driven statisti-
cal analysis to identify descriptors for hydrogen adsorption,
with increased predictive power. We have included in the anal-
ysis physical and chemical properties of materials bulk and



surface, such as metal-ligand distance, electronegativity differ-
ence, Bader charges, bulk and surface metal/ligand band cen-
ters, band gap, ligand band width and work function. We have
demonstrated that beyond the oxygen p band previously re-
ported, a combination of features, including structural (metal-
ligand distances) and electronic properties (band gap), are re-
quired to fully capture the hydrogen adsorption energy of the
diverse classes of materials reported here. These results can be
used to accelerate the design and optimization of high-perfor-
mant and stable materials for energy applications or coatings to
prevent degradation phenomena.

COMPUTATIONAL METHODS

Periodic plane wave Density Functional Theory (DFT) cal-
culations were performed to study the hydrogen adsorption and
ligand vacancy formation energy on a number of oxides, fluo-
rides, sulfites and phosphate surfaces. We used the PBE func-
tional®' as implemented in the Vienna Ab Initio Simulation
Package (VASP) code, % and Projector Augmented Wave
(PAW) for the description of the core-electron interaction, and
the plane wave cutoff was set to 450 eV. The PBE functional
was chosen to have a consistent method among the materials
studied. Although DFT+U# or hybrid functionals®**” would
be more appropriate for the study of electron localization in cor-
related materials, they rely on material-dependent empirical pa-
rameters (U value®,** and percentage of HF exchange’”), mak-
ing difficult to apply them for screening a large scope of mate-
rials. We note that similar trend was found for EC dissociation
versus the O(2p) band at PBE+U*! and PBE® level, validating
the use of PBE for this quantity. We are aware that other phys-
ical properties are not well reproduced at PBE level, i.e. the gap
band is notoriously underestimated, so that not the absolute val-
ues but rather the trends are discussed in relation to these fea-
tures. The surfaces were modeled with slabs of least four-layer
thick (Table S1), separated by at least 13 A and a dipole
correction was applied in order to eliminate spurious
interactions across the periodic boundary along the direction
perpendicular to the surface. About 25% of the slab, closest to
the surface, and the adsorbate atomic positions were allowed to
fully relax. Hydrogen was adsorbed on one side of the slab only.
To avoid lateral interactions between adsorbates, surface super-
cells of surface area between 25 and 36 A? were used, and a
single H atom was adsorbed per unit cell. Additional details on
the surface models, including surface unit cells and number of
layers, can be found in Table S1. All calculations were spin-
polarized, where a ferromagnetic order was assumed for all
magnetic compounds, except for MF, and MO rocksalt com-
pounds where an antiferromagnetic order was considered. The
Bader decomposition method was used for the estimation of
charge transfer.”? For each class of materials we choose the
most representative space group for the simulations and we built
the surface models for the most stable surface orientation
reported in the literature from previous computational studies
(Table S1).

A statistical regression analysis was used to develop quanti-
tative structure-property relationships (QSPRs) for the hydro-
gen adsorption energy. We identified 38 features (or de-
scriptors), issued from the bulk and surface physico-chemical
properties, which include structural features (d(M-L) distance),
and electronic properties (charges, electronic band centers,
band width, band gap and work function). For the electronic
band centers, several features where identified for each band,
depending on the integration range (i.e. all range or filled/empty

states only) and the energy reference for semiconductors and
insulators (valence band maximum, mid-gap or conduction
band minimum), Figure S1. As some of the bulk and surface
descriptors where found to be highly correlated (> > 0.80), we
identified a subset of 28 descriptors for the single coefficient
regression analysis, 16 of those being primary features and the
other 12 secondary features, which can be derived from primary
features with simple algebra. The 16 primary features where
used for the multiple variable regression analysis.

The predictive power of the different regression methods was
compared by randomly dividing the 51 adsorption energy data
in a training set (80% of data set) and a test set (20% of data
set). The data were standardized to correct for the different scale
of the features, by using the mean and standard deviation of the
training set. The training set was used to fit the model, and a 5-
fold cross-validation was used to determine the optimal fitting
coefficients for the regularized regressions. The out-of-bag er-
ror was used to select the optimal parameters for the number of
trees and the maximum depth of trees in the random forest.
Other parameters was set to the default values as implemented
in the scikit-learn package.”® The accuracy of the different
QSPRs was assessed by comparing the mean absolute error
(MAE) on the test set. Linear regression, Random Forest and
regularized methods, namely least absolute shrinkage and se-
lection operator (LASSO), Ridge and Elastic Net regression, as
implemented in scikit-learn®® were used to determine the
QSPRs.

RESULTS AND DISCUSSION

We first show that the ligand p band descriptor for hydrogen
adsorption energy can be generalized to a wide range of crystal
families and ligands. Figure 2 shows some of the surfaces used
in the material screening, which include LiMO, layered oxides
and sulfites, MO rock-salt oxides, rutile oxides and fluorides,
phosphates and other binary and ternary oxides (see Table S1
for a complete list). The surface orientations were chosen as the
most stable reported in the literature from previous computa-
tional studies, Figure 2 and Table S1. The hydrogen adsorption
energy, AEg, has been computed with respect to H» in the gas
phase: AEy= E(*H) — %2 E(H,) — E(*), where E(*H), E(H>), and
E(*) are the DFT total energies of hydrogen adsorbed on the
surface (*H), H, in the gas phase (H), and of the bare surface
(*), respectively. A negative binding energy is indicative of an
exothermic hydrogen adsorption. Hydrogen atom was found to
preferentially adsorb on the anion site for all the materials con-
sidered.”** The desired hydrogen adsorption energy depends
on the specific application. In Li-ion batteries, the electrode sur-
face or the coating material should have low affinity for hydro-
gen, and thus a positive hydrogen binding energy, in order to
prevent the formation of acidic OH groups which can attack the
electrolyte salt anions.”*?”” In catalysis and electrocatalysis an
intermediate hydrogen binding energy is preferable, so that the
reaction intermediates bound to the surface neither to strongly
or too weakly.?*?’
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when H is adsorbed, and one electron is transferred from hydro-
gen to the bottom of the conduction band, usually formed by
metal d band states (Figure 3¢ and 4b), or to a localized polaron,
giving rise to gap states close to the conduction band.”* Finally,
in metallic compounds the adsorbed hydrogen transfers its elec-
tron to the Fermi level, usually with transition metal d states
parentage (Figure 3d and 4a).

Comparing the material families, our results indicate that flu-
orides and phosphates have a lower tendency to bind with hy-
drogen compared to oxides. We also note that for similar values
of ligand p band, sulfites have a lower tendency to adsorb hy-
drogen, which results in a slightly positive binding energy,
compared to the negative binding energy of the oxides with
comparable ligand p band center. This can be attributed to the
weaker S-H bond, compared to O-H, as demonstrated by the
larger enthalpy of formation of gas phase HO (-242 kJ/mol'*)
compared to HzS (-21 kJ/mol'”’) and the larger L-H distance (O-
H~1A and S-H= 1.2 A). Conversely, despite the stronger L-
H bond (HF enthalpy of formation of -273 kJ/mol'® and F-H
distance around 0.9 A) fluorides have comparable binding en-
ergy as semiconducting oxides but lower ligand p bands, due
the higher electronegativity of fluorine, which also corresponds
to a weaker L-M overlap and smaller band width of fluorides
(Figure S2). Finally, phosphates have binding energy close to
oxides with the same ligand p band, which is not surprising as
the valence band of phosphates is dominated by the oxygen
states.
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Figure 2. Surface models of representative oxides, fluorides, sul-
fites and phosphates used to compute the hydrogen adsorption and
the ligand vacancy formation in this work. Oxygen is represented
inred, lithium in green, metals in gray, phosphorous in light purple.
A complete list of space groups and surface orientations is reported
in Table S1.

The bulk oxygen 2p band center was found to correlate with
the adsorption energy of dissociated EC*%® and with the oxygen
vacancy formation energy in oxides for oxygen electrocataly-
sis.” It is thus interesting to see if this descriptor is able to cap-
ture the thermodynamics of hydrogen adsorption over the large
chemical space spanned here. The hydrogen adsorption energy
on the materials studied in this work is reported in Figure 3 as a
function of the bulk ligand p band center. A clear trend can be
seen in Figure 3a, where the materials with ligand p band higher
in energy are the more prone to react with hydrogen. Moreover,
metallic and low band gap semiconductors have a higher ten-
dency to bind hydrogen than materials with larger band gap.
This is due to the different tendency of these substrates to be
reduced and results in a different nature of the adsorbate. In case
of high band gap compounds, the electron transfer to the sub-
strate is not favorable and hydrogen is physisorbed in a neutral
form (Figure 3b and 4c¢). This is the case of LiF, MnF» and SiO»,
where the adsorption energy approaches 2.2 eV with respect to
Y H,, which corresponds to zero binding energy with respect to
the hydrogen atom, and can thus been considered as an upper
limit for AE4. We note that in this case, other adsorption modes,
such has undissociative adsorption or heterolytic dissociation
(or formation of Lewis acid-base pairs) becomes more favora-
ble.”®” Low band gap semiconductors instead get reduced

a b
_ MnF, ed
, Sio, @ LiF +H
LiMgPO,  LiNbO,4
LiVPO, 1,0, Hro, Liz0 LiTis,
®CF. @ Li,CIO
. ) Zro, Li;BrO o
LiFePO, LiMnO, @Ta,04 Livs,| €
— | aro NiF, 0 . ?
S . LIAIO; NS, A
© LiCdPO; LiGrS, E
- LiFeo,— 0 NO | iMgAsO /—\+H
woof LiNiPO, OCO g 81940x
U iCol TiO,
iosFe0, 2
LigsMnO, . @LINIO,
1 052 le,l.r s .Li0_50002
F RuO, Lio. @ 14d
IrOz’Tiz%..MnOﬁA A
LipNiO$ o E H
Li,MnO, (] E
2k Nio,\ 002 T
FeO,
7 -6 -5 -4 -3 2

Bulk ligand p band center

Figure 3. (a) Hydrogen adsorption energy with respect to the bulk
ligand p band center, referred to the Fermi level for metals and mid-
gap for semiconductors and insulators. Oxides are represented in
black, fluorides in gray, sulfides in red, phosphates, arsenates and
inverse perovskites in orange. (b-d) Schematic representation of the
charge transfer between adsorbed hydrogen and surfaces with dif-
ferent electronic structures: (b) high band gap insulators, (c) semi-
conductors and (d) metals.

The different nature of adsorbed hydrogen is more clearly il-
lustrated by the Density of States (DOS) reported in Figure 4.
When hydrogen is adsorbed on RuQ,, a metallic oxide, it forms
a bond with a surface oxygen, resulting in the appearance of a
bonding state in the DOS at ~ -8 eV (Figure 4a, bottom panel),



while one electron is transferred to the Fermi level, without
changing the oxide DOS significantly. On the other hand, in the
case of semiconducting TiO, the oxide DOS is highly altered
by the adsorption of hydrogen. In absence of hydrogen, the va-
lence band is completely filled and the conduction band is
empty. On the contrary, when H is adsorbed, the Fermi level is
displaced into the conduction band, indicating that the oxide is

partially reduced (Figure 4b). Finally, the large band gap of
Al,Os prevents the charge transfer to the bottom of the conduc-
tion band, and the electron displaced by the formation of the OH
bond creates a localized state in the band gap of the oxide. In
the case of ALO3(0001) reported in Figure 4c, the electron is
localized on the undercoordinated Al atom on the oxide surface.
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Figure 4. Top: Top: schematic representation of the charge transfer between adsorbed hydrogen and the surface for materials with different
band gap: (a) metallic, (b) semiconducting and (c) high band gap insulating compounds. The Density of States for the surfaces of corre-
sponding materials: (a) metallic RuO,, (b) semiconducting TiO- and (c) high band gap insulating Al,Os, are shown without (middle panels)
and with (bottom panels) adsorbed hydrogen. Projected DOS on the surface oxygen where hydrogen is adsorbed, on neighbor metal atoms
and on hydrogen are reported in black, gray and light blue, respectively. We note that in the case of TiO, the electron is delocalized on the
conduction band at the PBE level used here, while it would be localized on a Ti** polaron at PBE+U or hybrid functional level.**

The surface ligand vacancy formation energy follows a sim-
ilar trend with the bulk ligand p band center (Figure 5a), con-
firming what already reported for oxide perovskites-based oxy-
gen electrocatalysts.”® As a consequence of the similar correla-
tion with the ligand p band center, we found a linear trend be-
tween the hydrogen adsorption energy and the surface ligand
vacancy formation energy, as reported in Figure 5b. Notably,
we observe a better correlation for hydrogen adsorption energy
and surface ligand vacancy formation energy compared to the
correlation of these two properties with the p band center, prob-
ably because of the error introduced by comparing a bulk

property (ligand p band center) with a surface property such as
the hydrogen adsorption energy or the surface ligand vacancy
formation energy. Indeed, a better correlation of the hydrogen
adsorption energy with the surface O(2p) band was observed in
Ref. 68. The correlation between the hydrogen adsorption en-
ergy and oxygen vacancy formation energy has been already
reported for oxide catalysts for hydrocarbons C-H activa-
tion, 74819177 byt it is remarkable that it holds on the wide range
of materials studied in this work. Moreover, the trends reported
in Figure 5 indicate that the surface reactivity and the tendency
to release oxygen scale together, as observed on Ni-rich NMC



positive electrodes for Li-ion batteries, where both the onset po-
tential for oxygen release is lowered and the surface reactivity
is greatly enhanced for Ni-rich materials.®’*
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Figure 5. (a) Surface ligand vacancy formation energy with respect
to the bulk ligand p band center, referred to the Fermi level for met-
als and mid-gap for semiconductors and insulators. (b) Hydrogen
adsorption energy as a function of surface ligand vacancy for-
mation energy. Oxides are represented in black, fluorides in gray,
sulfides in red, phosphates, arsenates and inverse perovskites in or-
ange.

In the previous discussion we have considered the depend-
ence of the hydrogen adsorption energy on the bulk ligand p
band center. However, questions arise on whether there are
other fundamental properties of the material (descriptors or fea-
tures) that better correlate with the hydrogen adsorption energy
and whether a single descriptor can capture this property on the
chemical space we have explored. In order to answer these
questions, we have performed a single-feature linear regression
analysis of the hydrogen adsorption energy with respect to a
number of material properties, which are reported in Table 1.

We have included properties of bulk material, adsorbate-free
surface and surface with adsorbed hydrogen. As bulk properties
we have considered the bulk M-L distance, metal and ligand
Bader charges, ligand and metal band centers, ligand band
width, band gap, and average bond iconicity. We have then con-
sidered the corresponding surface properties, such as the ligand
and metal band center, surface band gap and work function, as
well as the work function of the system with adsorbed hydro-
gen. We also included some secondary features, derived from
the primary features reported in Table 1. In particular, the DOS
issued from the calculations are typically referred to the highest
occupied states, i.e. the top of the valence band for materials
with a band gap. We also considered the DOS-related features
referred to half-gap or to the bottom of the conduction band
(conduction band minimum, CBM), as secondary features. Spe-
cifically, the secondary features encompass charge transfer gap
(CT = M(d)-e)-(L(p)-1)), band centers referred to mid-gap or
the conduction band minimum (i. e. L(p)* = L(p) — 2 Gap;
L(p)** = L(p) -Gap), work function referenced to the conduc-
tion band minimum, corresponding to the position of CBM with
respect to vacuum (WF** = WF-(Gap-surf)), and work function
difference (AWF = (WF-H) — WF). Additional surface proper-
ties, such as surface ligand and metal distances and charges or
empty and filled surface band centers, do not bring new infor-
mation as strongly correlated with the respective bulk proper-
ties (R*> 0.80), Figure S3, and are thus not included in the anal-
ysis.
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Figure 6. Mean absolute error for single descriptors of computed
hydrogen adsorption energy, which include average bulk M-L dis-
tance (d(M-L)), metal and ligand Bader charges (q(M) and q(L)),
ligand p band center referenced to VBM, mid-gap or CBM (L(p),
L(p)*, L(p)**), filled states ligand p band center referenced to
VBM or mid-gap (L(p)-f and L(p)-f*), metal d band center refer-
enced to VBM or mid-gap (M(d) and M(d)*), filled and empty
states metal ¢ band center referenced to VBM or mid-gap (M(d)-f,
M(d)-f*, M(d)-e and M(d)-e*), charge transfer energy (CT), bulk
DFT band gap (Gap), ligand band width (BW), ionicity (Ion), sur-
face ligand p band center referenced to VBM, mid-gap or CBM
(L(p)-surf, L(p)-surf* and L(p)-surf**), surface band gap (Gap-
surf), work function (WF), work function (WF) referenced to the
CBM (WF**), work function of surface with adsorbed hydrogen
(WF-H) and work function difference (dWF). All data are included
in the analysis. The descriptors are reported in order of signifi-
cance, from the most to the least correlated. Dark shade indicates
the secondary features, obtained from the primary features reported
in Table 1 with simple algebra.



Table 1. Primary features used in the statistical analysis. VBM indicates the valence band maximum.

Descriptor Details Abbreviation
I I I 1
M-O Bulk average M-O distance (M=transition metal in ternary compounds) d(M-L)
qM) Bulk metal Bader charge (M=transition metal in ternary compounds) qM)
q(L) Bulk ligand Bader charge qL)
L(p) band center Bulk ligand p band (vs Er for conductors, vs VBM for insulators) L(p)
L(p)siea band center Bulk ligand p band center, filled states (vs Er for conductors, vs VBM for in-  L(p)-f

sulators)

M(d) band center®

Bulk metal d band center (M=transition metal in ternary compounds) (vs Erfor ~ M(d)
conductors, vs VBM for insulators)

M(d)fileq band center® Bulk metal d band center (M=transition metal in ternary compounds), filled =~ M(d)-f
states (vs Er for conductors, vs VBM for insulators)

M(d)empty band center® Bulk metal d band center (M=transition metal in ternary compounds), empty ~ M(d)-e
states (vs Er for conductors, vs VBM for insulators)

Band gap Bulk DFT-computed band gap Gap

Ligand Band width Bulk ligand Band width BW

Electronegativity difference ~ Averaged bond ionicity based on Pauling electronegativity Ion

Surface L(p) band center Surface ligand p band center (vs Er for conductors, vs VBM for insulators) L(p)-surf

Surface metal (d) band cen-  Surface metal d band center (vs Er for conductors, vs VBM for insulators) M(d)-surf

ter®

Surface band gap DFT-computed band gap of slab calculation Gap-surf

Work function

Work function with ad-
sorbed H

Work function of the surface with adsorbed H

Work function of the clean surface for conductors, position of VBM with re-  WF
spect to vacuum level for insulators

WEF-H

& All states (s, p and d) for non transition metals

We first considered the performance of these physical prop-
erties as single descriptors. Figure 6 reports the mean absolute
error for the 28 features (see Figure S3 for the performance of
additional features). We found the surface ligand band center
referenced to the bottom of the conduction band for semicon-
ductors and insulators to be the single variable feature which
best correlates with the hydrogen adsorption energy. Bulk and
surface ligand band centers referenced to either mid-gap or the
bottom of the conduction band work reasonably well as single
descriptors. Other significant features are the work function ref-
erenced to the CBM, the band gap (bulk and surface), the ligand
charge, and the computed charge transfer gap. Interestingly,

other properties such as the band width have lower significance
in this analysis. The analysis of the coefficients, i.e. of the
slopes of the linear fit (Figure S5 and S6) reveals that most of
the ligand properties, band centers and charges, work function
and band width have negative or negligible coefficients, as
shown in Figure 3 for the bulk ligand p band center referenced
to mid-gap and they are thus inversely correlated with the hy-
drogen adsorption energy. Conversely, the coefficients of metal
band centers are generally small and reference-dependent,
whereas the band gap, charge transfer gap and ionicity show a
positive correlation (Figure S5). Further confirmation of the
feature importance comes from the Random Forest regression
analysis (Figure S7) of the 28 features reported in Figure 6,



which indicates the ligand p band centers L(p)** and L(p)-
surf**, the work function WF**, the ligand charge q(L), and
the work function with adsorbed hydrogen WF-H as the most
relevant features.

The similarity between some of the single variable linear re-
gressions (Figure S6) suggests that they are correlated and mul-
tiple descriptors should be considered together. We have then
considered multi-variable linear regression analysis, without
and with different regularizations, namely LASSO, Ridge and
Elastic Net with different mixing parameter a = 0.25, 0.50, 0.75
(EN1, EN2, and EN3, respectively). For this analysis, the data
were randomly divided in a training set (80% of data) and test
set (20% of data), and a 5-fold cross validation was used to train
the data for the regularized methods. The performance of the
different regression methods on the test set is shown in Figure
7a and Figures S8-13. The results show that the regularized re-
gression methods (in particular Ridge and EN1, Figures S10
and S11) perform best on our dataset. EN2, EN3 and LASSO
(Figures S9, S12 and S13) performs slightly worse, with a MAE
comparable to Random Forest (Figure S7) and lower than un-
regularized linear regression (Figure S8), though LASSO gives
a sparser solution compared to Ridge. The somewhat worse per-
formance of Random Forest compared to regularized methods
on our data is most likely due the difficulty of tree-based tech-
niques in general to capture a linear relationship between input
features and target variable.'” We note that the inclusion of
three features (L(p)-surf, Gap-surf and d(M-L)), performs rela-
tively well, indicating that these are the most relevant features
needed to capture the hydrogen adsorption energetics. This is
further confirmed by the feature importance for the multi-vari-
able linear regressions (Figure 7b) evaluated as the absolute
value of the coefficients, which indicates these three descriptors
as the most relevant. Among the descriptors that have minor
relevance and can be disregarded, we identify the metal Bader
charge and the bond ionicity.

The statistical analysis provides useful insights on the physi-
cal properties underlying the affinity for hydrogen. The surface
ligand p band and band gap, already identified in the single-
variable linear regression as relevant when combined (L(p)-
surf** feature), are confirmed by the regularized regression
models to have coefficients with opposite sign, validating our
intuition that the DOS should be corrected by the band gap
when studying the adsorption of an electron donor. Conversely,
the bulk average M-L distance was less relevant as single fea-
ture descriptors, while appears to be important in combination
with the other features. We note that the M-L distance strongly
influence the electrostatic potential of the ionic material, which
can explain why it is required for an accurate prediction of the
hydrogen binding energy, as it can account for the difference
between material families. Interestingly, other properties which
could potentially relevant for the hydrogen adsorption energy,
such as the work function of the bare surface and the surface
with adsorbed hydrogen, have a lower predictive power com-
pared to the position of the ligand states. We attribute this fail-
ure to the difficulty of these descriptors to deal with the pres-
ence of a band gap. In particular, the work function of the bare
surface is a good measure of the electron acceptor level for met-
als, while in case of band gap material it is computed as the
position of the top of the valence band with respect to the vac-
uum level, which is not relevant for the oxidative adsorption
studied here. The work function referenced to the CBM and the
work function of the surface with adsorbed hydrogen are better
descriptors for the electron acceptor level and indeed perform

well as single features, but they do not show up in the multivar-
iable analysis. We note that although the band gap is not well
reproduced at PBE level, its occurrence in the description of the
H adsorption energy has a clear physical meaning, as it accounts
for the different acceptor levels in insulating and semiconduct-
ing materials compared to metals, which does not depend on the
exact value of the band gap. In perspective, more work has to
be done to develop theoretical methods able to quantitatively
describe these features without relying on material-depend pa-
rameters.

a

v
I
I
[ iassoqs)
: Random Forest (28)
e
:I Linear regression (16)

| L(p)-surf + Gap-surf + d(M-L) (3)
| Lp)-sur (1)

0.0 0.2 0.4 0.6 0.8 1.0
Prediction error (MAE)

Figure 7. Comparison of the predictive ability and relative im-
portance of descriptors for different QSPR. (a) Prediction error for
the different QSPRs considered in this work, which include single
and multiple variable linear regression, Random Forest regression
and regularized linear regression methods LASSO, Ridge and Elas-
tic Net with mixing parameter o =0.25, 0.50, 0.75 (EN1, EN2, and
EN3, respectively), where 80% of the data were randomly chosen
as training set, and 20% as test set. The number of variables in-
cluded in each QSPR is indicated in bracket. The error is reported
as mean absolute error (MAE) on the test set. We note that for the
linear regression with the L(p)-surf** variable the MAE is larger
compared to the one reported in Figure 6, which represent the train-
ing error on the whole dataset. (b) Relative importance of the de-
scriptors included in the multivariable linear regression, Lasso,
Ridge and Elastic Net regression with mixing parameters o = 0.25,
0.50, 0.75. The relative importance is estimated as ||, where {3 are
the coefficients of the linear model for each method. The 16 pri-
mary features included in the analysis are: average bulk metal-lig-
and distance (d(M-L)), bulk metal and ligand Bader charges (q(M)
and q(L)), the ligand p band center (L(p)) and band width (BW),
the filled states ligand p band center (L(p)-f), the metal d band cen-
ter (M(d)), bulk filled and empty states metal d band center (M(d)-
f and M(d)-e), bulk DFT band gap (Gap), ionicity (Ion), surface
ligand p band center (L(p)-surf), surface metal d band center (M(d)-
surf), surface band gap (Gap-surf), surface work function (WF) and
the work function of the surface with adsorbed hydrogen (WF-H).
Range and mean of the values obtained with the different



regression models are represented by the bars and the gray lines,
respectively.

The results reported above have several implications. First,
the charge state of adsorbed hydrogen atoms on inorganic ma-
terials is strongly dependent on the electronic structure. Hydro-
gen adsorbs as H® on materials with large band gap, where the
hydrogen level falls below the conduction band minimum. As
the hydrogen level is positioned at -4.5 eV on the absolute en-
ergy scale,'*!%* it has been predicted that in the bulk of crystal-
line oxides with band gap larger than 5.5 eV the hydrogen neu-
tral form can exist as an interstitial defect.'” In agreement with
this view, we found hydrogen to be adsorbed in its neutral form
on materials with high band gap. In all other cases, hydrogen
adsorbs as H" on the anionic ligand and an electron into the con-
duction band or at localized states close to the conduction band.
This general trend can be complicated by the presence of de-
fects, which can introduce additional trapping levels in the band
gap,'®1%  disorder, as reported for the hydrogen defect on
amorphous silica,'”!%® or coadsorbed species which allows for
Lewis acid/base pair adsorption.'” Secondly, the descriptors
that we have identified for the hydrogen adsorption energy,
which rely on the position of the ligand states, the band gap and
the metal-ligand bond length, can serve to identify and predict
materials with adsorption properties suitable for a given appli-
cations. For instance, materials with high hydrogen binding en-
ergy are expected to have a low C-H breaking activation barrier
(Figure le) for the oxidative C-H activation of hydrocarbon.
Late transition metal oxides (i.e. Ni-containing oxides), and ox-
ides with transition metals in high oxidation state, would fulfill
this requirement. On the other hand, insulating oxides, phos-
phates and fluorides have a low affinity for hydrogen and would
be the materials of choice in the design of inert electrodes or
coatings to prevent interfacial chemical oxidation of organic
solvents. Among these materials, we find material already re-
ported as effective coatings for positive electrodes in Li-ion bat-
teries, such as ALOs, TiO,, ZrO,, HfO,,""%'"!! and fluorides,
such as NiF,, MnF, and CoF, which could form from the de-
composition of F-containing electrolyte salts (i. e. LiPF¢) at the
surface of electrodes containing these transition metals.

CONCLUSIONS

The hydrogen adsorption energy and ligand vacancy for-
mation energies on the surfaces of ionic compounds used for
materials for energy conversion and storage have been com-
puted by DFT. Our results show that the hydrogen adsorption
energy correlates with the ligand p band center, where materials
with ligand p band center higher in energy, i.e. closer to the
Fermi level, have an increased affinity for hydrogen adsorption.
This correlation is dictated by the electron transfer occurring
upon H adsorption for all materials except high band gap insu-
lators, where electrons are effectively transferred from the lig-
and states to the metal states, and explain why the adsorption is
more favorable on reducible or metallic oxides. The ligand va-
cancy formation energy follows the same trend, and strongly
correlated with the hydrogen adsorption energy, where both of
the properties depend on the substrate reduction tendency. A
statistical regression analysis allows us to further demonstrate
that a combination of descriptors, including structural and elec-
tronic properties, are necessary to predict the hydrogen adsorp-
tion energy of ionic materials. The most relevant descriptors
were identified to be the ligand p band center, the band gap and
metal-ligand distance. These material properties can be used to
predict the hydrogen affinity in future high-throughput studies

with the goal of identifying new positive electrodes or coatings
materials for Li-ion batteries as well as high-performant cata-
lysts for H-H and C-H activation.
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