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of Chemistry The development of a universal activity descriptor like the d-band model for transition metal catalysts is of
great importance to catalyst design. However, due to the complicated electronic structures of metal oxides,
the correlation of the binding energies of reaction intermediates (*OH, *O, and *OOH) in the oxygen
evolution reaction (OER) with experimentally controllable properties of metal oxides has not been well
established. Here we demonstrate that excess electrons are the essential factor that governs the binding
properties of intermediates on the surfaces of reducible metal oxides. We propose that the number of

excess electrons (NEE) is an essential activity descriptor toward the OER activities of these oxides, which
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Introduction

Electrochemical splitting of water has gained enormous interest
as a green technique to convert and store renewable energies,
such as sunlight and wind, as hydrogen fuels."” However, this
process is severely hindered by the oxygen evolution reaction
(OER) generally catalyzed by metal oxides at the anode, because
of the mismatch in the binding energies of the involved oxygen-
containing intermediates (OCI, including *OH, *O, and
*OOH).** Substantial efforts have been devoted to clarifying the
adsorption behavior of OCI and fundamental insights into the
OER on a broad variety of metal oxides.***

To achieve an optimal OER catalyst, it is of primary impor-
tance to screen the different structures of metal oxides based on
a universal activity descriptor.”*® So far, a widely accepted
descriptor is the difference in binding energies of *O and *OH
(AGo — AGop), because of the scaling relation existing between
the binding energies of *OH and *OOH, i.e., AGoox — AGon =
3.2+ 0.2 eV.>*" 2 The descriptor AGo — AGoy has been verified
to well describe the trend of OER activities on various metal
oxide surfaces.® Nonetheless, it has not been fully understood
yet which essential factors govern the binding energies of OCI
on metal oxide surfaces. Several characteristics of electronic
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a potential alternative to current Ru or Ir based catalysts.

and geometric structures have been observed to correlate with
adsorption properties, for instance, the transition metal e,
filling,”* o*-band filling,"* p-band center of oxygen atoms,">"*
and coordinatively unsaturated metal cations.'® However, due to
the diversity of the structures of metal oxides (e.g., perovskite,
spinel, rutile, rock salt, and bixbyite oxides) and their distinct
electronic properties,® a unified model that can describe the
surface reactivity of these different oxides has not been found
yet, thus limiting the rational design of OER catalysts.

As is well known, metal oxides can be classified into two
main categories: reducible and non-reducible oxides, depend-
ing on their capabilities to generate oxygen-deficient struc-
tures.””*® TiO, is a prototypical reducible oxide. As reported,
even if TiO, is annealed in an oxygen atmosphere up to 1000 °C,
the stoichiometric ratio of Ti/O remains to be 1.995;'>* the
reported concentration of surface oxygen vacancies ranges from
2.5% to 14%.** Namely, the growth of TiO, naturally accom-
panies the formation of O vacancies or Ti interstitials. It is noted
that such defects lead to the creation of excess electrons in
TiO,,****?* which can induce significant changes in the surface
reactivity of TiO,(110).>>2*>°

Here, we carry out extensive first-principles calculations to
investigate the OER on reducible metal oxide surfaces. We
demonstrate that excess electrons are the essential factor that
governs the binding energies of OCI on the surfaces of reducible
metal oxides. Significantly, through tuning the number of
excess electrons (NEE) in TiO,, the OER activities of the resul-
tant TiO,(110) surfaces show a volcano correlation with the
NEE. Moreover, it perfectly reproduces the volcano curve plotted
using the descriptor AGo — AGon. Similar volcano correlations
are observed when the proposed tuning strategy is extended to

This journal is © The Royal Society of Chemistry 2019
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other reducible metal oxides. These results indicate that the
NEE is an essential activity descriptor for the OER activities of
reducible metal oxides. Applying this descriptor, we predict
a novel non-precious catalyst (Mo@TiO,(110)) with a theoretical
overpotential of 0.54 V, which is lower than that of many good
catalysts such as RuO, and IrO,, and thus it could become
a promising alternative to current Ru or Ir based catalysts.

Computational methods

Spin-polarized density functional theory (DFT) calculations are
performed using generalized gradient approximation (GGA) in the
form of revised Perdew-Burke-Ernzerhof (RPBE) for the
exchange-correlation potentials,**>* the projector augmented
wave method,* and a plane-wave basis set of 450 eV, as imple-
mented in the Vienna ab initio simulation package (VASP).**** The
OERs are carried out on the surfaces of several typical reducible
metal oxides including TiO,, SnO,, NiO, WO3, and ZnO. Different
combinations of pseudo-hydrogen atoms with different numbers
of valence electrons such as 0.25 e, 0.33 ¢, 0.42 ¢, 0.5 €, 0.58 €, 0.66
e, 0.75 e and 1 e are used to tune the excess electrons in these
systems. We consider that the OER follows a four-electron
mechanism.**® The free energy of a pair of proton and electron
(H" +e7) is calculated as a function of applied potential relative to
reversible hydrogen electrode (U vs. RHE), ie, u(H' + e7) =
0.5u(H,) — eU, according to the computational hydrogen elec-
trode (CHE) model proposed by Nerskov et al.*® The potential
determining step (pds) is defined as the last step to become
downhill in free energy along the OER pathway with the increase
of potential.* The approach of introducing excess electrons and
the additional computational details are given in the Methods
section and Tables S1-S3 in the ESL}

Results and discussion

The excess electron environments are simulated by introducing
pseudo-hydrogen atoms with different numbers of valence
electrons to chemisorb on bridge oxygen atoms on the
TiO,(110) surface (Fig. S1t). Considering that each O vacancy
brings in two excess electrons in TiO,,>******?¢ it is reasonable
that one chemisorbed H atom could bring in excess electrons in
the same quantity as that of its valence electrons.*”**

We first investigate the stable adsorption configurations of
*OH, *O, and *OOH on the TiO,(110) surface with tuning the
NEE from 0 to 2 e, and then plot their binding energies as
a function of NEE, as shown in Fig. 1a. At NEE = 0 (corre-
sponding to a stoichiometric surface), *O prefers to bind with
two adjacent five-coordinated Ti atoms (termed Ti’>¢) and
a surface O atom of TiO,(110) simultaneously.**** However, with
the increase of NEE, *O favors locating above one Ti’° atom via
Ti-O bonding. Such cases are distinct from the adsorption of
*OH and *OOH, for which the excess electrons do not change
their adsorption configurations. Both of them are energetically
favorable to occupy the top site of the Ti*® atom.

The NEE has a significant influence on the binding energies
of OCI on the TiO,(110) surface. As shown in Fig. 1a, with the
increase of NEE from 0 to 1 e, the binding energies of *OH and
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Fig. 1 (a) Binding energies of *OOH, *O, and *OH plotted as a func-
tion of NEE. (b) Schematic of the excess electrons’ effect on the OER
free energy diagram of TiO»(110). Ti, O, and H atoms are represented
by green, red, and white spheres, respectively.

*OOH species linearly strengthen with slopes of —1.23 eV per e
and —1.20 eV per e, respectively (Fig. S2a and bt), while they
become nearly zero when the NEE is in the range from 1 e to 2 e,
showing an inflection point at NEE = 1 e. In contrast, the
binding energy of *O species keeps linearly enhancing from an
NEE of 0 to 2 e with a slope of —1.75 eV per e (Fig. S2ct), and the
inflection point does not arise until the NEE increases to 2 e
(Fig. S37). As the NEE ranges from 0 to 2 e, the binding energies
of *OH, *0O, and *OOH are strengthened by 1.33 eV, 3.43 eV, and
1.35 eV, respectively. This is further confirmed by local density
of states analysis (Fig. S471).

These adsorption properties can be explained by the octet
rule.*»** According to this rule, *OH and *OOH need to accept 1
e while *O requires to accept 2 e to form eight-electron outer
shells. Therefore, it is comfortable for *OH and *OOH (*O) to
capture electrons when the NEE is less than 1 e (2 e). However,
their capturing abilities will become weak once the eight-
electron outer shells are formed. This explains the occurrence
of inflection points and that the observed slopes become
smaller (close to zero) after the inflection points. In addition,
the slopes of *OH and *OOH in the interval of [0, 1 e]or[1e,2 €]
are nearly the same, whereas the slope of *O in the interval of [0,
2 e] is remarkably larger than that of *OH and *OOH (—1.23 eV
per e and —1.20 eV per e versus —1.75 eV per e). This indicates
that *O has a stronger electron capturing ability compared to
*OH and *OOH. Overall, these results illustrate that the NEE in
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TiO, can essentially determine the binding energies of *OH, *O
and *OOH on TiO,(110).

The slopes of the binding energies of *OH and *OOH as
a function of NEE are nearly the same in the intervals of [0, 1 €]
or [1 e, 2 e]. We thus plot the binding energy of *OOH as
a function of that of *OH. The fitting slope is close to 1 (Fig.-
S2dt), suggesting that they exhibit similar binding properties
for binding with the Ti*® atom. For example, both are chemically
bound with Ti’® atoms via a single Ti-O bond. The obtained
intercept is AGooy — AGon = 3.52 €V (Fig. 1b), which is free
from the influence of NEE. It is worth noting that although the
intercept proposed in prior studies is 3.2 + 0.2 eV,*'*** our
calculations clearly show that the intercept is closely related to
the coverage of *OOH and *OH species. At a moderate coverage,
e.g., 0.5 ML, the intercept is within the range of 3.2 &+ 0.2 eV.
However, with the decrease of coverage, it deviates from this
value and ultimately converges to 3.52 eV (Fig. S5 and Table
Sat).

The intercept AGoon — AGon = 3.52 eV is constant with the
variation of NEE. Therefore, tuning the NEE actually changes
the relative free energy of *O with respect to that of *OH and
*OOH (Fig. 1b). To clarify the effect of excess electrons on the
OER activity of the TiO,(110) surface, we constructed the OER
free energy diagrams at an NEE of 0, 1.08 e, and 2 e, respectively,
as seen in Fig. 2. When the NEE is 0, the reaction is limited by
the oxidation of *OH to *O because of the very weak Ti-O
bonding. At NEE = 2 e, the Ti-O bonding becomes very strong,
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Fig. 2 Free energy diagrams of the OER on the TiO,(110) surface at
potentials of U =0V (blue line) and 1.23 V (red line) vs. RHE with NEE of
(@) O, (b) 1.08 e, and (c) 2 e, respectively.
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leading to the restriction of reaction by the formation of *OOH.
An optimal OER activity of the TiO,(110) surface is achieved at
an NEE of ~1.08 e, where AG, is nearly equal to half of AGpop +
AGog. Significantly, a volcano plot is achieved when the nega-
tive overpotentials (—n) of the OER are depicted as a function of
NEE, and it is nearly identical to the volcano curve achieved
when AGo — AGoy is applied as the descriptor. As clarified
above (Fig. 1a), because NEE essentially governs the binding
energies of OCI, such a descriptor should provide a deeper
insight into the OER activity compared to AGo — AGogn. As can
be seen from Fig. 3, the potential determining step (pds) clearly
changes at NEE = ~1.08 e. When NEE is less/more than 1.08 e,
the pds corresponds to the transformation of *OH to *O/*O to
*OOH, represented by the right/left leg of the volcano curve.
This indicates that tuning of NEE is able to tailor the OER
activity of TiO,(110). We further verify the NEE's effect on the
OER activities of TiO,(100) and TiO,(101), which are the other
two important surfaces of rutile TiO,. The established volcano
curves using the NEE as the descriptor are also nearly identical
to those plotted using AGo — AGoy, which is similar to the case
of TiO,(110) (Fig. S67). All of these results indicate that the OER
activity of TiO, is tailored by tuning NEE.

Guided by this descriptor, we next consider applying a doping
strategy to introduce excess electrons into TiO, for the practical
design of catalysts. V, Nb, Ta, Mo, and W atoms are applied to
substitute the six-coordinated Ti atom in TiO,(110). Compared
to the valence of Ti (+4) in TiO,, the common valence of V, Nb,
and Ta is +5 and that of Mo and W is +6. This suggests that each
substituted V, Nb, or Ta atom should provide an NEE of 1 e and
each Mo or W atom should provide an NEE of 2 e in principle. As
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Fig. 3 OER activities plotted as a function of (a) AGo — AGoy and (b)
negative NEE (—NEE). The points in (a) and (b) with the same color
denote the same set of data.
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Fig. 4

(a) Volcano plot of OER activities of V, Nb, Ta, Mo, and W atom doped TiO,(110). Top views of (b) one and (c) two six-coordinated Ti atoms

on the surface substituted by one dopant and the same two dopants, respectively. Side views of one Ti atom in the (d) second, (e) third, and (f)
fourth layers substituted by a W or Mo atom, respectively. The dopant atoms are marked with blue spheres.

shown in Fig. 4a and b, the OER activities of V, Nb, or Ta atom
doped TiO,(110) lie on the right leg. This is because the NEE
provided by V, Nb, or Ta atoms is less than 1.08 e, corresponding
to the weak Ti-O bonding. By contrast, the OER activities of Mo
or W atom doped TiO,(110) are located on the left leg, which is
attributed to the strong Ti-O bonding, because a Mo or W atom
can provide an NEE of more than 1.08 e. Additionally, we use the
same two dopants to substitute two six-coordinated Ti atoms on
the surface (Fig. 4c). As a result, all the OER activities are located
on the left leg of the volcano curve. This is because two V, Nb, or
Ta atoms can also provide NEE of 2 e, significantly enhancing
the binding energy of *O compared to the cases with one
heteroatom as the dopant. However, for the case of doping with
two Mo or W atoms, the OER activity of TiO,(110) slightly
decreases. This is explained that upon an O atom accommo-
dating 2 e, the additional NEE does not severely affect the
binding energy of *O species, as discussed above (Fig. 1a). All
these results fully support our proposed mechanism.

To further improve the OER activity of TiO,(110), we chose
one Mo or W atom to substitute the Ti atom located at the
second, third, and fourth layers of TiO,(110). The motivation is
based on an assumption that the NEE captured by intermedi-
ates is related to the distance from the active site (surface Ti*°
atom) to the dopant.”****¢ On the surface, due to a short
distance between the dopant and active site, the excess elec-
trons are easily transferred to intermediates.***>* However,
with the increase of distance, the NEE available for intermedi-
ates is speculated to be 26 e (0 = 6 < 1).>>*® In other words, the
OER activity can be tailored via changing the distance between
the dopant and active site. With changing the location of a Mo
or W atom from the surface to the second, third, and fourth
layers of TiO,(110), the OER activities of the resultant surfaces
progressively improved (Fig. 4a and Table S57). In particular,
the surface with a Mo atom doped at the fourth layer of
TiO,(110) exhibits OER activity nearly close to the peak of the
volcano curve with an overpotential of 0.54 V, which is lower
than that of many good catalysts such as Co3;0, (ref. 49) and is

This journal is © The Royal Society of Chemistry 2019

even comparable to that of RuO, and IrO,.>***** Considering
that the Mo dopant is non-precious and resistant to acid
corrosion, this designed catalyst (named Mo@TiO,(110)) could
become a potential alternative to current Ru or Ir based proton
exchange membrane water electrolyzers, the most advanced
device for water splitting.

Similar to TiO,, WO; is another typical reducible metal oxide
and is widely used in chemical sensors.”® We investigate the
variation of OER activity of the WO;3(001) surface by tuning the
NEE from 0 to 2 e. As expected, a volcano curve for WO;(001)
also appears and the optimal activity is achieved at NEE = ~1.16
e (Fig. S71). In addition, we test the influence of excess electrons
on other typical reducible metal oxides, including NiO, ZnO,
and SnO,. The NEE reproduces the volcano curves of NiO(001),
Zn0(1010), and Sn0,(110) plotted using AGo — AGoy (Fig. S87).
These results provide solid evidence that tuning the NEE is able
to tailor the OER activities of reducible metal oxide based
catalysts.

Conclusion

In summary, we investigated the effect of excess electrons on
the OER activities on the surfaces of reducible metal oxides. We
demonstrate that excess electrons are the essential factor gov-
erning the binding energies of OCI on the surfaces of these
metal oxides. When using NEE as a descriptor, it exhibits
a volcano correlation with OER activities of reducible metal
oxides. Moreover, it perfectly reproduces the volcano curve
plotted using the descriptor AGo — AGoy, indicating that NEE is
an essential activity descriptor toward the OER activities of
oxide based catalysts. Guided by this
descriptor, we predict a non-precious catalyst (Mo@TiO,(110))
with an overpotential as low as 0.54 eV, which could thus
become a potential alternative to Ru or Ir based proton
exchange membrane water electrolyzers. Our findings provide

reducible metal

a deep insight into understanding the design of OER catalysts
based on reducible metal oxides.

Chem. Sci,, 2019, 10, 3340-3345 | 3343
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