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Metal oxides have gamered significant attention in the oxygen evolution
reaction (OER), where a distorted MOg octahedral unit has a marked impact
on their performance. This study introduces the distortion coefficient to
quantify the MOg distortion composed of its volume and shape, and reports
the effect of MOg distortion on the activity and stability in rutile metal oxides
for the OER. This provides a fundamental understanding for designing
effective MOg active units for the OER.

Hydrogen (H,) fuel has emerged as a potential solution to the prevailing
energy conundrum.' The H, generation viz water electrolysis is an
exceptionally meritorious and efficient modality;* however, its industrial
application remains limited by the shortage of effective catalysts for the
oxygen evolution reaction (OER).*> Metal oxides have gamered signifi-
cant attention for the OER due to their modifiability and easy
availability, such as nickel,” manganese,’ cobalt,” ruthenium and
iridium oxides.® Nonetheless, with the exception of precious iridium-
based oxides, most of them are largely impeded in industry due to their
undesirable activity or stability, particularly under harsh acidic condi-
tions. It is strongly desired to develop efficient and inexpensive metal
oxide catalysts for the OER.

Metal octahedral units (MOg) are typical active structures that are
preferentially exposed on the surface of metal oxides.” A slight structural
change of the MOg unit (ie., octahedral distortion) has a significant
effect on the OER activity and stability of the corresponding catalysts."
Modifying the MO unit has become an effective strategy for designing
high-performance metal oxide catalysts for the OER, for which various
approaches have been proposed. For instance, the incorporation of Na
and Ho into SrRuO; and Y,RuO; can weaken the octahedral distortion
of the RuOg unit, which in turn enhances the strength of the Ru-O
bond, thus optimizing the adsorption energy of key oxygen-containing
intermediates and facilitating the OER."* The Ru incorporation into the
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SnO, matrix introduces tensile strain in the RuOg unit, which results in
a weakened Ru-O bond, thereby significantly improving the long-term
stability." Similarly, the distortions of CoOg and IrOg octahedrons have
been reported for their effects on the OER."® Obviously, the OER activity
and stability of the MOg active units in metal oxides are usually related
to their distortion degree. Despite these findings, there is no compre-
hensive understanding of the relations between the distortion degree of
the MOs unit and the OER activity or stability. Therefore, one funda-
mental question is necessarily answered: How do different MOg units
distort to influence their OER activity and stability?

Aiming to address the above issue, we selected the representative
non-iridium metal (M = Co, Ni, Ru) sites incorporated in different rutile
metal oxides as the basic research objects, which are generally used as
the active site models for the OER."**** We introduced the distortion
coefficient (D), which is composed of its volume and shape, to quantify
MO distortion and help explore the effect of such distortion on the
OER activity and stability of the MOg unit. Accordingly, we uncovered
the tuning role of the MOs distortion in rutile metal oxides for the OER,
and gave some suggestions for designing effective MOgincorporated
metal oxide catalysts for the OER. This work provides a fundamental
insight into the structural dependence of MOg active units for the OER,
and may facilitate the design of metal oxide catalysts to some extent.

Before exploring the effect of the MOg distortion on the OER, we
constructed a doping model to delineate the varying degrees of the MOg
distortion, as shown in Fig. 1a, in which the metal active sites (M = Co,
Ni, Ru) substitute a five-coordinated metal site on the (110) surface of
some rutile metal oxides (CrO,, MnO,, RhO,, RuO,, Ir0,). These metal
oxides have different lattice sizes: MnO, < CrO, < RhO, < IrO, <
RuO,, which can give rise to diverse modifications in the octahedral
structure of the MO, unit, involving either longitudinal contraction/
extension or volumetric changes. The distortion of the MO octahedron
typically manifests as changes in both volume and shape, as shown in
Fig. 1b. To illustrate the distortion degree of the MOg active unit,
we have introduced a distortion coefficient (D, Fig. 1b), defined as
D=V x ([L). Here, [, and [, represent the average M~O bond lengths
in the polar and equatorial directions, respectively. The ratio of [, and
L (e, LJL) represents the shape of the MOs octahedron. /I < 1
(or > 1) is indicative of a flat (or leptosomic) type of MOs octahedron.
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Fig. 1 (a) Construction of the MOg octahedron by doping M into different
rutile metal oxide (110) surfaces. A, O, M and H represent the adsorbed
oxygen-containing intermediates, oxygen atom, doped metal site and
metal atoms in the host rutile metal oxides, respectively. (b) Scheme of
the illustration of distortion coefficient (D).

V is the volume of the MOg octahedron, given by [(2L)],)/3, which
represents the size of the MOg unit.

Based on the above models, we first explored the electrochemical
stabilities of different MOs units incorporated in different rutile metal
oxides, by calculating the dissolution free energy (AG) at the working
conditions (pH = 0, U= 1.5 V vs. SHE, see the detail in Note S2, ESIT). A
more positive AGy means better stability of the M site. Interestingly,
after scaling AGy with the distortion coefficient (D) of the MO,
octahedron, there are very good linear relationships between D and
AGy for these MOg units (Fig. 2a). This suggests that D could be the
effective indicator for describing the stability of MOs. Specifically, the
incorporation of NiOs and CoO, octahedrons into different rutile metal
oxides results in a significant variation in the value of D, which changes
in a wide range of about 4.745 < D < 6.038 and 4.944 < D < 6.160
(see the blue and orange lines in Fig. 2a), respectively; only as D
increases to a certain extent (> ~ 6.0 for NiOs and CoOg), AG4 becomes
negative, implying the instability of NiOs and CoOs octahedrons. This
illustrates that the structural tunability of the NiOs and CoOg octahe-
drons for stability is considerable, which may be suitably modified to
design more stable Ni-based and Co-based oxide catalysts for the acidic
OER. For RuQgs in different rutile metal oxides, its relationship changes
in a small range of about 5.136 < D < 5.521, implying its limited
structural tunability; at the same time, AGy4 for the RuOg unit is
generally less than zero in this range (see the green line in Fig. 2a),
implying the poor stability of the RuOg active unit in the OER as
reported in the experiment.'® Therefore, it is anticipated that the
modification for the stability of NiOs and CoOs could be relatively
easier compared to that of RuOg.
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Fig. 2 (a) Relationship of the dissolution free energy (AGy) of the metal
site as a function of the distortion coefficient (D) of the MOg octahedron
(M = Co, Ni, Ru). (b) Variation trends of the polar (I, orange) and equatorial
(le, black) M-0O bonds in different MOg octahedrons.
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All these relationships in Fig. 2a have negative slopes, illustrating
that AGy increases with the decrease of D, implying that the small D
could contribute to the electrochemical stability of the MOg unit. To
further understand the origin of the better stabilized MOg with small D,
we performed structural and electronic analysis. Structurally, the
reduction in D of the MOg octahedron significantly extrudes the
equatorial M-O bonds of MOg (L, indicated by black values in
Fig. 2b) and strengthens these equatorial M-O bonds, while the polar
M-O bonds (J, indicated by orange values in Fig. 2b) undergo relatively
small changes. The shorter equatorial M-O bond indicates the stronger
bond strength, resulting in better stability, as shown by the relationship
between AGy and /I, (Fig. S1, ESIT). Consequently, the central M site
can be better stabilized by the equatorial O atoms as MOg has a
relatively small D, inhibiting its dissolution. Combining with the
changes of [, and the lattice parameter of different rutile metal oxide
substrates, we can find that the small lattice parameter, which com-
presses the octahedral structure of MOg in the equatorial direction,
corresponds to the shorter [ (Fig. 2b). Hence, for a given MO,
incorporating it into a rutile metal oxide with a relatively smaller latticc
parameter can stabilize it in the OER. Furthermore, the charge density
difference (CDD) analysis of CoOg, NiOg and RuOs units incorporatecl
in different metal oxides was carried out. As shown in Fig. S2 (ESTt), it
can be found that there are good linear relationships between AG4 and
electron transfer (Ag) from the metal center to the surrounding O atoms
within the MOg unit; their positive slopes show that with the increase of
Aq, which strengthens the M-O bond in MOg, AG4 becomes more
positive, thus improving the stability of MOg with relatively small D.

In addition to the stability of the MOy unit, its catalytic activity
stands as a pivotal determinant in its suitability in the OER. Here, we:
first calculated the adsorption free energies (Gj) of key oxygen-
containing intermediates (*OH, *O and *OOH) involved in the OER
by using the computational hydrogen electrode method™® (see the
detailed calculation method in Note S3, ESIt), and examined the
change trend of the theoretical overpotential 7. As a consequence of
the distortion of MOg upon incorporation into different rutile metal
oxides, we can find a deviation from the dependence with a smaller
slope of 0.85 (Groow = 0.85Gpom + 3.06, B = 0.95) compared to the
universal scaling relation of Gjxoon) = Gpom + (3.2 £ 0.2) observed in
standard MO, in rutile or perovskite oxides' (Fig. 3a). This indicates
that the scaling limitation for the standard MOg octahedron on rutile
metal oxides has been broken through. Based on this scaling relation-
ship between Gpory and Gpoowy, @ universal 3D volcanic map was
constructed to describe the OER activity of these MOg units incorpo-
rated in different rutile metal oxides (Fig. 3b).

The 3D activity map in Fig. 3b shows that for each MOg unit, 7 can
gradually approach the optimum region in a certain pattern. To further
understand the specific effect of the MOg distortion on the OER activity,
we proceeded to fit the relationship between the overpotential # and D.
For all CoOs, NiOg and RuOs units, there are poor relationships
between # and D (see Fig. S3a, ESIt). According to the definition of
D= (Ip/le) x V, we further scaled the relationships of # as a function of
volume (V) and shape coefficient (7,/l), respectively. The distribution of
7 as a function of V remains relatively chaotic (Fig. S3b, ESIt), and the
unique relationships between them have a relatively low R Interest-
ingly, there are very good linear relationships between # and I/l for
Co0g, NiOg and RuOg units, as illustrated in Fig. 4a. This implies that in
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(a) Scaling relationship between Gi«oon) and Giony on MOg incorporated in different rutile metal oxides (black dashed line), and the universal

relationship between G«oon and Gpopy observed in standard MOg of rutile or perovskite metal oxides (blue line). (b) 3D volcanic map of theoretical
overpotential n for MOg in different rutile metal oxides as a function of Gpo)—Gpron and Gpopy, in Which the blue, red and purple points represent CoOg,
NiOg and RuOg units, respectively. The discussion for the boundary between the four rate-determining steps can be seen in Fig. S4 (ESI}), and the

detailed overpotentials (y) are listed in Table S3 (ESIt).

the MO distortion, the shape of MOg (flat or leptosomic) could
be the predominant factor influencing its OER activity.

The positive slopes of their relationships in Fig. 4a illustrate that
1 generally decreases as [/l. decreases, meaning that the small L/L, (Le.,
the fat MOg unit) could be more favourable for the OER. The slopes (&)
of the relationships for the MO units decrease in the following order:
RuOg( = 12.56) > CoOg(ot = 5.79) > NiOg(ex = 2.60). A larger ¢ means
that the shape of the MOg unit has a better sensitivity to the over-
potential 4 (Ze., OER activity). The slopes of the relationships for RuOs
and CoOg units are much larger than that for the NiOg unit, implying
their greater shape sensitivities to # compared with the NiOg unit,
especially the CoOs unit. In addition, the intercepts (f) of the relation-
ships for 5, which illustrate the intrinsic activity of the MO, unit for the
OER, decrease with the order: NiOg(f = —1.56) > CoOg(ff = —5.02) >
RuO4(ff = —11.32). A lower f§ means a better intrinsic activity. Thus, the
RuOg unit possesses the best intrinsic OER activity, and is widely
demonstrated and used in experiments; the intrinsic OER activity for
the NiOg unit is the worst. Therefore, the activity regulatory effect of the
RuO, (or NiOg) unit for the OER is the greatest (or worst).

Specifically, as demonstrated by the activity map in Fig. 3b, NiOg
units incorporated into different rutile metal oxides are distant from the
optimal range, indicating the relatively poor activity in these rutile metal
oxides. For RuQ,, although the RuOg unit has the optimal activity
sensitivity (Ze., larger o) and the best intrinsic activity (ie., lowest f), its
incorporation into these rutile metal oxides has a relatively small
distortion degree compared with NiOg or CoOs units, thus leading to
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Fig. 4 (a) Relationships of the overpotential  as a function of [/l of the
MOg octahedron (M = Co, Ni, Ru). (b) Overpotential 5 for the OER of CoOg
with different ligand heteroatoms (C, N, S, Se) incorporated.
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the relatively small change of the overpotential # for the OER. Hence,
rutile metal oxides may not be suitable as a substrate for modifying
RuOs, unless metal oxides that differ greatly from RuO, lattice size are
used. The CoOg unit can locate near the optimum range (Fig. 3b), and
CoOg cooperated in IrO, or RuO, can reach an overpotential 7 as low as
0.44 V and 0.39 V, respectively. This illustrates the excellent structural
tunability of CoOs for activity, which could be a more viable option for
the OER.

Scaling the adsorption free energies of *OH, *O and *OOH on these
MOs units incorporated in different rutile metal oxides with /L, as
shown in Fig. S5 (ESIt), we can find that the decrease of [/l leads to the
strengthened adsorption of the intermediates *O, *OH and *OOH to
different extents. For CoOs and NiOg, the promotion of *O adsorption is
greater, contributing to the rate-determining *OH — *O step and thus
facilitating the OER. For RuQg, decreasing /I, changes *OOH more
visibly compared to *O, thereby promoting the rate-determining *O —
*OOH step and facilitating the OER. In general, the OER activity of the
MO unit incorporated in rutile metal oxide is inversely proportional to
its shape (ie., I/l). Decreasing the M-O bond lengths in the polar
direction (f,) or increasing the M-O bond lengths in the equatorial
direction () can effectively improve the OER activity of the corres-
ponding MOg unit in rutile metal oxide.

In terms of structure, the polar M-O bond (Z;) of the MO unit is
directly related to the interaction of the O-containing intermediate on
the M site, and the shorter [, means stronger adsorption strength of the
intermediate in the polar direction. In addition, according to the bond
order conservation principles, the longer L (ie., the weaker equatorial
M-O bond) can also strengthen the adsorption in the polar direction on
the M site.*® Therefore, decreasing ,/l. can enhance the adsorption of
the O-containing intermediate, facilitating the OER on the MOg unit
incorporated in rutile metal oxide.

Based on the above analysis of the distortion of MOg in terms of
stability and OER activity, we can obtain the tuning rule of the MOg
active unit incorporated in rutile metal oxides for the OER. The M-O
bond length (ie., strength) in MOg plays a key role in its stability and
OER activity. A reduction in the M-O bond strength of MO, especially
the equatorial one, results in enhanced stability. However, for the OER
activity, the fat MOg (ie., a lower [/L) could be favourable, in which a
longer [, or shorter [, is required. In general, controlling the MO active
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unit with a relatively short £ (Ze., strong equatorial M-O bond) and low
I/l value at the same time could be effective for designing a MO, unit
in rutile metal oxide for the OER, which can simultaneously maintain
the high activity and stability. The above analysis of the change trends
of M-O bonds in MOg shows that MO, incorporated in different rutile
metal oxides primarily mainly affects the changes in the equatorial
M-O bonds, with a comparatively minor impact from changes in the
polar M-O bond. The change trends of the equatorial M~O bond
strength and /I, of MOs in rutile metal oxides could be consistent. In
other words, to achieve the good stability of MO, the short Z, Ze., strong
equatorial MO bond, is required, but this may mean a large 1/, value,
which is detrimental to the OER activity. Therefore, breaking this
inherent distortion limitation of MOg for stability and activity is
necessary for designing rutile metal oxide catalysts for the OER.

According to the above discussion, for the stable MOg in rutile metal
oxides, which has a strong equatorial M-O bond, the directional
enhancement of the polar M~O bond could be effective in improving
its OER activity. The CoOg unit has excellent structural tunability for
OER activity and good stability as discussed above, and MnO, as a
substrate has been widely used in the OER due to its superior stability
and low cost.”® Accordingly, the CoOg unit incorporated into MnO,,
which has superior stability in the OER (AGy = 2.29 eV), was chosen as
the basic object to verify this idea. Here, the oriented doping engineer-
ing was adopted to directly modify the polar Co-O bond strength in
CoQs, in which several ligand heteroatoms (eg, C, N, S, Se) were
introduced into the polar O position (Fig. 4b). One can see that the Se
incorporation into CoOs units in MnO, can achieve a low overpotential
1 of 0.60 V compared with the original # = 0.78 V of the pure CoOj in
MnO,. Compared with the O and S atoms, the introduction of the Se
atom results in more overlap between the Co 3d of the Co site and O 2p
orbitals of O-containing species adsorbed on the Co site, significantly
promoting the key *O adsorption and thereby facilitating the OER
(see the detailed discussion in Fig. S6 and S7, ESIt). This result verifies
the feasibility of our strategy, which may be worth experimenting with
in the future.

In summary, this work investigated the effect of the distortion of
MOs octahedrons in rutile metal oxide, which generally involves the
change in volume and shape of the MOg unit, on the activity and
stability for the OER through the introduction of a distortion coefficient
(D). The results show that the M-O bond length (ie., strength) and
shape of MO are the key factors in the stability and OER activity. The
shorter M-O bond of MOg, especially the equatorial one, promotes its
stability due to more electron transfer between the M center and the
adjacent O atoms, which strengthens the M-O bond and thus stabilizes
the M center. The MOg unit with a fat shape (i.e., small [/l value) has a
higher OER activity. However, the short /, of MO, with superior stability
generally results in a large /I, value, which is not conducive to the OER
activity. It is therefore evident that breaking this cooperative limitation
resulting from the structural distortion of the MOg unit in rutile metal
oxides on the stability and activity is necessary. Accordingly, the oriented
doping engineering was proposed to modify the MOg unit, directing the
proposal of a cost-effective Se-doped CoOs unit incorporated into MnO,
for the OER. This work provides a fundamental understanding
of the effect of the MOg octahedral distortion on the activity and
stability in the OER, promoting the rational design of metal oxide

catalysts.
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