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1. Introduction

Producing indispensable hydrogen and oxygen for social development via

water electrolysis shows more prospects than other technologies. Although
electrocatalysts have been explored for centuries, a universal activity
descriptor for both hydrogen-evolution reaction (HER) and oxygen-evolution
reaction (OER) is not yet developed. Moreover, a unifying concept is not yet
established to simultaneously understand HER/OER mechanisms. Here, the
relationships between HER/OER activities in three common electrolytes and
over ten representative material properties on 12 3d-metal-based model
oxides are rationally bridged through statistical methodologies. The orbital
charge-transfer energy (A) can serve as an ideal universal descriptor, where a
neither too large nor too small A (=1 eV) with optimal electron-cloud density
around Fermi level affords the best activities, fulfilling Sabatier’s principle.
Systematic experiments and computations unravel that pristine oxide with A
~ 1 eV possesses metal-like high-valence configurations and active
lattice-oxygen sites to help adsorb key protons in HER and induce
lattice-oxygen participation in the OER, respectively. After reactions, partially
generated metals in the HER and high-valence hydroxides in the OER
dominate proton adsorption and couple with pristine lattice-oxygen activation,
respectively. These can be successfully rationalized by the unifying orbital
charge-transfer theory. This work provides the foundation of rational material
design and mechanism understanding for many potential applications.

Hydrogen and oxygen play vital roles in cur-
rent life, production, medicine, aerospace,
and the net-zero plan.?! Besides indis-
pensable oxygen, the International Energy
Agency and Hydrogen Council predict that
global hydrogen demand will exceed 500
MtBl and create ~USD 3 trillion revenues
via hydrogen-value chains in 2050.*] Ef:
ficient production of hydrogen and oxy-
gen thus becomes one of the important
cornerstones for sustainable development.
Owing to the high maturity and low cost
(only ~1-2 USD kg™! H,), ~95% of cur-
rent hydrogen is produced from the reform-
ing or gasification of nonrenewable fossil
fuels,>] namely the traditional “grey hydro-
gen” mode. However, impure “grey hydro-
gen” requires further complex purification
for use, and 1 kg produced “grey hydro-
gen” generates ~10 kg CO, emissions.[®!
Oxygen is usually produced via the sep-
aration of liquid air. Although this tech-
nology shows advantages of high oxy-
gen output and abundant air resources,
complicated large facilities for cooling,
purification, compression, and distillation are required.”] More-
over, the above two technologies can only produce hydrogen or
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oxygen. Utilizing electricity transformed from renewable solar,
wind, and hydro power as input, water electrolysis can simultane-
ously produce high-purity hydrogen and oxygen with the merits
of abundant resources, simple processes, zero-carbon emissions,
and environmental friendliness,®! which is also called “green hy-
drogen” production. Due to the above features, “green hydro-
gen” is estimated to replace ~#30% of “grey hydrogen” in 2030;*)
whereas, the current production cost of “green hydrogen” is still
~4-5 times that of “grey hydrogen,”l>] where electricity consumes
the major cost.®l As an important way to lower the cost, ef-
fectively screening and developing efficient electrocatalysts for
hydrogen-evolving reaction (HER) and oxygen-evolving reaction
(OER) have been the main focus during the past hundred years
of fundamental research and commercialization.l°!

Material activity descriptors establish the relationships be-
tween catalyst physicochemical properties and their perfor-
mance, which can effectively save time and cost to facilitate the
design and development of efficient electrocatalysts for “green
hydrogen” production. During the past decades, numerous ex-
perimental and computational activity descriptors have been
successfully explored. For OER activity descriptors, adsorption
strength of oxygen species,"”! orbital e, occupancy,!'!! O 2p band
center,'? charge-transfer energy (A),['*! outer electrons,™ co-
ordination number,[®! bond strength,['®) formation energy,!'’!
enthalpy,'8l Curie/Néel temperature,’! electrochemical redox
potential,[?° and electrochemical-step symmetry index!?!l have
been developed. In terms of HER activity descriptors, proton
adsorption strength,/?2l d band center,[?}! valence state,?*] ionic
electronegativity,[?°! strain,?°l and tolerance factor!?’! have been
reported. Although great advancements have been made, a uni-
versal activity descriptor for both HER and OER in different elec-
trolytes has not yet been extracted from the material multiple fea-
tures (Figure 1a). Further, scientific and precise analysis tools are
still lacking to rationally evaluate the property—activity relation-
ships and the independence and controllability of potential de-
scriptors. Once such universal activity descriptors with fine in-
dependence and controllability are found, considerable time and
cost from trials and errors in electrocatalyst development will be
saved for basic research and commercialization, which still re-
mains an extremely challenging but meaningful scientific issue.

The successful establishment of universal activity descriptors
will promote the effective screening and design of material pris-
tine states, while insights into the catalysis mechanisms before
and after reactions are also important to understand the under-
lying roles of activity descriptors. After decades of efforts, the
HER/OER mechanisms have been well established®?) and the
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focus has shifted from the initial catalysis mechanisms to acti-
vated catalysis processes.**l For example, electrocatalysts may be
partially reduced into metals after HERI*'*2] and oxidized into hy-
droxides after OERP*1*3] (Figure 1b). Actually, the activated catal-
ysis processes strongly rely on material initial states, where the
different properties of pristine material can reach to different ac-
tive sites and catalysis mechanisms after reactions(**! (Figure 1b).
Therefore, mechanism investigations based on properties of pris-
tine material and activated states are both critical. However, to
date, a unifying theory has not been found or established to si-
multaneously and rationally describe the HER/OER mechanisms
before and after reactions. If successful, such a unifying theory
will serve as the powerful mechanism analysis tool and founda-
tion.

To solve the above two important issues, we choose 12 3d
transition-metal-based (Mn, Fe, Co, Ni) perovskite oxides with
high physicochemical property degrees of freedom!/®! as the
model system (Figure la), namely ABO,_, (A = La and Sr,
B = pure Mn, Fe, Co, or Ni). Utilizing the powerful signifi-
cance analysis and regression analysis, we precisely evaluate the
correlations between the HER/OER performance in three com-
mon electrolytes (1 m KOH, 1 M KPi, and 6 m KOH) and 13
representative catalyst properties (macroscopic physiochemical,
molecular-level structural, and electronic structural features) on
the model oxides for the first time. The independence and con-
trollability of potential descriptors are further compared by the
correlation analysis, ultimately identifying the main and sec-
ondary universal activity descriptors. Specifically, orbital A de-
termined by both metal 3d and O 2p orbitals can be the main
ideal universal descriptor. When material A is too negative, the
mixing of occupied and unoccupied metal 3d-O 2p orbitals at
Fermi level (E;) is excessive, leading to unstable O 2p holes
and inferior activities. As material A is too large, the electron
cloud density of occupied and unoccupied metal 3d—O 2p orbitals
around E; is low, resulting in few active orbitals and poor activ-
ities as well. With a neither too large nor too small A (=1 eV),
such oxides exhibit the optimum catalytic activities, following
the Sabatier’s principle. Further systematic mechanism experi-
ments, spectral characterizations, and first-principle calculations
reveal that the metal-like (refer to small bandgap here) high-
valence configurations and relatively high electron cloud den-
sity of O 2p orbitals around E; on pristine oxide with A =
1 eV can enhance the key proton-adsorption steps in HER and
the lattice-oxygen participation in OER, respectively. After re-
ductive HER and oxidative OER, initial metal-like sites are re-
placed by partially formed metals to further optimize the pro-
ton adsorption, while the generated high-valence hydroxides cou-
ple with pristine lattice-oxygen activation. Noteworthily, the or-
bital charge-transfer theory can well demonstrate all these find-
ings, endowing it as the unifying mechanism analysis tool and
foundation. Under near-industrial conditions, the obtained ox-
ide with A ~ 1 eV even shows a much superior price activ-
ity than the state-of-the-art noble-metal benchmarks in the an-
ion exchange membrane electrolyzer (AEME). To the best of our
knowledge, this is the first time to successfully identify a uni-
versal activity descriptor and a unifying mechanism concept for
“green hydrogen” production, which will pave the way for ratio-
nal material design and mechanism insights in many potential

fields.
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Figure 1. a,b) Schematic diagrams: a) identifying a universal activity descriptor from various material macroscopic physiochemical, molecular-level
structural, and electronic structural properties and b) for finding a unifying mechanism concept for HER/OER before and after reactions on 3d transition-
metal-based (Mn, Fe, Co, and Ni) perovskite oxides in multiple electrolytes for “green hydrogen” production.

2. Results and Discussion

With flexible element choice, abundant physicochemical prop-
erties, and facile synthesis processes, perovskite oxides (ABO;,
A = alkaline-earth/rare-earth cations and B = transition-metal
ions) have been pushed to the forefront of “green hydrogen”
production during the past decades!*>3®! (Figure 1a). To iden-
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tify a universal activity descriptor from materials’ numerous
features, we selected perovskite oxide as the model system.
As shown in Figure 1a, the studied representative physico-
chemical properties in our work can be divided into three
categories, including macroscopic physiochemical properties
(i-e., hydrophilicity, aerophobicity, and conductivity), molecular-
level structural properties (i.e., bond length, cell volume, and
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strain), and electronic structural properties (i.e., valence state,
charge-transfer energy, O 2p band center, and orbital bandgap).
Considering that cost-effective 3d transition-metal-based cat-
alysts are promising to replace precious-metal-based bench-
marks in non-acidic water electrolysis,?®! we synthesized 12
La,Sr;_ ,MO;_, (M = pure Mn, Fe, Co or N; y = 1, 0.75,
and 0.5) perovskite oxides via the traditional sol-gel method
for HER/OER investigations in 1 m KOH, 1 M KPi, and 6 M
KOH (Figure 1la). The property—activity relationships and the
independence and controllability of potential universal descrip-
tors will be rationally demonstrated by the powerful statistical
analysis. Further, to find or establish a unifying mechanism
concept for HER/OER before and after reactions (Figure 1b),
systematic mechanism experiments, spectral characterizations,
and density functional theory (DFT) calculations will be con-
ducted.

2.1. Macroscopic Physiochemical Properties

Material macroscopic physiochemical features such as hy-
drophilicity, aerophobicity, and conductivity may exert some roles
in water electrolysis. Therefore, we first studied the correlations
between material macroscopic physiochemical properties and
their HER/OER performance in widely used 1 m KOH. To ex-
clude the effects of material surface areas and correlate well with
the literatures,!''22°] we compared the intrinsic HER/OER ac-
tivities normalized to the surface areas of model oxides, which
were measured by the Brunauer—-Emmett-Teller (BET) method
(Tables S1-S3, Supporting Information). According to the re-
ported comparison criterion!12] and the intrinsic HER/OER
current densities of our model oxides, we chose the OER over-
potentials at 200 yA cm~2 ;. and the HER overpotentials at
—200 pA cm=2 4. for comparison. In addition, to rationally
and precisely analyze the property—activity relationships, we ap-
plied the methodologies of significance analysisl®’! and regres-
sion analysis,[®®] where the degree of correlation between prop-
erties and activities could be quantified by the obtained p value.
If the p value was < 0.05, the property—activity relationship was
significant; when the p value was between 0.05 and 0.1, the cor-
relation was slightly significant; and if the p value was >0.1, the
relevance was insignificant. When the analyzed property—activity
relationship was significant (p value < 0.05), we could utilize
regression analysis to further obtain the detailed relation equa-
tion.

We obtained the solid-liquid contact angle by dropping the
liquid on the electrode films (Figure S1, Supporting Informa-
tion). When the solid-liquid contact angle was smaller than
90°, the catalyst surface showed hydrophilicity, while it was
larger than 90° for the hydrophobic surface (Figure 2a).**!
The solid-liquid contact angles of our model oxides were all
larger than 90°, implying their hydrophobic features (Figure
S1 and Table S4, Supporting Information). After analyzing the
significance between solid-liquid contact angle and intrinsic
HER/OER activities (Figure 2b,c; Table S5, Supporting Infor-
mation), we found that the relationship between solid-liquid
contact angle and intrinsic HER activities was slightly signif-
icant (p value < 0.1), while that for intrinsic OER activities
was not significant (p value > 0.1). This means material solid—
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liquid contact angle cannot serve as the universal activity descrip-
tor.

By extracting the solid—gas (H, or O,) contact angle from the
electrode films that react during HER or OER (Figures S2 and
S3 and Table S4, Supporting Information), we can compare the
aerophobicity of the model system, where aerophobicity exhibits
a solid—gas contact angle of >90° while aerophilicity shows a
solid—gas contact angle of <90° (Figure 2d).*! As displayed in
Figures S2 and S3 and Table S4, Supporting Information, the
model oxides all show aerophobicity to H, and aerophilicity to
O,. Noteworthily, the relationships between solid-H,/O, con-
tact angles (x) and intrinsic HER/OER activities (y) are both sig-
nificant with p values of <0.05 (Figure 2e,f; Table S5, Support-
ing Information). Through further regression analysis, the de-
tailed relation equations of y = —12.029x + 1580.587 and y =
—5.572x + 775.900 are obtained for the solid-H, contact angle
vs intrinsic HER activities and the solid—O, contact angle vs in-
trinsic OER activities, respectively. This indicates that with an
enlarged solid—gas contact angle (namely enhanced aerophobic-
ity), the HER and OER activities both improve accordingly, which
can be attributed to the timely releasing of gas products with-
out covering material active surfaces. Therefore, material solid—
gas contact angle can be a potential universal activity descrip-
tor. Evaluations of the independence and controllability of po-
tential universal activity descriptors will be further discussed be-
low.

For material conductivity (Figure 2g), we first measured ma-
terial electrical conductivity by using a four-probe method. We
then found that the relationships between this parameter and in-
trinsic HER/OER activities were not significant with p values of
>0.1 (Figure S4, Tables S4 and S5, Supporting Information). It
is worth noting that for the same 3d-metal-based oxides, the ac-
tivities are enhanced with improved material electrical conduc-
tivity. To further compare the electron transport during HER and
OER, we measured the electrochemical impedance spectroscopy
(EIS) for the model system, where the polarization resistance
(R,) was widely used to reflect the catalysis resistance!*>*!) (Table
S4, Supporting Information). Similarly, for oxides with the same
3d metal, the activities were also improved with decreasing R,
values (Figure 2h,i). Statistical analysis shows that the relation-
ship between HER R, (x) and intrinsic HER activity (y) is signif-
icant (p value < 0.05) with a regression equation of y = 0.852x
+ 301.349, while that for OER is not significant with a p value
of >0.1 (Figure 2h,i; Table S5, Supporting Information). These
findings exclude the possibilities of both material electrical con-
ductivity and electron transport during reactions as the universal
activity descriptors. However, for oxides with the same 3d ele-
ment, two parameters can be applied for semiempirical compar-
isons.

2.2. Molecular-Level Structural Properties

As the next step, we studied the correlations between mate-
rial molecular-level structural features (i.e., bond length, cell
volume, and strain) and intrinsic HER/OER activities. To ac-
quire the information of average 3d—O bond length and struc-
tural cell volume, we performed the structural refinement for
the X-ray diffraction (XRD) patterns of all the samples (Figure
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Figure 2. Relationships between material macroscopic physiochemical properties and intrinsic HER/OER activities using linear regression (sample size
n = 12). a—c) Correlations between solid—-liquid contact angle and intrinsic HER/OER activities (p value < 0.1 for HER and p value > 0.1 for OER).
d-f) Relevance between solid—gas contact angle and intrinsic HER/OER activities (p values < 0.05). g—i) Relationships between conductivity and intrinsic
HER/OER activities (p value < 0.05 for HER and p value > 0.1 for OER). The p-values are calculated using one-way ANOVA.

S5 and Table S6, Supporting Information). The fine XRD re-
finement results can provide details on average 3d—O bond
length and structural cell volume (Table S7, Supporting In-
formation). As illustrated in Table S5, Supporting Informa-
tion; Figure 3a—f, significance analysis shows that only the re-
lationship between bond length and intrinsic HER activity is
slightly significant (p value < 0.1); the other correlations are
not significant (p values > 0.1). To acquire the strain compo-
nent (Figure 3g), Williamson—Hall analysis was conducted on
the XRD patterns of the model system. Williamson—Hall anal-
ysis follows the equation of 4esinf = fcos® — ki/D to de-
termine the strain component (¢), where k is constant (0.94)
and 0, f, 4, and D represent the diffraction degree, peak
width at half-maximum intensity, wavelength, and particle size,
respectively.*>#] Through the slope values from the curves of
pcos vs 4sind, the strain component e can be obtained (Table
S7, Supporting Information). Subsequent significance analysis
reveals that both the relationships between the strain compo-
nent and intrinsic HER/OER activities are not significant with
p values of >0.1 (Table S5, Supporting Information; Figure 3h,i).
The above findings imply that structural bond length, cell vol-
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ume, and strain are all unable to be the universal activity
descriptors.

2.3. Electronic Structural Properties

Then, we investigated the underlying relationships between
material electronic structural properties and their intrinsic
HER/OER activities. Representative material electronic struc-
tural features such as 3d metal valence state, orbital charge-
transfer energy, O 2p band center, and bandgap are generally
used to demonstrate material activity origins, where we further
evaluate their potentials to become the universal activity descrip-
tors.

The valence state of 3d metal elements (Figure 4a) plays an
important role in the reductive and oxidative reactions. To accu-
rately acquire material valence state, the X-ray absorption near-
edge structure (XANES) spectra at the 3d-K edges are usually ap-
plied for analysis.[**] The energy positions at normalized ab-
sorption of ~0.7-0.8 on 3d-K XANES spectra are widely used to
determine the 3d metal valence states.[**7] Specifically, a shift of

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

85UB017 SUOLULIOD A ERID 3 |edtidde au Aq peuob 818 D1 VO (88N JO S3INJ 10} ARIQIT BUIIUO 4811/ UO (SUORIPUOD-PUE-SLULBILIOD" A3 1M ARR1q 1 BU1UO//SANY) SUORIPUOD PUe SW L 33 39S *[9202/60/50] U0 ARigiT8uliuo A)IM AsAIIN d1uYdRIAlod Buo BUOH &y L AQ 72050£202 BLUPE/Z00T OT/I0P/W00"A8 I ARe.d)1BU 1 JUO"PROURAe//SA1Y W01} POPeOjumMOa ‘v ‘€202 ‘GB0rTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com www.advmat.de
Molecular-level structural properties
a d g
R — e
Bond length Cell volume Strain
b e h
600 @ La, 1, MnO,, 6004 @ LaySroMnO,, 6004 1 MHER R La 58T sMNnO;. @
’ @200 pA M2y, i
—~5004 @ LaMnO,, Ly 15510 2:NiOs, 500 La 16570 20NiOs LaMnO,, @ 5004 LaFeO. LaMnO,
E Lag75STo25F€0s  LaFe0,, o E Lag 75570 25F €05« .Lafeo3é o E Lag 75570 2sNiO3 . @) )" Lao7sSrosFeO;,
= A i i B9.75°70.2sMNO3.¢ ~ | Lay 5Sry sFe0;.,
5 400120557570, @ L8y 5SrosNiOs . 5 400 Da St _Fe0. La0sSrosNiOy, ® 5 400 LagsStoNiOs, @
b= Lag7sSTozsMnOs, i SRR T Lag 7557 2sMnO.
% 300 LaCo0,, @ % 300 LaCoOs, @ ;g 3001 @ LaCoO,,
s L. S CoO. 5 £
o i 9.75570.25C003.¢ [ al L2 7557025C005 5] | Lag 125ty ,5C00,,  LaNiO
5200 Mgy 6200 @ La; 7557,5C00; 5200 @ L2 75510,5C00s,, ®
LaNiO,
100 1M HER 1004 1M HER > 100
iSE R La, 5Sr,5sC00, St
@ L2, .Sr,,Co0,, @ 200 jA ey, . @ L2, Sr,5Co0;, @-200 4A cmZ,y, Lag 587y 5C00, @
192 194 196 198 200 2.02 50 100 150 200 250 300 350 400 -0.001 0.000 0.001 0.002 0.003
Bond length (A) Cell volume (A3) Strain
C &0 - f 650 I 650 =
‘ A 1M OER 1M OER y I 1M OER I -
600 ) PO @ 200 uA omZi, 600 @ 200 pA cm, LatnO,. @ 6001 @ 200 pA emZ, -2MNO ? L2957 sMOs
%‘550- o I gsso- @ L2517, MnO;, ‘\ %550- .\ O
=500 LagsSrasMno,, y =500 \ = 5004 ‘
g 500 L2 7557 2sMNOy, 18075870 25NiOg.. §500 Lag 7Sy 5eMNO. 5 o500 Lag 7S, J_, MnO.
5 450 o 5 450 Lag 75570.2sNiO; @ S 450 Lay 7557 25NiO3., @
2 g I3 LaFeO,,
54004 LaNiOy, _Lacoo, LaFeOy, 54004  LagssSroasFeOs, @ LaFeO,, % 400+ Lag 581 sNiO; L 75570 25F€05
o 400 ® aCoO, B o 5 % ] 400 2075570 25F €05 LaCo303 . ] 400 PR 5,557, 5N .. a)fa/Nw(;w 5¢
© 350 o LagSrsNio O 350] §LronS02C00: LagSroeNiOs,  Lani, © 350 @ L257557,,:C00;,
2755702500 @)L 57 sFe0s e Lay sSro sFe0s = Lay 451, Fe0;, @
3004 @La,.Sr,:Co0,, 300 @ LasSrpsCo0s, 300 Lag 58705C00;. @
192 194 196 198 200 202 50 100 150 200 250 300 350 400 20001 0000 0001 0002  0.003
Bond length (A) Cell volume (A%) Strain

Figure 3. Relationships between material molecular-level structural properties and intrinsic HER/OER activities using linear regression (sample size n =
12). a—c) Correlations between bond length and intrinsic HER/OER activities (p value < 0.1 for HER and p value > 0.1 for OER). d—f) Relevance between
cell volume and intrinsic HER/OER activities (p values > 0.1). g—i) Relationships between strain and intrinsic HER/OER activities (p values > 0.1). The

p-values are calculated using one-way ANOVA.

the energy position at normalized absorption of ~0.7-0.8 on 3d-K
XANES spectra to the higher energies indicates an increase in the
3d metal valence, where the detailed valence state can be identi-
fied by linear interpolation with the standards.[***’] The physical
origin of this method lies in that the energy position of the white
line is strongly affected by material crystal structure (not valence-
sensitive region) during the 1s—4p transition, while the energy
positions at the low normalized absorptions of <0.7 are greatly
dominated by the intersite screening effects and quadrupole tran-
sition (also not valence-sensitive regions).*!] Therefore, the nor-
malized absorption of 0.7-0.8 on 3d-K XANES spectra is ratio-
nally chosen for the valence analysis.[**]

Moreover, to experimentally demonstrate the plausibility of
this method, we measured the Co-K XANES spectra of vari-
ous single crystals with pure Co?*, Co**, or Co** states.[*4*]
Their Co-K XANES spectra revealed that the energy positions
at normalized absorption of ~0.7-0.8 for the standards with the
same Co valence were consistent, while those at normalized
absorption below 0.7 for the standards with the same Co va-
lence were different (Figure S6, Supporting Information), which
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means the inter-site screening effects and quadrupole transi-
tion (not valence state) dominate at normalized absorptions of
<0.7. Here, the detailed valence states of our model system
were obtained via the linear interpolation with the standards
(Figures S7-S10 and Table S8, Supporting Information) in line
with many literatures.[*~*8] Material surface valence state could
be analyzed by 3d-L X-ray absorption spectroscopy (XAS) mea-
sured in the surface-sensitive total electron yield (TEY) mode,
where the center of spectral weight of the L-edge peak moves
to higher energy positions with the increasing 3d metal va-
lence statel*#°>1 (see standards in Figures S11-S14, Support-
ing Information). By combining the 3d-L XAS spectra of stan-
dards, we verified the consistent tendency of valence informa-
tion on the model system extracted from 3d-L XAS and 3d-
K XANES spectra (Figures S11-S14, Supporting Information).
As presented in Table S5, Supporting Information; Figure 4b,c,
the relationships between valence state and intrinsic HER/OER
activities are not significant (p values > 0.1), ruling out the
potential of material valence to become the universal activity
descriptor.
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Figure 4. Relationships between material electronic structural properties and intrinsic HER/OER activities using linear regression (sample size n = 12).
a—c) Correlations between valence state and intrinsic HER/OER activities (p values > 0.1). d—f) Relevance between charge-transfer energy and intrinsic
HER/OER activities (p values < 0.05). g—i) Relationships between the O 2p band center and intrinsic HER/OER activities (p value < 0.1 for HER and p
value < 0.05 for OER). j-I) Correlations between the conduction bandgap and intrinsic HER/OER activities (p values > 0.1). The p-values are calculated

using one-way ANOVA.

Charge-transfer energy A is defined as the energy difference
between the orbital centers of O 2p orbital and unoccupied metal
3d orbitall®>*3] (Figure 4d). This parameter simultaneously asso-
ciates with the occupied and unoccupied non-metal and metal
orbitals, which was assigned to the OER descriptor.'}] According
to the previous studies in physics,[*>**! for the same 3d-metal-
based oxides (namely the same Fe- or Mn- or Co- or Ni-based
materials), the correlation between A value and 3d metal valence
follows a linear relation, namely, the A value reduces with the
increasing 3d metal valence. For different 3d elements with the
same valence state, the A value reduces from Mn"* to Fe"*, Co"*,
and further to Ni"*.1°2>3 Thus, we can achieve the charge-transfer
energy of the model system through this linear relationship us-
ing standards!*°253] (Figures S15-S18, Table S8, Supporting In-
formation; Figure 4e,f). As expected, significance analysis ver-
ifies that the correlation between material A (x) and intrinsic
OER activity (y) is significant (p value < 0.05) in line with the
literatures,[>°*] where the relation equation is y = 64.543x +
292.596 (Table S5, Supporting Information; Figure 4f). Note-
worthily, the relationship between material A (x) and intrinsic
HER activity (y) is also significant (p value < 0.05) with a re-
gression equation of y = 120.374x + 120.910 (Table S5, Support-
ing Information; Figure 4e). These findings indicate that charge-
transfer energy A can be reasonably used as a potential universal
activity descriptor. The phenomenon of the improved catalytic ac-
tivities of materials with the decreasing A values can be ascribed
to the shortened orbital bandgap, more active orbitals, and higher
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electron cloud density around E; (all induced by the reducing A
values). These will endow the material with metal-like configu-
rations and relatively active lattice-oxygen sites to boost the HER
and OER, respectively, which will be further illustrated below.
For 3d-metal-based oxides, the O 2p band center (Figure 4g) ex-
tracted from orbital calculations has also been applied as the OER
activity descriptor.l'?l Based on the structural information from
the XRD analysis, we also performed the calculations of the or-
bital density of states (DOS) to obtain the O 2p band center for our
model oxides (Table S8, Supporting Information; Figure 4h,i). In
agreement with prior findings,"?! our significance analysis also
proves that the relationship between material O 2p band center
(x) and intrinsic OER activity (y) is significant (p value < 0.05, rela-
tion equation: y = —109.171x + 147.502), as revealed in Table S5,
Supporting Information; Figure 4i. However, for HER, it is only
slightly significant with a p value of <0.1 (Table S5, Supporting
Information; Figure 4h). Therefore, material O 2p band center is
not an ideal potential universal activity descriptor, especially for
neutral HER and OER (p values > 0.1 as discussed below).
Orbital bandgap is one of the important properties for semi-
conductor oxides, where both material electron transitions and
electron flows triggered by adsorbed species need to cross mate-
rial unoccupied orbital bandgap (i.e., conduction bandgap) for oc-
cupation (Figure 4j). In physics, it is well known that the bandgap
reduces with the increase in valence state of the 3d-metal-based
oxides, leading to the transition from strong insulator to semi-
conductor and further to metal-like state.[?] It has been reported
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that the conduction bandgap can be acquired from the exper-
imental O-K XAS spectra.[**5] We identified material conduc-
tion bandgap by the tangents on the pre-edge peaks in the O-K
XAS spectra (Figures S19-S22 and Table S8, Supporting Infor-
mation; Figure 4k,l). Our significance analysis implies that the
relationships between material conduction bandgap and intrin-
sic HER/OER activities are not significant (Table S5, Supporting
Information; Figure 4k,l), which cannot be the potential univer-
sal activity descriptor as well.

2.4. The Main and Secondary Universal Activity Descriptors

The above statistical analysis under the linear function unravels
that material solid—gas contact angle and orbital charge-transfer
energy can be the potential universal activity descriptors. To fur-
ther verify this, we also utilized the quadratic function and expo-
nential function to establish the possible relationships. By com-
bining the new results under the quadratic/exponential functions
(Table S9, Supporting Information) with the relationships under
the linear function (Table S5, Supporting Information), we can
still conclude that only solid—gas contact angle and orbital charge-
transfer energy can be the potential universal activity descriptors
for both HER and OER performance with p values of <0.05. Here,
we propose three fundamental requirements for a parameter to
become an ideal or near-ideal universal activity descriptor: i) ef-
fective relevance with both HER and OER performance; ii) high
independence for facile modulation and control; and iii) available
efficient strategies to master or predict the parameter. For condi-
tion (i), both material solid—gas contact angle and orbital charge-
transfer energy can meet this requirement. The condition (ii) is
proposed to maximally lower the complexity of parameter modu-
lation without suffering from many other factors. The condition
(iii) is also necessary because we need to clearly understand how
to design and control the parameter via the existing strategies
prior to experiments or calculations, which will help save consid-
erable time and cost for material screening and design.

To compare the independence of the material solid—gas con-
tact angle and orbital charge-transfer energy, we conducted cor-
relation analysisi®® to study their relationships with other pa-
rameters. Similarly, correlation analysis first requires the sig-
nificance analysis between two parameters, where the signifi-
cance judgment is the same as discussed above. When the re-
lationship between two parameters is significant (p value of
<0.05), then the magnitude of the Pearson correlation coeffi-
cient can be used to evaluate the degree of correlation between
the two parameters.[®! Specifically, the Pearson correlation coef-
ficient for a parameter versus itself is 1.°% With enhanced neg-
ative or positive correlation between two parameters, the Pear-
son correlation coefficient is accordingly more negative or posi-
tive, respectively.*®l As demonstrated in Table S10, Supporting
Information, and Figure 5a (red circles), from the perspective
of statistics, material solid—-H, contact angle shows a negative
correlation with material solid-liquid contact angle (Pearson cor-
relation coefficient = —0.795), while both R, of HER and O 2p
band center are negatively and positively correlated to material
solid-O, contact angle with Pearson correlation coefficients of
—0.779 and 0.587, respectively. These imply that material solid—
gas (H, or O,) contact angle is associated with three other ma-
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terial properties from the standpoint of statistics. Notably, ma-
terial charge-transfer energy only exhibits a relatively weak pos-
itive correlation with material bond length (Pearson correlation
coefficient = 0.662). Figure 5b displays the detailed graphic re-
lationships between two parameters, namely the corresponding
scattering matrix>®! for Figure 5a. Therefore, from the viewpoint
of statistics, material charge-transfer energy shows a relatively
higher independence to become the optimum universal activity
descriptor as compared with material solid—gas (H, or O,) con-
tact angle, fulfilling condition (ii).

In terms of the predictability, material solid—gas contact angle
can only be obtained after measuring the synthesized catalysts in
reactions, where complex morphology tuning strategies may be
applied to control this property.??! Owing to the linear relation
with 3d metal valence,l®>*3] the magnitude of charge-transfer en-
ergy for catalysts with the same 3d element can be well regulated
via facile electron/hole doping, vacancy introduction, and chemi-
cal oxidation/reduction methods, fulfilling condition (iii). There-
fore, material orbital charge-transfer energy and solid-gas contact
angle can serve as the main and secondary universal activity de-
scriptors, respectively.

To analyze the multiple effects of both orbital charge-transfer
energy and solid—gas contact angle on activity, we further carried
out the significance analysis among the two activity descriptors
as well as intrinsic HER/OER activities. The results reveal that
the above three follow the significant binary linear relations with
p values of <0.05 (Table S5, Supporting Information). In detail,
the obtained binary linear equations for solid-H, contact angle
(x) vs charge-transfer energy (y) vs intrinsic HER activity (z) and
solid-O, contact angle (x) vs charge-transfer energy (y) vs intrin-
sic OER activity (z) are z = —7.546x + 86.694y + 951.156 and
z = —4.543x + 31.171y + 647.308, respectively (Table S5, Sup-
porting Information; Figure 5c,d). We can observe the negative
and positive correlations for solid—gas contact angle vs intrinsic
activities and charge-transfer energy vs intrinsic activities, respec-
tively. The multiple-effect relationships are helpful for future ra-
tional material design from multi dimensions. To verify the uni-
versality of the main universal activity descriptor, we further in-
vestigated the relevance between material properties and intrin-
sic HER/OER activities in 1 M KPi and 6 m KOH. The findings
from statistical analysis confirm the high universality and relia-
bility of orbital charge-transfer energy as the ideal universal ac-
tivity descriptor (Figures S23—-S38 and Tables S11 and S12, Sup-
porting Information).

As the next step, we demonstrate the effect origins of the main
and secondary universal activity descriptors on performance. As
presented on the top of Figure 5e, unoccupied (i.e., conduction
band) and occupied (i.e., valence band) orbitals locate above and
below the Ep, respectively. When material orbital charge-transfer
energy decreases, both the conduction band and the valence
band shift toward Eg,[***57] inducing reduced bandgap, more
active orbitals, and higher orbital electron cloud density around
E; (Figure 5e). These will endow the material with metal-like
clusters and active lattice-oxygen sites to promote HER and
OER processes (detailed in the mechanism discussions below).
For material solid-gas contact angle, the larger angle indicates
the enhanced aerophobicity, which can help timely release
H, /0, products and avoid covering active catalysis surfaces for
improved performance (Figure Se bottom).
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Figure 5. The main and secondary universal activity descriptors. a) Correlation analysis of material properties and b) the corresponding scattering
matrix. ) Binary linear relations for solid-H, contact angle (x) vs charge-transfer energy (y) vs intrinsic HER activity (z) and d) solid-O, contact angle
(x) vs charge-transfer energy (y) vs intrinsic OER activity (z). The p-values are calculated using two-way ANOVA (sample size n = 12, p values < 0.05).
e) Schematic illustrations for the effects of orbital charge-transfer energy and solid—gas contact angle on electrolysis performance. f) The quadratic
relationship between orbital charge-transfer energy and intrinsic OER activity in 1 M KOH (sample size n = 14, p value < 0.05). The p-value is calculated
using one-way ANOVA.
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It is worth noting that although the above statistical analysis
reveals a positive linear correlation between the charge-transfer
energy and performance, the activities actually decrease from
La,sStysCo0O,_, with A = 0.9 eV to LaNiO,_, with A = —0.1 eV
(Figure 4e,f), triggering an issue about the optimal A value.
To further explore the optimum A value, we combined the re-
ported OER activities of SrCoO;_, (Co****, A = 0.64 eV)P>®] and
Zn, sCo,sOOH (Co*>%%*, A = —0.40 eV)!*") measured under the
same conditions for analysis. Corresponding statistical analy-
sis unravels that the relationship between charge-transfer en-
ergy (x) and activity (y) is still significant (p value < 0.05) with
a quadratic regression equation of y = 39.092x* — 63.693x +
357.492 (Figure 5f), which means the optimum A value is 1 eV.
To further verify the optimum A value, we also synthesized and
measured other typical perovskite oxides in literatures, namely
double perovskite PrBaCo,O_, (Co*?**, A = 1.08 eV),['?] dou-
ble perovskite Gd, s La,sBaCo,Oq_, (Co***, A =1.00 eV),[?l and
hexagonal perovskite Ba,Sr,Co,0;s_, (Co*>*, A = 0.00 eV),[*
as shown in Figures S39 and S40; and Table S1, Supporting In-
formation. We can observe that the new statistical relationships
between material charge-transfer energy and their HER/OER
performance are still significant under the quadratic regression
equations with p values of <0.05, where perovskite oxides with
A =~ 1 eV exhibit the best HER and OER activities (Figure S40,
Supporting Information), corroborating the optimum A value
(=1 eV).

From the viewpoints of the charge—transfer theory and
Sabatier’s principle, we can well illustrate this finding. When ma-
terial A is too negative, the excessive mixing of occupied and
unoccupied metal 3d-O 2p orbitals at E; creates unstable O 2p
holes® (Figure 5f inset), resulting in inferior activities. For the
too large A values, both occupied and unoccupied orbitals are far
away from Ep, leading to the relatively fewer active orbitals and
lower orbital electron cloud density around E;. (Figure 5e top) as
well as the poor performance. With a neither too large nor too
small A (1 eV), catalysts possess the ideal states of active orbitals
and orbital electron cloud density for the optimum catalytic activ-
ity in line with the Sabatier’s principle. This can be attributed to
the optimum adsorption/desorption of reactants/intermediates
on catalysts with A ~ 1 eV, which will be further studied be-
low. Moreover, to evaluate the roles of A in the HER/OER perfor-
mance of 4d/5d-metal-based materials and catalysts with multi-
ple 3d elements, future efforts should be devoted to addressing
how to identify the A values or establish the possible relation-
ships between other physicochemical properties and A for these
systems.

2.5. The Unifying Concept for HER Mechanism

Above, we have successfully identified the main universal activity
descriptor A from material multiple physiochemical properties
for HER and OER in different electrolytes. The fine universal-
ity, independence, and predictability of A will effectively acceler-
ate the rational design of material pristine state to shorten cata-
lyst development periods and lower related costs. To further un-
ravel the underlying roles of A in catalysis mechanisms and find
or establish a unifying mechanism concept, we combined sys-
tematic mechanism experiments, spectral characterizations, and
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DFT calculations for our investigations. Both catalysis mecha-
nisms before and after reactions are important due to the fact that
the activated active sites and mechanisms after reactions evolve
from and strongly rely on material initial states,**! where we fo-
cus on the best-performing and most important Co-based system
for study.

Here, we first give insights into the HER active sites and mech-
anisms before and after the reaction. It has been reported that
material transport capacity of the key protons in HER can be re-
flected by their pH-dependent activities.[®!] When material cur-
rent densities greatly increase with the enlarged pH values of
electrolytes, such electrocatalysts exhibit a strong proton trans-
port capacity.[*!l With increasing pH values of the solutions, the
improvement of the HER current density on La,sSr,sCoO;_,
with optimal A = 1 eV is larger than that on La s Sr,,;CoO;_,
(A = 1.5 eV) and LaCoO,_, (A = 2 eV), as shown in Figure
S41, Supporting Information; Figure 6a. This means that the
proton transport capacity of La,sSr,sCoO;_, is the best and
the most number of active sites for proton transfer exist
in LaysSr,5Co0;_,. Tetramethylammonium ions (TMA*) have
been used to cover material surface lattice-oxygen (O?") sites un-
der the requirement of charge neutrality, which can help under-
stand material active sites.[*>®2 To examine material active sites
for proton transport in HER, we also measured their HER per-
formance in 1 M tetramethylammonium hydroxide (TMAOH).
Compared with the HER current densities in 1 m KOH, the HER
activities of three samples in 1 M TMAOH all greatly degrade, es-
pecially for La,Sr,sCoO,_, (Figure 6a; Figure S41, Supporting
Information), implying the significant role of lattice-oxygen sites
for HER. Based on the above XAS study, La,Sr,;CoO,_, with
the maximum Co valence (Co*?’*) possesses the most lattice-
oxygen sites in high-valence Co—O configurations as compared
with La, 55 S, ,5C00;_,, (Co*!?*) and LaCoO,_, (Co**) due to the
charge balance. Therefore, high-valence Co—O clusters may be
the initial active sites for the key proton-transfer steps of HER,
which will be further discussed in the unifying mechanism con-
cept and DFT calculations below.

Prior to the analysis of unifying mechanism theory and DFT
computations, we need to determine the possible newly formed
active compounds or sites on material after HER. Hard XAS
and soft XAS spectra before and after HER were measured to
study the possible variations of material local structures and
electronic structures. Compared to the Co-K XANES spectra
before HER, the energy positions at the normalized absorption
of 0.8 on Co-K XANES spectra for three samples after HER all
shifted to lower energies (Figure 6b), indicating the reduced Co
valence. It is noteworthy that the valence reduction after HER
for La,sSrysCoO,_, is larger than that for La,sSr,,sCoO;_,
and LaCoO,_,, (Figure 6b). Considering the reductive nature of
HER and reported findings,[**2 we take the view that parts of
the samples are reduced into the Co metal phase. To verify this,
we utilized the Co-K extended X-ray absorption fine structure
(EXAFS) spectra to investigate the changes in material local
structures.33*’1 As shown in Figure 6¢c, the peak signals at
~1.5 A, 2.6 A, 3.1 A, and ~3.4 A stand for the Co—O shell,
multiple scattering contributions, the Co—La/Sr shell, and the
corner-shared Co—Co shell, respectively, well with the literatures
for this system.?*%] We can observe that the signal of multiple
scattering contributions at 2.6 A for all the samples moves
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Figure 6. HER mechanism. a) HER activities of Lag 5sSry5CoO;3_, and LaCoO;_, in different electrolytes. b) Co-K XANES and c) corresponding Co-K
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toward lower positions, where this shift for La,Sr,;CoO,_, is
the largest (yellow transparent box in Figure 6¢). By comparing
the Co—Co shell at ~2.2 A of Co metal (Figure 6c), we prove that
this change originates from the partially generated Co metal
phase after HER and that the content of formed Co metal phase
for La,5Sr,5Co0;_, is the highest. The Co-L; XAS spectra in
TEY mode for La,sSr,sCoO,_, before and after HER further
support our conclusion. In comparison to the pristine spectrum,
the main peak at Co-L; edge of La,;Sr,;CoO,_, shifts to lower
energy positions after HER (Figure 6d), confirming its reduced
Co valence. The reacted La,;Sr,;CoO,_, also shows obvious
peak signals at ~776.6 and 775.1 eV, which can be respectively
identified as the characteristic signals of Co metal and Co?* ions
as compared with corresponding standards in Figure 6d. This
demonstrates that the partial Co valence of La,;Sr,;CoO;_, re-
duces to Co?" ions and further to Co metal after HER. Although
the electronic structure and local structure of partial materials are
changed after reaction, these variations are determined by and
evolved from material pristine states, namely the different initial
states leading to the different behaviors of La,,Sr,;CoO,_,,
Lag5S15,5C00;_, and LaCoO,_, during HER processes. This
is not contradictory with the identification of universal activity
descriptors based on material controllable initial states.

Then, based on material pristine structures and the partially
generated Co metal phase after HER, we further give insights
into the catalysis mechanisms before and after HER via DFT

Adv. Mater. 2023, 35, 2305074 2305074 (11 of 17)

calculations, aimed at finding or establishing a unifying mech-
anism concept. Orbital DOS computations were first conducted
and compared among LaCoOj;, La, ;5 Sr,,5sCo0;, LaysSr,sCoO;,
and Co metal. As illustrated in Figure 6e, with increasing Co
valence state from LaCoO; to La,;5Sr,,5Co0; and further to
La, 5Sr,5Co0;, the whole orbitals shift toward E; with reduced
bandgaps from 0.82 t0 0.33 eV and further to 0.16 eV, respectively,
approaching to the metallic state of Co metal without bandgap.
This accords with the well-known orbital charge-transfer model:
with increasing 3d metal valence, the charge-transfer energy A
decreases accompanied with the shift of orbitals closer to Ej
and the reduced bandgap, endowing material with the metal-
like feature.”*) Material metal-like property has proven to be
beneficial for the adsorption of protons,!®#% which can be as-
cribed to the facile adsorption of electron-deficient protons on the
configurations with metal-like electron flows (Figure 6e inset).
To validate this, we performed the detailed calculations for HER
steps, following the recognized H,O adsorption (*H,0), H,0
dissociation (*H—OH), OH~ desorption (*H), and H, formation
(*H—H) processes.|?3%+65] As expected, the rate-limiting steps for
the initial Co-based system all lie in the function with protons,
where the maximum energy barrier reduces from 1.24 eV for
LaCoO; to 1.22 eV for La,,Sr,,;CoO; and further to 1.18 eV
for La,sSr,sCoO; (detailed adsorption structures are shown in
the inset of Figure 6f). These results corroborate that the metal-
like high-valence Co—O clusters in La,Sr,sCoO; favor proton
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adsorption to enhance the HER performance (Figure 6e,f). It is
noteworthy that the partially formed Co metal after HER is more
favorable for proton adsorption and H, releasing (only 0.03 and
0.22 eV, respectively) than metal-like La, s Sr, s CoO, (Figure 6f,g).
After HER activation, La, ;Sr,;CoO; is still superior to LaCoO,
and La,,;Sr,;Co0O; because the most Co metal phase is gener-
ated on La,sSr,sCoO; to optimize the steps of proton adsorp-
tion and H, emission (Figure 6b,c). These findings successfully
endow the orbital charge-transfer model as the unifying mecha-
nism concept to demonstrate both mechanisms before and after
HER, where the enhanced metal-like property before HER or the
partially transformed metal phase after HER promotes the func-
tion with the key protons to improve the HER activity (Figure 6e).
Noteworthily, the rate-limiting process for the Co metal phase
formed after HER is the adsorption of H,O (1.61 eV in Figure 6g),
while this step on the oxygen vacancies of the initial Co-based
system is thermodynamically spontaneous (Figure 6f), accord-
ing well with the literature.l® Thus, we can well demonstrate
the detailed underlying catalysis mechanisms of the model sys-
tem for HER. Prior to the formation of the Co metal phase, H,O
reactants are adsorbed on material oxygen vacancies; and then,
the dissociated protons from adsorbed H,O transfer to the ad-
jacent metal-like high-valence Co—O active sites for H, gener-
ation (Figure 6h). After the appearance of the Co metal phase,
H, 0 molecules still tend to be adsorbed on material oxygen va-
cancies, while the dissociated protons from adsorbed H,O now
are apt to transfer to the newly-formed Co metal phase with the
better proton-adsorption capability for subsequent H, produc-
tion (Figure 6i). Moreover, such mechanism transformation is
dynamically stable, which can be supported by the good HER sta-
bility of La, sSr,;CoO;_, (Figure S42, Supporting Information).
Overall, the key protons for HER tend to be absorbed on the
metal-like active sites or phases, following the unifying orbital
charge-transfer model.

2.6. The Unifying Concept for OER Mechanism

Similarly, we further combined systematic mechanism experi-
ments, spectral characterizations, and first-principle computa-
tions to investigate the underlying OER mechanisms and the re-
lated unifying mechanism concept.

We first give insights into the possible active sites and catalysis
mechanisms of the Co-based system from the mechanism experi-
ments. Currently, the main OER mechanisms include the adsor-
bate evolution mechanism (AEM) and the lattice oxygen oxida-
tion mechanism (LOM).I?! Through the direct coupling of 0—O
species from material lattice oxygen sites, the non-acidic LOM
pathway can break through the scaling relationships of the AEM
processes (i.e., AGiooy — AGioy = 3.2 eV) to further improve
material OER performance, where the participating lattice oxy-
gen sites can be compensated from non-acidic electrolytes.[2240:47]
It has been reported that the LOM pathway can be identified by
material pH-dependent OER activities, where the OER current
densities of catalyst under LOM processes significantly enhance
with increasing pH values of the solutions.[*#7:6] Ag exhibited
in Figure 7a; Figure S43, Supporting Information, with increas-
ing electrolytic pH values, all the OER activities of the Co-based
system improve, and the improvement for La,;Sr,;CoO,_, is
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the largest, indicating the most favorable LOM pathway on high-
valence La, s St,sCoO,_, in line with literatures.[2%4047:6] To ver-
ify the important role of lattice-oxygen participation, we also
measured the OER performance of the Co-based system in 1 m
TMAOH (Figure 7a; Figure S43, Supporting Information). When
material lattice-oxygen sites (O%") are covered by TMA™ cations
under the function of charge neutrality, the OER current den-
sities greatly decline in 1 m TMAOH as compared with those in
1 M KOH, especially for La, s Sty sCoO;_, corroborating the LOM
catalysis pathway for La, ; St ;CoO,_,. Further, the LOM pathway
of the Co-based system is directly demonstrated and compared by
the operando 0 isotope labeling measurements.[*047:66] The de-
gree of material lattice-oxygen participation can be evaluated by
comparing the detected intensity of 3O, signals (i.e., 1*0*0) in
OER, where the 0 atoms come from the tagged lattice oxygen
sites in electrocatalysts.[**#7:66] The detected intensity of >*O, sig-
nals enhances from LaCoO,_, to La,,sSr,,sCoO;_, and further
to La,sSrysCoO;_, (Figure S44, Supporting Information), con-
firming the more favorable LOM pathway on La,sSr,sCoO;_,
than that on LaCoO,_, and La, ;s St,,5Co0;_,. From the stand-
point of calculations, the largest energy barrier of LOM pathway
on La,sSr,sCoO;_, (0.22 eV) is much lower than that of AEM sce-
nario on La s St ;CoO;_, (0.80 eV), as shown in Figure S45, Sup-
porting Information, theoretically corroborating the LOM mech-
anism on La, s Sr,sCoO;_,. The beneficial LOM pathway endows
La, 5 Sr,5CoO,_, with the optimum OER performance among the
Co-based system.

Prior to the identification of a unifying mechanism concept for
OER, the possible generated active sites or phases should be fig-
ured out after OER. The Co-K XANES, Co-K EXAFS, and Co-L,
XAS spectra were performed to unravel the underlying changes
of material electronic structures and local structures. After the
OER oxidation processes, the energy positions at the normalized
absorption of 0.8 on the Co-K XANES spectra for the Co-based
system after OER all moved to higher energies (Figure 7b), im-
plying their increased Co valence states. It is worth noting that
after OER, the Co valence for La,;Sr,sCoO,_, was still larger
than those for La,,5Sr,,5;Co0;_, and LaCoO,_,. The multiple
scattering contributions at ~2.6 A on the Co-K EXAFS spectra
for three samples all shifted to lower distances (x2.4-2.5 A) af-
ter OER (Figure 7c). It has been acknowledged that the appeared
signal at ~2.4-2.5 A on the Co-K EXAFS spectra after OER can
be ascribed to the formation of edge-shared hydroxides.[336267]
Combined Co-K XANES and Co-K EXAFS results demonstrate
that the Co valence state of partially generated edge-sharing
CoOOH, on La,sSr,sCo0O,_, after OER is higher than those on
La, ;5 S, ,5Co0;_, and LaCoO,_,. The formation of high-valence
CoOOH, on La, s Sr, ;Co0,_, after OER can be further supported
by the Co-L; XAS spectra in TEY mode. Compared to the pristine
Co-L; XAS spectrum, the Co-L, peak weight of La,sSr,CoO;_,
after OER shifts to higher energy positions and the whole spec-
tral feature becomes narrower (Figure 7d), which are attributed to
the generation of the high-valence edge-shared CoOOH, phase
(mixed Co**/**). The edge-sharing CoOOOH, phase with ~90°
Co—0—Co networks exhibits a weaker inter-site hopping be-
tween two Co—O clusters as compared with the initial corner-
shared configurations with the Co—O—Co bond angle of %#180° in
ABO,; structure (Figure S46, Supporting Information),l*) result-
ing in the narrowed Co-L; XAS spectrum after OER (Figure 7d).
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(h) and the activated OER mechanism (i).

Based on the pristine structure before OER and the CoOOH,,
phase that formed after OER, we conducted systematic theoreti-
cal calculations and attempted to find a unifying mechanism con-
cept for OER. To reveal the electronic structure of the CoOOH,,
phase after OER, we first calculated the DOS for COOOH (Co**),
CoOOH,, ;5 (Co*»*), and CoOOH, s (Co***). With increasing Co
valence from CoOOH (Co**) to CoOOOH,,s (Co***) and fur-
ther to CoOOOH, s (Co***), the whole orbitals move towards E;
and the related bandgap reduces from 1.87 to 1.73 eV and fur-
ther to 0.33 eV (Figure 7e), respectively, contributing to the en-
hanced orbital electron cloud density around Ej. These findings
can also be rationalized by the orbital charge-transfer model: the
charge-transfer energy reduces with the increase in the valence
of 3d element, accompanied with the shift of orbitals closer to
E; and the enhanced orbital electron cloud density around Ej
(particularly for the O 2p orbital) to trigger the beneficial LOM
pathway(®7%] (Figure 5e top and Figure 7e inset). To further ex-
amine the universality of the orbital charge-transfer model, we
calculated the detailed LOM processes on pristine structures
and the generated CoOOH,, phases after OER. As expected in
Figure 7f, prior to the formation of CoOOH, phase, pristine
La, Sty sCoO; with the highest Co valence shows the lowest max-
imum energy barrier (0.22 eV) in the LOM pathway as com-
pared with relatively low-valence La,,;Sr,,5Co0O; (0.33 eV) and
LaCoO, (0.49 eV). Similarly, after the generation of CoOOH,
phase, the maximum energy barrier in LOM processes reduces
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from 1.97 eV for CoOOH to 1.81 eV for COOOH,) ;5 and further
to 0.70 eV for CoOOOH, s (Figure 7g). These verify the more fa-
vorable LOM pathway on the relatively high-valence materials
with high O 2p orbital electron cloud density around E, fol-
lowing the unifying orbital charge-transfer theory. It is notewor-
thy that the whole maximum energy barriers in LOM for edge-
sharing CoOOH,, phases after OER are larger than those for ini-
tial corner-sharing ABO; structures because of their different
inter-site hopping effects!“’! as discussed above (Figure S46, Sup-
porting Information). This means that the catalysis mechanism
is a coupled LOM process on both pristine corner-sharing ABO,
and formed edge-sharing CoOOH, phases after OER. Specif-
ically, the initial LOM pathway tends to occur on the lattice-
oxygen sites of pristine high-valence Co—O clusters (Figure 7h),
while the activated coupled LOM processes take place in the
lattice-oxygen sites of high-valence Co—O configurations in both
the initial corner-sharing ABO; structures and the edge-sharing
CoOOH,, phases after OER (Figure 7i), following the unifying
orbital charge-transfer model. In addition, material participated
lattice-oxygen sites in non-acidic LOM can be continuously com-
pensated from OH~ containing electrolytes!®“*#] (Figure 7h,i),
contributing to the dynamically stable catalysis processes and the
fine OER stability of La, s St ;CoO,_, (Figure S47, Supporting In-
formation).

Till now, we have successfully identified the orbital charge-
transfer model as the unifying mechanism concept for “green
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hydrogen” production, which can be applied as a powerful mech-
anism analysis tool and foundation.

2.7. AEME Application

In addition to finding a universal activity descriptor and a unify-
ing mechanism concept for “green hydrogen” production, a prac-
tical AEME application in the lab scalel®®! was further constructed
to compare the performance of the optimum La,;Sr,;CoO,_,
in our model system with the state-of-the-art noble-metal-based
benchmarks. As presented in Figure 8a,b, the AEME cell is com-
posed of current collectors, gaskets, anode, cathode, and mem-
brane, where the electrolyte is in flow mode. Electrocatalysts
were prepared with the same loading on the Ni foam to serve
as the anode or cathode. To move a step closer to the industrial
conditions,®! all the AEME measurements were performed in
6 M KOH under 60 °C. The state-of-the-art precious -metal-based
benchmarks of RuO, for OER and Pt/C for HER were chosen
for comparison. As shown in Figure 8¢, the onset voltages of the
AEME cell with La, ;Sr,CoO,_, as anode or cathode were com-
parable to the combination with RuO, as anode and Pt/C as cath-
ode. Noteworthily, the couple with La,sSr,;CoO,_, as an anode
and Pt/C as a cathode was even slightly superior to the combina-
tion of RuO, and Pt/C (Figure 8c), demonstrating the remarkable
OER activity of La, s St s CoO;_,. Future efforts should be devoted
to further improving the HER performance of non-noble-metal-
based oxides. Considering that cost is an important criterion in
the practical application, we further compared the price activity
normalized to material respective cost. Impressively, the bifunc-
tional couple using La, sSr,sCoO,_, as both anode and cathode
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exhibits much better price activity than the other combinations
containing noble-metal-based benchmarks (Figure 8d). In addi-
tion, the bi-functional combination of our oxide shows a fine sta-
bility (Figure S48, Supporting Information). These endow our
nonprecious-metal-based oxide with a high competitive potential
in the future commercial applications for “green hydrogen” pro-
duction.

3. Conclusion

We have successfully solved two pivotal scientific issues in the de-
signing and screening of efficient electrocatalysts for “green hy-
drogen” production. First, through the powerful statistical analy-
sis, the main universal activity descriptor (orbital charge-transfer
energy) has been rationally extracted from 13 representative ma-
terial properties of 12 3d-metal-based model oxides. Its high rel-
evance with activity, good independence from other parameters,
and fine predictability in the design of material pristine state en-
able to rationalize and guide both HER and OER performance
in 1 M KOH, 1 M KPi, and 6 m KOH, which will help avoid
time-consuming and high-cost trials and errors in fundamental
research and commercialization. Second, combined systematic
mechanism experiments, spectral characterizations, and first-
principle computations have successfully identified that the or-
bital charge-transfer theory can serve as the unifying concept to
demonstrate the life-cycle HER and OER catalysis mechanisms,
offering a powerful mechanism analysis tool and foundation. We
believe our findings will provide critical guidance for rational ma-
terial design and mechanism understanding in many potential

fields.

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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4. Experimental Section

Material Synthesis: ~ All the La,Sry_,MO;_, (M = pure Mn, Fe, Co, or
Ni; y = 1, 0.75, and 0.5) perovskite oxides were prepared by the sol-gel
method.[?>#7] Stoichiometric amounts of the respective metal nitrates
(analytical grade) were dissolved in the deionized water, followed by the
complexation with citric acid (CA) and ethylenediaminetetraacetic acid
(EDTA). The mole ratio of CA vs EDTA vs total metal ions was 2:1:1. The
pH value of the mixed solutions was controlled at 6-7 by adding the NH;
aqueous solution. A transparent gel was achieved by heating the mixed
solutions under ~90° with continuous stirring. The gel was then heated
under 2250 °C for 10 h to obtain the solid precursor. The oxide powders
were finally acquired by calcinating the solid precursors under 1000 °C for
5 h. The commercial Pt/C (50 wt% Pt) and RuO, benchmarks were pur-
chased from Alfa Alsar and Sigma—-Aldrich, respectively.

Characterizations: The XRD results were collected on an X-ray diffrac-
tometer with filtered Cu-Ka radiation at a wavelength of 1.5418 A. The
XRD refinement was conducted through the TOPAS software. Material
BET value and room-temperature electrical conductivity were acquired on
Quantachrome Autosorb-iQ; equipment and a four-probe direct-current
instrument with the Keithley 2420 source meter, respectively. The 3d-K
hard XAS spectra and 3d-L/O-K soft XAS results (in TEY mode) were per-
formed at TPS 44A and TLS 20A of the NSRRC in Taiwan, respectively,
where respective standards were simultaneously measured for the en-
ergy calibration. The 3d-K XANES and EXAFS data were analyzed via the
ATHENA software packages.

Statistical Analysis: Regression analysis is a statistical technique that
characterizes the functional relationship between dependent and predic-
tor variables. Linear regression illustrates the relationship between a de-
pendent variable and one or more predictor variables using a linear equa-
tion. The linear regression is represented by the equation: Y =agy + a1 X; +
a,X, + -+ a,X,, where Yis the dependent variable; X;, X;, and X, are the
predictor variables; and ay, a;, a, and a,, are the regression coefficients.
The equation for quadratic regression can be expressed as Y =ag + a;X +
a,X2. Logarithmic regression is very useful for modeling data that initially
increases or declines swiftly and then gradually. The natural logarithmic
function is formulated as Y = ay + a;InX. The natural exponential func-
tion is the inverse of the natural logarithmic function with the form of Y =
age® X, In this study, regression analysis was performed using IBM SPSS
Statistics 25.0 software.

Electrochemical Measurements: The electrochemical measurements
on glassy carbon electrodes (GCE) in different electrolytes at 25 °C were
carried out on an SP-300 workstation (Bio-Logic) with a standard three-
electrode configuration, where the GCE (0.196 c¢cm™2, Pine Research In-
strumentation), reversible hydrogen electrode (RHE, Phychemi Company
Limited), and graphite rod served as the working, reference and counter
electrodes, respectively. The working electrodes were prepared by the cat-
alyst ink under a loading of 0.232 mg cm~2 4, where the homogeneous
catalyst ink was obtained by dispersing 10 mg oxide powder, 10 mg car-
bon black, and 0.1 mL 5 wt% Nafion solution in 1.0 mL absolute ethanol
after sonication. All the electrochemical measurements on GCE were con-
ducted in Ar-saturated (for HER) or O,-saturated (for OER) electrolytes
at the rotating speeds of 2400 rpm for HER and 1600 rpm for OER.
The catalyst loading for the stability measurements on carbon paper was
2 mg cm~2 ;.. The AEME measurements were performed in 6 m KOH at
60 °C with a catalyst loading of 2 mg cm=2,.. The AEME membrane was
bought from the Fuel Cell Store (Pention-AEM-72-05) with a thickness of
50 um.

The '80-Isotope-Labeling Method: The catalysts were prepared on
the carbon paper with a loading of 1 mg cm™24,, and activated at
10 mA cm=2 4, for 30 min in 1 M KOH with the '®0 isotope to anchor
the 180 atoms into material lattice. Then, electrode surface dissociative
80 atoms were washed away by fresh 1 M KOH without the 80O isotope.
The ®0-labeled samples were measured for two OER cycles in the fresh
1 M KOH without the 80 isotope in the H-type cell using Ar as the carrier
gas. The online electrochemical mass spectroscopy (ThermoStar, Pfeiffer
Vacuum) was connected with the well-sealed H-type cell to analyze the
gas signals. The final 3*O, signals were subtracted by the contributions
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of the natural "0 isotope in water (x0.2%) to reveal the real material
lattice-oxygen participation in OER.I%%] The 130 isotope was purchased
from Taiyo Nippon Sanso (>98 atom% '30).

First-Principle Computations: All spin-polarized DFT computations
were conducted through the Vienna Ab initio Simulation Package
(VASP)[®°] with the projector-augmented wave (PAW) method.l’% The
generalized gradient approximation (GGA) formulated by the Perdew—
Burke—Ernzerhof (PBE) was applied to describe the exchange-correlation
function. The effective U values of 4.0 eV for Mn-based oxides, 5.3 eV for
Fe-based oxides, 3.5 eV for Co-based oxides, and 6.4 eV for Ni-based ox-
ides were used under the Hubbard U model (DFT + U).[4043.71] The van
der Waals (vdW) interactions and the interactions between the atomic
core and electrons were described by the DFT-D3 method in Grimme’s
schemel”2! and the PAW method, respectively. The plane-wave basis-set
energy cutoff was 500 eV. The Brillouin zone was sampled with Gamma
(I')-centered Monkhorst—Pack mesh sampling (3 x 3 x 1 for all surface
structures and at least 5 X 5 x 5 for all bulk structures) for geometry re-
laxation. To ensure negligible lateral interaction of adsorbates, a vacuum
spacing of ~15 A was introduced for all the slabbed models. About half
of the bottom layers were kept frozen in the lattice position. All structures
with a dynamic magnetic moment were fully relaxed and optimized until
their average residual forces and total energies were <0.02 eV A~1 and
<1x 107 eV, respectively. The Gibbs free energy calculations were oper-
ated with the computational hydrogen electrode (CHE) model.l>74]
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