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ABSTRACT: Single-atom catalysts (SACs) with magnetic elements as the active Spin density engineering
center have been widely exploited for @ent electrochemical conversions.
Understanding the catalytic role of spin, and thus modulating the spin density of) *O- % Q
a single-atom center, is of profound fundamental interest and technologic ‘
impact. Here, we synthesized ferromagnetic single Co atom catalysts on TaS
monolayers (CgTaS,) as a model system to explore the spamtivity
correlation for the oxygen evolution reaction (OER). A single Co atom
adsorbed at the hollow site (39 with spin-polarized electronic states serves a
the active site for OER, whose spin density can be regulated by its neighb&gg
single Co sitevia tuning the Co loading. Both experimental and theoretical
results reveal the spin density-dependent OER activity that an optimal spi
density of C@g can be achieved with a neighboring hetero-single, Gade
(substitution of Ta by Co) for a superior OER performance, in contrast to a
homo-single Cgs site, which creates an excessive spin density over vicipnal Co
An optimized spin density of Ggresults in an optimal binding energy of oxygen species for the OER. Establishing the sj
activity correlation in SACs may create a descriptor for designirgiest magnetic SACs for renewable energy conversior

KEYWORDS:single-atom catalysts, ferromagnetism, spin density engineering, activity descriptor, oxygen electrocata
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INTRODUCTION properties of active sites, which can guide the desigs

e vanced catalysts for optimized OER performance.
Water splitting into hydrogen and oxygen has been one of tﬁgApart from nonmagnetic materials, an abundance of ¢

most promising ways to produce clean hydrogen fuel for, S : o
: : . catalysts containing magnetic elements also exhibit sug
developing sustainable energy conversion and storage t

) . . rformance, which has recently drawn increased al
nologies. ’ However, the oxygen evolution reaction (OER)?i:on.ZE’ 32 For instance, inverseyspinel oxide LiCoVC

the half-rqaction of water splittir_lg, has_ been_the bott!eneck f86ntaining magnetically polarized channels shows exc
highly e cient hydrogen production owing to its sluggish fourpgr activity” It is also noted that the OER performance ¢
electron reaction, resulting in high overpotential and loyhagnetic ferrite NiFe oxides can be further enhanced unc
conversion eciency’ ** To date, nonmagnetic noble-metal an external magnetield, attributed to the spin-polarizec
oxides €.g RuQ) are generally recognized as the mostsurface, which favors the parallel spin alignment of ox
e ective OER catalysts'* However, the utilization of noble- atoms toward the formation of triplet oxygen moléule:
metal OER catalysts is sigantly stalled by their low Although various experimental results point out the correla
abundance and high cost. Substantaischave been devoted between the spin character of the active sites and ¢
to discovering highly active earth-abundant OER catalystsasivity:” the detailed catalytic role of the spin state of act
well as to identify the general activity descriptor that governs

the overall OER performance® For example, surface Received: January 10, 2021
oxygen binding energy, 3d electron numberg,aieictron Accepted: March 26, 2021
lling of surface transition metal ions have been proposed f&solished: March 31, 2021
the activity descriptors for the rational design cfest

transition metal oxide OER catafy/5t$. Thus, it is vital to

establish the relationship between activity and the intrinsic
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sites still remains elusive, due to the structural complexity wiER activity, which was corroborated by the increased
an unclear active site and theadilty of synthesis of magnetic magnetic moment per Co atom as a function of Co loading
catalysts with targeted spin ordering, as well as a lack of thethese ferromagnetic {aS, samples. Moreover, this
ability to control the spin states of active sites. VdWM method can also be applied to other metal ions
A magnetic single-metal atom anchored on a metalliocluding as P& In**, and P& ions, providing a general route
support (denoted as M-SACskes an ideal model system for to fabricate hetero-single-atom catalysts. Our work establishes
exploring the correlation between spin states of active sites d@hd correlation between spin state of active sites and OER
OER activity. First, M-SACs contain welhele single- catalytic performance, which provides a descriptor associated
magnetic-metal active sites with local spins, which can direailith spin for developing eient magnetic catalysts.
bond with the oxygen intermediafes’ Second, the metallic
supports harbor a high density of itinerant electrons, whicdRESULTS AND DISCUSSION

favor the spin ordering through the long-range spin exchangerational Design of Magnetic Single-Atom Catalysts.
interaction between the isolated magnetic awnthe  co/Tas, SACs (Corepresents a single Co atom) with two
RudermanKittel -KasuyaYosida (RKKY) mechan_|§H1. types of single Co sites (Gand Cq) were preparedathe
The RKKY spin exchange between the magnetic atoms algQintercalation of &b ions and tetrabutylammonium
depends on their spatial separations, whereby the spin stateggfecules into the interlayer space of metallic 2H-TaS
single magnetic atoms can be controlled by tuning the loadiggstalé® according to the VAWM strategyigure 2 and
of magnetic atoms. In addition, the metallic supports presepf. The isothermal magnetization curves reveal the ferromag-
high electrical conductivity, facilitating the charge transfgjatism of CgTaS, at room temperature, suggesting the
during electrochemical reaction. ) presence of a magnetic moment associated with single Co
To this end, we designed M-SACs on metallic TaSggpants, as well as their RKKY spin exchange interactions.
monolayers with tunable loadings as a model system &hin-polarized DFT calculations reveal a larger local magnetic
explore the spiractivity correlation of OERi@ure ). Here, moment of Cgs as compared with the Gaite. Therefore,
CoJ/TaS, may provide a promising material platform to
explore the spimctivity correlation by regulating the
proportion and separation betweepGmd Cg, sites on
TaS.
We then designed experiments to control the proportion
2 and distance between gand Cg, sites by introducing
NewReserptor Dual Coxs-Cor sites di erent contents of single Co atoms on,.T@&r theoretical
CRERY calculations predict a smaller formation energy of 3.6 eV for
| Coys as compared to that of £d6.48 eV), suggesting a
A favorable formation of (psites during the co-intercalation

2 e processKigure ). The relative ratio of the oand Cg,
NS 1) sites can be tailored due to theiedént formation energies.
K 20T Accordingly, CéTas, samples with four dirent Co loadings
P 0 &co were fabricated by controlling thé'Gon concentration (see
d ®7 @0 Experimental Sectidar details). The Co loadings of ,Co
o H TaS-1, Cq/TaS,-2, Cq/TaS,-3, and CgTaS,4 were
g measured to be 2.2%, 4.2%, 5.7%, and 7.3%, respectively,

using inductively coupled plasma optical emission spectrom-
Figure 1. Schematic illustration of the spin density engineering of a etry (ICP-OES) (able SR
single-metal active site for promoting OER within a ferromagnetic ~ Co S bond lengths surrounding thg,§and Ce, sites are
domain. predicted to be 2.17 and 2.38 A, respectiFeiyire #).
Thus, the relative ratio of zand Cg, sites can be inferred
we anchored Co atoms, as a prototypical magnetic atom, by analyzing the averaged Sdond length in this series of
the basal plane of metallic Ja®nolayers through a van der Co,/TaS, samples through the measurement of their extended
Waals-space modation (VdWM) strategy established in our X-ray absorptionne structure (EXAFS) spectfagure 2
previous worfke Such a VAWM method produces two types ofshows the Fourier transform (FT) curves of the Co K-edge
single Co sites on Taiicluding the one replacing Ta atoms EXAFS spectra of €daS,-1, Cq/TaS,-2, Cq/TaS,-3, Cq/
(Corp or the other bonding at the hollow site (goDensity TaS-4, and Co foil as the reference sample. All ti€aSe
functional theory (DFT) calculations reveal that thg & samples show no feature associated with theéodwnd but
as the active sites for OER. The spin density@fdan be one dominant peak at about 1.84 A indexed to thé Co
regulated through the exchange interaction with the adjacdmnd, suggesting the presence of isolated Co atoms in all the
single Co sites, which is closely related tg binding samples. Notably, an increase of Co content frgifaSgl
energy. Cp enhances the spin density over the adjacggt Co to Co/TaS,4 results in a slight shift of this dominant feature
site, which results in an optimized interaction betwggn Cotoward lowR value, indicating the average Edond length
and O species and thus promotes OER activity. In contrashecomes shorter. This suggests an increase of the proportion of
the presence of neighboring,Esigni cantly increases the Coyg sites as a function of Co content due to its relatively
spin density of the Ggsite, leading to a too strong binding of lower formation energy.
O species that hinders subsequent reactions. The DFTAn increase of the Ggsite ratio as a function of Co loading
calculations and electrochemical measurements establishedaa further validated by the Co 2p core-level X-ray
reliable link between the spin density of the active site amthotoelectron spectroscopy (XPS) measuremeigsre
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Figure 2. Magnetic single-Co-atom catalysts,(TaS,) with a tunable density of Ggand Cqgsites. (a and b) Atomic models of Ggand
Cor, sites on the basal plane of a Td&tice. (c and d) Calculated formation energy and Gobond length for Cg; and Ca, sites. (e)
Fourier transform curves of the Co K-edge EXAFS spectra of thF &% samples and Co foil. (f) XPS spectra of Co 2p for/TaS,-1,
Co,/TaS,-2, Ca/TaS,-3, and Ce/TaS,-4. (g) Proportional graph of the G6(Coyg) and C&* (Cor,) in the Co,/TaS, samples based on the
XPS analysis. The green and purple regions in (f) and (g) represétia@id CG* components. The blue regions in (f) refer to the satellite
peaks of C& ions.

2f). All four Cq/TaS, samples show two main peaks/&tl.5 microscopy (AFM) image-igure ® and Figure SB The

and 797.5 eV (denoted by green) ascribed to thez@ag elemental mappingFigure 8) reveals a homogeneous

Co 2p,, of the C8" ion, respectivel§}*> The two adjacent  distribution of Co, Ta, and S elements over the entjfe Co

satellite peaks (denoted by blue) located at higher bindingaS ake. C@TaS, akes still maintain a high crystallinity of

energies of 786.9 and 803.2 eV are originated from the shakeetallic 2H-TasS lattice as supported by high-resolution

up process of Gbions in the high-spin stdfeFurthermore,  transmission electron microscopy (HRTEM) imagiiugi(e

other doublet peaks (denoted by purple) at 778.7 and 793&l) and Raman spectroscopig(ire Sy which facilitates the

eV can be ascribed to the®Cimn*"*® The proportion of  RKKY magnetic interaction and charge transfer for OER.

Co** (Co®) ions in Cq/TaS,1, Cq/TaS,-2, Cq/TaS,3, To trace the microscale distribution of,{amnd Ca, sites

and Cq/TaS,-4 samples is determined to b&.7% (25.3%), on Ta$ layers as a function of Co loadings, we performed

84.8% (15.2%), 85.6% (14.4%), and 86.6% (13.4%lMigh-angle annular dadd scanning transmission electron

respectivelyHigure ), revealing an increase of'Gpecies  microscopy (HAADF-STEM) measurements of Tas,

with Co loading. C6 and Cd* are likely to correspond to samplesFigure & and f present the typical HAADF-STEM

Caoys and Ca,, respectively, since the valence statg,gisCo images of G#laS,-1 and CgTaS,-3 monolayers. The

predicted to be lower than that offCdhus, the XPS analysis brightest and dim spots correspond to the Ta and S sites, while

also supports an increased proportion @f Ges as a the moderately bright spots are assigned to the isolated Co

function of Co loading. atoms. The atomic sites marked by green and blue circles are
Structure Characterization of Cg/TaS, Monolayers. Cor, and Cqg, respectively. At a low Co loading, thgsCo

To expose all the isolated Co sites for catalysis, we then carrégadl Cq, sites are separated by a distance larger than 2 nm

out a gentle electrochemical exfoliation using quaternagiigure 8). An increase of Co loadirfggure 8andFigure

ammonium cations to prepare monolayer and few-layer CoSH reduces the separation between adjacent Co sites, whereby

TaS nanosheets (sdéexperimental Secti@nd Figure SiL the neighboring GgCor, and CegsCoygsites are formed, as

Figure & andFigure S2show the microsized as-exfoliated illustrated irFigure §.

Co/TaS, nanosheets with varied thickness ranging from Probing the OER Activity of Cq/TaS SACs.We then

monolayers to few layers, as oord by the atomic force evaluate the OER activity of the fouy/CasS, SACs. Linear

7107 https://doi.org/10.1021/acsnano.1c00251
ACS Nan®021, 15, 71057113


http://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00251/suppl_file/nn1c00251_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00251/suppl_file/nn1c00251_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00251/suppl_file/nn1c00251_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00251/suppl_file/nn1c00251_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00251/suppl_file/nn1c00251_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.1c00251/suppl_file/nn1c00251_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c00251?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c00251?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c00251?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c00251?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c00251?rel=cite-as&ref=PDF&jav=VoR

ACS Nano WWWw.acshano.org

. A
lr\,- L *« » ¥ s 0
2 RN R

A s b ¥ u e

LI T A T B

A YA 55 % % w0

L B I TR I B R

S s &% N e
Y e AN \\.'{‘1-0¢|7---
TR S R A LI O
8 e e AN -\",7 L% . % DR E

BSEme 4 & ¥ A % e W e 1] ¥ % 4B E s Py
3 .

Pristine TaS, Increasing Co cwmen_ Co1/TaS;

1.1 T T Jamieet T
wm;zo *‘*fff Hr ST Y

@& ”OE"”"'" T LT IS

y \ 0. ys W W W
BT T 1 T b @<
o oYY bf:‘fofa:z OC g :QS:Z o Z:on
v(‘xvx» v»vYOYA q )v)u o :l,v
- viete et S v‘"v"’\;\f‘

Figure 3. Characterizations of the exfoliated,/CaS, monolayers. (a) Optical image of the typical @S, monolayers on a SiI5i
substrate. (b) AFM image of several exfoliated/TaS, monolayers, showing a thickness of about 1.2 nm. (c) EDS elemental mapping of
Co-K, Ta-M, and S-K of a single £B8aS, nanosheet. (d) Typical HRTEM image of the exfoliated/TaS, nanosheets showing the (100)
plane of 2H-Tag (e and f) HAADF-STEM images of the basal plane of gT&%,-1 monolayer and a G&l'aS,-3 monolayer, respectively.
Cor, sites and Cgs sites are marked by green and blue circles, respectively. (g) Structural evolutiop, ah@&qs sites in a Taglattice

as the Co loading increases.

sweep voltammetry (LSV) was carried out igsaforated 1~ (Figure €). Furthermore, EXAFS spectra acquired fgr Co
M KOH alkaline solution. As shownFHRigure 4, theiR- TaS-3 SACs before and after OER show very similar features,
corrected polarization curves present an enhancement of gegesting that Co atoms still maintain atomic dispersion
OER performance for €baS, compared with pristine TaS  during OER Figure ). However, the major peak of,Co
Interestingly, the OER activity increases with Co loadings froaS-3-OER slightly shifts to a IBRxompared to that of the
Co)/TaS,-1 to Cq/TaS,-3, and then it decays at a higher Co original Cg'TaS,-3 sample, which could be attributed to the
content (C@/TaS,-4). At a current density of 10 mA ém  chemical adsorption of oxygen intermediates g sltes
(Figure ®), the overpotential decreases from 430 mV foduring the OER process (note that the Gdond is shorter
pristine Tagto 377, 340, and 330 mV for @S,-1, Cq/ than that of CoS and the major peak could be assigned to the
TaS-2, and CgTaS;-3, respectively. A further increase of Comix of Co S and CoO bonds). Such a bond length variation
loading increases the overpotential ¢ff@s,-4 to 340 mV.  further attests that the Gxsite serves as the active center for
In addition, the current densities at 1vBRHE of these four ~ OER. Furthermore, this VAWM method can be applied to
samples show a similar loading-dependent trend, wherein ffr@duce various single-metal-atom-raddira$ including
Co,/TaS,-3 shows the highest value of 77 m&.cdmong all Fe-Tag In-Ta$, and Pd-TaS giving a path for designing
four Cq/TaS, samples, GO aS,-3 exhibits the lowest Tafel e cient single-atom heterogeneous catalysisx{seemental
slope of 70 mV det superior to pristine Tagl45 mV SectiorandFigure Sy
dec?) and Caq/TaS,4 (100 mV ded) (Figure 4). Theoretical Modeling of the Activity Origin of OER.
Therefore, the GiTaS,-3 presents the optimal OER activity To understand the origin of the excellent OER performance of
with an overpotential of 330 mV at 10 mAZand Tafel Co)/TaS, SACs, we performed DFT calculations to study how
slope of 70 mV det; superior to commercial RU@70 mV) the Cqgs and Cg, in uence the OER activityp{pporting
OER catalysts (the OER activity okdent C@/TaS, samples  Information DFT calculations). The calculated Gibbs free
with various Co loadings is showfigure Sp energy prdes identify that the potential limiting step (PLS)

In addition, CgTaS,-3 shows a good stability throughout a for OER over the pristine Ta@nd Cg, sites is the
12 h test at a constant potential of IVGRHE (Figure ). transformation fromO to *OOH with energy barriers of
HRTEM imaging reveals that,d@S,-3 thin akes after the 1.60 and 1.66 eV, respectively, while the PLS overhe Co
durability test still maintain a pristine 2H,TaBucture site is predicted to be the conversion fr@H to *O with a
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Figure 4. Electrocatalytic OER measurements. (a) Polarization curves of pristipead@®xfoliated CgTaS,-1 to Co/TaS,-4, with
commercial Ru@for comparison. (b) Comparison of the overpotentiaRHE at the current density of 10 mA cand current density at

1.7 VvsRHE. (c) Tafel plots of pristine TagSexfoliated CgTaS,-1 to Co/TaS,-4, and Ru@. (d) OER stability for Ce/TaS,-3 at 1.6 Ws

RHE. (e) HRTEM image of the GiTaS,-3 nanosheets after the OER durability test. (f) Fourier transform curves of the Co K-edge EXAFS
spectra of the CgTaS,-3 before and after OER, with Co foil and £ as references.

reduced energy barrier of 1.34 &fre SB Therefore, barriers for transformation fré®@H to *O decrease to 0.93
Coys sites are expected to be excellent OER active sitemd 0.49 eV over GoCor, and CqsCoys Sites Figure &
compared to pristine Ta%nd Cgq, sites. Another key and b), signicantly lower than that over a single,{Site
qguestion is the origin of the trend of OER performance(l.34 eV). It is noted that the formatiort 6f remains as the
namely, the OER activitgst increases and then declines as &PLS over the Gg-Cor, site, while deprotonation and
function of Co loading. The aforementioned STEM imagingesorption of OOH become the PLS over the,6€0ys
shows that the density of the dual site includifng-Cm, site, leading to an increased energy barrier of about 0.96 eV.
and CqgsCaygincreases with an increase in Co loading, whicirherefore, the presence of a;[Csite near Gg at an
suggests that the interaction betwegr @ud its vicinal Co  increased loading can further decrease the energy barrier of
site impacts the OER activity. PLS to promote the OER performance. However, when the Co
We then explored the imence of adjacent ;and Cqg loading increases above a critical value (between 5.7% and
sites on the OER activity of (gaites, which are deed as 7.4%), the presence ofgoear the single Ggor the Co«
the Cq<Cor, and CegsCays Sites, respectivellyigure Sp Coyr, dual site will increase the energy barrier of the PLS to
The calculated free energy pe indicate that the energy reduce the OER activitiFiGure 8and g).
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Figure 5. Theoretical study of the spiactivity correlation for OER on GfTaS,. (a and b) Free energy diagrams of OER on thgite
with neighboring Ce, and Cqs atoms. The marked and enlarged parts: the pivotal step with the transformatiort @éirto *O on the
CoysCor, and Cqis-Cayg sites along with spin density distributions. (c) Calculated relationship between the spin density of e do

and the oxygen adsorption energy for the isolated{060,s-Cor,, and Cq,s-Ca,scases. (d) Measured magnetic moments of an individual
Co atom in Cg/TaS,-2, Cq/TaS,-3, and C@/TaS,-4 SAC samples.

The tunable OER activity observed here can be weditable, which shifts the nature of the PLS to a higher energy
described by introducing a descript®r,the spin density of barrier. Therefore, the decreased OER activity fdaSpe4
the Cqs active site modulated by the presence of vicipal Co at the maximal loading can be ascribed to the formation of
and Ca, sites. The calculated spin density shows thaDthe more CagCa,s dual sites.
species possess a spin population of aboGt®.¢ (Figure Furthermore, we also carried out magnetization measure-
Sa and bfFigure S10The nature of the active O specté3)(  ments to monitor the evolution of magnetic properties for
is identied to be an O radical forming a Single bond with '[h%ol/'ra_sZ Samp|es as a function of Co |oading using a
surface G (CousO'). It has been predicted that the commercial superconducting quantum interference device
formation of a surface O radical is a key step in the OER, a”‘éﬁgures S12 and 91According to the saturation magnet-
high-spin corguration of the active metal site is expected tq,ations at 2 KRigure ), the average magnetic moment of
stabilize the unpaired electron of the O radical through the qividual Co in C@TaS,2, Cq/TaS,-3, and CgTaS, 4
exchange interactidfisInspired by this prediction, we samples is determined to ,be 0_3‘30.15’ 5 and 0.21 5,
gé(spectively (note the magnetic moment of théeT€-1
sample was not evaluated due to its weak ferromagnetism and
unsaturated magnetization). A monotonic increase of magnetic
moment per Co atom with the Co loadings can be ascribed to

case t0 2.100 and 2.13for the CasCor, and CaeCone the spin exchange mteracﬂons between neighbotigg .Co

cases, respectively (the calculations were performed at 0 K). &= @nd CasCays sites, which supports our theoretical

a result, the O adsorption energy gradually reduces fropﬁedmtpn of the relation be.tvyeen the spin density of the ggtwe

0.8019 eV over isolated,Gdo 0.6868 and 0.1119 eV over Metalsite and the OER activity. The decreased OER activity of

Co,sCor, and CaeCays (Table SH Co/TaS,-4 was presumably ascribed to the excess magnetic
Our calculations demonstrate that the neighboring Co moment, which suppressed the catalytic activity. The best OER

enhances the spin density of thas@ative site, resulting in ~ catalytic performance of (J@S,-3 is likely to be attributed

the formation of a more stable,G®" species responsible for to the optimized spin density of active&ites modulated

a better OER activity over the (G€or, site, while the by neighboring Gg and Cgs atoms. Therefore, the spin

neighboring Gg increases the spin density of thgs@ative density of an active metal site can serve as a descriptor for the

site too much so that the GzgO" species becomes excessivelyOER activity.

over the Cgs site and the spin density of the,Catom in the
isolated Cg;, CaysCor, and CosCaoyg sites. As shown in
Figure S1andFigure B, the calculated magnetic moment of
the Cqg atom increases from 1.9/for the isolated Gg
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CONCLUSIONS Singapore Synchrotron Light Source (S8LB)e storage ring of
SSLS was operated at 700 MeV with a beam current of 200 mA. A

t
In summary, we have developed a model system &j11) double-crystal monochromator was useltetothe X-ray
ferromagnetic single-Co-atom catalysts on metallic Tageam. Co foils were used for the energy calibration.

monolayers to investigate the sputivity correlation for
the OER. Single Gg atoms at the hollow sites with spin- ASSOCIATED CONTENT
polarized states act as the active site for OER, and their spin Supporting Information

densities can be regulated by the exchange interactions wj Supporting Information is available free of charge at

adjacent Co sitegatuning the Co loading. The neighboring s //hubs.acs.org/doi/10.1021/acsnano.1c00251
an increases the spin _denglty of thﬁsmtlve site to an DFT calculat hods (Tables S1 and S2). el
optimized value, resulting in an optimal binding energy calculation methods (Tables S1 an ), electro-

between Gg, and O species and thus promoting the OER chemical measurement methods, experimental results
activity. The neighboring Gooverboosts the spin density of (Figures S1S7, S12, and S13, Table S3), DFT
the Cqys active site, leading to an excessively stap}@©CTo calculations (Figures S§l1, Table S4POF

species, which hinders the subsequent reaction and thus

reduces the OER activity. This work demonstrates that AUTHOR INFORMATION
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