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A single-atom library for guided monometallic and
concentration-complex multimetallic designs

Lili Han'", Hao Cheng ®'", Wei Liu?", Haogiang Li?, Pengfei Ou3, Ruoqian Lin*, Hsiao-Tsu Wang®3,
Chih-Wen Pao®, Ashley R. Head @4, Chia-Hsin Wang®, Xiao Tong*, Cheng-Jun Sun’, Way-Faung Pong®,
Jun Luo®2?#X Jin-Cheng Zheng ®°® and Huolin L. Xin ®"X

Atomically dispersed single-atom catalysts have the potential to bridge heterogeneous and homogeneous catalysis. Dozens of
single-atom catalysts have been developed, and they exhibit notable catalytic activity and selectivity that are not achievable
on metal surfaces. Although promising, there is limited knowledge about the boundaries for the monometallic single-atom
phase space, not to mention multimetallic phase spaces. Here, single-atom catalysts based on 37 monometallic elements are
synthesized using a dissolution-and-carbonization method, characterized and analysed to build the largest reported library
of single-atom catalysts. In conjunction with in situ studies, we uncover unified principles on the oxidation state, coordination
number, bond length, coordination element and metal loading of single atoms to guide the design of single-atom catalysts with
atomically dispersed atoms anchored on N-doped carbon. We utilize the library to open up complex multimetallic phase spaces
for single-atom catalysts and demonstrate that there is no fundamental limit on using single-atom anchor sites as structural
units to assemble concentration-complex single-atom catalyst materials with up to 12 different elements. Our work offers a
single-atom library spanning from monometallic to concentration-complex multimetallic materials for the rational design of

single-atom catalysts.

anchored on solid substrates, possess the combined merits of

the easy separation, excellent recyclability and easy immobi-
lization of heterogeneous catalysts and the highly uniform active
centres, tunable coordination environment and high atom utiliza-
tion efficiency of homogeneous catalysts'-. Thus, SACs hold great
promise for bridging the gap between heterogeneous and homo-
geneous catalysis. Moreover, SACs offer a fundamental platform
to probe catalytic structure-performance relationships as well as
to investigate the catalytic mechanisms at the atomic scale®. In the
past few years, dozens of SACs have been developed for electroca-
talysis, thermocatalysis, photocatalysis and energy storage as well as
organic electrosynthesis, and they exhibit notable catalytic activity
and selectivity that are not achievable on metal surfaces'*'.

Despite the recent surge in SAC research, several great chal-
lenges remain. First, a set of unified guiding principles that govern
the formation of SACs is lacking. In particular, because different
metallic centres have different chemical and electronic proper-
ties, a guiding principle for the synthesis of one SAC cannot be
simply extrapolated to another. Second, it remains difficult to
regulate local structures of SACs, including bond length, oxidation
state, coordination number (CN) and coordination anions. This is
mainly due to the lack of a comprehensive understanding of SAC
formation mechanisms. Third, it is difficult to control the load-
ing of metal single atoms (SAs), since SAs tend to aggregate into
nanoclusters/particles due to the Gibbs-Thomson effect'®". It is
believed that nitrogen plays an important role in anchoring SAs®;

Single-atom catalysts (SACs), with isolated metal atoms

however, simply increasing nitrogen content does not always lead
to higher SA loading'’. Fourth, so far, a knowledge gap exists in
how to marry different elemental metal sites into one SAC system
and open up concentration-complex multimetallic phase spaces for
SAC:s that are exponentially more complex than conventional SACs
containing only one or two metallic elements (termed mono- or
dimetallic SACs).

Synthesis and characterization of SACs

Here, to meet these challenges, we synthesized a large library of
monometallic SACs—37 different metallic elements supported on
carbon—using the same dissolution-and-carbonization method
(Fig. 1a,b, Supplementary Figs. 1 and 2 and Supplementary Table
1). Most of these SACs are of value to electrochemical applications,
as supported by their catalytic performances reported in our previ-
ous studies®'°. We have also realized the formation of multimetal-
lic SACs, such as 2-, 8- and 12-metal SACs, by the same synthetic
method (Supplementary Table 2).

Our monometallic SACs were characterized by X-ray diffrac-
tion (XRD), scanning electron microscopy, transmission electron
microscopy, aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM),
energy-dispersive spectroscopy, X-ray photoelectron spectroscopy
(XPS), synchrotron radiation-based soft X-ray absorption spectros-
copy (XAS) and X-ray absorption fine structure (XAFS) spectros-
copy (Fig. 1c,d and Supplementary Figs. 3-40). Each SAC in Fig. 1
was strictly screened out by first synthesizing samples with various
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Fig. 1| Synthesis and characterization of monometallic SACs. a, Schematic of SAC synthesis. b, 37 metallic elements and their average valences for the
SACs. ¢, Aberration-corrected HAADF-STEM images (see Supplementary Fig. 38 for Au SAC). The scale bar is 2nm. d, FT-EXAFS spectra for SACs (black),
fits (red) and reference foils (blue). The y-axis values were normalized by the intensities of the main peaks for comparison. Insets: the corresponding
atomic structures of SACs for the EXAFS fittings. R, radial distance. a.u., arbitrary units.

metal precursor ratios as listed in Supplementary Table 1, second
selecting samples that do not show XRD peaks for metal-related
crystals, third selecting atomically dispersed SA samples using
aberration-corrected HAADF-STEM and fourth confirming the
atomic dispersion by XAFS until the SAC sample with the largest
metal precursor ratio is found.

The SAs in each SAC are uniformly distributed both on the sur-
face and in the bulk of the SAC with similar bonding environments,
as evidenced by the soft XAS spectra for SAs in the surface-sensitive
total electron yield and the bulk-sensitive partial fluorescence yield
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modes* in Supplementary Figs. 4, 6-8 and 10-16. The oxidation
states of the SAs were determined by XPS, and the average values
are shown in Fig. 1b and Supplementary Table 3. Further, the oxida-
tion states of 3d transition metal centres were cross-validated by soft
XAS (Supplementary Figs. 4-8). The fittings of Fourier-transformed
(FT) extended X-ray absorption fine structure (EXAFS) spectra for
the SACs were performed with the models in the insets of Fig. 1d
(note that it is difficult to discern C, N and O coordinates by EXAFS
fitting due to their similar atomic numbers). The final fitting results
are shown in Fig. 1d and Supplementary Table 4.
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Fig. 2 | Correlation analyses for the monometallic SAC properties. a, Bond lengths of SAs to their first-shell elements. b, CN values for SAs. ¢, Correlation
of SAC properties, where a more positive value represents a more positive correlation and vice versa. SA wt%,/m,, SA at.%/C at.%, N at.%,/C at.% and O

at.%/C at.% denote SA weight per cent determined by ICP-MS over relative

atomic mass, SA atomic per cent over C atomic per cent determined by XPS,

N atomic per cent over C atomic per cent determined by XPS and O atomic per cent over C atomic per cent determined by XPS, respectively. d, Scattering
matrix of correlation for SAC properties. The scatter diagram in the matrix unit shows the correlation of two SAC properties, while the histogram on the
diagonal represents the frequency distribution of each SAC property. The relationships highlighted by the yellow circles are emphasized in the main text. e,
SA loadings in SACs, determined by ICP-MS. f, Dependence of the largest SAC metal precursor ratios on electronegativity.

Correlation for monometallic SAC properties

The local environment of each SA element is key because it deter-
mines the catalytic performance of the SAC. It includes the bond
length of the SA to its first-shell neighbours, the CN and the
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coordination elements. The bond lengths and the CNs extracted
from the EXAFS fitting parameters in Supplementary Table 4 are
plotted in Fig. 2a,b, showing that the bond length initially decreases,
then increases and subsequently oscillates from left to right across

683


http://www.nature.com/naturematerials

ARTICLES

NATURE MATERIALS

each row in Fig. 1b. On the basis of the correlation analyses for the
SAC properties in Fig. 2¢,d, it is found that the bond length has a
negative correlation with the oxidation state (Supplementary Fig.
41) and a positive correlation with the CN. This finding shows a
general principle that a larger oxidation state and a smaller CN lead
to a smaller bond length and vice versa**. For example, the SA ele-
ments in the 5B, 6B and 10B groups lose more outer electrons or
have smaller CNs, leading to shorter bond lengths (shaded areas in
Fig. 2a,b and Supplementary Fig. 41).

Furthermore, we synthesized and characterized various SACs
(including Cr, Fe, Co, Ni, Cu, Zn, Ga, Y, Ru, Pd, Cd, Sb, Ir, Pt and
Bi) with lower loading of SAs to validate the trends (Supplementary
Figs. 10, 12-17, 19, 23, 25, 27, 30, 36, 37 and 40 and Supplementary
Table 5). The results show that the bond length, CN and oxidation
state of the SAs with lower loading have trends similar to those with
the original loading (Supplementary Fig. 42). This suggests that the
general trends can be indicated by the set of samples with lower
loading.

To validate whether the trends still hold with a different syn-
thetic method, we prepared numerous SACs, including Co, Cu,
Ga, Y, Rh, Lu, Ir and Bi, supported on metal-organic framework
(MOF) substrates, by another synthetic method (abbreviated as
the MOF method) that has been widely used in SAC research®*,
and we also carefully characterized them (Supplementary
Figs. 43-50 and Supplementary Table 6). Comparison of bond
lengths, CN values and oxidation states of SAs synthesized by
the dissolution-and-carbonization and the MOF methods in
Supplementary Fig. 51 shows that the bond length, CN and valence
state of the SACs obtained by the MOF method have trends similar
to those obtained by the dissolution-and-carbonization method, but
a few features such as the bond length of Y, the CNs of Co and Cu
and the oxidation state of Cu deviate a little from the trends. Even
though the principles we extracted can be referred to by those of
another method for the SAC systems with N-doped carbon to some
extent, they are not in full accord due to the complexity of the syn-
thetic environment. For example, the various synthetic factors such
as types of carbon/nitrogen/metal precursor, heat-treatment condi-
tions and temperature could affect the properties of the mononu-
clear sites in SACs™.

Moreover, to further explore the local environment of SAs, we
carried out X-ray absorption near-edge structure (XANES) fit-
tings for 21 four-coordinated SAs with MN, and MO, (M =metal)
structures (Supplementary Figs. 52-54). The fitting analyses in
Supplementary Fig. 55 show that V, Cr, Fe, Cu, Ga, Zr, Ru, In, Sn
and Sb SAs have better MN, fitting than MO,, and Mn, Co, Ni, Zn,
Rh, Pd, Cd, Ir, Pt, Pb and Bi SAs have better MO, fitting than MN,.

The SA loading is another key factor because it determines the
density of active sites for catalytic applications. In this work, the
SA loading in the bulk and on the surface of each SAC was mea-
sured by inductively coupled plasma mass spectrometry (ICP-MS)
and XPS, respectively, and the results are shown in Fig. 2e,
Supplementary Fig. 56a,b and Supplementary Table 3. On the basis
of the correlation analyses in Fig. 2c,d, it is found that the load-
ings are most positively correlated to the largest metal precursor
ratios, indicating that the loading can be controlled by adjusting

the ratio, which is also a general principle. To rationally analyse
the ratios, we plotted the curve for the largest SAC metal precur-
sor ratio versus electronegativity (Fig. 2f) and found that as the
electronegativity increases the ratio initially increases, then flattens
and finally decreases, suggesting a parabolic relationship (red line
in Fig. 2f). By contrast, the parabolic relationship between elec-
tronegativity and loading amount (SA wt%/m,) (Supplementary
Fig. 57) is not as obvious as the one between electronegativity and
metal precursor ratio (Fig. 2f). This is because the SA wt%/m, is
not always proportional to the metal precursor ratio due to the
different vaporizations of different metal precursors. These find-
ings indicate that the upper threshold of metal precursor ratio for
the synthesis of SACs can be quantitatively predicted by the cor-
responding metal electronegativity, which is an important general
principle. Moreover, the loadings have a large positive correlation
with the O content in SACs and a small but negative correlation
with the N content in SACs, which is another general principle.
This surprising finding suggests that the oxygen content might
play a more important role in controlling SA loading than nitro-
gen content. This might also explain why the strategy of increasing
nitrogen content might fail to increase the SA loading. To under-
stand the convoluted roles of oxygen and nitrogen in anchoring
SAs, we investigated the local structure and bonding evolution
during SAC synthesis by in situ XAFS and in situ XPS (Fig. 3)
together with temperature-dependent thermogravimetric analysis,
Raman spectroscopy and XRD (Supplementary Fig. 58).

Formation mechanism for monometallic SACs
For the in situ study, we chose the synthesis of Mo SAC as an exam-
ple for metals with high electronegativity (Fig. 3a-i). As shown in
Fig. 3e, with increasing temperature, the ammonium molybdate first
transforms into a local structure based on one Mo atom coordinat-
ing with six O atoms, as evidenced by analyses of the XANES and
EXAFS spectra at 200°C in Fig. 3a-d and the Mo-O bonding found
in Fig. 3g. Then, longer Mo-O bonds obtained from the XANES
and EXAFS fittings in Fig. 3b,d, shown as on top and bottom bonds
in Fig. 3e, are expected to break first. Subsequently, the O atoms on
the other four Mo-O bonds are successively replaced by N or C to
form MoX,0 (X=N or C), evidenced by analyses of the XANES
and EXAFS spectra at 400 °C that are fitted with the MoC,0 moiety
found in Fig. 3a—d and the Mo-N and Mo-C bonds found in Fig.
3h,i. Finally, a MoC,X structure with a Mo valence state of +4 is
formed, demonstrated by analyses of XANES and EXAFS spectra at
600 °C that are fitted with the MoC,N moiety found in Fig. 3a-d, the
absence of the Mo-O bond in Fig. 3g and the Mo oxidation state of
+4 in Fig. 3f (see Supplementary Fig. 59 and Supplementary Table 7
for the XANES fitting details). The local structure evolution dynam-
ics determined from XAFS and XPS were cross-validated by ther-
mogravimetric, Raman and XRD analyses (Supplementary Fig. 58).
We take the synthesis of Mn SAC as an example for metals with
medium electronegativity (Fig. 3j-m and Supplementary Fig. 60).
The Mn atom first forms its coordination with six O atoms, as evi-
denced by the analyses of the XANES and EXAFS spectra at 200°C
(Supplementary Fig. 60a,b) and the Mn-O bonding (Fig. 3k).
Unlike the Mo SAC synthesis, the Mn-O bond is still present in the

>

>

Fig. 3 | Temperature-induced evolution dynamics for SACs. a, In situ Mo K-edge XANES spectra for the Mo SAC synthesis. u, absorption cofficient. RT,
room temperature. b, XANES fitting curves with MoO,, MoC,0 and MoC,N moieties. ¢, In situ Mo K-edge FT-EXAFS spectra. d, EXAFS fitting curves with
MoO,, MoX,0 and MoC,X moieties. e Schematic of atomic structure evolution during Mo SAC formation. As the temperature increases, the two longer
Mo-0O bonds of the local structure with one Mo atom coordinating with six O atoms break first, forming a MoO, structure. Subsequently, the O atoms on
the MoO, are successively replaced by N or C to form MoX,0 (X=N or C). f-i, In situ Mo 3d (f), O 1s (g), N 1s (h) and C 1s (i) XPS spectra for the Mo SAC
synthesis. j-I, In situ Mn 2p (§), O 1s (k) and N 1s (I) XPS spectra for the Mn SAC synthesis. The grey, black, blue, and green curves in Fig. 3f-| derive from
the original XPS data, the fitted peaks’ sum, the fitted peaks, and other fitted peaks, respectively. The red dotted lines in Fig. 3f guide the shift of Mo 3d XPS
peaks with changing temperatures. m, Schematic of the structural conversion of MnO, to MnN,,. At 200 °C, one Mn atom coordinates with six O atoms.
When the temperature is increased to 800 °C, the Mn-O bond is displaced by the Mn-N bond, forming a MnN, structure.
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sample at 600°C (Fig. 3k). Furthermore, when the temperature is
increased to 800°C, the Mn-O bond disappears (Fig. 3k) and the
Mn-N bond remains (Fig. 31). The XANES and EXAFS spectra
match well with those for the MnN, structure (Supplementary Fig.
60c,d). These findings are consistent with the analyses of the in situ
O and N K-edge soft XAS spectra in Supplementary Fig. 61.
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The evolution dynamics for the synthesis of the Mo and Mn
SAGCs illustrate that the centre metal atoms coordinate with O at
low temperatures, the coordinated O is successively replaced by N
or C at high temperatures and the final coordination environment
of SACs depends on not only the SA species but also the terminal
temperature. This finding explains why the SA affinities towards
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N and O based on the formation energies of MN, and MO, from
density functional theory (DFT) thermodynamics calculations at
0K (see Methods and Supplementary Fig. 62 for details) deviate
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from those based on the XANES fitting with MN, and MO, from
the more complicated temperature-dependent relationship between
thermodynamics and kinetics during the non-equilibrium synthesis
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Fig. 4 | Characterization and OER performance of concentration-complex SAC containing 12 different metallic elements. a, Atomic-resolution
HAADF-STEM image. b, Close-up view of the boxed region in a. ¢, Pseudocolour surface plot of a randomly selected area in a, showing SAs with various
contrasts in the matrix. d, HAADF-STEM image and energy-dispersive spectroscopy elemental maps. e, FT-EXAFS spectra for SAs (turquoise) and
corresponding reference foils (orange). The y-axis values were normalized by the intensities of the main peaks for comparison. f, Content of each metallic
element determined by ICP-MS. g, Linear sweep voltammetry curves of the 12-metal SAC, the 12 mixed monometallic SACs, the individual monometallic
SACs, the C substrate and commercial IrO,. j, current density. RHE, reversible hydrogen electrode. h, Chronopotentiometric curve obtained with the

12-metal SAC.

process (Supplementary Fig. 63). It is worth noting that in most
carbon-based SA systems oxygen quickly evaporates at 800°C or
above®. If we had built the library at high temperatures, we would
have been less likely to reveal the positive correlation between SA
loading and oxygen. It is also important to note that correlation does
not mean causality. Our in situ investigation does indeed suggest
that oxygen plays an important role in anchoring SAs on carbon at
low temperatures and that nitrogen replaces oxygen only at higher

temperatures, as oxygen evaporates more easily than nitrogen®.

Concentration-complex multimetallic SACs

On the basis of the synthesis of the 37 mono-element SACs, the
library suggests that the dissolution-and-carbonization strategy
enables the chelation of different metal centres on glucose and
their separation by glucose backbones, and thus we infer that the
strategy can facilitate the formation of concentration-complex
multiple metallic-element SAs in one sample. Then, by control-
ling the species and concentrations of multiple metal precur-
sors, multimetallic SAs, such as 2-, 8- and 12-metal SACs, are
successfully achieved, with their atomic dispersions verified by
aberration-corrected STEM imaging and XAFS measurement
(Fig. 4a-f and Supplementary Figs. 64-67). The 8- and 12-metal
SACs with high metal loading are extremely difficult to synthe-
size because each metallic atom in the 8- and 12-metal SACs
must overcome the aggregations with not only themselves but
also any one of the other metallic atoms. However, we synthesized
an eight-metal SAC containing V, Cr, Mn, Fe, Co, Ni, Cu and Zn
(Supplementary Fig. 65) and a 12-metal SAC with Sc, Mn, Fe, Co,
Ni, Cu, Zn, Y, Zr, Pd, Hf and W (Fig. 4 and Supplementary Figs.
66-68). Atomic-resolution STEM images show that the SAs are all
atomically and uniformly dispersed across the carbon support (Fig.
4a-d), which is further confirmed by the XAFS spectra in Fig. 4e
and Supplementary Fig. 66, as well as the EXAFS fitting results in
Supplementary Fig. 67 and Supplementary Table 8. The contents
and valence states of the SAs were determined by ICP-MS and
XPS, respectively, as shown in Fig. 4f, Supplementary Fig. 68 and
Supplementary Table 2. The total metal loading of the 12-metal
SAC reaches 7.53 wt%, which is considered a high value. These
results demonstrate that there is no fundamental limit on using SA
anchor sites as structural units to assemble concentration-complex
multimetallic SAC materials.

Notably, the 12 different elements in the 12-metal SAC, in con-
trast to the mechanically mixed 12 monometallic SA materials,
are homogeneously affixed to the same matrix with atomic-level
distribution. To explore their electrocatalysis, we performed elec-
trocatalytic oxygen evolution reaction (OER) experiments on the
12-metal SAC, the corresponding mechanically mixed 12 monome-
tallic SACs and the corresponding individual monometallic SACs.
Representative OER currents of the samples were measured in
0.1 M KOH aqueous electrolyte at a scan rate of 10 mVs™. The cur-
rent density, mass activity and turnover frequency of the 12-metal
SAC are higher than those of the mixed and individual monome-
tallic SACs at the same potentials, indicating higher activity of
the 12-metal SAC for OER (Fig. 4g and Supplementary Fig. 69).
Also, the eight-metal SAC has a higher OER activity than its cor-
responding mixed monometallic SACs (Supplementary Fig. 70).
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To explore the active species in the 12-metal SAC for OER, we
tested OER activities based on Fe, Co and Ni groups that have been
reported to have promising performances for OER*-*, such as Fe—
Ni SAC, Fe-Co SAC, Co-Ni SAC, Fe-Co-Ni SAC, Fe-Co-W SAC,
Fe-Co-Ni-Cu SAC and Fe-Co-Ni-Mn SAC. The results of OER
activity in Supplementary Fig. 71 demonstrate the following OER
activity order: Fe-Ni SAC <Fe-Co SAC < Co-Ni SAC; Fe-Co-W
SAC < Fe-Co-Ni SAC; Fe-Co-Ni-Cu SAC < Fe-Co-Ni-Mn SAC;
Co-Ni SAC<Fe-Co-Ni SAC<Fe-Co-Ni-Mn SAC. From the
order, the OER activity of the quadmetallic Fe-Co-Ni-Mn SAC
is better than that of the trimetallic Fe~Co-Ni SAC and far better
than that of the bimetallic Co-Ni SAC. The activity of the 12-metal
SAC is better than that of the quadmetallic Fe—~Co-Ni-Mn SAC.
Therefore, we conclude that the multi-element synergistic inter-
action in the 12-metal SAC can further enhance the OER activity.
Moreover, we ran OER on the 12-metal SAC at a constant current
of 10mA cm™ continuously for 130h. No appreciable increase in
potential was observed in this time interval (Fig. 4h), which indi-
cates the high stability of the 12-metal SAC for OER. The stability
of OER electrolysis can be assigned to the stable structure resulting
from the strong bonding between the metals and the support®.

In summary, we have built a single-atom library ranging from
monometallic to concentration-complex multimetallic materials.
The big data analyses of the correlation of SAC properties in the
library not only provide unified principles to understand the nature
of active sites in different kinds of SAC, but also inspire a deeper
insight into the SAC formation mechanism. This work may open up
exponentially more complex multimetallic phase spaces for SACs
and inspire new research areas for SAC discovery and optimization,
where the elemental composition of SACs can be leveraged in con-
trolling SAC synthesis and activity.
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Methods
Synthesis. The monometallic catalysts were synthesized by a
dissolution-and-carbonization method. A schematic illustration of the synthetic
process is shown in Supplementary Fig. 1. Typically, 144 mg of glucose (C;H,,0,)
was dissolved in 40 ml of ethanol. Meanwhile, the metal salt precursor (see
details in Supplementary Table 1) and 690 mg of hydroxylamine hydrochloride
((NH,OH)CI) were ultrasonically dissolved in 40 ml of deionized water.
Subsequently, the ethanol and water solutions were mixed. The mixture was
dried in a drying oven at 70 °C for 12h. Afterwards, it was placed in a crucible,
heated from room temperature to 600 °C with a ramp rate of 5°Cmin~! under Ar
atmosphere and kept there for 4 h for carbonization. The obtained product was
milled into fine powder for further characterization. Exceptionally, since AgNO,
precursor can react with the Cl~ in (NH;OH)CI to form AgCl precipitation
(Supplementary Fig. 2), the (NH,OH)Cl was replaced by tripolycyanamide
with the same molarity as the (NH,OH)CI for the synthesis of Ag SACs. For
the synthesis of multimetallic SACs, the procedures are the same as for the
monometallic catalysts except that multiple metal salt precursors instead of single
ones were added, and the weight of each metal precursor was controlled according
to Supplementary Table 2.

Moreover, the SACs by the MOF method were synthesized with reference to
the reported research?. Specifically, 2.4 g of 2-methylimidazole was dissolved
in 40 ml of methanol by sonication for 5min. 1.07 g of Zn(NO,),-6H,0 and the
given amount of a metal precursor (see Supplementary Table 9 for details) were
dissolved in 40 ml of methanol by sonication for 5min. The two solutions were
mixed by magnetic stirring for 12h. The as-obtained precipitates were centrifuged,
washed with methanol several times and dried in vacuum at 70 °C. The dried
powder was placed in a tube furnace and then heated to the desired temperature
(900°C) for 3h at the heating rate of 5°Cmin~' under flowing Ar gas. Then, it was
naturally cooled to room temperature and ground into fine powder to obtain the
representative samples. The as-prepared products were directly used without any
post-treatment.

Characterization. XRD patterns were collected using an X-ray diffractometer
(Rigaku D/max 2500) at a scan rate of 10°min~" in the 26 range of 10°-90°.
Scanning electron microscopy images were taken on a Verios 460L operated

at 20kV. Atomic-resolution HAADF-STEM images and energy-dispersive
spectroscopy mappings were taken using an FEI Titan Cubed Themis G2 300 S/
TEM with a probe corrector operated at 200keV and a JEOL JEM-ARM300F
Grand ARM S/TEM with double correctors operated at 300keV. The
atomic-resolution HAADF-STEM images were processed by Richardson-Lucy
deconvolution (four iterations)** using the DeconvGUI app (https://sites.google.
com/view/deepem/software-development). Ex situ XAFS measurements were
carried out at beamline 7-BM of National Synchrotron Light Source II, Brookhaven
National Laboratory, beamline TPS 44A of the National Synchrotron Radiation
Research Center and beamline 20-BM-B of the Advanced Photon Source,
Argonne National Laboratory. Soft XAS spectra were collected using both total
electron yield and partial fluorescence yield modes at room temperature in an
ultrahigh-vacuum chamber (base pressure about 10~ torr) at the IOS (23-ID-2)
beamline of National Synchrotron Light Source II. Raman spectra were obtained
using a HORIBA Evolution high-resolution confocal micro-Raman spectrometer.
Ex situ XPS measurements were performed on a Kratos AXIS Ultra DLD

system with Al Ko radiation as the X-ray source. Thermogravimetric analysis
measurements were performed on a 209F3A NETZSCH thermal analyser with

a ramp rate of 10°Cmin~" under N, atmosphere. Metal contents of SACs were
analysed by ICP-MS (Thermo Fisher iCAP RQ ICP-MS).

In situ XAFS experiments were performed at beamline 7-BM of National
Synchrotron Light Source II. The precursor mixture of ammonium molybdate,
hydroxylamine hydrochloride and glucose for the synthesis of the Mo SAC was
pressed and mounted on a holder of a Nashner-Adler reaction cell. The mixture
was heated under Ar protection and its XAFS spectra were recorded at given
temperatures.

In situ XPS experiments were performed using a system that counts with
an X-ray electron detector (SPECS PHOIBOS 100MCD analyser) and an Al Ko
X-ray source with a photon energy of 1,486.6 eV. The dried precursor mixture of
ammonium molybdate or manganese nitrate, hydroxylamine hydrochloride and
glucose for the synthesis of Mo SAC or Mn SAC was pressed on a Cu substrate,
transferred to the XPS chamber and heated in ultrahigh vacuum. The XPS spectra
were recorded at given temperatures.

In situ soft XAS data were collected with total electron yield signal on the
TLS-BL24A beamline, NSRRC. During the measurement, the samples were
mounted on the non-oxygen copper plate and heated at given temperatures under
high-vacuum conditions.

EXAFS fitting optimization. The EXAFS data were processed using the Athena
and Artemis modules implemented in the IFEFFIT software packages®”. The raw
data of the EXAFS spectra were first preprocessed using the Athena module. For
each entire spectrum, the pre-edge background absorption was subtracted, and
the post-edge was normalized to unity. The data were then transformed from the
energy space into the photoelectron momentum vector k space, and a k*-weighted
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method was employed to compensate for oscillatory decay. Finally, the R-space
spectra were obtained by Fourier transformation of the k*-weighted y(k) function
using a Hanning window. Afterwards, the Artemis module was utilized to extract
the local structure information from the spectra by using the least-squares curve
parameter fitting method. We performed an extremely large structure search

for metal SAs and executed EXAFS fitting optimization on each of the potential
structural models we found. The atomic distances between centre metal atoms
and their scattering atoms were initially set to our DFT results and then optimized
during the fitting process. Finally, the fitting results with the best EXAFS fitting
quality (represented by R-factor, the smaller the better) along with the atomic
structure models are shown in Fig. 1d and Supplementary Table 4.

XANES calculation methods. In this work, we have performed the theoretical
XANES calculations to explore the local structure of each single-atom metallic
element within the FDMNES package in the framework of a real-space full
multiple-scattering scheme with the muffin-tin approximation®”. The
energy-dependent exchange—correlation potential was calculated in the real
Hedin-Lundgvist scheme, and then the XANES spectra were convoluted using

a Lorentzian function with an energy-dependent width to account for the
broadening from both the core-hole and final-state widths. A cluster of 7.0 A radius
containing ~70 atoms was used in the calculation, with satisfactory convergence
being achieved. The structural models for XANES fitting were built on the basis of
the EXAFS fitting results and were further optimized by DFT. Quantitative XANES
fittings were carried out on each single-atom metallic element to approach the real
local structure by optimizing the agreement between calculation and experiment.
The fitting qualities were evaluated using the R-factor.

DFT calculations of formation energy. Spin-polarized DFT calculations using
the projector-augmented wave method were performed with the Vienna ab initio
simulation package* with the electron exchange and correlation described by
the generalized-gradient approximation as parametrized by Perdew, Burke and
Ernzerhof™. Plane-wave cutoff energy of 520eV and a 4x 4 x 1 I'-centred k-point
grid generated by the Monkhorst-Pack scheme were used for all calculations.
The cell shape and atomic positions in the supercells were fully relaxed until the
Hellmann-Feynman force acting on each atom was less than 0.01eV A-". The
conjugate gradient algorithm*' was used for the electronic optimization, and the
convergence was considered to be reached when the total energy difference was
less than 10°eV between iterations. For the examined SACs, each of the MO, and
MN, centres was constructed by creating a double vacancy in a 5X 5 graphene
sheet. A vacuum thickness of more than 15 A was added in the vertical direction
to avoid interactions between periodic images. The atomic coordinates of the
optimized models are provided in Supplementary Data.

The formation energy (E;) of an MO, or MN, centre for SAC is defined as

Ei= B~ ) Wi )

where E,, is the total energy from DFT calculations, and x; and x; are the chemical
potential and quantity of element i in the corresponding SAC, respectively. The u
value for a metallic element is referenced to one metal atom in the corresponding
bulk crystal, and the y for C, N and O are taken from one atom in graphene, N,
and O,, respectively. The correction energies of 0.359 and 0.113 eV per atom were
used to correct the energies of O and N atoms, which were obtained by partially
fitting the DFT-calculated formation energies to the Open Quantum Materials
Database®. The DFT-calculated E; of the MO, and MN, centres are shown in
Supplementary Fig. 62.

Working electrode preparation. The preparation of the working electrode was
carried out as follows: a 6 mg catalyst was first dispersed in 500 pl of ethanol.
Then, 500 ul of Nafion solution (0.5%) was added to the suspension, followed by
sonication for 1h to form the homogeneous ink. 200 pl of the ink was dropped
onto a 1 X 1cm~ carbon paper in four drops and dried at room temperature for
electrochemical measurements.

OER measurement. OER measurements were performed in a three-electrode
system (CHI760E, CH Instruments). A graphitic rod and a mercuric oxide
electrode (Hg/HgO) were used as the counter- and the reference electrodes,
respectively. Electrochemical measurements of the catalysts were measured

in 0.1 M KOH solution after purging the electrolyte with N, gas for 30 min.
Polarization curves were obtained using linear sweep voltammetry with a
scan rate of 10mV s~'. The long-term stability test was carried out using
chronopotentiometric measurements. All potentials measured were calibrated
to the reversible hydrogen electrode using the following equation: potential
(V versus reversible hydrogen electrode) =applied potential (V versus Hg/
HgO) +0.098 V +0.059 X pH.

Data availability

The data that support the findings of this study are available within the paper and
its Supplementary Information. Source data are provided with this paper. Any
other data are available from the corresponding author on request.
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