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Jingyi Han, Jingqi Guan *

In recent years, the rational design and controllable synthe-
sis of atom-scale catalysts have been booming [1]. Compared
with traditional nanoscale catalysts composed of hundreds to
thousands of atoms, single-atom catalysts (SACs) with isolated
active metal centers can participate in catalytic reactions more
freely [2]. The maximum atomic utilization, unique atomic
structure and electronic properties, and outstanding catalytic
performance make them become the leading edge of catalytic
field. According to the types of metal element anchored onto
the carrier, SACs can be divided into monometallic SACs (iden-
tical elements) and multimetallic SACs (different elements), in
which the latter have synergistic catalytic effect. Therefore, the
structure and properties of atomic active sites should be de-
termined at the atomic level from the aspects of material syn-
thesis and mechanism understanding. Writing in nature mate-
rials, Xin and colleagues [3] provided the largest SAC library to
date, containing both high concentration monometallic and
multimetallic SACs to reveal the unified principles of related
catalyst design and pave the way for the targeted preparation
of novel SACs.

The catalyst structure can be controlled in the case of high
metal loading using a dissolution-and-carbonization method.
This synthesis method is not only easy to operate but also can
be used to prepare SACs on a large scale. Using this method, Xin
and colleagues [3] successfully prepared SACs containing 37
elements with ultra-high metal loading, such as 25.39% for Zn
SAC, which cover most of the transition metals widely used in
the catalytic field. In addition, the sample with the largest metal
precursor ratio of each prepared SAC was selected via a
four-step screening process. This work reveals the structural
properties including bond length and coordination number, the
evolution rule of the composition like the loaded metal ele-
ments and the electronic properties like oxidation state, which
not only provide a unified principle for understanding the
structure and properties of different types of SAC, but also
stimulate a deeper understanding of the formation mechanism
of SAC. For example, the local environment of each SA element
is the key to determine the catalytic performance, which in-
cludes the bond lengths of SA to its first shell neighbors, coor-
dination number (CN) and coordination elements. Their study
found that SA elements in groups 5B, 6B and 10B lost more
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external electrons or had smaller CNs, resulting in shorter bond
lengths, indicating a general principle that the oxidation state
was negatively correlated with CN. It is to say that the longer
the bond length, the lower the oxidation state and the larger the
CN will be and vice versa. Furthermore, by analyzing the evolu-
tion process in the synthesis of Mo and Mn SACs, it is found that
the central metal atom coordinates with O at low temperature
firstly, and then the coordination O is replaced by N or C in turn
at high temperature (Fig. 1). The final coordination environ-
ment of SACs depends not only on SA species, but also on the
terminal temperature. Another general principle found in this
work is that the SA loading is positively correlated with the
maximum metal precursor ratio, indicating that the loading can
be controlled by adjusting the metal precursor ratio. Addition-
ally, they also found that the maximum metal precursor ratio
and loading amount (SA wt%/ma) both show an approximate
parabolic relationship with electronegativity, even though the
latter trend is not very obvious due to the varying degrees of
evaporation of metal precursors. This rule can be used to quan-
titatively predict the upper limit of metal precursor ratio for the
synthesis of corresponding SAC through metal electronegativi-
ty. Surprisingly, the loadings are positively correlated with O
content while negatively correlated with N content in SACs,
indicating that compared with N, O content plays a more crucial
role in controlling SA loading.

The aggregation effect from the atoms theirselves and any
other metal elements makes the multimetallic SAC extremely
difficult to synthesize [4,5]. The dissolution-and-carbonization
method enables to solve this problem by combining different
metal centers with the glucose chelate and separating them by
the glucose skeleton. By controlling the types and concentra-
tions of various metal precursors, they used this method to
successfully synthesize 2-, 8- and even 12-element SACs with
different metal elements anchored on the same carbon carrier.
Impressively, the total metal loading of SAC containing 12 met-
als (Sc, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Pd, Hf and W) reaches 7.53
wt%, which is thought to be an ultra-high value for overcoming
aggregation and thus maintaining SA active sites. Compared
with monometallic SACs, less species of metal SACs such as
4-metal (Fe-Co-Ni-Mn) SAC and mechanically mixed 12 mono-
metallic SACs, the OER catalytic activity and stability of


http://crossmark.crossref.org/dialog/?doi=10.1016/S1872-2067(22)64153-6&domain=pdf

12-element multimetallic SAC have obvious advantages due to
the uniformly atomic distribution of 12 different elements
which firmly attach to the same carrier and the cumulative
synergistic effect between a variety of metal elements. These
studies have verified great application potential of multimetal-
lic SACs and encouraged further exploration in this field.

Although the largest library containing 37 metal elements
reveals many rules of SAC structures and properties, and it
combined with relevant theoretical calculations for oxygen
evolution reaction application, there are still points needed to
be further improved. In fact, it is reported that under operating
conditions, the active sites of SA will undergo atomic configura-
tion reconstruction, accompanied by valence changes [6,7].
This means that the interactions between SAs and the carrier
will be self-regulated, thereby facilitating the catalytic reac-
tions. In order to simulate the catalytic process more realisti-
cally, the particular structural response behavior, the physical
adsorption and desorption process between reactants and SA
catalytic sites as well as the poisoning and deactivation of SACs
should be considered. Moreover, the mutual synergistic effects
of different metal atoms are still worthy of further study to
explore the law such as the distance between various SAs and
their coordination environment.

Owing to the outstanding catalytic activity and stability, the
SACs have become the most promising material for future
practical application. The library created by their work reveals
many evolution principles and provides guidance for further
development of novel SACs with higher loading and multiple
metal elements. The regular and instructive large databases in
this work might provide guidance for researchers to establish
other categories of catalysts, such as MOFs [8] and gra-
phene-based catalysts [9], for electrocatalytic carbon dioxide
reduction and nitrogen reduction.
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Fig. 1. Schematic diagram of the atomic structure evolution during the
formation of monometallic SACs using Mn SAC as an example. Metal
ions primarily coordinate with O atoms that reflects the electronegativ-
ity of metal ions. When the temperature continues to rise to a higher
level, O atoms are replaced by N/C atoms, and thus the metal elements
are firmly embedded onto the carrier.
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Atomically dispersed catalysts have become a research frontier due to their excellent catalytic activity and selectivity, but the controllable
synthesis is still challenging. A library containing 37 elements was created to guide the fabrication of monoatomic catalysts.
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THE: B FHEAITI(SAC) R TER KM B 8 e AL &8 IR 7, B &R AL s g M ke e DUE PR O i FE 5] B IR
5% AT R AR 7R 2R = SR A . DR, SACH & M AR YA A AR AL I BRI 7). IRk, SACIE NER R i 45 14 - P R
5K 2 LA T 57 R B AL T — AN AT &, JEEK, SACH G H BT #5425 KR B, BRI
14 JB 3R T L TE ik S B35 A AL TE PE A R . R IR IASACHT 78+ 301, (B ARA7 A — S EOR bR, 272k, B
=T —BH AN BISACIHIBETHR MR 5. AN 4R 0 B AR 4L 2R s R, RIS B —FHSACI 45 S JE
AR AR S — . IR, BT Z X SACTE LI A TH 1, SACH R K AU AS . B B Be Az B 2+
P55 JR A G5 A ATD SR ME LA . b Ak, 4 Ja B J5E (S A) A B 28k i v DA Askcdss il 3 3 202 R T 35 A -3 A s B 48 5
U R R AR RTER. BUR, BB AT DL R I - SR AR, (R A Rt I I & B AR B R S R SA gk . H A,
WA R 1) 42 S8 T R AL 5 A T — AN SACH R H IS ER Z JNE X

AVHR T Xin%(Nat. Mater., 2022, 21, 681-688)il ik —Fh Bl B AL ETE RIS I B EE R b & 2L T37R & 8 &
SR AT, 1E 3 25 A TR AL B ARG AT RAEFI 4T, B T — D48 B R 44 2 &8 AR R 4 465
JE. AR B — 7 THT AT DAY B R A A A B TR R R, 51— T HONSACHM B G T2 A . Bofrd. B, i
A7 76 25 055 ) 4 I B 0 5 7 T ) o AT B AR . AP R, RS B D 0 R R R PN R R A It RE IR DG,
FE AR T S5 R B A % B e SR T K . AR, BRSO R I, SR SEIR . AR 6RIIRAN 0GR 1 B 5 42 8 e Bl
W R B Z WA T B A N B, AT S ECE AT K B R, X U S S A B R O OGP, R i,
B, AR, OO BORK, 2 IRER. Ak, 4 Jm B 5 1) S S B K A A IR AR 1) LU A9 (4 S Mot 2 AN A
R 11 B R BL) 52 00 HE TE A DG 1) 50 &R, 1% 3R B AT DAJE ek 1 45 4w oAk b RAT Acds il fr ik i, 9 HL o K 4@ BT B Ak L 431 £
W AR RO TR OC R, R T A SRR TE S £ AR R UK AR BE AN ], H AR PR IR 2 e 3
AR, ZAUEE T @ & 8 ot O A O L SACH & B A IR L B FR. S Ak, &8 R TR 50E
R IEADE, M SN & 2 A, FAN. OF EX 4 )8 5 5+ 5 ik i IOy O, [RI S 3 H SACS 1 S 28 Vh I R 5
MG R T & @R 56, I 56 & RN R NREE K. )5, SN2 48 55 AR 1 T & 4T —
K1, FFUE B P12 7519 AT AR IO A 2 — i B 55 22 08 1 2R AN () 4 a8 7 3R 119 52 20 P B iR T AL A e
FHEIR: RE PR, RN, SR AN 2ERALN
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