
Heterogeneous catalysis, in which the rate of a specific 
reaction is accelerated by a catalyst, plays an important 
role in the chemical industry1–3. Developing a suit­
able catalyst is the first step to industrialize a catalytic  
process. Traditional approaches for catalyst design rely 
on trial-and-error tests because of the complex struc­
tures of supported catalysts and the limited in situ  
characterization technologies.

Nowadays, computational modelling provides a 
more rational way to design catalysts. Using density 
functional theory (DFT) and other theoretical meth­
ods, reaction mechanisms at the molecular level can be 
determined. Concurrently, the discovery of scaling rela­
tionships between properties of catalytic materials and 
the stability of the reactive intermediates have furthered 
our knowledge of the catalytic process. More specifi­
cally, studies have investigated the electronic structure 
of the catalyst, the binding strength of intermediates  
on the surface and a range of geometric properties. 
These scaling relationships reveal the factors that influ­
ence the catalytic trends of different materials. Based on 
the scaling relationships, researchers can choose one or 
a few properties, termed reactivity descriptors, to corre­
late surface-reaction energies and activation barriers. In 
this way, a high-dimensional kinetic model based on the 
activation and reaction energies of all elementary reac­
tion steps is reduced to a few dimensions described by a 

series of reactivity descriptors, which can predict trends 
in catalytic performance.

Using scaling relationships to construct reactivity 
descriptors has been intensively investigated (Fig. 1). 
The timeline includes the earliest electronic descriptor 
based on d-band theory for transition-metal catalysts, 
which links the binding strength of reaction intermedi­
ates and the d-band electronic structure of the metal4–6. 
The timeline details the development of electronic 
descriptor, structural descriptors, binary descriptors 
(in which both electronic and structural properties are 
considered) and elementary universal descriptors7–10.  
In this Review, we discuss reactivity descriptors in dif­
ferent catalytic systems, taking into consideration the 
limitations of scaling relationships and strategies to 
break these established scaling relationships. In addition, 
we aim to lay foundations for the future computational 
design of catalysts.

d-band theory
The d-band model aids our understanding of bond for­
mation and chemical reactivity in catalysis4–6,11,12. In the 
1990s, the relationship between the electronic proper­
ties of metals and their chemical reactivity began to be 
established. A landmark publication provided an expla­
nation for the noble properties of gold by Hammer and 
Nørskov4. Since then, d-band theory has been widely 
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used to describe bond formation on transition-metal 
surfaces, which have different filling of the d band. 
Considering the interaction between the metal surface 
and adsorbates, the coupling to the broad-metal s band 
leads to a broadening and downward shift of the elec­
tronic states of the adsorbate (Fig. 2a). In general, the 
higher the d states are in energy relative to the Fermi 
level, the higher the antibonding states are in energy 
and the stronger the bond is between the adsorbate and 
the metal surface. This principle has been adopted to 
interpret catalytic properties based on the analysis of 
electronic structures of the corresponding active sites.

To improve the description of the energy level of the  
d band of a metal surface, the average energy of the band, 

namely, the d-band centre, was introduced into d-band 
theory13,14. By calculating the d-band centre of a metal 
surface, the adsorbate–metal interaction can be qualified 
as follows: a metal site with a higher (lower) d-band cen­
tre exhibits stronger (weaker) affinity towards adsorbates 
because of the decreased (increased) filling of adsorbate–
metal antibonding states. For example, if the subsurface 
of Pt(111) is replaced by another metal, the d-band cen­
tres of the surface Pt atoms are shifted14. Interestingly, 
the d-band centres of surface Pt scale well with the disso­
ciative adsorption energy of H2 and O2. With a less nega­
tive d-band centre, the dissociative adsorption strength 
becomes stronger. These results are useful for catalyst 
design, for example, for proton-exchange membrane fuel 
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OER , oxygen evolution reaction; ORR , oxygen reduction reaction.

Nature Reviews | MATeriAls

R e v i e w s

	  volume 4 | December 2019 | 793



cell electrocatalysts15,16, as well as the dehydrogenation 
of propane17.

As well as the position of the d-band centre, other 
factors affect the applicability of the d-band model. For 
example, the width and the shape of the d band, which 
are governed by the local geometry and composition of 
materials, have important roles in determining the surface 
reactivity of transition-metal alloys18,19. There is a similar 
correlation between adsorbate-interaction energies and 
the substrate d-band centre for transition-state energies. 
Adsorption and transition-state energies are governed 
largely by the same intrinsic, electronic structure prop­
erties of a specific surface and, hence, it is expected that 
the correlations between reaction energies and activation 
energies, the so-called Brønsted–Evans–Polanyi (BEP) 
relation20–30, are prevalent on metal surfaces. With known 
scaling relationships, the energy barriers can be predicted 
by calculating the adsorption energies of all the involved 
species. However, the existence of the BEP relationship 
limits the modulation of the overall reaction-energy pro­
file, because the strong binding of transition states is corre­
lated with the strong binding of reactants. How to break the  
limits of such scaling relationships is a bottleneck question.

Descriptors on metal surfaces
The interaction strength between reactant molecules and 
catalytic surfaces is described by the adsorption energy22, 
which can be measured accurately by surface-science 
techniques. In addition, DFT with its derivative calcu­
lation methods and the assistance of machine learning 
provide remarkable computing power to calculate the 
adsorption energies of different systems31–37. However, 
the potential number of reactive species can be very 
large and an exhaustive calculation of all adsorption 
energies is daunting for most applications. To solve this 
problem, the interrelation of various adsorption energies 
has been carefully explored. For example, the adsorp­
tion strengths of CHx, x = 0, 1, 2, 3, NHx, x = 0, 1, 2, OHx, 
x = 0, 1 and SHx, x = 0, 1 were computed on multiple 
representative transition-metal surfaces38. The adsorp­
tion energies of these hydrogenated molecules correlate 
well with the adsorption energies of the central atoms  
(C, N, O or S). The nature of these scaling relationships 
is attributed to a synchronous variation of valence elec­
trons of metal surfaces and adsorbates, and accounts 
for the similarity of the changing trends of adsorp­
tion strength between ZHx (where Z = C, N, O or S)39.  
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From this point of view, the scaling relationships for 
different sets of adsorption energies are substantially 
influenced by electronic properties6,16,40–42.

Focusing on a specific reaction, the adsorption 
energies of key intermediates affect both the activity 
and the selectivity. If reactants adsorb too strongly, this 
overbinding may poison the surface and slow the reac­
tion; if reactants bind too weakly, the related transition 
states will be energetically high, thus limiting the over­
all activity. This golden rule, or the Sabatier principle, 
attributes outstanding catalytic performance to moder­
ate adsorption energies of key reaction intermediates43–45. 
By modifying the adsorption energies of important 
reactive species, we can direct the reaction towards the 
desired products and avoid unwanted side reactions7,46,47. 
A volcano relationship between the calculated oxygen 
adsorption and the measured kinetic-current density 
of Pt-based bimetallic catalysts for the oxygen reduc­
tion reaction (ORR) was discovered48. Interestingly, the 
adsorption energy of oxygen scales roughly with the two 
key reaction intermediates, *OH and *OOH. Therefore, 
the adsorption energies of oxygen simultaneously con­
trol the stability of Pt–OOH and the Pt–OH or Pt–O 
bonds, resulting in the opposite trend of ΔG for the 
first two elementary steps. The above scaling relation­
ship has been successfully confirmed by experimental 
study49. In addition, computational design in hydrogen 
evolution reaction (HER) catalysts uses the adsorption 
strength of H as an activity descriptor to guide the cata­
lyst screening, which successfully identifies new electro­
catalysts through theory-based and high-throughput 
processes50–53. More recently, a fully automated screen­
ing method that combines machine learning with DFT 
calculations has guided the discovery of electrocatalysts 
for CO2 reduction and H2 evolution, during which the 
adsorption strength of CO and H have been used as 
reactivity descriptors54.

Reactivity descriptors derived from adsorption ener­
gies are easy to calculate and reflect the energy land­
scape of a reaction system. For the semi-hydrogenation 
of acetylene, there is a linear relationship between the 
adsorption strengths of C2Hx (where x = 2, 3, 4 or 5)  
and the adsorption strength of methyl groups. To 
enhance the conversion of acetylene to ethylene and the 
selectivity towards ethylene, a good catalyst should have 
moderate adsorption strength for methyl groups. Based 
on this scaling relationship, a set of alloy catalysts for 
selective hydrogenation of acetylene, NiZn alloys, was 
discovered55. Another example of using the adsorption 
energy of key intermediates is to select promising cata­
lysts for CO2 conversion to methanol. The complicated 
mechanism of the CO2 hydrogenation reaction makes 
it difficult to determine the interplay of all possible 
elementary steps56. To catalyse methanol production 
from CO2 hydrogenation, bimetallic catalysts show out­
standing activity and selectivity compared with their 
single-metal counterparts; for example, the discovery of 
a NiGa catalyst for the reduction of CO2 to methanol at 
ambient pressure57. The turnover frequencies of various 
metal catalysts are plotted as a volcano-like function 
of the adsorption energy of oxygen, ΔEO, on stepped 
211 surfaces of the catalysts (Fig. 2b). The shape of this 

volcano-like relationship is based on the adsorption 
energies of formate species and other oxygen-binding 
species on the surfaces. As a result, the optimum catalyst 
has moderate oxygen adsorption strength. Compressing 
a complex reaction pathway into one or two simple 
adsorption descriptors not only grasps the nature of a spe­
cific reaction and reduces complex analysis but also pro­
vides a clear direction for computational catalyst design. 
The electronic descriptors on the metal catalysts have such 
a diverse spectrum, covering both d-band theory and the 
adsorption energies of key reaction species. Other elec­
tronic descriptors include charge polarization58 and the 
average 2p-state energy59. Because of this, more intui­
tive and controllable properties should be introduced as 
potential descriptors.

Inspired by the structure–sensitivity property of cer­
tain reaction systems, the idea of structural descriptors 
has been raised22,60–63. Structural descriptors connect the 
geometric structure of optimal active sites with catalytic 
performance, making it possible to design catalysts by 
constructing specific active sites. The coordination 
numbers (CNs) of the binding atoms in active sites scale 
with the adsorption energies on extended surfaces with 
various facets or defects. The CNs of specific active sites 
exhibit linear scaling relationships with the adsorption 
energies of oxygen and oxygenates on the ubiquitous 
transition metals in catalysis64. By counting the CNs 
of the atoms of the active sites, the binding strength 
towards reaction intermediates can be predicted, 
which is then transferred to adsorption–energy scaling 
relationships to predict catalytic reactivity. However, 
because of finite-size effects in nanoscale systems, 
CNs are sometimes inaccurate for small nanoparticles.  
To solve this problem, the concept of generalized CN 
(CN) was introduced to design Pt-based catalysts in 
ORRs65. The CN extends the counting of nearest neigh­
bours to weighting each first-nearest neighbour cor­
responding to its CN. By fabricating defective Pt(111) 
surfaces (Fig. 2c), ORR performance was improved, with 
an increased number of second-nearest neighbours 
of surface Pt atoms. The adsorption free energies of 
ORR intermediates on Pt nanoparticles of various sizes  
scale with the CN. Remarkably, the rate-limiting poten­
tials in the ORR have a volcano-shaped relationship 
with CN, and Pt nanoparticles with cavities display a 
0.15-V activity enhancement compared with a Pt(111) 
reference (Fig. 2d). This study paves the way for designing 
high-performance catalysts using structural descriptors, 
for example, the CNs of active sites. The incorporation 
of structural and electronic descriptors is particu­
larly promising for predicting reactivity and building 
high-performance catalysts66–68.

Based on the foundation of using CNs as a descriptor, 
the orbital-wise CN (CNα, α = s or d) has been developed 
as a more accurate reactivity descriptor for metal nano­
catalysts69. The CNα quantifies the degree of coordinative 
saturation of metal atoms and their tendency to form 
bonds via the α orbital of a specific adsorption site. This 
upgraded descriptor based on CNα can be applied to 
complex systems with varying lattice strains and metal 
ligands, because it considers both the geometric and the 
electronic structures of active sites.
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The approach of calculating CNs of active sites has 
inspired advances in the prediction of activity and cata­
lyst screening66,70–73. More specifically, surface distortion 
has been discovered to be a unifying reactivity descrip­
tor in ORR electrocatalysis using PtNi/C catalysts74. By 
tuning the surface defects of bimetallic alloys, a highly 
active and sustainable ORR catalyst can be designed. 
Recently, the concept of adsorption preference of a 
binary alloy surface has been proposed, defined as the 
adsorption-strength difference of an adsorbate on dif­
ferent pristine metal surfaces75. This descriptor con­
nects the adsorption strengths of surface species with 
the surface structure of the catalysts, which is regarded 
as another binary descriptor. Adsorption preference 
can be applied to determine the segregation direction, 
providing a more reliable surface model under reaction 
conditions than the single-crystal surface model. This 
adsorption preference descriptor is indirectly linked to 
reactivity, but can be used to rationalize the alloy sur­
face with various adsorbates. This example illustrates the 
synchronization between the reactive-surface structure 
and its reactivity, and provides guidance for the synthesis 
process of alloy catalysts.

In addition, we acknowledge that the acceleration of 
the traditional path of catalyst exploration assisted by 
machine-learning techniques76–80 has enabled more com­
prehensive material screening and more efficient catalyst 
design, illuminating the future of theory-guided catalysis.

Descriptors on metal-oxide surfaces
From the electronic and geometric standpoints, metal 
oxides are more complicated than metals and, hence, 
the development of descriptors for metal-oxide cata­
lysts is more challenging than for metal catalysts. 
Electronically, the metal atoms can exhibit different oxi­
dation states, which can lead to different catalytic pro­
perties. Geometrically, metal cations and oxygen anions 
can form various crystal structures, exposing a number 
of active sites with diverse local environments.

Metal-oxide catalysts are widely used for energy con­
version81–83. For example, perovskite oxides (ABO3 type) 
are applied in hydrogen production from water split­
ting84–87 and in the ORR for fuel cells88–90. These appli­
cations arise from the unique electronic properties and 
controllable surface-binding energetics of perovskites. 
These electronic properties result from the hybridiza­
tion of the d orbitals of the transition-metal atoms in 
the B sites with 2p atomic orbitals of oxygen, splitting 
into low-energy triplet t2g orbitals that contain dxy, dxz 
and dyz orbitals and high-energy doublet eg orbitals con­
taining dz 2 and dx y−2 2 orbitals91. To predict the oxygen 
evolution reaction (OER) intrinsic activity of perovskite 
oxides, it has been proposed that the occupation of 
antibonding states of the eg orbitals is a more suitable 
descriptor than the number of 3d electrons of surface 
transition-metal atoms92. Using the eg orbital descriptor 
is appropriate because the eg orbital has a vertical orien­
tation, which overlaps more favourably with the oxygen 
intermediates than the t2g orbital does. There is a strong 
correlation between the occupancy of the eg orbital and 
the binding energy of oxygen-related molecules on the 
B sites. Guided by this eg-filling descriptor, a volcano-like 

relationship was obtained between the OER catalytic 
activity and the occupancy of the eg-symmetry orbital 
of the transition metal93. More specifically, a near-unity 
occupancy of the eg orbital of the surface transition-metal 
ions enhances the intrinsic OER activity of perovskite 
transition-metal oxides. From the volcano plot, the 
perovskite oxide, Ba0.5Sr0.5Co0.8Fe0.2O3–δ, is located near 
the peak, which is consistent with the high activity of the 
OER by experiment (Fig. 3a). The application of a simi­
lar concept to electrocatalysis on transition-metal oxides 
with spinel structures94 reconfirmed the role of electron 
orbital filling in metal-oxide catalysis.

For the ORR, the design principle for enhanc­
ing the ORR activity of transition-metal-oxide perov­
skites is to tune the eg filling and the extent of B-site 
transition-metal–oxygen covalency95. In this study, a 
volcano plot was obtained using the eg-filling descrip­
tor and it was concluded that eg ≈ 1 is the most suitable 
condition for the ORR, with deviations from 1 hinder­
ing the kinetics of the reaction. In addition, the eg-filling 
descriptor can be used to screen materials for other cata­
lytic reactions and to predict the catalytic performance 
of reactions such as CO oxidation91 and NO oxidation96.

On the one hand, the eg orbital filling of a transition 
metal such as Co is difficult to determine because of 
uncertain surface spintronic states97. On the other hand, 
according to descriptors based on molecular orbital the­
ory, only transition-metal ions are considered as active 
sites, and electrons sharing metallic and oxygen sites in 
a covalent nature are also important for high-valence 
transition-metal ions. As a result, the development of 
perovskite-phase electronic structure descriptors is 
crucial. For perovskites, the antibonding orbital mainly 
derives from the 3d orbital of transition metal and the 
bonding orbital originates from oxygen 2p orbitals. As a 
consequence, it has been concluded that the covalency 
of the metal–oxygen bonds stabilizes the adsorbates and 
accelerates the kinetics of the reaction, thus enhancing 
ORR activity95.

The p-band centre of bulk-phase oxygen has been 
used as a descriptor to describe the properties of the 
ORR on perovskite cathodes98. The O p-band centre is 
observed to have a good correlation with area-specific 
resistance, oxygen-exchange rates and other energetic 
information (more specifically, reaction energies and 
activation barriers related to ORR activity). Poor lin­
ear relationships in these systems were achieved when 
applying the common descriptors including the d-band 
centre. In addition, the O p-band centre is a bulk-phase 
property, which is more easily obtained than some 
surface information, owing to the complex nature of 
perovskite surfaces. In the OER, the O p-band centre  
also has a close correlation with the adsorption energy of 
the important intermediates. The high OER activity  
of double perovskites (Ln0.5Ba0.5)CoO3–δ (Ln = Pr, Sm, 
Gd and Ho) in alkaline solution was attributed to the 
appropriate O p-band centre, which is neither too near 
nor too far from the Fermi level99. Moreover, perovskites 
with strong metal–oxygen covalency show higher OER 
activities with increasing pH100.

As mentioned above, for catalytic reactions on metal 
oxides, and especially the oxidation of hydrocarbons, the 
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metal and oxygen components contribute to the reac­
tivity. Therefore, both components must be taken into 
consideration to describe the catalytic activity. Band gap, 
as an important bulk property of the material, has been 
successfully applied as the descriptor to correlate with 
the activation energy of the rate-limiting step in propene 
oxidation on mixed-metal oxides101 (Fig. 3b). Therefore, 
regulating both the average energy and the bandwidth 
of the metal d-orbital states can tune the band gap in 
mixed-metal oxides, which is correlated with the acti­
vation barriers of the key step of the oxidation reac­
tion. To relate the oxygen-vacancy formation energies 
with intrinsic bulk properties, band gaps and the oxide 
enthalpy of formation were combined as descriptors of 
oxygen-vacancy formation in LaxSr1–xBO3 perovskites 

(where B = Cr, Mn, Fe, Co or Ni)102. A smaller band 
gap results in a lower energy of the oxygen-vacancy- 
induced defect band and the vacancy formation energy 
of oxygen decreases. Similarly, strained S-vacancies in the 
basal plane of 2H-phase monolayer MoS2 were used to 
induce gap states. Superior HER activity can be obtained 
by optimizing a combination of strain and S-vacancies103.

The adsorption energies (ΔEADS) of key intermediates 
including *O, *OH and *OOH on metal-oxide surfaces 
strongly influence the OER and ORR activity. Therefore, 
the correlation between the adsorption energies and the 
electronic structure of the metal oxides requires eluci­
dation. Outer electrons of metal B in ABO3-type perov­
skites, which is the number of remaining valence 
electrons of the oxidized-metal atom, were proposed 
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to describe this relationship104. Similar to the scaling 
relationships for different adsorbates on metal surfaces, 
it has been found that the binding energy of key inter­
mediates such as *OH and *OOH on rutile-type oxide 
(TiO2, IrO2 and RuO2) in the water-splitting reaction are 
linearly correlated with the binding energy of *O. If *O is 
strongly adsorbed on an oxide surface, *OH and *OOH 
also bond strongly on this surface. The slope of the lin­
ear relationship between the binding energy of *O and 
*OH on the metal-oxide and metal surfaces are similar 
(~0.6 and ~0.5, respectively). This scaling relationship 
can be extended to other metal oxides, for example, 
ABO3-type perovskites. Similar to the metal surfaces, the 
scaling relationships on metal oxides can be explained 
by the d-band model. The addition of a hydrogen atom 
to atom Z weakens the ability of Z to couple with the  
d orbital of the metal and, therefore, fewer d states 
participate in coupling and the binding strength of ZHx 
(x > 0) is weakened. The slope of the scaling relationship 
depends only on the identity of atom Z and the number 
of adsorbed hydrogen atoms105.

CN and CN are structural descriptors of transi­
tion metals and describe the structure and electronic 
environment of an adsorption site64,65,106. However, the 
surfaces of transition-metal oxides are more compli­
cated than the surfaces of metals. A descriptor termed 
the adjusted CN was suggested to predict the catalytic 
activity of metal oxides72. The adjusted CN involves the 
CN of the surface oxygen site (CNO) and neighbouring 
metal atoms (∑CNM). The electronic and energetic prop­
erties of the active sites of five facets [(100), (110), (111), 
(211) and (311)] of four transition-metal oxides (V2O3, 
Cr2O3, Co3O4 and NiO) can be described based on this 
structural descriptor. Then, it is possible to predict the 
C–H activation energies (Ea) of alkane activation on 
Co3O4; more specifically, a linear relationship between 
the adjusted CN and Ea was found.

Transition-metal oxides, other than perovskites, are 
commonly used as catalysts for the OER. For these cata­
lysts, descriptors based on eg filling, which focus on the 
electronic properties of the catalysts, are typically con­
sidered and structural descriptors are investigated less. 
However, structural descriptors have been identified 
for transition-metal oxides; for example, one successful 
attempt is the application of the density of coordinatively 
unsaturated metal cations on oxide surfaces (MCUS)107. 
Surface structure can be tuned by varying the coverages 
of coordinatively unsaturated metal cations. It can be 
found that, by altering the MCUS level, the adsorption of 
intermediate can be tuned, thus achieving the optimal 
OER activity (Fig. 3c). However, this structural descriptor 
fails to quantify the catalytic activity. To address this prob­
lem, a bond-energy-integrated orbital-wise CN (CNsd), 
which takes both geometrical and electronic effects into 
consideration, was proposed and employed as a binary 
descriptor for transition-metal oxides in oxygen-related 
electrochemical reactions108 (Fig. 3d). In contrast to the 
CNα (ref.69), CNsd can quantitatively evaluate the bond 
energy of s and d orbitals. The scaling relationship 
between CNsd and the adsorption energies of key inter­
mediates can be established and, hence, the reactivity on 
transition-metal oxides can be accurately predicted.

Universal and other descriptors
Although most known reactivity descriptors in hetero­
geneous catalysis have focused on metal and metal-oxide 
catalysts, some studies have focused on other materi­
als. For example, the catalytic principles and reactiv­
ity descriptors of carbon-based materials have been 
reviewed109. For these materials, the descriptors rele­
vant for various electrochemical reactions are electron 
affinity and electronegativity110,111, free energy of OH 
adsorption112, free energy of iodine adsorption111, posi­
tion of the highest peak on the density of state of the 
active site113, crystal-field stabilization energy114 and 
π-electronic structure115.

Until now, most of the reactivity descriptors described 
are limited to a single class of catalyst materials — that 
is, either metal surfaces, or metal-oxide surfaces or other 
surfaces. Hence, there is motivation to develop a univer­
sal reactivity descriptor. This motivation led research­
ers to consider simultaneously different reactions and 
to establish a descriptor appropriate for several reaction 
systems. For example, a trend was found in the adsorp­
tion of the ORR and OER intermediates, namely, *O, 
*OH and *OOH, when correlating these adsorption 
energies with the number of outer electrons104 (Fig. 4a). 
Because the reactivity of the ORR and OER can be deter­
mined by the adsorption energies of *O and *OH, the 
number of outer electrons would be a good reactivity 
descriptor for ORRs and OERs not only on metals but 
also on metal oxides116,117. However, these attempts to 
find descriptors are limited to several material types and, 
hence, are regarded as semi-universal descriptors.

In one study, the construction of scaling relationships 
for over 20 types of catalysts, including different kinds 
of metals, metal oxides, cation-exchanged zeolites, deco­
rated graphene nanosheets and metal-organic frame­
works, was reported118 (Fig. 4b). These scaling relationships 
correlated hydrogen affinity with transition-state ener­
gies of C–H bond activation. In addition, scaling rela­
tionships have been established between the formation 
energy of active sites and hydrogen affinity. The forma­
tion energy of active sites can be easily tuned by chang­
ing the physical properties of the catalysts. Thus, this 
universal descriptor can be used to determine whether a 
material can successfully activate methane and warrants  
testing experimentally.

To depict a comprehensive view of reactivity descrip­
tors, we also summarize several descriptors for phos­
phide, carbide and sulfide catalysts. On doped MoP 
surfaces, there is a link between the stability of the P site 
and the adsorption energies of CHx, NHx and OHx 
(ref.119). The dopants can tune the hybridization of the 
P site and then change the binding energies of adsorbates 
on the surfaces. In another example, the effect of surface 
non-metal doping on the HER activity of Ni3P2 termi­
nation of Ni2P(0001) was investigated using the random 
forest machine-learning algorithm120. The bond length 
of Ni–Ni was tuned, owing to a pressure-like effect on 
the Ni3–hollow site induced by the non-metal dopants, 
and can be used to predict the activity of the HER reac­
tion and to screen Ni–non-metal catalytic materials. 
For a mixture of metal and carbide surfaces, there is a 
volcano-shaped correlation between the catalytic activity 
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of the HER reaction and the surface energy. This cor­
relation was identified by analysing the bulk and sur­
face properties of six conventional catalysts (Au, Pd, Pt, 
WC, W2C and Mo2C) and nine hybrid catalysts (that 
is, the nine possible monolayer combinations of the 

three metals on the three transition-metal carbides sub­
strates)121 (Fig. 4c). Reactivity descriptors were also dis­
covered in layered transition-metal sulfide catalysts. For 
these catalysts, the d-band centre of the edge-most metal 
site at the 0 monolayer of sulfur coverage is a general elec­
tronic descriptor for both structure and adsorption ener­
gies122. These energies can be used to predict the catalytic  
activity of sulfide catalysts.

For zeolite catalysts, the van der Waals interactions 
between the various alcohols and H-ZSM-5 have been 
selected to describe the activity of dehydration reac­
tions123. Moreover, the van der Waals interactions corre­
late with the number of C atoms in the involved alcohols,  
which further facilitates the prediction of transition 
states of dehydration reactions. A descriptor-based 
approach for the adsorption of CO and NO on the Cu, 
Ni, Co and Fe sites of zeolites (SSZ-13 and MOR) was 
also developed124. Using a machine-learning genetic 
algorithm, the positions of metal s orbitals, the num­
ber of valence electrons and the energy gap between 
the highest occupied molecular orbital and the lowest 
unoccupied molecular orbital of the adsorbates were 
identified as the most important parameters to estab­
lish appropriate descriptors. The heat of adsorption of 
ammonia ΔHADS(NH3) can also be used as a reactivity 
descriptor on zeotype catalysts125,126.

The development of descriptors for single-atom cata­
lysts is a popular area of research. The well-defined active 
centre of single-atom catalysts provides a good basis on 
which theoreticians can model the structure and predict 
the activity, which brings researchers closer to accurate 
structure–reactivity relationships and reactivity descrip­
tors71,127–141. For graphene-based single-atom catalysts, a 
universal design principle was presented to evaluate the 
activity of electrocatalysts towards the ORRs, OERs and 
HERs71. The activity of such catalysts correlates with 
the local environment of the metal centre, including the 
CN and the electronegativity of the nearest-neighbour 
atoms, which has been validated by experimental results. 
Another example is the effects of dopants in ceria cata­
lysts for C–C coupling of CO2 and CH4 (ref.142). There 
is a positive linear relationship between the activation 
barrier and the electronegativity of the doped metals (Al, 
Zn, Cd, In, Ga or Ni). As a result, the electronegativity 
of the dopants can be used as a reactivity descriptor to 
predict the C–C coupling activation barriers on doped 
ceria catalysts.

How to break scaling relationships
Descriptors based on scaling relationships are power­
ful tools to predict the catalytic properties of active sites 
and to screen for new catalysts. Reaction intermediates 
bind to the surface with predictable strength, which can 
be obtained easily from established scaling relationships 
of adsorption energies. Specifically, the BEP relationship 
indicates a linear correlation between the activation bar­
rier and the reaction energy of a reaction step, making 
reactions predictable. However, the established relation­
ships also constrain the catalytic performance of active 
sites, making it difficult to achieve low activation barri­
ers and weak intermediate adsorption at the same time, 
thus limiting the development of optimal catalysts.
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Researchers have been attempting to break the 
scaling relationship for the past decade. By decorating 
transition-metal surfaces with a second catalytic site, 
LiH, the scaling relationships that limit the performance 
of ammonia synthesis on conventional transition metals 
can be broken143. LiH is also a surface modifier, which 
changes the chemical properties of the original surfaces. 
A similar method was used to modify Pt catalysts with 
sulfide addition to disproportionally tune the binding 
strength of the key intermediates *OOH and *OH144. 
Modifying active sites with additives can promote reac­
tivity by modifying reaction pathways. Scaling relations 
can also be broken by introducing tensile strain to the 
reactive surfaces145. A mechanics-based eigenstress model 
was applied to scrutinize the effect of artificial strain on 
the binding strength of different reaction intermediates. 
This method assumes that the relative energy between 
the initial state (IS) and the transition state (TS) is altered 
via uniaxial loading (Fig. 5a). The dimerization of N atoms 
to form N2 on Pt(100) was studied as an example reaction 
(Fig. 5b). By applying uniaxial compression, the expansive 
Poisson response is favourable for the TS, while the IS is 
destabilized. The introduction of surface tensile strain 
reduces the energy barrier by decreasing the TS energy 
and increasing the IS energy, and, hence, the confinement  
of the BEP relation is broken.

Another way to break the scaling relationships is to 
use single-atom catalysts146. Inspired by homogeneous 
catalysts and biological enzymes, researchers have fabri­
cated heterogeneous catalysts featuring highly dispersed 
reactive-metal centres such as Pt, Rh, Ru, Ni and other 
single-atom catalysts147–150. For example, the single-atom 
catalysts commonly have reactive centres surrounded 
by inert atoms; thus, the reactants can dissociate on the 
reactive-metal atoms and the products can easily desorb 
from the coordination sites.

The chemical properties endowed by the atomic 
arrangement breaks the scaling relationships of 
single-atom catalysts for many different reactions. Both 
in situ electron spectroscopy and DFT calculations 
demonstrate the sharpness of free-atom-like d states of 
the isolated element in single-atom catalysts, as a con­
sequence of weak hybridization with the surrounding 
coordination environment. Therefore, these single-atom 
sites bind adsorbates in a similar manner as molecular 
metal complexes151. This finding unveils the possibility 
to design free-atom-like active sites that previously only 
appeared in homogeneous catalysis and, hence, to boost 
the reactivity of single-atom catalysts. The free-atom-like 
electronic structure of Pt/Cu single-atom alloy (SAA) 
was also discussed70,152, and the projected density of 
states of Pt atoms on different surfaces can be seen in 
Fig. 5c. The prominently sharp peak of Pt atoms in SAA 
Pt/Cu(111) confirms the special electronic structure of 
the isolated metal atoms in single-atom catalysts. Based 
on the unique electronic property, the performance of 
single-atom catalyst Pt/Cu was tested in multiple reac­
tions. For example, with the aid of Pt/Cu SAA catalysts, 
the scaling relationship for propane dehydrogenation 
reactions can be broken132 (Fig. 5d). In this work, DFT 
calculations show that the Pt/Cu SAA catalyst favours  
desorption of propylene rather than further hydrogenation 

and maintains a moderate activation barrier for the 
dehydrogenation of propane. Hence, the performance 
of the Pt/Cu SAA catalyst breaks the established scaling 
relationship for PtM (where M = 3d and 4d transition 
metals) alloys. The propane dehydrogenation experi­
ments catalysed by such alloys demonstrate that the  
Pt/Cu SAA catalyst enhances both the propylene selec­
tivity and propane conversion compared with PtM alloy 
surfaces. The isolated Pt atoms are suitable active sites for 
the dehydrogenation of propane, and the surrounding Cu 
sites facilitate the desorption of propylene. This example 
illustrates the ability of single-atom catalysts to break  
the confinement of scaling relationships. Furthermore, the 
support of the single-metal atoms can modify the oxi­
dation states of the isolated atoms, which further alters 
the established scaling relationships, as illustrated 
by the atomically dispersed Rh on phosphotungstic  
acid during CO oxidation153.

The breaking of scaling relationships is actually the 
discovery of catalysts following another scaling rela­
tionship. In other words, breaking scaling relationships 
is an attempt to locate another scaling line and find the 
optimal zones on the new plot, for example, a higher vol­
cano peak of activity or selectivity than on the previous 
plot. Including the methods to break the scaling dis­
cussed above, the molecular-mediated, electrochemical, 
proton-coupled electron-transfer reactions can be 
improved by changing the properties of reactants and 
products, instead of modifying the catalyst154. The slopes 
of scaling relationships vary as the parameters of ORR 
catalysis differ. Thus, by changing the intrinsic proper­
ties of input and output molecules, old scaling relation­
ships can be broken and new scaling correlations can 
be built. By coupling catalysts to a non-thermal plasma, 
the scaling relationship in ammonia synthesis can also  
be circumvented, owing to the activation of certain 
degrees of freedom of gas molecules130. To conclude, 
there are valuable approaches to address the limitation 
of scaling relationships: by introducing ligands, surface 
strain, non-thermal plasma and other external forces to 
the catalytic systems or by designing single-atom catalysts 
with unique electronic structures. These factors help to 
identify excellent catalytic performance beyond the scaling 
relationship.

Outlook
The ability of scaling relationships to simplify our 
understanding of catalysis inspires us to extract specific 
reactivity descriptors to predict the reaction trends and 
to screen for new catalysts. However, the complexity of 
catalytic systems leads to numerous reactivity descrip­
tors, which are specifically explored to describe certain 
sections of the catalysis. The strategies to break the scal­
ing relationships are still not sufficient and it is diffi­
cult to find a way to improve the catalytic performance  
of complex reaction systems. Technically, the avail­
able computational capacity is not satisfactory to meet 
the demands of DFT calculations to explore complex 
reaction networks, which limit the progress in catalyst 
screening and rational design. Moreover, as our insight 
into catalysis deepens, a universal reactivity descriptor 
for multi-catalytic systems is gaining attention.
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Development of universal descriptors
Most descriptors are not transferable and, hence, 
researchers are tasked with discovering numerous 
parameters for different reactions, which hampers the 
effectiveness of theory-guided catalysis. The d-band cen­
tre is one of the most successful descriptors, but it does 
not apply to metal oxides and other catalysts. Generalized 
CNs are powerful for metal particles, but fail to function 

for interface catalysis, which requires both the metal and 
the support to be considered. The formation energy of 
active sites is a potential candidate, because the formation 
energy of a specific active site can be tuned by changing 
the physical properties of the catalyst118. At present, the 
goal is to develop reactivity descriptors that can be used 
simultaneously in various types of catalyst and reaction 
systems, namely, universal descriptors. A successful 
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example of the universal descriptor is the numbers and 
electronegativities of atoms in the local environment of 
the metal centre, denoted as φ71, which has been applied 
to the design of single-atom electrocatalysts. In the short 
term, the discovery of a universal reactivity descriptor 
for all materials and reactions is not achievable, but it is 
possible to extract regionally universal descriptors, which 
are accurate for catalytic reactions within a subfield, such 
as the ORR, the OER or dehydrogenation. These descrip­
tors may expand to other reactions, which is crucial for 
the fulfilment of a globally universal descriptor.

Breaking the scaling relationships
We have discussed the importance of breaking scaling 
relationships to enable the discovery of optimal catalysts. 
When a scaling relationship is broken, a different scaling 
relationship is established. The method typically used to 
break scaling relationships is to modify the reactive sites 
artificially or form single-atom catalysts to dispropor­
tionally alter the adsorption trends of key intermediates. 
In addition, modulating reaction conditions or the prop­
erties of reactants and products can help to remove the 
restriction on activity and selectivity.

Screening strategy. Descriptor-based screening meth­
ods have been identified to replace the trial-and-error 
experimental exploration process. However, reactivity 
descriptors originate from time-consuming DFT cal­
culations. With the help of the degree of rate control 
analysis155,156, the complex reaction network is sim­
plified by identifying the key elementary steps of the 
network. Nascent machine-learning techniques may 
break through the bottleneck of basic DFT calculation 
processes31. Big data from DFT calculations is parti­
cularly suitable for the machine-learning process. By 
providing these training data, machine-learning tech­
niques can offer accurate potential energies that can 
match the quality of electronic structure calculations. 
With the development of computing hardware and 
optimization of machine-learning programs, we are 
ready for machine-learning-based methods to accelerate 
DFT calculations157–162. Maintaining both accuracy and 
efficiency, we are looking forward to more trials using 
machine-learning methods to automate and accelerate 
the discovery of reactivity descriptors.
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