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Metal nanoparticles are the key functional component in 
various nanotechnological applications, owing to the 
unique properties that arise from their size, shape and 

composition1,2. Consequently, several strategies have been devel-
oped to design and control these properties. A key strategy is to 
immobilise nanoparticles on a support to enhance their stability 
and control their spatial distribution3,4. However, supports are typi-
cally not inert and the interaction with nanoparticles gives rise to 
new interface phenomena. Such metal-support interaction (MSI) 
may have a profound impact on the resulting performance of the 
metal nanoparticles5,6. Hence, strategies for controlling these inter-
actions to optimize performance are highly desirable.

In heterogeneous catalysis, MSI affects the catalytic performance 
and its regulation thus provides options for catalyst design. Recently, 
the topic has gained much attention, as judged by the increasing 
number of reports on the subject, and substantial progress has been 
made in the methodology to tune metal-support interactions, with 
the aim to improve the performance of supported metal catalysts. 
Because of the great diversity in MSI tuning approaches, catalytic 
systems and reactions, a systematic and critical overview would be 
helpful to determine the most effective tuning strategies for real 
working catalysts.

This review starts with a brief introduction covering the relevant 
concepts of MSI phenomena and the following sections discuss the 
latest reports on MSI tuning strategies for catalysis, systematically 
arranged after the different stages of catalyst modification. Several 
interesting reviews have already been published in the field of 
MSI7–10. In comparison, we have reviewed the literature published 
since 2015 on tuning interactions between metals and supports to 
improve catalytic performance, covering mainly three-dimensional 
catalysts containing metal nanoparticles or clusters under indus-
trially relevant conditions. For a general discussion, we provide 
a quantitative analysis of the scale of performance enhancement 
that has been reported in past years. To quantify the effects of MSI 
modulation on catalytic performance, we focus on intrinsic activity  

and selectivity as performance descriptors, and less on stability. 
Although highly relevant from an application point of view, activity 
enhancement due to changes in metal dispersion (increased metal 
specific surface area) are not covered here. Relative scaling factors 
are obtained by comparing the productivities of tuned and reference  
catalysts in C1 chemistry, which allow us to point out the most  
successful tuning strategies and opportunities in this field.

Metal-support interactions
Impact on catalysis originates from interactions between metal 
nanoparticles and their supporting matrix (Fig. 1a). Typical metal-
support phenomena relate to charge transfer, the interfacial perim-
eter, nanoparticle morphology, chemical composition and strong 
metal-support interaction (SMSI). These phenomena are often 
entangled and some will have a stronger influence than others, 
depending on the catalyst and the reaction.

Charge transfer. The interface between a metal nanoparticle (NP) 
and the support can give rise to a rearrangement of electrons within 
both materials5. Redistribution of electrons with noticeable effects 
is limited to a couple of atomic layers at the interface and might be 
accompanied, in some cases, by a change in oxidation state of the 
metal atoms from the nanoparticle or of the support’s metal ions11,12. 
The magnitude and direction of the charge transfer is driven by dif-
ferences in the Fermi level of the metal NP and the support, ulti-
mately seeking equilibration of the electron chemical potentials. 
The metallic character of the NPs enables electron mobility, how-
ever their size is relevant in the nanometre regime, since the smaller 
the NP the more localized are its electronic states. Several charac-
teristics of the support are important for charge transfer, such as its 
conductivity, reducibility, exposed crystal planes, morphology and 
occurrence of defects13,14.

Interfacial perimeter. Interface sites at the perimeter of the NP are 
a unique environment, given that they are in direct contact with the 
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NP, the support and the reactants, facilitating synchronized reac-
tions15,16. Furthermore, it has been shown that upon charge transfer, 
atoms at the perimeter favour the accumulation of excess charges17. 
All this can significantly enhance adsorption and reactions of mol-
ecules at the perimeter18,19. Additionally, the close proximity of the 
nanoparticle to different functionalities or defects at the surface of 
the support (for example, oxygen vacancies, hydroxyl groups, Lewis 
acids or bases) might also aid local sequential reactions or stabilize 
transition states of reactants or products20,21.

Spillover via the interfacial perimeter can occur as well. This 
initiates with the activation of a reactant on one surface, typically 
on the metal NP, which is then transferred to the other surface, 
for example, the support. Note that this second surface does not  

activate the reactants itself under the same conditions. The most 
studied spillover is for hydrogen, and, to a lesser extent, oxygen or 
other molecules (for example, CO, –OCH3, and so on). Spillover 
from the support to the metal nanoparticle can also occur, referred 
to sometimes as reverse spillover22–24. The nature of the support 
is crucial for spillover; whereas hydrogen spillover on reducible  
supports occurs fast and at relatively large distances, it has been 
shown to proceed ten orders of magnitude slower on non-reducible 
supports and it is restricted to short distances25.

NP morphology. The shape and crystal structure of nanoparticles 
has a strong influence on their catalytic performance, considering 
that different shapes expose certain facets, and that these facets can 
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Fig. 1 | Schematic representation of main metal-support interactions and their tuning strategies. a, The five main phenomena of metal-support inter
actions are shown. b, The approaches for tuning such interactions are shown and divided after the different stages of catalyst modification, that is, via 
solely the support or the nanoparticle or via treatments on the metal-support composite material.
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have favourable or unfavourable configurations of atoms26,27. The 
adhesion energy at the metal-support interface affects the shape 
of the nanoparticles26,28. In general, supports with stronger adhe-
sion result in particles with more faceted and sometimes raft-like 
shapes29. A trend observed for metal oxide supports suggests that 
adhesion energies increase with increasing heat of formation of the 
most stable oxide of the metal30 and by decreasing the metal NP’s 
size31. Besides NP shape, high adhesion energy will also reduce the 
mobility of the NPs and hence their tendency to grow6,32.

The equilibrium shape of a metal NP is often determined by 
minimization of its total surface free energy. Contact with the sup-
port can lower the surface energy of certain NP planes, favouring 
some shapes over others. The surface energy of a metal can also 
change under reaction conditions upon adsorption of a gas, where 
the change in its surface energy tends to affect the contact surface 
area with the NP, and hence modifies the NP’s shape33,34. Moreover, 
a misfit between the lattices of the support and the nanoparticle can 
generate strain and defects, modifying the morphology of the NP35. 
Additionally, the effect of lattice mismatching is more pronounced 
for smaller metal nanoparticles, as observed for gold nanoparticles 
smaller than three nanometres supported on titania36.

Chemical composition. A solid-state reaction can take place 
between metal NPs and the support resulting in the formation of 
new phases. Exchange of species is possible in both directions, usu-
ally coupled with a redox process, with oxidation of the metal atoms 
from the nanoparticle or reduction of metal ions from the support. 
This phenomenon has ambivalent consequences, since the resulting 
species can both lower or enhance catalytic performance. On the 
one hand, formation of inactive phases, such as mixed metal oxides 
(for example, metal aluminates), at the expense of active metal sites 
has been recognized for long time as a prominent deactivation pro-
cess37,38. On the other hand, formation of highly active intermetal-
lic nanoparticles is also possible by reduction of metal or metalloid 
ions from the support to incorporate into the metal NP. This phe-
nomenon has recently attracted significant attention and is some-
times referred as reactive metal-support interaction (RMSI)39. The 
pre-deposited metal nanoparticles aid in the activation of the sup-
port. On high temperatures and reductive conditions, the former 
cations from the support can migrate to the nanoparticle. This can 
be facilitated by doping the support or employing two-dimesional 
supports. The strategy has been effectively applied to incorporate 
difficult-to-reduce metals or metalloids (for example, Si, Al, V, Ti, 
Nb and so on) into late transition metal NPs, resulting in novel cata-
lytic systems40.

The local composition of alloyed metal nanoparticles can be 
affected by interacting with the support, where re-arrangement of 
the components in an alloyed nanoparticle is driven by preferential 
interaction of one of its elements with the support at the interface41. 
This can lead to compositional rearrangements different from the 
initially uniform composition, such as core-shell or segregated sub-
cluster structures, affecting the synergy of the metals and hence 
their catalytic performance42,43.

Strong metal-support interaction. The term strong metal-sup-
port interaction refers to metal NP coverage by suboxides, which 
are generated from the support under reducing conditions44,45. The 
phenomenon is driven by minimization of the high surface energy 
of the metal NP by mobile support suboxide species. High surface 
energy metals that are capable of activating hydrogen are prone to 
encapsulation, and reducible supports are necessary to generate the 
suboxide species. The suboxides covering the nanoparticle con-
sist of a few atomic layers with probably amorphous character and  
possess dynamic structures under different gas atmospheres, as 
shown in the case of titanium and iron oxide46–48. Extensive coverage 
of the NP is detrimental for the catalytic performance due to blockage  

of active sites. However, these suboxides can change the (local)  
electronic structure of the metal surface and act as Lewis acids, 
thereby promoting the activation of reactants and improve the cata-
lytic performance49.

Modification of metal-support interactions. The aforementioned 
MSI phenomena can have a major impact on the catalytic perfor-
mance. Therefore, modification of MSI can be employed as a tool 
for the design of catalytic systems with enhanced performance. 
Several synthetic strategies for the control of the MSI have been 
reported, which can be classified according to changes to the cata-
lyst’s components before and after assembly of the composite mate-
rial (Fig. 1b). Through this distinction, we aim to emphasize the 
similarities within one strategy, when applied to different families 
of catalysts, supports and reactions. In the coming section, we start 
by discussing reports targeting modification mainly of the support, 
divided into strategies involving support composition, morphology, 
doping and surface modifications. Thereafter, strategies that focus 
on nanoparticle modifications are discussed, particularly changes in 
NP’s size and composition. Lastly, we cover the approaches to tune 
MSI on the as-prepared catalyst by use of a treatment. The identified 
treatments include thermal, reducing agent, reduction-oxidation 
cycles, overlayer deposition and adsorbate-mediated treatments.

Support
The first approach to tune the metal-support interactions is through 
a judicious choice of support characteristics. The support provides 
numerous opportunities for changing its structure and surface com-
position, making it one of the most employed handles to tune MSI. 
In this section, we will discuss modifications of supports before the 
deposition of NPs. Support tuning strategies after NP loading are 
classified as a post-synthesis treatment and will be discussed in the 
treatment section.

Support composition. The first point of consideration is the chem-
ical composition of the support, as that partially defines the start-
ing point for MSI. The discussion of support composition involves 
comparisons between different types of supports, as well as between 
different chemical compositions of related support compounds. 
Examples of support properties impacting MSI include the surface 
composition of the support (such as extent of hydroxylation), the 
electronic structure of the support (especially important for electro- 
or photocatalysis), ion mobility (for example, formation of oxygen 
vacancies or cation diffusion), reactivity of the support, and the pos-
sibility to segregate cations to form intermetallic compounds.

Several recent publications investigated the role of the support in 
the catalytic oxidation of CO by Au NPs. Saavedra and co-workers50 
studied, in detail, the origin of the lower CO oxidation activity seen 
at room temperature with Au NP supported on Al2O3 compared to 
TiO2. They concluded that the activity was, to a large extent, deter-
mined by competitive adsorption of water (promoting) and carbon-
ates (poisoning) on the support and active metal sites. The role of 
the support was mainly to supply adsorbed water to the Au NPs. 
This was more efficient on TiO2, given that carbonates bind more 
strongly to Al2O3 than to TiO2, and the authors proposed that oxygen 
vacancies do not participate significantly in the catalysis. Contrary, 
Wang and colleagues51,52 reported that oxygen vacancies are gener-
ated in TiO2, and that these vacancies are mainly responsible for 
the modified catalytic activity. The vacancies caused overall elec-
tron donation to the Au NPs, making these NPs negatively charged. 
The charge donation resulted in strongly modified CO adsorption 
strength and lower intrinsic activity at 80 °C. Interestingly, the TOF 
could be enhanced by one order of magnitude by re-oxidation of 
the catalyst, which reduced the amount of oxygen vacancies. One 
possibility for these two different explanations of the same catalytic 
system could be the different pre-treatment or reaction conditions, 
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such as reaction temperature (RT versus 80 °C), feed composition 
(1 versus 20 % O2), or dilution with inert SiC. For example, it has 
been reported that the mechanism of CO oxidation changes with 
reaction temperature52.

The activity for benzyl alcohol oxidation followed the opposite 
trend as for CO oxidation, with the intrinsic activity decreasing 
in the order Au/Al2O3>Au/SiO2>Au/TiO2>Au/ZnO53 (Fig. 2a). 
Charge transfer occurred to a different extent from various supports 
to Au NPs of 2–4 nm size and correlated inversely with the electron 
donation capacity of the support. Hydride transfer from the alcohol 
to Au was argued to be the rate determining step in this case, and 
would account for lower activity of more negatively charged Au NP.

In photocatalysis, a semiconductor support’s bandgap of appro-
priate size and position facilitates light absorption and transfer of 
the generated charge to, or from, metal NPs performing catalysis. 
The activity of Rh/TiO2 in the steam reforming of methane was 
already 13 times higher than that of Rh/SiO2 and Rh/ZrO2 in dark 
conditions, and the activity of Rh/TiO2 was enhanced to nearly three 
times greater when it was exposed to light (Fig. 2b)54. However, the 
opposite has been observed as well; Pt/Ta2O5 was more active than 
Pt/TiO2 for 2-propanol oxidation to acetone, because hot electrons 
generated on the Pt NPs were not transferred to the support, and 
hence drove the catalysis on the Pt NPs55. X-ray photoelectron 
spectroscopy (XPS) analysis indicated that the Pt phase was more 
negatively charged on Ta2O5 than on other supports. Similar con-
siderations also apply to electrocatalysis. The activity of Pt NPs for 
electrocatalytic reduction of oxygen was significantly enhanced 

when a mixture of boron carbide and graphite was used as support 
instead of pure graphite and it was argued that this was solely an 
electronic effect56.

Perovskites are a class of metal oxides with the general formula 
ABO3, in which a large variety of metal ions can be incorporated 
in the A- and B-sites of their crystal structures. Some of these ions 
can be extracted from the perovskite lattice upon reduction to form 
nanoparticles. This approach has received great attention for elec-
trochemical systems57, mainly due to the beneficial conductive prop-
erties of perovskites for electrodes. However, this approach has been 
employed to a lesser extent for catalysis, due to the resulting low 
metal loading and limitation to easy-to-reduce metal ions, such as 
noble metals. Recently, non-stoichiometric perovskites with A-site 
deficiency extended the range of metal ions capable of forming 
nanoparticles to more difficult to reduce metal ions (for example, 
Ti4+, Fe2+/3+, Mn2+/3+, Ni2+)58,59. The resulting nanoparticles resisted 
the harsh conditions of methane reforming due to partial embed-
ding in the support, avoiding the formation of carbon fibres at the 
periphery of the nanoparticles. Formation of alloyed nanoparticles 
is also possible by use of this strategy. Alloyed Pt3Ni nanoparticles 
obtained from La0.9Mn0.9Pt0.075Ni0.025Ox perovskite have shown high 
activity for the electrocatalytic oxygen reduction reaction60. The 
strong connection with the conductive perovskite, uniform NP dis-
tribution and small NP size for the obtained particles were benefi-
cial to the measured activity.

The disadvantage, however, of using perovskites to form 
nanoparticles in catalysis is the low specific surface area of these 
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compounds, due to the high temperatures needed to synthesize  
the perovskites. Progress has been achieved in fabricating high 
surface area perovskites by templating methods, however, the  
challenge remains in the form of the high temperatures needed to 
form the metal nanoparticles, which usually leads to collapse of the 
pore structure of the perovskites61.

Support morphology. Various allotropes or morphologies can 
exist for one type of support. We will discuss these two properties 
together, because they are often interrelated and exert a combined 
effect. For example, the crystal structure and morphology of the 
support jointly determine the facets that are exposed at the surface 
of the support, and thereby regulate the local environment for the 
metal nanoparticles. In this section, we will highlight some recent 
examples of how the crystal structure of metal oxides can direct 
NP shape and SMSI, and how shaped support particles can expose  
special surface sites or confine NPs.

The crystal structure of metal oxides can affect the NPs depos-
ited onto it by directing the shape of the metal NPs. For example, 
when Pd/Al2O3 (α, γ and θ) catalysts were investigated for methane 
oxidation, the crystal structure of the support affected the shape of 
Pd NPs, with more distorted NPs on γ-Al2O3 and more regularly 
shaped and facetted NPs on α- and θ-Al2O3 (ref. 62). The shape of 
the NP together with NP size determined the number of step sites, 
which could be correlated with intrinsic activity. The presence of 
pentacoordinate Al3+-sites on the surface of γ-Al2O3, as observed 
by nuclear magnetic resonance, and their absence in α- and θ-Al2O3 
were proposed to distort the NP shape and increase the TOF of 
7.5 nm NP from 0.1 to 0.6 s–1. A similar effect was observed for Pt 
NPs on γ-Al2O3 and CeO2 (ref. 35). Especially on CeO2, the authors 
were able to show that epitaxial NP growth, dictated by the support 
crystal structure, directed the shape of the NPs and caused strain. 
From theoretical investigations, the predicted intrinsic activity for 
CO oxidation varied between 2x10–3 and 5x10–3 s–1, with the occur-
rence of specific Pt surface sites related to the shape and strain of 
these NPs.

In addition, one crystal structure can be more susceptible to par-
tial reduction and SMSI. In the case of TiO2-supported Ru-promoted 
cobalt catalysts for the Fischer–Tropsch synthesis63 and rhodium 
catalysts for steam reforming of propane64, suboxide coverage was 
more extensive on TiO2 in the anatase phase than in the rutile 
phase. In both cases, the overall activity of the catalysts was higher 
on rutile, because of fewer blockages of active sites by the TiOx spe-
cies. Furthermore, the specific surface area of the TiO2-anatase sup-
port was shown to also influence the extent of SMSI and activity 
on Ru-Co/TiO2 catalysts for the Fischer–Tropsch synthesis65 and 
Ru/TiO2 catalysts for CO methanation66. The cobalt-weight-based 
activity decreased for both catalysts with increasing specific surface 
area of the support, again because of a larger number of blocked 
sites. The TOF was, however, not affected by the support-specific 
surface area. In this case, the anatase supports with higher surface 
area displayed a higher concentration of defects, as inferred from 
Raman spectroscopy, and this probably led to more facile formation 
of TiOx species during reduction.

The shape of the support, that is, the exposed crystal facets, 
also influence the catalytic performance through MSI. The activity  
of Pt/TiO2 for methanol oxidation67, Co/CeO2 and Ru/CeO2 for 
ammonia synthesis68,69, and Au/CeO2 (Fig. 2c) and Au/ZnO for CO 
oxidation70,71 showed large differences depending on the facets on 
which the metal NPs were situated. The facets were controlled by 
synthesizing nanostructured support particles of controlled shapes. 
The reason for the modified catalytic performance varied, however, 
from facilitated reactant/intermediate binding and charge trans-
fer (Pt/TiO2), enhanced support reduction (Co and Ru on CeO2) 
to the occurrence of more vacancies (Au on CeO2 and ZnO). For  
Au/ZnO, the vacancies allowed Au to replace Zn in the ZnO crystal 

lattice and promote a Mars–Van Krevelen mechanism through the 
formation of Au–O–AuZn bonds, which are broken more easily than 
Au–O–Zn bonds. This led to a remarkable 150 times increase in 
specific activity, which was amplified using a very low activity refer-
ence catalyst (see Supplementary Table 1, entry 6).

One- and two-dimensional supports can give rise to confinement,  
or exposure, of special sites on the support surface. For example, 
Zhu and co-workers72 demonstrated enhanced CO oxidation  
activity for Pt NPs supported on boron nitride nanosheets. The NPs 
associated with B-vacancies displayed lower electron density, while 
N-vacancies donated electron density to Pt NPs. As the N-vacancies 
were the main Pt-binding sites, the Pt NPs were electron rich com-
pared to those supported on bulk boron nitride, which contained 
fewer vacancies. This enhanced O2 adsorption and increased CO 
oxidation activity from 30 to 70 % conversion at 47 °C. Similarly, the 
selectivity towards CH4 of Ni NPs on planar siloxenes in CO2 hydro-
genation was 90 % when the NPs were confined in the interior of the 
siloxenes structures, and 53 % when the Ni NPs were located on the 
exterior of the support73. In this case, confinement tuned the balance 
between the formate and the CO intermediate reaction pathway. 
Another example is confinement of Pt NPs in the interior of carbon 
nanotubes (CNT), which reduced NP size and prevented oxidation 
of Pt (ref. 74). This kept the metal in the active state and increased 
toluene oxidation activity from 4 to 27 μmol gPt

–1 s–1 at 140 °C,  
compared to NPs located on the exterior surface of the CNT.

Two-dimensional early transition metal carbides present weaker 
metal–carbon bonds, due to their dimensionality, compared to 
bonds in traditional metal oxides or metal carbides. This results in 
increased chemical reactivity of the metal ions and facilitates RMSI. 
A two-dimensional niobium carbide Nb2CTx (where T accounts for 
various elements/groups) has been used as support for platinum 
nanoparticles and applied for the water–gas shift reaction75. The 
two-dimensionality of this carbide material aided in the formation 
of a Pt–Nb surface alloy by H2 reduction at 350 °C. Furthermore, the 
removal of functional groups (T) such as –OH, –O and –F, exposed 
terminal niobium sites that were identified as interfaces for H2O 
activation. These exposed niobium atoms in contact with the Pt–
Nb surface alloy showed strong affinities for H2O or OH, as indi-
cated by the WGS kinetics. However, this catalyst showed a similar 
reaction rate of ~1.5x10–2 molH2 molPt

–1 s–1 as a Pt/Al2O3 reference 
catalyst.. Zhu’s research group has employed this material, platinum 
supported on niobium carbide (Pt/Nb2CTx), as well as platinum 
supported on titanium carbide (Pt/Ti3C2Tx), as catalysts for dehy-
drogenation of light alkanes76. In this case, Pt–Ti (Pt3Ti) or Pt–Nb 
(Pt3Nb) alloy formation increased selectivity towards propene from 
60 to ~95 % at 15 % conversion, through facilitating olefin desorp-
tion, which prevented secondary reactions.

The amount of literature on tuning MSI via support morphology 
for electro- or photo-catalysis is limited. This can be rationalized by 
considering that this strategy often concerns metal oxides with lim-
ited conductivity. One exception is the work by Shi and co-workers77 
on Au NPs supported on disordered TiO2 rich in oxygen vacancies, 
that is, black titania. They found that the presence of intermediate 
energy levels within the band gap enhanced trapping of hot plas-
monic electrons from gold and increased the photocurrent densities 
from 126 to 280 μA cm–1, with respect to Au on regular white TiO2, 
making photocatalytic water splitting more efficient.

Doping. Doping of supports with elements of different valency 
mainly serves to regulate the electronic structure of the support 
(and metal NP), and typically results in enhanced or reduced  
electron donating properties.

Doping of carbons is an active field, especially for electrochemi-
cal applications such as batteries and supercapacitors and metal-free 
catalysis. When used as a support material for metallic nanopar-
ticles, carbon can be doped with a variety of heteroatoms, of which 
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N is most investigated. For a more comprehensive overview of how 
this strategy can be applied to obtain the desired reactivities, we refer 
to a recent review78. Here, we will cover the basics and highlight two 
studies which we believe illustrate the concept and possibilities.

N-doping is often reported to increase the support-metal 
nanoparticle binding strength, and therefore leads to smaller NPs 
and higher stabilities79. Incorporating N in a carbon matrix can 
have various effects on its electronic structure, depending on the 
position of incorporation (for example, pyrrolic, pyridinic or gra-
phitic). Ning and co-workers80 investigated the electronic effect of 
different N species interacting with Pt nanoparticles of 2–4 nm, 
and found that pyridinic N acted as an electron acceptor and gra-
phitic N functioned as an electron donor for the Pt nanoparticles. 
The electron-enriched Pt NPs (in contact with graphitic N) gave 
the highest activity in electro-oxidation reactions of glycerol and 
formic acid. The high activity was partially related to an increased 
rate of CO removal, which otherwise poisons the catalyst. On the 
other hand, the electron-deficient Pt NPs (in contact with pyridinic 
N) showed the highest activity in ammonia borane hydrolysis. For 
both the electron-rich and -deficient NPs, the modified electronic 
structure was proposed to tune the Pt-reactant bonds, thereby opti-
mizing reactant activation.

The application of carbon nitride with a stoichiometry of C2N 
can be considered one of the most extreme cases of N-doping of 
a support81. These materials have a higher standard electrochemi-
cal potential than gold and are therefore termed noble carbons82. 
This means that even gold is electron deficient, when supported on 
C2N, resulting in active materials for ammonia synthesis via elec-
trocatalytic reduction of nitrogen83. The positive effect of the C2N 
support on catalysis was more pronounced when gold was dispersed 
as single atoms compared to nanoparticles, because of maximal MSI 
in the case of atomically dispersed metal.

Doping of a magnesium aluminate spinel support with Fe was 
investigated to improve the performance of a supported Ni catalyst 
for dry reforming of methane84. During the reduction process, Ni 
catalysed the reduction of Fe from the support, most probably via 
H-spillover and, as a result, up to 50 % Fe was extracted from the sup-
port and an Ni–Fe alloy was formed at the NP surface. At an Fe/Ni  
ratio of ~10, carbon (coke) formation was inhibited. Interestingly, 
doping (Fe incorporated in the spinel) was more effective than sur-
face modification (Fe on the surface of spinel), demonstrating the 
importance of the residual Fe ions left in the spinel structure of the 
MgFexAl2–xO support.

Doping γ-Al2O3 with Mg2+ ions before the introduction of Ni 
partially prevented undesired mixed metal oxide formation dur-
ing dry reforming of methane85. This left more metallic Ni surface 
area available for catalysis and reduced deactivation. In addition, 
coke formation was suppressed, although that was mainly ascribed 
to the presence of small (~2 nm) Ni particles. Recently, a related 
study on Ni-based catalysts for dry methane reforming was con-
ducted, focusing on doping the Al2O3 with La3+ ions86. The addition 
of La3+ had several effects on catalysis, such as increased activity at 
La3+ loadings between two and ten weight per cent, and decreased 
selectivity towards coke formation, resulting in increasing stability 
with La3+ content. The positive influence of La3+ was ascribed to 
the introduction of basic sites and stronger MSI. It is quite possible 
that doping with Mg2+ and La3+ affects catalytic performance via the 
same mechanisms, as both form basic oxides, which may counteract 
the typically acidic nature of γ-Al2O3.

Adding cationic or anionic dopants to reducible supports such 
as TiO2 can increase their conductivity, making them more attrac-
tive supports for electrocatalysis. When both types of dopants were 
applied simultaneously, more charge transfer to three nanometre 
Pt NPs was observed87. This resulted in three to five times higher 
Pt mass specific activity in electrocatalytic oxygen reduction than 
obtained with only one dopant (Fig. 3a). Similarly, an increase in 

charge transfer from Fe3+-doped ZnO to Pt NPs reportedly led to a 
five-fold increase in TOF in CO oxidation88. Other examples of dop-
ants that affect oxygen vacancies or charge transfer in reducible sup-
ports are available89–91. Furthermore, Schumann and co-workers92 
found that dopants can stabilize the metal oxide by changing their 
reducibility. Trivalent dopants (Al3+, Ga3+) increased the conductiv-
ity of the support and activity in reverse water–gas shift and metha-
nol synthesis, whereas divalent Mg2+ lowered the activity.

Surface modification. We distinguish two types of surface modi-
fication: introduction of functional groups and (complete) coating 
of the surface with another phase, up to the point that the surface 
properties are completely dictated by the coating material.

Oxygen- or nitrogen-containing functional groups are often 
introduced on to carbon supports as a way to regulate MSI. The 
basic concept is that these functionalities act as anchoring sites for 
the metal NPs. However, these functional groups provide more than 
just anchoring sites as was recognized by two groups working on 
the surface functionalization of CNT as support for Co catalysts 
during Fischer–Tropsch synthesis93–95. Eschemann and co-workers95 
reported substantially higher TOF for Co supported on pristine 
carbon nanotubes that compared with surface-oxidized CNT. The 
authors proposed an increased fraction of more active hexagonal 
close-packed Co phase on pristine CNT as the cause of these dif-
ferences. This hypothesis is strengthened by looking at earlier 
literature, as Co was previously shown to form on a hexagonal close-
packed phase on graphite (0001) (ref. 96). In addition, several other 
studies showed that the role of functional groups was not limited to 
the anchoring of NPs during the hydrogenation97,98 and oxidation99 
of organic compounds. Charge transfer between the functionalized 
support and noble metal nanoparticles substantially altered cata-
lytic performance (Fig. 3b).

Metal oxides can also be functionalized to facilitate metal NP 
binding using, for example, amine or thiol groups to anchor metal 
NPs to a support. These functional groups can affect the activity and 
selectivity of catalysts supported on irreducible oxides100,101, but this 
is not very common. Often the functional groups do not change the 
intrinsic activity of the catalysts, but rather facilitate binding to the 
support and can impart greater stability to the catalysts102.

Surface coating can be applied to the support via precursor 
decomposition (glucose, organometallic precursors, and so on) 
or atomic-layer deposition. For example, coating the surface of a 
nanostructured In2O3 with carbon made this support more suit-
able for photocatalytic CO2 reduction using Pt as the metal103. The 
Pt NPs were the catalytically active sites and the carbon increased 
the absorption of visible light through lowering of the bandgap, 
lowered electron-hole recombination, suppressed H2 production 
from protons, and facilitated CO2 adsorption. Through all these 
support functions, the production rate of CO increased from 27 to 
127 μmolCO h–1, and the production of methane increased from 4 
to 28 μmolCH4 h–1. It should be noted that (electronic) interactions 
between In2O3 and C were present, so the composite material dis-
played the combined properties of both materials.

Prieto and co-workers utilized coatings to isolate the intrinsic 
properties of different metal oxide supports from other factors such 
as support morphology, and verified the effect of these properties 
on the performance of Ru-promoted Co catalysts104. The authors 
found a correlation between the Lewis acidity of the metal oxide 
surface layer and the catalytic activity and selectivity in the Fischer–
Tropsch synthesis (Fig. 3c). These studies show that a surface layer 
can be applied to effectively replace the surface properties of the 
original support with that of the coating.

Metal nanoparticles
The second category of MSI tuning focusses mainly on the metal NPs. 
Of the three stages for MSI tuning (support, metal NP, treatment),  

Nature Catalysis | VOL 2 | NOVEMBER 2019 | 955–970 | www.nature.com/natcatal960

http://www.nature.com/natcatal


Review ArticleNaTure CaTalysIs

this is least reported, yet it does provide interesting opportunities. 
In this section, we will discuss recent examples of how modifica-
tion of the size or composition of the nanoparticles affects MSI and 
hence catalytic performance.

Size. MSI can have a strong influence on the size of metal NPs, and 
can affect the evolution of clusters and single atoms during cataly-
sis. For more information, we refer to a recent review for a detailed 
discussion on this specific topic105. Focussing on metal NPs, the vast 
majority of literature on MSI tuning deals with NPs of less than 5 nm.  
This is probably because the effect of the support on the metal  
NPs is attenuated for larger NPs because of the reduced impact of 
charge transfer and relatively reduced metallic surface area in inti-
mate contact with the support, that is, fewer interface sites. NP size 
has the most profound influence on purely electronic MSI effects, 
which are short range, as Lykhach and co-workers106 showed for 
1–1.5 nm Pt NPs with a partial positive charge of 0.11 per Pt atom in 
the Pt/CeO2 catalyst (Fig. 4a). They observed, using resonant photo-
emission spectroscopy on 2D model systems, that the partial posi-
tive charge per Pt atom decayed for larger particles. Furthermore, 
the overall charge transfer was limited by the support (17 % surface 
Ce3+ seems the limit for CeO2 reduction). The need for small NPs to 
induce effective electronic MSI is also reflected in literature, where 
most reports on catalytic performance relate to particles smaller 

than 5 nm (see Discussion). Conversely, this also means that it is 
unlikely that electronic MSI plays a significant role in large (>2 nm) 
NPs, unless the NPs are encapsulated by the support, in which case 
charge transfer could still occur to all surface sites.

Guo and co-workers107 investigated the effect of Ru NP size 
on the performance of Ru/CeO2 in CO2 hydrogenation varying 
between single atoms, 1 nm clusters and 4 nm NP. With increasing 
NP size, the electronic MSI interaction decreased, which facilitated 
CO2 activation and increased reactivity (Fig. 4b). At the same time, 
hydrogen spillover increased with NP size, hindering H2O removal 
and decreasing activity. Competition between both effects makes 
the 1 nm clusters (intermediate size) the most active system with a 
TOF about 50 % higher than single atoms and one order of magni-
tude higher than NPs. Interestingly, the selectivity to CH4 was 100 %  
for all sizes. This is in contradiction to a recent report by Yan and 
co-workers108, who observed a Ru NP size-dependent selectivity 
in CO2 hydrogenation on γ-Al2O3. CO formation via reverse WGS 
was favoured for Ru clusters, while the selectivity shifted to CH4 
for larger NPs. One possible explanation for the different observa-
tions could be the nature of the supports that were employed (CeO2 
and γ-Al2O3), because the support was involved in the reaction in 
both cases. Notably, in Ru/ γ-Al2O3, the interface oxygen (Ru-O-Al) 
was shown via isotope labelling to exchange oxygen atoms with CO2 
during the reaction.
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Composition. The metal distribution in a NP depends, to a large  
extent, on the strength of the bonds between the metal atoms 
and the support. Theoretical calculations109 on Au-Rh and Pd-Ir 
nanoparticles supported on titania showed that the surface  
binding strength of Rh or Ir atoms to TiO2(110) is greater than that 
of Pd or Au to the support, due to stronger Rh-O or Ir-O interac-
tions than Au-O or Pd-O. Therefore, Rh or Ir segregated towards 
TiO2. This has been experimentally observed for Au-Rh nanopar-
ticles supported on titania nanorods110 (Fig. 4c), and employed  
for tetralin hydrogenation in the presence of H2S (ref. 111). The  
Au/Rh/TiO2 stacking configuration had a detrimental effect on the 
initial hydrogenation activity. Eventually, Au/Rh/TiO2 was more 
stable due to the stabilizing effect of gold against H2S poisoning 
of Rh. Likewise, a segregation of iridium from Au-Ir nanoparti-
cles towards TiO2 has been experimentally observed, resulting in  
higher resistance towards sintering than Au/TiO2 during thermal 
treatments112.

For Au-Cu on Al2O3 and SiO2, the NPs de-alloyed under oxidiz-
ing conditions on both supports to form Au NPs and a CuOx phase. 
However, on Al2O3, CuOx formed separate patches on the support, 
which prevented the creation of active Au-CuOx interfacial sites 
present on SiO2 (ref. 113). Consequently, Au-CuO/SiO2 approached 
100 % CO conversion while Au-CuO/Al2O3 converted 11 % of the 
CO at 150 °C.

Seemala and co-workers114 studied Cu-Ni nanoparticles sup-
ported on either θ-alumina or titania and observed TiO2-induced 
metal segregation upon reduction using H2, during which Cu 

enriched the NP surface, while Ni segregated to the NP-support 
interface. This arrangement was explained by a stronger interaction 
between nickel and titania, than copper and titania. The Cu-Ni/TiO2 
catalyst showed high activity in furfural hydrodeoxygenation, high 
selectivity to methyl furan and good recyclability, outperforming 
the Cu-Ni supported on alumina, and the titania-supported mono-
metallic catalysts. A similar phenomenon was observed in the case 
of Ni-Pt supported on mesoporous silica (SBA-15)115. Here, a strong 
nickel-support interaction, most likely generated during metal  
precursor deposition on silica at basic conditions, led to the forma-
tion of a Pt-rich (Pt3Ni) intermetallic compound, thus favouring the 
formation of active Pt-Ni bonds, rather than Ni-Ni bonds. This, in 
turn, increased the selectivity of CO2 reduction to CO instead of 
CH4, as the latter product is typical for Ni-based catalysts.

Divins and co-workers116 showed that using ceria as a support 
influenced the oxidation state and metal arrangement of Rh-Pd 
nanoparticles under different atmospheres using NAP-XPS at  
0.05 mbar. On reduction at 573 K, Rh-Pd/CeO2 and non-supported 
Rh-Pd nanoparticles showed segregation of Pd to the surface. 
However, at conditions close to ethanol steam reforming, the met-
als in the non-supported nanoparticles re-arranged back to a uni-
form distribution, whereas the CeO2-supported ones maintained 
the Pd-rich surface. Because the Rh-CeO2 interaction was stronger, 
the core-shell structure was maintained. Furthermore, the CeO2-
supported nanoparticles presented higher oxidation states, espe-
cially at the outermost layers, due to H2O activation at the CeO2 
surface. The high H2 selectivity of the supported catalyst, compared 
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to the non-supported nanoparticles, was derived from promotion of 
WGS and methane steam reforming.

Gubó and co-workers117 showed that an increase of the relative Au 
concentration in Au-Pd nanoparticles supported on rutile TiO2 pre-
vented the encapsulation of the nanoparticles by TiOx. The nanopar-
ticles formed a bimetallic core with an Au enriched shell and became 
less prone to SMSI due to the lower surface free energy of Au.

Organic ligands coordinated to the surface of metal NPs can 
affect MSI, for example, by acting as a carbon-precursor. Zhan and 
co-workers118 placed pre-formed Au colloids, capped with oleyl-
amine ligands, on TiO2. The ligands were decomposed using an N2 
treatment to form a carbon shell, which protected Au NPs from sin-
tering. The higher overall CO oxidation activity of the N2-treated 
sample was ascribed to smaller NP size. Gao and colleagues119 co-
impregnated a nickel precursor and ligands on SiO2 and obtained 
different NP sizes and stability during dry reforming, depending 
on the ligands (oleic acid, oleylamine or a mixture of both). The 
smaller NP size led to doubling of the CH4 conversion, while the 
surface-specific activity remained unchanged (~2.5 s–1).

Treatments
We define treatments as any action to modify MSI that is performed 
on the metal-support composite material prior to catalysis. This has 
mainly been investigated in the context of tuning the MSI of metals 
with reducible supports, that is, SMSI.

Thermal treatment. Tang and co-workers investigated MSI for 
various group 11 metals on TiO2 and for Au supported on various 
reducible oxidic supports120. They observed that metal NP over-
growth under reducing conditions started at 200 °C and was most 
pronounced at 400–500 °C. The overgrowth blocked the accessible 
metallic surface area and thereby quenched the reactivity for CO 
oxidation, in line with earlier literature on group 8–10 metals on 
reducible oxides. Furthermore, a simultaneous charge transfer from 
the support to Au was observed by XPS, resulting in an electron rich 
Au phase. These effects could be reversed and the reactivity could 
be restored by an oxidative treatment at 400 °C. Interestingly, the 
same authors also observed similar effects for Au NPs supported on 
a phosphate hydroxyapatite, yet with the reverse response to oxidiz-
ing and reducing conditions121; now oxidation at 300 °C and higher 
resulted in the support encapsulating the Au NPs and lowering the 
CO oxidation activity, which could be reversed by a reductive treat-
ment at 500 °C. It was recently suggested that loss of OH groups at 
high temperature gave rise to this type of interaction and the phe-
nomenon was also observed on group 10 metals supported on ZnO-
nanorods122. Wang and co-workers123 even avoided the necessity 
for reducing or oxidising atmospheres altogether by exploiting the 
thermally induced transition of a layered double-hydroxide to the 
corresponding oxide in an inert atmosphere, possibly also caused by 
loss of OH groups. This induced a similar encapsulation of Au NPs 
with lowered CO oxidation activity.

Changes in activity and product selectivities during CO hydro-
genation using Ni/Nb2O5 were reported after different reduction 
temperatures (250–450 °C) and related to SMSI effects124. An inter-
mediate reduction temperature (350 °C) showed the highest activity  
(3.9x10–5 molCO gNi

–1 s–1) and C5+-selectivity (55 wt%). Lower reduc-
tion temperature resulted in severe deactivation due to particle 
growth via nickel tetracarbonyl formation and a lower final activity  
(2.2x10–5 molCO gNi

–1 s–1). On the other hand, a higher reduction 
temperature (450 °C) displayed stable performance but with a 
medium activity (2.7x10–5 molCO gNi

–1 s–1) and a selectivity shift to 
shorter hydrocarbon products, probably due to blockage of active 
sites by NbOx suboxides. Similarly, in the case of Ni/TiO2 catalysts 
for WGS, the coverage of Ni nanoparticles by TiOx could be tuned 
via reduction temperatures between 400 and 600 °C (ref. 125, Fig. 5a). 
The metal-support interface was maximized by starting from an 

NiTi-layered double-hydroxide precursor. Charge transfer to inter-
facial Ni, coverage of Ni NP by suboxides and the number of oxygen 
vacancies in TiOx all increased with higher reduction temperature. 
Moderate MSI after reduction at 450 °C showed the highest cata-
lytic activity with a TOF of 3.8 s–1, about two times more active than  
after reduction at 400, 500 or 600 °C. The high activity was attrib-
uted to the interplay between interfacial Niδ− and oxygen vacan-
cies. In the case of Pd/TiO2 catalysts, the reduction temperature  
affected the coverage of Pd NPs by TiOx species48 (Fig. 5b), and  
the number of oxygen vacancies in Pd/TiO2 used for formalde-
hyde oxidation126. When reduced at 450 °C, more oxygen vacancies  
were generated, which in turn aided O2 activation and H2O dissoci-
ation to form OH groups and increased the formaldehyde oxidation 
activity 7.5-fold. These species directly decomposed formaldehyde 
without the slow formation of CO as an intermediate, as observed 
after reduction at 300 °C.

An intermetallic nickel silicide catalyst obtained by reacting a 
nickel complex with silica via pyrolysis at high temperatures has 
been shown to be highly active for chemoselective hydrogenation of 
a wide variety of compounds (for example, nitroarenes, carbonyls, 
nitriles, N-heterocycles and unsaturated carbon–carbon bonds)127. 
The researchers found that the formation of this versatile catalyst 
strongly depended on the pyrolysis temperature, the nitrogen-
doped carbon species from the ligand for Si–O bond reduction and 
the silica specific surface area. A pyrolysis temperature of 600 °C 
resulted in metallic nickel supported on silica and on increasing the 
pyrolysis temperature to 800 °C, a Ni17Si3 phase was observed. The 
most active catalyst was obtained at 1,000 °C with silicon-enriched 
phases Ni31Si12 and Ni2Si. Additionally, coverage of metal nanopar-
ticles by support suboxides generated at elevated temperatures can 
steer hydrogenation selectivity, as summarized before128.

Reducing agent. The extent of MSI, and, in particular, partial sup-
port reduction to form suboxides and oxygen vacancies depend on 
the overall severity of the reduction treatment. In 2014, Rui and co-
workers129 reported that the SMSI state in Pt/TiO2 could be induced 
at room temperature during a liquid phase reduction process using 
NaBH4 or formaldehyde as reducing agent. The SMSI state, charac-
terized by suppressed CO chemisorption, negatively charged Pt NPs 
and oxygen vacancies formation, was beneficial for toluene oxida-
tion activity, which decreased in the order NaBH4 > formaldehyde 
> H2. Furthermore, the MSI effect was stronger on anatase than on 
rutile or P25, again highlighting the importance of the support mor-
phology as previously discussed.

Few systematic studies focusing on the effect of the reducing agent 
on MSI have been published in the meantime. A recent example 
includes the use of reducing agents with different reduction strengths 
to determine the rate of Pt-precursor reduction, which in turn regu-
lated the association of NPs to different types of N-functionalities 
in N-doped carbon nanotubes (see the doping section)80. As a sec-
ond recent example, Gänzler and co-workers130,131 showed that the 
CO oxidation activity of Pt NPs supported on a CeO2/Al2O3 com-
posite support strongly varied as a function of the reducing agent, 
following the order CO > H2 > C3H6 (Fig. 5c) The effect of the reduc-
ing agent was ascribed to its ability to partially reduce the support. 
Additionally, MSI and catalytic performance could be further tuned 
by reduction-oxidation cycles (see next section).

Reduction-oxidation cycles. Reduction-oxidation (RO) cycles 
have been intensively investigated, mainly to regulate the metal NP 
size through re-dispersion, but also to affect MSI in various ways. 
Here, we will highlight several possibilities of RO for MSI tuning 
that were recently published.

Besides different reducing agents, Gänzler and co-workers130,131 
applied RO cycles on a CO oxidation catalyst consisting of Pt/CeO2/
Al2O3 in order to control both the Pt NP size and oxidation state, 
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which in turn affected the reduction of CeO2 support. Metallic Pt 
NPs were necessary to reduce CeO2 at low temperature and the sup-
port had a crucial role in CO oxidation, as discussed before. 1.4 nm 
Pt NPs were identified as the optimal size, because at this size most 
interfacial sites were available while maintaining the Pt NPs in the 
active metallic state. Further RO cycles induced Pt NP growth and 
reduced the CO oxidation activity

Alternatively, Freakley and co-workers132 employed the reduction 
step of an RO cycle on a Pd-Sn/TiO2 catalyst to selectively modify 

small Pd NPs that otherwise gave rise to side reactions. Surprisingly, 
the NPs were not covered by TiOx species, but by SnOx species, as 
evidenced by STEM-EELS and similarly with a Pd-Sn system sup-
ported on irreducible SiO2. The final oxidation step was necessary 
to generate Pd2+ ions on the larger NPs, which were less active for 
side reactions than metallic Pd. The investigated reaction was the 
direct synthesis of H2O2 from O2 and H2 and the selectivity is a bal-
ance between the H2O2 production rate (hydrogenation of O2) and 
H2O2 decomposition rate. By covering the small NPs and having a 
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representation of a reduction-oxidation-reduction (ROR) treatment of cobalt supported on reducible supports Reproduced from ref. 133, Springer Nature 
Ltd. e, The effect of different oxidation (O) temperatures in the ROR procedure on the hydrogen uptake in chemisorption experiments and Fischer–Tropsch 
synthesis activity of Co/TiO2 (green hexagons), Co/Nb2O5 (red diamonds) and Co/Al2O3 (violet triangles). Singly reduced samples are indicated by open 
symbols. Adapted from ref. 133, Springer Nature Ltd.
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Pd2+ containing surface on the larger NPs, the H2O2 decomposition 
was almost completely suppressed, resulting in hydrogen selectivi-
ties towards H2O2 of 95 %.

It is well established that the SMSI state is typically generated 
under reducing conditions, and that the SMSI state can be reversed 
by an oxidative treatment48. In an earlier publication133, we applied 
this principle to enhance the FT activity of Co/TiO2 and Co/Nb2O5 
catalysts via a reduction-oxidation-reduction (ROR) process  
(Fig. 5d). The first reduction at 350 °C fully reduced the cobalt 
oxide to metallic cobalt and simultaneously induced the SMSI state. 
Oxidation at 200 °C modified the suboxides, but did not oxidize the 
cobalt fully to Co3O4. Consequently, the second reduction could be 
performed at 220 °C only, which resulted in less suboxide coverage 
and hence twice the accessible metallic surface area, as compared to 
the samples reduced at 350 °C (Fig. 5e). The FT activity increased 
proportionally to the metallic surface area, implying that the num-
ber of active sites increased and that the TOF and thus the nature of 
the active sites remained unchanged.

Overlayer deposition. As-prepared catalysts containing NPs on a 
support can be covered with an overlayer of another compound and 
its most basic function is to stabilize the NPs via immobilization, 
as was the case for a carbon (ref. 134) and SiO2 (ref. 135) overlayer. In 
addition, in a 2D model study, a Pt(111) surface was covered with a 
thin layer of TiOx to mimic an SMSI state136. Compared to the clean 
Pt(111) surface, the TiOx species increased CO oxidation activity 
and the effect was assigned to the formation of interfacial perimeter 
sites. Furthermore, Weng and co-workers137 deposited SiO2 over  
Pt/Al2O3 and observed the formation of Brønsted acid Si-O-Al  
sites. The SiO2 overlayer decreased activity in cinnamaldehyde 
hydrogenation, possibly via site blockage by SiO2, while at the  
same time, selectivity towards cinnamyl alcohol increased from 
25–30 % to 85 %.

Overlayers can also be applied to create specific interfacial 
sites, such as Cu-ZrO2 in a Cu/SiO2 catalyst138. These interface sites 
enhanced the intrinsic activity for ethyl acetate formation from 
ethanol and for methanol synthesis from CO2 by one order of mag-
nitude. Furthermore, Moon and co-workers139 applied an overlayer 
of various reducible oxides to a Pt/SiO2 catalyst and investigated 
its effect on CO oxidation. The activity followed the order TiO2 > 
CeO2 > Pt/SiO2 > Ta2O5 ≈ Nb2O5 and the increased activity was  
mainly ascribed to the formation of interfacial perimeter sites 
between Pt and the TiO2 or CeO2 overlayer. In addition, the over-
layer made the catalyst more resistant towards sintering of Pt NP at 
elevated temperature.

Yang and co-workers140 prepared Rh/SiO2 catalysts covered 
with TiO2 or Al2O3 and applied these for CO hydrogenation. The 
Al2O3 overlayer decreased the activity through site blockage. The 
TiO2 overlayer, on the other hand, increased the intrinsic activity 
and selectivity towards C5+ alkanes and alkenes, while the selectivity 
towards higher alcohols remained unchanged. Its catalytic perfor-
mance was similar to that of Rh NPs on TiO2-coated SiO2, showing 
either that coverage of the NPs themselves was irrelevant for cataly-
sis, or that the system was dynamic and reached the same (SMSI) 
state during catalysis. The latter option can be rationalized consid-
ering that overlayer deposition can be used to create artificial sup-
port suboxide coverage on NPs, thereby mimicking an SMSI state141.

Treatment of Au/TiO2 with TiCl3 at room temperature resulted 
in the formation of a TiOx overlayer on Au, similar to SMSI. The 
TiOx overlayer increased the activity of the catalyst for CO oxidation 
(0.68 versus 0.26 molCO molAu

–1 s–1) and brought about stability to 
the gold nanoparticles. The Au-TiOx interface was identified as the 
active site for oxygen activation, most likely due to oxygen vacan-
cies, which were then regenerated after reaction with CO. The sub-
oxides, however, also donated electrons to Au resulting in Auδ– and 
decreasing CO adsorption. An oxidative pre-treatment increased 

the activity of the catalyst by removing the excess electrons in Au, 
enhancing CO adsorption142.

Copper phyllosilicates have been employed as precursor for the 
formation of silica-supported metal nanoparticles on reduction in 
H2, leading to high Cu loadings (~40–50 wt%) with uniform distri-
bution and particle size. The role of the generated Cu-SiO2 interface 
in these materials has been exploited, for example, in the decom-
position of methanol to hydrogen and dimethoxymethane in the 
liquid phase143, where Cu+ and Cu-O-Si moieties were necessary 
for the activity and high selectivity of the catalyst. The copper-silica 
interface (Cu-O-SiOx) was recently further optimized by use of a 
mesoporous silica layer coating the copper phyllosilicate prior H2 
activation144 (Fig. 6a). In ester hydrogenation, the bare Cu/SiO2 
obtained from copper phyllosilicate gave a TOF of 6.4x10–3 s–1 and 
a selectivity to ethylene glycol of 23 %, whereas the performance 
of Cu/SiO2 with a mesoporous silica layer increased with a TOF of 
11.4x10–3 s–1 and a selectivity to ethylene glycol of 96 %. The Cu-O-
SiOx interface was shown to stabilize the transition state of the ester 
(in this case dimethyl oxalate) and to activate H2 in a heterolytic 
way, forming Cu–Hδ− and SiO–Hδ+, as previously discussed for H2 
activation with nanosized non-reducible supports.

Adsorbate-mediated MSI. MSI can be tuned by adsorbing specific 
compounds prior to inducing the MSI state. So far, this strategy has 
been limited to reducible supports, because the adsorbates mainly 
affect the coverage of the metal NPs by support suboxides. Matsubu 
and co-workers145 recently reported this strategy for the first time. 
They investigated Rh/TiO2 catalysts for CO2 hydrogenation and 
found that treatment in a 20 % CO2, 2 % H2 and 78 % He atmo-
sphere at 250 °C caused the formation of HCOx adsorbates on the  
Rh NPs. In the untreated Rh/TiO2 sample, a crystalline SMSI 
overlayer, which contained Ti3+-ions, formed during reduction at  
550 °C, whereas the adsorbate-mediated SMSI state, induced at only 
250 °C, led to an amorphous overlayer containing both Ti3+- and 
Ti4+-ions (Fig. 6b). In the adsorbate-mediated case, the support  
suboxides, as well as the adsorbates, can interact with the active 
sites. By covering the Rh NPs with an adsorbate-mediated SMSI 
overlayer, which was more stable under reaction conditions, it was 
possible to steer the catalyst selectivity from mainly CH4-producing 
(on Rh NPs) to mainly CO-producing (on single Rh atoms). Rh NPs 
were thus more affected by the adsorbate-mediated SMSI overlayer 
than the single Rh atoms.

Interestingly, a similar 20 % CO2/2 % H2 pre-treatment was 
used by Wang and co-workers146 for Cu/CeO2 catalysts for WGS. 
However, they mainly used the adsorbate-mediated SMSI strategy 
to prevent sintering of the Cu NPs and the effect on intrinsic activity 
was modest, although also some charge transfer from the support 
to the Cu NPs was inferred from XPS. This shows that the effect 
of such a treatment is highly dependent on the interplay between 
metal, support and reaction.

Discussion
We analysed the literature to quantify the enhancement of cata-
lytic performance that was achieved in recent years through MSI 
modifications. We limited the analysis largely to C1 chemistry, that 
is, catalytic reactions involving CO, CH4, CO2 or methanol as the 
main reactant. The performance of tuned catalysts was bench-
marked against a reference catalyst reported in the same paper and 
therefore investigated under the same conditions. Consequently, an 
enhancement factor for the tuned catalyst over the reference one 
was obtained. This approach provides a measure for the efficiency 
of the various MSI tuning strategies and facilitates comparison 
between different papers reporting a wide variety of reactions, con-
ditions and units.

The rate of formation (productivity) of desirable products,  
that is, the product of total activity and selectivity, was taken as a 
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measure for catalytic performance. Productivity was used because 
this shows the combined effect of activity and selectivity changes and 
hence provides a more complete picture of the effect of MSI tuning 
than either parameter alone. Turnover frequencies or specific activi-
ties were preferred over conversions as activity descriptors, because 
these provide more information about intrinsic catalytic activities. 
Furthermore, selectivities are not relevant for certain reactions such 
as CO oxidation reactions. For these systems, 100% selectivity is 
assumed and productivity enhancement is essentially determined 
by activity differences. All analysed catalytic data and references can 
be found in Supplementary Table 1.

Figure 7a shows the productivity enhancement as a function of 
the different MSI tuning methods. Relative productivity enhance-
ments up to a factor of ~15 have been obtained using various tun-
ing methods, irrespective of which catalyst component is altered. 
Support modifications were effective in altering all MSI phenom-
ena with a substantial increase of the corresponding productivity. 
Particularly, selection of a certain support composition113 or adding 
dopants to the support85 strongly improved the performance due to 
changes in the overall catalyst chemical composition. Treatments on 
the as-synthetized catalysts to tune the MSI have also proven benefi-
cial to enhance their performance, and most efforts have focussed 
on modifying the SMSI effect from which induction of this phe-
nomenon on Au nanoparticles by thermal treatment120, and use of 
overlayer deposition of transition metal oxides139,140 has led to sig-
nificant catalytic enhancement. Reports involving strategies based 

on NP modifications to affect MSI were fewer, however an approach 
leading to substantially increased performance involved changing 
NP size, which in turn improved the interfacial contribution for 
CO2 hydrogenation of a Ru/CeO2 catalyst107.

For the enhancement of selectivity, the largest increase was 
reported for a treatment to modify MSI in catalysts for CO2 hydro-
genation (78%), where preferential blockage of small Rh NPs or  
single atoms leads to a strong shift in selectivity from CH4 towards 
CO (ref. 145). However, the strong increase in selectivity was accompa-
nied by a decrease in activity, leading to a productivity enhancement 
factor of 3.2. Besides this example, selectivity increases of 20–30 % 
are occasionally reported for various reactions. Furthermore, CO 
oxidation and reduction reactions were investigated most; 22 stud-
ies focused on CO oxidation and 11 on CO reduction reactions out 
of 50 papers analysed.

The enhancement of productivity can be correlated with metal 
particle size of the catalyst after MSI tuning (Fig. 7b, dataset divided 
on the main MSI phenomenon that was affected). In general, the 
efficiency of MSI tuning rapidly decayed with increasing particle 
size and the highest enhancements were obtained for metal particles 
smaller than 4 nm through modification of any MSI phenomenon. 
The majority of studies focused on catalysts with particle sizes  
in the <4 nm size range. For metal particles that are larger than  
4 nm, the gain in productivity as a result of MSI tuning is modest in 
most cases, although a few exceptions were reported. Furthermore, 
for these larger particles, SMSI was most often the dominant  
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phenomenon, implying that SMSI is less affected by metal nanopar-
ticle size. This can be rationalized by the support covering the NP 
and thus being in contact with a large fraction of the metal surface, 
regardless of particle size in the range described here.

When considering many types of catalysis, it became apparent  
that mainly late transition metals, starting from group 10, were 
involved when charge transfer between metal and support played  
a role in the catalysis. As for the supports, charge transfer  
with the metal required either conductive supports (for example, 
graphite), or semi conductive supports (reducible metal oxides), 
often modified by dopants to increase conductivity further. 
Insulators (irreducible oxides) require dopants or functionaliza-
tion for charge transfer to occur on a noticeable scale101. This can 
be explained by a mismatch in band positions between insulating 
supports and the nanoparticles, that is, the valence band of the insu-
lator being too low in energy to affect the electronic properties of 
the metal NP.

Another observation is that the work on MSI modifications for 
electro- and photocatalysis is limited. On one hand, this might be 
ascribed to early development of the role MSI in these fields of 
catalysis, and on the other hand, the range of applicable supports/
metals might be more limited147. Nevertheless, we believe that the 
development of MSI tuning methods could be worthwhile for these 
applications.

Overall, MSI can improve catalytic performance roughly by 
one order of magnitude under industrially relevant conditions. 
This effect may seem modest compared to, for example, a differ-
ence of four orders of magnitude in CO hydrogenation activity 
that is obtained with various metals from groups 8–10 in the peri-
odic table148. However, often the selection of the metal is fixed by 
selectivity considerations and MSI modification is one of the few 
effective tools for designing and enhancing catalyst performance. 
In addition, these results show that supports are more than merely 
an inert structural matrix and that their chemical properties can be 
applied to substantially improve catalytic performance.
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