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Conspectus: Heterogeneous catalysis is an area of great importance not only in chemical 

industries, but also in energy conversion and environmental technologies. It is well established 

that specific surface morphology and structure of solid catalysts exert remarkable effects on 

catalytic performances, since most physical and chemical processes take place on the surface 

during catalytic reactions. Different from the widely studied faceted metallic nanoparticles, metal 

oxides give more complicated structures and surface features. Great progress has been achieved in 

controlling the shape and exposed facets of transition metal oxides during the nanocrystal growth, 

usually by using surface directing agents (SDAs). However, the effects of exposed facets remain 

controversial among researchers. It should be noted that the high-energy facets, especially the polar 

facets tend to lower their surface energy via different relaxation processes, such as surface 

reconstruction, redox change or adsorption of counter-charged species, etc. These processes can 

subsequently lead to surface defect formation and break the surface stoichiometry, and the resulted 

changes of electronic configurations and charge migration properties all play important roles in 

heterogeneous catalysis. Given that different materials prefer different relaxation methods, thus 

various surface features are created and different techniques are required to investigate the 

different features from facet to facet. Conventional characterization techniques such as X-ray 

diffraction (XRD), X-ray photoelectron spectroscopy (XPS), transmission electron microscopy 
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(TEM), etc. appear to be insufficient to elucidate the underlying principles of the facet effects. 

Consequently, increasing number of novel techniques have been developed to differentiate the 

surface features, enabling more understandings of the facet effects on heterogeneous catalysis. 

 

  Herein, based on the previous studies of our own group, we will focus on the effects of tailored 

facet on heterogeneous catalysis introduced by engineered simple binary metal oxide 

nanomaterials primarily with exposed polar facets, in combination with detailed surface study by 

a range of new characterization techniques. As a result, fundamental principles of the facet effects 

are elucidated and the structure-activity correlations are demonstrated. The surface features 

introduced by different relaxation processes are also investigated by a range of characterization 

techniques. For example, electron paramagnetic resonance (EPR) is used to detect the oxygen 

vacancies, while probe-assisted solid-state nuclear magnetic resonance (ssNMR) is shown to be 

facet-sensitive and able to evaluate the surface acidity. It is also shown that such different features 

influence the heterogeneous catalytic performances in different ways. With the help of first-

principles density functional theory (DFT) calculations, unique properties of the faceted metal 

oxides are discussed and unraveled. Besides, other materials like transition metal chalcogenides 



 3 

and layered double hydroxides (LDHs) will also be briefly discussed about their application in the 

facet-dependent catalysis studies. 
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1. Introduction 

Nanomaterials are ubiquitously engaged as heterogeneous catalysts due to exceptional 

physicochemical properties. The surface of these catalyst particles provides the platform for 

catalytic reactions.5 Since the environment of surface atoms is quite different from that of the bulk, 

one would expect distinct properties on crystal surfaces.6 Up to now, most facet engineering 

studies are on metallic nanoparticles (NPs), which are commonly active components in 

heterogeneous catalysts.7–11 Our group studied the catalytic performances of metallic NPs and 

investigated the effect of size, shape, surface features, local factors, etc. Different PVP-stabilized 

metallic NPs were investigated by 13C NMR under catalytic conditions in the liquid phase in an 

early work, where the catalytic performances on decomposition of formic acid were tested.12 Our 

recent work illustrated that the Ag nanocubes with dominantly exposed (100) facets exhibited 

superior HER activity over Pt in the PEM electrolyzer when practically more negative potential 

was applied.13 Various bimetallic core-shell nanoparticles have been rationally designed and 

fabricated as well, showing promising activities toward formic acid electrooxidation.12,14  
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Fig. 1 Ionic model of MgO: (a) the orbital energies of filled oxygen 2p and empty magnesium 3s 

levels under different states; (b) Structural model of different exposed facets; (c) Crystal packing 

of polar and non-polar faceted MgO. Arrows indicated the polarization near the polar surface. 

 

Given that the facet engineering of metallic NPs has been comprehensively studied and reviewed, 

facet-dependent catalysis of metal oxide nanocrystals that finds wide applications in chemical 

industries, energy conversion and environmental technologies is not yet clear. Unlike metallic NPs, 

binary metal oxides are more complicated, and the underpinning principles of their catalytic effects 

remain controversial. Taking a simple ionic model of MgO as an example, Fig. 1a shows the 
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energy levels of filled oxygen 2p and unfilled magnesium 3s orbitals. For these isolated hard ionic 

species, the ionic charge distribution Mg2+-O2- is clearly not stable in the gas phase and the O2- ion 

does not even exist since the second electron affinity of O- is highly endothermic. However, these 

ions can be stabilized in a solid ionic lattice, so they experience a summation of long-range 

Coulomb potentials from the ions in the lattice positions so called Madelung potential of 

appropriate sign. At oxide sites, the Madelung potential is positive, thus stabilizes electrons; at 

cation sites it is negative and correspondingly destabilizing as shown in the figure. Thus, the most 

stable crystal structure is composed of ions interspersed with nearby counter-ions and so on in the 

lattice. If some charges dislocate from the lattice, polarization occurs. The effect of polarization 

has been shown by lowering the energy of empty (metal) levels and raising that of filled (oxygen) 

levels; hence the binding energies for electrons in filled levels will be reduced. Finally, the 

broadening of electronic levels gives bands, rather than discrete energy levels, due to overlapping 

between ions. 

In the crystal facets, similar ion distributions exist in the energy minimized packing (Figs. 1b 

and 1c). The most stable surfaces of MgO in this case, are (100) or (-110) where cations and anions 

are evenly inter-dispersive, obtaining the Madelung stabilization. Although exposure of high-

energy facets such as O- or Mg-terminated (111) is thermodynamically unfavorable, it can be 

kinetically controlled during the crystal growths. It is noteworthy that these thermodynamically 

unstable high-energy facets tend to reduce the surface energy through relaxation process,15 which 

can exert unusual effects such as band gap reduction, excitons stabilization, enhanced adsorption 

of counter-ions and induced surface reconstruction. However, it is highly material dependent (for 

example, reduction of hard ions, like Mg2+ to Mg+ is energetically not favorable due to 
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destabilizing lattice energy but is not the case for Ce4+ to Ce3+). More details about the nature of 

polar surface can be found in the Supporting Information. 

 

 

Fig. 2 (a) STEM pattern and simulated model of MgO(111) with exposed O-terminated surface 

viewed from [111] direction; (b) STEM image of polar CeO2(100) nanocubes (left) with high 

magnification of the exit wave restoration (right). Reproduced with permission from ref. 16. 

Copyright 2019 American Chemical Society. 

 

Such unusual properties lead to extensive efforts on sculpturing the morphology of the 

nanomaterials. Also, fabrication of high-energy facets’ exposure without significant surface 
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reconstruction (Fig. 2) can be achieved by using appropriate surface directing agents (SDAs), 

which can influence either the relative surface energies or the facet growth kinetics.17,18 Catalytic 

behaviors on different exposed facets have been investigated as well.4 Here in this review, we 

focus on the facet-controlled binary metal oxides including MgO, ZnO, TiO2 and CeO2 with their 

nominal cations of increasing redox properties based on our own work. It is aimed to demonstrate 

that different relaxation processes of their higher energetic facets particularly the polar surfaces, 

depending on their redox properties, lead to different unique catalytic properties. A range of 

conventional and novel analytical techniques in identifying unique surface features and exploring 

structure-activity correlations is also given. Finally, a conclusion of the challenges and future 

perspectives in this area is also summarized. 

 

2. Case studies 

2.1 Hydrogen spillover on polar-faceted MgO surface 

MgO has been extensively studied due to its importance in ammonia synthesis, and it is noted 

the Cs-Ru/MgO configuration has been commercially used as one of the best industrial catalytic 

systems in Kellogg process at relatively low pressure.1 Comparing with the conventional large-

scale ammonia production via Haber-Bosch process operated at extremely high pressure and 

temperature (>500 oC and 25 MPa), ammonia synthesis at mild conditions is attracting more 

interest. However, it is challenging to achieve at low temperature due to the unfavorable kinetics 

and the large dissociation energy of the dinitrogen triple bond (941 kJ/mol).1 Studies were 

therefore carried out in our group to reveal the underlying principles of the Cs-Ru/MgO catalyst 

in ammonia synthesis, and unprecedent findings were reported recently.1 



 10 

 

Fig. 3. (a) Dependence of ammonia synthesis rate of Cs-promoted Ru supported on MgO(111), 

MgO(110), and MgO(100) on H2 at 643 K; (b) 1H ssNMR, (c) TMPO-assisted 31P ssNMR spectra 

of MgO(111), MgO(110), and MgO(100); (d) Schematic illustrations of molecular interaction and 

calculated adsorption energy from DFT between H and O atoms on various MgO surfaces (Mg: 

yellow; O: red; H: white). Reproduced with permission from ref. 1. Copyright 2020 American 

Chemical Society. 

 

MgO nanocrystals with preferentially exposed facets of (111), (110) and (100) were fabricated and 

denoted as MgO(111), MgO(110) and MgO(100), respectively. Interestingly, the Ru/MgO(111) 
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with preferentially exposed polar O- or Mg-terminated facets without surface reconstruction shows 

a stable and record-high activity in ammonia synthesis (Fig. 2a and Fig. 3a), as compared with the 

non-polar counterparts, giving an activity of 4.5 times as high as the commercial MgO catalyst. 

Notably, the activity differences become more pronounced as hydrogen partial pressure increases 

(when H2:N2 =3.5:1). It should be noted that supported Ru nanoparticles are easily prone to 

hydrogen poisoning, especially at high hydrogen partial pressures, and typical hydrogen rate order 

for the ammonia synthesis over traditional Cs-Ru/MgO is around -1,19 which normally makes high 

hydrogen partial pressure unfavorable in such system. However, kinetic studies showed that polar-

MgO(111) gives a H2 reaction order of +0.6 at 643K, while in the cases of non-polar supports, the 

values are negative (Fig. 3a), indicating a rapid hydrogen migration from Ru to MgO(111) so Ru 

is more receptive for N2 kinetically. Also noteworthy is the non-redox properties of Mg2+ hinder 

MgO from surface oxygen vacancy (Vo) formations and oxidation state changes due to the 

exceptionally high ionization energy (ca. 1451 kJmol-1). As a result, the strong surface polarity of 

this (111) facet remains, which exerts remarkable interactions with the chemical species nearby. 

We recently reported that the surface polarities can be investigated by ssNMR technique using 

trimethylphosphine (TMP) or trimethylphosphine oxide (TMPO) as surface probes (details about 

the probe-assisted ssNMR are shown in the Supporting Information). As shown in Figs. 3b and 3c, 

1H MAS NMR and 31P ssNMR using trimethylphosphine oxide (TMPO) as probe confirmed the 

superior affinity of H on the polar MgO(111) surface, given that large changes of the chemical 

shift values were directly observed on both 1H and 31P spectra. Such observation was supported by 

FT-IR.1 Operando AP-XPS, on the other hand, shed light on the coverage and the depth that the 

surface H can travel. DFT calculations reveal the adsorption energy of H on O-terminated (111) 

facet (3.83 eV) is more than 10 times higher than those on the non-polar (110) and (100) (< 0.3 



 12 

eV) (Fig. 3d), thus resulting in a high affinity of support to mob up hydrogen from Ru. The local 

electric field (LEF) introduced by the polar MgO (111) surface facilitates the adsorption of proton 

and provides the driving force for the adsorbed H species to migrate from the Ru surface to the O2- 

sites and hop on the polar support. Thus, the use of MgO(111) support with the dominant polar 

surface works as a more efficient catalyst promotor for ammonia synthesis than those with non-

polar surfaces.1  

 

2.2 LEF for exciton lifetime extension by polar-faceted metal oxides in photocatalysis 
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Fig. 4. (a) TRPL spectra of Au/N-P25-620 mixed with different MgO supports; (b) Stoichiometric 

decomposition of pure water over Au/N-P25-620 with and without MgO (111); Reproduced with 

permission from ref. 3. Copyright 2019 Springer Nature. Distributed under a Creative Commons 

Attribution License 4.0 (CC BY) https://creativecommons.org/licenses/by/4.0/; (c) Schematic 

illustration of the LEF effect on doped MoS2 monolayers introduced by polar-faceted CeO2 

nanocubes; (d) TRPL spectra of Ru:SL-MoS2 after mixed with various supports; (e) exciton 

lifetimes and (f) photocatalytic H2 evolution rates of Ru:SL-MoS2 in a linear relationship with the 

polarization introduced by polar-faceted oxides. Reproduced with permission from ref. 20. 

Copyright 2020 Elsevier. 

 

  Further investigation was then moved to photocatalytic overall water splitting (POWS) reaction, 

which is of importance for solar energy storage in the form of H2. However, no practical 

application has been realized so far, due to the poor activity and quantum efficiency (QE) arisen 

from the fast charge recombination. We recently demonstrated that extraordinary POWS activity 

and QEs can be achieved at elevated temperatures over N-doped TiO2 (N-TiO2) on polar oxide 

supports under visible light irradiation (more information of photocatalysis at elevated 

temperatures is shown in Supporting Information).3 It is due to the fact that strong LEF can be 

generated near the polar surfaces.15 In spite of the relaxation processes which lower the surface 

polarity,21 the rigidity of the metal oxides still hampers such processes to a large extent and leaves 

considerable polarity and electrostatic forces on the polar surfaces. MgO with polar (111) facets, 

which has been discussed before, was initially engaged as the support for the Au/N-TiO2 

photocatalyst. Time-resolved photoluminescence (TRPL) measurements were carried out, 

showing that MgO (111) remarkably prolonged the exciton lifetime of N-TiO2, while the non-

https://creativecommons.org/licenses/by/4.0/
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polar MgO (100) and MgO (110) showed no such influence (Fig. 4a). The photocatalytic activity 

of the MgO (111) promoted Au/N-TiO2 gave an unprecedented hydrogen evolution rate of 11092 

μmol g-1h-1 at 270 oC, whereas non-polar MgO (100) or (110) showed no promotion in rate at all 

(Fig. 4b).3 Extraordinary QEs of 81.8% at 437 nm and 3.2% at 1000 nm were also achieved with 

the inclusion of MgO (111). The use of polar-faceted MgO(111) can introduce an LEF, which 

prolongs the exciton lifetimes and therefore enhances the photocatalytic water splitting activities. 

Subsequently, other polar-faceted oxides such as CeO2 nanocubes and ZnO nanoplates were also 

used to study the LEF effect, which showed similar behavior as the MgO (111), whereas their non-

polar counterparts barely show any effect.3 Our recent results also indicate that the polar-faceted 

supports exert similar effects on the monolayer MoS2, as illustrated in Fig. 4c.20 By using TRPL, 

it is demonstrated that the photocatalytic activities and exciton lifetimes were correlated well with 

the LEF strengths (polarity calculated from the difference in electronegativity), hence giving 

apparent linear relationships (Figs. 4d-f).  

 

2.3 SMSI on the polar surface of faceted ZnO  

It is widely accepted that ZnO is composed of tetrahedrally coordinated O2− and Zn2+ ions 

stacking along the c-axis, which means there are a positively charged Zn-terminated (002) facet 

(Zn-(002)), a negatively charged O-terminated (002) facet (O-(002)) and nonpolar (100) facets 

with C6V symmetry, as shown in Fig. 5a.22,23 The exposure of the (100) and (002) facets can be 

tuned by controlling the length and diameter of the hexagonal structure. 
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Fig. 5. (a) Models of ZnO morphologies and exposed facets; (b-d) TEM of ZnO nanoplates, 

nanorods and powders. Reproduced with permission from ref. 24. Copyright 2016 Wiley-VCH. 

(e) TMP-assisted 31P ssNMR spectra of ZnO nanostructures; (f) Calculated structures of TMP 
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adsorbed on different sites of ZnO. Reproduced with permission from ref. 4. Copyright 2016 

American Chemical Society. 

 

We have reported a controlled synthesis of ZnO nanocrystals with different morphologies, 

including nanoplates with preferentially exposed polar (002) facets, the nanorods with dominant 

exposure of non-polar (100) facets and amorphous powders (Figs. 5b-5d).24–26 Cu NPs were then 

synthesized and mixed with the SDA-free ZnO nanostructures to investigate the interaction and 

the interfaces between ZnO and Cu NPs. Catalytic performances of the different morphologies 

were then carefully studied in CO2 hydrogenation for methanol production. Table 1 clearly shows 

that Cu/ZnO nanoplates exhibited higher selectivity to methanol in CO2 hydrogenation reaction, 

reaching over 70%.26 To reveal the underlying principles of the superior catalytic performances of 

the polar ZnO nanoplates, various characterization techniques were utilized. XPS shows that the 

O 1s binding energy (BE) of the polar facets changes a lot after addition of Cu NPs, while that of 

non-polar facets remains constant, suggesting that there are strong electron transfers between Cu 

NPs and polar (002) facet, described as ‘strong metal support interaction’ (SMSI) at the interface26. 

EPR spectra showed that two intense signals at g=2.00 and g=1.96 were observed for polar ZnO 

nanoplates, whereas only the signal at g=2.00 with much lower intensity was detected for the non-

polar nanorods. The former signal is usually attributed to the deeply trapped electrons in Vo, and 

the signal at g=1.96 derives from the shallow trapped single electrons in the conduction band 

(CB).27 Quantitative analysis indicated ZnO nanoplates possess much more Vo than the nanorods. 

The more favorable formation of surface Vo due to relaxation of polar ZnO surface (difference in 

2nd to 1st IE = 826 kJ mol-1) may create active sites for H2 activation as well as Cu species 

interactions. Further EPR measurements also showed the electrons originally trapped in the CB of 



 17 

ZnO nanoplates of lower energy (see Fig. 1) can transfer to the Fermi level of Cu NPs, while no 

such behaviors could be observed on the non-polar nanorods. The temperature-programmed 

reduction (TPR) analysis showed the facilitated oxygen reduction in the interface of Cu NPs and 

polar ZnO nanoplates, which could subsequently contribute to the activation of CO2 molecules. 

Subsequently, ssNMR using trimethylphosphine (TMP) as a surface probe was carried out for the 

ZnO nanomaterials and deconvoluted into four components, as shown in Fig. 5e, and the 

concentration of each site can be quantified according to the peak area.4 DFT calculations in Fig. 

5f clearly indicates that the NMR signals of Site I and Site II are attributed to the interaction of 

TMP with unsaturated three-coordinate Zn (Zn3C) on (100) and (002) facet, respectively. Besides, 

the interaction between the protons of surface OH groups (Brϕnsted acid sites) and TMP was found 

highly dependent on the surface polarity of the ZnO facets (Site III and Site IV). Clearly, the Lewis 

acid (LA) sites of polar (002) facets showed stronger LA acidities (Site II and Site III), which led 

to the preferential adsorption of molecules on the polar facet and such phenomenon could be 

attributed to the difference of intrinsic surface energy between facets.4 In addition, the high 

energetic and instability of the ZnO nanoplates originated from the exposure of polar surface could 

also lead to enhanced Vo formation due to charge transfer from this surface to active metal 

component. All the unique properties result in a stronger SMSI of ZnO nanoplates with the 

overlying metallic NPs, hence lead to improved catalytic activities.  

 

Table 1. Catalytic performance of ZnO nanoplates and nanorods in the synthesis of methanol from 

hydrogenation of CO2. [a] 26 

CO2:H2 

molar ratio 

T (K) Catalyst CO2 conversion 

(%) 

Methanol 

selectivity (%) 
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1:2.2 543 ZnO nanorods 12.3 42.3 

  ZnO nanoplates 10.9 72.7 

 553 ZnO nanorods 15.3 39.1 

  ZnO nanoplates 12.0 71.6 

1:2.5 543 ZnO nanorods 15.8 41.0 

  ZnO nanoplates 15.5 64.5 

 553 ZnO nanorods 17.8 32.0 

  ZnO nanoplates 14.7 63.3 

[a] Flow rate: 40 stp mL min-1 at 4.5 MPa. Catalyst was mixed with Cu and Al2O3 

 

2.4 Adsorbed impurities on faceted TiO2  

Anatase TiO2 has been attracting versatile applications including hydrogen evolution, water 

splitting, dye-sensitized solar cells, etc.28 The synthetic TiO2 nanocrystals are generally covered 

with the thermodynamically favorable and less active (101) facet rather than the active (001) 

facet.29,30 Although (001) facet is not a polar surface, it is a more energetic than (101). Fluorine 

was reported to be able to change the relative growth rates as an SDA, resulting in preferential 

exposure of (001) facet,31 however, the complete removal of fluorine is an issue, whose effects 

have long been underestimated. Calcination and aqueous NaOH wash are mostly used in post-

treatments to obtain so-called clean surface. However, different removal methods always result in 

diverse or even contradicting results in literature, leading to different interpretations and frequent 

disagreements among researchers.32  
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Fig. 6. TEM images (a-c) and 31P ssNMR spectra (d-f) of TiO2 PD, F-(101) and F-(001), 

respectively. The scale bars are 5 nm. Reproduced with permission from ref. 32. Copyright 2017 

Springer Nature. Distributed under a Creative Commons Attribution License 4.0 (CC BY) 

https://creativecommons.org/licenses/by/4.0/. 

 

Consequently, high quality anatase TiO2 nanocrystals with different exposed facets were 

fabricated by our group using hydrothermal synthesis, labelled as TiO2 powder (PD), F-(101) and 

F-(001), as shown in Figs. 6a-6c.32 The percentages of the (001) facet exposure of the PD, F-(101) 

and F-(001) samples were estimated to be 10.2%, 21.1% and 75.4%, based on the Wulff 

https://creativecommons.org/licenses/by/4.0/
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construction model.5 Unlike the case of ZnO where surface relaxation creates M+ (Zn2+ + e-) and 

Vo, lower formation energy of sub-surface Vo than surface Vo and fast oxygen mobility 33 cause 

surface Ti-O to retain Ti-F-(OH), resulting in considerable change of the local electronic 

environment. Probe-assisted 31P ssNMR was used to investigate the surface features, which 

showed very different spectra (Figs. 6d-6f). The F-stabilization on the (001) and (101) facets can 

largely enhance the LA strength of five-coordinate Ti (Ti5C) by showing downshift of δ31P. The 

post-calcination was shown to partially replace F with OH group, rendering the upshifts of δ31P, 

which means the LA strength of Ti5C is reduced. The high-energy (001) facets tend to adsorb 

different surface impurities groups to relax their energy and they exert substantial effects on the 

surface LA strengths which subsequently influence the photocatalytic activities.  
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Fig. 7. TMP-assisted 31P ssNMR spectra of TiO2 (a) PD, (b) F-(101) and (c) F-(001) after different 

surface treatments. Reproduced with permission from ref. 32. Copyright 2017 Springer Nature. 

Distributed under a Creative Commons Attribution License 4.0 (CC BY) 

https://creativecommons.org/licenses/by/4.0/; Schematic illustrations of the TMP adsorption on 

(d) (001) and (e) (101) facets with different surface groups. Reproduced with permission from ref. 

5. Copyright 2018 Royal Society of Chemistry. Distributed under a Creative Commons Attribution 

3.0 Unported License (CC BY) https://creativecommons.org/licenses/by/3.0/. 

 

A separate study also shows the local surface features play the key role in photocatalytic HER34. 

It was observed by ssNMR that the electron density of surface Ti5C is largely decreased in the 

presence of F. TRPL was used to evaluate the influence on the charge separation process, which 

showed the exciton lifetimes were prolonged with higher concentration of surface F groups. 

Therefore, surface F groups can largely influence the local electronic properties and trap the photo-

generated electrons due to its strongest electronegativity, which consequently suppress the charge 

carrier recombination and leads to enhanced photocatalytic activities. Such point was further 

investigated by using other surface functional groups (i.e. OH and SO4), which were systematically 

studied by ssNMR and DFT. The NMR spectra vary greatly depending on the surface electronic 

states for each sample (Figs. 7a-7c) and different adsorption geometries were elucidated by DFT 

calculations (Figs. 7d and 7e). For each situation, the adsorption on F-(001) is much stronger than 

that on F-(101). Moreover, the adsorption energies on surfaces modified by different groups show 

a linear relationship with the δ31P on ssNMR and the photocatalytic HER activities .5 Clearly, the 

surface impurities can change the electron densities of the nearby Ti5c sites, which further influence 

the photo-generated charge carriers’ separation and the photocatalytic performances. 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/3.0/
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2.5 Fast redox change of faceted CeO2 nanomaterials 

CeO2 has been extensively studied as an active redox catalyst, catalyst promoter or support with 

metal promotor in catalysis and electrocatalysis,16,35 due to high oxygen storage, fast surface 

oxygen mobility, and so forth,36 which could exhibit SMSI with the overlying metal NPs.37–39 

Different from the above discussed MgO, ZnO and TiO2, a much larger quantity of oxygen can be 

extracted from CeO2 well beyond surface by easily changing the oxidation state of Ce due to the 

remarkably fast Ce4+/Ce3+ redox cycle in couple with the added metal promotor. Thus, the surface 

interaction of metal and Ce4+/Ce3+ redox pair at the specific facets can exert stronger effects on 

catalytic performances. 
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Fig. 8. TEM images of the CeO2 (a) nanospheres, (b) octahedrons, (c) nanorods, and (d) 

nanocubes. Reproduced with permission from ref. 40. Copyright 2020 American Chemical 

Society. In-situ XANES spectra of (e) Au L3 edges and (f) Ce L3 edges as a function of reaction 

time. Reproduced with permission from ref. 2. Copyright 2019 Springer Nature. Distributed under 

a Creative Commons Attribution License 4.0 (CC BY) 

https://creativecommons.org/licenses/by/4.0/ 

CeO2 nanocrystals with different morphologies were studied by our group.2,16,35,40 Microscopic 

techniques show the amorphous nanospheres, octahedron with exposed (111) facets, nanorods with 

non-polar (110) facets and the nanocubes with preferentially exposed polar (100) facets (Figs. 8a-

8d). The CeO2 nanorods with (110) facet is proved to be a good catalytic component for non-

reduction or oxidation reactions such as acetylene hydrochlorination reaction for the synthesis of 

vinyl chloride monomer (VCM).2 After inclusion CeO2 nanorods in the Au/activated carbon (AC) 

catalyst, the catalyst showed superior and stable activity for more than 3000 h (125 days) without 

deactivation, whereas Au/AC progressively deactivated within 500 h.2 This Au/CeO2&AC catalyst 

even shows the ability of self-regeneration. It is generally believed that the Au(III)/Au(I) pairs act 

as active sites of the VCM production over Au/AC catalyst, and Au aggregation occurs when the 

Au(I) and Au(III) species are over-reduced to Au(0). The catalysts were thus investigated by X-

ray absorption near edge structure (XANES) spectroscopy (Figs. 8e and 8f). However, Au(III) 

species are barely detected in the in-situ XANES, on the contrary, the Au(0) species are found as 

more than 70%. We also observed the progressive increase of Ce(III) at the expense of Ce(IV), 

while the simultaneous oxidation process of Au(0) to Au(I) occurs. Such observation indicates that 

the one electron fast complementary redox coupling reaction between Au(0)/Au(I) and 

https://creativecommons.org/licenses/by/4.0/
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Ce(IV)/Ce(III) in this composite catalyst plays a dominant role, whereas the redox change of 

Au(I)/Au(III) would require two one-electron transfer steps from nearby Ce(IV)/Ce(III) sites with 

anticipated higher activation barriers.2 Clearly, the surface feature of CeO2 nanorods with (110) 

facets not only accommodates and stabilizes Au species but also facilitates a fast changing redox 

pair of Au(0)/Au(I), resulting in the superior activity and the unique self-regeneration feature.2 

 

2.6 Fast oxygen mobility of faceted CeO2 nanomaterials 

On the other hand, Pd/CeO2 nanocubes with dominant polar (100) facet exposure shows at least 

2 times higher activity than the other non-polar CeO2 samples in (electro)catalytic reactions, which 

also appears to be less susceptible to CO poisoning.16 Operando ambient pressure (AP) XPS 

showed that in Pd/CeO2 nanocubes, the Ce3+/Ce4+ ratio was maintained at around 0.3 regardless 

of whether in reduction or oxidation environments, and the conversion between Pd(0) and Pd(II) 

was also suppressed, suggesting the high oxygen mobility of polar CeO2 and fast Ce4+/Ce3+ redox 

pair can resist the change of oxidation states in overlying metal.16 More detailed study of the 

Pd/CeO2 nanocubes system was then performed with the help of electron energy loss spectroscopy 

(EELS). Three consecutive EELS Ce4+ mappings of Pd/CeO2 nanocubes are shown in Fig. 9a, 

which clearly indicate after the 1st scan, the reduction of Ce4+ to Ce3+ goes deeper beyond the 

surface layer. The Pd mappings are shown in Fig. 9b, while a HAADF-STEM image is given in 

Fig. 9c. Then the rates of reduction between subsequent scans were calculated and mapped, which 

are represented by different colors in Fig. 9d. Apparently, the deeper extensive regions of CeO2 

nanocubes experienced faster rate of reduction. The fastest reduction rates occurred at the CeO2-

Pd interfaces, where nearly all the Ce4+ had been reduced to Ce3+ at the region around the Pd even 

before the 1st scan was taken. Noticeably, Pd/CeO2 nanorods and CeO2 nanocubes without Pd 
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were also studied and showed no such behaviors (Figs. 9e-9h).35 The effects arisen from the 

Ce4+/Ce3+ redox pair was also supported by the TMP probe-assisted ssNMR measurements.40 The 

CeO2 nanocubes (100), nanorods (110), octahedron (111) and nanospheres (amorphous) showed 

very different 31P NMR spectra, indicating the chemical environment of surface Ce species is 

highly facet-dependent. The facet-dependent LA acidity decreases as (111)> (110)> (100), derived 

from δ31P values, which is attributed to the increasing Ce3+ concentrations among these facets.40 

Thus, the fast Ce4+/Ce3+ redox cycle coupled with unique oxygen hopping involving both surface 

and sub-surface oxygen of polar CeO2 (111) play a key role in the catalytic performances of faceted 

CeO2 for reduction and oxidation processes.41 

 

Fig. 9. Compositional EELS mapping of 1% Pd/CeO2 nanocubes and pure CeO2 nanocubes. (a) 

and (e) The Ce4+ mapping after 1st, 2nd and 3rd STEM-EELS scans; (b) and (f) Pd mapping with 

the position of Pd particles marked with red dotted circles; (c) and (g) STEM HAADF images; (d) 

and (h) The rate of reduction between subsequent scans (represented by the visible light spectrum 
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colors). All the scale bars are 5 nm. Reproduced with permission from ref. 35. Copyright 2020 

Elsevier. Distributed under a Creative Commons Attribution License 4.0 (CC BY) 

https://creativecommons.org/licenses/by/4.0/ 

 

3 Other faceted materials 

Other energetic faceted materials were also studied by our group, such as pseudo-hexagonal TT 

Nb2O5 nanorods with preferentially exposed (100) facets 42 and β-Ga2O3-based nanomaterials 43,44. 

Other materials that can become polar upon external excitation by photo, electrical or piezometric 

means still lack of in-depth investigation. For example, ferroelectric materials including 2D InSe 

and CuInP2S6 monolayers and 3-D ternary BiFeO3 perovskite show strong induced polarity upon 

photo-irradiation.45–47 As is well known, layered dichalcogenide MoS2 can be chemically 

exfoliated into single/multi-layered nanosheets leading to enhanced exposure of the polar S-

terminated surface.48 Apparently, the specific polar facets of the layered materials can also be 

easily obtained via top-down approach. Generally, surface S-vacancies are created during the 

chemical exfoliation, which serve as surface anchoring sites for metal atoms or clusters. Our study 

demonstrated that cobalt single atoms can be dispersed onto the exfoliated monolayer MoS2 via 

this defect engineering.48 The resulted material is extremely active, selective and stable for the 

conversion of 4-methylphenol to toluene in hydrogen, which opens the possibility of using this 

novel type of catalysts for biomass conversion. The single atom doped polar MoS2 monolayers 

were also found to exhibit promising performances in HER and PEM electrolyzer.49–51 Likewise, 

unique properties are observed on using layered double hydroxides (LDHs), which are well-

defined materials with polar layered structures along their main crystallographic [100] direction. 

https://creativecommons.org/licenses/by/4.0/
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Very recent results show that their strong local polarity facilitates charge separation process, 

leading to enhanced photocatalytic activities toward water splitting reaction.19 

 

4 Summary and perspectives 

It is accepted that engineered exposure of specific facets of catalyst or support, especially the 

high-energy polar surfaces provide an excitingly new strategy in rational design of heterogeneous 

catalysts. Using various SDAs, one can tailor the exposed facet during the nanocatalysts synthesis. 

In our research, metallic NPs, metal oxides and other related materials have been extensively 

studied for their unique surface properties and the correlation with catalytic performances. The 

unusual properties of polar surfaces in catalysis arise from the high surface energy, unique ion 

distribution to give rise to local polarity and bandgap reduction as summarized in Fig. 1. However, 

the precise route for relaxation of this high energetic facet is highly dependent on many factors. 

For example, non-reducible metal cations in metal oxides such as MgO(111) with difficulties of 

relaxation exert persistent strong local polarization which can affect local charge distribution 

(exciton produced from photocatalyst). The O-terminated facet gives high affinity of counter-ions 

such as protons, hence resulting in hydrogen spillover phenomenon. For polar metal oxide with 

cation that can undergo redox change at relatively low energy, formation of oxygen vacancies and 

Zn+ can take place as a way to relax the surface energy. Such pathway can alter bandgap and 

change surface oxygen vacancy concentration, which gives unique SMSI with overlying NPs. In 

polar CeO2 (100) facets, facile oxidation state change of Ce in reductive environment to relax the 

surface energy allows deep access to oxygen, giving a remarkable performance for reduction-

oxidation reactions.16 
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Clearly, further exploration of polar facet effects is important. However, one should be very 

cautious about possible surface reconstruction of this energetic facet especially during the removal 

of SDAs and their studies under extreme conditions. Also, the surface area of different 

nanostructures should be well-controlled by modifying the synthesis conditions in order to fairly 

compare the polarization effect on different exposed facets. Besides, in the cases where overlying 

metallic NPs are included, the mean size of the NPs on different polar and non-polar surfaces 

should also be controlled as the same. The confirmation of polar facet and surface structure before 

and after catalysis must be ensured before any correlation to catalytic activity. In addition, it should 

be noted that the catalysis can be influenced by various factors, therefore, multiple structural and 

electronic features on the facet upon relaxation may require careful differentiation and assessment 

in order to identify the main reason for modulating catalytic activity. We will no doubt require 

more powerful analytical tools especially those operando/in-situ techniques. Apart from traditional 

characterizations like XPS and microscopy, we showed the powerful collective uses of EPR, TRPL, 

AP-XPS, XANES and probe-assisted ssNMR under different circumstances. In particular, the 

ssNMR exhibits remarkable ability of differentiating facets and identifying the surface states. With 

the help of such techniques, we elucidated the electronic/geometric properties such as surface LA 

sites, nature of functional groups, surface defects, charge transfer process, etc. These studies lead 

to better understandings of the specific roles that polar facet plays, hence lead to establishment of 

structure-activity correlations. It is also noteworthy that the above-mentioned metal-oxide-based 

catalysts show great stability or self-regeneration ability toward different catalytic reactions, 

meanwhile, the binary metal oxides are cheap and abundant, which makes the polar-faceted metal 

oxides quite promising to further practical applications. We believe such materials are suitable for 
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lab-scale model systems and with a good potential to find large-scale applications (see Supporting 

Information). 

The present analytical tools are still insufficient. For example, the quantification of local electric 

field introduced by polar-faceted materials should be achieved, which may contribute to wider 

applications of the facet-engineering techniques for solar energy conversion technologies.3 

Investigation of 2-D layer-structured composites can also be a novel direction for fabricating 

specific exposed polar facets of variable strengths, which requires new tools to correlate local field 

strength with catalysis. 
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