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ABSTRACT: Ceria has been widely used as support in electrocatalysis for its high degree of 

oxygen storage, fast oxygen mobility and reduction and oxidation properties at mild conditions. 

However, it is unclear what are the underlying principles and the nature of surface involved. By 

controlling the growth of various morphologies of ceria nanoparticles, it is demonstrated that the 
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cubic-form of ceria, predominantly covered with higher energy polar surface (100), as support 

for Pd gives much higher activity in the electrocatalytic oxidation of formic acid than ceria of 

other morphologies (rods and spheres) with low indexed facets ((110) and (111)). High 

resolution TEM confirms the alternating layer-to-layer of cations and anions in (100) surface, the 

electrostatic repulsion of oxygen anions within the same layers gives intrinsically higher oxygen 

vacancies on this redox active surface in order to reduce surface polarity. DFT calculations 

suggest that the properties of fast oxygen mobility to re-oxidize the CO-poisoned Pd may arise 

from the overdosed oxygens on these ceria surface layers during electro-oxidation hence 

sustaining higher activity.  
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Cerium oxide (CeO2) has been extensively studied as highly active redox catalyst or support in 

catalysis and electrocatalysis.1 Its catalysis properties originates from its remarkable fast 

Ce4+/Ce3+ redox cycle, high oxygen storage and fast surface oxygen mobility, etc.2 According to 

literature, surface area, oxygen vacancy, size and morphology, and exposed crystal face are 

considered as important factors which influence the overall catalytic properties of ceria.3 For 

example, CeO2 nanoparticles display better catalytic activity due to increasing number of oxygen 

defects as the crystallite size decreases.4 In addition, the exposed crystal faces which are 

dependent on the shapes of ceria can also play an important role.1b, 3, 5 As a result, noble metal 

(NM) nanoparticle dispersed on ceria as catalysts are among the systems long known to exhibit 

strong metal-support interaction (SMSI) effects.6 Formic acid (HCOOH) is an attractive portable 

liquid fuel with energy density per volume than compressed hydrogen gas to supply PEM fuel 
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cell applications.7 Pd has been well-regarded as the most effective metal component in an 

efficient catalyst for electrocatalytic formic acid oxidation in liquid phase.8 However, their 

activity and selectivity seem to depend significantly on support interactions and in some cases, 

metal can subject to rapid or mild CO poisoning. Many attempts have been made to boost the 

performance of Pd electro-catalysts. Wang and co-workers9 reported that Pd-CeO2/C shows more 

enhanced electrocatalytic activity and improved kinetics for formic acid oxidation than 

conventional Pd/C. They proposed that CeO2 promotes the proceeding of the direct oxidation 

pathway (dehydrogenation) to CO2/H2 over the dehydration pathway to CO/H2O. Zhao et al.10 

proposed that good activity toward anodic methanol oxidation over Pt–CeO2/C catalyst can be 

obtained from oxygen vacancies in CeO2 providing active sites to oxidize CO-like poisoning 

species adsorbed on Pt. Yang et al.11 presented a new PdPt/CeO2/C catalyst which shows 

excellent performance towards the anodic oxidation of formic acid. They believed that CeO2 not 

only enhances the catalytic activity but also changes the mechanism of its catalysis of the anodic 

oxidation of formic acid exhibiting 60% higher activity than Pd/C. However, the origin for these 

interesting properties still remains obscure. Placing metal nanoparticles on ceria, not only 

increase metal dispersion but also promote catalytic redox properties by some kind of 

unspecified synergistic effect at the interface. More importantly, the nature of a particular type of 

ceria surface, linking with these phenomena and the underlying principles have not been 

carefully studied and optimized. There have sometimes been conflicting claims that metal-ceria 

rods with exposed (110)/(100) surfaces gave the best activity than other ceria morphologies12 

whereas metal-ceria cubes showed superior performances.13 In general, ceria nanoparticles 

present the highest surface area and smallest crystalline size, leading to the most active of these 

structures. Ceria rods sample with higher surface area shows higher activity than that of ceria 
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cubes for the conditions that substrate gives weak adsorption strengths on their surfaces. 

However if the conditions chosen favor strong substrate adsorption especially when catalytic 

activity is normalized by unit surface area, the observed reactivity follows for rods based sample 

< cubes based sample which is directly related to the concentration of surface oxygen vacancies 

as a result of the exposure of the (1 1 0) and (1 0 0) preferential planes. Obviously, their surface 

area, nature of surface and depth of accessible oxygen of ceria which are highly dependent on 

reaction conditions, are the important factors. This present study is concerned with the studies of 

different ceria surfaces to host Pd nanoparticles for electro-oxidation of formic acid and 

correlation with catalytic activity and stability. The relationship between shape of ceria, 

concentration of oxygen vacancies, oxygen storage capacity, and oxygen mobility and the 

underlying mechanisms will be particularly investigated.  

Synthesis of four different shapes of ceria nanoparticles namely: cubes, spheres, rods and 

plates were carefully carried out (S1.1 in SI). For example, the typical average particle size of 

ceria cubes with predominantly polar (100) surface of 21.5 ± 6.0 nm (BET surface area of 22 m2 

g-1) and ceria rods of 6.5 ± 1.6 nm in width and 136 ± 23 nm in length with non-polar surface 

(110) (BET surface area of 75 m2 g-1) are shown in Figure 1 and Figure S1. There have been 

assignments for principle termination facets based on theoretical crystal structure and 

morphologies but surface disorders and reconstructions on these powder samples might have also 

taken place. For reliable correlation of surface structure-activity relationship, experimental 

determinations of the facets are required. Exit wave restoration of a focal series of HRTEM 

images simplifies the image by reducing residual abberations of the microscope and in Figures 

1a,b show distinctive layers of cationic cerium (Ce4+) and anionic oxygen layers in (100) 

terminal surface can be directly visualized and indexed. Such charge separation in alternative 
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layers can generate surface polarity. Whereas, the principal surface for rods ceria in Figures 1c,d 

are found to be (110) with inter-dispersed cerium cations and oxygen anions but mixed with 

small degrees of other reconstructed surfaces of (111) and (100). After Pd deposition, the 

morphologies of ceria were maintained (Figure S2). The size of Pd on rods and cubes were in 

range 3.4-3.5 nm which was close Pd colloid size (3.4 ± 0.7 nm) used. 

 

 

Figure 1. (a) Exit wave restoration image of ceria cubes with predominate polar (100) surfaces 

where deviations to hexagonal shape with reconstructed (111) facets can be seen; (b) High 
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magnification of the exit wave restoration showing the (100) showing discrete alternative atomic 

layers of Ce3+/Ce4+ and O2- ions can be visualized and indexed matching with corresponding 

(100) model; (c) TEM image of rods ceria; (d) predominate polar (110) surface with inter-

dispersed cerium cations and oxygen anions but also containing small degrees of other 

reconstructed surfaces of (111) and (100) surfaces. 

    Electro-catalytic activity and stability of the Pd deposited on different shaped ceria 

nanoparticles catalysts were evaluated by cyclic voltammetry (CV), CO stripping and 

chronoamperometry (CA) with the chosen conditions for extensive electrochemical reduction-

oxidation. The steady state CV profile in 0.5 M H2SO4 is depicted in Figure 2a, which exhibits a 

typical hydrogen adsorption/desorption peak in the region of -0.2-0.1 V vs. Ag/AgCl. The oxide 

formation (OHads, Oads) appears at about 0.6 V and the reduction of these species in range 0.25-

0.45 V. Pd with or without blending with ceria rods show comparable activity but it is very 

interesting to note a significantly higher activity of cubes ceria giving higher mass activity (A/g-

Pd) and specific activity (mA cm-2) with taken Pd amount and surface area into account (Table 

S3). Cyclic voltammogram of formic acid electro-oxidation in 0.5 M H2SO4 is presented in 

Figure 2b. The anodic current reaches maxima at around 0.2V corresponding to formic acid 

oxidation through dehydrogenation pathway.14 At higher potentials (> 0.2V), the oxidative 

current decreases because CO formed from stepwise formic acid oxidation adsorbs on Pd surface 

and blocks the active site of Pd.14-15 Interestingly, Pd on cubes ceria, despite its lower BET 

surface area than rods, appears to be less susceptible to CO poisoning showing the highest 

electrochemical active surface (93 cm2 g-Pd-1) than other samples. This gives the cubes at least 2 

times higher activity than rods of (110) surface, plates (surfactant poisoned (100) surface) and 

spheres ((111) surface) samples (Table S3). Figure 2c clearly shows that cubes ceria containing 
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(100) surface could indeed oxidise the CO adsorbed on Pd at the materials interface from typical 

CO stripping experiment at lower potential as compared with other ceria surfaces. It appears to 

be able to provide more active mobile oxygen species from beyond this ceria facet to remove the 

surface CO poison more readily. Similar results of the samples with and without activated carbon 

were obtained (SI). Chronoamperometry measurements show that the current density shown in 

Figure 2d rapidly decays to nearly zero value, indicative that surface of Pd nanoparticle is unable 

to oxidise CO or related species fast enough to avoid their poisoning at this potential. However, 

Pd on cubes ceria with polar (100) surface, yet again, shows both the initial and sustainable 

higher activity at steady current values that demonstrates a larger degree of accessible oxygen. 

This may suggest that this surface could extensive transfer active oxygen beyond the surface 

layers to oxidative remove CO or other related poisons more efficiently.    
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Figure 2. Electrocatalytic activity and stability studies of various Pd/ceria catalysts: (a) cyclic 

voltammetry in 0.5 M H2SO4 at scan rate 5 mV s-1; (b) cyclic voltammetry in 0.5 M HCOOH and 

0.5 M H2SO4 at scan rate 0.1 Vs-1 with arrows indicating the scanning direction; (c) CO stripping 

voltammograms; (d) chronoamperometry of HCOOH oxidation of different Pd/ceria catalysts 

compared to Pd/C with activated carbon in 0.5 M HCOOH and 0.5 M H2SO4 at potential 0.1 V.    

    It is interesting to note that the high intrinsic activity of cubes sample is apparently not 

correlated to the BET surface area or Pd dispersion but rather the nature of the polar (100) 

surface (sections S1 and S2). It is no doubt that the size of ceria can affect the catalytic 

performance. Previously, we reported that catalytic activity on ceria can strongly influenced by 

the size of ceria if the particle is at or below 5nm.4 Such the quantum size dependent oxygen 

 a) 

d) c) 

b) 
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storage capacity from O2 adsorption on its surface was also clearly shown. However, for this 

present work, we used ceria nanoparticles with different facets which were larger than 5nm. We 

therefore attribute the superior catalytic activity to the dominant effect of a particular facet 

(shape), especially the higher energetic polar surface. As a result, relationship between shape of 

ceria nanoparticles, concentration of oxygen vacancies, and activity on formic acid electro-

oxidation was investigated. The cubes ceria with or without Pd gave consistently an order of 

magnitude higher concentration of oxygen vacancies than rods with nonpolar (110) and spheres 

with (111) surface per gram basis (Table S2). The key questions are; why the polar (100) surface 

is more oxygen deficient than other ceria surfaces, and how can oxygen be transferred from this 

facet to Pd electrochemically to regenerate the metal surface so readily? During the evaluation of 

the Pd metal surface by CO chemisorption technique we have also encountered the interference 

from the surface mobile oxygen species of the polar (100) even in the presence of H2 

atmosphere. The large ‘pseudo’ deviation from Pd particle size (3.4 ± 0.7 nm) on cubes surface 

using CO chemisorption (such large Pd particle was actually not detected by XRD or TEM) after 

the H2 pre-reduction shown in Table 1 clearly suggests the access of extensive mobile surface 

oxygens beyond this unique surface to reduce the CO chemisorption value on Pd until the {O} 

content in the polar ceria (100) layers are extensively reduced at above 400oC (the calculation of 

Pd size was based on metal site: CO = 1:1).  
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Table 1. Particle sizes and surface areas of Pd derived from CO chemisorption; samples were 

calcined at different temperatures in H2 for an hour before cooled to ambient temperature for CO 

chemisorption test.  

Calcination 

Temp (ºC) 

Particle size (nm) Surface Area of metal (m2 /g) 

Pd/CeO2 

(cubes) 

Pd/CeO2 (rods) Pd/CeO2 

(cubes) 

Pd/CeO2 (rods) 

100 30.1 3.2 16.60 153.91 

200 16.8 3.3 29.65 151.44 

300 7.2 2.9 72.42 152.30 

400 4.6 3.3 109.01 155.13 

     

In order to assess the dynamic redox properties of the polar (100) surface versus non-polar (110) 

on overlying Pd nanoparticle, surface composition of Ce4+/Ce3+ and Pd2+/Pd0 was carefully 

characterised using ambient pressure (AP) XPS, where measurements were performed by 

switching the sample feed to reducing or oxidising gases in operando.16 Without a strong support 

oxide to buffer the redox properties of the overlying noble metal nanoparticle, it was anticipated 

that the metal should quickly switch to a metal oxide form or vice versa upon changing gas 

composition. To investigate this firstly, a Pd on rods ceria sample was heated in 1 torr H2 gas to 

500 °C to fully reduce the Pd surface which catalysed further reduction to nearby ceria surface. 

This sample was then cooled to 100 °C under H2 before conducting XPS measurement. 

Similarly, the sample was then re-oxidised in 1 torr O2 gas at 300 °C before cooling to 100 °C in 
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O2 for the XPS measurement. The six peaks resulting from spin orbit-splitting of 3d core level 

and additional peaks due to ‘shake-down’ states where electrons are transferred from the O 2p 

level to the Ce 4f level in the excited state together with Pd2+/Pd0 peaks can be found in section 

S4. As seen from Figure 3a, the summarized data suggest that Pd2+ has been reduced to give 

higher content of Pd0 with corresponding rise in surface Ce3+/Ce4+ ratio to 0.3 ± 0.05 (Figure 3b) 

in H2. Calibration (S4) indicated that this value corresponds to the boundary phase of Ce2O3 on 

the top surface. Upon re-oxidation, nearly reversible changes in Ce3+/Ce4+ composition on rods 

with non-polar (110) surface without accessing much to oxygen species for buffering these 

changes can also be seen. On a contrary, the data in Figure 3c suggest that the ceria cubes sample 

with (100) surface gives a lower Pd2+/Pd0 peak ratio under vacuum at the beginning, upon 

reduction, and re-oxidation. It is surprising to find a resistance in converting Pd2+ to Pd0 during 

the reduction stage, which can be explained by the oxygen being transferred or buffered from the 

metal-ceria surface to the metal. Similarly, resistance for the conversion of Pd0 to Pd2+ is also 

encountered despite the fact that the surface re-oxidation on Pd0 should have been readily taken 

place under oxidation conditions (mobile oxygen is continuously removed from Pd surface to 

ceria cubic surface as opposite to reversed observation in CO chemisorption experiment). It is 

noted that the maintenance of the Ce3+/Ce4+
 ratio, around 0.3 (Ce2O3), around the top surface of 

the previously reduced state in Figure 3d despite being in an O2 atmosphere implies that the re-

oxidation of Ce3+ to Ce4+ catalysed by Pd is not yet completed from the extensively reduced 

inner layers created from the previous reduction treatment. This result echoes the reported 

surface properties of ceria with high oxygen storage capacity of (100) ceria surface and high 

mobility of oxygens at noble metal-ceria interface to resist to the change in metal oxidation 

state.17 This means a significant amount of O species on Pd is rapidly spilling and replenishing 



 12 

the oxygen vacancies to ceria nanoparticle via this ceria cubes (100) surface during the dynamic 

re-oxidation process to maintain the higher content of Pd0. It is interesting to note that by using 

STEM-EELS mapping Turner et al.18 have recently demonstrated that (100) ceria can also 

provide more oxygen beyond the top layer for more extensive surface reduction than that of 

(111) surface. 

  

Figure 3. The changes in surface composition derived from AP-XPS (a) Pd2+/Pd0 in 7% Pd/ceria 

rods; (b) Ce3+/Ce4+ in 7% Pd/ceria rods; (c) Pd2+/Pd0 in 7% Pd/ceria cubes; (d) Ce3+/Ce4+ in 7% 

Pd/ceria cubes upon switching from UHV (UHV 100 °C) to reducing gas (H2 100 °C) and 

oxidising gas (O2 100 °C) conditions.  
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    It is noted that the negative end of polar (100) ceria surface has been reported by Kim et. al. 

which is terminated by O in their direct recoil spectroscopy/low energy ion scattering of Kr 

experiments.19 As stated, a strong net dipole moment perpendicular to the surface due to 

alternately charged planes with a repeating unit consisting of only two planes which is termed a 

polar surface.20 Here, we have confirmed such atomic arrangement in ceria cubes (100) surface 

(Figure 1). The strong electrostatic repulsion of the same charge ions on the same planes means 

that this is a high energy unstable surface. There are ways to reduce the unstable surface polarity 

such as adsorption of counter-ions or generating oxygen vacancies by altering the oxidation state 

of metal ions.21 The calculated energies for oxygen vacancy formation from polar (100) and non-

polar (110) and (111) ceria surfaces according to our DFT models (see Section S5 of SI) have 

been carried out. Figure S10 shows the structural models of (111), (110) and (100) ceria surfaces. 

The (100) surface has been reported by Kim et al. to be terminated by O in their direct recoil 

spectroscopy / low energy ion scattering of Kr experiments.19 It also has been argued to produce 

a net dipole moment perpendicular to the surface due to alternately charged planes with a repeat 

unit consisting of only two planes which is termed a polar surface.20 The calculated surface 

energy of ceria shown in Table 2 indicates that stability is in the order (111) < (110) < (100). On 

the other hand, upon reconstruction of (100) to remove the dipole moment (100O-half), the 

stability of (100) and (110) are reversed as suggested by the less favorable oxygen vacancy 

formation (2.40 and 1.99 eV, respectively). Furthermore, when one oxygen atom is added into 

the reconstructed (100) surface (100O-half + 1), the oxygen vacancy formation becomes very 

favorable. This suggests that between the unconstructed (100) surface and one oxygen added to 

the reconstructed surface, the oxygen vacancy formation is more favorable than the (110) 

surface, implying (100) is the less stable surface in the surface CeOx, 1 < x ≤ 2 range. 
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Table 2. DFT calculated energy of oxygen vacancy formation of ceria surfaces. 

Surface Calculated energy of oxygen vacancy 
formation (eV) 

111 3.08 

110 1.99 

100 -1.98 

100O-half 2.40 

100O-half + 1 -1.56 

 

The observations on the catalyst testing demonstrate that the ceria cubes support with polar 

surface is more superior to the rods and other shapes, in terms of oxygen mobility and oxygen 

vacancy formation. It could be postulated that these characteristics are attributed to the polarity 

of (100) surface, at which under reaction conditions, being at the state of more than half filled 

oxygen CeOx (1 < x ≤ 2), which gives them the higher degree of oxygen vacancy formation and 

oxygen mobility during catalysis. At this state, the ceria (100) surface has a non-zero dipole 

moment perpendicular to surface, therefore a polar surface which could possibly contribute to its 

surface properties through electrostatic interactions. 

Noticeably, -1.98 eV is obtained in the polar (100) indicating that a spontaneous formation of 

oxygen vacancies until half of oxygen atoms are removed (no further polarity) versus the 

positive values for other non-polar surfaces. This can explain our observation of higher 

concentration of oxygen vacancies we measured via this surface. Furthermore, when one oxygen 

atom is added into the reconstructed (100) surface (O-half +1) in our model, the oxygen vacancy 

formation suddenly returns to be extremely favourable due to the strong electrostatic repulsion (-

1.56 eV). In addition, high energy for oxygen vacancy formation is anticipated when oxygen is 
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below the half stoichiometry with no polarity. This clearly suggests that the tendency for oxygen 

mobility to and from Pd may depend on the polarity of (100) with such alternative charge 

arrangements in progressive layers. With reference to Scheme 1, we have found that under 

dynamic short time exposure of oxidising species such as O2 of Pd (as like a pulse) whereby the 

metal can respond more quickly, the deficient oxygen from half-stoichiometry of ceria (100) in 

steady reducing environment can capture the oxygen from Pd surface. Whereas re-oxidation of 

Pd (for removal of CO pulse) can also be taken place by the oxygen surplus (100) surface layers 

in oxidising environment (under positive potential), giving rise to fast redox properties and 

oxygen storage capacity due to the facile change in oxidation state of cerium ions and the 

availability of oxygen sites for these surface layers. We argue that such oxygen storage and 

mobility phenomena at metal-ceria (100) interface are thus not related to natural oxygen 

diffusion process on surface but associated with the thermodynamic stability of the (100) surface 

ionic arrangements. This can provide unique surface redox properties to account for the high 

activity and stability observed in electro-oxidation of formic acid. In addition, the morphology of 

the support in some cases could also further stabilize the adsorbed species by directly interacting 

with the support or indirectly through metal-support interaction and make their removal faster.. 

There have been some DFT calculations in the literature on this point. For example, Nolan and 

Watson 22 presented the structure and energetics of CO adsorbed onto stoichiometric and reduced 

(111), (110), and (100) surfaces of ceria from first principles density functional theory corrected 

for on-site Coulomb interactions, DFT+U. They reported that the interaction is strongly surface 

dependent. Upon interaction of CO with the (111) surface, weak binding is found with an 

adsorption energy of -6 kcal/mol. For the (110) and (100) surfaces, interaction with CO leads to 

formation of a surface (CO3)2- species, in which two oxygen atoms are pulled out of the surface. 
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The interaction has an adsorption energy of -45 kcal mol-1 (110) and -74 kcal mol-1 (100), 

supporting that the additional stabilization of the CO adsorption on (100) facet could make the 

CO removal faster. It is noted that the thermodynamic obtained from our DFT calculations 

shows that the energy preference toward the easier formation of vacancies in cubic shape ceria. 

However, kinetic factors might hinder the diffusion process. A kinetic study of oxygen diffusion 

path over the Pd on nanocubic (100) in comparison with other ceria facets may provide the 

support basis for the observed higher electrocatalytic activity. On the contrary, the kinetic 

pathway is highly dependent on grain boundaries in powder sample and if for defined crystal 

surface, the actual surface feature and defect concentration of the particular facet. It is 

unfortunate that the surface structure of ceria is not static, and the inherent mobility of atoms at 

ceria surfaces must be assessed for a better understanding of the temporal evolution of the atomic 

structure of facets. The main challenges in deriving the surface feature of a particular CeO2 facet 

in the HRTEM is its notorious ability to reduce easily under irradiation from the electron beam 

and is also critically dependent vacuum/atmosphere used. Without acquiring the surface features 

of CeO2 facets it may be difficult to address the kinetic pathway/activation step from both 

experimental and modelling approaches. It is noted that Epicier and co-workers 23 have recently 

reported the variation of surface features due to high mobility at {100} surfaces of ceria in the 

environmental transmission electron microscope. Further experimental and theoretical works are 

therefore required to investigate the dynamic oxygen mobility of the (100) facet and its high 

electrocatalytic activity.  
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Scheme 1. Pd metal on CeO2 can gain access to mobile oxygen atoms of (100) surface and 

beyond reversibly through the alternative cations and anions layers arrangement due to change in 

polarity with the same planes (Pd exerts a greater sensitivity to changing gas environment over 

ceria). 

In conclusion, we have identified cubic shape provides much larger access of mobile oxygen 

atoms reversibly via (100) polar surface to overlying noble metal nanoparticles than that of rod 

shape particle containing mainly (110) facets, which could assist removal of strongly adsorbed 

poison species on metal surface to sustain higher electrocatalytic activity. This surface with 

alternative layers of oxygen ions and cerium ions by STEM image with exit wave restoration is 

confirmed. The strong tendency of the (100) ceria to reduce polarity according to our DFT 

calculation could allow the overlying noble metal to gain greater access to the active mobile 
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oxygen atoms beyond the top surface from this support with controlled morphology. As a result, 

for conditions involving deep reduction and oxidation during catalytic cycle, more superior 

performance of metal-ceria cubes interface than other morphologies can be resulted despite the 

lower surface area of cubes used.  
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