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Abstract 

Accurate description of thermodynamic, structural and electronic properties for bulk and 

surfaces of ceria (CeO2) necessitates the inclusion of the Hubbard parameter (U) in the density 

functional theory (DFT) calculations to precisely account for the strongly correlated 4f 

electrons. Such treatment is a daunting task when attempting to draw a potential energy surface 

for CeO2-catalyzed reaction.  This is due to the inconsistent change in thermo-kinetics 

parameters of the reaction in reference to the variation in the U values.  As an illustrative 

example, we investigate herein the discrepancy in activation and reaction energies for steps 

underlying the partial and full hydrogenation of acetylene over the CeO2(111) surface.  Overall, 

we find that both activation and reaction energies positively correlate with the increase in the 

U value.  In addition to benchmarking against more accurate theoretical methodologies, we 

suggest that U values are better to be optimized against kinetics modelling of experimentally 

observed profiles of products from the catalytic-assisted system of reactions. 

Keywords: Ceria, DFT + U; reaction barriers; hydrogenation of acetylene; catalysts; transition 

state; Hubbard Parameter (U)
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1 1. Introduction
2

3 Cerium oxide (CeO2, ceria) and its based materials are essential in many strategic catalytic 

4 industrial applications [1-3].  As  oxygen –storage ingredients [4], they are utilized in three-

5 way catalysts (TWC) formulations [5].  In the latter, ceria acts as an oxidizing and reducing 

6 agent for some pollutants (CO, NOx, HC) emitted by cars and subsequently converting them to 

7 harmless materials.  Another catalytic application of ceria is that the ceria– supported transition 

8 metals are being presently considered as active catalysts for the water- gas - shift reaction which 

9 converts CO and water into CO2 and hydrogen [6].  The fact standing behind these and other 

10 applications of ceria is the two stable and extreme oxidation states [7] namely, Ce+4, Ce+3.  As 

11 such cerium oxide may occupy different possible states between these two ultimate oxidation 

12 states; CeOx.

13

14 Accurate electronic, structural and thermo-mechanical properties of materials can now be 

15 readily acquired by density functional theory (DFT) calculations.  However, plain DFT 

16 functional suffer from a serious shortcoming in describing the electronic structure of ceria.  

17 Excessive delocalisation of the 4f electron incorrectly results in a metallic behaviour for CeO2, 

18 in contrast to its semiconducting nature observed experimentally (band gap of ceria amounts 

19 to 6 eV [8].  To force localisation and strong correlation in the 4f electrons in ceria, the DFT + 

20 U (Hubbard parameter) approach has been widely deployed. In this approach, the empirical 

21 Hubbard U potential treats the well-established deficiencies of pure DFT methods in accurately 

22 accounting for the strongly correlated 4f electrons in lanthanides in general [9].  Unfortunately, 

23 there is no single U value that can reproduce all materials attributes, such as geometries, 

24 thermodynamics and density of states.  The U value for bulk CeO2 is often optimized against 

25 its lattice constant, enthalpy of formation and band gap.  Several literature studies [10, 11] have 

26 thoroughly studied the effect of the U parameter on the electronic properties of CeO2 surfaces. 

27 These studies have mainly surveyed the change in the electronic band gap of bulk CeO2 with 

28 the U parameter attaining an optimal value that corresponds to the experimentally measured 

29 electronic distribution profiles.  

30

31

32
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33 The U value also displays sensitivity toward the deployed DFT functional. As such, an 

34 optimized U value for enthalpy of formation or band gap may not represent the optimum value 

35 for acquiring thermo-kinetic parameters for ceria-catalysed reactions. Computing accurate 

36 activation energies is a central task in computational catalysis.  Previous computational studies 

37 on catalytic reactions over ceria have mainly deployed the U value optimized for bulk’s band 

38 gap.  For instance, Chen, et al. [12] reported reaction pathways for the reduction of CeO2(111) 

39 and CeO2(110) surfaces via interaction with gaseous by H2 molecules utilizing a U value of 7.1 

40 eV based on the PW91 functional.  Likewise, in recent study [13], we deployed a DFT + U 

41 functional to report reduction energies for pure CeO2 and CeO2 alloyed with Zr and Hf at 

42 various loading ratios.  We optimized our deployed U value against the experimental value for 

43 the complete reduction of ceria at 298. 15 K (2CeO2 → Ce2O3 + 1/2O2).  

44

45 To this end, the aim of this contribution is to survey the change in reaction and activation 

46 energies for a set of well-studied systems of reaction when deploying different values of U.  

47 Herein, we limit our analysis to energy terms, however, it must also be noted that geometrical 

48 as well as electronic factors must also be considered when locating an optimal U value for a 

49 given reaction.  

50

51

52 2. Methodology

53

54 Herein, geometry optimizations and energy calculations were carried out at absolute zero via 

55 the plane-wave DFT program of the Vienna ab initio simulation package (VASP) [14].  The 

56 calculations methodology comprises a spin-polarized PAW-PBE functional [15], van der 

57 Waals correction by the Grimme functional [16], and a Gaussian smearing.  For Ce, it is 

58 necessary to apply on-site Coulomb interaction correction (DFT+U), to account and correct f 

59 electron delocalisation.  The DFT+U formalisms suggested by Dudarev et al. [9]. has been 

60 applied.  This method was proven to yield band gap, lattice constant and heat of formation in 

61 a close agreement with the analogous experimental values.  It has been shown including van 

62 der Waals corrections for species adsorption over ceria surfaces systematically increases 

63 adsorption energies [2].  Magnetic moment orientation has also been considered, but it is not 

64 sensitive to pristine CeO2, as it is a nonmagnetic insulator material [17].  Integration over the 
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65 Brillouin - zone was performed using Monkhorst - pack grids of 4 × 4 × 4 and 4 × 4 × 1 κ- 

66 points for the bulk and surface CeO2(111) calculations, respectively [18].  Structural 

67 optimisation calculations deploy a plane wave cut off energy of 400 eV, an energy tolerance of 

68 0.1 meV and atomic force tolerance of 0.05 eV/Å.  Nudged elastic band (NEB) utilized in 

69 transition state calculations uses the same plane wave cut off energy and energy tolerance. 

70

71

72 3. Results and Discussions

73

74 The seminal work by Capdevila-Cortada et al. [19]. has systematically analysed the effect of 

75 the U parameter on the activation and reaction energy for the first hydrogen stripping of 

76 formaldehyde into adsorbed CHO and OH.  Author finds that the influence of the variation in 

77 the U value is more evident when there is a reduction in the oxidation state of cerium surface 

78 atoms upon interaction/dissociative adsorption of gas phase species.  Thus, the change in the 

79 U value exerts no change in the physisorption energy of formaldehyde over the CeO2(111) 

80 surface.  Likewise, the change in activation and reaction energy when a small U value is 

81 employed was a rather very minimal.  Indeed, at small values of U, the f electrons of Ce atoms 

82 are still delocalized.  However, at higher values of U (3.0 – 6.0 eV), both activation and reaction 

83 energies vary almost linearly with the U value with a negative slope in both cases.  The DFT 

84 (PBE) + U reproduces the activation and reaction energy of the computationally demanding 

85 hybrid DFT functional of HSE06 at U values of 3.33 eV and 4.32 eV; respectively.  This 

86 follows the consensus that there is no universal U value that can produce all experimentally 

87 observed parameters such as band gap and lattice constant.  The authors’ proposed DFT + U 

88 methodology to locate transition states encompasses benchmarking the thermodynamic of the 

89 reaction against an accurate theoretical framework (i.e., hybrid DFT functional), accurate 

90 accounting for f electrons localisation, and rescaling the U value according to the perturbation 

91 of geometries between transition state, reactant and product.  The authors argued that deploying 

92 a single U value along the entire reaction coordinate may induce a significant variation in the 

93 overall kinetics of the reaction.  

94

95 One of the most prominent catalytic applications of ceria is partial hydrogenation of alkynes 

96 cuts into their corresponding alkenes rather than alkanes.  Carrasco et al. [20]. carried out a 

97 combined experimental and DFT study to investigate the selective production of C2H4 from 

98 hydrogenation of C2H2.  Catalytic tests were performed various H2/C2H2 inlet ratios in the range 
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99 of 10-30 within a temperature window of 423 – 623 K and a residence time of 0.12- 1.0 s.  The 

100 selectivity toward ethylene attains a value of 80% and remains unchanged even at higher 

101 H2/C2H2 inlet ratios.  In order to model the experimentally observed selective formation of 

102 C2H4, Carrasco et al. adapted the DFT functional of PBE with the inclusion of a fixed U 

103 parameter at 4.5 eV for Ce atoms.  The underlying surface mechanism incorporates four 

104 hydrogen transfer reaction from the –OH site to the free carbon atom in the adsorbed C2 adduct:

105

106

1 2
* * *

2 2 2 3 2 4

1 2
* * *

2 4 2 5 2 6

OH C H OH C H OH C H  (partial hydrogenation)

OH C H OH C H OH C H  (full hydrogenation)

    

    

107

108 The authors attributed the occurrence of partial rather than full hydrogenation rests to lower 

109 activation energy encountered for subsequent hydrogenation leading to gas phase C2H4 

110 compared to those leading to with an adsorbed β-C2H4 adduct.  Barriers for the first 

111 hydrogenation step in partial and full hydrogenation mechanism were considerably lower than 

112 those of the second step (0.09/0.41 versus 3.65/3.44 eV).  We have also observed a similar 

113 trend in our recent study on hydrogenation of acetylene over Mo2N (111) surface [21].  The 

114 objective of this contribution is to assess the influence of the U parameter on the activation 

115 reaction energies for these four reactions.  The underlying aim herein are two-fold; to revisit 

116 conclusions made Capdevila-Cortada et al. and to assess the influence of the U parameter on 

117 the thermodynamic and kinetic orderings reported by Carrasco et al.

118

119 Table 1 and Figures 1-4 enlist activation and reaction energies for the two hydrogenation steps 

120 in the partial and full hydrogenation routes for U values between 3.5 – 6.5 eV.  Values obtained 

121 with a plain DFT (i.e., U = 0) have also been included for comparison.  Corresponding values 

122 obtained by Carrasco et al. (U= 4.5 eV) are highlighted.  As displayed in Table 1, activation 

123 energies for the four-hydrogenation reaction increases with the U value.  The first 

124 hydrogenation step in the partial hydrogenation route incorrectly incurs a negative value when 

125 the plain PBE functional is applied.  The first hydrogenation step in both routes at all U values 

126 require considerably higher energy barriers than the first second step.  The activation energy 

127 for the second step in the full hydrogenation route is more sensitive to the U treatment in 

128 reference to the three other reactions.  The activation barrier for this step increases from 1.91 

129 eV at U = 0 to 3.46 eV at a U value of 4.5 eV.  Overall, the variation of the activation energies 

130 in reference to the deployed U value is very significant.  The effect is more profound on the 
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131 reaction rate constants.  For instance, at 500 K, a difference of only 0.1 eV in the value of the 

132 activation energy changes the reaction rate constant by a factor of ~ 10.  Activation barriers as 

133 large as 4.0 eV (~ 92.0 kcal/mol), most likely do not proceed at the relatively low temperature 

134 of the catalytic tests (423 – 623 K).  Thus, we envisage here that an accurate benchmarking of 

135 the exact reaction barriers may stem from surveying via kinetics modelling the kinetic 

136 feasibility of the reaction at a given experimental operation conditions.  

137

138 Inspection of the U-reaction energy variation displays an analogous thermodynamic sensitivity.  

139 Overall, the exothermicity of a given reaction correlates inversely with the U value.  Finding 

140 the optimum U value for the reaction energy requires benchmarking against very accurate 

141 theoretical levels most notably, quantum Monte Carlo (QMC) and the random phase 

142 approximation (RPA) or even the relatively more computationally affordable hybrid DFT 

143 methods.

144

145

146 Surface-mediated fission of C-H bonds over CeO2(111) surface typically occurs above O atoms 

147 [20].  On the other hand, we have shown previously that dehydrochlorination reactions 

148 preferentially proceeds over O-vacant sites [22].  The effect of the 4f electrons is limited to Ce 

149 atom, thus, we anticipate results obtained herein to be also applicable to surfaces with oxygen 

150 vacant sites. 

151

152

153 4. Conclusions 

154

155 We are now in a position to convey the following concluding remarks and suggestions. As 

156 shown in previous studies, the variation in the U value induces a significant effect on computed 

157 activation and reaction energies for catalytic CeO2-assisted reactions.  Higher U values tend to 

158 reduce the thermodynamic feasibility of the reaction and increase its activation energy.  In 

159 addition to comparison with QMC, RPA and hybrid DFT method, detailed kinetic modelling 

160 can be utilised as a benchmarking tool in deriving the optimum U value.  When feasible, 

161 clusters models at more accurate DFT methods (such as B3LYP) may give more accurate 

162 kinetics and thermochemical parameters for reaction involving CeO2 than periodic systems. 

163

Page 7 of 15

https://mc06.manuscriptcentral.com//cjp-pubs

Canadian Journal of Physics



For Review
 O

nly

8

164

165 Acknowledgements

166 This study has been supported by grants of computing time from the National Computational 

167 Infrastructure (NCI) in Canberra and the Pawsey Supercomputing Centre (iVEC) in Perth. H. 

168 M and Z.J acknowledge the Iraqi government for the award of PhD scholarships. 

169

170

171

Page 8 of 15

https://mc06.manuscriptcentral.com//cjp-pubs

Canadian Journal of Physics



For Review
 O

nly

9

172

173 References
174

175 [1] A. Trovarelli, C. de Leitenburg, M. Boaro, G. Dolcetti, Catal. Today, 50 (1999) 353-367. 

176 doi.org/10.1016/S0920-5861(98)00515-X

177 [2] D. Fernández-Torre, J. Carrasco, M.V. Ganduglia-Pirovano, R. Pérez, J. Chem. Phys, 141 

178 (2014) 014703. doi.org/10.1063/1.4885546

179 [3] Z. Chafi, N. Keghouche, C. Minot, Surf. Sci., 601 (2007) 2323-2329. 

180 doi.org/10.1016/j.susc.2007.03.041

181 [4] H. Yao, Y.Y. Yao, J. Catal., 86 (1984) 254-265. doi.org/10.1016/0021-9517(84)90371-3

182 [5] A. Diwell, R. Rajaram, H. Shaw, T. Truex, Studies in Surface Science and Catalysis, 71 

183 (1991) 139-152. doi.org/10.1016/S0167-2991(08)62975-4

184 [6] G. Vicario, G. Balducci, S. Fabris, S. de Gironcoli, S. Baroni, J. Phys. Chem. B, 110 (2006) 

185 19380-19385. doi.org/10.1021/jp061375v

186 [7] K. Sohlberg, S.T. Pantelides, S.J. Pennycook, J. Am. Chem. Soc., 123 (2001) 6609-6611. 

187 doi.org/10.1021/ja004008k

188 [8] E. Wuilloud, E. Wuilloud, B. Delley, W.-D. Schneider, and Y. Baer, Phys. Rev. Lett. 53, 

189 202 (1984). doi.org/10.1103/PhysRevLett.53.202

190 [9] S. Dudarev, G. Botton, S. Savrasov, C. Humphreys, A. Sutton, Phys. Rev. B, 57 (1998) 

191 1505. doi.org/10.1002/cphc.200600598

192 [10] S. Lutfalla, V. Shapovalov, A.T. Bell, J. Chem. Theory Comput., 7 (2011) 2218-2223. 

193 doi.org/10.1021/ct200202g

194 [11] I. Yeriskin, M. Nolan, J. Phys.: Condensed Matter, 22 (2010) 135004. 

195 doi.org/10.1088/0953-8984/22/13/135004

196 [12] H.T. Chen, Y.M. Choi, M. Liu, M. Lin, ChemPhysChem, 8 (2007) 849-855. 

197 doi.org/10.1016/j.ceramint.2018.06.059

198 [13] H.A. Miran, Z.-T. Jiang, M. Altarawneh, J.-P. Veder, Z.-f. Zhou, M.M. Rahman, Z.N. Jaf, 

199 B.Z. Dlugogorski, Ceram. Int., 44 (2018) 16450-

200 16458.doi.org/10.1016/j.ceramint.2018.06.059

201 [14] G. Kresse, J. Furthmüller, Phys. Rev.B, 54 (1996) 11169. 

202 doi.org/10.1103/PhysRevB.54.11169

203 [15] J.P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. lett., 77 (1996) 3865. 

204 doi.org/10.1103/PhysRevLett.77.3865

205 [16] S. Grimme, J. Comput. Chem., 27 (2006) 1787-1799. doi.org/10.1002/jcc.20495

Page 9 of 15

https://mc06.manuscriptcentral.com//cjp-pubs

Canadian Journal of Physics

https://doi.org/10.1002/jcc.20495


For Review
 O

nly

10

206 [17] T. Jarlborg, B. Barbiellini, C. Lane, Y.J. Wang, R. Markiewicz, Z. Liu, Z. Hussain, A. 

207 Bansil, Phys. Rev. B, 89 (2014) 165101. doi.10.1103/PhysRevB.89.165101

208 [18] H. Monkhorst, J. Pack, Phys. Rev. B 13 (1976) 5188. doi.org/10.1103/PhysRevB.13.5188

209 [19] M. Capdevila-Cortada, M. García-Melchor, N. López, J. Catal., 327 (2015) 58-64. 

210 doi.org/10.1016/j.jcat.2015.04.016

211 [20] J. Carrasco, G. Vilé, D. Fernández-Torre, R.n. Pérez, J. Pérez-Ramírez, M.V.n. Ganduglia-

212 Pirovano, J. Phys. Chem. C, 118 (2014) 5352-5360. doi.org/10.1021/jp410478c

213 [21] Z.N. Jaf, M. Altarawneh, H.A. Miran, Z.-T. Jiang, B.Z. Dlugogorski, Catal. Sci. Technol., 

214 7 (2017) 943-960. doi.10.1039/C6CY02110G

215 [22] H. Miran, M. Altarawneh, Z.-T. Jiang, H. Oskierski, M.H. Almatarneh, B.Z. Dlugogorski, 

216 Catal. Sci. Technol.,7 (2017), 3902-3919 . doi.10.1039/C7CY01096F

Page 10 of 15

https://mc06.manuscriptcentral.com//cjp-pubs

Canadian Journal of Physics



For Review
 O

nly

11

Table 1: Variation of activation barriers and reaction energies of acetylene hydrogenation into 

ethane over the CeO2(111) surface. Corresponding values by Carrasco et al. [20] are 

highlighted.

Reaction Values of U (in eV) Activation barrier (eV) Reaction energy (eV)

0 -0.81 -1.26

3.5 0.15 -1.65
4.5 0.202  (0.09) -1.42 (-1.45)
5.5 0.205 -1.21

R1

C2H2*+H*→C2H3
*

6.5 0.296 -0.99

0 3.24 1.71

3.5 3.50 1.95

4.5 3.77 (3.65) 2.17 (2.13)
5.5 3.99 2.38

R2

C2H3
*+H*→C2H4

*

6.5 4.20 2.59

0 0.25 -0.63

3.5 0.30 -0.59

4.5 0.39 (0.41) -0.99 (-1.03)

5.5 0.50 -0.77

R3

C2H4*+H*→C2H5
*

6.5 0.66 -0.62

0 1.91 0.46

3.5 3.00 0.88

4.5 3.46 (3.44) 1.32 (1.20)

5.5 3.89 1.75

R4

C2H5*+H*→C2H6
*

6.5 4.32 2.17
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Figure 1: Energy profile for the first hydrogenation step in the partial hydrogenation route of 

acetylene over the CeO2 (111) surface at different U values.  Values of activation barriers (in 

italic fornt) and reaction energies are in eV with respect to the initial reactant.  Red, cream, 

gray, and white stand for Oxygen, Cerium, Carbon, and Hydrogen, respectively (this colour 

code applies in Figures 2-4 also).  IS, TS and FS denote initial state, transition state, and final 

state, respectively.  U values are in eV.
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Figure 2: Energy profile for the second hydrogenation step in the partial hydrogenation route 

of acetylene over the CeO2 (111) surface at different U values. Values of activation barriers (in 

italic font) and reaction energies are in eV, with respect to the initial reactant. 
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Figure 3: Energy profile for the first hydrogenation step in the full hydrogenation route of 

acetylene over the CeO2(111) surface at different U values.  Values of activation barriers (in 

the italic font) and reaction energies are in eV, with respect to the initial reactant. 
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Figure 4:  Energy profile for the second hydrogenation step in the full hydrogenation route of 

acetylene over the CeO2(111) surface at different U values.  Values of activation barriers (in 

italic font) and reaction energies are in eV with respect to the initial reactant. 
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