
Supporting Information

Mechanisms of CO Oxidation on High Entropy 

Spinels

Martina Fracchia1, Paolo Ghigna1,2*, Sara Stolfi1,3, Umberto Anselmi Tamburini1,2, Mauro 

Coduri1,2, Luca Braglia3
,
 Piero Torelli3

1Dipartimento di Chimica, Università di Pavia, V.le Taramelli 13, I-27100, Pavia, Italy
2INSTM, Consorzio Interuniversitario per la Scienza e Tecnologia dei Materiali, Via Giusti 9, 50121 Firenze, 

Italy 
3CNR- Istituto Officina dei Materiali, TASC, Trieste, Italia

Supplementary Information (SI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2025



Multiplet Calculations

Multiplet calculations were performed by means of the CT4XAS code [45]: 

Fig. S1 L2,3-edges XAS spectra for the S5 and S8 spinels at the different transition metals edges, 
along with simulated spectra using multiplet calculations. The parameters for the multiplet 
calculations are reported in the tables below, according to the pertinent literature in reference. For the 
Mn L2,3-edges, the energies of the peaks mainly due to Mn2+, whose intensity is changed during the 
course of the reaction, are evidenced with vertical dotted lines. Oxidation states and local symmetries 
are chosen according to the results of the analysis of the K-edges spectra shown in Fig. 1.



The L2,3-edge X-ray absorption spectrum of 3d elements is dominated by dipole allowed electron 

excitations from the 2p core states to the 3d valence states. In compounds of these elements, the 3d 

states can be treated as nearly atomic levels. Thus, the near edge spectrum can be calculated simply 

by calculating all the probabilities of the transitions from the 3dn initial state to the 2p53dn+1 final state 

(3dn  2p53dn+1). The calculations can be thought as performed in two steps. First, only the 

interactions within the absorbing atom are considered: the hole in the 2p states and the extra electron 

in the 3d state are strongly interacting, and this gives rise to a large number of final states (multiplets). 

Due to the very small core hole broadening at the 3d element L2,3-edges, all these states are usually 

seen in the spectra. Then, the effect of neighboring atoms is introduced as a perturbation, including 

crystal field and charge transfer effect.

The CTM4XAS program requires the following sets of parameters for the calculations: a) the 

electronic configuration of the 3d metal ion (number of 3d electrons in the initial state); b) all the 

crystal field parameters (i.e. 10Dq for octahedral symmetry, and the additional parameters Dt and Ds 

for lower symmetries); c) charge transfer parameters, accounting for possible covalence of the metal-

ligand bonds; d) Slater integrals reduction parameters, which account for all the electron interactions 

(i.e. 3d electrons with each other, core state with valence state, etc.).

The program is semi-empirical: this means that parameters b-c are usually adjusted until a good 

correspondence between experiment and theory is obtained: in the present case, literature values, as 

taken from the references below, have been used.



Tab. S1: Cr L edge – CTM calculation [S1]

Tab. S2: Mn L edge – CTM calculations [S2-S4]

 



Tab. S3: Fe L edge – CTM calculations [S5-S7]

Tab. S4: Co L edge – CTM calculations [S8,S9]

Tab. S5: Ni L edge – CTM calculations [S10]



References:

S1 Kubin, M., Guo, M., Ekimova, M., Källman, E., Kern, J., Yachandra, V. K., … Wernet, P. 

(2018). Cr L-Edge X-ray Absorption Spectroscopy of CrIII(acac)3 in Solution with Measured and 

Calculated Absolute Absorption Cross Sections. The Journal of Physical Chemistry B, 122(29), 

7375–7384. Doi: 10.1021/acs.jpcb.8b04190

S2 Ghiasi, M., Delgado-Jaime, M. U., Malekzadeh, A., Wang, R.-P., Miedema, P. S., Beye, M., & 

de Groot, F. M. F. (2016). Mn and Co Charge and Spin Evolutions in LaMn1–xCoxO3 Nanoparticles. 

The Journal of Physical Chemistry C, 120(15), 8167–8174. Doi: 10.1021/acs.jpcc.6b00949

S3 Nemrava, S., Vinnik, D. A., Hu, Z., Valldor, M., Kuo, C.-Y., Zherebtsov, D. A., … Niewa, R. 

(2017). Three Oxidation States of Manganese in the Barium Hexaferrite BaFe12–xMnxO19. 

Inorganic Chemistry, 56(7), 3861–3866. Doi: 10.1021/acs.inorgchem.6b02688

S4 María G. Herrera-Yáñez, J. Alberto Guerrero-Cruz, Mahnaz Ghiasi, Hebatalla Elnaggar, Andrea 

de la Torre-Rangel, L. Alejandra Bernal-Guzmán, Roberto Flores-Moreno, Frank M. F. de Groot, and 

Mario U. Delgado-JaimeInorg. Fitting Multiplet Simulations to L-Edge XAS Spectra of Transition-

Metal Complexes Using an Adaptive Grid AlgorithmChem. 2023, 62, 9, 3738–3760. Doi: 

10.1021/acs.inorgchem.2c02830

S5 Sassi, M., Pearce, C. I., Bagus, P. S., Arenholz, E., & Rosso, K. M. (2017). First-Principles Fe 

L2,3-Edge and O K-Edge XANES and XMCD Spectra for Iron Oxides. The Journal of Physical 

Chemistry A, 121(40), 7613–7618. Doi: 10.1021/acs.jpca.7b08392

S6 A P Brown et al. Quantification of Fe-oxidation state in mixed valence minerals: a geochemical 

application of EELS revisited. 2017 J. Phys. Conf. Ser. 902 012016

https://doi.org/10.1021/acs.inorgchem.2c02830
https://doi.org/10.1021/acs.inorgchem.2c02830


S8 Bhattacharyya, A., Stavitski, E., Dvorak, J., & Martínez, C. E. (2013). Redox interactions between 

Fe and cysteine: Spectroscopic studies and multiplet calculations. Geochimica et Cosmochimica 

Acta, 122, 89–100. Doi: 10.1016/j.gca.2013.08.012 

S9 Hibberd, A. M., Doan, H. Q., Glass, E. N., de Groot, F. M. F., Hill, C. L., & Cuk, T. (2015). Co 

Polyoxometalates and a Co3O4 Thin Film Investigated by L-Edge X-ray Absorption Spectroscopy. 

The Journal of Physical Chemistry C, 119(8), 4173 -4179. Doi: 10.1021/jp5124037

S10 Cheng, J.-H., Pan, C.-J., Lee, J.-F., Chen, J.-M., Guignard, M., Delmas, C., … Hwang, B.-J. 

(2014). Simultaneous Reduction of Co3+ and Mn4+ in P2-Na2/3Co2/3Mn1/3O2 As Evidenced by X-

ray Absorption Spectroscopy during Electrochemical Sodium Intercalation. Chemistry of Materials, 

26(2), 1219–1225. Doi: 10.1021/cm403597h


