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Abstract 

 The ability to produce cheap and efficient catalysts for oxygen reduction is essential for 

cost reduction in fuel cells. This work reports the density functional theory (DFT) results of the 

investigation of ~1 nm trimetallic nanocatalysts of 26 atoms with a composition of Pt8V4Fe14. 

The relative stability of ~50 Pt8V4Fe14 nanoparticles (NPs) were analyzed to conclude that the 

most stable NPs had vanadium atoms located at the center of the NP with scattered platinum 

atoms attached to them from the outside. Adsorption of O2 on the most stable nanocatalyst was 

also analyzed at 14 various adsorption sites; it was determined that oxygen preferred to bond to 

vanadium and iron atoms located at the surface of the NP. Compared to the small sub-nanometer 

PtVFe clusters of the same composition, the O2 adsorption strength is slightly decreased on the 

~1nm PtVFe NPs. These findings provided important insights into the effectiveness of PtVFe 

nanocatalysts towards oxygen reduction. 
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1. Introduction 

Proton Exchange Membrane Fuel Cells (PEMFC) have become increasingly used in 

industry as well as in commercialized products due to their hydrogen utilization which offers 

high conversion efficiency, low pollution, light weight, and high power density.1 One of the 

crucial limitations for reducing the cost of these fuel cells comes from the high price of platinum 

based catalysts which account for ∼30% of the cost of fuel cell manufacturing.2 Various 

bimetallic, trimetallic, and conducting polymers have been tested in order to develop more 

active, robust, and low-cost catalysts to replace Pt in the cathode for the oxygen reduction 

reaction (ORR).3-24 Many nanoparticles, such as Pt,25-35 Au,36-39 Pd,40,41 Cu,42-54 Ag,55-57 Ir,58-60 

Ru,61 and alloys62-77 including trimetallic nanocatalysts,5,78-91 have been extensively studied for 

the catalytic activities on a number of reactions. In addition to ORR, these nanocatalysts play 

important roles in hydrogen production from steam reforming of nature gas92-112 or renewable 

ethanol113-128 as well as ethanol oxidation129-137 in ethanol fuel cells.  

Trimetallic platinum-vanadium-iron (PtVFe) prepared by nanoengineered synthesis and 

processing methods were shown to exhibit excellent electrocatalytic activities for ORR in earlier 

studies138-142 and recently in PEMFCs.143,144 Our previous density function theory (DFT) studies 

focused on the PtVFe clusters of less than 0.5 nm.145 As PtVFe NPs in ORR experiments85 were 

in nanometer scale, it is important to extend the size of computational studies to bigger sizes. 

Therefore, this work was carried out by studying PtVFe nanoclusters made up of 26 atoms that 

have the same composition as the 13 atom clusters of Pt4V2Fe7 (0.6-nm).145 In addition, the 

structures of these NPs were analyzed to determine whether a face-centered cubic (FCC) or a 

body-centered cubic (BCC) structure was preferred. Oxygen adsorption was also calculated to 

simulate spontaneous reduction of O2 and thus determine the efficiency of the composed NPs.  
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2. Computational Details 

In this research, the DFT calculations were carried out using the Vienna Ab-initio 

Simulation Package (VASP). The electron-ion interaction was described by Projector 

Augmented Waves (PAW) and the exchange-correlation interaction was described by the 

Perdew-Burke-Ernzerhof (PBE) functional. Cut-off energies for the plane wave basis set were 

300eV in the studies of NPs and 400eV for adsorption calculations. An 18 x 18 x 18 Å unit cell 

was used in the calculations. The cutoff energies and the size of unit cell were tested for 

convergence of results. Other convergence criteria were the same as the previous DFT 

calculations.145 The binding energies per atom of the Pt8V4Fe14 NPs were calculated using the 

following formula: 

E = - (EPtVFe – 8* EPt – 4* EV – 14* EFe) / 26,              (1) 

where EPtVFe, EPt, EV, and EFe are the energy of PtVFe NP, energy of a single Pt, energy of a 

single V, and energy of a single Fe, respectively. The O2 adsorption energies were calculated 

using: 

ΔE = - (Eadsorption – EO2 – EPtVFe),               (2) 

where Eadsorption and EO2 are the energy of adsorption complex and energy of isolated O2, 

respectively.   

 We also calculated two NPs of Fe 26-atom and their binding energies per atom were 

calculated using: 

E = - (EFe26 – 26* EFe) / 26.                (3) 
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3. Results and Discussion 

In order to gain a more accurate picture and understanding of PtVFe nanocatalysts for 

ORR, this research extended previous DFT studies of sub-nanometer clusters to ~1nm. 

Specifically, we performed calculations on Pt8V4Fe14 NPs. The starting structure was made from 

bulk FCC and BCC and cut down to 26 atoms. These initial structures were chosen due to its 

relative symmetry and overall spherical shape. All calculations of the various Pt8V4Fe14 NPs (48 

overall) retain the same composition of atoms, starting structures, and methods of calculation to 

minimize the variables. Each different arrangement of atoms was studied in FCC and BCC initial 

format. In Table 1, the NPs are presented in decreasing stability together with the initial 

configuration (fcc or bcc), the binding energy, the number of unpaired electrons, the  energy of 

the HOMO (highest occupied molecular orbital), and HOMO-LUMO (lowest unoccupied 

molecular orbital) energy gap, and the Fermi energy. 

Table 1. The properties of Pt8V4Fe14 nanoparticles obtained from DFT calculations. 

NP 
Initial 

configuration 

Binding 

energy 

(eV/atom) 

Unpaired 

electrons 

HOMO 

(eV) 

HOMO-

LUMO 

gap (eV) 

Fermi 

energy 

(eV) 

1 fcc 4.16 36 -3.55 0.18 -3.48 

2 fcc 4.14 16 -3.47 0.17 -3.41 

3 bcc 4.13 36 -3.45 0.14 -3.42 

4 bcc 4.13 28 -3.50 0.19 -3.42 

5 bcc 4.12 36 -3.49 0.15 -3.45 

6 bcc 4.12 34 -3.52 0.18 -3.47 

7 fcc 4.12 32 -3.49 0.23 -3.44 

8 fcc 4.12 32 -3.37 0.25 -3.31 

9  bcc 4.11 28 -3.47 0.16 -3.41 

10 bcc 4.10 32 -3.51 0.09 -3.46 

11 bcc 4.10 34 -3.52 0.20 -3.46 

12 bcc 4.10 34 -3.43 0.12 -3.40 

13 bcc 4.10 32 -3.42 0.11 -3.37 

14 bcc 4.10 34 -3.48 0.07 -3.44 
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15 bcc 4.10 30 -3.43 0.11 -3.37 

16 fcc 4.09 34 -3.46 0.23 -3.40 

17 fcc 4.09 36 -3.55 0.15 -3.50 

18 fcc 4.09 30 -3.40 0.12 -3.35 

19 fcc 4.09 30 -3.45 0.11 -3.40 

20 fcc 4.09 32 -3.48 0.17 -3.43 

21 bcc 4.08 22 -3.47 0.11 -3.42 

22 fcc 4.07 24 -3.58 0.18 -3.52 

23 fcc 4.07 32 -3.53 0.14 -3.48 

24 bcc 4.07 32 -3.40 0.17 -3.35 

25 bcc 4.07 33 -3.42 0.25 -3.43 

26 bcc 4.06 20 -3.53 0.16 -3.47 

27 bcc 4.06 20 -3.39 0.19 -3.36 

28 fcc 4.06 30 -3.43 0.17 -3.36 

29 bcc 4.06 30 -3.46 0.15 -3.40 

30 fcc 4.06 26 -3.52 0.26 -3.49 

31 fcc 4.06 34 -3.45 0.05 -3.42 

32 fcc 4.05 34 -3.60 0.31 -3.55 

33 fcc 4.05 32 -3.53 0.23 -3.47 

34 bcc 4.04 27 -3.46 0.31 -3.46 

35 bcc 4.04 32 -3.39 0.10 -3.34 

36 fcc 4.04 30 -3.38 0.07 -3.35 

37 bcc 4.03 10 -3.50 0.25 -3.44 

38 fcc 4.03 34 -3.66 0.06 -3.63 

39 fcc 4.03 29 -3.38 0.19 -3.39 

40 bcc 4.02 24 -3.40 0.04 -3.38 

41 fcc 4.02 34 -3.42 0.15 -3.36 

42 fcc 4.02 34 -3.58 0.31 -3.52 

43 fcc 4.02 28 -3.43 0.10 -3.38 

44 fcc 3.99 22 -3.53 0.12 -3.49 

45 bcc Fe 3.42 74 -3.19 0.15 -3.13 

46 fcc Fe 3.35 50 -3.20 0.13 -3.15 
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We note that the last two NPs are pure Fe NP. To help the comparison of the different energies 

of all NPs, we plotted in Fig. 1 the binding energies per atom of the various PtVFe NPs presented 

in Table 1.  

 
Figure 1. The binding energies of the Pt8V4Fe14 NPs 

Structures of the various PtVFe clusters in Table 1are depicted in Fig. 2 along with their 

structure number, initial and relaxed structures. The NPs are sorted in descending energies per 

atom in two columns.  
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Figure 2.  The initial (left) and final (right) structures of the Pt8V4Fe14 NPs. Blue, white, and purple balls denote Pt, V, 
Fe, respectively. 

The top five NPs (number 1-5) indicate how vanadium prefers to be placed in the center of 

the cluster with Pt attached to it on the outside. However, the vanadium is relatively spread out 

inside the cluster. It does not segregate to any side of the cluster. Nanoparticle 19 and 34 had 

vanadium placed on the outside of the cluster, but their binding energies were relatively less 

stable. In another calculation, platinum was placed in the middle (27 and 36), and also yielded 

weaker binding energies. Vanadium did not prefer to stay segregated in the NP as indicated by 

NPs 35, 37, 41, 42, and 44. In fact, NP 44 gave the weakest binding energy overall. Nanoparticle 

1 gave the strongest binding energy and thus was used in the oxygen adsorption calculations. We 

note that the number of unpaired electrons in the NPs shown in Table 1 are substantial, which 

may contribute to their catalytic activities.  

To analyze whether platinum would prefer to stay segregated on one side during synthesis 

of a PtVFe NP, the relaxed structure (20) was re-drawn with platinum on one side and allowed to 

relax as illustrated in Fig. 3. The binding energy per atom was reduced when the platinum was 

segregated on one side, indicating that platinum does prefer to be dispersed on the outside of the 

cluster.  
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Pure NPs of iron were analyzed to determine whether an FCC or BCC structure was 

favorable. The relaxed structures are shown in Fig. 4. Iron prefers BCC structure in bulk form, but 

out 26 atom clusters indicated that the shape was actually a hybridization of BCC and FCC. The 

bond distances were not as clear cut as on a bulk structure. Introduction of other elements has the 

similar effect as introduction a built-in field146,147 or of ligands in single atom catalysis148-153 to 

facilitate different reactions. Formation of nanoparticles and the reaction dynamics on these 

nanoparticles including quantum effect154-156 will be interesting future research.   

 

 

Oxygen adsorption was performed on NP 1 since it is the most stable NP. Diatomic 

oxygen was placed in proximity to the NP at various places and initial formations to determine 

Figure 3. Pt homogeneity on a NP. Blue, white, and purple balls denote Pt, V, Fe, respectively. 

 

Figure 4. The initial (left) and final structures of pure Fe NPs of 26 atoms. 
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the effectiveness of Pt8V4Fe14 as a catalyst. Resulting clusters where oxygen bonded too strongly 

with the PtVFe structure present a problem since the oxygen has to separate from the cluster 

eventually to undergo reduction in the fuel cell. However, when attached to platinum, the oxygen 

was relatively loose (farther away) from the structure indicating efficient ORR. Overall, fourteen 

oxygen adsorptions were calculated. Figure 5 includes the adsorption energy in eV, initial 

structure, and final structure. 

                                   
NP 

                 
Adsorption energy 

(eV) Initial Structure Final structure 

1 7.11 

 

 
 

 

 
 

2 7.10 

 

 

3 6.84 

 

 

4 5.58 

 

 

5 2.82 
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6 2.05 

 

 

7 1.99 

  

8 1.89 

 

 

9 1.67 

  

10 1.51 

 

 

11 1.35 

 
 

12 1.16 

  

13 1.14 

 

 

14 0.87 

 

 

 

Figure 5. The adsorption of O2 on the PtVFe NP 1.  Blue, white, purple, and red balls denote Pt, V, Fe, and O respectively. 
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We note that the O2 adsorption strength is slightly decreased on the ~1nm PtVFe NPs when 

comparing to the small subnanometer PtVFe clusters of the same composition. As catalytic 

activities are size dependence,157 which may be dictated by the oxidizability,158 it would also be 

interesting to further investigate the size dependence of the adsorption properties of O2. 

4. Conclusion 

The results obtained in this work are critical to the previous studies10 in order to fully 

analyze the efficiency of PtVFe nanocatalysts in fuel cells. Pt8V4Fe14 NPs with platinum 

dispersed on the surface and vanadium kept homogenous in the center of the cluster showed 

strongest binding energies. From the current DFT study, clusters of 26 atoms preferred a hybrid of 

FCC and BCC structures. While the central atoms were not equidistant from other atoms (FCC), 

the structures showed less of a discrepancy between distances to the center atom then would be 

expected in a BCC structure. The 26 iron cluster favored more BCC as expected, but also showed 

this hybrid phenomenon.  

Oxygen adsorption was most stable when oxygen attached to vanadium and iron atoms, 

however, other adsorption sites illustrate that PtVFe could be used as an effective catalysts for 

oxygen reduction. When oxygen bonded to platinum, the bond distances were greater, indicating 

easily transferrable oxygen atoms to the oxidation-reduction reaction in PEM fuel cells.  
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 (105) Gazi, S.; Đokić, M.; Moeljadi, A. M. P.; Ganguly, R.; Hirao, H.; Soo, H. S. ACS Catal. 

2017, 7, 4682. 

 (106) Gillan, C.; Fowles, M.; French, S.; Jackson, S. D. Ind. Eng. Chem. Res. 2013, 52, 13350. 

 (107) Guo, J.; Xie, C.; Lee, K.; Guo, N.; Miller, J. T.; Janik, M. J.; Song, C. ACS Catal. 2011, 1, 

574. 

 (108) Guengerich, F. P.; Yoshimoto, F. K. Chem. Rev. 2018, 118, 6573. 

 (109) Hibbitts, D. D.; Flaherty, D. W.; Iglesia, E. ACS Catal. 2016, 6, 469. 

 (110) Huang, X.; Reimert, R. Fuel 2013, 106, 380. 

 (111) Lopez, J. S.; Dagle, V. L.; Deshmane, C. A.; Kovarik, L.; Wegeng, R. S.; Dagle, R. A. 

Catalysts 2019, 9, 801. 

 (112) Eagan, N. M.; Kumbhalkar, M. D.; Buchanan, J. S.; Dumesic, J. A.; Huber, G. W. Nat. Rev. 

Chem. 2019, 3, 223. 

 (113) Wu, R.; Wang, L. ChemPhysChem 2022, e202200132. 

 (114) Greluk, M.; Gac, W.; Rotko, M.; Slowik, G.; Turczyniak-Surdacka, S. J. Catal. 2021, 393, 

159. 

 (115) Wu, R.; Wang, L. Chem. Phys. Impact 2021, 3, 100040. 

 (116) Wu, R.; Wiegand, K. R.; Wang, L. J. Chem. Phys. 2021, 154, 054705. 

 (117) Behravesh, E.; Melander, M. M.; Warna, J.; Salmi, T.; Honkala, K.; Murzin, D. Y. J. Catal. 

2021, 394, 193. 

 (118) Wu, R.; Wang, L. Comput. Mater. Sci. 2021, 196, 110514. 

 (119) Braga, A. H.; Oliveira, D. C. d.; Taschin, A. R.; Santos, J. o. B. O.; Gallo, J. M. R.; Bueno, 

J. M. C. ACS Catal. 2021, 11, 2047. 

 (120) Wu, R.; Sun, K.; Chen, Y.; Zhang, M.; Wang, L. Surf. Sci. 2021, 703, 121742. 

 (121) Zhang, H.; Tan, H.-R.; Jaenicke, S.; Chuah, G.-K. J. Catal. 2020, 389, 19. 

 (122) Sun, K.; Zhang, M.; Wang, L. Chem. Phys. Lett. 2013, 585, 89. 

 (123) Bepari, S.; Kuila, D. Int. J. Hydrog. Energy 2020, 45, 18090. 

 (124) Manzolis, M.; A.Chiorino; Boccuzzi, F. Appl. Catal. B-Environ. 2005, 57, 201. 

 (125) Greeley, J.; Mavrikakis, M. J. Am. Chem. Soc. 2002, 124, 7193. 

 (126) Wu, R.; Wang, L. Chem. Phys. Lett. 2017, 678, 196. 

 (127) Pasel, J.; Hausler, J.; Schmitt, D.; Valencia, H.; Meledina, M.; Mayer, J.; Peters, R. 

Catalysts 2020, 10, 1151. 

 (128) Ob-eye, J.; Praserthdam, P.; Jongsomjit, B. Catalysts 2019, 9, 66. 



22 
 

 (129) Wu, R.; Wang, L. Phys. Chem. Chem. Phys. 2023, 25, 2190. 

 (130) Oefner, N.; Heck, F.; Dürl, M.; Schumacher, L.; Siddiqui, H. K.; Kramm, U. I.; Hess, C.; 

Möller, A.; Albert, B.; Etzold, B. J. M. ChemCatChem 2022, 14, e202101219. 

 (131) Wu, R.; Wang, L. J. Phys. Chem. C 2022, 126, 21650. 

 (132) Miao, B.; Wu, Z.-P.; Xu, H.; Zhang, M.; Chen, Y.; Wang, L. Comput. Mater. Sci. 2019, 156, 

175. 

 (133) Wu, R.; Wang, L. J. Phys. Chem. C 2020, 124, 26953. 

 (134) Xu, H.; Miao, B.; Zhang, M.; Chen, Y.; Wang, L. Phys. Chem. Chem. Phys. 2017, 19, 

26210. 

 (135) Wu, Z.; Zhang, M.; Jiang, H.; Zhong, C.-J.; Chen, Y.; Wang, L. Phys. Chem. Chem. Phys. 

2017, 19, 15444. 

 (136) Miao, B.; Wu, Z.; Zhang, M.; Chen, Y.; Wang, L. J. Phys. Chem. C 2018, 122, 22448. 

 (137) Wu, Z.-P.; Miao, B.; Hopkins, E.; Park, K.; Chen, Y.; Jiang, H.; Zhang, M.; Zhong, C.-J.; 

Wang, L. J. Phys. Chem. C 2019, 123, 20853. 

 (138) Luo, J.; Wang, L. Y.; Mott, D.; Njoki, P. N.; Kariuki, N.; Zhong, C. J.; He, T. J. Mater. 

Chem. A 2006, 16 1665. 

 (139) Luo, J.; Kariuki, N.; Han, L.; Wang, L.; Zhong, C.-J.; He, T. Electrochim. Acta 2006, 51 

4821. 

 (140) Zhong, C. J.; Luo, J.; Njoki, P. N.; Mott, D.; Wanjala, B.; Loukrakpam, R.; Lim, S.; Wang, 

L.; Fang, B.; Xu, Z. Energy Environ. Sci. 2008, 1, 454. 

 (141) Zhong, C. J.; Luo, J.; Fang, B.; Wanjala, B. N.; Njoki, P. N.; Loukrakpam, R.; Yin, J. 

Nanotechnology 2010, 21, 062001. 

 (142) Luo, J.; Han, L.; Kariuki, N.; Wang, L.; Mott, D.; Zhong, C. J.; He, T. Chem. Mater. 2005, 

17, 5282. 

 (143) Fang, B.; Luo, J.; Njoki, P. N.; Loukrakpam, R.; Mott, D.; Wanjala, B.; Hu, X.; Zhong, C. J. 

Electrochem. Commun. 2009, 11 1139. 

 (144) Fang, B.; Luo, J.; Njoki, P. N.; Loukrakpam, R.; Wanjala, B.; Hong, J.; Yin, J.; Hu, X.; Last, 

J.; Zhong, C. J. Electrochim. Acta 2010, 55, 8230. 

 (145) Wang, L.; Williams, J. I.; Lin, T.; Zhong, C. J. Catal. Today 2011, 165, 150. 

 (146) Fan, X.; Wu, Z.; Wang, L.; Wang, C. Chem. Mater. 2017, 29, 639. 

 (147) Lu, A.; Sun, H.-L.; Zhang, N.; Che, L.; Shan, S.; Luo, J.; Zheng, J.; Yang, L. F.; Peng, D.-

L.; Zhong, C.-J.; Chen, B.-H. ACS Catal. 2019, 9, 7431. 

 (148) Bheemireddy, S. R.; Ubaldo, P. C.; Finke, A. D.; Wang, L.; Plunkett, K. N. J. Mater. Chem. 

C 2016, 4, 3963. 



23 
 

 (149) Yuan, B.; Zhuang, J.; Kirmess, K. M.; Bridgmohan, C. N.; Whalley, A. C.; Wang, L.; 

Plunkett, K. N. J. Org. Chem. 2016, 81, 8312. 

 (150) Xiao, F.; Liu, X.; Sun, C.-J.; Hwang, I.; Wang, Q.; Xu, Z.; Wang, Y.; Zhu, S.; Wu, H.-W.; 

Wei, Z.; Zheng, L.; Cheng, D.; Gu, M.; Xu, G.-L.; Amine, K.; Shao, M. Nano Lett. 2021, 

21, 3633. 

 (151) Li, X.; Yang, X.; Zhang, J.; Huang, Y.; Liu, B. ACS Catal. 2019, 9, 2521. 

 (152) Zhu, C. Z.; Fu, S. F.; Shi, Q. R.; Du, D.; Lin, Y. H. Angew. Chem. Int. Ed. 2017, 56, 13944. 

 (153) Wang, L.; Zhu, C.; Xu, M.; Zhao, C.; Gu, J.; Cao, L.; Zhang, X.; Sun, Z.; Wei, S.; Zhou, W.; 

Li, W.-X.; Lu, J. J. Am. Chem. Soc. 2021, 143, 18854. 

 (154) Wang, L.; Kalyanaraman, C.; McCoy, A. B. J. Chem. Phys. 1999, 110, 11221. 

 (155) Billing, G. D.; Wang, L. J. Phys. Chem. 1992, 96, 2572. 

 (156) Wang, L. Chem. Phys. 1998, 237, 305. 

 (157) Dessal, C.; Martinez, L.; Maheu, C.; Len, T.; Morfin, F.; Rousset, J. L.; Puzenat, E.; 

Afanasiev, P.; Aouine, M.; Soler, L.; Llorca, J.; Piccolo, L. J. Catal. 2019, 375, 155. 

 (158) Xu, Y.; Shelton, W. A.; Schneider, W. F. J. Phys. Chem. A 2006, 110, 5839. 

 


