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Abstract 

Magnetic iron oxide particles decorated with transition-metal nanoparticles have become increasingly 

attractive in catalysis regarding the environment modifications, such as an additive ligand or carrier, 

which could significantly influence their performances. In this work, we used the Density Functional 

Theory (DFT) in the gradient approximation to study the interaction between the metal and its support 

for palladium and palladium oxide clusters on the surface of Fe3O4(001)magnetite.  We report a

dynamic process promoted by the palladium deposition with charge transfer from the metal host. An 

increase in the Fe
2+

/Fe
3+

 ratio at the topmost surface of the support was determined. The reduction of

surface Fe
3+

 ions with electrons located at the interface has been proposed. Surprisingly, this slight

increase in the surface density in Fe
2+

 ions was not observed in palladium oxide when the charge

transfer from the support was significantly enhanced. Finally, the impact of the charge transfer process 

between the surface and the adsorbed species on palladium in terms of structure stability was 

discussed.  
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Highlights 

 

 Density Functional Theory (DFT) is used to study the interaction between the metal and its 

support  

 Palladium and palladium oxide deposition on Fe3O4(001) is accompanied with charge transfer 

from the metal host 

 The charge transfer induces an increase in the Fe2+/Fe3+ ratio at the topmost surface of the 

support 

 The charge transfer may be more efficient for palladium oxide but the resulting structure is 

thermodynamically unstable 
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1. Introduction 

Numerous important industrial reactions are traditionally carried out using heterogeneous noble metal-based 

catalysts under severe temperature and/or pressure conditions [1]. In recent decades, industry has become 

concerned due to economic and environmental aspects with the use of new catalysts based on Earth-abundant, 

low cost row transition metals, and reaction media limiting volatile organic solvents (COVs) [2, 3]. In the context of 

more eco-responsible chemical processes [4], the search of highly active, selective materials remains an exciting 

research area. Additionally, the catalyst recovery is a crucial parameter for their applicability on an industrial scale 

[5], as metal contamination is highly regulated, particularly in the pharmaceutical industry. Among the various 

strategies to separate reaction products from the catalytic media such as supported materials [6] or biphasic liquid-

liquid approach [7], magnetically retrievable iron particles have appeared as appealing and sustainable supports for 

the immobilization of active species [8, 9, 10]. Finally, the combination of metal nanoparticles with heterogeneous 

magnetic support provides a powerful tool for developing new, highly active, and recyclable catalysts for relevant 

applications in catalysis [11].  

Palladium on magnetite nanoparticles has been used as catalyst for a variety of applications such as in wastewater 

treatment processes through the hydrodehalogenation reactions [12] or for the hydrogenation of acetylenic to 

olefinic compounds [13]. Aggregated palladium atoms on magnetite have been reported as a catalyst for the 

Buchwald-Hartwig reaction for arylation of amines and amides [14]. The catalyst could be reused without loss in 

catalytic activity and reaction yield. Impregnated palladium on magnetite is one of the most used catalysts for direct 

arylation of heterocycles [15] and Suzuki-Miyaura cross-coupling reaction with excellent yields [16]. For many 

years, there was a controversy on whether single Pd atoms on iron oxide could exhibit satisfactory catalytic activity. 

Some authors have even reported on their inability to do so in hydrogenation of alkenes, while small Pd clusters do 

[17]. The introduction of Single-Atoms Catalysts (SACs) was considered as a real breakthrough due to their 

outstanding performance in selected industrial reactions [18, 19], though their experimental preparation is 

challenging. Such catalysts are useful for reactions that require high selectivity. The efficiency of Pd atoms on 

Fe3O4(001) SAC was proved for the oxidation of methanol [20]. Also, in another study by Doudin et al. [21], single 

Pd atoms on Fe3O4(001) structures showed effective catalytic activity on the hydrogen adsorption, dissociation and 

spillover. In a recent study based on density functional theory calculations, a selective hydrogenation of acetylene 

over single Pt, Ru, Rh, Pd, and Ir atoms supported on the Fe3O4(001) surface was reported, showing that the 

activity of the above-mentioned metals is a function of the H coverage [22]. Among the reactions for which metal 

supported catalysts are efficient, the oxidation of CO is one of the most studied.  Chen et al. [23] reported a seed-

mediated synthesis and evaluation of Pd/Fe3O4 hybrid nanoparticles with controllable interface for CO oxidation. A 

Pd/Fe2O3 nano-catalysts were synthesized by coprecipitation method, showing a great performance at low 

temperature [24]. Such a low temperature application of metal-magnetite catalysts was reported by Martinez-

Navarro et al. [25] showing the efficiency of (Ag)Pd-Fe3O4 nanocomposites for methane oxidation. Another process 

for the synthesis of magnetite-supported palladium catalysts through electrospinning was reported by Malara et al. 

[26], leading to catalysts of nanofibers forms. A novel and simple microwave assisted synthesis of Pd/Fe3O4 

nanoparticles catalyst was reported by Elazab and  El-Idreesy [27], the as-prepared catalysts being potential 

candidates for CO oxidation and other pharmaceutical reactions. Jakub et al. [28] showed that the mechanism of 

the CO oxidation depends on whether O2 or CO is exposed first-and therefore adsorbed- to Rh/Fe3O4(001) SAC.  

During the last decade, several strategies for loading metal transition nanoparticles have been reported based on 

their immobilization on the magnetic surface, which was modified by external organic reagents [9, 29-32]. Recently, 
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our group reported on the preparation of nanocomposite materials such as Pd
0
 or Rh

0
@γ-Fe2O3 obtained by the 

deposit of the corresponding zero-valent metal nanoparticles on the non-functionalized magnetic support through a 

suitable wet impregnation method [33, 34]. These highly recoverable nanocomposites were characterized by TEM, 

XRD, 
57

Fe Mössbauer spectrometry, X-ray photoelectron spectroscopy (XPS), and superconducting quantum 

interference device measurements. They were subsequently compared in the hydrogenation of various unsaturated 

compounds as well as in hydrodehalogenation. 

In the deposition of metallic nanoparticles, the modification of the magnetic surface is known to induce electronic 

modification. Classically, the organic or inorganic surface coating has been developed. When considering the 

inorganic scheme, the interaction between a metal catalyst and its transition metal support can enhance the 

catalyst activity and, consequently, a higher reaction rate. In a study by Sanchez et al. [35], the unique catalytic 

capability of the dispersed Aun( ≤20) gold cluster supported by MgO(100) was revealed, for the combustion of CO. 

A partial charge transfer from the surface to the cluster is shown to play a great role, with Au8 being the smallest 

size to catalyze the reaction. Similarly, for the case of Pd/Mg(001) catalyst surface, Giordano
 
et al.[36]

 
reported that 

a strong charge transfer occurs from the substrate to adsorbed metal atoms. This charge transfer is usually 

associated with the donation back-donation mechanism. This charge transfer is enhanced by oxygen vacancies, 

with the transferred charges localized on atoms on top of the vacancies.  Ahmed et al. [37] reported a charge 

transfer mechanism between platinum and MgO(100) surface, improving the water-gas shift reaction rate, an 

essential reaction in the fuel cell and automobile industries. Nevertheless, there are few reports on the interaction 

mechanism at the interface of the nanospecies and the support. 

This paper reports the charge transfer process between the palladium metal extended to palladium oxide clusters 

and a Fe3O4 surface support. Based on some general considerations on the Fe3O4 (001) surface and computational 

methodology, a non-innocent charge transfer process was demonstrated at the interface.  

 

2. Materials and Methods 

2.1. General considerations 

Bulk magnetite crystallizes in the inverse spinel structure of the space group Fd3m, settings 2, with oxygen ions 

providing a perfect face-centered cubic lattice. The Fe
3+

 ions populate the tetrahedral sites (A sites). The 

octahedral sites (B sites) contain both and randomly distributed Fe
2+

 and Fe
3+

 ions [38]. The stability of the different 

magnetite surfaces between the (111), (110) and (001) ones has been debated for several years [39-41]. 

Fe3O4(001) is a polar surface and, therefore, more catalytically favorable. There are two possible terminations for 

Fe3O4 (001) surface, which is quite dependent on the synthesis method [39]. The A-termination contains the 

tetrahedral iron ions. The B-termination is composed of oxygen and octahedral iron ions. Such A-termination is not 

so frequent but was reported to be a metastable surface [40]. The               arrangement for Fe3O4 (001) 

surface is now well established. Unstable surfaces are generally due to surface charges, which may be reduced by 

reconstruction or addition of hydroxyl groups. A new approach by Pentcheva et al.[41] suggests that a Jahn-Teller 

distortion could stabilize the Fe3O4(001) surface. That led to a polar termination with octahedral iron and oxygen 

ions as the lowest energy configuration for any oxygen pressure value: this is called a modified B-terminated 

surface. For many years, this Distorted Bulk Truncation (DBT) structure of Fe3O4(001) surface was considered as 

stable, but failed to reproduce experimental findings on the adsorption of some metal atoms. Bliem et al.[42] later 

showed that the stable configuration is obtained by an ordered array of cation vacancies in the B-terminated 

surface. The obtained structure is named Subsurface Cation Vacancy (SCV) structure. This corresponds to a net 

removal of one cation in the previously proposed unit cell. However, the               periodicity is maintained 
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by replacing two Feoct from the third layer by an interstitial Feint with tetrahedral coordination in the second layer. 

Therefore, the               structure was considered a starting point in this work. Furthermore, since the 

stabilization is driven by the material adopting a stoichiometry compatible with its environment, the two top-most 

layers of the structures were allowed to relax along with the adsorbed Pd13, or Pd13O12 cluster, while keeping the 

bottom layers at their bulk configuration. The structural relaxation was done using the Broyden-Fletcher-Goldfarb-

Shanno (BFGS) quasi-Newton algorithm. The structured was considered as relaxed when all components of all 

forces are smaller than      a.u. and the total energy changes less than      a.u. between two consecutive self-

consistent field steps. 

 

 

 

2.2. Computational methodology 

In quantum chemistry, individual atomic charges are not observable, though the charge density is. In this paper, 

these charges will be considered in the context of Löwdin analysis. Thus, the values reported here are not strictly 

physical charges. There is a direct correspondence between both types of charges and, therefore, the same 

trends. Moreover, we report only differences in charges analysis in which the errors cancel out. In population 

analysis, charges are calculated as a sum of the projections of the plane waves valence states   ⟩  onto atomic 

orbitals   ⟩. In the usual Mülliken charges analysis, the charge QA on an atom A is calculated using Equation (1) in 

which  ⃗  is the wave vector,    ( ⃗ ) and    ( ⃗ ) are respectively the density matrix from the projector    ⃗   and the 

overlap matrix of the atomic basis :  

   ∑ ∑ ∑    ( ⃗ )   ( ⃗ ) 
    
  ⃗                                                  (1) 

with    ( ⃗ )  ⟨  ( ⃗ )| ̂( ⃗ )|  ( ⃗ )⟩  

and    ( ⃗ )  ⟨  ( ⃗ )|  ( ⃗ )⟩ 

 

The subscripts represent the atomic orbitals and superscripts their corresponding duals. According to the atomic 

basis, which is non-orthogonal in the Mülliken analysis, the main feature of the Löwdin analysis [43, 44] is the 

transformation of the non-orthogonal atomic orbitals into an orthogonal set through Equation (2) [45, 46]. The 

reader is referred to these references for more details on the Löwdin population analysis. 

  
 
 ⟩  ∑    

   ⁄    ⟩                                                                (2) 

The Löwdin charge on atom A is therefore given by Equation (3): 

   ∑ ∑ ∑    
  ⁄ ( ⃗ )   ( ⃗ )   

  ⁄
  

    
  ⃗ ( ⃗ )                                            (3) 

A spilling parameter is introduced to measure the difference between the plane waves eigenstates and their 

projections onto the atomic basis. In this work, the spilling parameter was always of 10
-2

 order, which indicates a 

good projection of eigenstates onto atomic orbitals. The projection is performed on atomic functions that are 

present in the pseudopotentials (valence states). The choice of the pseudopotentials is, therefore, the key step in 

such calculations. The pseudopotentials should include the wavefunctions that carry the chemistry of the atoms 

(3D and 4S for Fe; 2P and 3S for Mg; 2S and 2P for O; 4D, 5S and 5P for Pd) as they will be used for the 

projection. We have chosen the Perdew-Burke-Ernzerhof (PBE) ultra-soft pseudopotentials with an energy cut-off 

of 40 Ry for the wave functions and 320 Ry for charge density. Unlike hybrid functionals, Generalized Gradient 

Approximation (GGA) PBE pseudopotentials have been widely used for transition-metal systems [37]. Such 
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pseudopotentials have been shown to provide a reasonable description of the density of states, adsorption energies as 

well as the charge transfer between adsorbed atoms and Fe3O4 surfaces [47, 48]. All DFT calculations including the 

BFGS optimization were performed with the Quantum ESPRESSO package [49]. The Brillouin zone was sampled with 

a 6x6x1 Monkhorst-Pack set of k-points [50]. The structures of Pd13 and Pd13O12 clusters were obtained according to 

their bulk crystallographic symmetry, that is Fm ̅m (SG 225) for Pd13 and P42/mmc (SG 131) for Pd13O12. The Fe3O4 

(001) surface was represented by a slab model of five B and four A layers, making 9 layers . A vacuum of 20 Å was 

added in the z-direction to avoid spurious interactions. For Pd13O12 cluster, it was necessary to include the spin-orbit 

correction during the calculations. 

The objective was the total charge and not the occupations on different orbitals. Hence all calculations were 

carried out within the spin-polarized GGA formalism. Although time demanding spin-polarized GGA+U is vastly 

used for strongly correlated material like magnetite. We have checked that discarding the Hubbard correction for 

such calculations and saving computational time does not significantly modify the results. The mean charge 

transfer for Fe3O4(001) from GGA calculations is -0.057e, compared to -0.062e from GGA+U, both with the same

distribution over different palladium atoms. It should be pointed out that calculations on clean magnetite surfaces 

were found accurate without the Hubbard correction, as far as the purpose is just to study the surface stability [41].

Our assumption to discard the Hubbard correction is also supported by the fact that the magnetite surface's 

electronic behavior differs significantly from that of the half-metallic bulk, with a tendency to close the bandgap. 

Pentcheva et al. reported that over a broad range of oxygen pressures, the stabilization of Fe3O4 (001) surface 

goes together with a semi-metal to metal transition [41]. Such transition has also been reported for bulk magnetite 

[51], instead under an external compression that induces strain in the (001) plane and along the [001] direction. In 

the equilibrium bulk structure, the distance between the octahedrally coordinated iron atoms (Feoct.) and the nearest

neighboring oxygen atoms (O) in bulk magnetite is 2.05Å. The semi-metal to metal transition happens when under

compression, this Feoct.-O distance falls below a critical value of 1.99 Å [51]. On the clean Fe3O4(001) surface, we 

have obtained the distance FeB-O between 1.93 and 1.95 Å. This result is consistent with the above mentioned 

works [41, 51]. Through a more rigorous treatment, Fe3O4(001) surface was reported to be a semiconductor with a

small bandgap of about 0.3 eV thanks to a suitable reconstruction. Though this value is very low, DFT+U

calculations reveal that this surface undergoes a semiconductor-half metal transition under the effect of hydrogen 

adsorption, thus confirming the tendency to close the gap [52, 53]. 

Recently, a comparative study between the GGA and GGA+U calculations revealed that it is not mandatory to 

include the electronic correlation when investigating the electronic properties of the Fe3O4(001) surface.

Furthermore, for adsorption studies, both the GGA and GGA+U exhibit the same trend whatever U's value is 

considered in the latter case [54]. The adsorption energy was calculated according to Eads = Etotal - (Esurf + Eclust) in 

which Etotal corresponds to the total energy of the system. Esurf and Eclust are, the total energy of the bare surface

and the on-top cluster, respectively. 

In this work, apart from the Fe3O4(001) surface, which is our primary focus, we have included calculations on the

MgO(001) surface for a better understanding of the charge transfer mechanism. 

3. Results and discussion

3.1. Stability of the systems under study 

The structural relaxation was performed as explained in section 2. The relaxation had little effect on the initial 

Pd13/Fe3O4(001) and Pd13/MgO(001) structures (Figure 1a and Figure 1b), though the Pd13 cluster is flattened f or
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the latter. Figure 1c and Figure 1d display the Pd13O12/Fe3O4(001) interface before and after relaxation 

respectively. For the first two structures, the difference between the initial and the relaxed on-top clusters is not 

significant, whereas a strong distortion occurs for Pd13O12/Fe3O4(001) with missing bonds at the interface, 

especially for oxygen atoms. This is an indication of an eventual stability issue. To shed more light on this aspect,

the interface atoms were deeply analyzed. The surface atoms remain almost at their clean surface positions for 

Pd13 compared to the situation observed with Pd13O12. The atoms at the surface undergo a reconstruction due to 

the strong interaction between the cluster and the surface. 

         (a)       (b) 

   (c)   (d)    

Figure 1: Structures before and after relaxation. Pd13/Fe3O4(001) (a) and Pd13/MgO(001) (b)  show no significant 

effect upon relaxation.  For Pd13O12/Fe3O4(001) (c), the interface undergo a strong distortion (d). Color code: small 

red = O, large red = Fetetrahedral, green = Feoctahedral, magenta = Mg, grey = Pd .

Figure 2: Details of the interface after deposition of Pd13O12 on the magnetite (001) surface. The black arrows 

indicate the major displacement directions for surface oxygen and iron atoms. 

Figure 2 illustrates that a very strong interaction occurs at the interface if the oxygen atoms are appropriately 

located at the top of the surface. This is the case of Ot atoms, which interact with iron atoms at the surface,
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resulting in an upwards shift of 0.85(6) Å with respect to the clean surface atomic position. The main reason for this 

is that these oxygen atoms tend to help the B-iron ions to recover their primary bulk octahedral coordination. In the 

same line, the surface oxygen atoms O3 and O4 undergo in-plane translations of -0.13(4) Å and +0.13 (4) Å along 

the [110] direction. The same conclusion applies to the other oxygen atoms, but instead of moving away from the 

[110] direction, which serves as the symmetric line for in-plane translation, O1 and O2 are moving closer together. 

According to Figure 3, the surface atoms could be classified in two groups and are coupled by pairs corresponding 

to the same in-plane and total displacement. 

 

Figure 3: Total displacement for interface atoms, leading to groups of two atoms each. Distances are given with 

respect to their clean surface positions. See Figure 2 for atoms labelling. 

 

From Figure 3, these two kinds of iron ions can be distinguished. The first tend to recover their bulk coordination 

environment, thus submitted to a strong upward shift of 0.85(6) Å, while the others correspond to iron ions, which 

translate smaller. Moreover, we checked the above result with Pd13 on the maghemite surface, which does not 

contain Fe
2+

 ions. We obtained similar results with respect to the reduction of the surface ions. Nevertheless, the 

iron vacancy at the surface induces a slightly different behavior for palladium cluster atoms. In this case, the 

charges that were supposed to be transferred to the missing surface iron ions remain located on the atoms of the 

palladium cluster. To shed light on the strange behavior of the Pd13O12 cluster, we report in Table 1 the adsorption 

energies for both cases. 

 

Table 1: Adsorption energy for Pd13 and Pd13O12 on Fe3O4 (001) surface. 

System 

Adsorption energy                         

(eV) 

Pd13/Fe3O4 (001) -4.75 

Pd13O12/Fe3O4 (001) 11.49 
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The positive adsorption energy of Pd13O12 clearly indicates that this system is not thermodynamically favorable. Hence, 

the adsorption of Pd13O12 on Fe3O4 (001) results in an unstable structure. Under realistic conditions, the treatment of 

the magnetite surface requires considering the oxygen atmosphere surrounding the surface. Howev er, most DFT 

works related to the surface catalyst ignores the environment of the surface. If palladium is associated with oxygen 

(this might be similar to consider the system under a high-pressure oxygen atmosphere) bef ore deposition on the 

surface as described for Pd13O12, almost all Pd atoms at the surface of the cluster were negatively charged. As the 

oxygen ions are also negatively charged, the cluster will disperse under electrostatic repulsion between ions. Hence, 

the Pd13O12/Fe3O4(001) structure will be discarded in the following sections. 

3.2. Charge transfer mechanism 

As mentioned earlier, the interaction between the metal and the support is one of the most important factors to 

consider when focusing on the catalytic ability of the system. In this regard, the charge transfer plays a significant

role. Figure 4 displays the Pd atoms labelling in the cluster. From data listed in Table 2, it appears that the 

deposition of Pd13 on Fe3O4(001) surface promotes a charge transfer from the support to the metal. The charges of

the neighboring atoms become more negative, as indicated in Table 3. These negative charges could be attracted 

either by the topmost Pd atoms since they are positively charged or by the cations on the surface of the oxide. For 

the MgO surface, a follow up of the time evolution of the system showed that these charges would move upwards 

to facilitate the charge transfer from the surface to the metal cluster [37]. After the deposition of Pd13 on MgO(001),

the average atomic charge of the higher Pd atoms is -0.057e compared with the value reported in the literature (-

0.0325e) [37]. The case of the Fe3O4 surface is not easy to conclude. The particularity of the Fe3O4(001) surface is 

based on the presence of Fe
3+

 ions, which are electrons deficient. Therefore, there will be a competition between

the topmost Pd atoms and the Fe
3+

 of the surface.

Figure 4: Labels of Pd atoms in Pd13 on Fe3O4(001). The charges on topmost Pd atoms are smaller
compared to the bottom negative charges. 
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Table 2: Total charge differences due to the adsorption of palladium (in units of e) by Fe3O4(001) surface. 

 

System Fe3O4 (001)        All surface               Only surface           On-top 

        atom                  Fe-ions            cluster 

Pd13/Fe3O4 +0.598 +0.557 -0.103           -0.752 

 

Moreover, the density of positively charged Pd atoms is relatively low. It is likely that the presence of more 

electrons at the interface will result in the reduction of surface Fe
3+

 ions, increasing the Fe
2+

/Fe
3+

 ratio in an entire 

experimental sample. This result is indeed in agreement with the experimental work reported by Coker et al. [55]. 

Using X-ray Magnetic Circular Dichroism (XMCD) spectra, the Fe
2+

/Fe
3+

 ratio increased from 0.64 (more than the 

stoichiometric magnetite ratio) to 0.70 after the deposition of palladium nanoparticles on the surface of the 

biomagnetite, indicating the reduction of Fe
3+

 ions. 

 

Table 3: Löwdin charges differences for Pd13 after deposition on Fe3O4 and MgO surfaces. All charges 
were given with respect to the situation in the palladium cluster alone, in units of the elementary charge e. 
The central atom (index 1) always losses charges. See Figure 4 for atoms labelling. 

 

Pd atom Fe3O4(001) 

 

MgO(001) 

index with Pd13 with Pd13 

1 0.0483 0.1529 

2 -0.2057 -0.1711 

3 -0.2057 -0.1687 

4 -0.1937 -0.1694 

5 -0.1937 -0.1701 

6 -0.0314 -0.0645 

7 -0.03 -0.0385 

8 -0.0297 -0.0581 

9 -0.03 -0.0435 

10 0.0266 0.0126 

11 0.0266 0.0077 

12 0.0328 0.0081 

13 0.0328 0.0142 

 

 

According to the literature, a clean, stable Fe3O4(001) only consists of Fe
3+

 ions [56]. Partial hydrogenation 

introduces Fe
2+

 and upon saturation, only Fe
2+

 ions are present because all Fe
3+

 has been reduced [52]. The 

modifications of the surface Fe ions charges are displayed in Table 4.  

 

Table 4: Charge modification on surface Fe ions (in units of e). See Figure 2 for atoms indexes. 

Fe-ion Fe3O4 (001) 
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index with Pd13 

Fe1 -0.0273 

Fe2 -0.0273 

Fe3 -0.0242 

Fe4 -0.0242 

3.3. Density of states 

The computed Density Of States (DOS) described in Figure 5 for a clean Fe3O4 (001) is in good agreement with 

previously reported DOS. A zero DOS is expected to appear at about 0.4 eV for the majority states of the B-

terminated surface [41, 54]. This feature is present in the DOS, but around -0.9 eV. This discrepancy could be 

explained by the fact that our DOS does not account for the electron correlation. In addition, our calculations were 

performed with ultra-soft pseudopotentials whereas Pentcheva et al. [41] reported Full-Potential Augmented Plane 

Wave (FP-APW) calculations. It is also for these reasons that the minimum for the minority channel is located at - 

0.15 eV instead of 0.0 eV as reported by Sun et al. [54]. 

Figure 5: Total DOS of Pd13 /Fe3O4 (001). The red and green plots are respectively the spin up and spin down DOS 
before deposition of the on-top cluster while the blue and magenta curves represent the same DOS after
adsorption. 
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Upon adsorption of Pd13, a significant increase was observed in the DOS at the Fermi level
1
, leading to a metallic

state. We note that such a transition was already reported for Fe3O4(001) under hydrogen adsorption [52, 53]. It is 

already established that the states at the Fermi level have the t2g character [57]. Therefore, an enhancement in the 

states at the Fermi level, as observed in Figure 5 indicates an increasing number of Fe
2+

 at the surface. This is in

agreement with conclusion drawn from the Löwdin charges analysis in subsection 3.2. 

4. Conclusion

The behaviour of Pd and Pd-oxide during adsorption on the iron oxide Fe3O4(001) surface was studied. A s 

already described in the literature for other surfaces such as MgO(001), a charge transfer occurs between the 

surface and the adsorbed species, and should typically be associated with a donation-back-donation mechanism. 

Our calculations have shown that the adsorption of Pd increases the Fe
2+

/Fe
3+

 ratio only at the topmost surface 

layer. The adsorption leads to a metallic behaviour by enhancement of the Density Of States at the Fermi Level. 

The charge transfer may be more efficient for palladium oxide but the resulting structure is thermodynamically 

unstable and may require additional treatment for practical applications. It i s worth noting that in this work, 

other adsorption configurations different from the one considered were not investigated. Also, as the present study 

only deals with the system immediately after deposition on the surface, a further study involving the time 

evolution might be necessary, particularly for the case of palladium oxide, which is not thermodynamically 

favourable. 
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