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ABSTRACT  

Cation substitution in transition metal oxides is an important approach to improve 

electrocatalysts by the optimization of their composition. Herein, we report on phase-pure spinel-

type CoV2-xFexO4nanoparticles with 0 ≤ x ≤ 2 as a new class of bi-functional catalysts for the 

oxygen evolution (OER) and oxygen reduction reactions (ORR). The mixed-metal oxide 

catalysts exhibit high catalytic activity for both OER and ORR that strongly depends on the V 

and Fe content. CoV2O4 is known to exhibit a high conductivity, while in CoFe2O4 the cobalt 

cation distribution is expected to change due to the inversion of the spinel structure. The 

optimised catalyst, CoV1.5Fe0.5O4, shows an overpotential for OER of ~300 mV for 10 mA cm-2 

with a Tafel slope of 38 mV dec-1 in alkaline electrolyte. DFT+U+SOC calculations on cation 

ordering confirm the tendency towards the inverse spinel structure with increasing Fe 

concentration in CoV2-xFexO4 that starts to dominate already at low Fe contents. The theoretical 

results also show that the variation of oxidation states are related to the surface region, where the 

redox activity was found experimentally to be manifested in the transformation of V3+ � V2+. The 

high catalytic activity, facile synthesis, and low cost of the CoV2-xFexO4nanoparticles render 

them very promising for application in bifunctional electrocatalysis. 
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1. Introduction 

Design of efficient, affordable and stable electrocatalysts for oxygen electrochemistry is an 

important goal in the field of energy storage and conversion, i.e. metal-air batteries, fuel cells 

and water splitting.1-4 The sluggish kinetics of both the oxygen evolution reaction (OER) and the 

oxygen reduction reaction (ORR) due to multiple electron transfer with different reaction 

intermediates4 requires the development of catalysts with high efficiency and long term stability. 

Precious-metal electrocatalysts such as Pt and its alloys are known to be efficient catalysts for 

ORR but show only moderate activity for OER, whereas IrO2 and RuO2 are known to be good 

catalyst for OER but less active for ORR.5,6 Therefore, highly active and low-cost bifunctional 

catalysts still have to be developed to replace these noble metals. Among various material 

candidates, extensive efforts have been taken to develop mixed first-row transition metal oxides 

(perovskites and spinels) and hydroxides (LDH, layered double hydroxides) due to their earth 

abundance and promising catalytic characteristics.7-20 

Active sites in electrocatalysis on these types of oxides and hydroxides are generally related to 

the generation of defects or vacancies as well as to the tuning of the chemical composition.8,14,20 

Zhang et al. recently demonstrated that the electronic configuration and adsorption energies of 

ternary mixed metal oxides significantly depends on their chemical composition. Therefore, their 

catalytic activity can likely be tuned by carefully adjusting the metal composition.20 Furthermore, 

the electronic configuration of octahedrally coordinated Co cations with eg occupancy 

neighboring a metal center with covalent metal-oxygen bonds was shown to exhibit high OER 

and ORR activities in perovskite-type oxides.21,22 In the case of hydroxides, incorporation of Fe 
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dramatically improves the OER activity of both Ni- and Co-based LDH catalysts. It was 

proposed, that Fe was the active site while the Ni- and Co-LDH framework acted as conductive 

support.17 However, in contrast to Ni-based LDHs, Co-based LDHs exhibit relatively high 

intrinsic activity even without Fe, which suggests a synergistic cooperation between Co and Fe 

sites.17 Interestingly, it was reported that the substitution of iron by vanadium leads to another 

special synergistic effect on Ni-LDH due to a higher electric conductivity.13 Very recently, 

hollow Fe-V composite materials without any additional Co or Ni have been reported as efficient 

electrocatalysts for water oxidation.23 

Spinel-type oxides of the general type AB2O4 have attracted a great deal of research interest in 

this context. The spinel structure is a cubic closed packed array of O2- ions, with A2+ and B3+ 

metal cations occupying the tetrahedral (Td) and octahedral (Oh) voids.7,24-27 An important 

parameter proposed to be relevant for the ORR activity of spinel-type oxides is the inversion 

parameter of the spinel structure, which determines the distribution of the cations between 

tetrahedral and octahedral sites.25 We have recently studied the OER activity of Co1-xNixFe2O4 

spinel-type nanoparticles and found the highest activity in mixed ternary catalysts.28 The metal 

composition was found to have a more distinct impact on the catalytic performance than the 

particle size or structural inversion in this system. However, the cation distribution did not 

change much upon Co,Ni substitution and remained largely inverse in the ternary ferrites. A 

more pronounced effect is expected upon iron incorporation into cobalt vanadate (CoV2O4), 

which is expected to change from a normal to an inverse spinel CoFe2O4. Among the many 

possible spinel-type compositions, cobalt vanadate is also interesting, because it exhibits near 

metallic electric conductivity providing a unique situation unlike the insulating AV2O4 (A= Mn, 

Fe) due to close proximity of itineracy between e4t2
3 orbital of tetrahedrally coordinated Co2+ 
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with t2g
2 of V3+ ions.29 CoV2O4 has complicated physical properties attributed to this spin 

exchange interactions of V3+ and Co2+ on corner sharing tetrahedral sites.29,30 Given the intrinsic 

activity of cobalt oxides in oxygen electrochemistry and the above-mentioned electrical 

conductivity of CoV2O4, it appears to be a highly attractive material for an oxygen electrocatalyst 

as a similar synergistic effect as observed for the LDHs might be expected.  

Nanostructured cobalt vanadate Co3V2O8 exhibits high performance for lithium storage, as super 

capacitors and oxygen evolution reaction,12,31-33 but there are only very few reports on the oxygen 

electrocatalysis of these materials. We herein present a systematic study of the metal 

composition in uniform and phase-pure CoV2-xFexO4 nanoparticles (x = 0, 0.5, 1, 1.5, 2), which 

are explored as electrocatalyst for OER and ORR. The phase-pure nature of these catalysts 

renders them suitable materials for fundamental insights by relating structural and surface 

properties with electrocatalytic performance. 

2. Results and Discussion 

2.1 Synthesis and Characterization of Spinel-type Vanadates 

CoV2-xFexO4 nanoparticles with x varying between 0 and 2 were prepared by thermal 

decomposition of the corresponding metal acetylacetonate complexes M(acac)3 (M = Fe, V) and 

Co(acac)2 in the desired molar ratio in oleylamine at 250 °C. The resulting nanoparticles are 

crystalline as shown by powder X-ray diffraction (Figure 1A). XRD patterns show broad Bragg 

reflections at 2� values of 30.2°, 35.6°, 43.4°, 57.2°, 62.6° corresponding to the (220), (311) 

(400), (511) and (440) lattice planes of cubic spinel-type phase (CoFe2O4, PDF 22-1086, with a = 

8.3919 Å). The broadening of the peaks is attributed to the nanoscale crystalline domains and 

samples with high vanadium content show broader peaks, indicative of smaller crystallites. The 
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formation of other crystalline phases including elemental metals or other non-spinel-type oxides 

(e.g., hematite or Co3V2O8) is not observed. It is noted that the lattice parameter of CoV2O4 (x = 

0) is a = 8.407 Å and thus very similar to that of CoFe2O4, leading to only small variations in the 

peak positions with variation of x.34 

 

Figure 1. A) X-ray diffraction patterns and B) size distributions as determined by disc 
centrifugation of different CoV2-xFexO4 nanoparticles. The red bar patterns refers to CoFe2O4 
(PDF 22-1086). The reference pattern of CoV2O4 is nearly indistinguishable from that of 
CoFe2O4. 

 

The size distribution of the CoV2-xFexO4 nanoparticles was analyzed using disc centrifuge 

measurements as shown in Figure 1B. In accordance with the peak widths, the hydrodynamic 

radii of the CoV2-xFexO4 nanoparticle samples continuously decrease with increasing vanadium 

content from an average value of 4.9 nm for CoFe2O4 to 3.6 nm for CoV2O4. The particle size 

distribution is relatively narrow showing only very few particles with a size larger than 10 nm. 

The elemental composition of the samples as determined by EDSspectroscopy (Table S1) shows 

ratios very close to the expected nominal compositions of CoV2-xFexO4 (x = 0, 0.5, 1.0, 1.5, 2.0). 
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CoV2-xFexO4 nanoparticles with x = 0, 1, and 2 were also investigated by annular dark-field 

scanning transmission electron microscopy (ADF-STEM, Figure 2 and Figure S1).  

 

Figure 2: High resolution images of spinel-type CoV2-xFexO4 (x= 0-2) nanoparticles: (A) 
CoFe2O4, (B) CoFeVO4, and (C) CoV2O4. The inset in (B) and (C) denote Fast Fourier 
transformation of the nanoparticles labeled with “spinel”. 

 

High resolution ADF-STEM images (Figure 2) corroborate the formation of crystalline spinel 

nanoparticles. As opposed to the pure cobalt ferrite nanoparticles,28 substitution of iron cations 

by vanadium seems to result in a partial agglomeration of spinel- nanoparticles (Figure S1). The 

individual particle sizes of CoFeVO4 and CoV2O4 range between 4.3 and 8.3 nm in good 

agreement with the disc centrifuge measurements (Figure 1B).  

The element-specific valence states near the surface of CoV2-xFexO4 spinels were determined 

using X-ray photoelectron spectroscopy (XPS). Figure 3 shows the V2p, Co2p and Fe2p core-

level XP spectra of two ternary CoV2-xFexO4 samples with varying compositions (x = 0.5, 1.5). 

The observed binding energies (B.E.) which are in good agreement with spinel-type vanadates, 

supporting the formation of mixed oxides.23,28 The deconvoluted V2p spectra of CoV2-xFexO4 in 

Figure 3A reveal that the vanadium species are primarily V3+ (binding energy of ca. 516.5 eV) 
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with a minor contribution from V2+ (binding energy of ca. 514.7 eV). The proportion of V2+ to 

V3+ is higher in the x = 0.5 composition. Note that the peak at 521.5 eV is a satellite from the  

 

Figure 3. XPS spectra A) V 2p; B) Fe2p; and C) Co2p regions of CoV2-xFexO4. The energy scale 
was calibrated using the C 1s peak of adventitious carbon at 284.5 eV. The grey spectra in B and 
C are reference spectra of Fe3O4 and CoO, respectively. 

 

O 1s spectrum, due to the non-monochromated X-rays used to measure the spectrum.23,35,36 The 

partial substitution of vanadium by iron results is believed to be the origin of the V2+ species. The 

existence of the V2+ oxidation state was previously observed in magmatic rocks stabilized by 

spinel structure and also in iron vanadium spinels.37,38 

The Fe2p spectra of CoFe2-xVxO4 are shown in Figure 3B. Due to the highly complex peak shape 

of Fe2p in oxides, peak fitting was not used to deconvolute the spectra.39,40Instead they are 
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compared with iron oxide reference spectra. From Figure 3B, one can see that the peak shape and 

binding energy (BE = 710.9 eV) are similar to that of Fe3O4, suggesting that the Fe oxidation 

state in CoFe2-xVxO4 is a mixture of Fe2+ and Fe3+. No differences between the x = 0.5 and 1.5 

spectra can be seen in Figure 3B, likely due to the low signal intensity and that such differences 

are expected to be very subtle. The Co2p3/2 spectra are shown in Figure 3C. Again, due to the 

complex peak shape, the spectra were not deconvoluted, but rather compared to reference 

spectra. The CoO spectrum in Figure 3C shows a very similar qualitative line shape and 

chemical shift (BE = 779.5 eV) as the Co2p spectra of the CoFe2-xVxO4 spinels.41-43 This 

observation suggests that the spinels consist primarily of Co2+ species. Again, due to the low 

signal intensity, subtle differences among the two spectra cannot be discerned.  

2.2 Composition dependent oxygen electrocatalysis of CoV2-xFexO4 

The influence of the chemical composition of CoV2-xFexO4 nanoparticles was evaluated for both 

oxygen evolution (OER) and oxygen reduction reactions (ORR) in 1 M KOH solution by using a 

three electrode system at a scan rate of 5 mV sec-1. The particular interest was to identify the 

distinctive role of the V3+ to Fe3+ ratio on the resulting electrocatalytic activity of CoV2-xFexO4 

nanoparticles. The OER performance strongly depends on x and CoV2O4 showed a higher 

electrocatalytic OER activity compared to pure CoFe2O4, most likely resulting from the metallic-

like conductivity of CoV2O4. However, these binary oxides (x = 0, 2.0) show the lowest catalytic 

activity compared to all ternary catalysts with mixed spinel-type oxides CoV2-xFexO4 (x = 0.5, 

1.0, 1.5; Figure 4A and Figure S2). It appears that the co-existence of V3+ and Fe3+ ions in the 

spinel-type lattice plays an essential role for the catalytic activity. The overpotential required to 

deliver a 10 mA cm-2 current density, that is estimated to be a suitable figure of merit for a solar 

fuel production, was used to evaluate the OER activity.6,22 The best composition for the OER 
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activity was found in CoV1.5Fe0.5O4 (x = 0.5) with an overpotential of ~ 0.3 V, which represents 

the smallest value within the materials investigated (CoV2O4 ~0.35 V, CoFe2O4 ~0.36 V, 

CoV0.5Fe1.5O4 ~0.33 V, CoVFeO4 ~0.31V). To better locate the activity maximum on the 

composition scale, an additional sample with x = 0.25 was synthesized and its overpotential was 

found to be 0.31 V (Figure 4C) fitting perfectly to the trend and showing that the promotional 

effect was indeed strongest for x = 0.5.   

 

Figure 4. OER activities of different CoV2-xFexO4compositions in 1M KOH solution at rotation 
speed of 1600 rpm with scan rate of 5 mV s-1. A) OER activity and B) Tafel slope derived from 
voltammograms of a) x=0; b) x=0.5; c) x=1.0; d) x=1.5; e) x=2.0 and f) commercial IrO2. C) 
Overpotentials required at j=10 mA cm-2 of CoV2-xFexO4 (error bars represent the scattering 
between several electrode preparations and measurements); D) Charge transfer resistance and 
Tafel slope of CoV2-xFexO4.  
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The improved catalytic activity of the V- and Fe-containing mixed spinel-type oxides and their 

trend is not only observed in the overpotentials, but also in the Tafel analysis. Tafel slopes are an 

important parameter, which offer insights into the OER reaction kinetics were measured by 

fitting the polarization data to the Tafel equation (η = a + blogj), η is the over potential, b is the 

Tafel slope, and j is the current density). A linear dependency of η vs. log (j) with different 

slopes was observed for all catalysts. CoV1.5Fe0.5O4 exhibits a lower Tafel slope of 38 mV dec-1 

as compared to pure CoV2O4 (59 mV dec-1), CoFe2O4 (58 mV dec-1) and CoFeVO4 (51 mV dec-1) 

as shown in Figure 4B and 4D. The lower Tafel slope of CoV1.5Fe0.5O4 indicates a favorable 

electron transport, resulting in an increased OER activity. Furthermore, we measured the linear 

slope of the capacitive current with variation of scan rate (Figure S3) equivalent to twice of the 

double-layer capacitance (Cdl) of the catalysts using cyclic voltammetry.13,44,45 High active surface 

area (ECSA) is the prerequisite for an efficient electrocatalyst. The slope for the charging current 

of CoV1.5Fe0.5O4 is significantly larger than that of the other catalysts (CoV2O4, CoFe2O4), 

indicating a large number of exposed surface sites to be active in the OER on this catalyst. These 

results also show that the high catalytic activity of CoV1.5Fe0.5O4 can be attributed to the 

enhanced anion exchangeability between the electrolyte and electrode resulting in the increased 

number of catalytic active sites. To examine the electrode kinetics, electrical impedance 

spectroscopy (EIS) was used to characterize the interfacial electrode kinetics and resistance of 

the material. The charge transfer resistance Rct was obtained by fitting of Nyquist plot data using 

Randles circuit, recorded at an overpotential of 0.35 V. The Nyquist plot shows semi-circle in 

high frequency range mainly associated with charge transfer resistance and the diameter of the 

semicircles decrease with substituting Fe3+ by V3+ ions in CoV2-xFexO4 (Figure S4). The EIS data 

(Figure 4D) reveal a significantly lower charge-transfer resistance (Rct ~ 25 ohm) for 
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CoV1.5Fe0.5O4 as compared to pure CoV2O4 (62 ohm), CoFe2O4 (125 ohm) and CoFeVO4 (35 

ohm), respectively. The superior charge transport kinetics of CoV1.5Fe0.5O4 results in an effective 

charge transfer, which is in good agreement with the low Tafel slope and low overpotential 

values.  

The improved OER activity thus can be related to synergetic effects of V, Fe and Co sites in the 

spinel-type mixed metal oxides and can rationalized by the following aspects. One factor that 

influences the catalytic activity may be attributed to the easier valance change of the accessible 

Co2+/3+ sites. The highest abundance of V2+ of the most active pre-catalyst might be an indication 

for an internal redox couple Co2+ + V3+� Co3+ + V2+ in the presence of low amounts of Fe3+. It is 

noted that the V2+ abundance was lowered again for the newly prepared iron poorer sample x = 

0.25 following the trend in reactivity (Figure S5). Additionally, the electrical conductivity of V-

containing ferrite spinels, which generally related to an electron hopping process involving the 

redox-active Fe3+/Fe2+ couple, is higher since CoV2O4 show metallic behavior due to the localized 

itinerant electronic transition of Co and V. This can lead to a lower charge transfer resistance 

with improved OER activity as observed by the low charge transfer resistance of all V-

containing samples and in particular of CoV1.5Fe0.5O4. Furthermore, the observed OER activity 

may be related to the change in coordination environment of cobalt cations from tetrahedral to 

octahedral environment at the catalyst surface,27 introduced by the structural inversion as V3+ is 

gradually replaced by Fe3+. 

Furthermore, the CoV2-xFexO4 nanoparticles were also investigated for the oxygen reduction 

reaction (ORR). The measurements were done in O2 saturated 1M KOH solution. Figure 5A and 

Figure S6 show the LSV, which shows no obvious peak in N2-saturated 1M KOH solution, 

whereas a pronounced cathodic peak is clearly observed in O2-saturated solution assigned to the 
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reduction of oxygen. Notably, CoV1.5Fe0.5O4 exhibits a cathodic peak at 0.664 V vs. RHE, which 

is more positive than those of the pure CoV2O4 (0.595 V), CoFe2O4 (0.573 V) and CoFeVO4 

(0.615 V) catalysts. Thus the trend is similar to the OER studies. However, the activity of the 

spinel-type nanoparticles is lower compared to previously reported spinels, in which the catalysts  

 

Figure 5. A) ORR activity of a) x=0; b) x=0.5; c) x=1; d) x=2 and e) commercial Pt/C in O2 
saturated 1M KOH solution at rotation speed of 1600 rpm with 5 mVs-1. B) Effect of different 
rotation rates of CoV1.5Fe0.5O4for ORR activity. Inset shows the K-L plots at different potentials.  

 

were mostly anchored on conductive substrates such as graphene or carbon nanotubes.46 Rotating 

disc electrode (RDE) measurements were carried out to investigate the activity and kinetics for 

ORR in linear potential scan mode. The reduction currents increase as a function of rotation 

rate47 due to the availability of large reactant flux near the electrode surface, as shown in Figure 

5B. The kinetic parameters are calculated by analyzing the RDE data based on the Koutecky–

Levich equation, inverse of current density (j-1) as a function of the inverse of square root of 

rotating speed (ω-1/2) at different potentials from 0.35 to 0.65 V (Figure 5B). The corresponding 
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at different potentials is calculated to be in the range 3.5-3.7 for the potential range measured, in 

reasonable agreement with the ORR being a four-electron process. The ORR activity depends on 

the number of efficient active sites for molecular adsorption of oxygen and surface defects 

present on the catalyst surface.48,49 Recently, it was proposed that the activity of ferrites towards 

ORR is promoted by inversion on its spinel structure from the normal to the inverse leading to 

acceleration of O-O cleavage24. Hence, the improved activity of CoV1.5Fe0.5O4 compared to the 

other compositions again can be assumed to be partially due to the higher structural inversion 

with more available octahedral cobalt sites in the pre-catalyst.  

2.3 Computational results 

As outlined above, an important parameter that may influence the electrochemical performance 

is the cation ordering in the spinel structure. Density functional theory (DFT) by taking into 

account of spin-orbit interaction (SOC) were used to resolve the most stable cation ordering in 

CoV2-xFexO4 (for complete details, see experimental section).50,51 Figure 6 shows formation 

energies and the most stable configurations of CoV2-xFexO4 for three different inversion 

parameters λ, namely λ = 0.0 corresponding to a normal spinel (all A2+ on Td), λ = 1.0 

corresponding to an inverse spinel (all A2+ on Oh), and λ = 0.5 representing a situation, in which 

half of the A2+ cations reside on each the Oh and Td sites. The magnetic moments are shown in 

Figure S7-S8 andthe formation energies without SOC in Figure S9. Spins aligned along the hard 

[001]-axis and spins rotated along the easy [010]- and [100]-axes are denoted by black and 

yellow arrows, respectively. The stable configuration for CoV2O4 is the normal spinel in 

agreement with experimental reports.52 
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The corresponding magnetic moments of V3+are 2.6 μB and 0.5 μB along the hard and easy axes 

while the magnetic moments of Co2+ ions at tetrahedral sites are aligned along the hard axis. In 

CoV1.5Fe0.5O4, the half inverse spinel (λ= 0.5) appears at the convex hull where the Td sites are 

occupied exclusively by Fe3+ and Co2+. The normal spinel phase is just 10 meV/atom above the 

convex hull and this energetic similarity of the normal and the half inverse spinel may be 

speculated to be related to the special electronic situation at the surface. The most active catalyst  

 

Figure 6. Relative formation energies of different Co-Fe-V ordering in CoV2-xFexO4 for inversion 
parameters λ= 0.0, 0.5, 1.0 within DFT/GGA+U, taking into account SOC. Crystal structures of 
the most stable configurations and magnetic orders denoted by arrows are also shown for each 
concentration x. (The sizes of arrows for the different chemical species are normalized for better 
visibility, the actual sizes of magnetic moments are given in SI, Figure S7). 
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with x = 0.5 is found at the point of interception of the black and red curves in Figure 6. At the 

same composition of x = 0.5, the half and fully inverted structures show their energy minima due 

to a strong stabilization of the inverted structures with increasing Fe content from 0 to 0.5. As the 

normal structure is destabilized at the same time, the inverted structures become energetically 

favorable for the first time around x =0.5. Thus, the composition CoV1.5Fe0.5O4 appears to be an 

optimal compromise between the high electric conductivity originating from the (normal) 

vanadates and the supposedly favorable inversion effect with more cobalt cations on Oh sites 

originating from the (inverse) ferrites.  

 

Figure 7. Spin density and magnetic moments of the (111) surface of CoV1.5Fe0.5O4 for the 0.25 
ML (Co-Fe)tet and 0.25 ML Voct terminations, respectively, indicating variation of oxidation 
states of the surface cations with respect to the bulk. 

 

The magnetic moments of V3+ ions aligned along the easy axis are reduced for CoV1.5Fe0.5O4 as 

compared to CoV2O4 (maximum value 0.25 μB). However, some Co2+ ions at octahedral sites 

have a contribution along the easy axes of 0.2 μB. The most stable configuration in CoVFeO4 (x = 

1.0) is also a half inverse spinel (the inverse spinel being 30 meV/atom higher in energy) and the 
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magnetic moments of V3+ ions are aligned along the hard axis while some Co2+ ions show a slight 

rotation off the hard axis. For CoV0.5Fe1.5O4, the inverse structure with an inversion parameter of 

λ= 0.5 is stabilized and the most stable ion configuration is a layered structure along the [010] 

direction where spins of V3+ are rotated along the easy axes. The prediction of a preferred non-

collinear configuration for low iron content is in agreement with indications for considerably 

stronger spin canting and reduced high-field magnetization for x = 0.25 and x = 0.5 observed via 

Mössbauer spectroscopy and magnetometry experiments as illustrated in the supplementary 

(Figure S10, S11). Finally the inverse spinel structure is stable in CoFe2O4 which agrees well 

with previous work.28,53 In summary, we observe that the bulk inversion parameter (λ) increases 

with the Fe content with the coordination geometries at the surface. Moreover, the spin-orbit 

coupling is quenched with increasing Fe concentrations.  

According to the bulk calculations, the oxidation states of V3+, Fe3+ and Co2+ persist for the 

different Fe contents in CoV2-xFexO4. DFT+U calculations are performed for the CoV1.5Fe0.5O4 

(111) surface for two terminations with a 0.25 ML (Co-Fe)tet and a 0.25 ML Voct layer. The 

(111)-surface with the above mentioned terminations is considered stable in spinel ferrites.53 The 

spin densities and PDOS plotted in Figure 7 indicate that at the 0.25 ML (Co-Fe)tet termination V 

indeed undergoes the transformation from V3+ (1.8 μB) to V2+ (2.6 μB) and Fe3+ (4.1 μB) to Fe2+ 

(3.6 μB) from bulk to the surface which is in agreement with our experimental results. On the 

other hand, at the 0.25 ML Voct termination we find indications for V4+ (0.9 μB) and Co2+ (in the 

low-spin state, 0.7 μB), respectively.  

2.4 Bifunctionality and Stability 
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Figure 8 shows the OER and ORR activity of CoV1.5Fe0.5O4 in 1 M KOH solution with a 

potential difference of ΔE = 0.83 V. Notably, the difference between the potential difference of 

ORR and OER current is an important parameter for an overall oxygen electrode. It was 

evaluated at current densities of -1 mA cm-2 for ORR and 10 mAcm-2 for OER. CoV1.5Fe0.5O4 

exhibit small ΔE with a value of 0.83 V compared to pure CoV2O4 (1.01 V), CoFe2O4 (1.13 V) 

and very similar to Pt/C (0.81 V), demonstrating that CoV1.5Fe0.5O4 is a very promising catalyst 

for oxygen electrocatalysis. Supporting this material on conductive carbon might offer even 

more room for optimization. Stability is one of the key factors in evaluating catalyst 

performance. The stability of best catalyst, CoV1.5Fe0.5O4 during OER and ORR were conducted 

at 10 mA cm-2 and-1 mA cm-2 with chronoamperometric measurements, which shows little 

changes were observed (Figure 8B). The present study underpins the importance of the 

substitution effect in electrocatalytic applications for designing mixed oxide electrode materials 

towards water splitting. 

 

Figure 8. A) OER and ORR activity of different catalysts in 1M KOH solution. B) 

chronoamperometric measurements recorded at 10 mA cm-2 for OER and -1 mA cm-2 for ORR 

(Inset) of CoV1.5Fe0.5O4. 
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3. Conclusion 

In summary, a facile synthetic approach for nanocrystalline and phase-pure CoV2-xFexO4 with 

defined chemical composition and defined particle sizes in the low nm range was developed and 

the effect of a varying chemical composition in these spinel-type electrocatalysts was 

investigated. The catalytic activity was explored in the oxygen evolution (OER) and oxygen 

reduction reactions (ORR) and was found to be strongly influenced by the V/Fe ratio. The 

improved electrocatalytic activity of CoV2-xFexO4 over pure spinel-type CoV2O4 and CoFe2O4 

suggests a synergetic effect of all three metal cations. A possible explanation is the high 

accessibility of Co2+/Co3+ sites at the surface as indicated by an internal redox couple Co/V 

and/or a higher degree of structural inversion for the ternary oxides leading to more cobalt 

cations in octahedral sites. Indeed, DFT+U+SOC calculations on cation ordering show a 

tendency to stabilize the inverse structure with increasing Fe concentration in CoV2-xFexO4. This 

effect is starts to dominate at compositions around x = 0.5. Moreover, the effect of SOC is 

particularly important for low Fe concentrations but is quenched with increasing Fe content. The 

theoretical results also show that the variation of oxidation states are related to the surface region 

where we find transformation of V3+� V2+. CoV1.5Fe0.5O4 nanoparticles are very promising for an 

active and stable electrocatalyst for both OER and ORR. 

4. Experimental Section  

Materials 

Metal acetylacetonates Co(acac)2, V(acac)3 and Fe(acac)3 were purchased from Sigma-Aldrich 

and used without further purification. Potassium hydroxide and oleylamine were obtained from 
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Acros organics and degassed prior to use. Commercial IrO2 and Pt/C were received from Sigma-

Aldrich and used as benchmark electrocatalysts. 

Synthesis of CoV2-xFexO4 nanoparticles  

In a typical reaction, a mixture of M(acac)3 and Co(acac)2 (2 mmol in total) were suspended in 

15 mL of oleylamine. The mixtures were first heated to 100 °C for 10 min to remove low boiling 

solvents resulting in a clear red solution. Then the temperature was raised to 250 °C and kept at 

this temperature for 60 min. After the solution was cooled to ambient temperature, the 

nanoparticles were precipitated by adding 10 mL of ethanol. The precipitate was isolated by 

centrifugation, purified by repeated washing (2-3 times) with ethanol and dried in vacuum. 

Substituted spinel-type oxides were prepared simply by heating stoichiometric mixtures of the 

three different metal acetylacetonate complexes at 250 °C for 1 h. 

Structural Characterization 

Powder X-ray diffraction (XRD) patterns of nanoparticles were recorded at ambient temperature 

(25 ± 2 °C) using a Bruker D8 Advance powder diffractometer in Bragg–Brentano mode with Cu 

Kα radiation (λ = 1.5418 Å, 40 kV and 40 mA). The powder samples were investigated in the 

range of 5 to 90° 2 θ with a step size of 0.01° and a counting time of 0.3 s. The size and 

morphology of the nanostructures were characterized by using a JEOL JEM-ARM200 F 

transmission electron microscope. Energy-dispersive X-ray spectroscopy (EDS) studies were 

carried out on a scanning electron microscope (Jeol JSM 6510) equipped with an energy-

dispersive X-ray spectroscopy (EDX) device (Bruker Quantax 400). X-ray photo electron 

spectroscopy (XPS) was recorded using Versaprobe IITM by ULVAC-Phi with a small minimal 

beam size of < 10 µm having spectral resolution of 0.5 eV.  
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Magnetic Characterization 

Mössbauer spectra at 4.3K have been recorded in transmission geometry in constant acceleration 

mode. The experiments were performed using a l-He bath cryostat containing a superconducting 

magnet in split-coil geometry providing the applied magnetic field of 5T along the g-ray 

propagation direction. Field dependent magnetization curves were measured up to a maximum 

field of 9T utilizing the vibrating sample magnetometer option of a PPMS DynaCool (Quantum 

Design). 

Electrochemical Characterization 

All electrochemical measurements were performed in a conventional three-electrode cell using 

an Autolab potentiostat/galvanostat (PGSTAT12, Eco Chemie, Utrecht, The Netherlands) 

coupled to a Metrohm RDE rotator. The working electrode of disc shaped glassy carbon of 

geometric area 0.126 cm2 modified with the catalysts, Ag/AgCl/3M KCl as the reference 

electrode and a platinum foil as counter electrode. The purity of the KOH electrolyte was 99.9%. 

The activities were also tested in commercial 1 M KOH solution (Sigma Aldrich) with no 

impurities and similar OER activities were found. The measured potentials were converted to the 

reversible hydrogen electrode (RHE) scale using the following equation ERHE = EAg/AgCl + 0.210V 

+ 0.059 pH. For electrochemical measurements the catalyst ink was prepared by dispersing 5.0 

mg/mL of the catalyst and 5 µL of nafion in ethanol water mixture (1:1) and ultrasonicated for 

30 min. 5.0 μL of the catalyst suspension was drop coated onto the polished glassy carbon 

electrode and dried in air at room temperature. The modified electrodes were subjected to 

continuous potential cycling until reproducible voltammograms were obtained before catalytic 

measurements. Electrochemical impedance spectroscopy was then recorded in the frequency 
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range from 50 kHz to 1 Hz at the corresponding open circuit potential of the electrode, using an 

AC perturbation of 10 mV. The resistance of the solution was determined from the resulting 

Nyquist plot, and the later used for ohmic drop correction according to the relation, Ec = Em-iRs, 

where Ec is the corrected potential and Em is the applied potential. All reported current densities 

were calculated using the geometric surface area of the electrode. 

The number of electrons involved in the reduction process was calculated by the Koutecký–

Levich (K–L) equation given below. 

1/j =1/jL +1/jK =1/Bω1/2 +1/jK 

B = 0.62nFC0(D0)2/3ν−1/6 

jK= nFkC0 

Here, j is the measured current density, jKand jLare the kinetic and diffusion-limiting current 

densities, ω is the angular frequency of the RDE in radians per second, n is the number of 

electrons involved in the reaction, F is Faraday’s constant (96485 C mol−1), D0 is the diffusion 

coefficient of O2 in the electrolyte (1.93 × 10−5 cm2 s−1), νis the kinematic viscosity of the 

electrolyte (1.01 × 10−2 cm2 s−1), C0 is the concentration of O2 in the electrolyte (1.26 × 10−6 mol 

cm−3) and k is the electron transfer rate constant. 

Computational details 

The density-functional theory (DFT) calculations were performed by using of the VASP code 

within the projected-augmented waves (PAW) method.50,51The spin-orbit coupling and non-

collinear magnetism are implemented within the PAW framework.51 The structures were fully 
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optimized within the generalized-gradient approximation (GGA)54 for the exchange-correlation 

functional together with an on-site Hubbard U term at the transition metal cation sites.55 Then the 

SOC included to the calculations. Overall, more than 100 configurations were investigated to 

identify the most stable configurations for different V2-xFex concentration. In line with previous 

theoretical investigations we used the on-site Hubbard-U parameter of  UFe= 4.3, UCo =4.0, UV 

=3.4 eV and a Monkhorst-Pack grid of  6×6×6 k-points for all calculations. The cutoff energy of 

500 eV and forces of 10-6 eV/Å were used for ionic relaxations.   

The complex behavior of spinel vanadates originates from several competing interactions among 

spin, orbital and lattice degrees of freedom.56,57 The exchange interactions between V and Co/Fe 

results in a complicated non-collinear magnetic order at low temperatures.58,59 Recalling that 

CoV2O4 and CoFe2O4 are considered to be normal52 and inverse53 spinels, the type of cation 

ordering for different concentrations of V and Fe cations remains unknown but can influence the 

inversion parameter and spin-orbit interaction  of these compounds. Moreover, substitution of 

iron with vanadium can modify the magnetic frustration and orbital pattern in CoV2-xFexO4. In 

particular, the relative formation energies of different cation ordering of CoV2-xFexO4 (x=0.0, 0.5, 

1.0, 1.5, 2.0) for inversion parameters of λ= 0.0, 0.5, 1.0 were calculated. In a normal spinel (λ= 

0.0), all tetrahedral sites are occupied by Co and octahedral sites are distributed between Fe and 

V.  At λ= 0.5, half of the Co ions occupy the tetrahedral and the other half octahedral sites. 

Correspondingly, Fe/V occupies half of the tetrahedral and ¾ of the octahedral sites. Finally, for 

the inverse spinel, tetrahedral sites are occupied only by V and Fe and octahedral sites can be 

occupied by all three transition metal ions. The relative formation energies can be calculated 

from the total energy of different structures with respect to the energy of the end members 

CoV2O4 andCoFe2O4:  
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Where x is the relative concentration of Fe and λ is the inversion parameter. The total energies 

of CoVO4 and CoFeO4 for the inverse structures are chosen as references. 
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