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Abstract 

Microscopic homogeneity of mixed metals in a single-phase oxide is a critical issue on 

improving material performance. Aqueous alkaline precipitation is the most common 

approach, but has the limits of microscopic inhomogeneity due to intrinsically different 

precipitation rates between metal cations. Herein, we demonstrate a new preparation of 

uniformly structural substituted cobalt iron oxides via acidic redox-assisted precipitation 

(ARP) upon the interaction of CoII and K2FeO4. This low-pH synthesis features the redox 

process between Co and Fe, presumably through the formation of inner-sphere complexes 

(such as [(H2O)5CoII-O-FeVIO3]). With the nucleation starting from such complexes, one 

obtains a product with predominantly mixed-metal Co-O-Fe moieties, which improves the 

electrical conductivity of the product. This work further analyzes how the properties of the 

product species evolve during the hydrothermal synthesis step in the ARP process. We see 

that the Co/Fe ratio slowly increases from about 1:1 to a final value of 2:1, but does not 

reach the expected redox stoichiometry of 3:1. At the same time, the magnetization also 

increases, reaching a value of 16.9 emu•g-1 for the final superparamagnetic product, which 

is three times higher than the value of monometallic Co3O4 and Fe2O3. The cobalt iron 

oxide samples obtained from ARP also possess superior oxygen evolution activity (307 

mV) overpotential (at 10 mA•cm-2•µg-1) compared to a mixture of Co3O4 and Fe2O3 (422 

mV) or pure cobalt oxide (350 mV), highlighting the structure-induced enhancement of the 

catalytic activity. The difficult synthesis of evenly blended trinary/quaternary metals in a 

single oxide phase may become possible in future via ARP. 

Keywords: acidic redox-assisted precipitation, potassium ferrate, multi-metal oxides, 

oxygen evolution, superparamagnetism   
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1. Introduction 

 

Spontaneous and simple aqueous-phase synthesis of multinary transition metal 

oxides which feature long-range, metal-oxygen backbones with alternative metals is 

promising breakthrough of novel multi-functional semiconductors.1-3 Polarized electron 

structures resulting from inequivalent electron-attraction between different metal cations, 

generally enhance catalytic reactivities, conductivity, and magnetic behaviors. Aside from 

that, this feature provides the opportunity of band gap engineering, which is valuable for 

photo-assisted chemistry, light-emission technology, and semiconductor devices/sensors.4-

7 Multinary metal oxides are promising in enabling highly-selective tandem reactions due 

to the presence of multiple reaction centers.8-10 By incorporating more than two 

homogeneously distributed metals in an amorphous oxidic structure, one can obtain so-

called high entropy oxides3,11,12 which can be potentially simplified by aqueous-based 

deposition. 

Protocols for the preparation of multinary transition metal oxides in literature are 

mostly based on alkaline precipitation, a well-known approach in textbooks.13 Typically, 

bases (e.g. NaOH, NH4OH, urea, etc.) are added in an aqueous dispersion containing the 

target metal cations to yield metal hydroxide precipitates, which are then calcined in an 

subsequent step to obtain oxides. Typically, such synthesis strategies do not involve 

changes in the oxidation states of the involved metal ions. One disadvantage of the alkaline 

precipitation is that the prepared products may show microscopically inhomogeneous 

metal distributions. This is a consequence of deviating solubility product constants Ksp for 

the involved transition metal cations, which causes different precipitation rates.14,15 
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Therefore, precipitation based on direct metal-to-metal interactions, rather than metal-to-

hydroxide ion reaction, is a straightforward solution to address this issue. In the previous 

studies, aqueous redox reactions between low-valent metal cations (as reductants) and 

potassium permanganate (as metal-containing oxidant), have successfully generated 

precipitates of multinary oxides under acidic conditions.4,15-17 The redox process tends to 

create structures featuring mix-valency and structural vacant sites with different elemental 

compositions, which are highly desired to achieve versatile catalytic activities in a broad 

range of applications.6,14,18-26 Although there are only few reports on this synthesis strategy 

referred to as “acidic redox-assisted precipitation” (ARP), it represents a rising alternative 

to alkaline precipitation.  

Potassium permanganate is probably the mostly used metal-containing oxidant in the 

literature to perform ARP. This is likely due to the well-balanced aqueous stability, which 

avoids self-decomposition in water, and its relatively strong oxidizing capability compared 

to, for example, K2CrO4 or K2Cr2O7.
4,19,22 Oxidants with too weak oxidizing potentials 

cannot react with metal cations that have stable electron configurations (e.g. NiII, CuII, etc.). 

27-30 We thus attempt to explore new oxidants with even higher oxidizing potentials than 

KMnO4 while maintaining a reasonable aqueous stability. One of the stronger oxidation 

agents that is known for low biological/environmental impacts is potassium ferrate (VI), 

K2FeO4. Despite that, potassium ferrate (VI) has not been explored yet as a candidate for 

ARP.31 No knowledge of redox reactions between K2FeO4 and other transition metal 

cations to yield multinary metal oxides has been systematically reported.  

    In this work we conducted ARP using potassium ferrate (VI) and CoII in low-pH aqueous 

conditions to yield cobalt iron oxides (CFO). We found interesting that the Co/Fe ratio in 
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the products change, up to a certain boundary value, with the initial precursor ratio and the 

reaction time. To our surprise, the Co/Fe ratio does not reflect expected redox 

stoichiometry, as observed for reactions with KMnO4.
14 The varying Co/Fe ratio allows 

the preparation of a large variety of compounds with different structural doping as well as 

different behaviors in magnetism, conductivity, (electro-)catalytic activity, suitable for 

different applications. In this work we also identify the possible intermediates with 

experimental and computational methods, in order to propose a possible mechanism for 

this unique nucleation process.  
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2. Results 

2.1. Material Synthesis  

The acidic redox-assisted precipitation (ARP) between Co(OAc)2 and K2FeO4 

produces binary cobalt iron oxides via an one-step procedure, in which an aqueous  solution 

of the precursor species is heated  at 140oC for 12 hours. A small amount of acid was added 

to keep the pH values in the range of 5.10-5.70 to avoid occurrence of alkaline precipitation 

(see the detailed synthetic procedure in the Supporting Information). During the synthesis 

CoII is oxidized to CoIII while FeVI is reduced to FeIII, yielding a deep brown precipitate. 

This redox reaction is suggested as the following: 

 

3CoII + FeVI → 3CoIII + FeIII       (1) 

 

Eq. 1 suggests an ideal redox stoichiometry of Co/Fe=3/1. This ratio was adopted as 

the typical precursor ratio in the preparation of this study, unless otherwise stated. Thus 

the CFO sample prepared according to the standard procedure will also be referred to as 

CFO3/1 to reflect the precursor ratio.  The XPS data of the ARP products confirm the 

trivalent state of both Fe and Co, as discussed in Section 2.2. (Fig. S2). To confirm that the 

synthesis of the CFO really proceeds via a redox step, we compared the products 

synthesized using K2FeO4 (as oxidant) to those using non-oxidizing Fe sources like FeCl3 

and Fe(NO3)3. The XRD results of the as-yielded precipitates (Fig. 1a) show that the 

product obtained with K2FeO4 is a mixed Co3O4 spinel phase, while the reactions with 

FeCl3 or Fe(NO3)3 yield an Fe2O3 phase. In addition, ICP-MS have been used to determine 

the Co/Fe ratio of the precipitates. One also sees here that the composition of the 
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precipitates obtained with different Fe precursors is very different:  Co/Fe = 1.15:1 

(K2FeO4), 0.07:1 (Fe(NO3)3), and 0.06:1 (FeCl3). The latter two cases have significantly 

lower cobalt contents and product yields, indicating no appreciable interaction between 

cobalt and iron during the reaction. As such, the intensive interaction of CoII with FeVI 

species has been recognized, while there is very weak interaction between CoII and FeIII 

from Fe(NO3)3 or FeCl3). This reveals the essential role of the redox reaction in the 

precipitate formation. Thus, the binary cobalt iron oxides (CFO) is recognized to follow 

the ARP principle.  

We have further prepared two control samples following the same procedure, but 

adding only K2FeO4 or only Co(OAc)2. These samples are referred to as CFOCo-free and 

CFOFe-free, respectively. These control samples are used for characteristic comparison with 

the CFO (XRD, SEM, FTIR, Raman, and OER). The XRD patterns of CFOFe-free 

correspond to Co3O4 phase, while those of CFOCo-free correspond to Fe2O3 phase (Fig. S3).  

 

2.2. XPS Spectroscopy 

  XPS spectroscopy of CFO3/1 shows a binding energy of 799.8 eV for the Co 3p3/2 

state (Fig. S2a), which corresponds to CoIII species. In addition, the absence of a satellite 

at around 785.5 eV confirms that there is no CoII in our sample32. The Fe 2p3/2 signal 

appearing at 711.0 eV indicates the presence of FeIII species in an octahedral environment 

(Fig. S2b).33 All the XPS data well support that the precipitate formation indeed involves 

the changes in oxidation states as indicated by Eq. 1.  

The tetrahedral sites of the spinel Co3O4 phase are typically occupied by divalent 

CoII, while the trivalent CoIII occupies the octahedral sites. In our CFO samples, only 
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trivalent metal ions are present (either CoIII or/and FeIII), thus the tetrahedral sites should 

also be occupied by trivalent metal ions. The octahedral occupancy by trivalent cation 

remains the same as a typical spinel, according to the XRD data.To balance of the charges 

in the oxide framework, an exchange mechanism as shown below should be involved, 

where the total numbers of charges and occupation sites of metal cations should be identical 

on the both side of equation (Eq. 2): 

 

2MIII
Td + □Td ↔ 3MII

Td                                                                                 (2) 

 

where □Td is a tetrahedral vacancy. By having trivalent metal ions in the tetrahedral sites 

of spinel Co3O4, every third tetrahedral site should remain unoccupied. As this vacant site 

was constructed to compensate for the charge, these sites can also be interpreted as defect 

sites18. 

 

2.3. Thermal Stability  

Thermogravimetric analysis (TGA) was conducted to evaluate the thermal stability 

of CFO samples under nitrogen atmosphere. As shown in Fig. 1b, CFO3/1 and CFOFe-free 

show the desorption of physisorbed gaseous species and water at temperatures below 

250ºC.34,35 At around 250ºC-350ºC, all the samples undergo a second-stage mass loss due 

to the breaking of chemically-bonded hydroxyls.34 At these temperatures, CFO3/1 lost 8% 

of its mass which is higher than the loss of CFOFe-free and CFOCo-free at 5%. This can be due 

to the vacancy sites in the CFO structure as discussed in Section 2.2. These sites feature 

un-bonded oxygen atoms that tend to form chemically-bonded hydroxyls. Among the three 
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considered samples, only CFOFe-free shows a third stage mass loss at 720ºC, which 

corresponds to the transformation of Co3O4 to CoO.36 For CFO3/1, this transformation is 

not observed. This is consistent with reports arguing that hindered ion diffusion is the main 

reason why such a transformation is not observed for iron-doped cobalt oxides.37  

 

2.4. Morphology and Conductivity 

 The SEM images of the CFO3/1 sample assemblies that are several micrometers large. 

The assemblies are composed of fine particles with a diameter of 18 nm (Fig. 2c,d). We 

also acquired the SEM images of a 1hCFO3/1 sample that, different to the preparation of the 

standard sample, has only been heated for one hour. The corresponding image shows the 

particulate product featuring a smooth surface (Fig. 2a, b). This suggests that there is a 

transformation from a bulk, continuous chunk into fine nanoparticles over the 12 hours 

heating during the synthesis.  

To confirm that the ARP of CoII species with K2FeO4 really leads to the formation 

of a structure that is different from Co3O4 and Fe2O3. We have also measured the electrical 

conductivity of the intermediates formed during the synthesis. Other than in the standard 

synthesis protocol, we have prepared a CFO3/1 sample alongside two control samples 

Co3O4 (CFOFe-free) and Fe2O3 (CFOCo-free) by performing the hydrothermal synthesis step 

for only 1 h. These samples will be indicated with a “1h” superscript in this work. It can 

be seen from Table 1 that the conductivity of 1hCFO3/1 is one and three orders higher than 

the control samples of Co3O4 (1hCFOFe-free) and Fe2O3 (1hCFOCo-free), respectively. To 

confirm that the 1hCFO3/1 sample is not just a mixture of the two monometallic oxides, we 

have also compared it against a physical mixture of the two control samples, which also 
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features a lower conductivity. This result confirms that already at the early stage of the 

ARP process, the Fe and Co start to interact with each other and prepare the way for the 

formation of the CFO which has different characteristics that the corresponding 

monometallic oxides. The selection of one hour is to confirm that the conductivity variation 

starts at the early stage of synthesis, rather than at the end of 12 hours preparation. With 

the further comparison between 1 hour and 12 hour samples (i.e. 1hCFO3/1 and 12hCFO3/1), 

these two samples show similar values in sheet resistance, showing that the intrinsic 

conductivity enhancement of CFO samples is more likely to be ARP-dependent, rather 

than strong correlation with reaction time or crystal phase evolution.  

 

2.5. Effect of precursor ratios 

A series of precipitates have been prepared with varied Co/Fe precursor ratios, i.e. 

10/1, 6/1, 3/1, 1/1, and 1/3. The corresponding samples, following the example of CFO3/1 

are referred to as CFOx with x being the precursor ratio. For the samples with a Co/Fe 

precursor ratio of 1/1 or higher, the XRD results (Fig. 3a) all indicate the presence of a 

crystalline phase of spinel Co3O4, which features a similar XRD pattern as iron-doped 

Co3O4 (i.e. CoFe2O4) reported in the literature38. In the case of CFO1/3, the product is 

characterized as a hematite Fe2O3 phase, which probably is due to the elevated Fe content 

in the precursor. Overall, no impure or mixed phases were observed in all the XRD data, 

indicating that ARP is capable of yielding binary oxides without impure phases, even if the 

ratio of the different elements in the precursor strongly deviates from assumed ideal 

stoichiometry shown in Eq. 1. One interesting issue is the position of the (311) peak in Fig. 

3b, which has been assigned following the assignment in JCPDS no. of 01-1152. For Co/Fe 
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precursor ratio between 3/1 and 10/1, the signal shifts towards higher 2θ values with 

increasing Co/Fe ratio, which agrees well with literature reports and reconfirms the 

structural substitution of Fe in the Co3O4 phase.38.39 The Co:Fe mole ratios (ICP-MS 

analysis) of these samples are 1.61:1 (CFO6/1), 1.67:1 (FCFO3/1), 0.5:1 (CFO1/1), and 

0.29:1 (CFO1/3). The relative cobalt contents mostly follow the trend of precursor ratios, 

but notice that CFO6/1 and CFO3/1 show the similar values and will be discussed below.  

   

2.6. Infrared and Raman Spectroscopy  

To determine the conformational changes in the local environments of Co and Fe in 

the oxide framework, the CFO samples were investigated with both infrared and Raman 

spectroscopy. CFOCo-free shows the peaks at 440 (v1-Fe) and 523 cm-1 (v2-Fe) which are 

assigned to the Fe-O vibrations typical for a hematite Fe2O3 phase (Fig. 4a).40 At variance, 

CFOFe-free shows the peaks at 557 (v1-Co) and 659 cm-1 (v2-Co). In literature, these two 

signals are discussed to be associated with the BOB3 and ABO3 vibrations, respectively, 

where A and B represent Co cation in tetrahedral and octahedral coordination geometry in 

Co3O4, respectively.41,42 The comparison of the infrared spectra of CFOFe-free, CFO6/1, and 

CFO3/1 shows the presence of iron results in a red shift of both v1-Co and v2-Co, which has 

been discussed to be a result of a slight distortion of the CoO6 octahedra caused by the 

presence of FeO6.
43 This, in return, suggests the preferential formation of mixed-metal 

moieties Co-O-Fe in the metal-oxygen backbone over single-metal moieties like Co-O-Co 

or Fe-O-Fe,18,44 which is in line with the XRD and conductivity measurements. At higher 

Fe contents, e.g. in the CFO1/1 sample, the v2-Co signal is not observed, which indicates a 

negligible occupancy of the Td sites by CoIII. This suggests that Co prefers to occupy the 
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octahedral sites first when there is a shortage of Co. The Td sites are only getting occupied, 

when the Co content in the precursor surpasses a critical value. 

In the Raman measurements (Fig. 4b), the synthesized CFO samples show high 

similarities to CFOFe-free. The broad peak at 685.8 cm-1 is assigned to the A1g mode 

associated with the vibrations of the Td-coordinated CoO4 sites in the spinel structure.45,46 

The band at 685.8 cm-1 remains unchanged upon varying the Co/Fe precursor ratio, which 

suggests that only cobalt but no Fe is occupying the Td sites. The bands at around 500 and 

350 cm-1 correspond to the Eg and T2g modes of the Oh-coordinated MO6 sites in the spinel 

structure45-47. The Eg band shifted from 492 (CFO6/1) to 478 cm-1 (CFO1/1) upon increasing 

Fe content (Note: for the straightforward comparison, the swap of Eg and T2g assignment 

reported in iron-rich spinel oxide, such as CoFe2O4
47

 has been ignored). At the same time, 

a shift of the T2g peak from 350 (CFO6/1) to 340 cm-1 (CFO1/1) could also be observed. The 

dependency of these signals on the Co/Fe ratio reveal that both Co and Fe occupy the Oh 

sites. Thus, both IR and Raman results indicate the predominance of Co-O-Fe mixed-metal 

moieties in the oxide framework, where only CoIII occupies the Td sites, and the Oh sites 

are occupied by both CoIII and FeIII.  

 

2.7. OER performance 

            The enhanced conductivity and polarized electronic structures at the active sites, 

both resulting from the homogeneous distribution of Co and Fe in the CFO sample, have 

been discussed to be beneficial for the electrocatalytic oxygen evolution reaction (OER).36  

The comparison of the linear scan voltammetry curves (Fig. 5a) obtained for CFOFe-free and 

CFOCo-free shows that the former, i.e. Co3O4, features a much higher catalytic activity than 



13 

 

the latter, Fe2O3. According to the LSV data normalized by the cobalt content, CFO3/1, with 

0.63 mole fraction of cobalt, exhibits an overpotential of η = 336 mV (10 mA•cm-2µg-1), 

and thus slightly outperforms CFOFe-free with a value of 350 mV. We further prepared a 

sample referred to as CFOphysmix by physically blending CFOFe-free and CFOCo-free, so it 

features the same Co/Fe ratio as the CFO3/1 sample. It could be shown that the CFOphysmix 

is, with η = 422 mV, even catalytically less active than pure cobalt oxide. This highlights 

the advantage of the homogeneous metal distribution in the catalyst48 achieved via ARP 

and the resulting improved conductivity. The presence of the uniformly substituted iron 

atoms and maybe also of the defect sites, may have a synergistic effect on the local 

environment of the Co atoms which results in higher catalytic activities than for pure cobalt 

oxide. 

   In addition, we have also performed the OER experiment using the CFO6/1, which 

features a similar Co mole fraction of 0.62 to CFO3/1. To our surprise, CFO6/1 features an 

even higher OER activity as indicated by the overpotential of η = 307 mV. Moreover, 

CFO6/1 has exhibited superior OER kinetics to the other samples indicated by the smallest 

Tafel slope of 69.51 mV•dec-1 (Fig. 5b), as well as high stability though maintaining a 

stable current at 10 mA•cm-2 for 6 hours with negligible decay (Fig. 5c). Despite the similar 

Co/Fe ratio, CFO3/1 and CFO6/1 show some differences in their structure, as indicated by 

the XRD results (Figure 3) and the vibrational spectroscopy data (Figure 4). These may 

come from the occupation of the Td sites by CoIII, which only occurs at higher Co/Fe 

precursor ratios, as mentioned in Section 2.6.46 It seems that these differences are playing 

a role for the catalytic activity, which is unique when compared to the reported 

electrocatalysts synthesized by conventional alkaline precipitation and others in Table S1. 
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The inset in Fig. 5a shows that the current density measured for CFOFe-free features 

two peaks at around 1.1 and 1.3 V which corresponds to the CoII/III (peak α) and CoIII/IV 

(peak β) transitions, respectively.49 The oxidation transition associated with these two 

peaks is confirmed by the cyclic voltammetry (CV) data for Co(OH)2 shown in Fig. 5d. 

When performing the CV measurement with CFO6/1, the CoII/III transition is not observed 

(Fig. 5d). This means that the ARP process completely converts CoII to CoIII. Since OER 

activation occurs at a higher potential than the CoIII/IV transition (Fig. 5a),50 the CoIII centers 

in the CFO samples only need to undergo one transition step. In contrast, the Co centers in 

Co3O4 are subject to both CoII/III and CoIII/IV transitions. This effect may lower the 

activation potentials for the CFO samples and lead to a higher activity compared to Co3O4 

(CFOFe-free).  
 

Under anodic OER conditions, surface reconstruction of CFO is expected. 51,52 Thus, 

the changes on the surface were monitored through operando Raman spectroscopy. 

According to the Raman data of CFO6/1 at dry conditions (before immersion into the 

alkaline electrolyte, see Fig. 5e) indicate the typical CFO peaks at 497, 532, and 699 cm-1, 

which corresponds to Eg, F2g, and A1g vibrations, respectively, of spinel Co3O4.
46 When the 

catalyst is immersed in the alkaline electrolyte solution (denoted as wet in Fig. 5e), an 

additional bumpy peak at 615 cm-1 becomes visible, which pertains to A1g vibrations of the 

Co-O bond in CoIIIOOH.53-55 Moreover, CoIIIOOH signals at 506 cm-1 and 547 cm-1 overlap 

with the Eg and F2g signals in the CFO spinel.54,55 The presence of both the CFO spinel and 

the CoIIIOOH peaks suggest that hydroxylation on the surface layer of  CFO, agreeing with 

the earlier observation.34 Under the operation beyond the OER activation (at 1.64 V),  the 



15 

 

peak at 615 cm-1 becomes more prominent, indicating higher degree of surface 

reconstruction to CoIIIOOH. 

 

2.8. Product structure evolution during synthesis 

       To understand the CFO formation process, we have varied the heating time during the 

synthesis and monitored the evolution of the product composition. For these studies, the 

Co/Fe precursor ratio is kept at 3/1. We will use the labels “tCFO3/1” as a shorthand notation 

to refer to the different samples, with t being the time of the hydrothermal synthesis step. 

The XRD data of CFO3/1 obtained with varying heating times shows that a layered structure 

of a CoOOH phase is formed during the first hour of the hydrothermal synthesis step at 

140oC. That CoOOH phase then transformed into the spinel Co3O4 phase over the 3rd to 

12th hour of the hydrothermal synthesis (Fig. 6a).  On the other hand, the Co/Fe ratio in the 

synthesized product as characterized by ICP continuously rises from 1.04 in 1hCFO3/1, to 

1.67 in 12hCFO3/1 (Fig. 6b). Note that 12hCFO3/1 is the sample prepared according to the 

standard procedure described in the Supporting Information. Overall, Co/Fe ratio measured 

for 1hCFO3/1 can be interpreted as a sum formula like Co0.5Fe0.5OOH. Because the resulting 

CFO products after 12 hours ended up onto spinel structures regardless of the ratios, a time-

dependent structural evolution from the oxyhydroxide to spinel occurs. As observed in the 

case of CFO3/1, the structure evolution involves an increase in the Co/Fe product ratio and, 

at the same time, the mass of the CFO products (see Fig. S4 for the photographs of 1hCFO3/1, 

6hCFO3/1, and 12hCFO3/1).  Thus, the second formation stage should be proceeding with the 

continued uptake of metal cations from the reaction mixture. As both the mass of the 
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product and the Co/Fe ratio is increasing, there likely is a preference for the uptake of Co 

compared to Fe.  

 

2.9. Magnetism study  

The synthesis has yielded particles that are responsive to magnetic fields. The CFO 

samples generally exhibit room-temperature magnetism when interacting with magnets, 

but not the control samples CFOFe-free and CFOCo-free (Fig. 7a). Quantitatively, the 

magnetization of CFO3/1 is around six times higher than the control samples (Fig. S5). This 

shows, the homogeneous structural substitution in multinary oxides achieved via ARP, is 

a potential key to tune the magnetic properties of the products.     

The magnetic properties of the CFO3/1 sample obtained with varying hydrothermal 

synthesis times (see Section 2.8) were studied. The field-dependent magnetizations 

(Moment vs. H) generated from the 3hCFO3/1, 
6hCFO3/1, and 12hCFO3/1 sample are shown in 

Fig. 7b. These samples exhibit a relatively fast increase up to ~20000 Oe, then the gradient 

of the curve becomes visibly smaller but without reaching complete saturation even at 

70000 Oe. At 70000 Oe, the magnetization for 3hCFO3/1, 
6hCFO3/1, and 12hCFO3/1 reaches 

the values of 10.0, 14.3, and 16.9 emu/g, respectively. In addition, the hysteresis loops of 

the three samples are clearly observed (Fig. 7c). These magnetic characteristics suggest 

superparamagnetic behavior for all considered samples.56  

It is expected that the spin configurations of FeIII and CoIII sitting in different 

environments, i.e. the Oh and Td sites of a spinel structure, will affect the overall magnetic 

behavior of the CFO samples. FeIII should have a high spin state regardless of the occupied 

site, whereas CoIII favors a high spin state in Td sites but tends to feature a low spin state 
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in Oh sites. The increase of CoIII contents over time enhances the remanence (Fig. 7c). This 

suggests that the longer the time of the hydrothermal synthesis step the more Td-sites are 

occupied by CoIII, since only high spin CoIII, but not low spin CoIII in the Oh sites, 

contributes to the magnetic moment.  

  

 

3. Discussion 

3.1. The Ferrate Route to Acidic Redox-Assisted Deposition 

ARP clearly shows the excellent capability to achieve uniform distribution of Co 

and Fe in the binary oxide CFO in a simple manner. The oxidizing power of the metal-

containing oxidant is the key to drive ARP synthesis. KMnO4 represents a reasonable 

balance between oxidizing potentials and stability in water.57 Good aqueous stability means 

great convenience in the synthesis process, while an elevated oxidizing ability enables a 

high reactivity and the possibility to react with a wider pool of metal ions. Due to these 

advantages, the usage of KMnO4 for ARP of bimetallic oxides and oxyhydroxides has been 

established and described in our previous works. 4,14 Meanwhile, potassium chromate, for 

example, is discussed in the literature to be stable in water, especially in acid solution, but 

weak in oxidizing the more stable metal ions to perform ARP.58  

In our preliminary studies, K2FeO4 has proven to be the only considered metal-

containing oxidant that can form a binary metal oxide with highly inert NiII, which has not 

been achieved using KMnO4 or K2Cr2O7. The standard reduction potential of K2FeO4 is 

2.20 V ,60 while that for KMnO4 is 1.509 V.60 We have further compared the reaction for 

the ARP of CoII with K2FeO4 and KMnO4. For the former, the reaction rates are much 
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faster (see Fig. S4) and the equilibrium of the reaction shifted stronger toward the final 

product. Nevertheless, it should be noted that a fast reaction can also have disadvantages. 

A too rapid ARP process usually yields non-ordered/metastable morphologies (as shown 

in Fig. 2). In contrast, a relatively slow nucleation during ARP results in ordered 

nanostructures such as hollow spheres and Y-shaped interconnection networks.4,25 

Approaches that can slow down the redox reaction rates would be helpful in gaining novel 

hierarchical nanostructures for morphology-dependent applications that need multinary 

oxides. The high oxidizing capability of K2FeO4 can greatly expand the composition 

diversity of oxidic structures with two or more metals in the future. 

  

3.2. Growth Mechanism of CFO 

Since the CFO compositions vary with the precursor ratios, side reactions should 

potentially exist and compete with the redox reaction between CoII and K2FeO4. As 

suggested in previous studies, K2FeO4 tends to undergo self-decomposition to form Fe2O3 

by releasing oxygen:61,62  

 

4FeO4
2- (aq) + 8H+ → 2Fe2O3(s) + 3O2 + 4H2O (3) 

 

Accordingly, if Fe2O3 was found in the ARP products, it would indicate that the reaction 

rate of the side reaction in Eq. 3 can compete with the redox process between CoII and 

K2FeO4 (Eq. 1). Yet, the results obtained with Raman spectroscopy, XRD and the 

characterization methods show that no Fe2O3 is formed if CoII is present during the 
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synthesis. This means that the redox reaction between CoII and K2FeO4 shown in Eq. 1 

should be significantly faster than the self-decomposition of K2FeO4 (Eq. 3).  

 

3.2.1. Formation of Inner-Sphere Reaction Intermediates 

Despite the expected completeness of the reaction mentioned in Eq. 1, there is an 

issue with the discrepancy between the Co/Fe ratio in the synthesized CFO sample and 

Co/Fe in the precursors used for the synthesis. The ICP results upon prolonged time clearly 

shows that the Co/Fe ratio in the formed CFO never exceeds 2:1 (Fig. 6b). To explain this 

issue, we hypothesized a reaction mechanism in which [CoII(H2O)6]
2+, an octahedral d7 

system, is being oxidized by FeVIO4
2-, a tetrahedral d2 system, prior to the material 

nucleation. Given that octahedral d7 systems are generally accepted to be labile,63 we 

assume that the oxidation process proceeds via the formation of a neutral inner-sphere 

complex of the formula [(H2O)5CoII-O-FeVIO3], where an aqua ligand of the [CoII(H2O)6]
2+ 

is substituted by a bond to one of the oxo-groups of FeVIO4
2- (Eq. 4a). Upon transferring 

one electron from the CoII center to the FeVI center, one should obtain a CoIII-d6 and a FeV-

d3 center (Eq. 4b).  

 

[CoII(H2O)6]
2+ + FeVIO4

2- → [(H2O)5CoII-O-FeVIO3]
0 (4a) 

[(H2O)5CoII-O-FeVIO3]
0 → [(H2O)5CoIII-O-FeVO3]

0  (4b) 

 

Although the electron configurations at both metal centers do not indicate the presence of 

any extraordinarily stable or inert metal-ligand bonds, we assume that the inner-sphere 

complex will not dissociate after the redox step. The reason for this assumption is that the 
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formed fragments would feature charges of opposite signs, either [CoIIIO(H2O)5]
+ and 

[FeVO3(H2O)]- or [CoIII(H2O)6]
3+ and [FeVO4]

3-. The following redox steps are assumed to 

follow a similar pattern consisting of three steps: i) formation of an inner-sphere complex 

by substituting an aqua ligand at the CoII center, ii) the transfer of one electron from CoII 

to the Fe center, and iii) the retention of the inner-sphere complex after the reaction.  

Such a mechanism should allow the redox reaction between the FeVI center and 

three CoII centers to yield FeIII and CoIII as observed in the experiment. However, the 

experimentally determined Co:Fe ratio of at most 2:1 in the synthesized CFO samples 

indicates that the FeVI centers likely only interact with two CoII centers. We hypothesize 

that this is related to the charges of the reactants, as elaborated in the following. The first 

formation of the CoII-FeVI inner-sphere complex should be benefitted by Coulomb 

interactions (Eq. 4a). However, the product of the first redox step is the charge-neutral 

CoIII-FeV complex (Eq. 4b). When this structure reacts with a second [CoII(H2O)6]
2+ to 

form the positively charged CoIII-FeV-CoII inner-sphere complex (Eq. 5a) for the second 

redox step (Eq. 5b), there is no Coulombic interaction assisting the reaction.  

 

[CoII(H2O)6]
2+ + [(H2O)5CoIII-O-FeVO3]

0  

→{[(H2O)5CoIII-O]-FeVO2-[O-(H2O)5CoII]}2+ (5a) 

{[(H2O)5CoIII-O]-FeVO2-[O-(H2O)5CoII]}2+ → {[(H2O)5CoIII-O]2-FeIVO2}
2+  (5b) 

 

When it comes to forming the inner-sphere complex (Eq. 6a) for the third redox step (Eq. 

6b), the Coulomb interactions become hindering, as the two reactants, both [CoII(H2O)6]
2+ 

and the CoIII-FeIV-CoIII complex, feature a positive charge.  
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[CoII(H2O)6]
2+ + {[(H2O)5CoIII-O]2-FeIVO2}

2+ 

                                               → {[(H2O)5CoIII-O]2-FeIVO2-[O-(H2O)5CoII]}4+ (6a) 

{[(H2O)5CoIII-O]2-FeIVO2-[O-(H2O)5CoII]}4+ → {[(H 2O)5CoIII-O]3-FeIIIO2}
4+  (6b) 

 

We speculate that the Coulomb forces make the interaction between the Fe center with a 

third CoII unfavorable. The formation of proposed product complex of Eq 6b, 

{[(H2O)5CoIII-O]3-FeIVO2}
4+, should be relatively unlikely, due to the repulsion between 

the like charges of CoII and {[(H2O)5CoIII-O]2-FeIVO2}
2+. Instead of oxidizing a third CoII 

center, Fe would rather oxidize its oxygen-containing ligands through coupling with 

another highly oxidized Fe species62,64 to reach a trivalent oxidation state, similar to the 

reaction in Eq. 3. Comparable electrostatic interactions are not unknown for the chemistry 

of FeO4
2-. It has, for instance, been discussed in the literature that a positively charged Ca2+ 

ion can facilitate the reaction between two negatively charged FeVIO4
2-  units to form O2.

63 

This may explain why the ideal stoichiometry of 3:1 in Eq. 1 cannot be achieved here.  

 

3.2.2. Theoretical Approach Towards Inner-Sphere/Electron Transfer Reactions 

To test our hypothesis, we have performed DFT calculations to obtain the reaction 

energies to form the inner-sphere complexes and for the electron transfer steps. The results 

are shown in Fig. 8. In our calculations, we assume that all metal centers feature a high-

spin electron configuration. For Fe, this is justified by the tetrahedral coordination sphere. 

At the same time, the weakly splitting character of the aqua ligands rationalizes the 

assumption of a high-spin configuration for the Co centers. When the Fe and the Co centers 
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start to interact, the metal centers can show either ferromagnetic or antiferromagnetic 

coupling. Both cases have been considered, but our preliminary results for the first redox 

step show that the CoIII-FeV redox product showing anti-ferromagnetic coupling is 

significantly less stable than the product with ferromagnetic coupling. Thus, we only 

consider the reactions of the metal centers with parallel spin, similar to earlier works in 

literature.61 

Fig. 8 shows, the formation of the inner-sphere complexes is, as in our hypothesis, 

strongly dependent on the charge of the reactants. While the Eq 4a, the formation of the 

first inner-sphere complex, is a strongly exothermic process with a Gibbs free energy of 

reaction of < -100 kJ/mol, the formation of the third inner-sphere complex is, with -13 

kJ/mol, clearly less favorable. This aligns with our hypothesis and rationalizes the Co:Fe 

ratio in the synthesized CFO samples. Figure 8 also shows that the final redox product with 

three CoIII and one FeIII is, in fact, also slightly less stable than the preceding intermediates. 

Although this would also be in line with the observation that each Fe only reacts with two 

Co centers, one should not overinterpret the results. The computational model is relatively 

simple and assumes that the tetrahedral coordination of the Fe center does not change 

during the reaction. However, FeIII centers are typically found in octahedral coordination 

spheres, which is also the case in the synthesized CFO, as shown in the Raman spectra in 

Figure 4b. In other words, we may underestimate the stability of the final product by not 

considering the change of the coordination sphere of the Fe center. Thus, we think the main 

reason for never observing a Co:Fe ratio of 3:1 is related to the charges of the reactants. 

 

3.2.3.  Nucleation Stages of CFO 
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Both the theoretical and experimental results dictate that the proposed complex 

[(H2O)5CoII-O-FeVIO3]
0 likely is the key complex involved in the nucleation and particle 

growth. The polymerization of the complex results in the first nucleation stage. In the first 

hour of the nucleation (i.e., the first hour of the hydrothermal synthesis step), [(H2O)5CoII-

O-FeVIO3]
0 could be the major species to assist the material growth, and thus yielding the 

layer of oxyhydroxide products with Co/Fe ratios close to one. As the nucleation continues 

to proceed, {[(H2O)5CoIII-O]2-FeIVO2}
2+ may actively participate. This results in the 

finding that the cobalt contents gradually increase (Co/Fe > 1, see the ICP data in Fig. 6b). 

It seems that the nucleation of layered oxyhydroxide favors the initiation with the zero net 

charge complex. In the second stage, the newly nucleated CoIII should be preferring the 

occupation of the Td sites of the spinel structure, as-suggested by the IR/Raman/magnetism 

data.  

5. Conclusion 

Our work demonstrates that K2FeO4 can be used as a new oxidant to conduct acidic 

redox-assisted precipitation (ARP) to produce cobalt iron oxides, composed of an evenly 

distributed mixed-metal Co-O-Fe moieties. The obtained products feature completely 

uniform structure substitution that surpasses the limits of that with conventional alkaline 

precipitation. This uniform structure substitution has been shown to stimulate adjustable 

magnetism, formation of vacant sites, and synergistic electrocatalytic activities.  

ARP process likely features a series of inner-sphere redox-processes. This direct 

interaction of the different metal precursors, is a key to achieve the even distribution of the 

metals in the product. Eventually, ARP can be valuable to solve the still difficult production 

of evenly blended trinary/quaternary metal cations in a single oxide phase. K2FeO4 is in so 
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far a promising oxidant for further ARP processes, as it shows a stronger oxidizing power 

than all the reported oxidants. This is useful, sometimes even necessary, to drive unreactive 

metal species (e.g. NiII) into a multinary oxide framework. The prospects of applying ARP 

to design and synthesize new multinary oxide structures with unprecedented electron 

structures, conductivity, optical properties, and photocatalytic activities likely opens up a 

lot of new opportunities to deal with the future challenges of smart semiconductors. For 

example, our active research on preparing trinary/quaternary oxides (Co/Ni/Ce/Mn) using 

K2FeO4 has been positive, and the resultants with unique compositions clearly show 

interesting properties and remarkable performance. 
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Figure 1. (a) The XRD patterns of the precipitation products obtained by reacting different iron precursors 

(i) K2FeO4, (ii) Fe(NO3)3, and (iii) FeCl3 with Co(OAc)2 at a Co/Fe precursor ratio of 3:1 at 140ºC for 12 

hours. (b) The TGA of CFO3/1 compared to CFOFe-free and CFOCo-free under inert nitrogen atmosphere.  
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Figure 2.  The SEM images of the products obtained by reacting Co(OAc)2 and K2FeO4 at a precursor ratio 

of Co/Fe=3:1 at 140ºC for (a and b) 1 hour, (c and d) 12 hours. 
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Figure 3. The XRD patterns of the products obtained by reacting Co(OAc)2 with K2FeO4 at 140ºC for 12 

hours at different precursor ratios. (a) Full spectra showing the corresponding peaks of spinel Co3O4.  (b) A 

closer look at the peaks of each sample corresponding to the (311) lattice plane; the dash line corresponds to 

the (311) peak of pure Co3O4 according to JCPDS No. 01-1152.  

  

ba ba b
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Figure 4. IR (a) and Raman spectra (b) of the CFO samples and the control samples. 
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Figure 5. The electrochemical oxygen evolution activities of different CFO samples measured under 1.0 M 

Fe-free KOH electrolyte12 h. (a) The linear scan voltammetry curves of the CFO samples compared with the 

control samples: Co3O4 (CFOFe-free), Fe2O3 (CFOCo-free, graphed against current density for reference), and a 

physical mixture (CFOphysmix) comprised of these two control samples, whose Co/Fe mole ratio matches the 

ICP result of CFO3/1. All current densities were normalized using the mass (µg) percentage of Co in the 

samples, except Fe2O3. The inset shows the pre-onset CoII/III (peak α) and CoIII/IV (peak β) transitions. (b) 

Tafel plots of the CFO and control samples. (c) Stability performance of CFO6/1 at 1.50 V for 6 hours. The 

red-dashed, horizontal line is a guide for the 10 mA•cm-1 mark. (d) The cyclic voltammetry curves of CFO6/1 

and Co(OH)2 highlighting the absence of the CoII/III peaks in CFO6/1. The CoIII/IV transition of CFO6/1 goes 

alongside the OER onset. (e) Raman spectra of the CFO6/1 sample before (dry) and after (wet) immersion in 

1 M KOH solution, and under OER operation at 1.64 V.    
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Figure 6.  (a) The XRD patterns of CFO3/1 samples prepared by conducting the hydrothermal synthesis step 

at 140ºC for varying lengths of time. (b) The Co/Fe ratios of the CFO3/1 samples prepared by conducting the 

hydrothermal synthesis step at 140ºC for varying lengths of time. The dash-line trend shows a gradual 

increase of the Co/Fe ratios over the period.  
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Figure 7. The magnetic study of the CFO and control samples. (a) The magnet-attraction tests at room 

temperature on Co3O4 (CFOFe-free), Fe2O3 (CFOCo-free), and CFO3/1. (b) The comparison of the magnetic 

hysteresis curves of the CFO samples prepared with hydrothermal synthesis steps of varying lengths of time. 

(c) A magnified view of (b), showing the magnetic remanence (Mr, square dots) and coercivity (Hc, round 

dots) values. The measurements in (b) and (c) were conducted at 300 K.   
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Figure 8. The calculated Gibbs free energies for the proposed redox reaction of FeIVO4
2- with three 

[CoII(H2O)6]2+ via the formation of inner-sphere complexes. For the calculations, it has been assumed that 

the metal centers show ferromagnetic coupling. 
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Table 1. The conductivity of the CFO and control samples. All the samples were prepared via a hydrothermal 

synthesis step at 140oC for 1 hour and also 12-hour samples.  

 

Sample Sheet resistance (Ω/□) 

Cobalt oxide (1hCFOFe-free) 1.69±0.35 ×10
3
 

Iron oxide (1hCFOCo-free) 6.45±0.86 ×10
6
 

aPhysical mixture of 

 1hCFOFe-free and 1hCFOCo-free
 1.20±0.11 ×10

3
 

1hCFO3/1 4.40±0.89 ×10
2
 

12hCFO3/1
 3.00±0.63 ×10

2
 

 

a Co/Fe ratio of 3/1
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