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Summary  

Mixed-metal oxides are generally considered to be the highest-performance catalysts for alkaline 

water oxidation. Despite significant efforts dedicated to understanding and accelerating their 

efficiency, most works have been limited investigations of Ni, Co, and Fe oxides, thus overlooking 

beneficial effects of hetero-anion incorporation. To this end, we report on the development of 

Co0.5Fe0.5O0.5F1.5 oxyfluoride catalyst with highly effective catalytic sites for electrochemical water 

oxidation. In particular, its performance across metrics of Tafel slope (27 mV/dec), mass activity (846 

A/g at 1.53 V vs. RHE), turnover frequency (21/s at 1.53 V vs. RHE), overpotential (220 mV for 10 

mA/cm
2
), and stability (27 days of continuous operation) largely surpasses most known Co-based 

catalysts. Mechanistic studies suggest that this performance is driven by a bimolecular, oxygen 

coupling reaction mechanism through proximal active sites on the catalyst surface, thus enabling a 

new avenue for achieving accelerated oxygenic electrocatalysis.  
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Introduction  

Impacts on global climate and environmental decay are increasingly evident as consequences of 

human activities
1
. Mitigating these effects will ultimately be underpinned by the transition to 

sustainable means of energy harvesting and consumption, within which electrochemical technologies 

stand to play a critical role
2-4

.  Widespread adoption of electrochemical water and CO2 reduction to 

form H2 or C-based fuels is hampered by the kinetics of the oxygen evolution reaction (OER) and 

thus, much work in the field is dedicated towards OER catalyst discovery
5
. To this end, mixed-metal 

oxides have emerged as the top class of materials for this reaction in alkaline conditions
6
. The recent 

decade of work in the field has yielded important gains in understanding the roles of incorporating Fe 

impurities, lattice strain, substrate effects, interfaces and exfoliation
7-11

. In an orthogonal direction, the 

modification of the catalytically active sites through hetero-element incorporation has yielded 

substantial gains in performance over purely Ni/Co/Fe oxides, though most efforts focus on cationic 

incorporation
12

. In contrast, anionic incorporation is seldom used, largely due to synthetic challenges, 

especially in the direction of fluoride substitution. However, initial reports suggest that hetero-anionic 

compounds hold much promise as OER catalysts, though the factors driving these observations are not 

fully settled
13-19

. Often, metal oxides catalyze the OER through sequential proton-coupled electron 

transfer steps. This inevitably limits their performance via scaling relations as all intermediates share a 

M-O bond.
20

 Breaking these scaling relations for enhanced OER performance can be accomplished by 

accessing new reaction mechanisms such as radical oxygen coupling and lattice oxygen involvement, 

and the discovery of new OER catalyst compositions ultimately underpins access to such reaction 

pathways. 

Numerous synthetic routes have been used to prepare functional transition metal oxyfluorides to 

control the chemical composition with specific fluorination degree, particle size, morphology, and 

stabilization of desired crystal structures
21-25

. In this work, we report on the two-step preparation of a 

new cobalt iron oxyfluoride with a rutile type structure, Co0.5Fe0.5O0.5F1.5, obtained by calcination of 

the hydrated fluoride CoFeF5(H2O)7. Subsequent electrocatalytic evaluations unveiled that 

Co0.5Fe0.5O0.5F1.5 is one of the highest performing cobalt-based OER catalysts reported to date, 

considering metrics of overpotential, Tafel slope, mass activity, and stability. Complementary lines of 

computational and mechanistic studies were carried out to elucidate that the existence of a bimolecular 

reaction mechanism that is deemed to be the origin of the high efficiency of Co0.5Fe0.5O0.5F1.5. 

 

 

 



Catalyst Synthesis and Characterizations 

A soft chemistry method was chosen to generate Co0.5Fe0.5O0.5F1.5. A detailed description can be 

found in the supporting information. In brief, the catalyst was prepared in a controlled thermal 

decomposition of a hydrated fluoride precursor (Fig. S1-4 and table S1-10) in mild conditions. The 

precursor CoFeF5(H2O)7 was precipitated by thermally assisted evaporation of a hydrofluoric acid 

(HF) solution containing metallic salts. The thermal decomposition of CoFeF5(H2O)7 was followed by 

combined thermogravimetric analysis (TGA) and thermodiffraction (Fig. 1a and S5-6). Three thermal 

events appeared on the TGA curve and thermodiffractograms that correspond to the structural 

evolution of CoFeF5(H2O)7 across four domains (Fig. 1a and b): (i) stability of CoFeF5(H2O)7 (RT-

100°C, green), (ii) dehydration of CoFeF5(H2O)7 (100-220°C, blue), (iii) formation of Co0.5Fe0.5O0.5F1.5 

with the rutile structure type (220-280°C, purple) and (iv) formation of oxides, CoO and CoFe2O4 

(T°C > 280°C, red). To sum up, CoFeF5(H2O)7 undergoes the following decompositions upon thermal 

treatment according to the reactions (1), (2) and (3). The experimental weight loss values are in good 

agreement with theoretical values (theoretical wt%, experimental wt%): 

(1) 100°C-220°C:  Co
2+

Fe
3+

F5(H2O)7  →  Co
2+

Fe
3+

F5 + 7H2O (37.5%, 38.0%) 

(2) 220°C-280°C:  Co
2+

Fe
3+

F5 + H2O →  2Co
2+

0.5Fe
3+

0.5O0.5F1.5 + 2HF (6.6%, 6.7%) 

(3) > 280°C:  2Co
2+

0.5Fe
3+

0.5O0.5F1.5 + 3/2H2O → ½Co
2+

O + ½Co
2+

Fe
3+

2O4 + 3HF (9.8%, 9.2%) 

The hydrolysis reactions (2) and (3) are further confirmed by the absence of significant weight loss in 

the TGA profile performed under dry air at temperatures from 220°C.   

 



The broadening of the Bragg diffraction peaks, compared to the diffraction pattern reveals 

small coherent diffraction domains (Fig. S7). Indeed, an emerging porosity is observed which is likely 

related to the precursor’s decomposition during which HF and H2O gas molecules act as a self-

generated porogen (Fig. 1c). Upon thermal treatment SBET increases from 3 m
2
.g

-1
 to 24 m

2
.g

-1
 

confirming the porogen effect of the H2O and HF released. N2 adsorption/desorption isotherms shows 

type IV hysteresis corresponding to a mesoporous structure and the BJH pore-size distribution analysis 

(Fig. 1d) confirms an average pore diameter less than 10 nm, in good agreement with the TEM 

observation. A disordered model based on metal atoms located in 2a Wyckoff positions (WP) 

(Co: 50%, Fe: 50%) and the 4f WP statistically occupied by oxygen atoms (25%) and fluorine atoms 

(75%) was used for Rietveld refinement of Co0.5Fe0.5O0.5F1.5 PXRD pattern (space group P42/mnm). A 

good fit was obtained in spite of the low crystallinity with the cell parameters: a = b = 4.6916(5) Å, 

c = 3.1098(3) Å, V = 68.450(1) Å
3
 (Fig. 1e, S8) and EDS elemental mapping confirmed the resultant 

CoFe ratio (Fig. S9). 
57

Fe Mössbauer spectra (Fig. 1f, table S11) and the hyperfine data, in particular 

 = 0.39 and 0.46 mm.s
-1

 at 300 and 77K, respectively, are consistent with the presence of only Fe
3+

 

species with different atomic environments, resulting from: (i) the presence of octahedral units with 

shared corners and shared edges, (ii) Fe-Co cationic disorder, and (iii) small crystal grain size, 

consistent with X-ray analysis. X-ray photoelectron spectroscopy was used to measure the electronic 

structure of both of the Co and Fe components in Co0.5Fe0.5O0.5F1.5. The Fe 2p3/2 edge could be fit to 

two components at 710.7 and 712.7 eV (Fig. 1g). These values match that of Fe
3+

 and fall between that 

of Fe in a pure oxide and a pure fluoride environment. The Co 2p3/2 peak has a primary feature at 

781.7 eV, with a satellite at 786.4 eV which is in between the expected ranges of pure Co fluorides 

and oxides (Fig. 1h). These measurements illustrate the strong inductive effects imparted through the 

fluoride components within the lattice hypothesized earlier to influence the catalytic properties of the 

composite material. 

 



Electrocatalytic Performance 

 The catalytic properties of Co0.5Fe0.5O0.5F1.5 were next evaluated through a host of 

electrochemical techniques. In a standard 3-electrodes configuration, a cyclic voltammogram (CV) of 

the catalyst deposited onto a carbon paper electrode in 1M KOH electrolyte showed a redox peak 

centered at 1.1 V vs. the reversible hydrogen electrode (RHE). This peak was attributed to the 

Co(II/III) redox couple (Fig. 2a and inset). Electrocatalytic current initiated around 1.4 VRHE requires 

220 mV overpotential to reach 10 mA/cm
2 
and 265 mV to reach 100 mA/cm

2
 at a mass loading of 1 

mg/cm
2
 using the geometric surface area of the electrode. On the reverse scan, a reductive peak around 

1.4 VRHE was observed and attributed to the reduction of Co(IV) back to Co(III) and was more evident 

with increasingly positive scan limits in the CV (Fig. 2a inset). These assignments are in agreement 

with previous observations of Co-oxides the literature
26,27

 while Fe-oxides typically do not show such 

redox behavior under these conditions
28

. The oxidation peak of the Co(III/IV) redox couple was not as 

visible as it was overshadowed by the catalytic current which initiated alongside of the Co(III/IV) 

oxidation. This signifies that Co(IV) was likely involved in the OER catalytic cycle. We note that 

there is probably a surface restructuration that occurs as the redox behavior of the 1
st
 CV differs from 

the 2
nd

, though no further changes occur afterward (Fig. S10a,b). This indicates that there may be an 

initial surface restructuration occurring toward a stable surface induced by the application of positive 

potentials and the environment of Co becomes O/OH-terminated at the surface as suggested by the 

changes observed on XPS spectra (Fig. S10c-f). Moreover, the peak shift of the Co
+2

 oxidation into 

Co
+3

 to lower value between the 1
st
 and the 2

nd
 cycle is in agreement with an exchange OH/F at the 

surface; the M-F is more ionic compared to M-O leading to higher potential
29

. 

After 1.4 VRHE, the catalytic current rose exceptionally fast and this was reflected in the low Tafel 

slope of 27 mV/dec (Fig. 2b). A similar Tafel slope was measured if the catalyst was deposited on a 

glassy carbon rotating disk electrode (RDE) at 0.1 mg/cm
2
 in a configuration with minimized mass-

transport limitations. In the same configuration, we quantified that mass-activity reached 846 A/g at 

300 mV overpotential (Fig. 2c). Similarly, the turnover frequency (TOF) was measured to be 21 /s at 

this voltage, which was quantified by the redox-active Co atoms that were deduced through integration 

of the Co(II/III) redox peaks in the CV assuming the Co is indeed the OER active site (Fig. S11). If 

measured by the total mass loading, the TOF was approximately 0.46 /s, suggesting that 

approximately 1 out of every 45 Co atoms was electrochemically active. In all, this performance 

places the Co0.5Fe0.5O0.5F1.5 amongst the best reported OER catalysts operating in alkaline electrolyte 

(Table S12).  

The fluorine component was deemed important for the catalytic performance of Co0.5Fe0.5O0.5F1.5 

because when the catalyst was annealed at 500
o
C to convert to CoO/CoFe2O4, the Tafel slope, onset 

potential and overall activity significantly diminished (Fig. S12). Similarly, the sole carbon paper 



support did not significantly contribute to the catalytic current (Fig. S13). The stability of 

Co0.5Fe0.5O0.5F1.5 was next evaluated through chronopotentiometry, switching between several current 

densities over the course of 27 days without pause (Fig. 2d). While the catalyst was not stable under a 

concentrated electron beam, prohibiting high-resolution TEM evaluation of the surface after prolonged 

electrochemical measurements, XPS analysis provided evidence of the surface retention of the Co, Fe, 

F and O elements (Fig. S10). Finally, rotating ring disk electrode (RRDE) and gas chromatography 

(GC) measurements confirmed that the current was indeed originating from the OER (Fig. S14). 

However, a non-negligible quantity of Co and Fe did dissolve into the electrolyte throughout the 

measurement (Table S13), and this will have to be addressed in following efforts prior to translation of 

the catalyst into industrial-scale electrolyzers.  

 

Mechanism Study 

In order to probe the reaction mechanism and understand the roles of Co and Fe atoms for 

Co0.5Fe0.5O0.5F1.5, we first performed density functional theory (DFT) computations. Here, we chose 

(110) facet because of its lowest surface energy and thus the most stable surface in rutile structures.
24,30

 

Two reaction pathways are considered here, adopting different O–O bond formation strategies, which 

are the water nucleophilic attack (WNA) and the interaction of two metal-oxo units (I2M) (Fig. S15). 

These two mechanisms are reported to be the primary reaction pathways for the OER.
31

 Two model 

structures of Co0.5Fe0.5O0.5F1.5 are proposed for the DFT simulations to shed light on the role of Co and 

Fe species, where the switch between Co and Fe atoms takes place intermittently (denoted as 

CoFeOF(110)-1) or continuously (denoted as CoFeOF(110)-2). Following the WNA and I2M 

mechanisms, we tested each intermediate on multiple active sites for each model catalyst, where only 

the most stable configurations were shown (Fig. 3a and b). For both model catalysts, we noticed that 

the adsorbed oxyhydroxide intermediate (*OOH) is unstable and tends to decompose into adsorbed 

oxygen atom (*O) and adsorbed hydroxide (*OH). We also observed that for CoFeOF(110)-1, when 

two *O are placed on the surface, they are prone to relocate at a bridge position where either of them 

is between Co and Fe atoms. We assume that two *O intermediates favor similar local environments 

(i.e., both bridge positions are between Co and Fe versus two bridge positions are between different 

two metal atoms) so that the energy of the system can reach its optimum through relocation. After the 

relocation of two *O, one *O in either adjacent unit cell comes closer to each other to form the *O-O* 

coupling between two Fe atoms. 

From the energy profiles (Fig. 3c and f), it is apparent that the I2M mechanism has a lower 

energy barrier (4.02 and 3.51 eV, for structures 1 and 2, respectively) for its rate-limiting step (RLS, 

which is the desorption of O2) and thus is more favorable than the WNA mechanism (7.77 and 7.91 

eV, for structures 1 and 2, respectively) for both model catalysts without any applied potentials (i.e., at 



U = 0 V). For both WNA and I2M mechanisms, their first two steps are the same electrochemical 

reactions with electron transfer. However, the last two steps in the I2M mechanism are chemical 

reactions without any electron transfer, whereas the last two steps in the WNA mechanism still contain 

electron transfer. Therefore, a large enough applied potential can theoretically suppress the limiting 

energy barrier in the WNA mechanism without any impact on the limiting energy barrier in the I2M 

mechanism to compel the two limiting energy barriers to equal. However, due to the large difference 

between the two limiting energy barriers at U = 0 V, only if an applied potential that is greater than 

3.75 V for CoFeOF(110)-1 and 4.40 V for CoFeOF(110)-2, allows the reaction pathway shift from the 

I2M to the WNA mechanism. Since the applied potentials employed in this study are much smaller 

than 3.75 V and 4.40 V, we posit that the I2M mechanism containing an *O-O* coupling is the 

reaction pathway for Co0.5Fe0.5O0.5F1.5 catalyst.   

Furthermore, a comparison of the energy profiles on both model catalysts, illustrates that 

CoFeOF(110)-2 has a lower limiting energy barrier at U = 0 V and requires a higher applied potential 

to shift from the I2M pathway to the WNA pathway. This implies that the structure of CoFeOF(110)-2 

following the WNA pathway is more favorable for the OER, and the existence of Co benefits the 

reaction. To further shed light on the reaction mechanism, we calculated the Bader charge distribution 

and the charge density difference to analyze the *O-O* coupling sites for CoFeOF(110)-1 (Fig. 3d and 

e) and CoFeOF(110)-2 (Fig. 3g and h). The cyan contours around the metal atoms and the yellow 

regions around the *O-O* indicate that the metal atoms lose electrons, while the *O-O* entities gain 

electrons. This can be also concluded from the Bader charge distribution. More importantly, the Bader 

charger distribution implies that Fe atoms lose more electrons than Co atoms, which is further 

confirmed by the fact that the *O connected to Fe gains more electrons. This means the interaction 

between Fe and *O is stronger than between Co and *O. The lowest adsorption energy of O2 at the 

bridge sites between two adjacent cations: Fe/Fe, Fe/Co, and Co/Co (Fig. S16) was found for Fe/Co. 

This feature confirms that the unbalanced interactions between Co-O and Fe-O results in unstable *O-

O* on CoFeOF(110)-2, thereby making O2 desorption easier. This inference is also implied from the 

additional Bader charge distribution and the charge density difference (Fig. S17), which illustrates the 

uneven charge density distribution in *O-O* between Co and Fe due to the different capabilities of Co 

and Fe to donate electrons to *O-O*. DFT calculations performed herein demonstrate that the I2M 

mechanism containing an *O-O* coupling is the most favorable reaction pathway and the O2 

desorption is the RLS. In addition, DFT results posit that both Co and Fe play a critical role in the 

enhanced performance of the OER. 

 We next took to further elucidating the mechanism of the OER on Co0.5Fe0.5O0.5F1.5 catalyst 

surfaces through pH-dependent electrochemical experiments. CVs of the catalyst were recorded from 

pH 11 to nominally pH 14 (Fig. 4a). At pH 11, the current attributed to Co redox peaks was 

considerably lower until approximately pH 12, whereas the reduction of Co(IV) increased continually 



until pH 14. Only at pH 14, the same amount of charge was integrated under the Co(IV) reduction as 

the Co(III) reduction (Fig. 4b). In addition to the rise in Co(IV), the catalytic current also increased 

more rapidly at higher pH electrolytes, quantified here by a decrease in Tafel slope (Fig. 4c). Finally, 

the absolute potential (here plotted on vs. the Standard Hydrogen Electrode, SHE) of the Co redox 

potentials and the catalytic current exhibited differing shifts as a function of electrolyte pH (Fig. 4d). 

First, the Co(II/III) redox couple shifted 91 mV/pH, indicative of a 2e
-
, 3H

+
 process. This super-

Nernstian behavior often signifies that the redox transition is coupled with not only the deprotonation 

of a group adsorbed on the Co, but also with a more extended deprotonation of sites within the lattice 

with a pKa of approximately 12, as at this pH value, the magnitude of the redox wave stops 

increasing
26,32,33

. On the other hand, the Co(III/IV) redox wave shifted 63 mV/pH, indicating that this 

process was a simple 1e
-
, 1H

+
 (or 2e

-
, 2H

+
) process. The current necessary to attain 10 mA/cm

2
, as 

measured in galvanostatic mode, showed a shift of 102 mV/pH. Such a dependence of pH on OER 

catalysis has previously been attributed to a decoupling of proton transfer, electron transfer, and 

catalytic steps in the OER cycle and has often implied the active role of lattice oxygen in reaction 

pathway
34,35

. The next measurement in the series was the use of chemical probes to deduce the 

presence of particular surface intermediates. We first introduced 1M methanol into the electrolyte as 

adsorbed nucleophilic *OH groups on metal oxide surfaces were previously found to react with 

alcohols
36

. Indeed, we observed a slow onset of methanol oxidation just past the Co(II/III) redox 

transition pointing to the initiation of reactive *OH coverage at this potential value (Fig. 4e). On the 

other hand, using 1M tetramethylammonium hydroxide (TMAOH) as the electrolyte, previously 

argued to specifically interact with active oxygen species and thus hinder the OER cycle
37,38

, shifted 

the Co(II/III) redox peak and increased the Tafel slope to 34 mV/dec. This provides evidence for 

interactions between the Co0.5Fe0.5O0.5F1.5 surface and TMA ions, likely through activated oxygen 

species. 

Finally, to probe chemical nature of the rate-limiting step in the OER cycle, we utilized H/D 

and 
16

O/
18

O isotope measurements. In comparing the CV measurements (Fig. 4f) and the resultant 

Tafel slopes (Fig. 4g), there were minimal changes between the catalyst in KOH and KOD 

electrolytes, implying that O-H/D cleavage not involved in the rate limiting step. However, when 

using K
18

OH, the resultant current density dropped significantly and the Tafel slope increased by 

approximately 15 mV/dec, to 42 mV/dec which indicates that oxygen atoms are the sole species 

involved in the rate limiting step and the catalytic cycle is pushed away from the conventional one 

with proton-coupled electron transfer (PCET) steps often involving the breaking of a O-H bond
6
.  

 In a complementary thrust, in operando Raman spectroscopy was performed as this type of 

vibrational spectroscopy can help to elucidate changes in catalyst surface structure through the course 

of the reaction cycle (Fig. 4h). We focused on the spectral region of 100-900 cm
-1

, where M-M and M-



O vibrational modes are typically seen. While there is not an established literature base that can be 

used to unambiguously assign bands to the particular vibrational modes of Co0.5Fe0.5O0.5F1.5, we probe 

the changes in the spectra and reference vs. previous Raman observations of OER-active cobalt and 

iron-based catalysts. At open circuit, bands at 342, 513, 620, 687, 735 and 809 cm
-1

 were observed. 

Upon the application of oxidizing potentials, the band at 513 redshifted to 501 cm
-1

, new band 

components arose at 590 and 580 cm
-1

, and a band at 687 cm
-1

 rose and fell. A band that progressively 

shifted from 609 to 580 cm
-1

 with positive potentials has previously been observed for CoOx
 
thin films 

as Co underwent Co(II/III) and Co(III/IV) redox transitions
39

. A reasonable assignment would also be 

such changes in our spectra to Co-O species that are oxidized at 1.1V and 1.4 V. The emergence of a 

band at 503 cm
-1

 may also match that of CoOOH
40,41

. The potentials at which these changes occurred 

matched that of the Co(II/III) and the Co(III/IV) oxidations and onset of OER catalysis. In addition, 

the spectral features observed for Co0.5Fe0.5O0.5F1.5 did not particularly match any spectra for iron 

oxide phases
42,43

.   

 With above data in mind, we were able to construct a plausible mechanism for the OER on 

Co0.5Fe0.5O0.5F1.5 surfaces (Fig. 5). First, a 2e
-
, 3H

+
 process occurs at 1.1 VRHE to generate Co(III) and 

deprotonate adsorbed water groups to *OH. Next, the Co(III)-OH becomes further oxidized at 1.4VRHE 

to Co(IV)-O
-
, here illustrated as a 2e

-
, 2H

+
 process. However, the presence of Co(IV) is not enough to 

achieve highly efficient OER catalysis as Co(IV) was observed even at pH 11, in the absence of 

significant catalysis. Instead, there is another deprotonation step, likely that of a bridging oxygen 

atom, either between Co and Co or Co and Fe. This deprotonation, along with the 2e
-
, 2H

+ 
Co(III/IV) 

transition give rise to the observed 102 mV/pH, 2e
-
, 3H

+
, rate dependence of the OER of 

Co0.5Fe0.5O0.5F1.5 catalysts. The rapid drop in Tafel slope until pH 12 indicates that the pKa of this 

bridging oxygen at 1.4VRHE is approximately 12.  

Following the bridging oxygen deprotonation, is the O-O bond formation, and finally the O2 

release. The latter is the rate limiting step as evidenced through the computational efforts and O
18

 

isotopic measurements. A plausible set of electron and water/hydroxide transfer steps was added 

finally to complete the OER cycle. Overall, the data implies a decoupling of key proton transfer, 

electron transfer and chemical steps and a lattice oxygen involving mechanism on Co0.5Fe0.5O0.5F1.5, a 

departure from the conventional route of purely proton-coupled electron transfer steps, though one that 

is highly efficient. Further, the active site here is deemed to be a Co-Fe bimolecular site.  

Returning back to conventional limitations in OER catalysis, this mechanism, which 

circumvents the standard PCET route, appears to be the origin of the Co0.5Fe0.5O0.5F1.5 exceptional 

performance. In fact, in recent years, key high performing alkaline OER catalysts also bypassed the 

standard PCET mechanism.
27,32,35,37,44,45

 While the exact nature of every step and free-energy landscape 

of the OER on different crystal facets and active sites is not yet elucidated, nor are the precise effects 

 



of the fluorine components on the Co and Fe species deciphered, there are many routes forward to take 

in understanding this system and building upon the extracted insights to design next-generation 

materials. Both soft and hard X-ray absorption spectroscopies would be key in capturing the element-

specific electronic changes throughout the catalytic cycle. Vibrational spectroscopy, especially with 

the aid of isotope labelling and time-resolved measurements would also be instrumental in detecting 

every intermediate in the reaction pathway to render a closer match between the proposed model and 

reality. In the direction of OER catalyst innovation, the exploration of novel anionic components 

substituted into transition metal oxides has shown to be a fruitful avenue to pursue and one can point 

to recently innovated oxyhalide catalysts.
13,15,16,19

  

Concluding Remarks 

The work put forth in this study highlights the utility of exploring hetero-anionic composition 

in the discovery of efficient catalytic materials. A mixed anion compound, Co0.5Fe0.5O0.5F1.5, was 

fabricated through a controlled thermal conversion route and, the resultant material exhibited 

exceptionally high activity for the OER. A set of mechanistic investigations were carried out to 

elucidate key steps in the reaction mechanism and through this process, we found the OER proceeding 

through a super-Nernstian pH-dependent process. In all, the research illustrated here is envisioned to 

open pathways in electrocatalyst design through the exploration of multi-metallic oxyfluoride 

materials that in key cases can surpass the activity of the state-of-the-art oxides. Mechanistically, 

exciting questions have yet to be answered, such as the elucidation of electronic structure changes and 

the precise interplay of Co, Fe, F, and O components in the lattice, for which both theoretical 

modelling and X-ray absorption spectroscopy can potentially be instrumental. In the context of the 

OER, while Co0.5Fe0.5O0.5F1.5 surpasses the performance of most known Co-based catalysts, there is no 

reason that it has to be the most active oxyfluoride. Thus, many promising avenues in 

nanostructuration, structural and compositional modulation may yield an even more active next-

generation material.  

Experimental Procedures: 

Resource Availability:  

Lead contact: Further information and requests for resources and reagents should be directed to and 

will be fulfilled by the lead contact, Nikolay Kornienko (nikolay.kornienko@umontreal.ca). 

Materials availability: Any materials used are freely available from the lead contact upon request. 

Data and code availability: Data is freely available upon request from the lead contact. No code was 

generated. Full experimental procedures are provided in the supplemental information. 
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Figure and scheme titles and legends 

Figure 1. Catalyst synthesis and Characterization. TGA analyses under dry air (line dashed) and 

ambient air of CoFeF5(H2O)7 (a). Thermal evolution of the X-ray diffractograms under ambient air of 

CoFeF5(H2O)7 (b). TEM micrographs (c) and N2 adsorption/desorption isotherm (the inset corresponds 

to the BJH pore size distribution analyzed from the desorption branch) (d) of Co0.5Fe0.5O0.5F1.5. 

Rietveld refinement of the PXRD pattern of Co0.5Fe0.5O0.5F1.5 with the inset illustrating the [100] 

projection of Co0.5Fe0.5O0.5F1.5
 
structure (e). 

57
Fe Mössbauer spectra recorded at 2 mm.s

-1
 at 300 and 

77K (f). XPS spectra illustrate the electron withdrawing effects of the fluoride components on the Fe 

(g) and Co (h) components. 

 

Figure 2. Catalyst performance. CV curves of Co0.5Fe0.5O0.5F1.5, with the inset representing CVs at 

different scan limits. Co0.5Fe0.5O0.5F1.5 exhibits 2 redox peaks, at 1.1 VRHE and 1.4 VRHE, just prior to 

the onset of the OER (1
st
 cycle is removed) (a). Tafel plot of Co0.5Fe0.5O0.5F1.5 obtained on carbon 

paper and glassy carbon RDE electrodes; similar Tafel slopes are measured on both substrates (b). Plot 

of the mass activities and TOF as a function of the applied potential, a mass activity of 846 A/g and 

TOF of 21/s were recorded at 300 mV overpotential (c). Chronopotentiometric evaluation of 

Co0.5Fe0.5O0.5F1.5: the activity did not noticeably decrease through 27 days of measurement (d). 

 



Figure 3. Computational Modelling. Comparison of the WNA and I2M mechanisms for 

CoFeOF(110)-1 (a) and CoFeOF(110)-2 (b). The cobalt, iron, oxygen, and fluorine atoms are marked 

as blue, gold, red, and silver, respectively. Energy profiles for CoFeOF(110)-1 (c) and CoFeOF(110)-2 

(f) with applied potentials. The highlights represent the rate-limiting steps with the values of the 

relevant energy barriers labelled. The Bader charge distribution and the corresponding charge density 

difference at the *O-O* coupling sites for CoFeOF(110)-1 (d, e) and CoFeOF(110)-2 (g, h). The 

yellow and cyan contours denote electron accumulation and depletion, respectively. 

 

Figure 4. Analytical measurements. Analysis of the CVs of Co0.5Fe0.5O0.5F1.5 at different pH 

electrolyte were used to unveil trends in Co redox and catalysis (a). As the pH increased, so did the 

quantity of Co(III) and Co(IV) observed (b). The increase in pH was coupled to an enhanced catalytic 

process, evidenced by the decrease in Tafel slope (c). Interestingly, the Co redox peaks and catalytic 

current exhibited both Nernstian and super-Nernstian pH shifts (d). *OH was evidenced above 

1.1VRHE through an increase in current in the presence of methanol while active oxygen species were 

evidenced when TMA cations were added to the electrolyte (e). Isotope measurements (f, g) indicated 

that the catalyst performance is most hampered by K
18

OH rather than KOD. Raman spectroscopy 

indicated hydration of Co0.5Fe0.5O0.5F1.5 upon the application of positive potentials (h) shows three 

distinct species forming as a function of applied potential.  

 

Figure 5. Mechanism. Proposed reaction pathway on Co0.5Fe0.5O0.5F1.5 surfaces. Note: surface charges 

are omitted for simplicity.   
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