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Abstract 

CoFe2O4 nanoparticles (NPs) were synthesized by using a colloidal one-pot synthesis method 

based on the decomposition of metal acetylacetonates in the presence of oleyl amine. The 

characterization by X-ray diffraction, transmission electron microscopy and N2 physisorption 

revealed non-porous spinel phase CoFe2O4 NPs with an average particle size of 4 nm. The 

unsupported metal oxide NPs were applied in the selective oxidation of 2-propanol in a 

continuously operated fixed-bed reactor under quasi steady-state conditions using a heating rate 

of 0.5 k min-1. 2-Propanol was found to be oxidatively dehydrogenated over CoFe2O4 yielding 

acetone and H2O with high selectivity. Only to a minor extent dehydration to propene and total 
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oxidation to CO2 was observed at higher temperatures. The detected low-temperature reaction 

pathway with maxima at 430 and 510 K was inhibited after the initial 2-propanol oxidation up 

to 573 K, but an oxidative treatment in O2 or N2O atmosphere led to full regeneration. No 

correlation between the desorbing amount or the surface oxygen species investigated by O2 

temperature-programmed desorption experiments and the low-temperature activity was 

observed. The amounts of evolving CO2 during the TPO experiments indicate deactivation due 

to formation of carbonaceous species. Inhibition experiments with pre-adsorbed reaction 

intermediates and infrared spectroscopy identified acetate species as reversible poison, whereas 

carbonates are rather spectators. In addition, carbon deposition was detected by X-ray 

photoelectron spectroscopy, which also revealed a minor influence of cobalt reduction during 

the deactivation process as confirmed by X-ray absorption spectroscopy studies.  

 

1. Introduction 

Cobalt-based spinel nanoparticles (NPs) have the potential to replace commonly used 

oxidation catalysts containing noble metals, as they showed promising results in industrially 

relevant applications such as the oxidation of CO or volatile organic compounds (VOCs).[1,2] 

Due to the presence of octahedral and tetrahedral sites both in normal and inverse spinels, the 

catalyst composition can be varied over a broad range, while the spinel structure remains intact. 

Hence, the catalytic properties can be tuned by adding different metal cations - both divalent 

M2+ and trivalent M3+ ions -  to the oxygen anion sublattice. In an inverse spinel structure like 

cobalt ferrite (CoFe2O4) the divalent cations (Co2+) occupy 1/4 of the octahedral sites, while the 

trivalent cations (Fe3+) occupy 1/8 of the tetrahedral and 1/4 of octahedral sites. Gu et al.[3] 

used different Co2+/3+-containing spinels to investigate the influence of the cobalt oxidation state 

as well as the coordination number of the cobalt cations in the spinel structure on the catalytic 

performance in CO oxidation. Their results indicated that Co3+ in octahedral sites is the active 

site, while at higher temperatures nearly full CO conversion was achieved over the inverse 
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spinel CoFe2O4, which contains only octahedrally coordinated Co2+ similar to CoO.[3] The 

catalytic activity is ascribed to the easily oxidized Co2+ cations in the octahedral sites due to the 

higher ligand field stabilization of Co3+ as compared with Co2+ in an oxide environment. The 

coordination of the cobalt ions depends strongly on the composition of the spinel and the 

preparation method.[4] The strong influence of the synthesis route on the structural and catalytic 

properties in 2-propanol oxidation and the oxygen evolution reaction (OER) was recently 

demonstrated for CoFe2O4.[5] The positive effect of the partial substitution of Co by Fe cations 

was shown by Haruta and coworkers.[6] The Fe-doped Co3O4 catalysts revealed superior 

catalytic activity in CO oxidation in comparison to Cr-doped Co3O4 or undoped Co3O4, with a 

shift of the 50% conversion temperature (T50) from 273 K to 188 K. The differences were 

correlated to changes in the Co3+–O2- bonding, which is influenced by the redox properties of 

the metal dopants. Haruta and coworkers [6] additionally emphasized the application of metal-

doped Co3O4 materials in selective oxidation processes due to the enhanced stability during 

oxidation reactions and the availability of reactive oxygen species at low temperatures, which 

was also observed in our previous study [7] for the interaction of 2-propanol with Co3O4 

surfaces.  

Usually mixed metal oxide catalysts exhibit higher resistance to poisoning and high thermal 

stability. Nevertheless, deactivation of CoFe2O4 or Co3O4 catalysts during oxidation reactions 

due to carbon deposition was reported.[8,9] Gaining insight regarding the deactivation 

phenomena is of crucial importance for the understanding of the reaction mechanism and the 

design of superior catalysts. Vozniuk et al.[8] observed the formation of coke and aromatics, 

over CoFe2O4 catalysts during anaerobic ethanol decomposition. They suggested that the 

deposited coke originates from the dehydrogenation and deoxygenation of ethanol as well as 

from the Boudouard reaction. In an earlier study, the same group performed the anaerobic 

ethanol decomposition reaction over Co-containing mixed ferrospinels and identified acetates 

and carbonates as important reaction intermediates by DRIFTS experiments.[10] For the 2-

propanol oxidation over Co3O4, Busca et al.[11] proposed mechanisms for the partial and total 
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oxidation and identified a reaction sequence of adsorbed isopropoxide to gas-phase COx via 

adsorbed acetone and acetates. The oxidized Co3O4 surface was described as a layer exclusively 

containing Co3+ species coupled with excess oxygen in the form of O2- anions, [11] whereas also 

other di- or monoatomic oxygen species were reported.[12–14] 

For the formation of reactive oxygen species on catalyst surfaces, nitrous oxide (N2O) is 

often used and its decomposition on spinel surfaces is quite well investigated due to its high 

global warming potential.[15,16] Sojka and co-workers[17] reported that the catalytic activity of 

Co3O4 in N2O decomposition originates from the Co3+/Co4+ redox couple, which operates along 

a reversible one-electron process, leading to the formation of O- surface oxygen intermediates. 

Recently, we reported on the catalytic performance of unsupported Co3O4 NPs in selective 

2-propanol oxidation.[7] For the highly active and selective catalyst two reaction pathways were 

observed depending on the reaction temperature. When raising the reaction temperature under 

quasi steady-state conditions up to 573 K a maximum in the yield of acetone was observed at 

430 K, followed by a second oxidation reaction at higher temperatures. The high-temperature 

reaction pathway remained stable, while the activity at lower temperatures was no longer 

detected in a subsequent oxidation run. However, the low-temperature activity can be 

regenerated by oxidative treatment at 573 K due to the removal of carbonaceous residues and 

the reoxidation of the catalyst surface. However, the nature of the adsorbed species remaining 

on the surface was not identified and it remained an open question whether catalyst reduction, 

consumption of reactive oxygen species, or site blocking by strongly bound adsorbates has the 

largest impact on deactivation of the low-temperature reaction pathway.  

The goal of this study was to improve the understanding of the different reaction pathways 

occurring during selective 2-propanol oxidation over CoFe2O4. A combination of temperature-

programmed (TPD, TPO) and in situ/operando spectroscopic methods (DRIFTS, X-ray 

photoelectron spectroscopy (XPS), and X-ray absorption spectroscopy (XAS)) as well as 

inhibition experiments was applied to examine the deactivation and regeneration process of 
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CoFe2O4 to gain deeper insight into the mechanism of 2-propanol oxidation, addressing the 

influence of reaction intermediates, surface reduction and reactive surface oxygen species. 

 

2. Experimental 

2.1. Catalysts synthesis 

A mixture of 10 mmol Fe(acac)3 and 5 mmol Co(acac)2 was suspended in 60 mL of 

oleylamine. The mixture was first heated to 373 K for 10 min to remove low boiling solvents, 

resulting in a clear red solution. The temperature was then raised to 523 K and kept constant for 

60 min. After the solution had cooled to ambient temperature, the CoFe2O4 NPs were 

precipitated by adding 10 mL of ethanol. The precipitate was isolated by centrifugation, purified 

by repeated washing (2-3 times) with chloroform/ethanol (1:1) and dried in vacuum. The 

surfactant oleylamine was removed from the dried powders by calcination at 573 K for 3 h  in 

air, and the absence of organic residues was shown by IR spectroscopy.  

2.2. Structural characterization 

XRD patterns were recorded using a Bruker D8 Advance powder diffractometer with Cu-

Kα radiation (λ = 1.5418 Å, 40 kV and 40 mA) using a silicon single crystal as sample holder 

for minimized scattering. The powders were redispersed in ethanol, deposited on the silicon 

surface and investigated in the 2θ range from 20 to 80° with a step size of 0.01° and a counting 

time of 0.6 s. 

Nitrogen physisorption measurements were performed at 77 K in a BELSORP-mini (BEL 

Japan, Inc.). 200 mg of the sample using a sieve fraction of 250–355 µm were pretreated at 473 

K for 2 h under vacuum to remove adsorbed water. The specific surface areas were derived 

from the adsorption isotherms using the BET method. Applying the BJH method, the pore 

volume and the pore size distribution were obtained. 

XPS measurements were carried out in an ultra-high vacuum set-up (UHV) equipped with a 

high resolution Gammadata-Scienta SES 2002 analyzer. A monochromatic Al Kα X-ray source 
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(1486.3 eV; anode operating at 14.5 keV and 30.5 mA) was used as incident radiation and a 

pass energy of 200 eV was chosen resulting in an energy resolution better than 0.5 eV. Charging 

effects were compensated using a flood gun. Binding energies were calibrated by positioning 

the main C 1s peak at 284.5 eV.  

TEM images of the CoFe2O4 NPs were recorded with a JEOL 2010 microscope operated at 

200 kV acceleration voltage. SEM measurements were carried out in an FEI Quanta 4D FEG 

600 equipped with a secondary electron detector operated at 30 keV. 

XAS was measured at a wiggler beamline CLÆSS[18] of the ALBA synchrotron radiation 

facility (Barcelona, Spain). A Si(111) double crystal monochromator was used for the energy 

scan and detuned to 65% of its efficiency to reject higher harmonics. The spectra were recorded 

in transmission mode at room temperature and during 2-propanol dehydrogenation at fixed 

temperatures. For the measurements, CoFe2O4 NP powder was pressed in a self-supporting 

pellet and mounted in an in situ cell provided by the CLÆSS beamline. A reference metallic foil 

was measured in each scan to provide an absolute energy calibration. XAS data reduction, as 

well as XANES linear combination analysis, was done in Athena while Artemis was used to fit 

EXAFS spectra.[19] 

Near ambient (atmospheric) pressure X-ray photoelectron spectroscopy (NAP-XPS) was 

performed at the ISISS beamline of the synchrotron radiation facility BESSY II of the 

Helmholtz-Zentrum Berlin in a setup described elsewhere [20]. The CoFe2O4 NP powder was 

pressed into a self-supporting pellet, fixed on a sapphire holder and mounted inside the XPS 

reaction cell designed for in situ measurements. The heating of the samples was achieved by an 

infrared laser. The sample was pretreated in 0.5 mbar O2 at 573 K for 1 h. For 2-propanol 

oxidation a 1:1 reaction mixture of 2-propanol and oxygen was introduced by calibrated mass 

flow controllers, the temperature was increased up to 573 K with a heating rate of 5 K min-1, and 

the photoemission spectra were acquired using selected photon energies that resulted in 

photoelectrons with 170 eV kinetic energy and a ∼0.6 nm inelastic mean free path. After 
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catalytic reaction the sample was again oxidatively treated in 0.5 mbar O2 at 573 K for several 

hours. 

2.3. Experimental procedures 

A stainless-steel microreactor set-up was used for the oxidation of 2-propanol. For catalytic 

tests the glass-lined stainless steel U-tube reactor was filled with 100 mg of the catalyst sieve 

fraction (250–355 μm). A thermocouple was directly placed in the catalyst bed for temperature 

control. Time-resolved quantitative online gas analysis was performed with a calibrated 

quadrupole mass spectrometer (QMS, Balzers GAM422). Dosing of 2-propanol was achieved 

by passing He through a saturator at 273 K. By means of mixing valves, 2-propanol/He and O2 

were mixed and further diluted by He. All gas flows were adjusted by calibrated mass flow 

controllers (MFCs). 

For the 2-propanol oxidation reaction 0.18 % 2-propanol/0.18 % O2/He feed gas was passed 

over the deactivated catalyst (100 sccm) for 1 h and the sample was heated to 573 K with a 

heating rate of 0.5 K min−1. Deactivation was induced by an initial oxidation run. The 

temperature was kept constant for 1 h before the sample was cooled to ambient temperature 

with 0.5 K min−1. The 2-propanol oxidation experiment was repeated directly without any 

further pretreatment. For the inhibition experiments, CO2, acetone or acetic acid was passed 

over the fresh catalyst until saturation of the sample was reached at room temperature. After 

purging the reactor with He for 1 h, 2-propanol oxidation was performed over the saturated 

sample. For the O2 TPD experiment the fresh catalyst was heated to 723 K in He with a heating 

rate of 3 K min−1. Prior to each experiment, the catalyst was oxidatively pretreated in 10 % 

O2/He or 10 % N2O/He (each 10 sccm) for 2 h at maximum temperatures in the range of 373 to 

623 K (50 K steps). Additionally, pretreatments in He atmosphere at 573 and 723 K were 

performed corresponding to a TPD experiment. After cooling to ambient temperature 2-

propanol oxidation was performed.  

The DRIFTS experiment was performed with oxidatively pretreated CoFe2O4 NPs diluted 

with diamond powder (1:2). DRIFT spectra were acquired in a wavenumber range between 700 
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and 4000 cm-1 during 2-propanol dehydrogenation at RT and 503 K for 30 min with subsequent 

desorption in inert gas and afterwards during oxidative pretreatment at 573 K. The background 

spectra of the pretreated catalyst were recorded at RT, 503 K and 573 K in N2 (10 sccm). 

3. Results 

3.1. Structural characterization 

The XRD patterns of the as-synthesized CoFe2O4 NPs are shown in Figure 1a. All 

reflections can be assigned to CoFe2O4 (PDF2 22-1086) indicating the presence of phase-pure 

cobalt-iron spinel NPs of 5 nm size determined by the Scherrer equation. From the TEM image 

shown in Figure 1b the average particle size of 4 nm was derived. The small particle size was 

achieved due to the strong binding of oleylamine to the iron cations resulting in a strong 

capping effect which suppressed agglomeration and further particle growth. The results of the 

N2 physisorption measurements are summarized in Table 1. The specific surface area is smaller 

than expected for spherical particles of 4–5 nm size. Assuming uniform spherical particles a 

particle size of 6–7 nm can be calculated from the specific surface area. In addition, the 

adsorption and desorption isotherms are shown in Figure S1. The observed hysteresis and 

consequential porosity arises not from the NP, but from the space between them as the 

interparticle voids are in good agreement with the NP size. Therefore, the isotherms are better 

described as type II than type IV isotherms, indicating non-porous particles. 
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Figure 1. XRD patterns of CoFe2O4 NPs before (a, bottom) and after (a, top) calcination with 

the reference displayed as vertical lines in red (CoFe2O4 PDF 22-1086). TEM image of CoFe2O4 

NPs (b). 

Table 1. Textural properties of the cobalt ferrite catalyst. 

 particle sizea 

/ nm 

specific surface 

area 

/ m2g-1 

pore volume 

/ cm3g-1 

pore diameter 

/ nm 

CoFe2O4 4 170 0.16 3.9 

a Mean particle size derived from TEM images. 

3.2. O2 Temperature-programmed desorption 

         

Figure 2. O2 TPD profiles of CoFe2O4 NPs after pretreatment in 10 % O2/He (a) and 10 % 

N2O/He (b) at 373, 423, 473, 523, 573 and 623 K. 

To investigate the presence of reactive surface oxygen species on the CoFe2O4 NPs, O2 

TPD experiments were performed with a variation of the pretreatment temperature in 10 % 

O2/He and 10 % N2O/He (Figure 2). Independent of the pretreatment atmosphere, small 

amounts of O2 start to desorb around 423 K except for the NPs pretreated at 373 K, where only 

at high temperatures (< 650 K) desorption is observed. Molecular oxygen species like adsorbed 

O2, (O2)ˉ, or (O2)2- can be excluded due to the high onset temperature of desorption. 

Furthermore, the same onset temperatures were observed for the N2O pretreatment which 

cannot lead to molecular oxygen species. The increasing desorption at high temperatures 
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indicates the beginning desorption of surface lattice oxygen. In between, each TPD profile 

exhibits a maximum, which increases in intensity and is shifted to higher temperatures with 

increasing pretreatment temperature. All desorption peak temperatures are the same for the 

corresponding pretreatment temperature with O2 or N2O indicating the formation of the same 

atomic oxygen species. The overall amounts of desorbed O2 are summarized in Table 2. 

Depending on the pretreatment temperature the amount of desorbed O2 increases with 

increasing pretreatment temperature. However, the amount of desorbed O2 after the 

pretreatment in O2 is always lower compared with the amount detected after the N2O 

pretreatment indicating the potential of generating reactive atomic surface oxygen species on 

spinel surfaces by N2O decomposition. The highest amount of 77 µmol gcat
-1 of desorbed O2 

corresponds roughly to 10% of the amount of outermost surface oxygen atoms of the most 

stable (100), (110), and (111) CoFe2O4 surface facets (SI). 

Table 2. Amounts of desorbed O2 during the O2 TPD experiments after oxidative pretreatment 

in 10 % O2/He and 10 % N2O/He. 

Pretreatment temperature / 

K 

O2 amount / µmol gcat

-1
 

O2 pretr. N2O pretr. 

373 8 20 

423 10 27 

473 12 36 

523 16 43 

573 25 57 

623 35 77 

3.3. 2-Propanol oxidation 

The initial 2-propanol oxidation run using a 1:1 ratio of 2-propanol to O2 was performed 

after oxidative pretreatment at 573 K. The high degrees of conversion and yields of acetone 

shown in Figure 3 identify CoFe2O4 NPs as both active and selective catalyst for the oxidation 

of 2-propanol. The conversion profiles during heating exhibit three maxima at 430, 510, and 

573 K. At the low-temperature maximum the ratio between 2-propanol and O2 conversion is 
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2:1, indicating the oxidative dehydrogenation of 2-propanol to acetone (eq. 1), and decreases at 

higher temperatures due to the dehydration (eq. 2) and total oxidation (eq. 3) reactions. 

Correspondingly, the selectivity decreases as CO2 and propene are formed in small amounts at 

the intermediate maximum and reach their maxima at the maximum temperature of 573 K. In 

addition, H2O is formed during all reactions. The activity at lower temperatures was neither 

detected during cooling nor in the subsequent second oxidation run (Figure 3b). These finding 

indicate the deactivation of the low-temperature pathway, whereas the high-temperature 

reaction pathway remains stable. During the second run only a small additional degree of 

deactivation is observed and also the long-term stability test at 573 K (Figure S2) did not show 

any loss of activity or selectivity during 90 h time-on-stream. 

 2 (CH3)2CHOH + O2  2 (CH3)2CO + 2 H2O (1) 

 (CH3)2CHOH  CH2=CHCH3 + H2O (2) 

 2 (CH3)2CHOH + 9 O2  6 CO2 + 8 H2O (3) 

Overall, the catalytic properties of the CoFe2O4 NPs in 2-propanol oxidation are similar to 

the previously studied Co3O4 NPs. The conversion maxima occur at exactly the same 

temperatures and also the inhibition of the low-temperature activity is observed after the initial 

2-propanol oxidation run. However, the activity of the Co3O4 NPs is higher reaching nearly full 

conversion with 100 % selectivity to acetone at the low-temperature maximum. In addition, 

even at higher temperatures, propene formation is not detected. 
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Figure 3. Conversion and yields during the (a) first and (b) subsequent second (lighter colors) 2-

propanol oxidation over CoFe2O4 NPs. Conversion of (CH3)2CHOH (■) and O2 (●) and yields 

of (CH3)2CO (▲), CH2=CHCH3 (▼), CO2 (◄) and H2 (♦). Traces with full symbols were 

obtained during heating and traces with hollow symbols during cooling. 

2-Propanol oxidation over deactivated CoFe2O4 NPs was performed after oxidative 

pretreatment in 10 % O2/He and N2O/He at temperatures between 373 and 623 K. Deactivation 

was induced by the initial 2-propanol oxidation run after oxidative pretreatment at 573 K and 

corresponds to the measurement within the pretreatment temperature variation. The degrees of 

conversion of 2-propanol and O2 are shown in Figure 4. 2-Propanol oxidation after O2 

pretreatment at 373 K and 423 K exhibits no low-temperature activity and matches with the 

second oxidation run (Figure 3b), whereas at 473 K a slightly enhanced activity around 510 K is 

observed. Further increasing pretreatment temperatures (523–623 K) led to the formation of a 

low-temperature activity around 430 K and an additional intermediate maximum at 510 K. At 

the maximum temperature of 573 K, a third maximum is detected for all measurements 

regardless of the pretreatment temperature, reaching a 2-propanol conversion between 80–82 % 

after pretreatment at temperatures ≥ 523 K, while the measurements without low-temperature 

activity show slightly lower conversion around 75 %. In accordance with 2-propanol, the same 

dependence on the pretreatment temperature is observed for the degrees of O2 conversion. 

The corresponding yields of the 2-propanol oxidation products acetone, propene, and CO2 

are shown in Figure S3. The yields of acetone follow the trend of 2-propanol conversion with 

regard to position and occurrence of the low-temperature maxima at which acetone is formed 

with 100 % selectivity. At the maximum reaction temperature, acetone yields of 72 % (623 K), 

66 % (523, 573 K), and around 62 % (373, 423, 473 K) are obtained. The CO2 yields are 

between 12 and 15 % and increase with increasing pretreatment temperature, whereas propene 

yields of 3–9 % are reached with the trend being reversed, i.e. decreasing with increasing 

pretreatment temperature. 
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Figure 4. Conversion of (CH3)2CHOH (a,b) and O2 (c,d) during 2-propanol oxidation over 

CoFe2O4 NPs pretreated in 10 % O2/He (a,c) and 10 % N2O/He (b,d) at 373, 423, 473, 523, 573 

and 623 K, respectively. 

In comparison, the same selectivity trends are observed for 2-propanol oxidation after the 

N2O pretreatments: three conversion maxima at the same temperatures for the activated 

CoFe2O4 NPs, no low-temperature activity for low pretreatment temperatures, and a slightly 

increasing activity for the sample pretreated 50 K below the pretreatment temperature needed 

for full regeneration of the low temperature reaction pathway. However, the regeneration 

process is shifted by 50 K to higher temperatures so that pretreatment temperatures ≥ 573 K for 

N2O are needed to also oxidatively dehydrogenate 2-propanol to acetone and H2O around 430 

K. Overall, after each oxidation the low-temperature reaction pathway is inhibited again for a 

subsequent 2-propanol oxidation run. 
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To investigate the influence of remaining adsorbates on the deactivated CoFe2O4 NPs, TPO 

experiments corresponding to the pretreatment for 2-propanol oxidation described above were 

performed and are exemplarily shown for both oxidizing atmospheres at 573 and 623 K in 

Figure S4. For the O2 pretreatment the O2 consumption always coincides with the maximum of 

CO2 and H2O formation. The same applies to N2O consumption with an additional maximum 

for N2 formation, but for the N2O pretreatment at 623 K the desorption of O2 is observed right 

after the CO2 signal declined. These results imply that CoFe2O4 NPs are active for N2O 

decomposition first oxidizing surface adsorbates to CO2 and after full regeneration forming O2. 

However, O2 formation is not detected for the pretreatment at 573 K, as a great tailing for the 

adsorbate oxidation reaction is observed indicating incomplete regeneration. This can be also 

seen in the total amounts of CO2 formed, which are summarized in Table 3: for 623 K 1627 

µmol gcat
-1 CO2 are formed, whereas for 573 K 1422 µmol gcat

-1 CO2 are detected. During the O2 

pretreatment adsorbate oxidation is already observed at low temperatures and strongly increases 

up to 1985 µmol gcat
-1 at 573 K. The difference in the maximum desorbing amounts can be 

explained by aging occurring on the long-term time scale over all conducted experiments, as the 

N2O experiments were performed prior to the O2 experiments. However, the CO2 amount during 

TPO experiments seems to be a good descriptor for the successful regeneration and occurrence 

of the low-temperature reaction pathway. 

Table 3. Amounts of desorbing CO2 during the TPO experiments subsequent to 2-propanol 

oxidation performed after pretreatment in 10 % O2/He and 10 % N2O/He. 

Pretreatment temperature / 

K 

CO2 amount / µmol gcat

-1
 

O2 pretr. N2O pretr. 

373 9 0 

423 23 0 

473 258 0 

523 1936 95 

573 1985 1422 

623 1795 1627 
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In addition to the desorption of CO2 and H2O, small amounts of 2-propanol, acetone, and 

propene (≤ 22 µmol gcat
-1) were detected. Therefore, also an inert pretreatment in He was 

performed corresponding to a TPD experiment to investigate the influence of just desorbing 

adsorbates on the catalytic activity. A comparison of the effluent mole fractions during the O2 

TPO experiment and pretreatment in He at 573 K is shown in Figure S5. For both pretreatments, 

a similar behavior is observed as CO2, H2O, 2-propanol, and acetone start to desorb at 334 K. 

For 2-propanol and acetone, two maxima are observed, which coincide regarding the 

temperature. Additional maxima for propene and H2 desorption are detected at 536 and 567 K, 

respectively. However, the signals of CO2 and H2O in the He pretreatment are not as symmetric 

as the ones in the TPO experiment showing an increased tailing after reaching 573 K. Although 

the same desorbing species are detected, the desorbing amounts summarized in Table S1 differ 

significantly: the amount of desorbing CO2 is approximately 12 times higher in the TPO 

experiment.  

In addition, He pretreatments were extended to 523 and 723 K with subsequent 2-propanol 

oxidation. The 2-propanol degrees of conversion during the oxidation reaction after He 

pretreatment are shown in Figure S6 with references after oxidative pretreatment at 373, 473, 

and 573 K. After He pretreatment at 523 K, low-temperature activity was not observed. The 

catalytic behavior in the 2-propanol conversion after the He pretreatment at 573 K is similar to 

the behavior after oxidative pretreatment at 473 K. Only small deviations in conversion around 

510 K are observed and can be ascribed to a higher degree of regeneration of the intermediate 

activity maximum. In contrast, low-temperature activity is only observed after He pretreatment 

at 723 K, but is not fully recovered compared with the oxidative pretreatment at 573 K. The 

corresponding amounts of desorbing CO2 are summarized in Table S2 and confirm the trend 

observed during oxidative pretreatment: the increase in low-temperature activity during 2-

propanol oxidation coincides with an increasing amount of desorbing CO2. 

3.5. Inhibition experiments 
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The influence of product inhibition was investigated by pre-adsorbing the main products 

CO2 and acetone. As acetone can lead to acetate species as possible reaction intermediates, also 

acetic acid was pre-adsorbed to generate adsorbed acetates groups on the CoFe2O4 NPs prior to 

2-propanol oxidation. CO2, acetone, and acetic acid were adsorbed at room temperature for 1 h 

subsequent to oxidative pretreatment at 573 K. The degrees of conversion after adsorption are 

shown in Figure 5 and compared to the conversion achieved with the activated (1st run) and 

deactivated (2nd run) NPs. The adsorption of CO2 did not lead to any changes in the 2-propanol 

conversion compared with the 1st run and is not displayed for clarity. The degrees of conversion 

at high temperatures are equal for both the adsorption of acetone and acetic acid in comparison 

to the activated catalyst. However, the conversion at high temperatures is slightly lower for the 

2nd run. After adsorption of acetic acid, the low- and intermediate-temperature activity is no 

longer observed, resulting in a shifted conversion of 2-propanol starting around 423 K. The 

conversion profile corresponds to the conversion over the deactivated catalyst until a strong 

increase is observed at 475 K, and above 530 K the conversion coincides with the conversion of 

the 1st run. Pre-adsorption of acetone influences 2-propanol conversion in a different manner. 

The low- and intermediate-temperature activity maxima are observed and the conversion 

exhibits a similar trend as the catalyst without pre-adsorption. Nevertheless, the low-

temperature activity is shifted to higher temperatures and conversion is lower after acetone 

adsorption. Again, regardless of the adsorbed species, the low-temperature activity is inhibited 

after a subsequent oxidation run. Thus, adsorbed acetate was identified as inhibiting species. 
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Figure 5. Conversion during 2-propanol oxidation over CoFe2O4 NPs pretreated in 10 % O2/He 

(1st run) and subsequent adsorption of CO2, (CH3)2CO, and CH3COOH as well as over 

deactivated CoFe2O4 NPs (2nd run). 

3.6. In situ DRIFT spectroscopy 

In situ DRIFTS experiments were performed to investigate the intermediates formed during 

the interaction of 2-propanol with the CoFe2O4 NPs and for the identification of species 

remaining on the catalyst surface after reaction. The DRIFT spectra during adsorption and 

desorption of 2-propanol at ambient temperature are shown in Figure 6. All bands observed 

after adsorption of 2-propanol can be assigned to gas-phase 2-propanol and adsorbed 2-

propoxide, except for the negative band at 3681 cm-1 which indicates the consumption of 

surface OH groups. For both species, bands in the same wavenumber regions were detected and 

lead to superimposition. However, bands at 3654, 1252, and 1087 cm-1 can be assigned to ν(O-

H), δ(O-H), and ν(C-O) of gas-phase 2-propanol, whereas bands at 2971 and 2888 cm-1 can be 

assigned to ν(C-H) of adsorbed and gas-phase 2-propanol, respectively.[21,22] In addition, the 

bands at 1473, 1382, 1338, 1163, and 1136 cm-1 can be assigned to δas(CH3), δs(CH3), δ(C-H), 

ν(C-C), and ν(C-O) of adsorbed 2-propanol, respectively.[21,23,24] Due to the superimposition 

by gas-phase 2-propanol, desorption at room temperature was performed. The bands of gas-

phase 2-propanol were no longer observed, and the 2-propoxide bands at 2971, 2888, and 1382 

cm-1 became less intense during the desorption experiment. As no other band emerged, 2-

propoxide is the only species detected after 2-propanol adsorption at room temperature on the 

NP surface. 

The DRIFT spectra during the adsorption and desorption experiments at 503 K are also 

shown in Figure 6. Again, all bands for gas-phase 2-propanol and 2-propoxide are observed. 

However, new bands emerge at 2958, 1735, and 1228 cm-1, which can be assigned to ν(C-H), 

ν(C=O), and ν(C-C) of acetone, respectively, indicating 2-propanol dehydrogenation.[23–26] 

So, bands like δas(CH3) and δs(CH3), which were previously only assigned to gas-phase 2-

propanol and 2-propoxide, also emerge from formed acetone. Additional weak bands around 
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1555 and 1309 cm-1 are detected and indicate the formation of surface carbonates.[9] During the 

desorption at 503 K all bands can still be observed at the beginning of the desorption 

experiments. However, during the desorption experiments all previously observed bands 

disappeared and only two bands at 1402 and 1333 cm-1 remained in the DRIFT spectra, which 

were superimposed by the δs(CH3) band at 1373 cm-1. The former remaining band at 1402 cm-1 

can be identified as the νs(COO) stretching observed for carboxylate groups, whereas the band 

at 1333 cm-1 can be assigned to δ(CH3) of acetate species.[10,11,22,27] 

  

  

Figure 6. DRIFT spectra during adsorption (a,c) and desorption (b,d) of 2-propanol on CoFe2O4 

NPs at ambient temperature (a,b) and 503 K (c,d). 

The oxidative treatment of the CoFe2O4 NPs after desorption at 503 K is shown in Figure 7. 

Only bands of the stable acetate species were observed at the beginning, but started to disappear 

in the oxidizing atmosphere. In parallel, the formation of bands at 2360 and 2330 cm-1 due to 
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the presence of gas-phase CO2 and weak bands at 1555, 1309, and 1259 cm-1 were detected, 

which can be assigned to adsorbed carbonate species. An additional band of δ(H2O) at 1624 cm-

1 is observed. The acetate bands at 1402 and 1333 cm-1 became negative, and the intensity 

decreased until only small amounts of gas-phase CO2 remained. Simultaneously, the band at 

3681 cm-1 started to emerge indicating the formation of OH groups, which had been consumed 

during 2-propanol adsorption at RT.  

 

Figure 7. DRIFT spectra during oxidative treatment subsequent to the exposure of the CoFe2O4 

NPs to 2-propanol at 503 K. 

After identification of the acetate and carbonate species in addition to the reactant and 

product species during interaction of 2-propanol with the spinel surface, a ratio between acetates 

and carbonates is estimated by using the amounts of H2, H2O, and CO2 (Table S1) desorbed 

during the pretreatment of the deactivated CoFe2O4 NPs at 573 K in 10 % O2/He (Figure S5). 

Considering all H-atoms originating from acetate species, desorbing O- and C-atoms remain, 

which can be attributed to the carbonate species. With the total amounts, a ratio of 5.5 to 1 

between acetates and carbonates was calculated. However, after attributing all H- and O-atoms 

to the surface adsorbates, residual C-atoms are still left within the calculation, indicating the 

formation of elemental carbon during the 2-propanol oxidation reaction. The remaining C-atoms 

could further be oxidized by the gas-phase oxygen which consumed amount sums up to 1690 
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µmol gcat
-1. However, more oxygen is consumed than theoretically is needed for the residual 

carbon oxidation to CO2. The remaining consumed oxygen can then reoxidize the catalyst 

surface. Considering the three most stable surface terminations (100), (110), and (111) a degree 

of surface reduction of 0.3 % was calculated, indicating almost no reduction of the CoFe2O4 

surface during 2-propanol oxidation. 

3.7. X-ray photoelectron spectroscopy  

For providing evidence for carbon formation on the CoFe2O4 surface, XPS C 1s spectra of 

the catalyst before and after 2-propanol oxidation were recorded. In Figure 8 the peak at 284.5 

eV is assigned to carbon and becomes more intense for the catalyst after reaction. Additionally, 

the peak at 288.2 eV is often reported for surface carbonates [9] and is also slightly increasing 

supporting the DRIFTS results. Because of the ex situ performed measurements the small 

changes might occur due to the exposure to air during the just in time transfer to the XPS set-up. 

Therefore, in situ NAP-XPS measurements were performed using another CoFe2O4 NP sample 

during oxidative pretreatment and 2-propanol oxidation at 573 K. The increased intensity of the 

carbon peak in the C 1s spectra reveals carbon formation during the oxidation reaction. 

Posttreatment of the catalyst under an oxidative atmosphere for several hours resulted in 

complete oxidation of all surface carbon species. 
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Figure 8. C 1s spectra of CoFe2O4 NPs measured ex situ (top) before and after 2-propanol 

oxidation as well as in situ (bottom). 

To further examine changes in the surface composition with the focus on the cobalt 

oxidation state and reactive surface oxygen species, the CoFe2O4 NPs were analyzed by XPS 

before and after 2-propanol oxidation. The cobalt oxidation states were investigated by 

monitoring the Co 2p region (2p3/2 and 2p1/2 peaks as well as the corresponding shake-up 

satellites) as shown in Figure S7. Usually Co2+ exhibits an intense shake-up satellite at 786 eV 

as is observed for the CoFe2O4 NPs, whereas for Co3+ only a weak satellite peak is formed at 

790 eV. Therefore, the Co 2p3/2 peak at 779 eV and the satellite peak around 787 eV were 

deconvoluted using four peaks as summarized in Table S3 and reported in the literature.[28,29] 

The comparison of the energy difference (ΔE) between the 2p3/2 and the 2p1/2 peaks can be used 

to examine changes in the cobalt oxidation state.[30] For the CoFe2O4 NPs the energy 

differences between the 2p3/2 and 2p1/2 peaks are summarized in Table 4 and reveal a dominant 

contribution of Co2+.[31] The higher energy difference after 2-propanol oxidation indicates a 

small enrichment of Co2+ on the surface. Taking the deconvolution curves for CoFe2O4 into 

account, the intensity ratio of the Co 2p3/2 peak and the corresponding satellite (Ip/s) can be 

evaluated. The slightly decreased intensity ratio for the Co 2p spectra after reaction also 

indicates a higher Co2+ content despite the exposure to air during transfer to the XPS set-up. 

In contrast to the changes in the Co 2p region, the Fe 2p region (Figure S8) with the 

2p3/2 and 2p1/2 peaks as well as the corresponding shake-up satellites assigned to Fe3+ was not 

affected at all by 2-propanol oxidation. Additionally, only minor changes in the O 1s spectra 

(Figure S9) were observed. 

Table 4. Binding energies of the Co 2p3/2 and 2p1/2 peaks, corresponding energy differences 

(ΔE), and intensity ratios of the Co 2p3/2 peak and the corresponding satellite (Ip/s) before and 

after reaction for CoFe2O4 NPs. 

 Binding energy / eV ΔE / eV Ip/s 

 Co 2p3/2 Co 2p1/2   
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CoFe2O4 before reaction 779.9 795.3 15.4 1.19 

CoFe2O4 after reaction  779.8  795.5 15.7 1.17 

 

3.8. X-ray absorption spectroscopy 

Operando XAS was applied to extract information about the evolution of the chemical state 

and structure of the catalysts in the presence of 2-propanol. Both Co K-edge and Fe K-edge X-

ray absorption near edge structure (XANES) data of the as-prepared CoFe2O4 NPs are in a close 

resemblance with a reference cobalt ferrite spectrum measured at the same beamline. In the 

XANES spectra a shoulder at ca. 7723 eV was found to develop during the first reaction step at 

473 K, indicating the formation of CoO (Figure 9a). Linear combination analysis (LCA) of the 

XANES data revealed 25 at.% of Co in the CoO phase at 473 K, which remains during the 

following reaction steps at 523 and 573 K. An example of the LCA procedure can be found in 

the supporting information (Figure S16). This finding is also corroborated by the information 

extracted from the Co K-edge extended X-ray absorption fine structure (EXAFS) spectra. Thus, 

the Co-O feature shifts from 1.5 to 1.55 Å-1(uncorrected for phase shift, Figure 9b), while the 

peak at 2.55 Å-1(uncorrected) decreases and becomes broader. The latter can be assigned to Co-

Co backscattering and has to be considered along with the shoulder 3.1 Å-1(uncorrected), which 

corresponds to Co-Fe backscattering and can be considered a fingerprint of the spinel structure. 

As can be seen from the EXAFS spectra, the amount of Co in the spinel phase decreases 

substantially in the presence of 2-propanol. The Co-Co coordination number extracted from the 

analysis of EXAFS data was found to increase to a value over 10 at 573 K (Table S4) despite 

the fact that only 6 is expected for a pure spinel structure, while 12 should be obtained for the 

CoO structure. The coordination number of Co-Fe decreases correspondingly from 5.1 in the 

pristine CoFe2O4 sample to 3.9 during 2-propanol dehydrogenation at 573 K. 

Much more subtle changes are observed in the chemical state and coordination of Fe. The 

XANES spectra show a slight shift of the white line from 7133 in the as-prepared state to 

7132.5 eV at 573 K accompanied by a minor drop of the intensity (Figure 9a). The 
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corresponding EXAFS spectra (Figure 9b) maintain their shape and positions of the main 

features with the overall magnitude decreasing as the reaction temperature increases. The main 

change can be observed in the decreasing EXAFS shoulder at 3.4 Å-1 (uncorrected) that 

represents Fe-Co backscattering of octahedrally coordinated Fe. More detailed EXAFS analysis 

is not feasible with the data at hand as Fe in the spinel CoFe2O4 occupies sites in both octahedral 

and tetrahedral coordination.  

Overall, the XAS spectra of the as-prepared CoFe2O4 NPs show a very close resemblance to 

the inverse spinel structure with octahedrally coordinated Co2+ ions and Fe3+ ions occupying 

both octahedral and tetrahedral sites (see SI for a detailed analysis). Some minor impurities, 

however, cannot be ruled out completely as indicated by Co-O coordination numbers (CN) 

lower than 4, which is expected for tetrahedral sites (Table S4). Under reaction conditions the 

CoO structure evolves as indicated by a shift in the expansion of the Co-O bond, an increase of 

the Co-Co coordination number and a decrease of the Co-Fe coordination numbers. On the other 

hand, the chemical state of Fe, seem to be more stable under 2-propanol dehydrogenation 

conditions as the corresponding spectra change only due to a temperature-dependent increasing 

dynamic disorder and decreasing Fe-Co signal. 
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Figure 9. Co K-edge and Fe K-edge (a) XANES and (b) and EXAFS spectra of CoFe2O4 NPs 

measured as-prepared and under 2-propanol dehydrogenation conditions. The inset in (a) shows 

the white-line regions of the Co K-edge XANES of the CoFe2O4 sample as-prepared and under 

2-propanol dehydrogenation conditions at 573 K. Black vertical lines in b mark the apparent 

positions for Fe-O and Fe-Fe scattering events in the as-prepared Fe K-edge EXAFS, red lines – 

those for the for Co K-edge EXAFS spectra. 

4. Discussion 

The selective oxidation of 2-propanol over CoFe2O4 NPs was investigated by a variation 

of the oxidative pretreatment as a function of temperature. For the initial oxidation run after 

oxidative pretreatment at 573 K, the catalyst was found to be both active and selective over the 

whole temperature range, catalyzing the oxidative dehydrogenation to acetone and H2O. At 

higher temperatures total oxidation yielding CO2 and H2O was also observed to a minor extent. 

The concomitant deactivation of the low-temperature activity was found in the subsequent 

reaction runs when lowering the reaction temperature. The temperature variation of the 

pretreatment in O2 revealed three conversion maxima. The low-temperature maximum at 430 K 

was observed after pretreatment at temperatures ≥ 523 K, whereas an intermediate maximum in 

the 2-propanol conversion at 510 K was already found after pretreatment temperatures ≥ 473 K, 

and the high-temperature activity was stable even after deactivation. Nevertheless, the 

selectivity at high temperatures depends on the pretreatment temperature. Acetone and CO2 

yields were found to increase with increasing pretreatment temperature, while the propene yield 

simultaneously was found to decrease, indicating an increased selectivity towards 2-propanol 

dehydration for the deactivated catalyst. The same trend was observed for 2-propanol oxidation 

after N2O pretreatment. However, the pretreatment temperatures were 50 K higher than those 

employed for the O2 pretreatment used in the regeneration of the CoFe2O4 NPs so that 

temperatures ≥ 573 K had to be applied for the N2O pretreatment. 

The influence of reactive surface oxygen species on the low-temperature reaction 

pathway was investigated by O2 TPD experiments after the O2 and N2O pretreatment. The 
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corresponding TPD profiles revealed the presence of atomic oxygen and surface lattice oxygen 

species and excluded the presence of molecular oxygen species on the catalyst surface 

independent of the oxidative atmosphere. Due to the high yields of the selectively formed 

oxidation product acetone and the low selectivity toward total oxidation, the reactive oxygen 

species involved during 2-propanol oxidation is identified to show nucleophilic character, most 

likely O2- at the outermost surface. The higher amount of desorbing O2 after the N2O 

pretreatment indicates the ability of generating reactive atomic surface oxygen species on spinel 

surfaces by N2O decomposition.[17] Nevertheless, no correlation between the desorbing amount 

or the surface oxygen species and the low-temperature activity of the catalyst was found, which 

can explain the observed 50  K deviation between both pretreatments.  

However, the choice of the oxidizing gas influenced the TPO profile. The consumption 

of the oxidizing gases coincides with the detection of CO2 and H2O, indicating the oxidation of 

carbon- and hydrogen-containing residues on the catalyst surface. The amount of desorbing CO2 

increased with increasing pretreatment temperature and correlated with the regeneration of the 

low-temperature pathway. After O2 pretreatment ≤ 423 K, low-temperature activity was not 

observed, and the amounts of desorbing CO2 were low (9–23 µmol gcat
-1). After pretreatment at 

473 K, already 258 µmol gcat
-1 CO2 had desorbed, and the intermediate conversion maximum is 

observed. After pretreatments at temperatures ≥ 523 K, the CO2 amount is even 7 times larger 

and the low-temperature pathway was completely recovered. The slightly lower amount of CO2 

observed for 623 K can be explained by accumulation of carbon-containing species due to 

incomplete oxidation in the previously performed TPOs. The correlation of the desorbing 

amount of CO2 and the occurrence of the low-temperature reaction pathway was also observed 

for the pretreatments in N2O and He. The formation of CO2 during the inert pretreatment can 

occur due to decomposition of carbonates or oxidation of adsorbates by mobile oxygen species 

from the catalyst. The desorption of reactants and products during the inert pretreatment and the 

inhibition experiments with preadsorbed CO2 and acetone show no strong inhibiting effect on 

the active site. However, adsorption of acetic acid prior to the 2-propanol oxidation selectively 
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inhibited the low-temperature pathway, while the intermediate and high-temperature maxima 

were not affected indicating a strong adsorption of acetate species on the active site for the low-

temperature oxidative dehydrogenation. 

The formation of acetates and the inhibition of 2-propanol dehydrogenation was verified 

by performing in situ DRIFTS experiments. Upon interaction of 2-propanol and the CoFe2O4 

NPs at ambient temperature only 2-propanol adsorption as 2-propoxide was observed. 

Additional bands for other surface species or gas-phase products were only detected at 503 K. 

Formation of acetone and carbonates was observed, indicating conversion of 2-propanol. 

However, the corresponding bands disappear during desorption at high temperatures, verifying 

that acetone as well as carbonates are not inhibiting species for the CoFe2O4 NPs. Lukashuk et 

al.[9] also described stable carbonates as spectator species, which play a minor role in CO 

oxidation over Co3O4. Only two bands assigned to acetate species remained, indicating its 

strong adsorption and inhibition of the catalytic activity. Acetate and carbonate species were 

also detected as important intermediates for the anaerobic ethanol decomposition by Vozniuk et 

al.[8,10] as well as during FTIR investigations of the oxidation of C3-compounds such as 2-

propanol and propene by the Lorenzelli group[11,32–34], but not clearly identified in the 

context of deactivation. To clarify if acetates can be removed and the low-temperature reaction 

pathway can be regenerated, DRIFT spectra were acquired during the oxidative treatment at 573 

K. The bands of acetate species became negative and the parallel increase of CO2 and H2O 

bands indicated the oxidation of acetates and their removal from the surface of the catalyst. 

Finocchio et al.[33] also found that acetates are stable at 473 K, but disappeared at 573 K.  

Nevertheless, acetates are not the only species which can cause deactivation. 

Considering the mass balance during pretreatment in O2 at 573 K with regard to the identified 

surface adsorbates, deposition of elemental carbon on the CoFe2O4 NPs during 2-propanol 

oxidation can be postulated. Carbon formation on the CoFe2O4 surface was confirmed by 

analyzing the C 1s region of ex situ XPS data of the used catalyst and in situ 2-propanol 

oxidation measurements. In their reaction scheme of propane oxidation over Co3O4, Finocchio 
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et al.[33] described the formation of formate species in addition to acetate species from the 

intermediate 2-propoxide. The formate species were less stable than acetates and their 

decomposition leads to the formation of OH groups and CO. The latter can be converted 

according to the Boudouard reaction which favors the formation of carbon and CO2 at low 

temperature and is additionally catalyzed by Fe. Carbon deposits, like the acetate species, can be 

removed by oxidative treatment.  

XPS was also used to study the oxidation state of Co of the CoFe2O4 NPs and its 

changes upon 2-propanol oxidation reaction. Since the exposed cobalt ions are assumed to be 

the active site for the oxidation reaction, their oxidation or reduction can cause activation or 

deactivation, respectively. The Co 2p spectra reveal the dominant Co2+ oxidation state before 

and after reaction. However, the detailed analysis indicates a minor reduction of the cobalt 

species with an enrichment of Co2+ on the surface after reaction, but does not influence the 

catalytic activity as much as the acetate species, inhibiting the low-temperature activity. XAS 

proved that the cobalt species are exclusively occupying octahedral sites in the as-prepared 

CoFe2O4 NPs. Although Fe coordination remains mainly unchanged, significant changes in the 

local environment of Co can be observed during 2-propanol dehydrogenation. In particular, 

CoO can be fitted to some extent in XANES already at 473 K that then remains stable at higher 

reaction temperatures. EXAFS fitting results also confirm this conclusion based on Co-O bond 

expansion, an increase of Co-Co and decrease of Co-Fe coordination numbers. 

5. Conclusions 

Inverse spinel CoFe2O4 NPs synthesized by the decomposition of metal acetylacetonates 

are highly active in the selective oxidation of 2-propanol. The unsupported CoFe2O4 NPs 

catalyze the oxidative dehydrogenation of 2-propanol to acetone as main product over the whole 

investigated temperature range up to 573 K with a slightly decreasing selectivity due to total 

oxidation at the highest temperature. The observed low-temperature reaction pathway at 430 K 

is inhibited after an initial oxidation reaction run but can be restored by oxidative treatment. 

Deactivation was identified to originate from strongly bound acetate species as confirmed by 
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poisoning experiments with acetic acid and in situ DRIFT spectroscopy. Also, the formation of 

carbon contributes to the decreased activity whereas carbonates are rather spectator species. The 

influence of reactive surface oxygen species on the deactivation process was excluded by 

temperature-programmed methods, and only a minor influence of surface reduction was 

deduced by XPS and XAS. 
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