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Beneficial Effects of Low Iron Contents on Cobalt-
Containing Spinel Catalysts in the Gas Phase 2-Propanol

Oxidation

Maik Dreyer,” Ulrich Hagemann,® Markus Heidelmann,®™ Eko Budiyanto,"
Nicolas Cosanne,"” Klaus Friedel Ortega,'” Sharif Najafishirtari,'” Nils Hartmann,"

Harun Tiysiiz,” and Malte Behrens*® 9

Oxidation reactions are highly relevant transformation reactions
in the industry. Mixed Co and Fe containing oxides are
promising substituents for noble-metal-based catalysts due to
lower cost and higher thermal stability. Performing oxidation
catalysis in the liquid phase is desired to prevent total
oxidation. An approach toward liquid phase reactions is water
vapor added to the gas stream, which can help to build an
experimental bridge between both phases. Here, nanocasted

Introduction

Cobalt-containing spinel oxides are among the most promising
materials studied in recent years to replace noble-metal-based
catalysts in oxidation catalysis for the formation of value-added
products or in total oxidation processes.” Thus, the oxidation
reactions of several reactants were extensively studied on
cobalt-based spinel catalysts, such as CO oxidation,” methane
combustion,”” longer-chain alkane combustion,” as well as gas
phase and liquid phase 2-propanol oxidation.”

From the mechanistic point of view, the O, activation and
the formation of reactive oxygen species (ROS) at the surface of
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Co,Fe, 0, spinels are studied in the gas phase oxidation of 2-
propanol as a probe for selective oxidation without and with
the addition of water into the reaction feed. In both cases, low
amounts of Fe (<4%) were found to be beneficial for the
activity. Under wet conditions, there is a negative effect on the
activity below 150°C during heating due to competitive
adsorption. However, at higher temperatures during cooling,
the activity is higher due to a slower deactivation.

these cobalt oxide catalysts play an important role in CO and
methane oxidation.” Zasada et al. reported that two fivefold
coordinated Co*" centers in octahedral sites of the spinel
activate the oxygen as a cooperative tandem.” In the temper-
ature range below 450°C, they reported p-superoxo and metal-
oxo species.*” Another study by Liu et al. showed that oxygen
vacancies could activate O, and form superoxo species on the
surface.” In general, cobalt oxide spinel with a predominantly
exposed (110) surface shows higher activity than that of
materials with other low-indexed surface terminations as seen
in CO oxidation,”™ gas-phase 2-propanol oxidation,*
methane,” and toluene oxidation."” CO oxidation is considered
to take place by different mechanisms. The mechanisms
mentioned by Lukashuk et al. are namely Langmuir-Hinshel-
wood at low temperature, Mars-van-Krevelen at high temper-
ature, and the additional mechanisms CO dissociation, carbon
oxidation, and formation of carbonate spectators.””

2-Propanol oxidation on Co;0, spinel catalysts was mainly
studied as a probe reaction for selective oxidations relevant to
the chemical industry. It was proposed that coordinatively
unsaturated Co*" is the active site in the liquid- and gas-phase
oxidation.”* In terms of 2-propanol oxidation on the (100)
surface, a preferential Langmuir-Hinshelwood mechanism was
reported,® while on the (110) surface, the Mars-van-Krevelen
mechanism was proposed based on DFT+ U calculations.

On spinel oxides, the addition of water to the reaction feed
typically dampens the activity in oxidation catalysis,"? which
was observed on Co;0,-based spinel catalysts in several
reactions under wet conditions, e.g., total propane oxidation,"*!
hydrocarbon oxidation,"? and CO oxidation."® The lower CO
oxidation activity was related to water adsorption on Co®™ sites.
Consequently, the sites are not available for the adsorption of
reactant molecules."™ Another possible reason is surface cover-
age with OH groups instead of H,0"® which possibly hinders
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the oxygen transfer.*'¥ However, a different reaction mecha-
nism occurs on the (110) surface; a CO molecule can addition-
ally be adsorbed on a Co®>" with a pre-adsorbed OH group and
still form CO,.™ Our previous work showed a lower deactiva-
tion rate in a wet feed than a dry feed on cobalt iron mixed
perovskites,"™ which shows that also positive effects of water
addition are possible, that need further studies.

A general synergistic effect of different cations was reported
in the literature for several reactions regarding the catalyst
composition. For example, the highest selectivity to lower
olefins in CO hydrogenation was found for an intermediate Mn
content in Mn,Fe,, 0, spinels."® The same was observed for the
activity of Mn,Zn,_Fe,0, materials in the gas-phase oxidation of
benzyl alcohol."” In N,O decomposition, Wéjcik et al. showed
the effects of doping with various cations, where surface
promotors like Na, K, and Cs had a beneficial effect on the
catalytic activity with content of < 1.5 wt.%, whereas positive
effects of bulk substituents Ni and Zn were achieved with
contents of 17 and 11 wt.%, respectively.'® Also, a beneficial
effect of Fe was reported previously in the literature when
doping Mn,0, spinel catalysts in the reduction of NO with
ammonia, attributed to a Fe,-O-Mn,, site.’? Also, in the
electrocatalytic oxygen evolution reaction (OER), the doping
effects of Fe on Co;0, are extensively reported in the
literature.”” As a result of DFT+U calculations, a beneficial
effect of Fe doping at an octahedral site on a Co;0,(001) A-layer
with exposed tetrahedrally coordinated Co was found to lower
the overpotential of the reaction.?"

Iron substitution in the Co;0, spinel catalyst was studied on
mesoporous materials synthesized via the nanocasting method
using SBA-15 silica as a hard-template. An increase of catalytic
activity in cinnamyl alcohol oxidation in the liquid phase
catalyzed by these catalysts was observed when tert-butyl
hydroperoxide (TPHP) was used as the oxidant. In contrast, no
beneficial effect was seen in cinnamyl alcohol oxidation with O,
as the oxidant.?? A similar catalytic enhancement promoted by
iron substitution could also be observed in cinnamyl alcohol
oxidation reaction with TBHP oxidant and LaCo,,CoFe,O,
perovskite catalysts.”® In the electrochemical OFR catalyzed by
the aforementioned SBA-15 templated spinels, iron substitution
could facilitate a faster reaction kinetics due to the higher spin
state of Co®>* ions in octahedral positions,”“**¥ and alteration in
the Co® -0 bonds.?®

In this study, effects of water addition and iron doping/
incorporation are investigated for 2-propanol oxidation using
empirical composition-activity correlations in dry and wet feeds.
The catalysts are mixed mesoporous Co;,Fe O, spinel catalysts,
synthesized using SBA-15 silica hard template via the nano-
casting route as described in the literature.®***?*? The composi-
tion of the samples was varied in a range from a few percent of
Fe substitution in Co;0, to CoFe,O, and they were characterized
by powder X-ray diffraction (XRD), X-ray photoelectron spectro-
scopy (XPS), high-resolution scanning transmission electron
microscopy (STEM), electron energy loss spectroscopy (EELS)
and energy-dispersive X-ray spectroscopy (EDX). After thorough
characterization, the materials were tested in the gas phase
oxidation of 2-propanol in three consecutive runs. Before each
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run, temperature-programmed oxidation (TPO) was performed
to restore the catalysts’ initial conditions. The first two runs
were performed without a co-feed of water into the gas stream.
A tenfold amount of water was added to the feed for the 3™
run. In both cases, a non-stable but highly active low-temper-
ature (LT) activity channel and a less active but stable high-
temperature (HT) activity channel were observed. Under both
dry and wet conditions, a beneficial effect of small contents of
Fe (<4%) was seen. On the LT activity, the effect of water is
always detrimental. However, when cooling down, water has a
beneficial effect that coincides with higher stability during an
isothermal dwell at 300 °C. Post-mortem characterization reveals
morphologic stability of the hard templated catalysts and no
clear connection between Co content and surface-near Co
oxidation state changes.

Results and Discussion
Characterization

The synthesis and characterization of SBA-15 templated cobalt
iron oxide (Co,,Fe,0,) sample series with the Co:Fe atomic
ratios of 100:0 (Co,0,), 64:1, 32:1, 16:1, 7:1, 3:1, and 1:2
(CoFe,0,) were reported in detail in previous publications and
are summarized in the following paragraph.®*** 2 The above-
mentioned ratios refer to the nominal stoichiometric ratio of
Co:Fe used in the synthesis, and the composition was verified
by scanning transmission electron microscopy (STEM) energy-
dispersive X-ray spectroscopy (EDX) and X-ray photoelectron
spectroscopy (XPS). XRD analysis revealed a pure single spinel
phase on Co;0, and Co,,Fe,O, with Co:Fe atomic ratios of
64:1, 32:1, 16:1. For mixed samples with Co:Fe ratios of 7:1,
3:1 and 1:2 the two miscible phases of Co;0, and CoFe,O,
could be assigned.”® With increasing Fe content in the catalysts,
transmission electron microscopy (TEM) revealed less ordering
of the mesoporous structure and nanowire length, as also
visible from TEM images before catalysis in this study (see
Figure S1). Another effect of incorporating Fe was seen on the
increase of occupancy of Co®" species in tetrahedral sites and
distorted Co**-0 bonds.”™ A bulk elemental analysis by STEM-
EDX and near-surface elemental quantification by X-ray photo-
electron spectroscopy (XPS) showed a good agreement of the
experimental Co:Fe content compared to its nominal or
theoretical value, as shown in Figure 1a.°**? The Co 2p XPS
spectra of the as-prepared materials are shown in Figure S2.
The results for the STEM-EDX and XPS analysis are given in
Table 1.

Comparing STEM-EDX and XPS, a considerable difference in
Co content on the surface compared to the bulk was seen only
for the CoFe,0, catalyst. A greater extent of Co in the near-
surface regions was also reported before for the SBA-15
templated CoFe,0, catalyst, which might be in line with the
confirmation of a surface-segregated Co;0, secondary phase in
this sample, as shown by Rietveld refinement.**?? The evalua-
tion of Co species was then performed with XPS spectra. In
general, fitting the Co 2p region is prone to errors in mixed Co

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 1. (a) Parity plot of experimental Co/(Co + Fe) ratio derived from
STEM-EDX and XPS in the as-prepared state. (b) Contribution of Co** and
Co’" to the Co XPS signal in the as-prepared state. The dashed horizontal
lines indicate the Co oxidation state composition of a normal Co,0, spinel
with 33.3% Co?* and 66.7 % Co®*. The hyperbole curves show the Co
oxidation states when substituting Co by Fe in Co;0, under the assumption
that Fe exclusively is present as Fe®*.

and Fe containing oxides.”” Since Co®"/Co®" oxidation states
were desired to be investigated, and not CoO and Co;0, phase
contributions, a model using the reference fits of Co?* in CoO
from the literature®® and Co®" from a measurement on a
MgCo,0, catalyst synthesized by Rabe etal®® was further
constructed. For the three samples with the highest Fe
contents, the Fe-LMM Auger peak overlapping with the Co 2p
peak cannot be neglected. As the Fe is present as Fe*" in our
samples, we used the reference spectra from a Fe,0; sample to
model the size, shape, and position of the Fe Auger signal.
Especially for the CoFe,O, sample, this leads to an increase in
the precision for the Co species determination. The results are
shown in Figure 1b, and only minor changes between the
different samples are observed. Two different reference compo-
sition curves are given per species. The horizontal curves show

the ratio from a normal Co,0, spinel consisting of 2/3 Co®" in
octahedral positions and 1/3 Co®" in tetrahedral positions. The
hyperboles show the composition upon substitution of Co by
Fe under the assumption that Fe is always present as Fe’”, as
indicated from the Fe 2p signals. A comparison between data
and references reveals that the data mimics the behavior well
with the hyperbolic curve shape despite for 3:1, which shows
the composition of a normal spinel. For 32:1 and 64:1, the
values determined by XPS are slightly higher than expected by
both methods. For CoFe,0,, expected as an inverse spinel with
only Co?* contributions, minor contributions of a Co®" species
are possible, which is in line with phase segregation reported in
the literature.”

In electron energy loss spectroscopy (EELS), the Co Ls/L,
intensity ratio was determined from spectra shown in Fig-
ure S3a and the calculated ratio is shown in Figure S3b for all
catalysts. A higher value of this ratio indicates a lower oxidation
state of the Co cations.”” This local spectroscopy technique
confirmed that all catalysts despite CoFe,0, show comparable
Co oxidation states and that CoFe,O, has a lower overall Co
oxidation state. Furthermore, it is confirmed that the catalyst
3:1 differs from the expected hyperbole curve (Figure 1b)
assuming a static Fe** oxidation state.

Specific BET surface areas of the catalysts are reproduced
from the previous work™® with the exception of Co:Fe 64:1 and
are shown in Table 1. For Co-rich samples, the exposed surface
areas ranged between 103 and 128 m*g~". For CoFe,0, the
surface area increased to 178 m*g™' due to the formation of
small nanoparticles instead of elongated nanowires arrays.**

Catalysis data evaluation procedure

As previously applied in a study of LaFe,,Co,0; perovskites, a
consecutive three-run catalytic procedure was used to deter-
mine the activity of the catalyst materials in the gas phase
oxidation of 2-propanol as a function of Co content in the
catalyst as well as of the water content in the reaction mixture.
Each run consisted of heating and cooling segments separated
by an isothermal dwell period of 1 h at 300°C. The two first
runs were performed in a 1:1 mixture of O, and 2-propanol
under identical conditions to check for stability and perform-
ance restorability. The 3™ run was performed with the 10-fold
co-dosing of water compared to 2-propanol and O, into the
feed to study its effect compared to the dry runs. Before each

Table 1. BET surface areas from Ref. [1] and experimental Co/(Co + Fe) ratios determined by the catalysts’ STEM-EDX and XPS.

Sample SAger Co/(Co +Fe) [%]

[m’g7'] Nominal EDX XPS
Co50, 107 100.0 100.0 100.0
Co:Fe 64:1 128 98.5 97.2 98.4
Co:Fe 32:1 1189 96.9 95.2 96.0
Co:Fe 16:1 1039 94.1 93.1 93.7
Co:Fe 7:1 1139 87.5 84.8 84.0
Co:Fe 3:1 125 75.0 75.9 76.8
CoFe,0, 178% 333 27.8 46.6
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catalytic run, an oxidative treatment was performed to burn off
surface-blocking carbonaceous species and regenerate the
catalyst's surface. This oxidative activation step could fully
restore the conversion profile for all catalysts. For the Co;0,
catalyst, the steady-state conversion was comparable to that
observed during cooling in the transient experiment.”® Such
comparable conversions during cooling and under steady-state
conditions were also observed in the gas-phase 2-propanol
oxidation on perovskites."

In Figure 2, an exemplary dataset is shown for Co:Fe 64:1.
In the 1* and 2™ runs, the typical pattern of spinel catalysts was
observed with a low-temperature (LT) conversion maximum
during heating, which disappeared during cooling. Still, it can
be restored after temperature-programmed oxidation between
the 1% and 2™ run*¥ The behavior of the LT and its
disappearance during cooling were explained in a previous
study® and it was ascribed to reversible surface poisoning by
acetate species and, to a lesser degree, to reduction of Co** to
Co®" on the catalyst surface. Because of this, a local maximum
and drop of conversion can be observed for spinel and
perovskite catalysts. The calculated carbon balances, which are
shown in Figure S4, of our conversions support this claim. Until
the temperature reached 130°C, the only products are acetone
coupled with water, indicating an oxidative dehydrogenation
pathway. CO, evolution from total oxidation is observed at
higher temperatures, accompanied by a decrease in acetone
yield in the high-temperature (HT) channel. The restorability of
the conversion curves in the 1% and 2™ run is shown for all
catalysts in Figure S5 with very similar profiles. Therefore,
further detailed evaluations in the following discussion are
based only on the 1% run.

When co-feeding water in the 3™ run, the conversion curves
show the same general features of LT and HT reaction channels,
but changes in the catalytic profiles are observed and discussed
in detail below. Therefore, the activity of the catalysts was
compared based on reactivity parameters,"” which are graphi-
cally shown in Figure 2 with the example of Co:Fe 64:1.
Furthermore, the LT reaction channel is characterized by two
factors: the temperature needed to reach 10% conversion (T,,)
during heating and the surface-area normalized 2-propanol
consumption rate at 100 °C. On the other hand, the HT channel
is characterized by T,, and Ts, during cooling and the reaction
rate at 200°C during cooling. In terms of product formation,
oxidative dehydrogenation to acetone remains the main
reaction pathway in the wet feed. At the same time, the onset
of the CO, formation shifts to higher temperatures, and the
drop in acetone formation at high temperatures is less
pronounced than in the dry feed indicating an additional effect
of water on the selectivity.

Effect of Fe doping and substitution on gas phase 2-propanol
oxidation activity

2-Propanol conversion curves are shown in Figure 3a for all
catalysts. The typical features like the unstable LT activity
channel are present in the conversion curves of all different
catalyst materials during heating, which is discussed in more
detail in the Supporting Information (SI) pages S6 and S7.
Corresponding O, conversions with similar trends as 2-propanol
are shown in Figure S5g and the product distributions are
depicted in Figure S6.

Run 1: Dry Feed

Conversion / %

Run 2: Dry Feed

Run 3: Wet Feed

150 200 250 300 50 100

Temperature / °C

oo - 3
150 200 250 300 50
Temperature / °C

Temperature / °C

Figure 2. Exemplary dataset of Co:Fe 64:1 obtained from gas phase 2-propanol oxidation consisting of conversions of 2-propanol (m) and oxygen (@, top
row) and product formation rates for acetone (m), water («) and CO, (#, bottom row) during three consecutive runs. Filled symbols show data points during
heating. Empty characters show the behavior during cooling. Solid lines indicate the fit of the curve. Parameters T,,, Ts, and the reaction rates at 100°C and

200°C are shown where they were extracted with dashed lines.
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Figure 3. (a) 2-Propanol conversions in dry feed. Solid and hollow symbols show data points during heating and cooling, respectively. (b) T,, values during
heating and cooling and T, during cooling in dry feed plotted against the experimental Co/(Co + Fe) derived from STEM-EDX. (c) Surface-area normalized 2-
propanol consumption rates at 100 °C during dry feed heating. (d) Surface-area normalized 2-propanol consumption rates at 200 °C during dry feed cooling.
(e) Surface-area normalized acetone and CO, formation rates at 200 °C during cooling. (f) Surface-normalized formation ratio of acetone/(acetone +CO,) at Ty,

during cooling.

A comparative discussion of the catalytic data is conducted
here using the conversion-based reactivity parameters T, and
rates in Figure 3b—f as a function of the experimental cobalt
content Co/(Co+ Fe) determined by STEM-EDX. The T,, values
during heating as an indicator for LT channel activity indicate a
general decrease of activity with increasing Fe content seen by
a higher T,, value until the Co:Fe ratio of 3:1 (Figure 3b). After
further increasing the Fe content, no further negative effect on
this activity parameter was observed. However, there is a small
promotion by the smallest amount of Fe incorporated into the
catalyst seen by a slightly decreased T,, value for Co:Fe 64:1

ChemCatChem 2022, 14, €202200472 (5 of 12)

compared to the pristine Co;0,. This coincides with an increase
in the specific surface area of Co:Fe 64:1 compared to the
pristine Co;0,. In the HT channel, represented by T,, and Ts,
during cooling, similar trends for both parameters are observed
(Figure 3b). Both parameters show a promoting effect of Co:Fe
64:1 and Co:Fe 32:1 with a minimum in the required temper-
ature. The general negative impact of high Fe contents remains
present, even though the T,, value for Co:Fe 3:1 during cooling
indicates less activity than for CoFe,0,.

After all, variation of the Co content below a Co:Fe ratio of
3:1 in the material was not found to have an apparent effect

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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on catalytic conversion. In contrast, a trend of increasing activity
with a maximum at the Fe doping level was observed for higher
Co content. In the liquid phase oxidation of 2-propanol with O,
as the oxidant and in the CO oxidation, no beneficial effect of
doping with small amounts of Fe was found on the similar
catalysts presented in this study.”*® In contrast, for CO
oxidation, Baidya et al. reported activation of Co;0, catalysts
with Fe doping synthesized via solution combustion. This was
discussed as an effect of the Fe?*/Fe’* redox couple since TPR
showed that the Co*"-O bonding strength is only slightly
higher than Fe**-0.*®

Since coordinatively unsaturated Co®* in octahedral sites is
considered as the active site in 2-propanol oxidation,”®
especially on 110-oriented spinel surfaces,” a positive effect of
the increasing ratio of tetrahedrally to octahedrally coordinated
Co species seems no reasonable explanation for the activity
increase observed for low Fe contents.” A beneficial effect of
Fe was reported previously in the literature when doping Mn;0,
spinel catalysts in the reduction of NO with ammonia, attributed
to a Fe,-O-Mn,, site." In the OER, the doping effects of Fe on
Co;0, are extensively reported in the literature.”

From DFT+ U calculations, a beneficial effect of Fe doping
at an octahedral site on a 001 terminated Co;0, spinel A-layer
with exposed tetrahedrally coordinated Co was found to lower
the overpotential on the electrochemical OER.?" Co:Fe 64:1 is
more active than Co;0, in terms of T, but also has a higher
specific surface area and much larger pore volume. Further-
more, the CoFe,0, catalyst features a higher BET surface area by
a factor of 1.7 than the lowest surface area material. Therefore,
rates were calculated and normalized based on the exposed
surface area. The weight-normalized 2-propanol consumption
rates and the specific surface-area normalized rates are shown
in Figure S7c and Figure S7e, respectively. Regarding the rate at
100°C during heating shown in Figure 3c and representing the
LT channel, the beneficial effect of doping Co;0, with a low Fe
content remains valid, and the maximum rate was detected for
this catalyst.

From the 2-propanol consumption rates at 200°C during
cooling, i.e., the kinetic parameter for the HT channel, the
beneficial effect of Fe doping was confirmed for Co:Fe 64:1
and Co:Fe 32:1 as well as the detrimental impact of further
increasing the Fe content in the catalyst as shown in Figure 3d.

In terms of product formation at 200 °C during cooling, the
main products, acetone, and CO, are considered for further
comparison to investigate the effect of Co content on the
product distribution, as shown in Figure 3e. For CoFe,0, and
Co:Fe 3:1, only minor contents of CO, were detected, while for
the other catalysts, a notable amount of CO, formed and
increased with increasing Co content in the spinel materials.
The acetone formation rate increased with Co content but
showed a maximum at Co:Fe 32:1 and decreased slightly for
Co:Fe 64:1 and Co;0,. The formation rate ratio acetone/
(acetone+CO,) at Ts, during cooling (HT channel) is shown in
Figure 3f and offers a relatively constant ratio in the range of
70-80% selective oxidation. However, interestingly, Co:Fe 64:1
and Co:Fe 32:1 show a higher ratio of acetone to CO, and not
only a higher conversion. This indicates that low amounts of Fe
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promote acetone formation, but not the further total oxidation
to CO,.

In summary, all catalyst materials show a more active but
non-stable LT activity channel that disappears after the heating
segment with lower catalytic activity on the Fe-rich catalysts.
However, the activity does not increase linearly with the Co
content. In the LT channel, the presence of a tiny amount of Fe
improves the activity compared to the pure Co;0, while in the
HT channel, a similar effect is observed on the samples with
1.6-4% of Fe content. In addition, the selectivity towards
selective oxidation is increased in these doped catalysts
compared to the other samples studied in this substitution
series.

Effect of water on the gas phase 2-propanol oxidation
activity

Wet feed conversion curves for 2-propanol are shown in
Figure 4a and corresponding O, conversions in Figure S7h. As
discussed in the SI, several more minor differences can be
observed in comparing dry and wet feed conversion curves.
The product distribution for all catalysts is shown in Figure S6.
These and several more minor differences observed in compar-
ing dry and wet feed conversion are discussed in the SI on
pages S6 and S7 in more detail and compared to the recent
study on perovskites." The differences between dry and wet
feed are discussed here based on the aforementioned kinetic
parameters and are now newly introduced as the difference
between dry and wet feed (A) in Figure 4b—f. The AT, values in
Figure 4b describe the effect of water in the feed. In this regard,
a negative AT, value indicates lower activity in the wet feed,
while a positive value indicates a promoting effect of water on
the activity. The absolute values for dry and wet are shown in
Figure S8a. From the AT, value during heating, a clear negative
impact of water on the LT activity is seen, as reported
previously for perovskites."” This shift of the onset of the
reaction to higher temperatures can be explained by the
competitive adsorption of water on the catalyst surface.">*”
Consequently, the LT activity observed in the dry feed for
increasing Co contents was quenched by the presence of water,
and the negative effect became more pronounced. This effect is
supported by steady-state data at 160°C close to the temper-
ature of the LT maximum on Co;O, from a previous study
(reproduced and depicted in Figure $9),°? where a fast
deactivation of the LT channel was observed under dry and wet
conditions.

In the HT channel based on AT, during cooling in Figure 4b,
except CoFe,0,, all catalysts are positively affected by the
addition of water into the feed gas stream. This beneficial effect
increases with increasing Co content in the spinel, although
from Co:Fe 32:1 upwards, the effect remains nearly unchanged
in AT, Inspection of the absolute values in Figure S8 shows
that the promoting effect of low amounts of Fe observed in the
dry feed is also present in the wet feed for Ts,. This observation
is also in line with the previous perovskite-based study. The
conversion curves during wet cooling were found to shift to
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Figure 4. (a) 2-Propanol conversions in wet feed. Solid and hollow symbols show data points during heating and cooling, respectively. (b) Differences between
T,o during heating cooling and Ts, during cooling for T, dry, and T, wet differences (A =dry-wet) plotted against the experimental Co/(Co + Fe) derived from
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(f) The difference in the acetone/(acetone + CO,) ratio at Ts, during cooling.

lower temperatures for high Co contents compared to the dry
feed on the same catalyst. This was interpreted as a boosted
activity of the HT channel or a slower deactivation of the Co-
rich catalysts under wet conditions."

In a liquid phase 2-propanol oxidation study by Falk et al.
on the same catalytic materials, no beneficial effect of Fe
doping on the spinel catalysts was seen, indicating differences
between wet feed gas phase and liquid phase catalysis
attributed to different active oxygen species in gas- and liquid
phase oxidation.”® A beneficial effect of Mn doping in Co;0,
cubes is reported in the simultaneous oxidations of CO, C;Hq,
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and CHg in a wet atmosphere™? It might result from a

weakened adsorption strength on the Co;0, surface leading to
an improved transfer of surface oxygen species and an
improved amount of surface-adsorbed oxygen.'”? A similar
catalyst activation might be occurring here when introducing
Fe into the catalyst. However, water decreases the activity in CO
oxidation,? most probably because of the formation of
hydroxyl groups that hinder the oxygen transfer."*™ This is in
line with the evaluation of the conversion profiles in the HT
channel during the isothermal dwell period at 300°C between
heating and cooling in Figure S10 under dry conditions (Fig-
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ure S10a), activity decrease with time is observed for all
catalysts. However, under wet conditions (Figure S10b) the
activity remains constant over the whole period even though
the conversions for the catalysts Co;0,, Co:Fe 64:1, and Co:Fe
32:1 are close to 100%, and conclusions on stability in this
regime are not recommended. However, in a comparison
between dry and wet in Figure S10c, it becomes obvious that
there is a clear difference starting from similar conversions.
These results hint at a stabilizing effect of water acting against
the catalyst deactivation by most probably preventing the
formation of carbonaceous adsorbates. Altogether, this indi-
cates a lower deactivation rate in the wet feed than the dry
feed, as also concluded for perovskites."

In the gas phase 2-propanol oxidation, Dissanayake et al.
report a high tolerance to water vapor on Co;0,, the Ty, shifts
to higher temperatures by 9°C.®” In general, lower activity is
observed in Co;0,-based spinel catalysts in several reactions
under wet conditions, e.g., total propane oxidation,* hydro-
carbon oxidation,"” and CO oxidation."” The lowered activity in
CO oxidation was related to the adsorption of water on Co®"
sites, which would be consequently not available for the
adsorption of other molecules.™ Another possible reason is
surface coverage with OH groups.'” Interestingly, on the 110
facet, a CO molecule can additionally be adsorbed on a Co**
with a preadsorbed OH group and still form CO,."

Based on rate differences at 100°C, an increase of water’s
negative effect on the LT channel’s activity becomes apparent
with Co content in the spinel as seen in Figure 4c, where
positive values refer to a detrimental effect of water addition.
There is a continuous increase of the negative impact of water
in the feed on the activity with the Co content. A similar pattern
is observed from individual rates at 100°C in dry and wet feed
(Figure S8Db), including the promotional effect of Fe in the
Co:Fe 64:1 catalyst. However, an increasingly beneficial effect
with Co content in the HT reaction channel is observed during
cooling at 200°C, as shown by the negative values in Figure 4d
and the difference in Figure S8c. Higher 2-propanol consump-
tion rates were found for all catalysts under wet conditions
except for CoFe,0,.

In terms of A product formation rates shown in Figure 4e,
no effect of adding water is observed on the CO, formation
rate. However, the curve shape of acetone formation is
analogous to the 2-propanol consumption, which shows that
the higher activity under wet conditions originates from the 2-
propanol oxidative dehydration and not from the promotion of
the total oxidation. Thus, the yields of acetone as the selective
oxidation product are higher in the wet feed. When looking at
the difference between dry and wet in the product formation
rate ratio at Ts, during cooling (Figure 4f), this positive effect of
the co-feeding of water is observed for all catalysts, and the
beneficial effect rises with the Co content. However, two
catalysts affected by the Fe promotion showing the highest
acetone formation ratio under dry conditions, Co:Fe 64:1 and
Co:Fe 32:1, are not as positively affected in the A plots as
expected from their Co content. The absolute numbers can
explain this in Figure S8e showing that by a combination of the
two promoting effects of Fe and water, the 100% selectivity is
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already obtained and cannot be further increased to reveal the
full potential.

In summary, the co-feeding of water has diverse impacts on
the selective gas phase oxidation of the studied cobalt based
spinel catalysts. For all catalysts, the LT activity is negatively
affected by the presence of water due to competitive
adsorption. However, the promotional effect of low amounts of
Fe observed under dry conditions was confirmed when
comparing dry and wet feed values. Under wet conditions, the
cooling curves are additionally shifted to lower temperatures
than at dry conditions, indicating another promoting effect on
conversion and selectivity of water in the HT reaction channel
or slower catalyst deactivation. This effect was found to scale
with the cobalt content at the surface of the catalysts. A likely
reason is that the HT channel is more stable under wet
conditions, while under isothermal conditions, the LT channel
deactivates similarly fast under dry and wet conditions.

Analysis of spent catalysts

The spent catalysts were investigated via TEM, TEM-EDX, XPS,
and EELS after the three-run catalytic cycle protocol after
storage in air, and the characterization results are shown in
Figure 5a for the ratio of Co/(Co + Fe) post-catalysis. There is still
a good agreement between XPS and STEM-EDX with the
nominal values in the cation’s ratio. However, like the as-
prepared state, the experimental ratio for CoFe,0, differs in the
near-surface region compared to the bulk counterpart (ob-
tained from STEM-EDX). No clear change in Co/(Co-+Fe) ratio
was found both in STEM-EDX and XPS for the as-prepared (ap)
and post-catalysis (pc) samples.

However, a notable effect was observed in the contributions
of different cobalt oxide species to the overall Co signal in XPS,
as seen in the Co signal contributions post-catalysis in Figure 5c.
The individual Co 2p spectra after catalysis are shown in
Figure S2. For CoFe,0, no change is observed in the Co
oxidation state distribution, it remains mainly Co®" as expected
for an inverse spinel. With increasing Co content, Co:Fe 3:1
and Co:Fe 7:1 still show the normal spinel composition of
oxidation states as in Co;0, and therewith no change. However,
for Co:Fe 16:1, Co:Fe 32:1, and Co:Fe 64:1, which have 2-7%
experimental Fe content, a clear increase of the Co®" content at
the near-surface regions after catalysis is observed (Figure 5c).
In the post-catalysis spectrum, there is a visible Co*" shake-up
peak whereas there is no change in the Co,0, catalyst.””’ The
higher content of Co>" species indicates a higher degree of Co
reduction during catalysis if Fe is present in low concentrations
which might explain the unexpectedly high activity of Co:Fe
32:1 and Co:Fe 64:1 associated with surface Co*" reducibility.
From previous work on Co;0,, a reduction of the surface to CoO
was expected since a reduction was seen in comparing XPS
before and after reaction and X-ray absorption spectroscopy.”
The prominent change of the Co:Fe 64:1 catalyst after catalysis
is also confirmed by local EELS spectroscopy where it is the only
catalyst that shows a significant change on Co L,/L, intensity
ratio between the as-prepared and post-catalysis state (Fig-

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH

95U9017 SUOWIWOD dA T8I 3|qedt dde ay) Ag pauieAob a1e SaIe YO ‘88N J0 3| 10} Akeiq 1 8UluQO AS|IAN UO (SUONIPUOD-PUE-SWIBIW0™AS 1M Aeid 1 |uo//:Sdny) SUONIPUOD pue SULS 1 8y 39S " [7202/70/9T ] Uo Akeiqiauliuo AS|IA ‘PIM XBUI01GIGSIISIBAIUN AQ 227002202 9199/200T 0T/I0p/wod" A3 1M Akeiq 1 jputjuo ado.ns-Alis Iwsyo/ sy wouy papeojumod ‘gT ‘240z ‘6685.98T



Chemistry

Research Article Europe

European Chemical

ChemCatChem doi.org/ 101002/ cctc.202200472 Societies Publishing
T STIEM EDlX t| t I |‘ T T T 100 T AY T T T T T T T
100 O - post catalysis e o\
(a)\o o XPS post catalysis (b) =~ 90 \ )
3 = 5
= 90r g sof LN 4
0 1) 5
|- 0w 70+ b -
t a0 a o L T . — e o
s 0r ‘ -
o & sof o §
‘E sl 2 ol P R -
[ | DT WP PO - ) -8
E 50r S 30 7 A :
= o 32 r Co?" post-catalysis
2 40t E Or # Co®* post-catalysis 1
w 5 1wl s —-—- Co?" Theoretical 4
0F © L ~-—- Co* Theoretical
1 1 1 1 1 1 1 0 L L 1 1 1 1 1 1

1
30 40 50 60 70 80 90 100
Nominal Co/(Co+Fe) | %

30 40 50 60 70 8 90 100
Nominal Co/(Co+Fe) / %

Co® shake-up

T T T T

© Co®* shake-up

P S R |

—— T T +—+ T

Co®* shake-up

. Co? shake-up

1 I 1

Co® shake-up

Co?* shake-up

T T
(c) :hv=1486.6eV
I Co,0, pc
&8 Cos0,ap
c +— 1
=1 T T
a
- L
<
= [ Co:Fe 64:1 pc
©
c
i
0 |-Co:Fe 64:1ap
£ & &
'
5 |
z -
I'Co:Fe 32:1 pc
rCo:Fe 32:1 ap
1 Il
800 795

790 785 780 775

Binding Energy / eV
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experimental Co/(Co + Fe) ratio derived from STEM-EDX and XPS. The dashed horizontal lines indicate the composition of a normal Co,0, spinel with 33.3%
Co’* and 66.7% Co®*. The hyperbole curves show the Co oxidation states under the assumption that Fe exclusively is present as Fe**. (c) Co 2p XP spectra of
Co;0,, Co:Fe 64:1, and Co:Fe 32:1 in the as-prepared (ap) and post-catalysis (pc) state.

ure S3b). In CO oxidation, Baidya et al. reported activation of
Co,0, catalysts with Fe doping synthesized due to an effect of
the Fe?*/Fe*" redox couple since TPR showed that the Co**-O
bonding strength is only slightly higher than Fe**-0, which is in
line with our results.”®

This post-reaction characterization aligns only partially with
the previously reported catalyst reduction as the reason for the
LT activity loss in the studied particles.”*¥ Therefore, also the
formation of adsorbates on the surface must play an essential
role in the deactivation mechanism of the LT channel. TEM
images of Co;0, as prepared are shown in Figure 6a and
Figure 6b, images post catalysis in Figure 6c and Figure 6d. As
seen from comparing the images with lower magnification, the
nanowire structure remains intact even after catalysis. The
images with higher magnification support this conclusion
where indications for surface roughening can be observed as
well, which might be due to amorphization and surface
reduction, as seen from XPS for catalysts with low Fe contents.
These indications are marked with arrows in Figure 6d. The

ChemCatChem 2022, 14, €202200472 (9 of 12)

same conclusions are valid for the other catalyst materials, as
seen from a comparison of as prepared and post catalysis TEM
images for all catalysts in Figure S1.

Altogether, a comparison of XPS and STEM(-EDX) before
and after catalysis revealed no significant change in the Co/
(Co+Fe) ratio neither in the near-surface region nor in the bulk.
However, a reduction of Co®*" species to Co?" species is seen
from XPS analysis for catalysts with low Fe amounts. The
reduction might be accompanied by surface roughening seen
in TEM images after catalysis. However, the overall nanowire
morphology of the SBA-15 templated catalyst remains undam-
aged during catalysis. These conclusions need to be taken with
care as the ex-situ analysis cannot account for reversible
changes. In addition, the change of surface properties due to
the contact of the spent catalyst with air during the transfer
from the reactor to analytical instruments (TEM and XPS) cannot
be excluded. Irrespective of these uncertainties, the compre-
hensive ex-situ materials analysis suggests that the bulk
composition, particle morphology, and structure of the catalysts
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as-prepared

post-catalysis

Figure 6. TEM micrographs of Co,0, before catalysis in different magnifica-
tions (a) and (b) and after catalysis in different magnifications (c) and (d).

remain largely unchanged throughout catalysis even under wet
conditions. This is considered an important prerequisite for the
knowledge-based synthesis of Co;,Fe,O, spinels for low-
temperature liquid phase oxidation catalysis.

Conclusion

A series of Co,,FeO, spinel catalysts was synthesized via the
nanocasting route and tested in the gas phase 2-propanol
oxidation in dry and wet conditions, i.e, without and with
water vapor in the gas feed stream, respectively. The typical
spinel catalyst activity behavior of a highly active but non-stable
low-temperature and a less active but stable high-temperature
channel was found. A beneficial effect of Fe substitution (<4 %)
was found under dry and wet conditions to which an increase
in the surface area was one contributing factor. Water always
affects the activity negatively on the low-temperature channel
but has a promoting effect on the high-temperature channel.
This promoting effect can be correlated with a lower speed of
activity decay during an isothermal experiment. Furthermore,
water addition favors the selective oxidation of 2-propanol to
acetone. Transmission electron microscopy and energy-disper-
sive X-ray spectroscopy reveal the structural and chemical
stability of the bulk of the nanocasted catalysts throughout
catalysis, even under wet conditions. Also, using X-ray photo-
electron spectroscopy and electron energy loss spectroscopy,
no compositional change during catalysis and no clear
correlation between the Co?*/Co®* ratio and Co content in the
spinels was found neither before nor after the reaction, except
for very low Fe contents. Fe substitution at the doping level,
i.e., <4% showed beneficial effect in the reducibility of the
near-surface Co species which correlated with the enhanced
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surface-area normalized catalytic activities compared to the
Co;0,.

The comparative characterization and catalytic study on the
whole sample series have shown an empirical composition-
activity correlation that reliably revealed two promoting effects
of Fe substitution at the doping level and water co-feeding. On
this basis, forthcoming work can be designed to investigate and
understand these phenomena.

Experimental Section

Synthesis and sample preparation

Catalyst materials with controlled mesostructure were prepared by
the nanocasting route according to the previous report.?® In brief,
cobalt and iron precursors (Co:Fe atomic ratio of 100:0, 64:1, 32:1,
16:1, 7:1, 3:1, and 1:2) were prepared by dissolving a stoichio-
metric amount of Co(NO,),-6H,0 and Fe(NOs);-9H,0 (Sigma-
Aldrich, ACS reagent grade, 99.5% purity) in pure ethanol. The
calculated concentration of precursor solution was 0.8 M. The
precursor solutions were then impregnated into the pore system of
the SBA-15 (that was aged at 100 °C) template by the two-step wet
impregnation method (15% total pore filling). For the first
impregnation step, a mixture of precursor solution and template
was stirred for 2 h. Then the composites were dried in the oven at
50°C overnight. The first calcination was at 250°C for 4 h (ramping
rate 2°C min~"). The same impregnation procedure was applied for
the second step; however, the final calcination was carried out at
500°C for 6 h with the intermediate dwell at 250°C for 4 h (ramping
rate 2°C min™"). As an exception, a slower ramping rate (1°C min™")
was applied for calcining CoFe,O, to avoid the formation of
hematite phase (a-Fe,0,) in the final product. SBA-15 template was
then leached out with a 2 M KOH solution at 70°C. After four
washing cycles and centrifugation in distilled water, the final
product was dried in the oven at 80°C overnight. The materials
were pressed and sieved into a sieve fraction of 250-355 um for
catalytic tests and the smaller sieve fraction <250 pm was used for
the analytics.

Catalyst characterization

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed using a VersaProbe Il (Ulvac-Phi, Chanhassen, USA). All the
XPS spectra were referenced to the C 1s peak. Casa XPS was used
to analyze the spectra. A dual-beam charge neutralization scheme
using an electron flood gun with slow-moving Ar* ions was
employed to counter any charging effects. To identify the Co*" and
Co*" ratios, we fitted the Al K, spectra of the Co 2p by using the
peak shapes from a Co®>" (CoO) reference from the literature®®® and
a Co’' reference from a MgCo,0, material, whose synthesis is
published elsewhere.” For the set of samples with a non-negligible
Fe Auger peak - samples CoFe 7:1, 3:1 and CoFe,O, - this peak’s
position, shape, and intensity were modeled from reference Fe,O,
spectra and included in the fitting of the Co 2p spectra. The key fit
parameters were the intensities of the reference peaks. To calculate
the Co:Fe ratios, we measured the Co and Fe 2p with Mg K, light
to circumvent the Auger-XPS overlapping problem of these two
elements occurring with Al K, radiation.

High-resolution scanning transmission electron microscopy (STEM)
studies were carried out on a Jeol JEM 2200fs microscope
(Akishima, Japan) equipped with a probe-side Cs-corrector oper-
ated at 200 kV acceleration voltage. Micrographs were taken in
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conventional bright field mode. In addition, EDX elemental
mappings were acquired with an X-Max 100 detector (Oxford
Instruments, Abingdon, United Kingdom). EELS spectra have been
acquired using the JEOL omega filter and a Gatan Ultrascan 1000
camera. The FWHM of the zero-loss peak was 1.4 eV. To improve
signal-to-noise ratio ten consecutive spectra with 2 s acquisition
time have been acquired and summed. The Co Ly/L, intensity ratio
was determined after power-law background correction and
normalization by integration in the respective peak areas using

HyperSpy."

Catalytic gas phase 2-propanol oxidation

The measurements were performed in a home-built apparatus
consisting of a gas dosing unit (HovaGAS N G6 VOC-S, IAS GmbH,
Germany) and a Tube Furnace MTF 10/25/130 (Carbolite Gero,
Neuhausen, Germany), which is placed in a heating cabinet
Thermocenter TC100 (SalvisLab, Rotkreuz, Switzerland). The reac-
tion mixture, either going through or by-passing the reactor, was
analyzed on a downstream dual-carrier gas Fusion Micro GC (Inficon
GmbH, Bad Ragaz, Switzerland) equipped with four separation
modules (2x Rt-Molsieve 5A, 1x Stabilwax DB, 1x Rt-Q-Bond).
100 mg of the catalyst (sieve fraction of 250-355 pm) was placed in
a quartz reactor with an inner diameter of 8 mm.

The test protocol consisted of three runs performed under the
same temperature program. Only the reactive gas mixture was
changed between the runs. Before each run, temperature-pro-
grammed oxidation (TPO) up to 300°C was performed at a flow
rate of 50 mLmin~' with an O, concentration of 10% (balanced in
N,), the heating rate was set to 3°C min~'. The maximum temper-
ature was kept constant for 2 h. Afterward, the temperature was
cooled down to 50°C with a heating rate of 3°Cmin~". The
temperature was kept constant for 65 min. During the first 20 min,
the remaining O, was purged out by N, (100 mLmin™"). In the last
45 min, the reaction mixture was purged to stabilize the MFC flows.
Afterward, the temperature was increased to 300°C in the reaction
mixture with a heating rate of 1 Kmin™' up and held constant for
1 h. After the isothermal dwell, the temperature was cooled down
to 50°C with a heating rate of 1 Kmin™' in the reaction mixture.
Before starting the next TPO, the temperature was maintained for
10 min under a flow of 100 mLmin™" N,. The reaction mixture
consisted of 0.168% 2-propanol and 0.195% O, balanced in N, (dry
mixture) for the first two runs and 0.175% 2-propanol, 0.195% O,
and 1.86% H,0 in N, for the third run (wet mixture). The flow rate
was kept constant at 100 mLmin™".
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