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Engineering multi-component 3DOM FeVCrO,
catalysts with high oxygen mobility for the oxi-
dative dehydrogenation of 1-butene with CO,}
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Oxidative dehydrogenation (ODH) of 1-butene with CO, to 1,3-butadiene (BD) via Fe-based catalysts is a
promising strategy, and the mobility of lattice oxygen plays a key role in the catalytic reaction. However,
the catalytic activity of Fe-based catalysts is limited by the poor lattice oxygen mobility. To improve the
mobility of lattice oxygen and optimize the ODH reaction, a series of 3DOM Fe-based catalysts (FeVAIO,,
FeCrAlO,, and FeVCrAlO,) were prepared by PMMA template method. Among these samples, the multi-
component FeVCrAlO, samples showed the best catalytic activity, and the 1-butene conversion of the
multi-component catalyst could reach 88.3%, the BD yield could reach 27.5%. Further study found that
the introduction of multi-component elements (V and Cr) not only promoted the formation of the
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y-Fe,0s phase but also formed more active components (V> and Cr®*). More importantly, the lattice
oxygen mobility was also significantly improved. In addition, the reaction in the presence of water con-
ditions was studied by activity tests and in situ DRIFTS tests. The results show that CO, was present in the

rsc.li/nanoscale form of HCO3™. The utilization of CO, was improved and the reaction path was changed.

1. Introduction breakage energy of C=0 bonds in CO, is 750 kJ mol™", which
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1,3-Butadiene (BD) is a critical building block in the petro-
chemical industry, and it is used in synthetic rubber, resins,
and fine chemicals. Due to the rapid growth of the industry,
BD has seen continuous and rapid growth in demand.'”
Traditionally, it is produced by separating C, fractions and oxi-
dative dehydrogenation (ODH) procedures.* Due to the low
yield and production of CO,, neither of them is an effective
strategy for preparing the BD. Therefore, the development of
new processes has become a trend. It is worth noting that CO,-
ODH (eqn (1)) is an environmentally friendly and sustainable
approach.” It not only effectively utilizes greenhouse gases, but
also produces high-value products like BD. And the weak oxi-
dation of CO, is helpful in avoiding over-oxidation of the
product, reducing coke formation, and improving the stability
of the catalyst.” However, there are still other challenges: the
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makes it difficult to utilize CO,.> The coke formation also
reduces the stability of the catalyst.”'® So, we designed a cata-
lyst and aimed at solving these problems.

CHZZCH'CH20H3 + COZ — CHZZCH'CH:CHZ + CO + Hzo
(1)

Due to the high catalytic activity, Fe-based catalysts have
been widely studied.'*™® In the 0,-ODH of butene, Yang
et al.* found that y-Fe,0; showed better activity than a-Fe,Os.
In Lee’s paper,'® a series of M"Fe,0, catalysts (M" = Zn, Mg,
Mn, Ni, Co, Cu) based on iron catalysts were prepared. The
result showed that single-element doping changed the surface
acidity of the catalysts. Among them, ZnFe,O, with more
surface acidity had a higher BD yield. In the study of Toledo
et al.'® A’ was introduced into ZnFeO,, and the results
showed that the Fe*" in the octahedral sites was replaced. As a
result, the lattice parameters increased, and the symmetry of
electron distribution pairs around Fe®" decreased. Then the
charge transfer between Fe** and lattice oxygen was promoted.
In the chemical looping oxidative dehydrogenation of ethane,
Hye Jeong et al. prepared Ce-doped FeTiO, (FeCeTiO,) by one-
pot method."” The introduction of Ce enhanced the lattice
oxygen mobility and the catalytic performance of FeCeTiO,
was improved. The FeCeTiO, also revealed excellent cyclic
stability with a stable C,H, formation rate and C,H, selectivity
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of 84.1%. In the CO,-ODH of propane, Zhang et al. introduced
Fe into impregnated V-Al,O3, and the dual-sites catalyst (FeV/
Al,0;) including Fe and V was constructed.'® V is the main
active site for C;Hg dehydrogenation while Fe is responsible
for the CO, dissociation, replenishing lattice oxygen. And the
catalyst achieved a C;Hg conversion at ~43%, C3;Hg selectivity
exceeded 80%. It could be found that the introduction of mul-
tiple elements could improve the performance of the catalyst.
In dehydrogenation reactions, V and Cr are often used as
active elements. Moreover, the radius of V, Cr and Fe are
similar, and the V and Cr have more valence states. This allows
V and Cr to replace iron elements in the lattice, and it will lead
to a change in the crystal structure and an increase in lattice
defects. Therefore, by introducing V, Cr in Fe-based catalysts,
the oxygen mobility and catalytic activity are expected to be
improved.'**?

Water is considered to be a frequent influence in the reac-
tion process. Several studies have shown that the introduction
of water might lead to the generation of side reactions and the
reduction of product selectivity as well as the shortening of
catalyst life.”> In the study of the complete oxidation of
methane, Zhao et al.>* found that the introduction of water led
to the deactivation of the catalyst. The reasons were suggested:
on the one hand, the competitive adsorption between water
and CH, at the surface-active sites caused the reversible de-
activation. On the other hand, water vapor caused Pd agglom-
eration on the surface of the catalyst, which led to irreversible
deactivation. However, the results of the presence of water
were opposite in other studies.*® In the study of non-oxidative
propane dehydrogenation, Long et al.®® found that water pre-
treatment promoted the reduction rearrangement of Co cata-
lytic sites. Compared with the untreated catalyst, the reaction
activity was increased by 7 times. The role of water in the O,-
ODH of 1-butene was studied by Zeng et al.'' Both experi-
mental and theoretical studies showed that in the presence of
water, the surface-unstable O was converted into a more ther-
mally stable hydroxyl group. The hydroxyl group was con-
sidered to be the active site of C-H bond cleavage, which is
beneficial to the reaction. It could be found that water plays
different roles in different reactions. Moreover, the influence
of water in the 1-butene CO,-ODH reaction is still open, and
the reaction mechanism involving water remains elusive. In
this paper, the influence on the catalytic activity under
different volume fractions was studied, and the in situ DRIFTS
was used to study the reaction path in the presence of water,
the possible pathway was suggested.

The paper aimed to investigate the relationship between the
introduction of elements and the lattice oxygen mobility. The
effect of water on the reactivity was also investigated and the
possible reaction pathway was suggested. Hence, a series of
multi-component catalysts were prepared for activity testing.
Detailed characterizations were also carried out to study the
influence of elemental introduction on the catalyst properties.
The XPS was used to analyze the changes in lattice oxygen and
the in situ DRIFTS tests demonstrated the role of water in the
reaction. In addition, TPR, TPD, TPO, SEM, TEM, XRD,
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Raman, and BET were used to investigate the effect of the
element introduction on the performance and morphology
structure. The results showed that the multi-component (V, Cr)
introduction promoted lattice oxygen mobility, and water
facilitated the whole reaction by changing the reaction path.
Meanwhile, it was found that the introduction of V played an
important role in reducing the coke formation, the reduction
ability of the catalyst was improved by the introduction of Cr.
In this work, the lattice oxygen mobility was improved by the
introduction of multi-component, and the CO,-ODH was opti-
mized by the positive assistance of water. We hope this study
could provide new ideas for efficient CO,-ODH.

2. Experimental

2.1. Samples preparation

2.1.1. Preparation of highly ordered polymethyl methacry-
late (PMMA) microspheres. PMMA was prepared in a nitrogen-
protected environment.>”*® First, 240 ml of deionized water
was added to a three-necked flask and heated to 80 °C. Then
120 ml of MMA was added and mixed thoroughly for
20 minutes. After that, the preheated 80 °C initiator solution
(6 g of potassium persulfate dissolved in 40 ml of deionized
water) was added to the three-necked flask. Following that, the
mixed solution was reacted at 80 °C for 2 h. The solution was
filtered through a microfiltration membrane and the filtrate
was collected. Finally, the filtrate was centrifuged at 3000 rpm
for 10 hours and dried at 40 °C for 12 hours to obtain a three-
dimensionally ordered PMMA microsphere template.

2.1.2. Preparation of three-dimensional ordered macro-
mesoporous Al,O; samples. The soft and hard templates were
used to create a three-dimensional ordered macro-mesoporous
structure. First, a solution of mesoporous Al precursor was pre-
pared. 20 ml of ethanol was mixed with 1 g of P123, 2.04 g of
aluminum isopropoxide, and 1.6 ml of HNO;. After that, the
solution was stirred for 5 hours to completely dissolve the
solute. Then PMMA was completely impregnated in the precur-
sor solution. Following that, the impregnated samples were
dried at 40 °C for 24 hours. Finally, the dried samples were cal-
cined in a tube furnace for 3 hours under the air atmosphere.
The heating rate was 1 °C min~" from room temperature to
650 °C. Finally, a three-dimensional ordered macro-meso-
porous structure was obtained.

2.1.3. Preparation of three-dimensional ordered macro-
mesoporous Fe-based samples. The preparation of the
FeVCrAlO, catalyst is similar to the preparation method of the
three-dimensional ordered macro-mesoporous Al,O3;. By
adding Fe, V, and Cr to the Al mesoporous precursor solution
while keeping other conditions fixed, the FeVCrO, was
obtained. Where the Al:Fe:V:Cr molar ratio is 10:5:1:1.
Keeping the ratio of Fe and Al constant and changing the pro-
portion of V and Cr a series of Fe-based catalysts FeV,Cr,AlO,
(a, b=0,1, 2, 3) were prepared. Finally, a series of three-dimen-
sional ordered macro-mesoporous Fe-based catalysts were
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obtained. Full details of the contents could be found in the
Table S2.F

2.2. Activity measurement

The oxidative dehydrogenation of 1-butene with CO, was evalu-
ated by a fixed-bed flow reactor operated in steady-state mode.
A mixture of 0.2 g catalyst (40-60 mesh) and 0.4 g quartz sand
(40-60 mesh) was placed in the reactor. Then the temperature
was raised to 600 °C under the protection of nitrogen (60 ml
min~'). Subsequently, 60 ml min~"' of feed gas containing
1-butene/CO, (molar ratio 1:9) was fed. The weight hourly
space velocity (WHSV) was 4.5 g (g h)™". Finally, catalyst
activity was tested in a stainless-steel reactor at 600 °C. During
the reaction, the feed gas was controlled by a flow meter and
the water was controlled by the Syringe Pump (TYD01-01). The
products were analyzed by gas chromatograph equipped with
two different detectors (TCD and FID), and the conversion and
selectivity were determined by the external standard method.
Calculation details were presented in ESI.}

3. Results and discussion

3.1. The synthesis mechanism of catalyst

As shown in Scheme 1, the three-dimensional ordered macro-
mesoporous structure FeVCrAlO,, FeVAIO,, and FeCrAlO, cata-
lysts were prepared by the soft and hard templates method.
First, a solution of Al precursor with ordered mesopores was
prepared. In order to improve the catalyst activity, the Fe
element was confined into the Al,O; framework. V and Cr were
introduced to modify the crystal phase structure and release
reactive oxygen species. The pore structure of the macro-meso-
porous structure is aimed to provide a larger specific surface
area and facilitate the diffusion of butene. The samples were
used to study the synergistic effect of the introduction of
multi-component on the catalytic performance.

. A
impregnated introduction | @ cr

PMMA and Al
precursor solution

PMMA

Scheme 1 Schematic showing the synthetic procedures.
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3.2. Catalytic performance analysis

At 600 °C, the activity of the FeVAIO,, FeCrAlO,, and FeVCrAlO,
catalysts was studied. Fig. 1 showed the stability for CO,-ODH
over samples. It could be found that the multi-component
catalyst FeVCrAlO, exhibited a higher activity compared with
the FeVAIO, and FeCrAlO, samples (Fig. 1a). The results
showed that the conversion of 1-butene reached 88.3%, the BD
yield reached 27.5%, the BD selectivity reached 31.2% and the
CO, conversion reached 15.7%. However, the 1-butene conver-
sion of FeVAIO, and FeCrAlO, was less than 60%, the BD yield
was less than 17%, the BD selectivity was less than 30%, and
the CO, conversion was less than 10%. This indicated that the
introduction of V and Cr is beneficial to the improvement of
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Fig. 1 The catalytic performance of FeVAIO,, FeCrAlO,, and FeVCrAlO,
samples at 600 °C (a) 1-butene conversion, (b) BD yield, (c) BD selecti-
vity, and (d) CO, conversion.
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activity and it was also further validated by the graph of FeAlO,
catalyst activity as presented in Fig. S1.f Fig. S21 shows the
product distribution of FeVAIO, FeCrAlO, FeVCrAlO, samples
over time. It could be noticed that the FeCrAlO, yield
decreased sharply, while the yield of the V-doped samples was
relatively stable. This suggests that the introduction of V might
be beneficial to improve the BD selectivity. In order to under-
stand the role of V and Cr in catalytic activity, the activity of
catalysts with different Cr and V contents was tested. As shown
in Fig. 2, with the introduction of Cr, the activity of the cata-
lysts increased first and then decreased. Finally, a maximum
value appeared. It was found that the maximum CO, conver-
sion of FeVCr,AlO, reached 16.7% (Fig. 2d), it was higher than
FeVCrAlO, (15.7%). This might indicate that the conversion of
CO, was promoted by Cr. The introduction of V also showed
the same trend (Fig. 3). The BD selectivity of FeV,CrAlO,
reached 35% (Fig. 3d), which was also higher than FeVCrAlO,
(31.2%). It might indicate that the introduction of V contribu-
ted to the selectivity of the BD. Therefore, the introduction of
Cr was beneficial for the improvement of CO, conversion,
while the introduction of V was beneficial for the improvement
of selectivity. Based on the 1-butene conversion and BD yields,
the catalysts exhibited the best activity at a 1: 1 ratio of V and
Cr (Fig. 1). Although FeVCrAlO, showed the best activity under
the synergistic effect of V and Cr, it was quickly deactivated.
Then, the conversion rate of the FeVCrAlO, catalyst at different
temperatures was analyzed. As shown in Fig. S3,f no reaction
occurred at 200 °C. When the temperature was increased to
300 °C, isomerization took place, but 1,3-butadiene was not
produced. At 400 °C, dehydrogenation occurred, leading to the
formation of 1,3-butadiene. With a further temperature
increase to 500-600 °C, isomerization decreased, dehydrogena-
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Fig. 2 Catalytic performance of samples with different Cr contents at
600 °C. (a) 1-Butene conversion, (b) BD yield, (c) BD selectivity, and (d)
CO, conversion.
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Fig. 3 Catalytic performance of samples with different V contents at
600 °C. (a) 1-Butene conversion, (b) BD yield, (c) BD selectivity, and (d)
CO, conversion.

tion increased, coking became significant, and cracking reac-
tions occurred. This suggested that 1-butene first underwent
isomerization to form 2-butene, which then converted to 1,3-
butadiene. Coke formation likely occurred at higher tempera-
tures, possibly because the products could not be desorbed in
time. This will lead to the cracking and even coke formation.
This ultimately caused rapid catalyst deactivation. The used
catalyst was regenerated, and the results showed that the
regeneration process partially recovered its activity but could
not fully restore the catalyst to its initial performance levels
(Fig. S4f). Subsequently, structural and morphological ana-
lyses were conducted to further investigate the issue of high
activity but rapid deactivation of the catalyst.

3.3. Structural and morphological analysis

The surface morphology of the samples was studied by SEM
(Fig. 4). It could be found that FeCrAlO,, FeVAIO,, and
FeVCrAIlO, samples contained abundant ordered macropor-
ous structures. When V and Cr were introduced, the unique
macroporous structure of all samples was still maintained.
The microstructure of the samples was studied by TEM
(Fig. 5). Firstly, it could be found that all the samples main-
tained an ordered macroporous structure (Fig. 5a-h), which
was consistent with the results of SEM. In addition, meso-
porous structures were observed in FeCrAlO,, FeVAIO,, and
FeVCrAlO, samples (Fig. 5i-1). Without the introduction of
elements, Al,O; had a highly ordered mesoporous structure.
When Fe and Cr were introduced, the FeCrAlO, still main-
tained the ordered mesoporous (Fig. 5f and j). This indicated
that the introduction of Cr would not destroy the three-
dimensional ordered macro-mesoporous structure. However,
after the introduction of V, it was found that the ordered
mesoporous structure of FeVAIO, was destroyed (Fig. 5k).
And a similar morphology was observed in FeVCrAlO,

Nanoscale, 2024, 16,19306-19321 | 19309
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Fig. 4 SEM images of FeCrAlO, (a, d), FeVAIO, (b, e), and FeVCrAlO, (c, f).

100 nm

Fig. 5 TEM images of Al,Os (a, e, i), FeCrAlO, (b, f, j), FeVAIO (c, g, k), and FeVCrAlO, (d, h, 1).

(Fig. 51). This might be due to the generation of new crystal
phases caused by the introduction of elements. And
the lattice distortion might be caused by the formation of
new crystal phases. Then the pore structure would deform or
reorganize. The transition from ordered structure to dis-
ordered structure might indicate the successful introduction
of Vand Cr.

19310 | Nanoscale, 2024, 16, 19306-19321

The change in crystal structure after the introduction of
elements was studied by XRD. The results were shown in Fig. 6
and Fig. S5.1 The FeAlO; (PDF#30-0024) was found in the XRD
curves of FeCrAlO,, FeVAIO,, and FeVCrAlO, samples. The XRD
curves of FeVAIO, and FeCrAlO, (Fig. 6a and b) showed that
the V element exists as VO, when V was introduced into the Fe-
based catalysts. This might indicate that the Fe in the lattice

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 XRD patterns of the FeVAIO, (a), FeCrAlO, (b), FeVCrAlO, (c), and used-FeVCrAlO, samples (d).

could not be replaced when only the V element was intro-
duced. However, when Cr was introduced into iron-based cata-
lysts, Cr; 3Fe,,03 (PDF#35-1112) appears in the XRD curve of
FeCrAlO, (Fig. 6b). This indicated that Fe in the lattice could
be replaced by Cr. Finally, when V and Cr were introduced into
the Fe-based catalyst together, the 20 peaks at 33.44°, 35.79°,
41.17°, 49.72°, 54.35°, 62.90°, were considered as (104), (110),
(113), (024), (116), (214) lattice planes of Cr; 3Fe, ;03 (PDF#35-
1112). And the 20 peaks at 18.96°, 31.01°, 36.67°, 38.59°,
44.68°, and 65.16°, were considered as (111), (220), (311),
(222), (400), and (531) lattice planes of Fe,V;0, (PDF#15-0122).
This indicated that V and Cr elements were successfully intro-
duced into the Fe phase, and Cr might play an assistant role in
the introduction of V. It’s worth noting that, the appearance of
26 peaks at 23.66°, 25.99°, 37.17°, 62.83°, 64.97°, were con-
sidered as (210), (211), (222), (440), (530) lattice planes of
y-Fe,03; (PDF#39-1346). This indicated that the highly active
y-Fe,O; phase was formed after the introduction of V and Cr.
It could be found that the introduction of V and Cr changed
the crystal structure of the catalyst and promoted the for-
mation of y-Fe,03. This was beneficial to improving the mobi-
lity of lattice oxygen and the catalytic activity. This also eluci-
dated the reason for the good catalytic activity of the catalyst.
It should be emphasized that there is a clear difference
between the catalyst before and after the reaction. As shown in
Fig. S6,T the surface of the used catalyst was coated with a
dark-colored substance, which potentially corresponds to cata-
lyst deactivation. According to carbon balance (Fig. S771), it
could be found that the amount of carbon decreased after the
reaction. This might be because carbon species. To better
understand the catalyst changes before and after the reaction.

This journal is © The Royal Society of Chemistry 2024

XRD was performed on the samples. As shown in Fig. 6d, the
peaks at 35.78°, 43.98°, 59.01°, and 63.25°, were considered as
(010), (111), (104), (212) lattice planes of FeC (PDF#03-0400),
and 18.78°, 31.01°, 36.51°, 44.39°, 64.62°, were considered as
(111), (220), (311), (400), (440) lattice planes of Fe,Al,0,
(PDF#34-0192). This indicated that the crystalline phase
changed after the reaction and the FeC phase was generated.
And FeC might be due to deep dehydrogenation of olefins.
Besides, Fig. S8t showed the XRD and the surface of the regen-
erated catalyst, and there was no obvious coke on the surface
of catalyst (Fig. S8bt). However, compared to the fresh sample

Intensity (a.u.)

FeCrAlOy

1,/ 1,=0.92

1000 1500 2000

Raman shift (cm™)

500

Fig. 7 Raman spectra of the used FeVAIO,, FeCrAlO,, and FeVCrAlO,
samples.
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Fig. 8 Nitrogen adsorption—desorption isotherms (a) and pore size distribution (b) of FeVALO,, FeCrAlO,, and FeVCrAlO, samples.

(Fig. S8aft), the regenerated catalyst had a significant decrease
in the intensity of the peaks and the shape of the peaks was
changed. This suggested the structure of the catalyst might
change. Consequently, it can be inferred that the change in
crystalline phase and coke formation were the main factors for
catalyst deactivation and this make it difficult to restore its
initial activity.

3.4. Study of coke formation

To visually show the type of carbon deposition, the used cata-
lysts were analyzed by Raman spectroscopy. The D and G
bands in the Raman spectra of the used catalysts indicated the
presence of amorphous carbon deposition and graphitic
carbon deposition, respectively.>**° According to the Tuinstra-
Koenig law, the graphite crystallinity of the carbon deposition
is inversely related to the integrated ratio of the D and G bands
(In/lg).*"** In Fig. 7, compared with FeCraAlO, (Ip/lg = 0.92),
the graphite crystallinity of the V introduced catalyst FeVAIO,
(In/Ig = 0.88) was lower. Moreover, compared with FeCrAlO,,
the degree of graphitization of the catalyst FeVCrAlO, (Ip/Ig =
0.91) was also reduced. This suggested that the introduction of
V was beneficial to inhibit the graphitizing of carbon deposits.
And the lower degree of graphitization means that coke might
be eliminated easily, this was consistent with O,-TPO results of
the used catalysts (Fig. S91).>*** Compared with the FeCrAlO,
catalysts, the FeVAIO, catalysts had smaller oxidation peaks
and required less time for complete oxidation. This suggested
that the coke on the FeVAIO, catalyst was less and it was easier
to remove. When V was introduced, the catalyst FeVCrAlO,
showed the similar results. This indicated that the catalysts
with the introduction of V had better coking resistance.

The surface area, pore volume, and pore size of the
FeVAIO,, FeCrAlO,, and FeVCrAlO, catalysts were tested by BET
and the results were shown in Fig. 8 and Table 1. All the cata-
lysts showed type IV isotherms with an H1 hysteresis loop,
which indicated that the samples had abundant mesoporous

19312 | Nanoscale, 2024, 16,19306-19321

Table 1 BET result of synthesized FeVAIO,, FeCrAlO,, and FeVCrAlO,
catalysts

Surface area Pore size Pore volume
Samples  (m*g™") (nm) (em® g™
FeVAIO, 64.04 7.80 0.166
FeCrAlO, 92.32 6.78 0.178
FeVCrAlO, 84.91 7.01 0.182

is consistent with the results of TEM.
Table 1 showed the specific surface area in the descending
order: FeCrAlO, > FeVCrAlO, > FeVAIO,. Compared with
FeCrAlO,, FeVCrAlO,, and FeVAIO,, it was found that the intro-
duction of V resulted in a smaller specific surface area of the

structures.**” This

catalyst. According to the TEM analysis, the introduction of V
destroyed the ordered mesoporous structure, which might be
the reason for the reduction of specific surface area. In
addition, it could be found that the pore volumes were in the
following order: FeVCrAlO, > FeCrAlO, > FeVAIO,. The large
pore volume was beneficial in reducing the accumulation of
reactants on the catalyst surface, which reduced the possibility
of carbon deposition and coking. Owing to the large pore
volume of FeVCrAlO, (0.182 cm?® g™'), the catalyst exhibited
good catalytic activity with the low coke formation.*®?° Pore
size followed the order: FeVAIO, > FeVCrAlO, > FeCrAlO,. The
comparison among FeVAIO,, FeCrAlO,, and FeVCrAlO, showed
that the catalyst had the smallest pore size after the introduc-
tion of Cr (6.78 nm), the pore size became larger after the
introduction of V (7.80 nm), and FeVCrAlO, had moderate
pore sizes (7.01 nm) when both V and Cr were introduced.
This might indicate that the pore size of the catalyst could be
adjusted by the introduction of V. And the large pore size
would facilitate the flow and diffusion of molecules, thereby
reducing the coke formation.'® This is consistent with the
Raman results.

This journal is © The Royal Society of Chemistry 2024
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3.5. Surface chemical environment and oxygen species Table 2 XPS data of FeVAIO,, FeCrAlO, FeVCrAIO,, and used-
analysis FeVCrAlOj catalysts
The XPS test was used to study the valence of elements and -

. . . . Fe¥/Fe™ ¢ Cr®/Cr™ ¢ VIV 0,/0,°
their relative contents in samples. The results are shown in samples (%) (%) (%) (%)
Fig. 9 and Table 2. As shown in Fig. 9a, the Fe 2p;,, peaks at

2+ 3+  FeVAlO, 54.20 47.77 26.97

711.? aillc_i43712.8 e:X,. could. be regarded a§ Fe”" and Fe. FeCrAlO, 0.6 18,72, P

species. The Fe”" is considered as the active component in  peycralo, 73.23 56.85 55.23 36.10

the oxidative dehydrogenation process and the oxidative dehy-  Used- 46.27 27.11 18.43 24.94
FeVCrAlO,

drogenation reaction was carried out through the Fe®'/Fe**
redox cycle. According to the data in Table 2, the percentage of
Fe** was 50-60% when only V or Cr was introduced (FeVAIO,
or FeCrAlO,). However, when both components were added,
the percentage of Fe’" increased to 73.23% for FeVCrAlO,.
According to XRD analysis, the Fe,O; phase appeared after the
introduction of multi-component. This might be the reason
for the increase in the percentage of Fe*'. This suggested that
multi-component catalysts have a higher oxidative dehydro-
genation activity. In addition, the used catalysts were also ana-
lyzed to study the percentage of Fe*". The results showed that
there was a decrease in the percentage of Fe** from 73.23% to
46.27% after the reaction. This indicated that Fe** played a key
role in the reaction, its main function was to act as an efficient
active component and facilitate the reaction process.

Then, the lattice oxygen content of different catalysts was
analyzed. As shown in Fig. 9b, the O 1s peaks at about 530.4,
531.5, and 533 eV, were considered as the lattice oxygen (O,),
the surface adsorbed oxygen (Og), and adsorbed water or
hydroxyl molecules (0O,) respectively.***> It was noteworthy
that the lattice oxygen binding energy of the sample
(FeVCrAlO,) was shifted towards lower values. This transition
might be attributed to the inherent radius and charge density

This journal is © The Royal Society of Chemistry 2024

“The percentage of surface elements valences (Fe™" = Fe** + Fe*"), (Cr"*
=cCr® + cr’h), (VT = V¥ + Vv + V), and (O, = O, + Op + O,) were
determined by XPS fitting analysis.

differences of vanadium (V), chromium (Cr), and iron (Fe).
After the introduction of V and Cr, the lattice structure was
modified. This led to the change in the local environment
around the lattice oxygen, as a result, the strength of the
metal-oxygen bond was weakened. The latter would enhance
lattice oxygen mobility.*® Moreover, the high proportion of O,
in the catalyst (FeVCrAlO,), confirming the synergistic effect of
V and Cr improved the mobility of lattice oxygen. The O,-TPD
was used to study the surface oxygen species (Fig. 10 and
Table 3). Peaks below 400 °C were attributed to the adsorbed
oxygen species. Peaks between 400 and 600 °C were considered
as the surface lattice oxygen species. And peaks above 600 °C
were regarded as the lattice oxygen species.”’*° As shown in
Fig. 10a, FeVCrAlO, showed the highest percentage of surface
lattice oxygen species (54.75%). Then, by adjusting the amount
of V and Cr introduced, the effect of element introduction on
oxygen species was studied. With the introduction of Cr, the

Nanoscale, 2024, 16,19306-19321 | 19313
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Table 3 The percentage of oxygen species by O,-TPD

Adsorbed Surface lattice Lattice
Samples oxygen (%) oxygen (%) oxygen (%)
FeVAIO, 38.66 51.24 10.10
FeVCrAlO, 33.26 54.75 11.99
FeVCr,AlO, 42.82 53.82 3.36
FeVCr;AlO, 43.72 52.90 3.38
FeCrAlO, 62.56 22.19 15.26
FeVCrAlO, 33.26 54.75 11.99
FeV,CrAlO, 42.75 42.73 14.53
FeV,CrAlO, 37.63 53.57 8.80

lattice oxygen percentage decreased and the surface lattice
oxygen percentage increased. While with the introduction of V,
the adsorbed oxygen percentage decreased and the surface
lattice oxygen percentage increased Under the synergistic
effect of V and Cr, the FeVCrAlO, sample had more surface
lattice oxygen. This might indicate that V, Cr destroyed the
original lattice structure. After the introduction of V and Cr,
more lattice oxygen was activated and oxygen mobility was
increased.

Besides, the V 2p3/, peaks at 516.5, 517.3, and 517.9 eV in
Fig. 9c were considered as V**, V**, and V°* species,
respectively.’>”" From the Table 2, it could be found that com-
pared with FeVAIO, (47.77%), FeVCrAlO, (55.23%) contained

19314 | Nanoscale, 2024,16, 19306-19321

more V>' species. This suggested that the introduction of
multi-components brought more V*>' species. The analysis of
the Used-FeVCrAlO, showed that the percentage of V°* species
was reduced to 18.43%. It demonstrated that V°" might act as
an active phase and participate in the reaction. Cr 2p spectrum
was also studied. As shown in Fig. 9d, the peaks at 577 and 579
eV in Cr 2p;,, were considered as Cr’* and Cr®" species.®®™" It
could be found that the binding energy of Cr is shifted to low
binding energy after the introduction of the V. This might be
due to the change in crystal structure after the introduction of
V. This led to a change in the electron density around Cr and a
decrease in binding energy. Similar to the V species, the Cr®*
species percentage increased from 48.72% to 56.85% when
multi-components were introduced. And the percentage of Cr®*
species decreased to 27.11% after the reaction. The result indi-
cated that Cr®" species were also potential active phases in the
reaction. Overall, the introduction of V and Cr not only
increased the percentage of Fe*" but also improved the lattice
oxygen mobility. Besides, V and Cr were active components in
the reaction. Under the synergistic effect, the multi-component
catalyst activity was significantly enhanced.

3.6. Reduction ability and acid/base properties

H,-TPR was used to study the effect of elemental introduction
on catalyst activity (Fig. S10 and Table S3t). In Fig. S10,} the

This journal is © The Royal Society of Chemistry 2024
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peaks between 400-500 °C were attributed to the transition
from Fe,O; to Fe;0,, while the peaks between 600-700 °C were
attributed to the transition from Fe;0, to Fe0.>®*” Compared
with the peak position of the samples (FeVAIO,, FeCrAlO,, and
FeVCrAlO,), the result showed that the addition of Cr led to a
shift of the peak towards lower temperatures (from 467 to
464 °C). In order to clarify the influence of Cr and V on the
reducibility. The relationship between the different contents of
the elements and the reducibility of the catalyst was studied.
the results were shown in Fig. S10b and c.} It could be found
that the introduction of Cr led to a shift of the peaks toward
lower temperatures (from 467 to 445 °C). This demonstrated
that doping with Cr was beneficial for improving the reducibil-
ity of the catalyst. With the introduction of V, the peak shifted
to the high temperatures (from 415 to 558 °C), this indicated
that with the introduction of V, the catalyst became difficult to
reduce. It is possible that the introduction of V changed the
crystal structure. The vanadium species on the crystal surface
changed from oligomeric vanadium oxide species to polymeric
vanadium oxide species. While there are differences in the
reducibility of different vanadium species, this leads to an
increase in the reduction temperature.>®

CO,-TPD was used to study the basicity of the samples
(Fig. S117) and the results of the test by CO,-TPD were shown
in Table 4. As shown in Fig. S11a, Peaks below 200 °C were
considered as the weak basic sites, peaks between 200 and
350 °C were considered as the medium-strong basic sites, and
peaks between 350 and 800 °C were considered as the strong
basic sites.’®*®® Compared with FeCrAlO,, FeVAIO,, and
FeVCrAlO, samples (Fig. S11b and c¥), it was discovered that
FeVCrAlO, had the greatest amount of strong basic sites
(86.06%), followed by FeVAIO, (76.91%) and FeCrAlO,
(63.39%). This suggested that the introduction of multi-com-
ponent could effectively improve the strong basic sites.
Besides, with the introduction of Cr, the strong basic sites
decreased from 86.06% to 76.55% and then to 82.13%. When
V was introduced, the percentage of strong basic sites
decreased from 86.06% to 69.31%. This indicated that the
multi-component had more strong base sites, and the intro-
duction of excessive V or Cr would lead to a decrease in the
strong base sites. This would be beneficial for the CO,
utilization.®

Table 4 The percentage of base sites by CO,-TPD

Weak basicity Medium basicity Strong basicity

Samples (%) (%) (%)

FeVAIO, 7.81 15.28 76.91
FeVCrAlO, 6.98 6.97 86.06
FeVCr,AlO,  9.02 14.43 76.55
FeVCr;AlO,  5.13 12.73 82.13
FeCrAlO, 16.17 20.44 63.39
FeVCrAlO, 6.98 6.97 86.06
FeV,CrAlO, 13.41 17.22 69.37
FeV;CrAlO, 10.62 20.07 69.31

This journal is © The Royal Society of Chemistry 2024
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In oxidative dehydrogenation reactions, acidic sites were
found to play a crucial role by facilitating the breaking of C-C,
C-H, and C-O bonds.®* NH;-TPD was used to study the acidity
of the samples (Fig. S12+). Peaks below 300 °C were attributed
to weak acid sites and peaks between 300 and 500 °C were con-
sidered as medium-strong acid sites.®*®> Typically, weakly
acidic sites provided a suitable environment for adsorption
and activation. Strongly acidic sites promoted the reaction
rate, while overly acidic sites resulted in reduced selectivity for
the target product.®®® The respective effects of V and Cr were
analyzed, and the results showed that the addition of Cr modi-
fied the weak and medium strong acidic sites (Fig. S12bf¥).
While the introduction of V decreased the weak acid sites and
increased the medium-strong acid sites (Fig. S12ct). Compared
with the FeVAIO,, FeCrAlO,, and FeVCrAlO, samples
(Fig. S12at), it could be found that the multi-component cata-
lyst FeVCrAlO, contained more medium strong acid sites. This
suggested that the introduction of multicomponent catalysts
could increase the medium-strong acid sites. And the suitable
ratio of weak and strong acid sites promoted the dehydrogena-
tion reaction.”®

3.7. Catalytic performance in the presence of water

In order to study the effect of water on catalytic activity, the
performance of the FeVCrAlO, samples was studied under
different volume fractions of water (Fig. 11). The volume frac-
tion was recorded as 0 when water was absent in the reaction.
It was discovered that when the volume fraction of water rose,
the BD yield increased first and then decreased (Fig. 11a).
Compared with the yield in the absence of water (27.5%), the
yield reached 33.1%, when the water volume fraction was
2.25% (Fig. 11b). Besides, the selectivity of BD increased from
31.2% to 38.9% (Fig. 11c), and the conversion of CO, increased
from 15.7% to 19.3% (Fig. 11d). This demonstrated that the
BD yield, BD selectivity, and the CO, conversion could be
improved by a proper volume fraction of water. However, the
conversion of 1-butene decreased after the addition of water.
This might be due to the competitive adsorption of water with
1-butene on the surface of the catalyst, therefore the conver-
sion of 1-butene was reduced.”"”>

The catalytic activity of FeVAIO, and FeCrAlO, was studied
at different water volume fractions (Fig. S13 and S14%).
Fig. S151 showed the reaction orders of FeVAIO,, FeCrAlO,,
and FeVCrAlO,, for 1-butene consumption in the presence of
water. The data Revealed the sensitivity to the presence of
water differed among the different catalysts. The FeCrAlO,
catalyst had a reaction order of 0.12, this indicated a relatively
low sensitivity to water. The FeVAIO, catalyst had a reaction
order of 0.17, suggesting it was more sensitive to the presence
of water than the FeCrAlO,. On the other hand, the multicom-
ponent catalyst (FeVCrAlO,) had a reactivity order of only 0.03.
This indicated much lower sensitivity to changes in water con-
centration. This might be due to the strong adsorption
capacity of its porous structure, so the adsorption or activation
of water molecules is not the rate-determining step.”* In order
to study how water promoted the CO,-ODH catalytic process.

Nanoscale, 2024, 16,19306-19321 | 19315
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In situ DRIFTS was used to study the reaction in the absence/
presence of water.

3.8. Reaction mechanism study

The in situ DRIFTS spectra of 1-butene adsorption at 100 °C
were shown in Fig. 12. The peaks at 3088 cm ™" and 1651 cm ™"
were regarded as the =CH, and the C=C stretching vibration
of 1-butene.”* This indicated that butene was effectively
adsorbed on the catalyst surface over time. Fig. 13 showed the
heating process at 110-350 °C with the introduction of CO,.
The peak at 2973 cm™" could be regarded as the stretching
vibration of the C-H bond of the CH; group”” (Fig. 13c). The
peaks at 1654 cm™ ' and 1640 cm™ " were regarded as the C=C

Time (min)
Za 15
2971 em™ -CHj (1-butene)
~ 13
=
o 11
-’
> Aot | 9
A 1651cm=C=C (1-butene) 3088 cm™ =CH,(1-butene)
@ 7
=
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= 3
1
77
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Wavenumber (cm™)
Fig. 12 In situ DRIFTS spectra of 1-butene adsorption at 100 °C over

the FeVCrAlO, samples.
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stretching vibration of 1-butene and 1,3-butadiene, respectively
(Fig. 13b). As the temperature rose, the peak at 2973 cm™*
(-CHj3) decreased and then disappeared (the temperature is
about 320 °C), which indicated that the terminal methyl group
began to be consumed. And the peak at 1654 cm™" gradually
disappeared and the peak at 1640 cm™' gradually appeared.
This indicated that 1,3-butadiene was formed. The shift from
1654 to 1640 cm™ " might be due to the conjugation effect of
1,3-butadiene, then the C=C force constant was decreased
and thus the C=C stretching vibrational phase was shifted
towards the low-wave direction. This eventually leads to a red-
shift. Similarly, the peaks at 3088 cm™' and 3072 cm™'
(Fig. 13c) were regarded as the =CH, stretching vibrations of
1-butene and 1,3-butadiene’®”” respectively. It could be found
that as the temperature increased, the peaks at 3088 cm™*
gradually weakened and then disappeared, after that the peaks
at 3072 cm™ " appeared and gradually became stronger. This
might indicate that the =CH, of butene is consumed first and
then disappeared during the conversion of 1-butene to 1,3-
butadiene. Finally, the characteristic peak of 1,3-butadiene
appeared. This might be that 1-butene was first converted into
2-butene and then the 2-butene was converted into 1,3-
butadiene.”®

The reaction in the presence of water was also analyzed by
in situ DRIFTS and the adsorption of butene at 100 °C was
shown in Fig. S16.1 The characteristic peaks at 3088 cm™" and
1654 cm™" were regarded as the =CH, and the C=C stretch-
ing vibration of 1-butene, and this indicated that 1-butene was
effectively adsorbed on the catalyst surface over time. Fig. 14

This journal is © The Royal Society of Chemistry 2024
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showed the variation of peaks from 110-380 °C in the presence
of H,0 and CO,. The peaks at 3088 cm™" and 3050 cm™" could
be regarded as the =CH, stretching vibrations of 1-butene and
1,3-butadiene, respectively. The peak at 2971 cm™" could be
regarded as the stretching vibration of the C-H bond of the
CHj; group (Fig. 14c). After the addition of water and CO,, it
could be found that the terminal methyl group decreased
rapidly and then disappeared (the temperature is about
290 °C), the peaks at 3088 cm™" gradually weakened and then

This journal is © The Royal Society of Chemistry 2024

Wavenumber (cm™)

Wavenumber (cm™)

In situ DRIFTS Spectra of FeVCrAlO, samples exposed to CO,, 1-butene, and H,O steams.

disappeared, and after that, the peaks at 3050 cm™" gradually
increased (Fig. 14c). This was similar to the change of peak in
the absence of water. This indicated that 1,3-butadiene was
produced. It is worth noting that when water was added, the
peak of OH™ (3644 cm™'), HCO;~ (1393 cm™"), and HCOO™
(1602 cm™") appeared (Fig. 14b and d), and the hydroxyl peaks
on the catalyst surface were enhanced (3400 cm™").”°®* The
reason might be that water was first cleaved to OH™ or surface
hydroxyl groups by the catalyst, and the OH™ reacted with CO,,
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then the HCO;~ was formed. As a result, the peak of surface
hydroxyl groups and HCO;™ increased. After that HCO;™ +
C,Hg=C,H + HCOO™ + H,0 might happen. This resulted in
the peak appearing at 1602 cm™" (HCOO™). The characteristic
peak of =CH, (BD) was located at 3050 cm™", rather than
3072 em™ ", which might be due to the redshift caused by the
HCOO™. Finally, through the comparison of methyl peaks with
and without water, it could be found that the methyl peaks
decreased rapidly in the presence of water. It might be due to
the improvement of CO, utilization in the presence of water.
Thus, the reaction rate was accelerated, and the methyl peaks
were rapidly consumed. In general, it could be found that the
introduction of water not only improved the utilization of CO,
but also changed the reaction path. This might be the reason
for the increase in activity.

4. Conclusions

To study the synergetic effect of the introduction of multiple
elements on the catalytic performance, a series of 3DOM Fe-
based catalysts were prepared by the soft and hard templates
method. The three-dimensionally ordered macro-mesoporous
structures were studied by SEM and TEM images. The
FeVCrAlO, catalyst showed a better catalytic performance. The
1-butene conversion of 88.3% and the BD yield of 27.5%, were
reached. The synergetic effects of the V and Cr on the catalytic
performances were studied respectively. The results showed
that the introduction of Cr was beneficial for the conversion of
CO,, and the introduction of V was beneficial for the selectivity
of BD. Moreover, when V and Cr were introduced together, the
formation of y-Fe,O; was one of the reasons for the enhance-
ment of catalytic activity. XPS and O,-TPD studies showed that
the introduction of multi-components improved the mobility
of lattice oxygen. Compared with the FeVAIO, and FeCrAlO,
samples, the FeVCrAlO, had surface lattice oxygen, and the
proportion reached 36.10%. And the active components were
also enriched (the proportion of Fe**, Cr®*, and V°* reached
73.23%, 56.85%, and 55.23%, respectively). This might be
another reason for the improvement of catalytic activity. The
XRD and Raman studies showed that the rapid deactivation of
the catalyst was due to the coke formation, and the introduc-
tion of V was beneficial for the reduction of coke formation. In
addition, by introducing water into the reaction process, the
role of water in the catalytic process was clarified. The in situ
DRIFTS tests showed that the addition of H,O might enhance
the utilization of CO, and change the reaction route. In the
reaction process, water was cleaved to OH™ or surface hydroxyl
groups. The OH™ reacted with CO,. As a result of this, the
HCO;™ was formed. In this way, CO, participated in the reac-
tion in the form of HCO;™. The catalytic activity was enhanced
by the introduction of water. Finally, this study not only pro-
vides useful insights for the efficient utilization of CO, but
also generates new ideas for the design of efficient dehydro-
genation catalysts.
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