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The demand for trans-1,3,3,3-tetrafluoropropene [HFO-1234ze(E)] as a
next-generation, low-global-warming-potential (GWP) refrigerant is
rising due to international restrictions on high-GWP refrigerants like
chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs) and
hydrofluorocarbons (HFCs). Catalytic dehydrofluorination of HFC-
245fa offers a viable synthesis route for the production of HFO-
1234ze(E), but the catalyst degradation under harsh acidic conditions
remains a major challenge. In this study, a highly stable y-Al,O5
supported catalyst was developed for efficient dehydrofluorination
with vanadium species exhibiting the highest activity among the
screened metal ions Ni?*, V®*, Zn?*, La®*, Fe**, Mn®* and Cu?*. The
optimized 15 wt% V,0s/y-Al,O5 catalyst, prepared without oxalic acid
assistance, exhibited strong metal—support interactions and demon-
strated superior catalytic performance achieving ~95% HFC-245fa
conversion. The catalyst activity increased from 1.3 to 2.1 pmol s*
Jeat * due to the formation of in situ VOFx species generated through
the interaction between V,05 and HF, as confirmed from NHs-TPD and
XPS analysis. The catalyst also exhibited ~81% selectivity towards
HFO-1234ze(E) at 350 °C. It is noteworthy that the catalyst maintained
a stable performance up to 74 h, without significant deactivation.
Overall, these results highlight the importance of rational metal selec-
tion, loading optimization, and interface engineering in developing
robust catalysts for industrial hydrofluoroolefin production.
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New concepts

The industrial demand for trans-1,3,3,3-tetrafluoropropene [HFO-1234ze(E)]
as a next-generation refrigerant has grown significantly due to stringent
global regulations on high-global-warming-potential (GWP) substances.
This study introduces a novel catalytic approach by incorporating various
metal ions into y-Al,O; to assess their synergistic effects on dehydrofluor-
ination efficiency. Among them, the non-oxalic acid assisted vanadium
catalyst demonstrated the most promising catalytic activity. Notably, oxalic
acid is commonly used to dissolve ammonium metavanadate in vanadium
catalyst synthesis. However, our findings show that it forms bulkier
vanadium-oxalate complexes, which hinder vanadium diffusion into the
v-Al,O3 support and weaken metal-support interactions, thereby reducing
the pore size that leads to low catalytic activity. In contrast, the non-oxalic
acid assisted vanadium catalyst exhibited remarkable performance. This
key observation underscored the importance of carefully controlling the
precursor chemistry to avoid the formation of less active vanadium species.
Furthermore, during the dehydrofluorination reaction, an in situ transfor-
mation occurred, forming vanadium oxyfluoride (VOFx) species from the
interaction between V,0s; and HF. These VOFx species significantly
enhanced the catalytic activity, driving the conversion of HFC-245fa to
HFO-1234z¢e(E). These findings offer valuable insights into designing effi-
cient, durable catalysts for gas-phase dehydrofluorination and highlight the
potential for nanoscale control over metal-support interactions to optimize
catalytic performance in various industrial applications.

1. Introduction

The rapid acceleration of atmospheric changes and rising
global temperature creates an urgent need to develop effective
strategies for environmental sustainability. Carbon dioxide
(CO,) is widely recognized as a major contributor to climate
change.! However, the Intergovernmental panel on climate
change (IPCC) report has highlighted the significant role of
other chemicals, particularly certain refrigerants. These refrig-
erants have high global warming potential (GWP) and ozone
depletion potential (ODP), exerting a potent and lasting impact
on the environment and exacerbating global warming.”

In response, the European Union has executed a plan to phase
out high ODP and GWP substances like chlorofluorocarbons
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(CFCs), hydrochlorofluorocarbons (HCFCs) and hydrofluorocar-
bons (HFCs) by the end of 2030.>* As a direct consequence,
significant research has been directed toward the development of
low GWP refrigerants. Among these, hydrofluoroolefins (HFOs)
have emerged as promising candidates.” In particular, trans-
1,3,3,3-tetrafluoropropene [HFO-1234ze(E)] stands out for its
favourable properties, including high refrigeration efficiency,
compatibility with existing systems and a very low GWP of 6
making it an attractive replacement for traditional fluorocarbons
in the pursuit of environmental sustainability.®

A recent study demonstrated that HFO-1234ze(E) can be
efficiently synthesized via the gas-phase dehydrofluorination
of 1,1,1,3,3-pentafluoropropane (HFC-245fa), using solid acid
catalysts.” This reaction involves the cleavage of highly stable
C-F bonds, which requires high dissociation energy,® necessitating
the use of suitable catalysts and elevated reaction temperatures.’
Therefore, catalyst materials employed in such dehydrofluorina-
tion reactions should possess exceptional chemical and thermal
stability to endure the corrosive reaction environment.'®

Catalytic materials including AIF;,'" Cr,0;'* and MgF,"*"*
are widely used in dehydrofluorination reactions. Although
AlF; demonstrates significant Lewis acidity and initially attains
high conversion efficiency (>85%) with moderate selectivity,
strong acid sites promote undesirable side reactions and poly-
merization, resulting in carbon deposition that progressively
deactivates the catalyst and compromises the long-term efficiency
and stability of the catalyst."" To address these issues, metals
such as Pd have been introduced as promoters of the AlF;
catalyst, which helped in reducing coke deposition. However,
this significantly increased the overall cost of the catalyst, thereby
limiting its practical and large-scale industrial applicability."”

Fluorinated Cr,0; and CrF; are also active dehydrofluorina-
tion catalysts, but their high Lewis acidity leads to coke
formation and structural degradation, limiting their long-
term stability and practical use.'®'” To overcome these issues,
magnesium fluoride (MgF,), which possesses moderate Lewis
acidity, has been explored as an alternative. However, it suffers
from significant sintering at temperatures above 280 °C, result-
ing in the loss of surface area, pore volume, and ultimately a
decline in catalytic stability.'® Thus, the development of cost-
effective, highly effective, and stable catalysts remains a
crucial goal.

Among the various potential supports, y-Al,O; stands out
due to its moderate acidity, low cost, high surface area, and
excellent thermal and chemical stability that collectively pro-
mote efficient catalytical performance.'®' These properties
make y-Al,O; a promising alternative to conventional catalysts
such as MgF, and F-Cr,0;. In addition, active components in
catalysts have garnered increasing attention due to their syner-
gistic interactions with the support, which also enhance the
overall catalytic performance.?? Previous studies have demon-
strated that the incorporation of Cr, La, and V metal ions as
active components can significantly improve dehydrofluorina-
tion activity.>*>® Among all, vanadium ions provide medium-
strength acidity favourable for dehydrofluorination reactions.>”
In addition to acidity, vanadium existing as monomeric VO**,
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polymeric VOx, or crystalline V,0s5. Monomeric VO** species,
offering limited activity due to low surface coverage, while
crystalline V,05 may suffer from low dispersion and reduced
accessibility. In contrast, polymeric VOx species, with their
mixed-valence states and high surface dispersion, are widely
recognized as the most active sites in catalytic systems.*®>°

The present study focuses on the development of novel
catalytic materials for efficient transformation of HFC-245fa
to HFO-1234ze(E), aiming for a scalable and economically
viable process. y-Al,O; was selected as the support due to its
favourable Lewis acidity and thermal and chemical stability
under harsh reaction conditions. To identify an effective active
component, a series of metal ions supported on y-Al,O; were
initially screened for dehydrofluorination activity, with vana-
dium emerging as the most promising candidate. An optimized
V,0s5 loading on y-Al,0; was subsequently investigated to
achieve enhanced catalytic activity and stability. Furthermore,
the influence of oxalic acid treatment on the metal-support
interaction in V,0s/y-Al,O; catalysts was also explored. These
findings provide critical insights into the fundamental aspects
of catalytic optimization, paving the way for more efficient and
durable dehydrofluorination processes.

2. Experimental
2.1. Chemicals

Commercial y-Al,05; was purchased from Thermo Scientific and
utilized as the support. The metal precursors NH,VO3, (COOH),:
2H,0, Ni(NO;),-9H,0, Cu(NO3),-3H,0 and La(NO;);-6H,O were
purchased from Sisco Research Laboratories (SRL). Zn(NOs),-
6H,0 and Fe(NO;);-9H,0 were purchased from AVRA and
Mn(NOj3),-4H,0 was purchased from Sigma. All chemicals used
in this study were of analytical grade purity.

2.2. Catalyst synthesis

The preparation process begins by removing adsorbed impu-
rities from the y-Al,O; support by heating it at 400 °C for 4 h,
ensuring the elimination of contaminants. A calculated amount
of metal precursor is then added to the support, with metal
oxide loading typically ranging from 10 to 20 wt% to optimize
catalytic performance. The mixture is stirred for 4 h to facilitate
uniform deposition of the metal oxide on the support. Excess
water is evaporated at 110 °C, followed by drying at 80 °C for
12 h to remove residual moisture. Finally, the catalyst is
calcined at 400 °C for 4 h in a muffle furnace. To evaluate the
effect of oxalic acid assistance, the best-performing catalyst was
synthesized using a 1:2 molar ratio of active metal to oxalic
acid, following the same procedure described above.

2.3. Catalyst characterization

The physicochemical properties of the catalysts were determined
using a range of characterization techniques. Surface area mea-
surements were conducted using nitrogen adsorption-desorption
isotherms at 77 K via the Brunauer-Emmett-Teller (BET) method
(Quantachrome NOVA 2200e), with samples degassed at 300 °C
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Fig. 1 Schematic diagram of the experimental setup.

for 4 h. Powder X-ray diffraction (XRD) was performed with a
PANalytical X’Pert Pro diffractometer with Cu Ko radiation (4 =
1.5406 A) operated at 45 kv and 40 mA over a 20 range of 10-80°,
to assess crystallinity and phase composition. The acidity and
reducibility of the catalysts were evaluated using ammonia
temperature programmed desorption (NH3;TPD) and H,
temperature-programmed reduction (H,-TPR) on a Microtrac
BEL chemisorption system with a TCD detector. For NH;-TPD,
~ 84 mg of catalyst was pretreated at 400 °C in He for 110 min,
followed by NH; adsorption and desorption up to 800 °C. In H,-
TPR, samples were pretreated at 300 °C under argon for 80 min,
and then were reduced in a H,/He stream up to 800 °C. Surface
elemental composition and oxidation states were analyzed using
X-ray photoelectron spectroscopy (XPS) with an AXIS Supra-kratos
instrument equipped with a monochromatic Al Ko source
(1486.6 eV). Functional groups were identified via Fourier trans-
form infrared (FTIR) spectroscopy (BRUKER TENSOR II), while
pyridine-ATR spectroscopy in the 1400-1700 cm™ ' range was
employed to distinguish Brensted and Lewis acid sites. Catalysts
were exposed to pyridine, equilibrated for 12 h, and heated at
383 K prior to analysis. Raman spectroscopy was conducted by
using a WITec confocal Raman microscope alpha 300R series.
The wavelength of the excitation laser was 332 nm. Field emis-
sion scanning electron microscopy (FE-SEM; JEOL JSM-7800F)
and transmission electron microscopy (TEM) were used to
observe morphology and dispersion using a JEOL JEM-F20.

2.4. Catalytic testing

As illustrated in Fig. 1, the catalytic performance tests were
conducted in a stainless-steel fixed-bed tubular reactor (15 mm
inner diameter, 700 mm length) under atmospheric pressure.
The gas flow of nitrogen and HFC-245fa was controlled with a
mass flow controller (Bronkhorst, Netherland). Prior to the
reaction, 1 gram of the synthesized catalyst was loaded into
the reactor, covering it with a quartz wool plug and a thermo-
couple was positioned at the centre of the catalyst bed to
monitor the reaction temperature. The catalyst was pretreated

This journal is © The Royal Society of Chemistry 2025

under a nitrogen flow (30 mL min ") at 300 °C for 1 h. After the
pretreatment, the nitrogen flow was stopped, and a feed mixture
of HFC-245fa and N, with a flow ratio of 3:10 mL min ' was
introduced (total flow rate: 13 mL min™'; GHSV =
780 ¢ mL~' h™'). To remove the HF from by-product, the
reaction effluent was passed through an aqueous KOH solution
and subsequently analysed using a gas chromatograph (Mayura
Analytical Model 1100) equipped with a flame ionization detec-
tor (FID) and a GS-GASPRO capillary column (0.32 mm X 60 m).

The conversion of HFC-245fa, product selectivity and cata-
Iytic activities (expressed as the apparent rate, r,) were calcu-
lated as defined below using the following equations:

Conversion of HFC-245fa (%)

1
_ (HFC-245fa),, — (HFC-245fa),, oo (1)
(HFC-245fa),_
iy [i

o7y — out

Selectivity of HFOs (%) = (HFC243a),. — (HFC-245Ta) .
x 100
(2)
F x HFC-245fa Conversion

Apparent rate = (3)

masscay

where [i] refers to HFO-1234ze(E) or HFO-1234ze(Z), apparent
rates are expressed in pmol s g~ ', with F representing the
molar flow rate of HFC-245fa (umol s~ ') and mass.,. denoting
the catalyst amount in grams.

3. Results and discussion

3.1. Effect of metal ion variation on catalytic performance

Table 1 shows the catalytic performance of the 10 wt% MOx/
v-Al,05 (M = Ni**, V°*, Zn**, La*", Fe**, Mn®" and Cu*") catalysts
for the dehydrofluorination of HFC-245fa. For pure y-Al,O;
support, HFC-245fa conversion was found to be 24.2% after
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Table 1 Catalytic performance of various metal oxides supported on
v-AlbOs at 350 °C

Surface Selectivity (%)

area Conversion (%) HFO-1234ze  Activity
Catalysts (m® g™") HFC-245fa (E) (umol 57" g )
v-AL, O, 197 24.2 80.7 0.5
NiO/y-ALO; 116 16.9 75.2 0.3
V,05/7-ALO; 192 54.9 81.6 1.2
ZnO/y-Al,0; 249 35.7 79.3 0.7
Lay03/y-Al,O; 252 14.7 77.5 0.3
Fe,0,/v-AlL,O; 241 11.8 78.3 0.2
MnO,/v-AL,O; 256 23.4 82.4 0.4
CuO/y-ALO; 233 52.1 81.1 1.1

Data were taken after 5 h of reaction.

5 h, which can be attributed to the limited number of Lewis
acidic sites present on the surface. This low conversion sug-
gests that y-Al,O3 alone is not highly effective for catalysing this
reaction. The addition of La,0;, Fe,O3;, ZnO, NiO, and MnO,
suppresses activity due to either strong acidic sites or overall
low acidity.>® However, CuO and V,05 enhance it, despite CuO
having higher acidic sites (shown in Table S1), and V,Os
showing higher performance due to the polymeric VOx struc-
ture that offers superior acid-redox synergy and interaction.”®>°
Among all, trans-HFO-1234ze emerged as the predominant
product in the stream as compared to the cis-HFO-1234ze
isomer. The conversions, selectivity and activity were calculated
according to equations (1)-(3). Based on the catalytic perfor-
mance of all evaluated materials, V,05; was identified as the
most effective active component, exhibiting a higher activity of
1.2 umol s™* g, . These findings highlight the effectiveness
of vanadium oxide supported on y-Al,O; as a promising catalyst
for the dehydrofluorination reaction.

3.2. Characterization

3.2.1. Structural characterization. The XRD patterns of the
fresh catalysts are shown in Fig. 2(a), from which it can be
observed that pure y-Al,O3; shows the characteristic diffraction
peaks of the cubic phase of alumina (JCPDS no: 10-0425) at 26
angles of 46.1° and 66.6° corresponding to hkl reflections of
(400) and (440), respectively. However, as the V,05 loading on

View Article Online
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v-Al,O; increased from 10-15 wt%, the intensities of these
characteristic peaks decline gradually with no distinct peaks
corresponding to crystalline V,05 phases observed. This trend
suggests that the incorporation of V,0s into the catalyst structure
is effectively dispersed on the y-Al,O; surface.>* However, for the
20 wt%V,05/v-Al,O; catalyst, some peaks intensified at 20 values
of 15.2°,20.3°, and 56.15° are observed, which are assigned to the
crystalline V,05 clusters (JCPDS no. 41-1426).*"** This indicates
that vanadium is highly dispersed in the 15 wt% V,05/y-Al,O3
catalyst and such dispersion is essential for maintaining high
catalytic activity, as it enhances the interaction between the
vanadium species and the alumina support, potentially leading
to improved performance in catalytic reactions.*

The functional groups of the catalysts were further charac-
terized by FTIR spectroscopy, and the results are shown in
Fig. 2(b). In the FTIR patterns of y-Al,O3, the broad band at 3700
to 3200 cm™ "' is characteristic of the ~OH stretching vibration
associated with hydroxyl groups. The band at 1638 cm ™" corre-
sponds to bending vibrations of physically adsorbed water mole-
cules. Additionally, the peak at 1470 cm ' is attributed to water
deformation vibrations. The valley between 1000 and 435 cm™*
confirms the presence of the y-phase of Al,O3, while the band at
873 cm ™' is assigned to Al-O bending vibrations and Al-O-Al
bond in the y-phase generates a band at 670 cm™ *.***° In FTIR,
vanadium pentoxide (V,0s) shows distinct absorption bands at
1020 and 825 cm™ ' corresponding to the V=0 stretching and
V-0O-V deformation modes, respectively.>® However, in the case
of V,05 supported on y-Al, O3, these characteristic peaks are often
not visible. This is due to the overlap of the y-Al,O; IR absorption
bands in the region between 1000 and 435 cm ™", which creates a
“valley” in this spectral range, effectively masking the V,Os-
related features.’” Despite the absence of these characteristic
V,0;5 bands, evidence for V,0s5 loading on the alumina surface
can still be observed through the changes in the -OH stretching
vibration region (typically observed around 3600-3200 cm %). As
the V,05 content on the alumina support increases, the intensity
of the -OH stretching band decreases. This reduction in intensity
is attributed to the interaction of V,05 with the surface hydroxyl
groups of alumina, leading to a decrease in the number of free
-OH groups available for detection. This observation serves as
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Fig. 2 (a) XRD spectra and (b) FTIR spectra of fresh catalysts.
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indirect proof of V,0Os5 loading on the alumina surface, high-
lighting the influence of V,05 on the surface chemistry of the
support.®®

3.2.2. Surface characterization. The nitrogen adsorption
and desorption isotherms were determined, and the results
are shown in Fig. 3(a). The initial surface area of y-Al,O; was
197 m* g~ '. With increasing vanadium loading, the surface
area, average pore size, and pore volume decreased, likely due
to the deposition of vanadium oxide as shown in Table S2.>° All
catalysts exhibit a Type-IV isotherm with an H3-type hysteresis
loop at relative pressures between 0.5 and 0.95, indicating the
presence of mesoporous structures. The gradual increase in N,
adsorption up to a P/P, of 0.95 is attributed to multilayer
adsorption, rather than distinct monolayer formation.*°

The surface acidity of the catalysts was measured by NH;-
TPD, and the results are shown in Fig. 3(b). All V,05/y-Al,O;
catalysts exhibit two distinct peaks in the temperature ranges of
100-450 °C and 450-800 °C, which are attributed to weak and
strong acidic sites, respectively, as shown in Table S3. A gradual
increase in surface acidity was observed with rising vanadium
loading on y-Al,O; from 10-15 wt%, comparative to pure
v-Al,O;. This enhancement in acidity is due to the additional
acidic sites introduced by the V,05. However, in a series of V,05
from 15-20 wt%, there is a decrease of acidic sites which can be
attributed to the agglomeration and crystallization of V,0s.
These structural changes reduce the availability of active acidic
sites, ultimately affecting the catalytic performance.** Addition-
ally, the spent 15 wt% V,0s/y-Al,O; catalyst exhibits higher

This journal is © The Royal Society of Chemistry 2025

Wavenumber (cm™)

(a) Nitrogen adsorption—desorption isotherms profiles, (b) NHz TPD profiles, (c) and Pyridine-IR profiles of fresh catalysts.

surface acidity (0.957 mmol g~ ') compared to the fresh catalyst
as shown in Fig. S1(a), suggesting the formation of new species
(VOFx), which generate during the reaction between HF and
V205.42’43

In Fig. 3(c), the FTIR spectra of pyridine adsorption on the
catalysts reveal insightful details about the Lewis and Brgnsted
surface acidity. All the measured catalysts exhibit characteristic
IR bands at 1444, 1490, and 1588 cm ™! which are indicative of
the presence of Lewis acid sites. In addition, a distinct band at
1640 cm ' is observed, corresponding to Brensted acid sites,
confirming the coexistence of both acid types on the catalyst
surface."**® Upon further analysis, the most intense peak is
exhibited by Lewis acid sites indicating that Lewis acidity dom-
inates over Brgnsted acidity in the catalyst system that are crucial
for the dehydrofluorination mechanism. The overall results show
that the 15 wt% V,05/y-Al,O; sample displays the most intense
peak of Lewis acidic sites, which contributes to its enhanced
catalytic performance in the dehydrofluorination process.

3.2.3. Morphology characterization. Fig. 4 illustrates the
morphological and compositional characterization of the synthe-
sized 15 wt% V,0s/7-Al,O; catalyst. SEM analysis depicted in
Fig. 4(a & b) shows that the catalyst has irregular and rough
surface morphology. Furthermore, the elemental composition of
the catalyst was identified through elemental EDX mapping,
shown in Fig. 4(c). From the EDX mapping analysis, the catalyst
has relative proportions of Al, O and V elements, approximately
correlated with the synthesis procedure. Additionally, to examine
the particle nature of the catalyst at nanometric scale, TEM

Nanoscale Horiz., 2025, 10, 2873-2884 | 2877
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Fig. 4 (a) and (b) SEM morphological analysis, (c) SEM-EDX composition spectrum, (d)-(f) TEM morphological analysis, and (g) STEM-EDX elemental

maps of Al, O, and V.

analysis was carried out, revealing a one-dimensional nano sheet
and rod morphology (Fig. 4d-f) with an approximate length
around 19 nm as evidenced by the histogram.’® The presence
of vanadium on the 15 wt% V,0s/y-Al,O; catalyst was further
confirmed by STEM-EDX, as shown in Fig. 4(g). It reveals that Al
(red), O (blue) and V (green) homogeneously distributed across
the surface of the 15 V,05/y-Al,O3.

3.2.4. Elemental characterization. XPS analysis was per-
formed to investigate the surface chemical states of the catalyst.
Fig. 5(a-c) show the deconvoluted spectra of the 15 wt% V,05/v-
Al,O; catalyst, revealing the chemical state of Al, O and V
elements, respectively.”” The Al 2p spectra exhibit features
corresponding to Al 2ps,, and Al 2p,,, peaks in Fig. 5(a). The
O 1s spectra, as shown in Fig. 5(b), reveal two types of oxygen
species around 531 eV. The peak at a lower binding energy of
530.3 eV is attributed to lattice oxygen, while the peak near
531.7-532 eV corresponds to surface-adsorbed oxygen.*®

The V 2p XPS spectra of the 15 wt% V,0s5/y-Al,O; catalyst
reveal an asymmetric peak that deconvoluted into two distinct
components, located at binding energies of approximately
516 eV and 517.3 eV in Fig. 5(c). These peaks correspond to
vanadium in the V** and V** oxidation states, respectively. The
presence of V*" species is likely attributed to the partial
reduction of surface V,05, which may occur during XPS mea-
surements due to the high vacuum environment and prolonged
exposure to X-ray irradiation.*®

In Fig. 5(d), Raman spectroscopy confirmed the presence of
V,0s5 peaks, with the V-O-V stretching vibration appearing as a

2878 | Nanoscale Horiz., 2025, 10, 2873-2884

broad band in the 750-1000 cm ™" regions.’>*! This broad band
is characteristic of the V-O-V stretching modes found in
polymeric vanadate. These polymeric structures are often asso-
ciated with increased catalytic activity, as they can provide a
more stable and highly dispersed form of vanadium on the
catalyst surface, potentially enhancing the reaction efficiency.>>
The spent 15 wt% V,05/y-Al,O; catalyst exhibits new Raman
bands at 1380 and 1603 cm™ " after 78 h of reaction. These
Raman bands are characteristic of carbonaceous species, con-
firming carbon deposition as the main cause of deactivation.
This catalyst deactivation is promoted by the surface acidity of
the material.>

3.3. Effect of vanadium wt% on catalytic performance

The incorporation of vanadium species (V,0s) onto y-Al,O;
significantly enhances the catalytic activity, delivering superior
performance compared to other metal oxide catalysts. To
optimize catalytic efficiency, vanadium loading was system-
atically varied, aiming to maximize the activity while maintain-
ing catalyst stability and durability throughout the reaction.
Fig. 6(a) shows the catalytic performance of y-Al,O; and
V,0s5/y-Al, 05 catalysts with varying V,0s loadings (10, 15, and
20 wt%). As the vanadium content increases from 0 to 15 wt%,
the HFC-245fa conversion improves from 24.2 to 60%, which is
attributed to the increase in the number of available acidic sites.
Notably, the catalyst with 15 wt% V,05/y-Al,O; exhibits a sub-
stantial boost in catalytic activity, underscoring the critical role of
vanadium loading in enhancing the reaction rate. However, a

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 XPS spectra of (a) Al 2p, (b) O 1s, and (c) V 2p and (d) Raman spectra of the catalyst.

further increase to 20 wt% vanadium results in a sharp decline in
conversion, dropping to 30%. This reduction is likely due to the
formation of inactive vanadium species, such as crystalline
domains or agglomerates, which reduce the number of accessible
acid sites and hinder the overall catalytic efficiency.

Further insights into the role of surface acidity were
obtained through Fig. 6(b), which shows a linear relationship
between the number of acidic sites (umol g ') and the catalytic
activity (umol s™' g..c ') of the catalyst. The catalytic activity
increases linearly with the number of acidic sites, indicating that
the incorporation of V,Os significantly enhances the surface
acidity and, consequently, the catalytic performance. Notably,
the 15 wt% V,0s/7-Al,0; sample exhibits the highest activity of
1.3 pmol s~ ge,e " These findings highlight the importance of
carefully tuning vanadium loading to optimize the dehydrofluori-
nation reaction.

The effect of reaction temperature on catalyst performance
is presented in Fig. 6(c), which shows the catalytic behaviour of
the 15 wt% V,0s/y-Al,O; catalyst across a range of reaction
temperatures. As the temperature increases from 250 to 400 °C,
HFC-245fa conversion rises steadily from 15% to approximately
77%. At lower temperatures (around 250 °C), the conversion
remains limited, likely due to insufficient activation energy for
C-F bond cleavage in HFC-245fa. However, at 400 °C the
conversion rate significantly improves, reaching 77% after
5 h. The marked increase at higher temperatures indicates that

This journal is © The Royal Society of Chemistry 2025

elevated thermal energy enhances dehydrofluorination by facil-
itating reactant activation and improving catalyst activity.
Nevertheless, the boost in conversion is accompanied by a
slight decline in selectivity for HFO-1234ze(E), decreasing from
81% at 350 °C to 79% at 400 °C. This drop in selectivity could
stem from side reactions or coke formation at higher tempera-
tures. Therefore, a balance must be struck between maximizing
conversion and maintaining catalyst selectivity and longevity,
minimizing the formation of unwanted by-products.’*

The time-on-stream (TOS) performance of the 15 wt% V,Os/
v-Al, 03 catalyst at 350 °C over 74 h is shown in Fig. 6(d). An
initial induction period during the first 10 h conversion rises
sharply from 12 to 70%, eventually stabilizing at ~95%. This
trend suggests the progressive formation of new active surface
species, such as VOFx that formed via surface fluorination of
the V,0s, which are known to enhance dehydrofluorination
activity.”® The presence of VOFx species was further confirmed
by NH;-TPD and XPS analysis. As shown in Fig. S1(a), the
surface acidity increased from 0.704 to 0.957 mmol g~ ' after
the reaction, indicating the formation of additional acidic sites
likely due to VOFx. In Fig. S1(b), the XPS analysis of the spent
(15 V,05/y-Al,03) catalyst shows two V 2p;, components of
binding energies at 517.3 and 518.4 eV. The component at
517.3 €V is assigned to the V>* species in the catalyst, while the
component at 518.4 eV is assigned to V*" species with a much
lower electron density. This electron withdrawal from the V

Nanoscale Horiz., 2025, 10, 2873-2884 | 2879
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Fig. 6 (a) Conversion performance of various vanadium loadings on y-Al,Os. (b) Correlation between acidic sites and catalytic activity of V,Os/y-Al,O3
catalysts with varying loadings. (c) Temperature dependence of catalytic activity for the 15 wt% V,Os/y-Al,Os catalyst. (d) Time-on-stream behaviour of
conversion over the 15 wt% V,0s/y-Al,O3 catalyst. () Time-on-stream behaviour of selectivity of products over the 15 wt% V,0s/y-Al,O3 catalyst.

atom is related to the formation of VOFx species, in which the
fluorine atoms are much more electronegative and thus extract
electrons from vanadium to fluorine. It is due to the reaction
between vanadium oxides (most likely V°*) and fluorine-
containing compounds (e.g., HF or HFO-1234ze).”® As a con-
sequence of these transformations, the catalytic activity signifi-
cantly improved during the reaction, increasing from 1.3 to
2.1 umol 5" g . This enhancement leads to dynamic surface
modifications such as the formation of VOFx for maintaining
and boosting long-term catalytic performance. A plausible
mechanism of HF elimination and VOFx formation over V,05/
v-Al,O; catalysts is illustrated in Fig. S2.

Fig. 6(e) shows the time on stream behaviour of selectivity
performance. Throughout the 74 h TOS study, the catalyst

2880 | Nanoscale Horiz., 2025, 10, 2873-2884

maintained consistent selectivity for trans-HFO-1234ze (~ 81%),
with only ~19% selectivity toward the cis-isomer. This strong
preference can be attributed to the lower Gibbs free energy of
formation for the trans-isomer (26.5 kJ mol™* vs. 9.5 kJ mol "
for cis at 600 K), as supported by thermodynamic analysis.>®> Gas
chromatographic profiles shown in Fig. S3(a and b), illustrate
the catalyst’s behaviour after 5 and 74 h of reaction. The
observed increase in conversion over time, along with consistent
product distribution, underscores the catalyst’s stability and
durability under prolonged operating conditions. This consis-
tent performance, as highlighted in Table 2, demonstrates
that the catalyst not only maintains high activity but also out-
performs previously reported dehydrofluorination systems,
establishing it as a potential benchmark in the field.

This journal is © The Royal Society of Chemistry 2025
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Table 2 Performance comparison data of previous studies and the present work

Conversion Selectivity Time on

S. No. Catalyst Temperature (°C) of HFC-245fa (%) of HFO-1234ze (E)% stream (h) Ref.

1 Pd/AIF; 350 20 81 35 15

2 AlF;/MOF101 350 95 80 35 41

3 Quasi-MIL-101 350 45 79 25 56

4 NiO/Cr,03 320 79 80 10 23

5 V,05/MgF, 320 90 81 74 26

6 3V-xFe/MgF, 300 80 80 50 57

7 MgFe-VO;-LDH 350 93 80 50 58

8 V,05/v-Al, O3 350 95 81 74 This work

3.4. Effect of oxalic acid-assisted vanadium on catalytic
performance

Oxalic acid is widely recognized for its ability to form soluble
complexes with metal ions, which can enhance the dispersion and
surface interaction of active species with catalyst supports.>° It is
also widely studied to prevent particle aggregation and promote
uniform surface distribution.®’™®® In particular, it is frequently
employed to dissolve precursors such as ammonium metavana-
date during the preparation of vanadium-based catalysts.

In this study, we systematically investigated the role of oxalic
acid complexion impact on the catalytic performance of the 15
wt% V,0s/v-Al,O; catalyst. The catalytic performance of 15 wt%
V,05/v-Al, 05 catalysts with and without oxalic acid assistance is
depicted in Fig. (7a). The non-oxalic acid-assisted catalyst

100

achieves ~95% HFC-245fa conversion and maintains stable
activity over 74 h. Surprisingly, the oxalic acid-treated catalyst
shows a conversion increase over time that confirms the for-
mation of VOFx species, but it reaches a peak conversion up to
~40%, after which it declines rapidly within the first 10 h.
Additionally, NH;-TPD analysis (Fig. 7b) revealed a marked
reduction in the number of acidic sites, suggesting a notable
alteration of the catalyst’s surface properties and a possible
decline in surface acidity.

H,-TPR analysis was also conducted to further investigate the
metal-support interactions and the reducibility of the catalyst. As
shown in Fig. 7(c), the oxalic acid-assisted 15 wt% V,05/y-Al,O3
(1:2 ox) catalyst exhibits a slightly lower temperature reduction
peak compared to the catalyst prepared without oxalic acid.
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A reduction peak at a lower temperature typically indicates
weaker metal-support interactions, which are often associated
with a reduction in the number of active catalytic sites.®*® The
estimated H, consumption for the catalysts prepared without and
with oxalic acid assistance was 0.406 and 0.604 mmol g *,
respectively, suggesting notable differences in reducibility and
further supporting the inference of weaker metal-support inter-
actions in the oxalic acid-assisted catalyst as illustrated in
Fig. 7(d). This weaker interaction likely leads to fewer available
acidic sites for the reaction.””

The nitrogen adsorption-desorption isotherms were also
obtained to evaluate the effect of oxalic acid treatment on the
pore size distribution of the catalyst. It was observed that the
oxalic acid-treated 15 wt% V,0s/y-Al,O; catalyst exhibited a
surface area of 181 m® g ' and the pore size distribution was
around 3-6 nm diameter, in contrast to the untreated catalyst,
which showed 189 m”* ¢, and the pore size distribution was
around 7-8 nm diameter, as shown in Fig. S4(a and b). The
researcher found that a small pore size leads to a hindered
diffusion of reactant molecules, which in turn promotes coke
formation and undesirable side reactions, ultimately leading to
catalyst deactivation.®® Here, the key difference lies in the
structural impact of oxalic acid treatment, where the surface
chemistry of oxalic acid promotes the formation of vanadium
complexes that can play critical roles in weakening metal-
support interactions and reducing pore size distribution,
thereby diminishing the overall active sites for catalytic dehy-
drofluorination performance.®®

Overall, the type of metal ion, its loading percentage, and
the strength of the metal support interaction are crucial factors
in determining catalytic efficiency and performance. Careful
optimization of these parameters is essential to achieve high
conversion rates and selectivity in the dehydrofluorination
process.

4. Conclusion

This study reported the development of a series of metal oxide
catalysts supported on y-Al,O3, incorporating active components
such as Ni**, V**, zn**, La*", Fe**, Mn** and Cu*" for the gas-
phase dehydrofluorination of HFC-245fa. Catalytic activity was
found to correlate closely with the density of Lewis acid sites.
Among these, the optimized 15 wt% V,0s/y-Al,O; catalyst, pre-
pared without oxalic acid assistance, exhibits high surface acidity
and strong metal-support interactions demonstrating superior
catalytic performance, achieving approximately 95% HFC-245fa
conversion and ~81% selectivity towards HFO-1234ze(E) at
350 °C. The progressive improvement in conversion over time
is attributed to the formation of new surface VOFx species,
generated through the interaction between V,0s5 and HF, as
confirmed from the results of various characterization techni-
ques. Furthermore, no significant catalyst deactivation was
observed over 74 h of continuous operation, highlighting the
catalyst’s excellent stability. These results suggested that the
15 wt% V,05/v-Al,O; catalyst holds strong potential for industrial
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applications, particularly in gas-phase dehydrofluorination pro-
cesses, where long-term durability and minimal degradation are
critical for efficient and cost-effective operation.
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