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Bioethanol production from agricultural residues has emerged as an important process of biomass valori-
zation. The production of acetaldehyde from bioethanol has also started gaining ground. Since Cu-based
catalysts are well-known for their ability to catalyse ethanol dehydrogenation, we have used a defect-
modulated Cu-based metal-organic framework (MOF), HKUST-1, for obtaining mechanistic insights into
the process. Defect-modulation in the form of a missing linker creates an easily accessible dual-atom site
which can simultaneously participate in catalysing the reaction. Although ethanol dehydrogenation to
ethylene competes with acetaldehyde production over both the defective HKUST-1(H) and HKUST-1(OH)
MOF nodes, acetaldehyde formation occurs selectively. However, HKUST-1(OH) could not be regenerated
at the end of the acetaldehyde formation pathway; HKUST-1(OH) ultimately transformed to HKUST-1(H)
at the end of the cycle. This led to the introduction of the term ‘catalyst transfiguration” where the catalyst,
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although transfigured, retains its ability to catalyse the reaction. Since, the HKUST-1(H) MOF node has the
ability to selectively transform ethanol to acetaldehyde, we can safely conclude that the use of HKUST-1
(OH) will not cause acetaldehyde formation to come to a halt and the reaction can go on beyond the first
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1. Introduction

The economic growth of a country largely depends on its
industrial growth and development which causes significant
utilization of conventional energy resources. This further
aggravates the already existing environmental concern of
global warming and greenhouse gas emissions. Policy-makers
are now propagating the idea of a green economy since it
maintains environmental sustainability while allowing the
economic sector to flourish. An important step towards sus-
tainability is to look for sustainable resources."™ One such
sustainable resource is biomass. Biomass appears to be an
alternative to fossil fuels and also has the potential to produce
several by-products.”” Bioethanol production from agricul-
tural residues has emerged as an important process of
biomass valorization. Hence, the production of platform mole-
cules from bioethanol has also started gaining ground.® One
such platform molecule is acetaldehyde, which is known to
produce a number of value added chemicals.
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catalytic cycle. Thus, both the defective MOF nodes can selectively transform ethanol to acetaldehyde.

The typical process of acetaldehyde synthesis occurs via the
Wacker process which involves oxidation of ethylene over a Pd/
Cu catalyst. Since ethylene is obtained from steam cracking of
petroleum hydrocarbons, Wackers process does not appear to
be eco-friendly. Hence, conversion of bioethanol to acet-
aldehyde has emerged as an elegant process. Dehydrogenation
of ethanol to acetaldehyde can occur via both an oxidative and
non-oxidative pathway. Acetaldehyde production via an oxi-
dative pathway involves the release of water which complicates
product separation. Whereas, ethanol dehydrogenation via
non-oxidative pathway involves the production of hydrogen
instead of water and hence, simplifies product extraction.
Hence, non-oxidative dehydrogenation of ethanol to acet-
aldehyde also provides an efficient route to the production of
hydrogen, a clean renewable energy carrier, from waste
biomass inputs.

Supported metal-nanoparticles have been extensively
studied for ethanol dehydrogenation reaction where the nature
of support material, the size of the nanoparticles and the pres-
ence of dopants have shown to have an influence on the cata-
lytic activity.”'® Apart from utilizing Cu-nanoparticles, efforts
have also been directed towards utilizing Zn-sites for ethanol
dehydrogenation to acetaldehyde. A few examples include
Zn0O-CoO/Al,O; nanoparticles, Cu/ZnAl,0, catalyst and zeo-
lites involving ZnO/silicalite-1 and ZnO/NazZSM-5.""""* Only a
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few reports exist on utilizing metal-organic frameworks for cat-
alysing the ethanol dehydrogenation reaction.'*"®

Based on the findings from previous studies, copper cata-
lysts have been observed to be efficient in catalysing the non-
oxidative ethanol dehydrogenation reaction."” ' However,
catalyst deactivation due to agglomeration of Cu-particles
adversely affects the catalytic efficiency.>>>* In order to over-
come this problem, Giannakakis et al. have implemented an
active site isolation strategy in the form of single-atom alloys
to enhance the catalytic performance in non-oxidative ethanol
dehydrogenation.'>?® A recent study on ethanol dehydrogena-
tion by Tang et al. pointed out that Cu-clusters are more
efficient than single atom catalysts in catalysing acetaldehyde
formation."® Since dual-atom catalysts (DACs) act as a bridge
between single-atom catalysts and metal/alloy nanoparticles,?®
we hypothesise that DACs can provide the advantage of
efficient atom utilization along with the synergistic effects
arising from interaction between adjacent active sites.>’

Metal-organic frameworks (MOFs) are porous networked
structures composed of metal nodes connected by organic
linkers. Since the metal centres present at the MOF nodes are
isolated, they can serve as an active site for catalytic reactions.
Hence, the risk of catalyst deactivation by agglomeration is
negligible. In order to elucidate this idea, we have chosen a
Cu-based MOF, HKUST-1, for our present study. The local
environment presented by the MOF node in HKUST-1 is
similar to the one observed in dual-atom catalysts. The pres-
ence of adjacent metal-sites in HKUST-1 attracts our attention
since it can enhance MOF functionality when coupled with a
missing linker defect.

HKUST-1, a copper-paddlewheel-based MOF, is composed
of dimeric cupric carboxylate units connected with benzene-
1,3,5-tricarboxylate to form a three-dimensional cubic crystal.
The coordination polyhedron around each Cu(u)-centre is a
tetragonal pyramid where the carboxylate oxygens form the
base, and the oxygen atom of the coordinated water molecule
occupies the top of the pyramid.*®**° Thermal activation of this
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hydrated MOF causes the loss of water molecules which in
turn results in the formation of coordinatively unsaturated
sites (CUS).*° A small portion of dehydrated HKUST-1 MOF is
presented in Fig. 1(a). An enlarged view of the MOF node is
presented in Fig. 1(b). These coordinatively unsaturated Cu**
sites at the Cu-Cu node of HKUST-1 make it an attractive
choice for gas-separation and catalytic processes.’’ >
However, the steric hindrance induced by the organic linker,
isolates one Cu®" centre from the other and hence their simul-
taneous involvement in catalysing a reaction is hindered.
Defect modulation in MOFs has been a long known procedure
for creating open MOF structures that enable enhanced MOF
functionalities.>*® Defect modulation in HKUST-1 has been
observed either in the form of a missing linker defect or in the
form of a missing paddlewheel defect.’” Loss of a linker in
HKUST-1 results in the formation of an easily accessible dual-
atom site which might result in enhanced catalytic activity.

Now, selectivity of a reaction is an important aspect of cata-
Iytic efficiency and reactant utilization. Previous studies on non-
oxidative ethanol dehydrogenation have already pointed out a
competing reaction along this pathway - ethanol transformation
to ethylene.?®° Hence, a catalyst that can selectively favour acet-
aldehyde formation over ethylene synthesis would be preferred.

With the intention of exploring reaction selectivity, we carry
out a computational investigation on the role of a defect-
modulated dual-atom catalyst in catalysing the non-oxidative
ethanol dehydrogenation reaction. In the present study, we
have computationally modelled missing linker defects in
HKUST-1 as: (1) HKUST-1(H) where the organic linker has
been replaced by a hydride species (Fig. 1(c)); and (2) HKUST-1
(OH) where the organic linker has been replaced by a hydroxyl
group (Fig. 1(d)). Metal-hydrides incorporated onto defective
HKUST-1 are not uncommon®® and have been experimentally
synthesised via thermal activation of HKUST-1 in an atmo-
sphere of hydrogen.*' The defect modulated HKUST-1(OH)
MOF nodes have also been computationally investigated by
Xue et al. for CO oxidation.**

() [C))

Fig. 1 (a) A small portion of dehydrated HKUST-1, (b) copper-paddlewheel node structure of dehydrated HKUST-1, (c) DFT cluster model of

HKUST-1(H) and (d) DFT cluster model of HKUST-1(OH).
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Ethanol dehydrogenation to ethylene was found to compete
with acetaldehyde production over both HKUST-1(H) and
HKUST-1(OH). It was found that acetaldehyde formation was
preferred over ethylene formation over both the defective MOF
nodes. However, HKUST-1(OH) could not be regenerated at the
end of the acetaldehyde formation pathway; HKUST-1(OH) was
ultimately transformed to HKUST-1(H) at the end of the cycle.
Since the HKUST-1(H) MOF node holds the ability to selec-
tively transform ethanol to acetaldehyde, we name this
phenomenon ‘catalyst transfiguration’ where the catalyst (i.e.
HKUST-1(OH)), although transfigured (to HKUST-1(H)), retains
its ability to catalyse the reaction. Hence, the use of HKUST-1
(OH) will not cause acetaldehyde formation to come to a halt
and the reaction can go on beyond the first catalytic cycle.

2. Computational details

Since the unit cell of HKUST-1 consists of a large number of
atoms and we are primarily concerned with the activity of the
Cu-paddlewheel unit, we cut out a cluster model as rep-
resented in Fig. 1(c). The organic linkers were truncated as a
benzoate group. Hydrogen atoms were used to saturate the
dangling bonds resulting from truncation.*>** The benzene
rings were frozen to mimic the rigidity of a MOF framework.
Hashem et al. have used a similar cluster model in their com-
putational study on the ethylene dimerization reaction.*® The
confinement effects due to MOF framework were found to be
negligible and hence, we can conclude that this cluster model
accurately represents the structural features of HKUST-1.

The Gaussian 16 package®® was used to perform all the DFT
calculations. The MO06-L functional has been recommended
for transition metal and organometallic systems and hence,
the computated cluster models were optimized using the M06-
L functional with an ultrafine grid.*° Geometry optimization
and frequency calculations were carried out at the M06-L/
GENECP level with a def2-SVP basis set for C, H, and O atoms
while the Cu atoms were treated with the SDD basis set with
the corresponding effective core potential (ECP) to account for
any relativistic effect. Any minima along the potential energy
surface was confirmed by the presence of zero imaginary fre-
quency, while transition states were confirmed by the presence
of one and only one, imaginary frequency. Intrinsic reaction
coordinate (IRC) calculations were performed to confirm that
we obtained the desired transition state. Single point energies
were further calculated at the M06-L/def2-TZVP level. The pres-
ence of two Cu®" centres introduces the possibility of anti-
ferromagnetic behaviour and hence both the singlet and
triplet multiplicities were considered to obtain spin crossing
phenomena. The reaction profiles presented in the current
work include both the singlet and triplet states in order to
account for spin inversion processes along the lowest energy
mechanistic pathway.*” In the present study, the reported ener-
gies are Gibbs energies at 453.15 K. The reaction condition
chosen here is in accordance with the experimental study
reported by Patel et al.'® on non-oxidative ethanol dehydro-
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genation over single-atom alloys. The following equations were
used to calculate the forward and backward rate constants (in
s~ for each elementary step involved in the catalytic pathway.

&
kgT —AGE;

kfoni - Te RT (1)
ksT 7AGriev.i

krev,i = Te RT (2)

For any elementary reaction i, the equilibrium constant is
defined as
kfor.i — (AG;ELFAG;E\IJ)
Kgi=-—"-=¢ RT (3)
krev,i
where ke ; and ki represent the forward and reverse rate
constants for each elementary step i, AG%om' and AGfeV‘i rep-
resent the forward and reverse activation free energies for each
elementary step i, K.q,; is the equilibrium constant for each
elementary step i, kg is the Boltzmann’s constant, T is the
temperature in Kelvin, R is the gas constant and % is Planck’s
constant.

3. Results and discussion
3.1. Defect-free HKUST-1 MOF node

The defect-free node of HKUST-1 (Fig. 1(b)) possesses one CUS
per Cu”" centre, thus providing two CUS per HKUST-1 node.
Although the individual CUS provides a site for reactant
adsorption, reactant transformation to product is hindered
due to the absence of a nearby vacant site. Moreover, the steric
hindrance induced by the organic linker makes the simul-
taneous utilization of both CUS impossible. We thus conclude
that the defect-free HKUST-1 node is unsuitable for non-oxi-
dative ethanol dehydrogenation. Defect modulation in the
form of missing linker defects makes the structure more open,
allowing reactant adsorption followed by their transformation
to products via simultaneous utilization of CUS. This is sup-
ported by the computational studies on (1) CO oxidation over
defective HKUST-1 by Xue et al.*’ and (2) ethylene dimeriza-
tion over defective HKUST-1 by Hashem et al.*® With this idea
in mind, we proceed with the defective HKUST-1(H) MOF node
for ethanol dehydrogenation.

3.2. Defective HKUST-1(H) MOF node

3.2.1. Ethanol dehydrogenation to acetaldehyde. The sche-
matic diagram of the proposed catalytic pathways is presented
in Fig. 2. The resting state of the catalyst is represented as 1-H.
The hydride species in the resting state of the catalyst occupies
a bridging position between the dimeric Cu centres (Fig. 1(c)).
This is in accordance with what has been reported by Hashem
et al. in their computational study on ethylene dimerization.*®
Ethanol dehydrogenation on the defective HKUST-1(H) MOF
node begins with the adsorption of ethanol at one Cu-centre.
The adsorbed molecule then undergoes O-H bond dis-
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Fig. 2 Schematic diagram for the proposed pathways of ethanol dehy-
drogenation to acetaldehyde and ethanol dehydration to ethylene over
the defective HKUST-1(H) MOF node. Only the Cu active sites have been
shown for clarity. The cycle corresponding to black arrows represent
path-a, that corresponding to red arrows represent path-b while that
corresponding to pink arrows represent path-c.

sociation via TS1a which results in the formation of a hydro-
gen molecule and ethoxy intermediate. Dissociation of an o C-
H bond of the ethoxy intermediate results in the formation of
acetaldehyde. The transfer of the H-atom to the Cu-centre can
either occur directly via TS2a or occur via intermediate 5a’
where the H-atom is first transferred to the O-atom before
being transferred to the Cu-centre. We refer to the former
pathway as ‘path-a’ and the latter pathway as ‘path-b’. In
addition to the two pathways observed over HKUST-1(H),
another pathway for acetaldehyde formation was also
observed. We refer to this pathway as ‘path-c’. The pathway
begins with the adsorption of an ethanol molecule followed by
the cleavage of an o C-H bond which results in the formation
of hydroxyethyl intermediate (4a*) and a H, molecule. O-H
bond dissociation subsequently follows to regenerate the cata-
lyst along with the production of an acetaldehyde molecule
(Fig. 2). The transformation can be represented as follows:
HKUST-1(H) + CH,CH,OH — HKUST-1(H) + CH;CHO + H,.

The reaction profiles for ethanol transformation to acet-
aldehyde and ethylene over HKUST-1(H) are presented in
Fig. 3.

4602 | Dalton Trans., 2025, 54, 4599-4607
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Using the reaction profile shown in Fig. 3, we then per-
formed microkinetic modeling (MKM) analysis to gain sig-
nificant insight into the catalytic process.’> The elemen-
tary steps involved in MKM analysis along with the DFT
calculated activation barriers, forward and reverse rate
constants and the equilibrium constants, have been sum-
marized in Table 1. The rate constants were calculated at
the experimental condition of 453.15 K with the partial
pressures for ethanol, hydrogen and acetaldehyde being
0.05 kPa, 107® kPa and 10°° kPa, respectively."® The
details regarding kinetic model construction are presented
in the ESL.¥ The Sabatier rates for acetaldehyde formation
are as follows:

Pethanol

H,
Pethanol (4)
1+ Keq 1Pethanol + Keq 1Keq 27—

kfor,SKeq,lKeq,z

rate(path-a) =

H,
Pethanol
kfor,sKquKeqz %
rate(path-b) = ,
hanol Idehyd
1 + Keq1Pethanol + Keq‘lKequpEt ano +paceta chyde
pHZ Keq‘4
(5)
kforvzl(eqwlpethanol
rate(path-c) = A ©)

1+ Keq‘lpethanol +
Keq,3

Absolute free energy values obtained from DFT calculations
usually suffer from an uncertainty estimate of 20 kJ mol™
which introduces an uncertainty factor of 10™* for calculated
rate constants.® Thus, it is very difficult to obtain accurate rate
constant values from DFT calculation.*®*” We, therefore, deal
with relative rate constant values instead of absolute ones. The
absolute rate constant values have been normalized against
the smallest rate constant value of 1.649 x 10™** s™*. The calcu-
lated relative acetaldehyde formation rates for path-a, path-b
and path-c are 3.59 x 10'° s™, 1 57" and 8.72 x 10” s™*, respect-
ively (Table 2). This indicates that acetaldehyde formation via
ethoxy intermediate (i.e. path-a) is favoured over the remaining
two pathways.

3.2.2. Ethanol dehydrogenation to ethylene. Apart from
the three pathways mentioned above, our study reveals another
competing pathway along with the proposed pathway of
ethanol dehydrogenation-ethanol dehydrogenation to ethyl-
ene. Starting from intermediate 4a (in Fig. 2), dissociation of a
C-H bond of the ethoxy methyl carbon results in the formation
of ethylene which further desorbs to vacate the active site.
Here, it is important to note that transformation of ethanol to
ethylene over HKUST-1(H) does not regenerate the catalyst.
HKUST-1(H) has been ultimately transformed into HKUST-1
(OH) at the end of the catalytic pathway. The transformation
can be represented as follows: HKUST-1(H) + CH;CH,OH —
HKUST-1(OH) + C,H, + H,.

We thus conclude, that ethylene formation over HKUST-1
(H) can subsequently poison the catalyst and hence, we would
like to avoid this competing pathway. The reaction profile for

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 The reaction profile of acetaldehyde formation from ethanol via (a) path-a, (b) path-b, and (c) path-c, over the defective HKUST-1(H) MOF
node. All energies are reported relative to the separated state of catalyst and reactant.

Table 1 Summary of the forward AG},

for,i

and reverse AG'

rev,i

and the equilibrium constant Kq; values for each elementary step i

activation barriers in kcal mol™, the forward kio,; and reverse kie,,; rate constants in s~

1

Step i Reaction AG%Or~i AGfeV‘i ktor,i krevi (Keq,i)
Path-a

R1 CH,;CH,OH(g) + * — *CH;CH,0H 2.44 0 6.28 x 10 9.44 x 10*? 0.066

R2 *CH;CH,OH + H — *CH,;CH,O + *H, 18.90 12.26 7.25 x 10° 1.15 x 107 0.63x 1073
R3 *CH;CH,0 + *H, — *CH3CH,O + Hy(g) + * 0 7.25 9.44 x 10*? 3.02 x 10° 3.13 x 10°
R4 *CH,;CH,0 — *CH,CHO + H 21.15 21.26 5.92 x 10” 5.26 x 10% 1.12

R5 *CH;CHO — CH;CHO (g) + * 0 2.18 9.44 x 10" 8.36 x 10" 11.30
Path-b

R1 CH,;CH,OH(g) + * — *CH;CH,0H 2.44 0 6.28 x 10" 9.44 x 10'? 0.066

R2 *CH;CH,OH + H — *CH,CH,O + *H, 18.90 12.26 7.25 x 10° 1.15 x 107 0.63 x 1073
R3 *CH;CH,0 + *H, — *CH3CH,O + H,(g) + * 0 7.25 9.44 x 10*? 3.02 x 10° 3.13 x 10°
R4 *CH;CH,0 — *CH,CHOH 55.48 52.87 1.65 x 1071 2.94 x 10713 5.6 x 1072
R5 *CH,CHOH — *CH,CHO + H 14.46 17.16 9.98 x 10° 4.99 x 10* 19.97

R6 *CH;CHO — CH;CHO(g) + * 0 2.18 9.44 x 10" 8.36 x 10" 11.30
Path-c

R1 CH;CH,OH(g) + * — *CH;CH,0H 2.44 0 6.28 x 10" 9.44 x 10"? 0.066

R2 *CH,;CH,OH + H - *CH,CHOH + *H, 33.87 7.80 434x107* 1.63 x 10° 2.66 x 107
R3 *CH;CHOH + *H, — *CH;CHOH + H,(g) + * 0 9.23 9.44 x 10*? 3.34 x 10° 2.83 x 10*
R4 *CH,;CHOH — *CH,CHO + H 3.6 21.16 1.73 x 10" 5.87 x 10> 2.95 x 10°
R5 *CH;CHO — CH;CHO(g) + * 0 2.18 9.44 x 10" 8.36 x 10" 11.30

ethanol transformation to ethylene over HKUST-1(H) are pre-

sented in Fig. 4.

We now try to figure out the reaction selectivity using classi-

cal transition state theory (TST). A close inspection of the reac-

tion profile shows that the rate determining step of acet-

aldehyde formation via path-a involves TS2a and that for ethyl-

This journal is © The Royal Society of Chemistry 2025

ene synthesis involves TS2e. Hence, the overall free energy

barrier AGH

overall

for each catalytic pathway comes out to be:

AGﬁverall(path-a) = 22.98 keal mol™! (7)
AszeraH(path—ethylene) = 51.23 kcal mol™! (8)
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Table 2 Table summarizing the DFT-calculated rate-determining step,
activation barrier for the rate limiting step AG* (in kcal mol™) and the
relative rate constant values

Relative rate

Pathway Rate-determining step AG*  constant
Path-a  *C,H;O — CH;CHO(g) + * + H 21.15 3.59 x 10
Path-b  *CH,CH,O — *CH;CHOH 55.48 1

Path-c  *CH;CH,OH + H — *CH;CHOH + Hy(g) 33.87 8.72 x 10’

The rate constants of the overall reactions derived using
TST are: 77.48 s~ for path-a and 1.83 x 107'* s™* for path-
ethylene. This confirms that acetaldehyde formation via path-a
occurs selectively over ethylene formation.

Considering that the defective HKUST-1(H) can catalyse
acetaldehyde formation via path-a (involving an activation
barrier of 21.15 kcal mol™" for the rate limiting o-C-H bond
dissociation step of the ethoxy intermediate), we now compare
our results with the previously reported studies to figure out
its catalytic efficiency. Ethanol dehydrogenation using NiAu-
single-atom alloys have shown OH bond cleavage to be rate
determining with an activation barrier of 27 kcal mol™".>®
Another study using NiCu-single-atom alloys also shows a
similar barrier for the rate limiting a-C-H bond dissociation
step.™® A recent study on ethanol dehydrogenation using h-BN-
supported Cu clusters shows the synergistic role of Cu’ and
Cu' sites in catalysing the reaction, and points out the for-
mation of the H, molecule to be rate limiting with an acti-
vation barrier of 27.2 kcal mol™. We thus conclude, that defec-
tive HKUST-1(H) can effectively and selectively catalyse ethanol
dehydrogenation to acetaldehyde.

Since catalytic transformation of ethanol to ethylene over
the defective HKUST-1(H) MOF node could not regenerate the
catalyst, this spurred our interest in studying the mechanistic
pathway of ethanol dehydrogenation over the HKUST-1(OH)
MOF node.
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Fig. 4 The reaction profile of ethylene formation from ethanol over the
defective HKUST-1(H) MOF node. All energies are reported relative to
the separated state of catalyst and reactant.
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3.3. Defective HKUST-1(OH) MOF node

Fig. 5 presents the schematic diagram for the catalytic
pathway of acetaldehyde and ethylene formation from
ethanol. The resting state of the catalyst has been represented
as 1-OH. The hydroxyl group in the resting state of the cata-
lyst occupies a bridging position between the dimeric Cu
centres (Fig. 1(d)). The mechanistic pathway of acetaldehyde
formation over HKUST-1(OH) is similar to that over HKUST-1
(H) (Fig. 2). The only difference being that acetaldehyde for-
mation over HKUST-1(H) resulted in the release of a hydrogen
molecule whereas, acetaldehyde formation over HKUST-1
(OH) results in the release of a water molecule. However, a
pathway similar to path-c was not observed for acetaldehyde
formation over HKUST-1(OH). Here, it is important to note
that transformation of ethanol to acetaldehyde over HKUST-1
(OH) does not regenerate the catalyst. HKUST-1(OH) has been
ultimately transformed into HKUST-1(H) at the end of the
catalytic pathway. The transformation can be represented as
follows: HKUST-1(OH) + CH;CH,0H — HKUST-1(H) +
CH,CHO + H,0.

Again, a competing pathway for ethylene formation was
observed along with the proposed pathway of acetaldehyde for-
mation. Starting from intermediate 4a, dissociation of a C-H
bond of the ethoxy methyl carbon results in the formation of
ethylene which further desorbs to regenerate the catalyst
(Fig. 5). The transformation can be represented as follows:
HKUST-1(OH) + CH;CH,OH — HKUST-1(OH) + C,H, + H,0.

The reaction profiles for ethanol transformation to acet-
aldehyde and ethylene over HKUST-1(OH) are presented in
Fig. 6.

A close inspection of the reaction profile shows that the rate
determining step of path-a and path-b of acetaldehyde syn-
thesis involves TS2a and TS2a', respectively, and that for ethyl-
ene synthesis it involves TS2e. Hence, it becomes clear that
acetaldehyde formation via path-a is preferred over the other
two existing pathways. Even though, catalytic transformation
of ethanol to acetaldehyde over defective-HKUST-1(OH) does
not regenerate the catalyst, this pathway is preferred over ethyl-
ene synthesis.

! TSla C"Sr\'*oz H,0 H
CHyCH, 0O R N
o—n ca—c ca—

2a 3a 1-H
C,HsOH H0
_CHa
/\hc H\c¢ ° CH,CHO
/
H /Ox TS2a H;C ,,"\

0

ca Ci—cu
Cu—=Cu 2

IC“ -
1-OH \135' TW
x TS2e
4

)34
C,H, “3C'C\ /H
¥ H o
~CH, H W/ O
H,C o 0 N
Cu—=Cu
Co—Cu TS ch—=u sa'
6e Se

Fig. 5 Schematic diagram for the proposed pathways of transforming
ethanol to acetaldehyde and ethylene over the defective HKUST-1(OH)
MOF node. Only the Cu active sites are shown for clarity.
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3.4. Catalyst transfiguration

A schematic diagram of the entire picture is presented in
Fig. 7. A common phenomenon evident in both HKUST-1
(H) and HKUST-1(OH) is the inability of HKUST-1(H) to
regenerate the catalyst while following the ethylene for-
mation pathway and the inability of HKUST-1(OH) to regen-
erate the catalyst while following the acetaldehyde formation

Ethanol Acetaldehyde

HKUST-1(H) ;L» HKUST-1(H)

Ethanol

HKUST-1(0H)

Ethylene

Ethanol Acetaldehyde

HKUST-1(0H) M HKUST-1(H)

» HKUST-1(0H)

Ethanol Ethylene

Fig. 7 Schematic diagram representing catalyst transformation of
HKUST-1(H) and HKUST-1(OH) MOF nodes.

This journal is © The Royal Society of Chemistry 2025

pathway. This phenomena did not concern us too much for
HKUST-1(H) because we are primarily concerned with acet-
aldehyde formation and HKUST-1(H) can selectively dehy-
drogenate ethanol to acetaldehyde while regenerating the
catalyst. However, the inability of HKUST-1(OH) to regener-
ate the catalyst does not prevent it from following the acet-
aldehyde formation pathway. At a first glance, we might be
tempted to name this phenomena as ‘catalyst poisoning’.
However, a consideration of the complete picture would
debar us from doing so. Even though, HKUST-1(OH) gets
transformed into HKUST-1(H) while following the acet-
aldehyde formation pathway, this does not stop the catalytic
pathway from going beyond the first cycle. This is because
HKUST-1(H) holds the potential to selectively transform
ethanol to acetaldehyde. Apparently what seems to be a
phenomena of catalyst poisoning, is actually a phenomena
of ‘catalyst transfiguration’ where the catalyst (HKUST-1
(OH)), although transfigured (to HKUST-1(H)), retains its
ability to catalyse the reaction. In the first place, one could
have easily considered HKUST-1(OH) to be unsuitable for
this catalytic transformation. However, on second thought,
it becomes immediately evident that catalyst transfiguration
does not cause acetaldehyde formation to come to a halt.
Even if we had started with HKUST-1(OH), acetaldehyde for-
mation would have been selectively preferred over ethylene
formation.
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4. Conclusion

To sum up, in the present study, we have carried out a compu-
tational investigation on the role of defect-modulated
HKUST-1 MOFs (in the form of HKUST-1(H) and HKUST-1
(OH)) in the non-oxidative ethanol dehydrogenation reaction.
Inspection of the MOF node structure reveals that the defect
free HKUST-1 node is unsuitable for non-oxidative ethanol
dehydrogenation and defect modulation in HKUST-1 can
provide a way for simultaneous utilization of CUS. It was
found that ethanol dehydrogenation to acetaldehyde is pre-
ferred over ethylene formation over both HKUST-1(H) and
HKUST-1(OH). Although HKUST-1(H) can regenerate itself at
the end of the acetaldehyde formation pathway, HKUST-1(OH)
cannot; HKUST-1(OH) has been found to transform to
HKUST-1(H). We refer to this phenomenon as ‘catalyst trans-
figuration’ where the catalyst, although transfigured, retains
its ability to catalyse the reaction. In the first place, one could
have easily considered HKUST-1(OH) to be unsuitable for this
catalytic transformation. However, on second thought, it
becomes immediately evident that catalyst transfiguration
does not cause acetaldehyde formation to come to a halt.
Hence, we can conclude that both HKUST-1(H) and HKUST-1
(OH) can be used to selectively transform ethanol to acet-
aldehyde where HKUST-1(OH) undergoes transfiguration to
HKUST-1(H) at the end of the first catalytic cycle.

Since, (1) Cu-based catalysts are well-known for their ability
to catalyse the ethanol dehydrogenation reaction and (2) defec-
tive HKUST-1 MOFs have been found to be effective in catalys-
ing ethanol dehydrogenation to acetaldehyde, we expect that
Cu-MOFs providing a suitable environment around the active
sites (in the form of adjacent metal sites and open structure)
can act as an efficient catalyst for this transformation.
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