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ABSTRACT: Formic acid is considered as one of the most promising liquid organic hydrogen carriers (LOHC). Its catalytic
dehydrogenation processes generally suffer from low activity, low reaction selectivity, low stability of the catalysts and/or
the use of noble-metal based catalysts. Herein, we report a highly selective, efficient, and noble metal-free photocatalyst for
the dehydrogenation of formic acid. This catalyst is built from a post-metalation of a carboxylic-functionalized Zr-MOF by
copper, namely UiO-66(COOH)2-Cu. The visible light driven photocatalytic dehydrogenation process through the release of
hydrogen and carbon dioxide is monitored in real-time via operando FTIR and reveals almost 100% of selectivity with high
stability (over 3 days) and conversion yield exceeding 60% (around 5 mmol.g"lca.h'1) at ambient conditions. These perfor-
mance indicators make Ui0-66(COOH)2-Cu among the top photocatalysts for formic acid dehydrogenation. Interestingly, the
as-prepared UiO-66(COOH)z-Cu hetero-nanostructure was found moderately active under solar irradiation during an induc-
tion phase, whereupon it undergoes an in-situ restructuring process through intra-framework cross-linking with the for-
mation of the anhydride analogue structure, Ui0-66(C0O0)2-Cu, and nano-clustering of highly active and stable copper sites
as evidenced by the operando studies coupled with steady state isotopic transient kinetic (SSITKA) experiment, TEM, XPS
analysis and DFT calculations. Beyond revealing outstanding catalytic performance for UiO-66(C00)2-Cu, this work delivers
an in-depth understanding of the photocatalytic reaction mechanism implying an evolutive behavior of the post-metalated
copper as well as the MOF framework over the reaction. These key findings pave the ways towards the engineering of new
simple and efficient catalysts for photocatalytic dehydrogenation of formic acid.

Introduction past few years> 6. Along with the various thermal,
photocatalytic, electrical, and biological processes utilized,
including fermentation, bio-photolysis, alkaline electroly-
sis, and water splitting based solar energy, steam reform-
ing processes are considered the most feasible route for
hydrogen production!®. In such processes, hydrogen is
generated via catalyzed endothermic equilibrium reactions
between a hydrocarbon (e.g. methanol, acetone, methane,
formic acid and ethylene glycol) and steam?°.

Hydrogen is one of the most basic and most abundant
elements on this planet. However, it is rarely found in its
molecular form, being essentially present in molecular
compounds!. Therefore, it needs to be extracted through
different processes. Molecular hydrogen has experienced a
global resurgence lately as an energy carrier and a second-
ary source of green energy?. Despite being characterized
by a small atomic weight, low boiling point, high flamma-
bility range, and extremely low density, it possesses an : - =
enormous gravimetric energy (chemical energy per unit attention as a promising hydrogen source and liquid or-
mass) of 120 k].g', which surpasses that of methane, gaso- ganic hydrogen carrier (LOHC) species 223 This is due to
line, and ethanol standing only at about 56 kJ/g, 47 kJ/g, its advan-t.agemlls prope.rltles 1pclud1ng 1t§ l-ow tox1c1ty,. non-
and 30 kJ/g respectively 3. . Therefore, the development of flammab111ty, high stability, biodegradability, anq ava}labll-
cheap, safe, and effective hydrogen on-site catalytic pro- 1ty_ where more than 600.,000 megatons of formlc acid are
duction systems has been gaining much attention in the being produced worldwide on yearly-basis > 24 In this

Recently, formic acid (HCOOH) has been attracting much



regard, formic acid is recognized as one of the most prom-
ising hydrogen carriers with an Hz volumetric capacity of
53 kg.m3, that corresponds to a huge energy density of
1.76 kW.h.L-! 25, What makes formic acid an excellent H>
storage and production system is the fact that hydrogen
release occurs spontaneously at mild conditions resulting
in an exergonic process 2028, as opposed to other carriers
such as methanol, acetic acid, acetaldehyde, and ammonia
that require temperatures above 373 K to release Hz, in
addition to other drawbacks such as a poor selectivity
where more than one major product can be obtained 2°-31,

Formic acid, which contains approximately 4.4 weight
percentage hydrogen, degrades in the absence of catalyst
via two low-enthalpy routes associated with the following
chemical reactions: 23

Dehydrogenation (Decarboxylation): HCOOHq) - CO: (g)
+Hz (g) AG®=-32.9 kJ.mol! equation 1

Dehydration (Decarbonylation): HCOOHq - CO (g)
+H20 (g) AG®=-12.4k].mol'  equation 2

The dehydrogenation of formic acid is a desired and in-
dispensable pathway for all systems using this chemical
species as a hydrogen storage and production medium.
Although this route involves the generation of CO2 along
with Hz, the former can be thereafter hydrogenated using
any appropriate catalyst resulting in the regeneration of
formic acid via a carbon-free emission cycle 32-3%. On the
other hand, the second route illustrated by the dehydra-
tion of formic acid is assumed to be undesired due to the
fact that the generation of carbon monoxide (CO) results in
the poisoning of the fuel cell’s catalyst and leads to a lower
overall hydrogen yield 35.

A tremendous amount of research has been conducted
during the past few years on the development of conven-
ient homogeneous and heterogeneous catalysts for formic
acid dehydrogenation 3638, For instance, after Coffey ini-
tially reported the first homogeneous catalytic system
based on Ru, Ir, and Pt phosphine complexes for the deg-
radation of formic acid in 1967 39, various research groups
have been involved in the development and investigation
of new active homogeneous catalysts based on noble met-
als, bipyridine moieties, and pincer type ligands. As for the
heterogeneous systems, they are mostly made of metal
oxides and supported metallic nanoparticles out of which
noble metal-based catalysts are known to be the most
efficient and sustainable ones in the latter category #0-44,
Although acceptable catalytic activities have been achieved
using heterogeneous catalysts, their poor stabilities in
acidic conditions were major concerns *> 46, Moreover,
most metal oxides employed as photo or thermo-active
catalysts including TiOz nanoparticles resulted in a low
sustainability, low selectivity towards Hz, and formation of
CO as a side product under mild conditions. #7-48.

Metal organic frameworks (MOFs) are a new and prom-
ising class of crystalline porous hybrid materials composed
of metal ions clusters linked to organic linkers via strong
covalent bonds forming extended networks 4951 Due to
their outstanding features including high internal surface
area, large porosity, structural tunability, and potentially
high density of active sites combined with acceptable

thermal and chemical stability 52 53, MOFs have attracted
much attention in the field of heterogeneous catalysis 54-3.
They have been used as effective supports to immobilize
metal nanoparticles in their pores and on the functional
groups within the backbone of the framework which pre-
vents the nanoparticles’ aggregation ¢4,

There have been very few reports on the decomposition
of formic acid to hydrogen and carbon dioxide using MOFs
as catalysts to date. In particular, the incorporation of
palladium and palladium-gold nanoparticles was achieved
in two different MOF frameworks, MIL-125 and MIL-101
respectively ¢+ 65, Although a good formic acid conversion
was achieved over these MOF-based catalysts, their stabil-
ity and selectivity were much lower than the existing ho-
mogeneous catalysts?” ¢6. Nevertheless, a high selectivity
towards Hz was achieved using a ruthenium complex im-
mobilized on a newly synthesized phosphine-
functionalized MOF known as LSK-15 however a moderate
conversion rate was obtained at temperatures higher than
125°C¢7.

Herein, we present a visible-light driven dehydrogena-
tion of formic acid into Hz over a copper-post-metalated
zirconium-MOF, namely UiO-66-(COOH)2-Cu. Remarkably,
this engineered photocatalyst is demonstrated to be highly
selective (>99.9%) and ultra-highly stable with a formic
acid conversion of 60% at room temperature and 90% at
150 °C, achieved for three continuous days without losing
efficiency and selectivity. Formic acid photo-conversion
along with hydrogen and carbon dioxide evolutions are
monitored in real time using operando FTIR, where
isotopically enriched H'2COOH/H'*COOH/D'2COOH reac-
tants are employed to characterize the photo-activity and
selectivity of the catalyst as well as to elucidate, in tandem
with density functional theory (DFT) calculations, the
catalytic reaction mechanism implying an uncommon
evolutive behavior of both post-metalated Cu- species and
MOF framework. Finally, the temperature-dependence of
the kinetics and thermodynamics of the catalytic reaction
is systematically examined to assess the promises of the
catalysts for further applications.

Experimental section

Materials

All chemical reagents and solvents mentioned in this
work were commercially supplied and used directly with-
out any additional purification. Zirconyl chloride
octahydrate (ZrOCl2.8H:0), 1,2,4,5-benzenetetracarboxylic
acid, methanol (gradient grade,
99,93%),dimethylformamide (ACS grade) and copper (II)
nitrate were purchased from Sigma Aldrich.

Synthesis of UiO-66(COOH),

Ui0-66(COOH)2 was synthesized under conditions simi-
lar to those reported in the literature . In brief, an
equimolar amount of zirconyl chloride octahydrate (59.4
mg, 0.184 mmol) and 1,2,4,5-benzenetetracarboxylic acid
(47.1 mg, 0.184 mmol) were dissolved in 4 mL of DMF
already placed in a 20 mL scintillation vial and sonicated
for a couple of minutes. 4 mL of formic acid modulator was
later added to the obtained mixture followed by sonication
for few extra minutes. The reaction mixture was then



placed in a pre-heated oven at 130°C for 5 hours. The ob-
tained white powder was collected by centrifugation at
4000 rpm and washed five times with DMF and three
times with MeOH. UiO-66(COOH)2 was then dried under
dynamic vacuum oven at 110°C overnight.

Preparation of UiO-66(COOH),-Cu

In a 20 mL scintillation vial, 30 mg of copper nitrate was
dissolved in 15 mL of DMF by sonication for 10 mins until
a clear solution was obtained. 60 mg of UiO-66(COOH):
was then added to the copper solution and sonicated for
few minutes to ensure full MOF dispersion in the solution.
The mixture was then stirred on a hot plate at 75°C for
21hrs until brownish microcrystalline powder was ob-
tained. The supernatant was discarded by centrifugation
and the solids were washed with DMF for 2 days with fresh
DMF being exchanged 3 times per day followed by fresh
methanol for another 2 days. Finally, the solids were col-
lected by centrifugation and dried in a vacuum oven at
80°C overnight.

Characterization

Powder X-Ray Diffraction (PXRD) analyses of UiO-66-
(COOH):2 and Ui0-66-(COOH)2-Cu were carried out using a
Bruker D8 advance X-ray diffractometer with a Cu Ka ra-
diation (k=1.5418 A) a 40 kV voltage, and a 40 mA current,
while the 26 range was between 5-50°, at an increment of
0.02° (Bruker AXS GmbH, Karlsruhe, Germany). Nitrogen
adsorption/desorption measurements were performed
with an ASAP 2020 MP instrument. The specific surface
area was calculated with the BET equation, while the pore
volumes were determined by the BJH method. Prior to the
measurements, samples were activated under dynamic
vacuum at 110 2C for 6 h. The content and distribution of
Cu and Zr were determined by Scanning electron micros-
copy-energy dispersive X-ray (SEM-EDS) on a JEOL, JSM-
5500LV microscope or a MIRA TESCAN microscope. The
images were collected with an acceleration voltage of 30
kV. The amount of copper incorporated in the framework
was determined by iCE 3000 series atomic absorption
spectrophotometer (AAS) by digesting the catalyst in aqua
regia and hydrofluoric acid (HF) solutions (more details in
SD.

X-ray photoelectron spectroscopy (XPS) measurements
were carried out on an Versaprobe electron spectrometer
(ULVAC-PHI) with base vacuum in the analysis chamber in
the order of 108 Pa. The samples are irradiated with
monochromatized Al Ka radiation with photon energy of
1486.6 eV. The resolution measured by the FWHM of Ag
3ds,2 line is 0.6 eV for the setting used during acquisitions.
Energy calibration was performed on the C 1s line of ad-
ventitious carbon at 284.8 eV. CasaXPS is used for data
treatment Advanced transmission electron microscopy
(TEM) was carried out on an aberration probe, and image
corrected JEM ARM200F cold FEG microscope operated at
200 kV equipped with a CENTURIO EDX detector and GIF
Quantum spectrometer. DR-UV-Vis measurements rele-
vant to Cu's speciation and oxidation state were carried
using a Cary 4000 UV-Vis spectrophotometer and a
HARRICK praying Mantis diffuse reflectance accessory. All

spectra were recorded between 200-800 nm using an
average time of 0.2 s and a scan rate of 300 nm/min.

Nanosecond transient absorption experiments were per-
formed using a commercial transient absorption spec-
trometer (Edinburgh Instruments; LP 980) pumped with a
nanosecond 10 Hz Nd:YAG laser and harmonic crystals
(266 nm; 355 nm and 532 nm). The samples were collect-
ed at a rate of 1 Hz and prepared ina 1 x 1 cm quartz cu-
vette to an absorbance value around 0.2 OD of dispersed
MOF (around 1 mg) in dry CH3CN.

Photocatalytic test

For the operando experiments, a ‘Sandwich’ IR cell-reactor
(Scheme S1) was used to study the performance of the
Ui066-(COOH)2 and its Cu-metalated derivative during the
photodecomposition of formic acid (FA) under visible
irradiation at room temperature (RT = 25 °C). The catalyst,
as a self-supported pellet of about 20 mg, was first activat-
ed in Ar at RT under visible irradiations using a Xe-lamp
(LC8 Hamamatsu, 71 mW/cm? of irradiance) with a pass-
high filter >390 nm. Then, the reaction was studied in the
presence of 2400 ppm of FAc with a total flow rate of 25
ccmin? in Argon. Additional tests were performed in the
presence of FAc-13C and DCOOH. The relative concentra-
tions of the effluent gas were stabilized before being sent
to the cell, then an adsorption step of formic acid on the
catalyst surface was performed in dark before turning on
the lamp. Finally, the composition of the output gas from
the IR reactor cell was analyzed simultaneously by Mass
Spectrometry (Quadrupole Pfeiffer Omnistar GSD 301) and
IR spectroscopy (ThermoNicolet NEXUS 670 FTIR)
equipped with a MCT detector with a spectral resolution of
4 cm™ and accumulating 64 scans. The concentration of
formic acid (FA) in the gas phase was calculated using the
surface area of the IR band at 1109-1101 cm™? and the
formic acid MS signal (m/z = 45 and 46). The COz and CO
selectivity’s were determined using the IR band area at
2395-2182 cm™? and 2140-2020 cm’, respectively. The
amounts of hydrogen were determined by its MS signal at
m/z = 2 after correction from water contributions. The
formic acid conversion (expressed in % or mmol per g of
photocatalyst per irradiated surface) and the selectivity
(%) were calculated at the steady-state using the calibra-
tion curve for different product of the reaction. It should be
noted that the irradiated surface of the pellet is about 1.6
cm? (~ 20 % of the total surface (2 cm?) is not irradiated
due to the metallic holder shadow effect).

Computational methods

To account for the formation of the anhydride form of
the Cu-metalated MOF evidenced experimentally upon
light irradiation and formic acid adsorption, we adopted
our previously constructed anhydride model for UiO-66-
(COOH)2 labeled as Ui0-66-(C00); with anhydride bridge
formed between adjacent ligands®®. All the calculations for
the reaction process were realized on a representative
cluster model UiO-66-(CO0)z loaded with a single Cu as
model system as shown in Figure S1 and noted thereafter
Ui0-66-(C00)2-Cu. All DFT computations were performed
by using the Vienna Ab-initio Simulation Package (VASP,



version: 5.4.4)7° with the Projector augmented-wave
(PAW) method to describe the pseudopotential. The elec-
tron exchange-correlation functional was treated by the
Perdew-Burke-Ernzerhof functional within the general-
ized gradient approximation (GGA) scheme’!. The energy
cutoff of the plane wave was set to 520 eV with an energy
(force) precision of 10-5 eV (0.01 eV per A). The van der
Waals interaction was also included by using Grimme’s
DFT-D3 method”2 The Brillouin zone was sampled with a 1
x 1 x 1 Monkhorst-Pack k-points grid for geometry opti-
mization. Transition state of the reaction was confirmed by
using the Climbing-Image Nudged Elastic Band (CI-NEB)
approach’3. To evaluate the adsorption strength of inter-
mediates and the catalytic performance of each elementary
step, the Gibbs free energy change (AG) relative to the total
free energy of Ui0-66-(C00):-Cu and gas-phase HCOOH
was calculated using the following equation (equation 3):

AG = AEDFT + AEZPE —T Xx A4S equation 3

where AEppr , AE;pp, T and AS are the DFT calculated
electronic energy, zero-point energy, environmental tem-
perature (298.15 K) and entropy, respectively.

Results and discussion

MOF catalyst synthesis and characterization

Ui0-66-(COOH)2 MOF crystals were solvothermally syn-
thesized using formic acid as modulator according to a
previously published procedure®. As for the metalation,
copper nitrate was employed as metal source which was
added to the Ui0-66-(COOH): crystals dispersed in DMF at
75 °C overnight. AAS was used to quantify the amount of
copper incorporated in the framework and found to be
18%. Scanning electron microscopy (SEM) images and
energy-dispersive X-ray (EDX) mapping analyses further
confirmed the successful metalation of UiO-66-(COOH)
and revealed a homogeneous distribution of metal sites
and the coexistence of Zr and Cu in all crystals (Figure 1).
The obtained ratio from EDX analysis was also in agree-
ment with the AA results. PXRD patterns were recorded
before and after metalation and demonstrated the phase
purity and the high crystallinity of Ui066-(COOH)2 (Figure
1). Furthermore, no additional peaks related to crystalline
copper species were observed, which confirmed that cop-
per was anchored to the framework in its cationic form.
The oxidation state and the form of the copper species will
be discussed further in the photocatalytic reaction section.
In order to assess the porosity of the synthesized MOF
catalyst, N2 isotherms were performed on Ui066-(COOH):
and its Cu-metalated derivative (Figure S2). The obtained
isotherms are of type I, which indicate the microporous
nature of the samples. The BET surface areas were meas-
ured to be 240 m2.g! and 48 m2.g"! for Ui066-(COOH)z and
Ui066-(COOH)2-Cu, respectively. This decrease in the BET
surface area is the result of the post-metalation process. A
decrease in the pore volumes was observed as well, with
Ui0-66(COOH)2 showing a pore volume of 0.16 cm3.g!
compared to 0.05 cm3.g?! for the copper-post-metalated
MOF.
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Fig 1. A) Structure of Ui0-66(COOH)z showing the possible
anchoring sites for Cu (Zr open metal sites created by
missing linkers and free carboxylic functions). B) SEM
images of Ui0-66(COOH): crystals before and after copper
metalation. C) Powder X-ray diffraction patterns of UiO-
66(COOH):z compared to its metalated form. D) EDX map-
ping of Ui0-66(COOH)2z-Cu showing the distribution of Cu
and Zr in the MOF crystals.

Activity, selectivity, and stability of the UiO66 based
photocatalysts

The photocatalytic performance of Ui0O66-(COOH):-Cu
for the dehydrogenation of formic acid was tested under
flow conditions (25 cm3.min! with 0.25% of HCOOH in Ar)
and visible-light irradiation using an operando IR reactor’4
(Scheme S1). This reactor allows investigating simultane-
ously and in real time the modification on the
photocatalyst surface as well as the reaction gas phase. The
amounts of CO2 and Hz produced from this reaction were
analyzed by gas-FTIR spectroscopy and/or mass spec-
trometer, respectively. In order to verify the origin of the
produced COz, a C-13 labeled formic acid (H**COOH) reac-
tant was used. The evolution of the formic acid conversion
over time demonstrates an increase in the first minutes of
irradiation before reaching a steady state after 25 minutes
(Figure 2A). Similar trend is observed for 13CO2, with traces
of 12CO2 (5 to ~1% at steady state) detected in the first
minutes of irradiation (Figure 2B-C). The latter is probably
originated from the residual formic acid used during the
Ui066-(COOH)2 synthesis in addition to the H2COOH im-
purity (1%) already present in the H3COOH sample. The
selective production of 13CO: at steady state demonstrates
the photocatalytic dehydrogenation of the 3C labeled for-
mic acid and the photostability of the Ui066-(COOH)2-Cu
catalyst during the reaction under the operating condition.

Decisively and based on the carbon balance, the selectiv-
ity of the formic acid dehydrogenation in this reaction was
found to be more than 99%, where no CO was detected in
the gas phase of the reaction. This outcome is also con-
firmed by an equimolar production of Hz and CO: at the
steady state. Remarkably, during the first hundred minutes
of the reaction, the Hz evolution follows a different profile
than that of formic acid conversion and CO: production.
This trend is unusual for a pure photocatalytic dehydro-
genation process where each molecule of CO2 should be
accompanied with a molecule of Hz (Figure 2B-C). The




experiment was repeated four times and this behavior was
completely reproducible. This observation suggests a pos-
sible interaction between FAc and the MOF structure at the
beginning of the reaction under visible light irradiation. IR
analysis of the photocatalyst surface demonstrates the
appearance of new bands at around 1855, 1798 and 1785
cm? in the first minutes of the photocatalytic reaction
(Figure 2D). These bands are characteristic of anhydride
functions which were previously observed during the
thermal activation of Ui066-(COOH)2.6° Indeed, Clet et al
attributed these bands to the thermal dehydration of the
free carboxylic groups of the MOF structure, resulting in
the formation of the bridged anhydrides at relatively high
temperature (>100°C). The resulting structure is labeled as
Ui066-(CO0)2-Cu. For comparison, the IR spectra of the
sample before and after 20 minutes of visible-light activa-
tion at 25 °C under pure Ar carrier gas (FAc-Free) demon-
strated only a complete removal of the adsorbed water
from the surface of the catalyst without detecting the char-
acteristic anhydride bands. In addition, only the bands of
adsorbed HCOOH are detected at the steadystate after
HCOOH adsorption (Figure S3). These reference tests ex-
plain the delay between the COz and Hz production, where
the formic acid’s protons could be involved in the restruc-
turing of Ui066-(COOH)2-Cu to Ui066-(CO0)2-Cu.
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Figure 2. Evolution of the formic acid conversion (A), of
the 13C02,12C02z and H: quantities during the HCOOH re-
forming (inset: zooming on the first minutes of reaction,
the arrows correspond to the light-on time) (B) and of
the evolution FTIR spectra of the reaction gas-phase dur-
ing the first minutes (4 min/spectrum) of the reaction (C).
FTIR spectra of Ui066-(COOH)z-Cu sample at steady state
in dark (a) and (b) during the reforming of HCOOH (la-
beled with C-13 at 99% (H20<5%)) under visible light
irradiation (D). Reaction conditions: total flow 25 cc/min;
[HCOOH-13C]=2400ppm (0.24%) in Ar; T=25°C; Xe-lamp
150 W with visible light pass filter A>390 nm); irradi-
ance=71 mW/cm?; mcat=20 mg (self-supported pellet with
surface of 1.6 cm?2).

Before the in-depth characterization of the restructuring
phenomena, the stability of the photocatalyst was tested in
three photocatalytic cycles for around 24 hours for each
(Figure 3). The results demonstrate an ultra-high stability
of the sample during the reaction for three successive days
without any significant deactivation while maintaining
100% of selectivity (no detection of CO; Figure 2C). More-
over, the structural and chemical stability of the samples
were confirmed by PXRD and Raman spectroscopy show-

ing no significant structural modification of the samples
after reaction with respect to the as synthesized sample
(Figure S4), while the characteristic anhydride bands
reached a steady state after the first cycle. To the best of
our knowledge, such high photocatalytic stability has nev-
er been reported so far for a MOF when this later is used as
photocatalyst in vapor and acidic medium. Interestingly in
sharp contrast with the first cycle where Hz evolution fol-
lows a different profile than that of formic acid conversion
and CO2 production, the second and the third cycles reveal
Hz production quantities that match the HCOOH conver-
sion and CO: production amounts, reaching quickly the
steady state without any significant induction time (Figure
3). This strongly suggests that in the same way as for the
formation of anhydride, restructuring of Ui066-(COOH).-
Cu to Ui066-(C00)2-Cu only occurs at the 15t cycle and no
substantial changes are observed for the following cycles.
Moreover, the decrease of Hz in the beginning of cycles 2
and 3 is due to a higher covering surface of the
photocatalyst by formic acid in the dark and before reach-
ing a new equilibrium under irradiation conditions at the
steady state. The great difference in FAc conversion at the
beginning of the dark cycles is due to the adsorption of
formic acid rather than its conversion.
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Figure 3. Evolution of the HCOOH conversion and the
corresponding gas phase products during three cy-
cles/days. The regions designated by arrows correspond
to the dark stages. Reaction condition: total flow 25
cc/min; [HCOOH-13C]=2400ppm (0.24%) in Ar; T=25°C;
Xe-lamp 150 W with visible light pass filter (A>390 nm);
irradiance=71 mW/cm?; mc:=20 mg (self-supported pel-
let with a surface of 1.6 cm?).



The thermal activity of the Ui066-(C00)z-Cu and the
temperature effect on its photocatalytic performance were
further investigated and the obtained results are shown in
Figure 4. As it can be clearly seen, no significant thermo-
activity is observed in dark below 100°C and the activity is
very low between 100°C and 150°C (Figure 4A). However,
the temperature increase enhances the photocatalytic
activity of the sample under visible light to reach 90% of
formic acid conversion at 150 °C while maintaining a
100% selectivity with the formation of only CO2 and H:
(Figure 4B). Nevertheless, after the test performed at
150°C, the sample was cooled back and tested at room
temperature and the results were compared with those
obtained at room temperature with a fresh sample (Figure
S5). A significant drop on the activity is observed demon-
strating a low stability of the Ui066-(CO0)z-Cu at relatively
high temperature in presence of FAc. The low activity of
the sample in dark demonstrates the main photocatalytic
nature of the reaction using Ui066-(CO0)z-Cu.

Additionally, the apparent quantum yield of UiO-66-
(COOH)2-Cu of hydrogen production is determined based
on the procedure and equations presented in the SI docu-
ment and is found to be 10.6 % (Figure S6) which is rela-
tively high for a vapor/solid phases heterogeneous
photocatalytic reaction.
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Figure 4. (A) Effect of the temperature on the FAc reform-
ing in dark and under visible light irradiation. (B) the
corresponding IR spectra of the reaction gas phase at the
steady state at the studied at temperatures between 25 °C
(top) and 150 °C (bottom). Reaction conditions: total flow
25 cc/min; [Fac-13C]=2400 ppm (0.24%) in Ar; Xe-lamp
150 W with visible light pass filter (A >390 nm); irradi-
ance = 71 mW/cm?;, mcat =20 mg (self-supported pellet
with surface of 1.6 cm?).

Role of the Cu in the photocatalytic dehydrogenation

In order to better understand the effect of the copper
sites and the Ui066-(COOH); framework structure on the
activity, Cu-free Ui066-(COOH)2,Ui066(COOH)2-M (M = Ag,
Co), and Cu-metalated non-functionalized UiO-66 (Ui066-
Cu) are prepared and tested under similar reaction condi-
tions to Ui066-(COOH)2-Cu. The Cu-free Ui066-(COOH):
sample does not show any significant activity under visible
light as well as under UV irradiation (Figure S7). This con-

firms that Zr metal centers of Ui066-(COOH)2 have a pas-
sive role in the formic acid reforming and can be excluded
as catalytic active sites. Moreover, Ag-, and Co- metalated
Ui066-(COOH): exhibit 4.6, and 6.4 -fold lower catalytic
activities than the copper metalated MOF, respectively
(Figures S8 and S9). Regarding the Ui066-Cu sample, Cu
cations are expected to be inserted in the vicinity of the
defective sites of the Zr-cluster’® and their content was 8
wt.% as determined via AAS. The UV spectrum shows simi-
lar optical behavior for Ui066-Cu and Ui066-(COOH)z-Cu
(Figure S10A). The photocatalytic test using Ui066-Cu
reveals a much lower activity (8.8 % HCOOH conversion)
and poorer Hz/COz-selectivity compared to Ui066-(CO0)2-
Cu (60% vs. 100%, respectively) as seen in figure S7. In-
deed, these observations support that the copper coordi-
nated to the functional groups of Ui066-(COOH)z/Ui066-
(CO0)2 plays a predominant role in the photocatalytic
dehydrogenation of the formic acid. Furthermore, the cop-
per content in Ui0-66-(COOH):-Cu was varied and three
batches of 6 wt. %, 9 wt. % and 16 copper wt. % were test-
ed. Itis noteworthy that higher percentage of copper load-
ing was not possible. Indeed, a maximum of 16% can be
achieved for our Ui0-66(COOH)2 sample, beyond which Cu
cations are washed out throughout the purification pro-
cess. The obtained results are shown in (Figures S11 and
S12) and demonstrate that with the increase in copper
content from 6 wt. % to 9 wt. % accompanied with an
increase of the selectivity and the activity of the MOF in-
creased from 43 % to 47.5 % to finally reach 65.5 % of FAc
conversion for the 16 wt. % Cu-loaded sample. These re-
sults show that even at low copper loading (6 w%), the
activity is still higher than the other metalated versions
(e.g. Ni, Co and Ag of higher metal content). More im-
portantly, the 6 wt. % Ui0-66-(COOH)2-Cu is 5-folds more
active than the non-functionalized system (UiO-66-Cu with
8 wt. % of Cu), which means that the free carboxylates are
thermodynamically favored for copper metalation and
formation of active species. Figure S12 also shows that the
selectivity is significantly affected at low Cu loading where
CO was detected with a selectivity around 10%. Moreover,
only few ppb of Co is permitted in Hz fuel cell for prevent-
ing the poisoning of the catalyst making the high loaded Cu
sample as most promising catalyst.

In addition, Cu-MOF-74, which incorporate copper rod
secondary building units, CuO0 and Cu:0 nanoparticles
were also tested under similar reaction conditions. While
no to little activities of CuO and Cu-MOF-74 are observed,
Cuz20 shows a very low activity (5.6% conversion) indicat-
ing the synergic effect between the copper centers and the
framework in addition to the importance of the Ui066-
(COOH)2 structure in the photocatalytic reaction (Figure
S7, Table S1). Noteworthily, the high catalytic perfor-
mance, stability, and selectivity of the noble metal-free
Ui0-66-(C00)2-Cu photocatalyst in the dehydrogenation of
formic acid is comparable to most homogeneous and het-
erogeneous photocatalysts reported in literature (table
S2). Due to the various possible experimental conditions
that can be used for this reaction (irradiation source, light
intensity, temperature, irradiated surface of photocatalyst,
reactor geometry, mass of the photocatalyst, etc...), in addi-
tion to missing information in some of the reported works
(stability of the catalyst, irradiance, selectivity, etc.), we



believe that the comparison is mostly indicative and not
quantitative. Nevertheless, the data found in the literature
which are now listed in table S2, show that our work is the
first on the reforming of formic acid in the “vapor” phase
under “continuous” flow which is totally innovative, and
show the highest activity in comparison with other Cu-
based photocatalyst under visible light and at ambient
temperature.

Moreover, the optical band gap energies Eg for the free
and copper metalated MOFs were determined from the
absorbance data using the Tauc-plot method (fig S10B, and
C), As expected, the calculated Eg for Ui0O66-(COOH)2 was
3.9 eV. However, in the case of Ui0-66-(COOHz)-Cu (Figure
10C), the in-situ formation of Cu® oxa nanoparticles was
evident by the narrow band gap observed (Eg=1.84 eV)

which corresponds to the band gap of Cuz20 semiconductor
76

The charge transfer (CT) between the Ui066-COOH
structure and the copper site is also investigated by ab-
sorption transient spectroscopy. The results presented in
Figure (S13A) demonstrate no absorption transient (AT) of
the post metalated MOF structure (Ui066-COOH)2 with a
high photoluminescence (PL). However, Ui066-(COOH)2-
Cu exhibits an AT decay (broad AT band with a maximum
at 440 nm) with very low PL emission, confirming a CT
between the MOF structure and the Cu centers. Increasing
the FAc concentration (Figure S13B) led to a leaching of
the Cu sites as demonstrated by the decrease of the AT
intensities. These results figure out an important role of
the MOF structures, beyond a simple host of the Cu, in the
initiation of the in-situ structuring of the Cu sites. Cyclic
voltammetry (CV) was performed in 0.5 M Na2SO4 to reveal
the redox reaction of the Cu species in the MOF structure
(Figures S14A). CV of Ui0-66-(COOH):Cu depicts redox
features at ca. 0.129 V, 0.015 V and -0.643 V vs Ag/AgCl
respectively, which could be attributed to the redox reac-
tions of copper species inserted into two different coordi-
nation sites, the free carboxylate and the defected Zr clus-
ter?” 78, Ui0-66-(COOH)2Cu shows a higher voltametric
current than UiO-66-(COOH)2, indicating better conductivi-
ty and improved electron/ion mobility. Furthermore, Elec-
trochemical Impedance spectroscopy (EIS) was employed
to deduce an insight about the charge transfer resistance
and the response of the system under various frequency
regimes’?. UiO-66-(COOH)2-Cu shows smaller charger
transfer resistance with respect to UiO-66-(COOH)2, which
confirms the enhanced conductivity and better electron
mobility in Ui0-66-(COOH)2-Cu (Figure S14B).

Restructuring phenomena as investigated by operando
analysis of the photocatalyst surface

The evolution in real-time of the IR spectra of the
photocatalysts surface has been monitored simultaneously
with the gas phase analysis as previously mentioned using
the IR operando setup®. As it can be seen in Figure 54, a
gradual increase with the reaction time of the bands inten-
sity at 1855, 1798 and 1785 cm™! on Ui066-(COOH)2-Cu is
observed, which corresponds to the anhydride formation
(Ui066-(CO0)2-Cu). In addition, water released from the
catalyst surface is simultaneously detected. In general,

water molecules could be produced from the dehydration
process of the formic acid. Nevertheless, the absence of CO
in the gas phase suggests another origin of the water re-
lease which most likely results from the dehydration pro-
cess of the carboxylate functions prior to the formation of
bridging anhydrides in the first few minutes of irradiation
as well as of the copper clustering, which will be discussed
further in the XPS and HR-TEM analysis section. Once an-
hydrides reach a steady state, the hydrogen production
attains also its steady state (Figure 5B). However, this
trend was only observed in the first cycle showing the
irreversible behavior of this restructuring process which
leads to the formation of the highly active Ui066-(CO0):-
Cu photocatalyst.
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Figure 5. (A) FTIR spectra of Ui066-(C00)z-Cu surface
during the reforming of formic acid_C-13 under visible
light irradiation. (B) Evolution of the corresponding nor-
malized intensities of the gas phase products and the
band area at 1855 cm-! of the surface versus the irradia-
tion time. Reaction condition: total flow = 25 cc/min;
[Formic acid-13C]=2400ppm (0.24%) in Ar; T=25°C; Xe-
lamp 150 W with visible light pass filter (A>390 nm);
irradiance=71 mW/cm2; mcat=20 mg (self-supported pel-
let with surface of 1.6 cm2). The arrow in (B) corresponds
to the time of the light-ON.

To gain deep understanding on the restructuring pro-
cess of Ui066-(COOH)2-Cu to Ui066-(CO0)2-Cu and the
formation of anhydride, a steady state isotopic transient
kinetic analysis (SSITKA) experiment using FTIR operando
spectroscopy was performed. It corresponds to replacing
the formic acid by its isotope at the steady state under the
same reaction conditions. This isotopic transient would
induce a shift/modification on the mass spectrometry
signals and/or of the IR vibration bands of the correspond-
ing products as well as of the species adsorbed on the
analyzed surface. Therefore, as the IR bands of carboxylate
functions of the formic acid and of the Ui066-(COOH)2-Cu’s
ligand could overlap, this experiment allows distinguishing
the origin of the final products as well as of the anhydride.
The so-obtained results are shown in Figure 6 and illus-
trate the kinetic of the reaction in gas phase and of the
adsorbed surface species during the SSITKA experiment.
Contrarily to the shift and the isotopic exchange observed
for the gas phase products (Figures 6 A, B and E) and for
the adsorbed formic acid (Figures 6C and F), no perturba-
tion of the bands position at 1855 cm™ and 1784 cm! is
observed (Figures 6D, F and S15). These results indicate
that the anhydride formation resulted from a selective
cross-coupling of the MOF carboxylate linkers. Neverthe-
less, these bands are not observed during the pre-
activation of the photocatalyst under inert carrier gas and



are only detected during reaction. Therefore, an indirect
role of the formic acid in the anhydride formation cannot
be excluded. In addition, the corresponding IR-bands of
anhydride functions are not observed when Cu-free Ui066-
(COOH)2 is employed as photocatalyst under similar reac-
tion conditions, which clearly emphasizes the role of Cu in
assisting the formation of anhydride in Ui0O66-(C0O0)2 un-
der visible light. Our hypothesis is that HCOO-H* delivers
protons to the metalated-carboxylate (COO-Cu-) functions
of the ligand, promoting the formations of those anhy-
drides under irradiation. Furthermore, the position of
these characteristic bands is shifted toward lower vt val-
ues when compared to the free anhydrides formed by
thermal treatment of Ui0-66(COOH)2°° due to the insertion
of copper cations.
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Figure 6. Evolution of gas phase products (A-B) and ad-
sorbed species on Ui0-66-(C00)2-Cu (C-D) versus time of
the FAc-13C/FAc-12C SSITKA experiment (t=0 corresponds
to the irradiation’s time and dotted line corresponds to
the FAc-13C/FAc-12C). E and F correspond to the relative
evolution on the IR intensities (from lower (blue color) to
higher (red color)) of the reaction gas phase and
photocatalyst surface, respectively. Reaction condition:
total flow 25 cc/min; [FAc-13C]=[FAc-12C]=2400ppm
(0.24%) in Ar; T=25°C; Xe-lamp 150 W with visible light
pass filter (A>390 nm); irradiance=71 mW/cm?; mcat=20
mg (self-supported pellet with surface of 1.6 cm?2).

The dehydrogenation of the DCOOH was further ex-
plored in order to gain first light on the hydrogen evolu-
tion during the first minutes of irradiation. The DH for-
mation is expected as the main products of the dehydro-
genation of DCOOH molecule in case that the dissociation
is taking place on a single site. However, the obtained re-
sults depicted in Figure 7A show a mixture of hydrogen
isotopes with a ratio of Hz/HD/D2 swapped from
0.46/0.43/0.11 after 20 minutes of reaction to
0.35/0.5/0.15 at the steady state. The formation of the Hz
and D2 confirms that the dissociation occurs in multiple
steps and/or on multiple sites. It can be attributed to the
scrambling of the formate/formyl as we demonstrated in
our previous work in the case of methanol
photooxidation®®. In addition, the evolution of the statistic

values of the isotope ratios follows a similar trend to the
anhydride bands (Figure 7B) suggesting different mecha-
nism of the DCOOH decomposition at the steady state in
respect to that at the beginning of the reaction, and there-
fore is coherent with the restructuration of the catalyst.
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Figure 7. Evolution of the hydrogen isotopes (A) and of
the anhydride vibration bands (B) during the
photocatalytic dehydrogenation of DCOOH under visible
light. Insert (A): zoom on the first 40 minutes of the reac-
tion. Reaction condition: total flow 25 cc/min;
[DCOOH]=2400ppm (0.24%) in Ar; T=25°C; Xe-lamp 150
W with visible light pass filter (A>390 nm); irradiance=71
mW/cm?; mcat=20 mg (self-supported pellet with surface
of 1.6 cm?2).

Restructuring phenomena as investigated by XPS and
HR-TEM-EDX analyses

More insight on the restructuring process of the catalyst
during the reaction is obtained from SEM-EDX mapping,
AA, XPS and HR-TEM-EDX mapping analyses of the materi-
al before and after the photocatalytic reaction tests. The
SEM images and the EDX mapping (Figure S16) of the
samples before and after reaction demonstrate small
modification on the gradual concentration of the Cu. How-
ever, no modification of the Cu/Zr ratio (0.75) and copper
content (19 wt.%) are detected in line with the elemental
analysis of the samples using the atomic absorption (AA)
techniques (Figure S17). On the other hand, the XPS analy-
sis of the two samples demonstrates a very significant
decrease after reaction (around 8 times) of the Cu/Zr ratio
from 4.1 to 0.5 (Figures S18 and S19). This deviation be-
tween the EDX and XPS analysis data could be explained by
the limited penetration of the XPS beam in the samples
(only few nm) while the EDX and AA analysis are more
global.

Furthermore, the XPS analysis is performed for UiO-66-
(COOH)2 and for its metalated form before and after reac-
tion (Figure 8, S18 and S19). The obtained data reveals
information on the evolution of the oxidation state of the
copper. The Cu 2p3/2 peak at 935.8 eV observed for UiO-
66-(CO0)-Cu could be assigned to Cul®, with shake up
peaks of 2p-to-3d observed between 940-945 eV while the
more negative peak at 933 eV ascribed to Cu® was the
main detected peak in the sample after reaction, The latter
was assigned to Cuz0 formation, with a quasi-total disap-
pearance of the highly coordinated Cu(® species. There-
fore, the absence of the Cu 2p satellite clearly indicates that
after the reaction there are mainly Cu® species present
(Figure 8). The results also demonstrate some perturba-
tion on the range of Zr as well, which could be mainly as-
signed to some modifications of the Zr sites environment.



However, as the analysis was performed ex-situ, it was not
possible to discuss the results quantitatively as the catalyst
surface could change its state after exposure to the atmos-
phere (e.g. oxidation of the metal clusters). We strongly
believe that the photogenerated electrons promote the
reduction of Cu® to form lower oxidation state species
(e.g- Cu® and/or Cu®) during the reaction. The presence of
the latter was confirmed by the diffuse reflectance spectra
recorded for the Ui066-(CO0)2-Cu pellets freshly taken
after the reaction and showed the typical broad absorption
band of Cuz20 in the visible region (420 and 485 nm) in
addition to a shoulder peak evolved at 625 nm mainly in
the highly loaded sample which corresponds to the
plasmonic band of Cu NPs#8! (Figure S20).
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Figure 8. Cu2ps;z (A) and Zr3d (B) levels of UiO-66-
(COO0)2-Cu before (a) and after reaction (b).

Transmission electron microscopy shed more light on
the zoning phenomena of the copper before and after reac-
tion. The obtained high angle annular dark field scanning
TEM (HAADF-STEM) images in combination with STEM-
EDX elemental mapping depicted in Figure 9(a and b),
confirm a higher concentration of the copper clus-
ters/atoms at the external surface of the Ui0-66-(COOH)2-
Cu crystal before the reaction demonstrating a limited
diffusion of the Cu(Il) in the MOFs. After reaction, a for-
mation of copper clusters inside the crystal with around 3-
5 nm of size (core-shell form) can be clearly observed in
HAADF-STEM image (bright contrast) (Fig 9c) and STEM -
EDX elemental mapping (Fig. 9f). Despite that the metal
sintering from the nanopores of a crystalline porous struc-
ture to its external surface is a very usual phenomenon
already observed in the case of zeolites?™, to our
knowledge, the opposite migration was never reported
before. Moreover, no diffraction index of the copper oxide
clusters is detected in agreement with the PXRD data (Fig-
ure SA). The selective area electron diffraction (SAED)
pattern taken from single Ui0-66-(CO0)2-Cu clusters after
reaction revealed week diffraction rings (Fig. 9c inset)
which can be indexed based on cubic Cuz0 structure (Pn-
3m, a=0.426 nm ICSD 172174). This could be attributed to
the Cu-oxo like species formed during the in-situ restruc-
turing of Cu® under the reaction and stabilized by an elec-

trostatic interaction with the remained carboxylate defects
of the structure. Nevertheless, no ex-site detection of Cu®
NPs was observed and probably to the high dispersion of
this later and their low stability after exposing the sample
to air condition. However, similar in situ restructuring
process has been recently demonstrated for the CuO-TiO:
and CuO-Nb3O7(OH) systems®2.In these hetero-
nanostructures, the non-active CuO-TiOz and CuO-
Nbs07(OH) undergo reduction reactions under light irradi-
ation to form the active Cuz0-TiOz and Cu(0)-NbsO7(OH),
respectively. The formation of Cu(® is as well demonstrat-
ed by using the Cuz:0 which illustrate a 2h of induction
time assigned to the in-situ formation of Cu® NPs. The
copper clustering process is in agreement with the release
of water detected by operando analysis, which could be
assigned for both dehydration of carboxylate and of CuOH
groups. Furthermore, the high resolution HAADF-STEM
imaging (Fig. 9d) and high-resolution TEM (Fig. 9¢) con-
firmed the Cuz0 structure of clusters and UiO66 structure
of the framework. Image of the 002 lattice planes in the
shell of the Ui066-(CO0)2-Cu particle (Fig.9e) suggests that
structure of the Ui066 stay intact after Cu diffusion. More-
over, the analysis of the Ui066-Cu sample, used as refer-
ence in which copper is anchored within the Zr-defective
clusters demonstrates a total deterioration of the crystal
after only a few hours of the reaction (10 h) (Figure S21). A
total structure destruction accompanied by the formation
of Cu nanoparticles is confirmed by PXRD pattern of the
Ui0-66-Cu sample after reaction (Figure S22). These inter-
esting results reveal a crucial role of the bridged anhy-
drides in preserving the Ui066-(C00)z-Cu crystallinity and
therefore demonstrate the high stability of this
photocatalyst. In addition, the anhydride bridges could
form a cage-like structures around copper clusters pre-
venting the migration of the particles and further stabilize
the Ui066 structure.



Figure 9. (a) HAADF-STEM image of UiO-66-(COOH)2z-Cu
material and (b) corresponding EDX-STEM elemental
mapping for Zr L(green), Cu K (red), O K (blue) and over-
laid color image before reaction; (c) HAADF-STEM image
of Ui0-66-(C00)2-Cu obtained after reaction with the
corresponding ring ED pattern indexed based on cubic
Pn-3m structure of Cuz0; (d) high resolution HAADF-
STEM image of Cu based nanoparticles formed after the
reaction and assigned to Cuz0. Inset: corresponding
[110] FT pattern indexed based on cubic CuzO cubic
structure, and simulated [110]HAADF-STEM images in the
white box showing good fitting to the experimental im-
age. (e) bright field HRTEM image of the edge of Ui0-66-
(C00)2-Cu nanoparticle after reaction. The Cuz0 NPs ex-
hibit a black contrast, marked with white arrows. Noticed
free of Cu near surface region of Ui0-66-(C00)z-Cu nano-
particles; (f) EDX-STEM elemental mapping of UiO-66-
(CO0)2-Cu particles after reaction for Zr L(green), Cu K
(red), O K (blue) and overlaid color image showing the
diffusion of the copper element inside the Ui0-66-(C00)2-
Cu framework.

Complementary microscopic insight into the re-
action mechanism by DFT calculations

DFT calculations first explored the preferential geome-
try of the Ui066-(C00)2-Cu system starting with the exper-
imental conclusions that Cu-assists the dehydration of the
carboxylic groups. Figure S1 reports a representation of
the two-coordinated Cu(l) configuration with the sur-
rounding oxygen atoms of the anhydride group in the DFT-
optimized cluster model of Ui0-66-(C00)2-Cu. Due to the
complexity of the structure, only a single copper site and
its environment is considered for the DFT calculation. It is

noteworthy that this model complex was observed exper-
imentally through the in-situ FTIR measurements dis-
cussed earlier. As a further step, the minimum energy
reaction pathway was explored for the dehydrogenation of
formic acid by Ui0-66-(C00)2-Cu throughout the HCOO-
dehydrogenation (Figure 104A) and COOH-
dehydrogenation (Figure S23) routes. The first step of the
HCOO-dehydrogenation reaction proceeds via the coordi-
nation of the HCOOH molecule towards the Cu site (Figure
10B) associated with a high adsorption energy of -1.53 eV
and a large fraction of electrons accumulated along the Cu-
0(CO) bond (Figure S24). The adsorbed HCOOH molecule
(labeled as HCOOH*) then undergoes O-H bond cleavage
via the formation of a first transition state (TS1) corre-
sponding to an energy barrier of 0.53 eV that leads to the
formation of HCOO* and H*. This intermediate species
evolves towards a second transition state (TS2) with an
energy barrier of 0.83 eV prior to form CO2z as well as 2H*
which subsequently dehydrogenates via a third transition
state (TS3) accompanied with an energy barrier of 0.59 eV
to further release a gas-phase Hz molecule.

Regarding the COOH-dehydrogenation pathway, the ad-
sorption configuration of HCOOH molecule corresponds to
a metastable state with the corresponding adsorption
energy of -1.27 eV, compared to the adsorption configura-
tion of HCOOH molecule by HCOO-dehydrogenation mech-
anism (Figures S23-S24). Next, the intermediate COOH*
and H* species is formed via a C-H bond breaking (TS1-
energy barrier of 1.13 eV) followed by the formation of
COOH** via TS2 (energy barrier of 0.58 eV) and its further
transferred to HCOO’ and 2H*. Then HCOO’ dehydrogen-
ates via TS3 with a barrier of 1.12 eV to produce COz and
2H* intermediate. Finally, the adsorbed H* intermediate is
released from the Cu site to form Hz. For HCOO-
dehydrogenation pathway, the rate-determining step
(RDS) is the transformation of HCOOH* + H* to 2H* + CO2
with an energy barrier of 0.83 eV, while the formation of
H* + HOOC is the RDS for the COOH-dehydrogenation (en-
ergy barrier: 1.13 eV). This observation suggests that the
HCOO-dehydrogenation pathway is more plausible. Re-
markably, in the final product, Cu still keeps its original
two-coordinated geometry and its (+1) oxidation state to
further adsorb another HCOOH molecule to initiate a se-
cond dehydrogenation cycle, which is also consistent with
what was observed experimentally. It should be noted that
the Cu clusters could coordinate with the formate of the
formic acid as well as with the unbridged carboxylates of
MOF structure. Another plausible pathway can be suggest-
ed based on our experimental findings and it is strongly
related to the reaction mechanisms reported on traditional
hetero-nanostructured photocatalysts (scheme 1). After
the formation of anhydride-Cu(I) during the reaction, a
nanoclustering process leads to the formation of Cu20 Nps
which were observed during the HRTEM and XPS analysis
of the samples after reaction and in agreement with the
release of water detected by operando analysis. The sur-
face Cu® particles undergo further reduction through the
photogenerated electrons which results in the formation of
Cu@ clusters that act as electrons’ pool for the reduction of
proton into Ha. Although, Cu® clusters are not efficient in
photocatalysis when they are isolated as single metal par-
ticles, their photo-activity in our system can be explained



by the photo-sensibilization and/or charge transfer path-
ways through their strong interactions with the anhydride
units and with Cuz0 nanostructure surface. In addition,
the anhydride functions play a crucial role as stabilizers of
the Cu and Cu® oxo particles during the reaction according
to the notable high stability of the Ui066-(CO0)2-Cu
photocatalyst.
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Scheme S1. Plausible restructuring pathways of Ui0-66-
(COOH)2-Cu during the FAc reforming under visible light
leading to the formation of supported and stabilized
Cu(0)/Cu(I) binary system on Ui066-(C00)2.
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Figure 10. (A) DFT-derived minimum energy pathway for
the dehydrogenation of formic acid by Ui0-66-(C00)z-Cu
and (B) corresponding illustrative snapshots of the dif-
ferent intermediate species. The energy barriers (ex-

pressed in eV) for the 3 transition states (TS) are also
shown in the figure. Color codes for the MOF: C, gray; Cu,
blue; O, red; H, white; Zr, green. Color codes for the ad-
sorbed molecules: C, light blue; O, orange; H, white. The
total free energy of Ui0-66-C00)2-Cu structure with gas-
phase HCOOH molecule is set as the zero in the Gibbs free
energy profile.

Conclusion:

In summary, a copper metalated based metal organic
framework, namely UiO-66-(CO0)2-Cu was engineered,
fully characterized, and employed as photocatalyst for the
dehydrogenation of formic acid. This rare-noble-metal free
catalyst was demonstrated to be highly selective
(>99.99%), stable (3 days of reaction), and efficient at
room temperature with a high formic acid dehydrogena-
tion (4.8 mmol.glcarh-1). The high performance and stabil-
ity of the UiO-66-(C0O0)2-Cu compared with the standard
copper metalated UiO-66-Cu was attributed to the in-situ
restructuring process taking place at the surface of the
former through intra-framework cross-linking resulted in
the formation of highly active Cu20 NPs trapped in the
Ui066 cages. This study opens the way for designing new
Cu based MOF for various application in photocatalysis. It
allows highlighting the mechanism inside the formic acid
dehydrogenation, a potential intermediate in several reac-
tion such as the COz reduction.
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