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Abstract: A Zr-based metal-organic framework has been
synthesized and employed as a catalyst for photochemical
carbon dioxide reduction coupled with water oxidation. The
catalyst shows significant carbon dioxide reduction property
with concomitant water oxidation. The catalyst has broad
visible light as well as UV light absorption property, which is
further confirmed from electronic absorption spectroscopy.
Formic acid was the only reduced product from carbon diox-

Introduction

In recent times, the capture and conversion of carbon dioxide
(CO,) to various value-added chemical feedstocks is of im-
mense importance due to rising issues of global warming and
excessive fossil fuel depletion. In this context, the development
of efficient photocatalysts for CO, reduction to chemical feed-
stocks like HCOOH is one of the promising solutions. When
this reductive process is coupled with a water oxidation reac-
tion, the catalysis becomes much greener and more sustaina-
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ide with a turn-over frequency (TOF) of 0.69 h™' in addition
to oxygen, which was produced with a TOF of 0.54 h™'. No
external photosensitizer is used and the ligand itself acts as
the light harvester. The efficient and selective photochemical
carbon dioxide reduction to formic acid with concomitant
water oxidation using Zr-based MOF as catalyst is thus dem-
onstrated here.

ble. Herein, we have achieved this goal using a Zr-MOF based
catalyst which possesses light-harvesting property, generation
of long-lived photo-induced excited states with effective
charge migration to the catalytic centre. Thus, CO, reduction
reaction by Zr-MOF was conducted in the UV/Vis region,
where it showed efficient and selective reduction of CO, to
HCOOH with a maximum turnover frequency (TOF) of 0.69 h™".
On the other hand, O, was produced by water oxidation reac-
tion with effective TOF of 0.54 h™".

In the past decades, several photocatalysts such as TiO,,
BiVvO,” BiWO,® ZnGa,0," Zn,GeO,"® metal-incorporating
mesoporous silica such as ZrCu(l)-MCM-41, Cu,O-loaded Zn-Cr
layered double hydroxides”® soft-oxometalates®'® and coordi-
nation polymers""" have been widely explored as a potential
candidates for photochemical CO, reduction. MOFs are a class
of crystalline porous organic-inorganic hybrid materials with
extended 3D network having high porosity and considerable
interactions with the CO, molecule thus finding potential ap-
plications in gas separation,"*'¥ gas storage™ ™ and especially
CO, capture.'®'® Besides, the metal clusters present in the
MOFs are redox active whereas the organic linkers facilitate
the electron transfer process. Moreover, these organic linker
antennae can absorb light to photo-excite the metal cluster,
which serves as redox photosensitizer and separates the elec-
tron-hole pair to facilitate redox processes.

In the past few years, the versatile activities of MOFs in
water oxidation*?" and CO, photo-reduction®3 reactions
have been explored. A porphyrin-based semiconducting Zr-
MOF (PCN-222) was used as a catalyst for photo-reduction of
CO, by Zhang et al.”® The photochemical CO, reduction with
amine-functionalised Ti and Zr-based MOFs was reported by Li
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et al.”’ 7 in acetonitrile solvent with triethanolamine (TEOA) as
sacrificial agent. Very recently, the CO, photo-reduction to for-
mate was reported by an anthracene-based MOF where the
optically active anthracene chromophore acts as the antenna
to transfer electrons into the Zr-O cluster.®® On the other
hand photochemical water oxidations by MOFs are well
known. For instance, a visible light (4>420nm) driven
photocatalytic water oxidation has been reported using Fe-
based MOFs to produce oxygen with AgNO; as the sacrificial
electron acceptor®’ On the other hand, cobalt-POMs
[(PW,054),C04(H;0)5]0- when immobilized in the hexagonal
channels of a Zr'"¥ porphyrinic metal-organic framework exhibit
high catalytic activity towards water oxidation.”” However,
very few reports exist for the photochemical CO, reduction
coupled with water oxidation process. Frei and co-workers
used heteronuclear bimetallic systems extensively to perform
CO, reduction coupled water oxidation.” Various donor (Co,
Mn)-acceptor (Ti, Zr) systems bridged by oxygen atoms were
investigated.”**" Recently, we have shown photochemical CO,
reduction coupled with water oxidation with Mn-based poly-
oxometalate (POM), Mo-based softoxometalate (SOM) and Cu-
W-based SOM.®'™ Taking into account the above mentioned
possibilities of both CO, reduction and water oxidation using
MOF based systems, we herein synthesized and characterized
an anthracene-based Zr-MOF (1), the activated form (1') of
which the latter is an efficient photocatalyst for the CO, reduc-
tion and water oxidation. The CO, reduction reaction was con-
ducted in the UV/Vis region, where it showed efficient and se-
lective reduction of CO, to formic acid coupled with water oxi-
dation reaction.

Results and Discussion
Structural analysis

The crystal structure of 1 was calculated by using the structure
of PIZOF-2 as the starting model.*” The details of the calcula-
tion process have been provided in the “Rietveld refinement”
sub-section under Experimental Section. A remarkable similari-
ty was observed between the experimental and calculated
XRPD patterns of 1 (Figure S1, Supporting Information). The
as-synthesized compound contains guest DMF and water mol-
ecules in the pores. It must be activated (i.e., become guest-
free) before the catalytic application. The substrate molecules
can diffuse into the pores of the activated compound during
photo-catalysis and interact with the active sites of the frame-
work. Hence, the as-synthesized 1 (100 mg) was stirred in
methanol (30 mL) for overnight. Then, the methanol-ex-
changed material was heated under high vacuum at 120°C for
8 h to get the activated form of the material (denoted as 1').
The refined cell parameters and space group of activated 1’
(Fd3, a=39.224(3) A) show considerable agreement with those
of PIZOF-2 (Fd3m, a=39.8144(11) A). A Rietveld refinement
was attempted. The Rietveld plots presented in Figure S2 (Sup-
porting Information) exhibit very good agreement between
the experimental XRPD pattern and the XRPD pattern calculat-
ed based on the crystal structure of 1.

The morphology of the particles of activated 1’ was analysed
by FE-SEM and HR-TEM measurements. The FE-SEM and HR-
TEM images show that the compound crystallized as homoge-
neously formed octahedral crystals (Figures S3&S4, Supporting
Information). These results are consistent with the cubic crystal
structure of the Zr-MOF, as confirmed by the XRPD experi-
ments.

The crystal structure of 1 is quite similar with NNU-28 and
PIZOF series of Zr-MOFs."**! The ligand of 1 contains ethylene
groups, instead of ethynylene units in NNU-28 and PIZOF-2. In
addition, both 1 and NNU-28 have anthracene units between
the ethylene/ethynylene groups. The chemical structures of
these ligands are exhibited in Scheme 1. The framework of 1 is

Scheme 1. Structures of the ligands used for the synthesis of (a) PIZOF-2,
(b) NNU-28 and (c) compound 1.

briefly described here, since the structures of the isotypic Zr-
MOFs have been already reported. The presented compound
possesses a two-fold interpenetrated framework structure
(Figure 1). Each framework is composed of [Zr,0,(0OH),(L)s]"*"
clusters as the inorganic building units, which are inter-linked
with each other by the carboxylate groups of twelve H,L li-
gands. All the Zr** ions have square-antiprismatic geometry.
Every independent framework contains eight tetrahedral and
four octahedral cavities. The interpenetration of the two dis-
tinct networks causes reduction of the “octahedral” cavities
into tetrahedral cavities. Thus, the interpenetrated structure
bears concave and convex tetrahedral cavities, which have free
diameters of ~13 and ~ 19 A, respectively.

FTIR spectroscopy, thermal and chemical stability

The FTIR spectra of the as-synthesized and activated 1 are
shown in Figure S6 in the Supporting Information. In both the
spectra, the asymmetric and symmetric stretching vibrations of
the coordinated H.,L ligand give rise to bands at 1600 and
1414 cm™, respectively.“®*”

The thermal stability of the Zr-MOF was evaluated by ther-
mogravimetric (TG) experiments. The results show that the ma-
terial is stable up to 270°C (Figure S8, Supporting Information).
The TG trace of as-synthesized 1 shows two weight loss steps
below 270°C. In the temperature range 25-120°C, the weight
loss of 5.1% is associated with the removal of twelve water
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Figure 1. Structure of 1 showing its two-fold interpenetrated framework.
The two independent frameworks are shown in blue and green. The O
atoms are displayed in red.

molecules per formula unit (calcd: 5.2%). From 120 to 200°C, a
weight loss of 10.9% is observed, which can be related to the
elimination of six DMF molecules per formula unit (calcd:
10.6%). From the TG curve of 1, the number of missing li-
gands per Zrg unit has been found to be 1.09 (Figure S9, Sup-
porting Information).”®

The chemical stability of the Zr-MOF was checked in water
as well as in NaOH and HCl solutions in the pH range of 1-12

at room temperature for 24 h. For this purpose, the XRPD pat-
terns of the compound were recorded after stirring in these
liquids. The MOF samples recovered by filtration after the
stirring, showed complete retention of crystallinity (Fig-
ures S10&S11, Supporting Information), suggesting high chemi-
cal stability of the framework structure.

Gas sorption characteristics

Nitrogen sorption experiment was carried out to determine
the BET surface area of activated 1. The BET surface area,
which was calculated from the adsorption isotherm (Fig-
ure S12, Supporting Information) in the p/p, range of 0.03-
0.10, was found to be 997 m?>g~". The micropore volume was
estimated as 0.55 cm®g™" at p/p, value of 0.51. The pore size
distribution plot (Figure S13, Supporting Information) revealed
the presence of a maximum at 6.4 A of half pore width, which
equals to the pore diameter of 12.8 A. Furthermore, CO, ad-
sorption analysis was carried out with the activated Zr-MOF at
0°C. The material showed a CO, adsorption capacity of
47 cm®*g™" at 0°C and 1 bar (Figure S14, Supporting Informa-
tion). The good CO, adsorption capacity of 1" could be attrib-
uted to the existence of open metal sites at the defect centers
which allows strong interactions with CO,.*

Photophysical properties

Material 1" shows both UV and broadband visible light absorp-
tion in the range from 200 nm to 600 nm (Figure 2a), which
makes it an efficient photocatalyst. This allows for promoting
the electrons of 1’ to an excited state upon visible-light irradia-
tion. Mott-Schottky plots were measured in three different fre-
quencies (500, 1000, 1500 Hz) where the flat band potential

Figure 2. (a) Diffuse reflectance UV/Vis spectra of 1" and H,L. (b) Plot of (ahv)? versus photon energy for 1'(direct allowed electronic transition) where we
assume the crystal momentum of electrons and holes are same in both valence and conduction band. (c) Cyclic voltammogram of 1" in water with scan rate
100 mVs™". (d) Mott-Schottky plots for 1 in 0.5m Na,SO, aqueous solution (pH 6.6).
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lies at ~—0.66 V vs. Ag/AgCl (—0.46 V vs. NHE). The positive
slope of the linear plot indicates the n-type nature for the sem-
iconductor catalyst and the flat band potential is considered to
be the bottom of the conduction band (LUMO)**" (Fig-
ure 2d). Further electrochemical study of 1’ (from cyclic vol-
tammogram, Figure 2¢) reveals the onset reduction potential
at —0.66 V versus Ag/AgCl (i.e., —0.46 V versus NHE), support-
ing the flat band potential. From the TAUC plot (Figure 2b) the
band gap energy of 1’ is calculated to be 2.09 eV and the va-
lence band (HOMO) is then measured as 1.63 V versus NHE.

Thus, it is theoretically possible to photochemically reduce
CO, to formate over the Zr-MOF as its LUMO lies below the re-
duction potential of CO, to formate (—0.28 V versus NHE).*
On the other hand, water can be easily oxidized to O,, as the
redox value for water oxidation is 0.81 V (versus NHE at pH 7),
which lies in between the HOMO and LUMO.

Photochemical CO, reduction in water

Photocatalytic reduction of CO, was conducted with 1’ (due to
its high CO, capturing ability) under both UV and visible light
irradiation. Remarkably, 1" exhibited significant photocatalytic
activity for CO, reduction and formic acid (HCOOH) is obtained
as the only reduced product, which was quantified by GC-MS
and high-performance liquid chromatography (HPLC). Further
cyclic voltammetric experiments were carried out where we
found a considerable shift and an increase in current density in
the redox couple which ensures the formation of new species
and the corresponding redox process is getting favoured
under CO, atmosphere (Figure 3a). A time-dependent study
showed a continuous increase of formate (HCOO™) over time

and a maximum 26 pmol of formate was produced in 16 h
under the ambient conditions (Figure 3b). No other reduced
gaseous or liquid product could be detected by GC-MS, which
suggests high selectivity towards CO, reduction products. Sub-
sequently, water was oxidized to form O, and the time-depen-
dent measurement was carried out (Figure 3d) by GC-MS and
YSI (Yellow Springs Instrument) dissolve oxygen meter (Clarke
electrode). It is notable that 9 pmol of O, was produced in a
reaction time of 16 h. The theoretical value of CO, reduced
product and O, production should be 2:1 for the coupled reac-
tion. However, it is difficult to match the exact ratio with the
theoretical value. But, in our reaction the yield of oxygen is
low, which may be because of the partial loss due the mea-
surement in Clarke electrode. Same experiment was repeated
with only ligand (H,L) where a mixture of reduced products
(HCHO and HCOOH) was obtained only when the sacrificial
electron donor (TEOA) was used. As shown in Figure 3b the in-
itial concentration of HCOOH was high as compared to the
produced HCHO however as the reaction proceed the concen-
tration of HCOOH in the reaction mixture diminishes with
marked increase in the concentration of HCHO showing the
possibility of HCOOH as a potential intermediate for the cata-
lytic conversion of CO, to HCHO. Also, the yields of the CO, re-
duced products are less in comparison with that of 1'. After
16 h of reaction time, ~11 pmol of HCHO and ~4 umol of
HCOOH was obtained (Figure 3b). The ligand did not partici-
pate in water oxidation reaction, which is evident from the CV
taken during the photocatalysis, in which there is no current
rise in the anodic region (Figure S15, Supporting Information).
The selective formation of HCOOH using 1" may be due to the
fact that the LUMO level is closer to the potential of HCOOH

Figure 3. (a) Cyclic voltammogram (CV) of CO, reduction reaction. The black line represents the CV plot before purging CO, whereas the red line denotes the
CV plot after purging CO, which shows considerable change in current density. (b) Time-dependent plot of products formation using 1'. (c) Plot of amount of
formic acid produced with different catalyst (1') loadings. (d) Time-dependent study of O, production using 1'. (e) Plot of amount of O, evolved with different
catalyst (1') concentrations. (f) pH-dependent study of formic acid production using 1'. N.B: The reaction was carried out in a quartz cuvette and kept in the
photoreactor under UV-light (150 W lamp, 4 =280-400 nm, illuminance 19 mWcm?). To perform controlled experiments, 20 mg of Zr-MOF and ligand were

taken in each case.
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formation and also owing to the presence of Zr**/Zr** couple.
The multi-redox Zr couple acts synergistically with the ligand
framework to assist the selective reduction of CO, to HCOOH.

In the case of 1, a detailed pH-dependent study was per-
formed. Both CO, reduction and water oxidation are proton-
dependent processes, so the overall reaction equilibrium de-
pends on the concentration of proton in the reaction medium.
Therefore, the pH of the reaction medium was varied within
the stability window of the catalyst to optimize the reaction
conditions and the maximum yield was found at pH 7 (Fig-
ure 3f). This result is in accordance with CV result where we
got maximum current for the solution at pH 7 (Figure S16,
Supporting Information). This fact was observed mainly be-
cause of the two proton-coupled opposite processes. Due to
the water oxidation process, the electrons released in the reac-
tion medium are transferred to the reaction sites, which are
further taken up for the CO, reduction [Egs. (1) and (2)]. These
facts imply that the maximum yield would occur at the inter-
mediate pH value. Then, the catalyst loading was varied up to
50 mg at pH 7. The amount of formate increased gradually
with increasing catalyst loading up to 50 mg and after that the
product formation became saturated with increasing catalyst
loading (Figure 3¢ and 3 e and Figure S17, Supporting Informa-
tion). This is may be due to limited solubility of CO, in water.
However, the observed aspect can be explained from the reac-
tion kinetics point of view. As, this reaction follows first order
kinetics (Figure 4a and 4d), it is logical to say that the product
formation gets saturated after certain point of time depending
on the condition.

2H,0 — O, +4H" +4e” (1)
CO, + 2H" +2e” — HCOOH (2)

No formic acid was detected when the reaction was carried
out in the dark, which implies that the reaction is a light-

(a) o[ ]
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o0 F| 214mHz |8
]
1
3 8 7 6 5 4 y y
s/ pom 84 B/s:pm 76
(c) (d)
H"coo
200 150 100 50 0 180 o %0 50
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Figure 4. (a) "H NMR spectrum of formic acid after solvent (H,0) suppression
method. (b) 'H NMR spectrum after 16 h of irradiation using *CO,

(c) *C NMR spectrum of the reaction mixture with *CO,. (d) *C NMR spec-
trum without proton decoupling after 16 h of irradiation.

driven process. After performing the reaction under light, the
product was detected in 'H NMR where a characteristic peak
for HCOO™ is found at 8.1 ppm (Figure 4a). Further, to confirm
the origin of HCOO™, isotopic *CO, was used in the photoca-
talytic reaction condition and the product was characterized
by *C NMR spectroscopy. We found the characteristic peak for
H-"*COO~ at 165 ppm (Figure 4c) This fact confirms that the
carbon present in the formate moiety is generated from
carbon dioxide. Also, a doublet ('Jo,=214 Hz) is observed at
8.1 ppm in "H NMR where the proton is coupled with "*C atom
(Figure 4b). From *C NMR (without proton decoupling) mea-
surement, the same coupling constant ("Joq,=214 Hz) is also
obtained (Figure 4d). Besides, a deuterium-labelling experi-
ment was conducted using D,0O as a solvent instead of H,O.
We found that the deuterium was incorporated into the for-
mate moiety, which was confirmed from mass spectrometry
(Figure S18, Supporting Information). As we get exchangeable
D in the reaction medium, it got incorporated during the for-
mation of formic acid and later we have obtained deuterium
incorporated ethyl formate after reaction with ethanol. Subse-
quently, isotopic H,0'® and H,0'® were used for finding the
source of oxygen in the reaction medium. We found oxygen in
the mass spectrum where all the oxygen species that is,
0'%0'%, 00" and 0O'™0' were present in the reaction medium
(Figure S19, Supporting Information). This result concludes that
the oxygen was produced by water oxidation reaction.

Photocatalytic CO, reduction by Zr-MOFs has been docu-
mented in several reports in which maximum yield of formic
acid obtained was 183.3 umol (Table 1). Here, we have ob-
tained maximum 345.6 umol/mmolyq of formic acid with con-
comitant water oxidation, which is significantly higher than all
the Zr-MOF catalysts reported for CO, photo-reduction
(Table 1). In this study, we have not used any sacrificial electron
donor like TEOA, and water itself acts as an electron donor to
produce O,. Thus, it is a coupled process of water oxidation
with CO, reduction, giving valorised CO, to formate and envi-
ronmentally benign oxygen as products.

Wavelength-dependent studies were performed to ensure
the role of induced light on the production of formic acid (Fig-
ure S20, Supporting Information). The reaction was carried out
under different wavelengths under same reaction condition.
The production rate of the product matches well with the
photon absorption capability of the Zr-MOF. It also confirms
that the reaction rate is induced with the incident radiation.

The catalyst could be reused up to 10 catalytic cycles and
the yield was almost same for those cycles (Figure S21, Sup-
porting Information). We have observed a decrease of 4 umol
of formic acid after ten cycles, which might be due to loss
after repeated filtration and re-suspension cycles of the cata-
lyst from the reaction medium.

Stability of the catalyst

The stability of the catalyst 1" during the photocatalytic reac-
tion was confirmed by electronic absorption and FTIR spectros-
copy. In the FTIR spectra of 1, the two bands at 1600 and
1414 cm ™" are associated to the in- and out-of-phase stretch-
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Table 1. Photochemical CO, reduction to formic acid by Zr-based MOFs.

Catalyst TOF [umolh™"mmolye: '] Catalytic Sites Composition Electron donor Ref.
H,N-UiO-66(Zr) 46.3 metal centre Zrs0,(0H),(L")s triethanolamine (TOEA) [39]
Mixed H,N-UiO-66(Zr) 734 metal centre Zrg0,(0H),(L",5(L2),, TOEA [39]
H,N-UiO-66(Zr,Ti)-120—116 719 metal centre Zr,Ti340,(0H),(L")s TOEA [38]
Zr-SDCA-NH 96.2 metal centre, ligand [Zrg0,(OH), (L] TOEA [52]
PCN-222 143.5 metal centre Zrg(13-OH)g(OH)4(TCPP), TOEA [26]
NNU-28 1833 metal centre, ligand Zrs0,(0H),(L3)s TOEA [40]
1 345.6 metal centre, ligand Zrs0,(OH),(L)¢ water this work

H,L' =2-Aminoterephthalic acid, H,L>=2,5-diaminoterephthalic acid, H,L* =4,4'-(anthracene-9,10-diylbis(ethyne-2,1-diyl))dibenzoic acid, H,L=4,4"-(anthra-
cene-9,10-diylbis(ethane-2,1-diyl))dibenzoic acid and H,TCPP = tetrakis(4-carboxyphenyl)-porphyrin.

ing of carboxylate group present in the ligand molecule (Fig-
ure S6, Supporting Information). The modes due to OH and CH
bending are mixed with the Zr—O modes (847, 759, 627 and
482 cm™') at lower frequencies. The catalyst showed similar
FTIR spectra before and after photocatalytic reaction (Fig-
ure 5A).

Similarly, the electronic absorption spectra of 1’ retained all
the absorption peaks before and after photocatalytic CO, re-
duction, which verified the stability of the catalyst (Figure 5B).

Scanning electron microscopy (SEM) images were recorded
for the Zr-MOF photocatalyst in water dispersion before and
after the reaction. The morphology was similar in both the
cases, which depicts that the catalyst can be reused for several
cycles (Figure 5C).

X-ray powder diffraction (XRPD) experiments were carried
out for the Zr-MOF before and after photocatalytic experi-
ments, in which it showed significant stability. All the Bragg
peaks after one cycle of photocatalysis were similar with the
activated materials 1'. There was some decrease in intensity of
the peaks after five cycles of photocatalysis, although the

Bragg peak positions were similar with 1’. However, after ten
cycles of photocatalysis, 1’ significantly lost its crystallinity and
the positions of Bragg peaks did not match with 1. These
XRPD results (Figure S10, Supporting Information) suggested
that the activated material 1 can be reused in the photocataly-
sis reaction for more than one cycle. N, sorption isotherms at
—196°C were collected with material 1’ after one and ten
cycles of photocatalysis. The BET surface areas of this material
after one, five and tenth cycles were found to be 745, 138 and
9m?g™!, respectively (Figures S22&S523, Supporting Informa-
tion). Thus, the material remained porous after the one photo-
catalytic experiment with slight reduction in porosity as com-
pared to the material before the photo-catalytic experiment
(Figure S12, Supporting Information). After ten cycles of photo-
catalysis, the material became non-porous.

Mechanistic pathway for the reaction

A plausible mechanism of the photocatalytic reduction path-
way is illustrated in Scheme 2. Periodic DFT calculations of the

Figure 5. (A) FTIR spectra of 1" before and after photochemical CO, reduction. (B) Electronic absorption spectra of 1" before and after reaction. (C) SEM images

of the aqueous dispersion of 1" before (a) and after (b) reaction.
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Scheme 2. lllustration of the photocatalytic route for CO, reduction using 1" and H,L.

HOMO-LUMO gap (cluster calculation) or the band gap (peri-
odic calculation) show that the frontier orbitals are exclusively
dominated by the m-mt* transitions of the organic ligand (Fig-
ure S24, Supporting Information). This fact can also be attribut-
ed to the similar band gap for both 1" and H,L ligand from
TAUC plot considering direct allowed transition. When ligand
(H,L) is photo irradiated (Scheme S2, Supporting Information),
it harvests light and gets photo-excited. The light-absorbing
property of the ligand is evident from the diffuse reflectance
spectra and EPR measurement where there was an enhance-
ment of the peak at ~336.5 mT with a corresponding g-value
of 2.005 (Figure S25, Supporting Information). The free elec-
trons present in the system (from TEOA donor) then reduce
carbon dioxide to HCHO and HCOOH. On performing time de-
pendent study, it is found that the amount of HCOOH domi-
nated over the yield of HCHO during the initial period of time.
As time progresses, the yield of HCOOH decreased with a con-
comitant increase in HCHO concentration (Figure 3b). The pro-
duction of HCHO with ligand may be due to the position of
LUMO level at a more negative value (—0.91V vs. NHE) as
compared to that of 1" (—0.46 V vs. NHE). As opposed to 1/,
water oxidation was not observed in the case of ligand possi-
bly due to the fact that the energy of HOMO level of the
ligand is less when compared to 1" which limits its ability to
oxidize water. Moreover, in a stepwise water oxidation mecha-
nism (shown in Supporting Information), it usually requires
two water (or hydroxide) ligand coordinated with a single or
two adjacent metal sites. Upon oxidation of these water (or hy-
droxide) ligands, the O—O bond could be formed in a con-
trolled fashion. Mechanistically, this seems only likely to occur
at a metal center, but not for the case of a neat organic ligand.
In the latter case the oxygen evolution reaction (OER) would
have to follow radical pathways and presumably the formation
of a putative OH* radical via H,0—OH*+e™ +H™ which is
energetically so unfavorable that it cannot occur in solution
with the photonic energy supplied. In addition, the freely dif-
fusing OH* radicals would quickly lead to oxidation of the or-
ganic ligand.

On the contrary, when the experiment was repeated using
Zr-based catalyst 1, HCOOH is obtained as the only reduced
product apart from oxygen, which is generated via oxidation

of water. The underlying mechanism can be explained as fol-
lows: The reaction is initiated with the photoexcitation of the
chromophoric anthracene moiety in 1'. Out of the photogener-
ated electron-hole pairs, the hole oxidises water to produce
oxygen and electrons. Unlike the free ligand (H,L), in 1’ there
is a possibility for the reduction of Zr** (d° to Zr*™ (d") using
the generated electrons. This process can also contribute to-
wards the oxidation of water to oxygen. The presence of Zr’*
during photo reduction was seen in EPR spectrum (Figure S26,
Supporting Information) with a new peak at g=2.009 corre-
sponding to the intervalence change of the Zr—O cluster due
to the LMCT process and the peak at g=2.003 is due to the
ligand. Later the Zr**™ species reduces CO, to HCOOH, getting
itself oxidised to a Zr**™ species, completing the catalytic cycle.
This reflects on the selectivity of 1" towards HCOOH produc-
tion with respect to H,L ligand where a mixture of products
was observed (Scheme 2). Further, we have investigated the
electron-transfer mechanism from Zr-oxo clusters of 1’ to solu-
ble CO, by XPS analysis (Figures S27-S29, Supporting Informa-
tion). In the Zr 3d spectra (Figure $28, Supporting Information),
the two peaks at 185.36 and 183.01 eV can be attributed to
the presence of Zr*" in the Zr-oxo clusters of 1’ before photo-
catalysis. After photocatalysis of 1', the binding energies of the
Zr-oxo clusters are slightly decreased (Figure S29, Supporting
Information), which indicates that Zr** ions are in partially re-
duced form. We know that the binding energy is related with
the valance charge of the ion. Therefore, the reduced binding
energies of the Zr-oxo clusters can be ascribed to the presence
of Zr'" ions where the Zr*" ion reduces CO, to formic acid
during the photocatalysis. This result is consistent with the EPR
analysis by which the formation Zr*" ions during the photoca-
talysis of CO, to formic acid were confirmed.

Steady-state PL emission spectra for both Zr-MOF and
Ligand shows significant PL emission quenching. This result
leads to the fact that the electron-hole recombination in the
whole photocatalytic process is considerably suppressed which
results in the excellent photocatalytic ability of Zr-MOF and
Ligand. The average lifetime of Zr-MOF and ligand are 1.9 ns
and 1.4 ns, respectively. The presence of three sizable compo-
nents in the excited state (44%, 25% and 29%) for Zr-MOF
result in the accumulation of the photogenerated electrons
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Figure 6. (a) Electronic absorption spectra of Zr-MOF in acetonitrile. In inset: PL emission of Zr-MOF under excitation at 350 nm (b) Electronic absorption spec-
tra of H,L in acetonitrile. In inset: PL emission of H,L under excitation at 410 nm. (c) Time-resolved PL kinetics for Zr-MOF recorded with excitation at 350 nm
and emission at 610 nm. (d) Time-resolved PL kinetics for H,L recorded with excitation at 410 nm and emission at 530 nm.

which later get transferred to the active site leading to CO, re-
duction. Similarly, two components with distinct lifetimes
(49%, 37 %) dictate the transfer of electrons to the active site
(Figure 6). Additionally, transient photocurrent response of Zr-
MOF shows higher current density as compared to the H,L de-
picting excellent charge separation of the charge carriers (Fig-
ure S39).

The main intrinsic factor in this whole catalytic process is
the coupling of CO, reduction with water oxidation. Due to
the water oxidation the generated electron accelerates the CO,
reduction process which is believed to driven by water oxida-
tion reaction. This can be explained form the results of CO, re-
duction where both ligand and Zr-MOF were employed as cat-
alysts. In the case of ligand, the CO, reduction process pro-
ceeds only by the addition of external sacrificial electron donor
(TEOA) which also limits its product yield since the coupling
process is absent here. On contrary, in the case of Zr-MOF, the
CO, reduction process is coupled with water oxidation. Owing
to this coupling higher yield of CO, reduced product is ob-
tained.

The main advantage using water as sacrificial electron donor
is that it produces oxygen as the only by-product whereas the
use of TEOA as a sacrificial electron donor, produces organic
byproducts which may interfere with the reduction process.

Conclusions

We have reported both visible and UV light photo-reduction of
CO, coupled with water oxidation by an anthracene-based Zr-
MOF catalyst with high selectivity and significant production
rate of 81.25 umolh~'g™' for CO, reduction of formic acid. The
selective formation of formic acid of Zr-MOF over ligand may

be due to the change in the frontier orbital energy. The good
CO, adsorption capacity might allow the Zr-MOF to interact ef-
ficiently with CO, to produce formic acid in ambient reaction
conditions without any sacrificial electron donor. The com-
bined effect of the Zr-oxo cluster and the organic anthracene-
based ligand enables the coupling of CO, reduction with water
oxidation. The present study highlights mainly the incorpora-
tion of a light-harvesting anthracene moiety with Zr" ion,
which shows photocatalytic behaviour towards CO, reduction-
coupled water oxidation. The work could open up new ave-
nues of water oxidation coupled with CO, reduction with
porous framework materials.

Experimental Section
Materials and general methods

All reagents were received from commercial suppliers. Methyl 4-vi-
nylbenzoate was synthesized according to the reported proce-
dure.”>*¥ The synthesis and characterization (Figure S31-S36) of
the H,L ligand are given in the Supporting Information.

Electronic absorption spectra (EAS) were recorded using a Jasco V-
670 spectrophotometer. The spectra were collected for 1" and H,L
before performing photocatalysis. FTIR measurements were per-
formed by the KBr pellet technique. Initially, a pellet was prepared
from the mixture of KBr and the sample. FTIR spectra were record-
ed by using a PerkinElmer Spectrum RX1 or a PerkinElmer Spec-
trum Two spectrometer with FTIR facility in the range 4000-
400 cm". A Mettler-Toledo TGA/SDTA 851e thermogravimetric ana-
lyzer was used for performing the thermogravimetric analyses in
the temperature range of 25-700°C with a heating rate of
10°Cmin~' under air atmosphere. The X-ray powder diffraction
(XRPD) patterns were collected with a Bruker D2 Phaser X-ray dif-
fractometer working at 30 kV, 10 mA for using Cuy, (A=1.5406 A)
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radiation. A Zeiss (Zemini) scanning electron microscope was uti-
lized collecting the Field Emission—Scanning Electron Microscopy
(FE-SEM) images. A JEOL, Model:2100F Field Emission Transmission
Electron Microscope (FETEM) was utilized collecting the high-reso-
lution images. The SEM images were recorded with a SUPRA 55
VP-41-32 Scanning Electron Microscope and analysed by using the
Smart-SEM version 5.05 Zeiss software. The samples were prepared
by drop casting very dilute dispersions onto silicon wafers and
drying in dust free area. The argon sorption isotherms were mea-
sured by employing Quantachrome Autosorb iQ-MP and Quan-
tachrome Autosorb 2QDS-30 gas sorption analyser at —196 °C. The
CO, adsorption experiments were carried out with a Belsorp Max
instrument combined with a BELCryo system at 0°C. The samples
were degassed under high vacuum at 120°C for overnight before
the gas sorption measurements. PAR model 273 potentiostat was
used for the cyclic voltammetry (CV) experiment. A platinum wire
auxiliary electrode, a glassy carbon working electrode with surface
area of 0.0616 cm” and an aqueous Ag/Ag’ reference electrode,
which was filled with 0.1 M KCl solution, were used in a three-elec-
trode configuration. All the measurements were performed at
25°C in an inert atmosphere. The collection of the mass spectra
was accomplished by using an Agilent 6520 Q-TOF high-resolution
mass spectrometer (HR-MS). By employing a Bruker AM 600 spec-
trometer; the '"H NMR spectra were measured for Ligand and cata-
lyst characterization. The CO, reduced products were characterized
by '"H NMR and "CNMR. In 'H NMR, solvent suppression method
(water; presaturation method) was used and taken in 400 MHz Jeol
NMR Spectrometer and coupling experiments were done in
500 MHz Bruker NMR Spectrometer.

Synthesis of [Zr¢0,(0OH),(C5,H,00,)s]-6DMF-12H,0 (1)

In a Pyrex tube, a mixture of ZrOCl,-8H,0 (17 mg, 0.053 mmol), H,L
ligand (25 mg, 0.053 mmol), acetic acid (181 pL, 1.58 mmol) and
DMF (3 mL) was placed. The mixture was sonicated for 20 min at
room temperature. Then, the mixture was heated at 70°C for
120 h to give a yellow solid. The solid was filtered off, washed with
copious amount of acetone and then heated in an oven at 70°C
for 5 h. Yield: 21 mg (0.0052 mmol, 59%) based on the Zr salt. IR
(KBr): 7=3643 (w), 3042 (w), 2200 (w), 1650 (w), 1596 (s), 1533 (m),
1409 (s), 1170 (m), 762 (m), 636 (s), 466 cm™" (w).

Rietveld refinement

The XRPD pattern was measured in reflection geometry using Cuy,
radiation, and could be successfully indexed using TOPAS academ-
ics® with a cubic F-centered cell (a=39.224(3) A, extinction condi-
tions suitable for space group Fd3 (no. 203). The cell parameters
and the space group symmetry thus agree well with the ones of
PIZOF-2 (Fd3m, a=39.8144(11) A).“9 A suitable model was devel-
oped by converting the crystal structure of PIZOF-2 into a hypo-
thetical structure exhibiting Fd3 symmetry using Powdercell®® in
the sequence Fd3m—Fd3. This transition is also necessary since
the linker molecule in PIZOF-2 has a central mirror plane while the
linker molecule discussed herein does not exhibit such symmetry.
The hypothetical structure was further changed imposing the in-
dexed cell parameters and converting the linker molecule to the
employed one and subsequently optimized by force-field calcula-
tion using the universal force field as implemented in the Materials
Studio software.”” An attempted full Rietveld refinement of this
model was not possible which we attribute to the conformational
flexibility of the linker molecule, the large unit cell and also the
low number of reflections above 20° (26). Nevertheless, refining
only the position of the Zr-atoms and modelling residual solvent

molecules by oxygen atoms inside the pores gives an excellent
agreement with the experimental data. These guest atoms (Gn)
should be considered placeholders for any kind of solvent mole-
cules. Some relevant parameters for the modelling are summarized
in Table S2 (Supporting Information). The final Rietveld plots are
shown in Figure S2 (Supporting Information).

General reaction procedure of photochemical reduction

Photocatalytic CO, reduction reactions were carried out as follows.
Desired amount of catalyst (1') is taken in a quartz shell containing
10 mL of degassed double-distilled water and sonicated for 6 h.
Sonication is a very important step because it helps in attaining
uniform dispersion of 1’ in water solvent. The sonicated reaction
mixture was sealed and CO, gas was purged for 2 h to saturate the
solution. Then, the reaction mixture was taken in a Quartz cuvette
and kept in the photoreactor under UV-light (150 W lamp, 1 =280~
400 nm, illuminance- 19 mWcm™) and also repeated under Visible
light (A=420-600 nm, illuminance-67 mWcm?) for various inter-
vals of time maintaining the flow rate at 1.5 sccm at 25°C. Next,
we performed cyclic voltammetry (CV) experiments with the reac-
tion mixture using 0.1 (M) KCl as an electrolyte in a potential range
of +2V to —2V with respect to Ag/AgCl reference electrode in a
standard three-electrode system. The reference electrode was filled
with 0.1 (M) KCl solution. During the reaction, oxygen also evolved
from the reaction mixture, which was confirmed and quantified
from gas chromatography-mass spectrometry (GC-MS) technique
and Clarke electrode.

All reaction samples were monitored by HITACHI—HPLC system
equipped with binary 2130 pumps, a manual sampler, and 2490 re-
fractive index detector, maintained at 50°C. The products were
separated in sugar ion-exclusion column, (250x4.8 mm) main-
tained at 60°C using water as mobile phase with 0.8 mLmin™
flow rate. The HPLC system was controlled and processed by
Inkarp software. Standard formic acid and formaldehyde solutions
were prepared in milli-Q water before analysis to prevent the over-
loading of the column. All the experiments were conducted in trip-
licates and the average values were reported within the standard
deviations of <2.0%. Afterwards, 20 uL reaction mixture was taken
out and further diluted with 10 mL double-distilled water. The
high-performance liquid chromatography (HPLC) measurement
was performed by injecting the above diluted reaction mixture in
carbohydrate column with an external standard, i.e., 0.1 (M) formic
acid solution. By using this technique, we confirmed the presence
of formic acid in our reaction mixture. The quantitative measure-
ment of formic acid was performed by the HPLC experiment.

The products were identified and analysed using a Trace 1300 GC
and I1SQ QD single quadruple GC-MS instrument with a TG-5MS ca-
pillary column (30 mx0.32 mmx0.25 um) supplied by Thermo
Fisher Scientific, India. The gas samples were detected using Car-
boPLOT 007 (25 mx0.53 mm x0.25 um) in TCD detector.

To detect the oxygen evolved from the reaction, we first calibrated
the YSI dissolved oxygen meter with degassed water. For this pur-
pose, we first bubbled N, gas into the water for 2 h and then put
YSI dissolve oxygen meter into this water and recorded the
amount of oxygen present in it. Next, we took our reaction system
that is, photo-illuminated sample and put dissolved oxygen meter
into our reaction system and recorded the amount of oxygen pres-
ent in the reaction system. From the difference of oxygen reading
in YSI dissolved oxygen meter, we have calculated the oxygen
formed in the reaction.

Supporting Information: PXRD patterns, FE-SEM images, HR-TEM
images, EDX spectrum, FTIR spectra, Raman spectrum, TG traces,
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chemical stability, N, sorption isotherms, CO, isotherm, photocata-
lytic studies, EPR, XPS, synthesis of ligand, Mass spectrum, NMR
spectrum.
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