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Supramolecular interaction of molecular catalyst on a polymeric
carbon nitride photoanode enhances photoelectrochemical
activity and stability at neutral pH

Sanjit Mondal,*®! Martina Salati,*®'!9 Marco Nicaso, ! Josep Albero,'¥ Mireia Segado-Centellas,
Michael Volokh,?! Carles Bo,*®! Hermenegildo Garcia,¥ Marcos Gil-Sepulcre,*!  Antoni
Llobet, *®Mle] Menny Shalom*!!

Polymeric carbon nitride (CN) emerged as an alternative, metal-free photoanode material in water-splitting
photoelectrochemical cells (PEC). However, the performance of CN photoanodes is limited due to the slow charge separation
and water oxidation kinetics due to poor interaction with water oxidation catalysts (WOCs). Moreover, operation under
benign, neutral pH conditions is rarely reported. Here, we designed a porous CN photoanode connected to a highly active
molecular Ru-based WOC, which also acts as an additional photo-absorber. We show that the strong interaction between
the m-system of the heptazine units within the CN to the CH groups of the WOC’s equatorial ligand enables a strong
connection between them and an efficient electronic communication path. The optimized photoanode exhibits a
photocurrent density of 180 + 10 pA cm=2 at 1.23 V vs. reversible hydrogen electrode (RHE) with 89% Faradaic efficiency for
oxygen evolution with turnover numbers (TONs) in the range of 3300 and turnover frequency (TOF) of 0.4 s, low onset

potential, extended incident photon to current conversion, and good stability up to 5 h. This study may lead to the

integration of molecular catalysts and polymeric organic absorbers using supramolecular interactions.

Introduction

Polymeric carbon nitride (CN) has gained significant interest as
a low-cost and benign photoanodic material for water-splitting
photoelectrochemical cells (PEC).7 However, low charge
separation and transfer efficiency and slow water oxidation
kinetics hinder the photoactivity and PEC performance of CN
photoanodes.812 Moreover, a pristine CN photoanode is prone
to degradation due to the moderate oxygen evolution reaction
(OER), which leads to hole accumulation and self-oxidation of
the CN layer.813.14 Therefore, low Faradaic efficiencies (FE)
towards molecular oxygen and poor stabilities are usually
observed. A common approach to overcome the sluggish OER
kinetics in PEC is introducing a co-catalyst, which acts as hole
sink and catalytic site for OER.’> In recent years, only few
reports have shown that heterogenous metal oxide-based co-
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catalysts can improve the CN photoanode activity towards
OER.1518 Unlike metal oxide-based photoanodes (BiVO,, Fe,0s3),
most known co-catalyst deposition methods did not lead to a
successful enhanced oxygen production on a CN-based
photoanode.1?24 The poor hole transfer from the CN to the co-
catalyst may stem from the insufficient interaction between the
materials, although it is still not fully understood. Moreover, CN
and many heterogeneous OER electrocatalysts based on oxides
work efficiently only in alkaline conditions.81> Consequently,
the performance of CN photoanodes in a neutral electrolyte
medium is relatively poor.2>26 There is an allure in achieving
water-splitting PEC under neutral conditions as it offers gentler
operating conditions than alkaline or acidic environments.
Highly performant and robust molecular catalysts have been
developed recently for the water oxidation reaction, mainly
based on Ru complexes containing the so-called FAME (flexible,
adaptable, multidentate, equatorial) ligands that achieve high
turnover numbers (TONs) and turnover frequencies (TOFs), with
the [Ru'(tda-k-N30)(py).] (Ru-tda, where tda?- is [2,2:6',2"-
terpyridine]-6,6"-dicarboxylate and py is pyridine) being one of
the best examples.?722 The well-defined nature of these
catalysts, together with the capacity to
spectroscopically characterize intermediates, have prompted a
remarkable development of water oxidation catalysts (WOCs).30
In addition, the capacity to functionalize the ligands that are
bonding the metal center, offers a wide variety of anchoring

molecular
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Scheme 1. Procedure for the preparation of CNy, film and the anchoring of the Ru;s oligomer to generate the hybrid material CNyy—Rujs.

strategies.31-3> Recently, we have developed the oligomeric
derivative of the Ru-tda catalysts, using 4,4’-bpy as bridging
ligands to form [Ru(tda)(4,4'-bpy)lis(4,4'-bpy) (Ruis).3* The
latter has the capacity to generate a large number of CH-=nt
interactions with graphitic surfaces, generating robust hybrid
materials for the efficient oxidation of water in heterogeneous
phase.

In the present work, we explore the capacity of the Rus
catalyst to interact with the m system of the heptazines,
constituting the repeating unit of the CN material, via the CH
groups of the tda ligand and generating a monolayer of well-
defined molecular catalyst on top of the CN surface. The CN
synthetic procedure is chosen to form a porous layer with good
adhesion to the conductive substrate (i.e., fluorine-doped tin
oxide, FTO), allowing exploration of the co-catalyst role on an
FTO/CN/Russ photoanode. This should provide the needed
electronic communication between the co-catalyst and the light
absorbing material, leading to a superior performance of the
hybrid material constituted by Russ and the CN.

Results and discussion

The fabrication process of a porous CN film over FTO-coated
glass as the substrate is illustrated in Scheme 1. Thiourea and
melamine were used to prepare CNry photoanodes using a two-
step method involving dipping and thermal treatment. The
anchoring of the Rujs oligomer into the CNm film was
performed by dipping the CNmw electrode in a solution
containing 1 mg of Russ in 10 mL of 2,2,2-trifluoroethanol (TFE),
for 20 min. Afterward, the electrode was removed from the
solution and rinsed with TFE to generate the hybrid material,
CNtm-Ruis. Further experimental details are given in the
Supporting Information. The interaction of the Russ oligomeric
water oxidation catalyst with the surface of the CN film occurs
via CH-= interaction, as we have previously described in the

2 | Chem. Sci., 2024, 00, 1-3

case of graphitic surfaces.3436 In order to further characterize
this interaction and visualize it, we have carried out DFT
calculations with a low molecular weight model system that
involves a 10 heptazine units (164 atoms: 60 C, 86 N, and 18 H)
molecule for the carbon nitride, labelled as CNgedq, and a
dinuclear Ru complex {[Ru(tda)(py)]>(n-4,4'-bpy)]} labeled as
Ruy, to form CNged-Ruz (See Fig. 1, Fig. S14-S22 and Tables S4—
S7%). Structural combinations of the two units were explored,
including aqueous solvent effects, yielding, for the most
favorable case, a stabilization energy of 12.7 kcal mol-1 per Ru
center, which would imply 190.5 kcal mol-! for the entire Russ
oligomer with CNtm. This large stabilization energy is due to CH—
T interactions between the CH aromatic groups of the tda
ligands bonded to the Ru center and the 1t -system of the CNRgeg
surface.

XRD (X-ray diffraction) and FTIR (Fourier-transform infrared)
spectroscopy were used to investigate the structural and
functional properties of the films. The CNtm material exhibits
two characteristic diffraction signals at 13.0° and 27.4°, which
can be assigned to (100) and (002) planes, respectively,
representative of the interplanar spacing and the conjugated
aromatic system (Fig. 2a) in a heptazine-based CN.37:38 Upon the
incorporation of the Rujs oligomeric catalyst, the XRD pattern
remains unchanged, underlining the structural stability of CNtm
films. The FTIR spectra of CNtym and CNtm-Russ films show the
typical peak at 805 cm~1, which corresponds to the breathing
mode of triazine units present in the sample (Fig. 2b).
Additionally, stretching modes of CN heterocycles were
observed between 1200 to 1600 cm™1, with specific vibrations
at 1400 and 1633 cm™ in the CNym film. Upon loading of Russ
catalyst onto the CNyv film, the stretching modes of the CN
heterocycles are found to be 1394 and 1625 cm™L. The broad
band observed between 2980 and 3500 cm™ in the spectra is

This journal is © The Royal Society of Chemistry 2024

Page 2 of 9


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04678a

Open Access Article. Published on 13 2024. Downloaded on 18-09-2024 10:19:57.

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

Chemical Science

L

ciencer: =l

ARTICLE

View Article Online

DOI: 10.1039/D4SC04678A

DOS

I T T T

43 42 41 40 @ 8 7 8
E (V vs NHE)

Fig. 1 (a) Side and (b) top views of the DFT calculated model of CNgeq—RuU,. (c) Top and (d) side views of optimized structure consisting of two layers of heptazine units (CNged)2

interacting via -t stacking interactions. (e) Density of States diagram for (CNgeg)2-

attributed to either NH; groups or surface-adsorbed water
molecules.38 Additionally, 'TH NMR, XRD, and FTIR data of the
Russ oligomer are provided in Fig. S1t.

The modification of the CNtw film with Ruis oligomer has
caused a visual change in the electrodes (Fig. 2c), which
translates in the presence of a new broad band at
approximately 480-550 nm, associated with metal to ligand
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Fig. 2 (a) XRD of CNyy and CNyv—Rugs films over FTO-coated glass. (b) FTIR spectra
of CNym and CNv—Rugs films. Spectra are vertically offset for clarity. (c) Digital
photographs of CNpy and CNyy—Ruys photoelectrodes on FTO. (d) UV-vis DRS of
CNpy and CNyv—Rugs films. Inset is the Schematic representation of the electronic
band structure of CNyy and CNyw—Ru;s (on the normal hydrogen electrode (NHE)
scale) determined using the XPS-VB position and the optical £ calculation. (e)
Photoluminescence emission spectra (excitation wavelength 370 nm) of CNyy and
CNryv—Ru;s films.

This journal is © The Royal Society of Chemistry 2024

charge transfer (MLCT) band for the Ru complex, as can be
observed in the diffuse reflectance spectrum (DRS) in Fig. 2d,
and is comparable to the one visible in the UV—vis spectrum of
Russ (Fig. S2t).

The direct optical bandgaps (Eg) of the CNtm and CNtm—Russ
films are 2.61 and 2.50 eV, respectively (Fig. S3t). Valence band
X-ray photoelectron spectroscopy (VB-XPS) discloses a more
positive VB energy (Evs) position for the CNrm—Russ films of 2.17
V vs. NHE with regard to that of bare CNtm which gives a value
of (1.97 V vs. NHE) and thus a better thermodynamic driving
force for the former (Fig. S41).1038 Finally, the corresponding
conduction band energy (Ecg) of the CNtm and CNrv—Russ films
are —0.64 and —0.33 V vs. NHE, respectively (inset of Fig. 2d for
the energy diagram).

The electronic properties of the CNrw material were also
analyzed based on TD-DFT calculations. A single sheet of CNged
made out of 10 heptazine units gave a band gap of 3.25 eV.
Interestingly, a two-layer of heptazine units (CNged)2 interacting
via rm—mt stacking, as shown in Fig. 1, gives a band gap of 2.62 eV
closely matching the experimental value (2.61 eV), thus
manifesting the importance of the delocalization of the electron
density on the 2D network along with the m—m stacking
interactions among the different layers to properly describe
carbon nitride type of materials.

Photoluminescence (PL) spectra are significantly different in
the presence and absence of the Ruis as can be observed in Fig.
2e, where the intensity of the prominent emission peak at 450
nm in the CNry—Russ is partially quenched compared to pristine
CNmm, suggesting the presence of an alternative non-radiative
recombination path.39.40

SEM images of the CNtwm (Fig. 3a) indicate a porous sheet-
like morphology with good adhesion to the FTO substrate with

Chem. Sci., 2024, 00, 1-3 | 3
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Fig. 3 (a) SEM image showing the morphology of the upper surface of the CNqy electrode. (b, c) Cross-sectional SEM images of CNyy electrodes at different magnifications. (d,

e, f) Top-view of CNyy—Ruys at different magnifications. (g,
spectrum of a CNyy—Ru;s film.

h) Cross-sectional SEM images of CNyy—Ru;s electrodes at different magnifications. (i) High-resolution Ru 3p XPS

a thickness of 40-50 um. The CNrm—Russ film images (Fig. 3d—f)
suggest the preservation of the porous sheet-like morphology,
with a rough surface. The cross-section analysis (Fig. 3g—h)
indicates an intimate contact between the film and substrate
with film thickness similar to that of the CNtm film. Energy
dispersive X-ray spectroscopy (EDS) confirms the presence of Ru
in the CNtm—Ruys film (Fig. S51). Moreover, the morphology of
the CNrm—Russ sample was examined using a high-angle annular
dark-field scanning transmission electron microscope (HAADF-
STEM), revealing the layered structure of the CN (see Fig. S67).
EDS mapping further confirms the presence and distribution of
the Russ oligomer over the CN surface (Fig. S7t).

X-ray photoelectron spectroscopy (XPS) confirms the
successful loading of Ruis on CNy film, showing the presence
of C, N, and Ru in the CNy—Russ film (Fig. S8at). The high-
resolution XPS C 1s spectrum of CNym film (Fig. S8bt) exhibits
three peaks centered around 284.7 and 288.3 eV, assigned to
C=0 groups, sp?2 C—C bonding, and N—C=N bonding in the triazine
units of carbon nitride, respectively. The high-resolution N 1s
XPS curve shows three deconvoluted peaks attributed to C—

4 | Chem. Sci., 2024, 00, 1-3

N=C, N—(C)s;, and C—N-H, bond, respectively (Fig. S8ct).394142
The deconvolution of the C 1s spectrum of the CNrm—Ruis
sample reveals six peaks. The additional three peaks are
ascribed to C—C=C (sp?), N(sp?)—C, and Ru 3ds,, (overlapping
with C 1s), respectively, originating from the Ru-oligomer (Fig.
S8bt). The N 1s spectrum of CNrvm—Ruis shows five
deconvoluted peaks, where the additional two peaks are
centered at 397.4 and 399.2 eV and originate from the Ru-
oligomer (Fig. S8ct). High-resolution S 2p spectrum (Fig. S8d)
shows the peaks centered at 167.9 and 169.6 eV, ascribed to an
S—H bond (S 2ps3/2 and S 2py,, respectively) in the CN film, which
was prepared using a thiourea precursor as the S source.

Itis noteworthy that the peaks related to C-N=C, N—(C)s, and
C—N-Hx bonds stemming from the carbon nitride have shifted
to higher binding energies after modification with Ruis due to
the Ru oligomer/CN interaction. The high-resolution XPS Ru 3p
spectrum of CNtm—Rus1s film displays peaks in the 485-460 eV
range, attributed to the presence of Ru(ll) species (Fig. 3i).43
Finally,  inductively-coupled plasma optical emission
spectroscopy (ICP-OES) elemental analysis for the CNtm—Ru1s

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Linear sweep voltammetry (LSV) of CNyy and CNy—Ru;s electrodes (phosphate buffer, pH 7) in the dark and under 1 sun illumination. (b) Chronoamperometry

(current densities vs. time) of CNyy and CNyv—Russ electrodes in phosphate buffer (pH 7) at 1.23 Vgye upon on/off 1 sun illumination. (c) Incident photon-to-current
conversion efficiency (IPCE) of the CNyy and CNyw—Ruys film at different wavelengths (280-650 nm) in a phosphate buffer solution (pH 7) at 1.23 Vgye. (d) Stability
measurement (current density under continuous 1 sun illumination) of CNyyand CNpy—Ru;s electrodes in phosphate buffer (pH 7). (e) Nyquist plot of CNty and CNyv—Ru;s
films (fitted data shown). As an inset, the equivalent circuit used for fitting is shown, including a Warburg diffusion element (W): the R value was obtained by fitting the

semicircles of the Nyquist plots. (f) Cathodic and anodic charging current densities of CN films at 0 V vs. Ag/AgCl as a function of scan rate. (g) Transient absorption spectra
of CNym (blue triangles) and CNyw—Ruys (orange hexagons) dispersions in MeCN and acquired at 250 ns. (h) Transient absorption decays of CNyy (blue) and CNyv—Ru;s

(orange) dispersions in MeCN, monitored at 650 nm. The measurements were performed upon laser excitation at 355 nm under N, atmosphere. The CNy and CNyy—Ru;s
dispersions’ UV-vis absorption was adjusted at identical values at the excitation wavelength (355 nm).

samples gives 6.5 pug of Ru per g of sample, that implies 64.3
nmols of Ru per g of CNrm—Russ (See Table S17).

PEC measurements of CNrm and CNrm—Ruis films were
investigated in a three-electrode system under simulated 1 sun
illumination in a NaH,PO4/Na;HPO, buffer solution (pH 7, ionic-
strength 0.1 M) as a supporting electrolyte. Linear sweep
voltammetry (LSV) curves (Fig. 4a) of CNtm and CNym—Russ films
demonstrate a typical PEC behavior, with an onset potential of
0.55 V vs. RHE. Chronoamperometry measurements at 1.23 V
vs. RHE (Fig. 4b) reveal that the incorporation of Russ leads to
an improvement in the photocurrent densities of about 40%,
from 130 = 8 pA cm~2 for the CNqm film to 180 + 10 pA cm~2 for
the CNtm—Ruys film both at an Eapp = 1.23 V vs. RHE. This
improvement is attributed to the synergy between the CNm

This journal is © The Royal Society of Chemistry 2024
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and Rujs anchored on the surface by CH-m interactions,
facilitating charge transfer and separation and the additional
capacity of Ruis to efficiently catalyze the water oxidation
reaction.

The measured incident photon-to-current conversion
efficiency (IPCE) of CNym and CNu—Ruis films at several
illumination wavelengths ranging from 280 to 650 nm is
displayed in Fig. 4c. The IPCE values are in good agreement with
the absorption spectra of the films. The IPCE value of CNtm—Russ
film (6.7%) is higher than that of the CNym film (5.8%) at 370 nm.
In addition, the IPCE measurement reveals that CNtm—Russ film
is photoactive at longer wavelengths, up to ~550 nm (inset of
Fig. 4c), mainly due to the contribution of the Russ (Fig. S27).

Chem. Sci., 2024, 00, 1-3 | 5
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Fig. 5 (a) Chronoamperometry (current densities vs. time) of CNyy and CNyv—Ruys electrodes in phosphate buffer (pH 7) at 1.23 V vs. RHE under illumination using 510 nm
band-pass filter (FWHM 10 nm). Calculated major contributions for electronic transition.

Notably, the incorporation of Rujs into the CNpm film
significantly enhances the long-term stability. As shown in Fig.
4d, CNtm—Russ films in a neutral pH medium retain ~35%
photocurrent density even after 5.5 h. In sharp contrast, the
CNmm film completely loses its photocurrent density (~96%)
within 2 hours. Importantly, O, measurements indicate that
most of the current is attributed to oxygen evolution and not to
the self-oxidation of the CN layer. The CNtm—Russ generates O
with a rate of 0.014 umol cm=2 min~! (Fig. S9t) with Faradaic
efficiency (FE) up to 89% after 20 min. Overall it implies a TON
over 3000 after 5 h and a TOF of 0.4 s™1 (Table S2t).

A comparison table for the PEC performance using metal
oxides as WOCs co-catalyst with CN-based film is given in Table
S3t. It is worth mentioning that the molecular hybrid material
is superior in terms of FE for O, generation. It is also important
to mention here that the amount of used Ru is in the range of
micrograms of Ru per g of sample. This generally implies a
loading of catalyst 4 to 6 orders of magnitude lower3435 than
related examples using Co, Ni, or Fe oxides.*44>

The CNrm—Rujs film after the stability experiment was
examined using PXRD, XPS and SEM (Fig. S10t), revealing
minimal alterations in the film's structure and morphology. The
improved durability of the CNtm—Russ film is associated with
better charge separation and the high OER catalytic activity of
the Rujis. We analyzed the charge transfer kinetics behavior of
CNtm and CNty—Russ films using electrochemical impedance
spectroscopy (EIS) and transient absorption spectroscopy (TAS)
to elucidate the activity improvement. The EIS experiments (Fig.
4e, Fig. S11t) disclosed lower charge transfer resistance (Rt =
250 kQ) for CNym—Russ film than for CNty alone (470 kQ),
implying better hole transfer to the solution. An increased
electrochemically active surface area (ECSA) is shown in Fig. 4f
and S12t, indicating more active sites for water oxidation after
modification with Russ oligomer.

TAS measurements of CNym and CNym—Ruys dispersions in
MeCN upon 355 nm laser excitation further confirmed the

6 | Chem. Sci., 2024, 00, 1-3

improved photo-induced charge transfer kinetics in the
presence of the Ruis. The TA spectrum of CNrm (Fig. 4g) exhibits
a negative feature up to ca. 525 nm, due to the bleaching of the
ground state absorption of CNtm. The detected positive signal
from 525 to 750 nm indicates the presence of excited states
absorbing in the visible region, as previously reported for
related CN materials. The TA spectrum of CNrm—Ru1s presents
similar features with higher signal intensity. Still, it exhibits an
extended transient absorption in the NIR region (750-800 nm)
due to the Rujs incorporation. It is worth noticing that the
increase in the positive signal intensity for CNrm—Ruis is
proportional to an enhancement in photo-induced charge
carriers, in good agreement with the photocurrent and IPCE
measurements, indicating a more efficient charge separation in
CNtm—Ruis compared to CNpm. These positive signals are
attributed to photo-generated electrons in CNtm and CNtwy—
Ruis. Hole quenching experiments using MeOH as a sacrificial
electron donor (Fig. S13t) confirm that the electrons are the
main charge carriers detected in these experimental conditions.
The TA decays of CNtm and CNtwm—Ruys at 650 nm (Fig. 4h)
reveal an almost one magnitude order longer electron half-
lifetime of the CNtm—Ru1s (1.60 us) vs. CNtm (0.24 ps) thanks to
a better charge separation and thus lower recombination rates.
This agrees with the mechanism proposed in Equations 1-3:

[CNtm—Russ] + hv — [CNtm—Russ]* (excited state) (1)
[CNtm—Ruis]1* — [TCNtm—Ru3s*] (charge separated state) (2)

4[-CNtm—Ruis*] + 2H20 — 4[CNtm—Ruis] + Oz + 4H* + de-
(WOR) (3)

where the introduction of supramolecularly-bonded Ru;s on the
CNrm layer results in an enhanced charge separated state
(Equation 2), mainly thanks to fast hole extraction from the
CNmm to the Russ, followed by water oxidation reaction (WOR)
(Equation 3). The final assembly is thus overall leading to better

This journal is © The Royal Society of Chemistry 2024
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photoactivity at longer wavelengths and better electron
collection.

Furthermore, additional photocurrent measurements were
performed using 510 nm band-pass filter (FWHM 10 nm) for
both the electrodes as presented in Fig. 5a, showing a
photocurrent enhancement of approx. 3.2 times higher in case
of CNrm—Ruzs compared to CNrw due to the presence of the
molecular catalyst. This points out the behavior of the Russ as
both light absorber and catalyst.*¢ To gain some insights on the
processes occurring upon light excitation of the system, we
computed the absorption spectra by means of TD-DFT of the
model hybrid CNgea—RU2, and the results are shown in Fig. 5 and
Fig. S14-S22t. Two transitions are displayed in the figure, one
at 562 nm (Fig. 5b) that is mainly intramolecular involving the
Ru catalyst, which later on can further transfer an electron to
the valence band of the CNgeg moiety, resembling the typical
Gratzel’'s dye-sensitized solar cells based on TiO, and
[Ru(bpy)s]?*.4748 A second excitation at 517 nm, shown in Fig.
5c, would involve a direct charge transfer from the Ru center
into the valence band of CNgeg.

Conclusions

In this work, we introduced a new molecular hybrid material
CNtm—Ru3s based on the anchoring of a highly active molecular
water oxidation catalyst on CNtm photoanode. The successful
deposition of Rujs oligomer on polymeric carbon nitride
photoanodes (CNtm) through CH-mt interactions enables good
photoelectrochemical water-splitting activity at neutral pH,
enhanced long-term stability and high FE (> 89%) for oxygen
production. Detailed structural, photoelectrochemical, and
mechanistic studies reveal that the Ruis markedly improves
charge separation and hole extraction kinetics, enabling
efficient water oxidation. Furthermore, the Russ oligomer leads
to better light harvesting, higher electrochemical surface area,
and improved electronic conductivity. The optimized CNry—Russ
film demonstrates a photocurrent density of 180 + 10 pA cm™2
with 89% FE for oxygen evolution, good stability up to 5 h, and
IPCE values up to 6.7%. The amount of Ru-based catalyst loaded
on the surface that represents only 6.5 ppm of the electrode
composition and leads to TONs in the range of 3300 and a TOF
of 0.4 s71. Furthermore, we have also shown that in the CNtm—
Ruis hybrid material the Ru centers act both as catalyst and as
photoabsorber.

Finally, the present work is an example of the positive
synergy that can be obtained with the proper utilization of a
molecular-based catalyst and a polymeric organic absorber.
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