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Illuminating the mechanistic impacts of an
Fe-quaterpyridine functionalized crystalline
poly(triazine imide) semiconductor for
photocatalytic CO, reductiony

2 Stephen J. Tereniak, (2 ® Avery Smith,® Subhendu Jana,?
® Leonard Collins, 2 ¢ Nandan Ghorai, € ¢ Yixuan Xu,®
Emmanuel Adu Fosu, (2 ¢ Simon Suhr,” Hannah R. M. Margavio, (2 9

Hyuenwoo Yang, {29 Gregory N. Parsons, {29 Patrick L. Holland, (2
Elena Jakubikova, (2 © Tianquan Lian (2 € and Paul A. Maggard (2 *®

Scott McGuigan,
Carrie L. Donley,

The strategy of incorporating earth-abundant catalytic centers into light-absorbing architectures is desir-
able from the viewpoint of low cost, low toxicity, and versatility for activating small molecules to produce
solar-based fuels. Herein, we show that an Fe-quaterpyridine molecular catalyst can be anchored to a
light-absorbing, crystalline, carbon nitride (PTI), to yield a molecular-catalyst/material hybrid, Fe-qpy-PT],
capable of facilitating CO, reduction to CO selectively (up to ~97-98%) in aqueous solution under low-
intensity light irradiation. This hybrid material leverages the ability of the Fe-qpy catalyst to bind CO, upon
a one-electron reduction, as achieved by transfer of excited electrons from the carbon-nitride semi-
conductor. At a low incident power density of only 50 mW cm™2, the catalytic activity of the hybrid
material was measured across a range of catalyst loadings from 0.1-3.8 wt%, yielding CO rates of up to
596 pmol g™! h™! for a 3.8 wt% loading during a 3 h experiment. Over the course of 8 h, the hybrid
material attained a CO evolution rate of 608 pmol g~ h™ and 305 turnovers for a TOF of ~38 h™t and an
apparent quantum yield of 2.6%. Higher light intensities provided an initial increase in activity but nega-
tively impacted photocatalytic rates with time, with an AQY of 0.6% at 150 mW cm™2 and 0.4% at 250 mW
cm™2. Transient absorption spectroscopy results showed electron survival probabilities consistent with the
trends in observed product rates. Computational modeling was also used to evaluate and understand the
mechanistic pathway of the high product selectivity for CO versus H,. These results thus help unveil key
factors for leveraging the mechanistic understanding of molecular catalysts for CO, reduction for pairing
with light absorbing semiconductors and establishing optimal conditions to attain maximal rates in
aqueous solution.

. Introduction

There is a drive in the world of solar fuels catalysis to leverage
mechanistic understanding of molecular catalysts for their
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synergistic functionalization of robust, light absorbing,
semiconductors.'™ Surfaces such as silicon, TiO,, and graphi-
tic carbon nitride (g-CN,) have been explored as semiconduct-
ing scaffolds to facilitate light absorption and subsequent
charge transfer to surface bound catalysts for activating small
molecules such as CO, and water.*™*° Iron represents an attrac-
tive metal center for molecular catalysis, owing to its ubiqui-
tous presence in enzymes and minerals.?°? It is also earth
abundant, readily accessible, and possesses synthetic versati-
lity. Based on its coordination environment, it has demon-
strated the capability to catalyze oxidative or reductive reac-
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tions. These include water oxidation, C-H bond oxidation, the
hydrogen evolution reaction, oxygen reduction to hydrogen
peroxide, nitrogen (N, or NO;™) reduction to ammonia, and
most pertinent to this study, CO, reduction.>*7*# Other first-
row transition metals recently investigated for electrocatalytic
CO, reduction include Mn, Co, Ni, Cr, and Cu, with each
showing various levels of reactivity and product rates.>® While
Fe has been found to be less favorable in some regards owing
to its tight substrate binding, this study provides an alternative
perspective for better harnessing its potential reactivity and
product selectivity, such as has been reported more commonly
for Co-based and Ni-based molecular catalysts.’® Herein, we
use an Fe-quaterpyridine molecular complex immobilized on a
crystalline carbon nitride material, ie., poly(triazine imide)
lithium chloride (PTI-LiCl), to investigate selective CO,
reduction driven by light irradiation. The PTI-LiCl material
possesses a highly-ordered and crystalline structure for
efficient diffusion of charge carriers as well as a functional
polymeric framework that can interact with the ligand func-
tional groups of molecular catalysts at its surfaces. Because of
these desirable properties, PTI-LiCl has been the subject of
much recently reported photocatalytic research demonstrating
notable improvements in efficiency and performance com-
pared to other amorphous carbon nitrides.”™** For example, a
recent study involving PTI crystallites as the light-absorbing
semiconductor, together with a Co(bpy);>* molecular catalyst,
exhibited CO evolution in mixed media (67% acetonitrile,
33% water, and 33% triethanolamine) with 12.9% apparent
quantum yield (AQY).**

The choice of catalyst and semiconductor pairing in this
work follows from our previous research which demonstrated
among the highest observed rates and selectivity currently
reported for photocatalytic CO, reduction in aqueous media
using a Co-quaterpyridine molecular catalyst attached to the
surfaces of PTI-LiCl.*> Robert et al. have published recent syn-
thetic advancements of this quaterpyridine ligand that facili-
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tates a covalent attachment to g-CN, for high turnover
numbers (>2500) in an acetonitrile-based solution.>*%%¢ The
Fe-centered analogue of this quaterpyridine species has also
been shown to electrocatalytically reduce CO, to CO at high
rates with an applied bias. A proposed mechanism of the CO,
to CO reduction reaction on the Fe** site has been reported
by Head-Gordon and colleagues based on computational
results.>® The proposed mechanism consists of two ligand-
based reductions stemming from low lying n* orbitals of the
quaterpyridine ligand, thus allowing for delocalization of elec-
tron density from CO, into the unoccupied Fe-based orbitals.
These interactions permit CO, binding to the metal center
upon an initial 1e” reduction of the molecular complex. Prior
to this report, the mechanistic impact of the molecular catalyst
has not been well investigated within the context of a light
absorbing hybrid framework.

The attachment of the Fe-qpy complex to the surfaces of
PTI-LiCl crystallites for photocatalytic CO, reduction is investi-
gated and described herein. This study reveals the impact of
its alternate mechanistic pathway on attaining maximal AQY
using increased surface loadings and low light irradiation, as
represented in Scheme 1 for the general proposed mechanism
of anchoring the Fe-qpy complex to the surface of PTI-LiCl.
This hybrid material was investigated for its activity and
selectivity in aqueous solution, for which the competitive
hydrogen evolution reaction (HER) becomes a more predomi-
nant factor and has yet to be evaluated. This study also probes
the impact of different molecular-level mechanisms that can
result in disparate activity trends dependent on the catalyst
loading and the light intensity. These results contrast with our
previous research using the analogous Co-quaterpyridine cata-
lyst, wherein a loss of activity occurs at higher surface loadings
due to the requirement of generating doubly-reduced catalyst
sites for subsequent CO, coordination and reduction to co.®
Further, optimal reaction parameters are elucidated for attain-
ing maximal reduction rates and catalyst stability.

-Co
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TI-LiCl

)
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Scheme 1 Reduction mechanism for CO, mediated by an Fe-qpy complex, as envisaged on the light absorbing PTI scaffold. The red-colored

ligand indicates a reduced molecular complex.
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ll. Experimental section
A. Materials

Materials for the synthesis of PTI-LiCl included melamine
from Sigma-Aldrich 99%, lithium chloride reagent grade from
Fisher Science Education, potassium chloride from Fluka
Chemical (>99.5%) or Fisher Chemical (Assay 99.7%), and
dimethyl sulfoxide from Millipore Sigma. Anhydrous FeCl,
(99.5% trace metal basis) from BTC Chemicals was used for
coordination into the quaterpyridine framework, and ligand
materials were sourced as mentioned in ESL{ For photocataly-
sis measurements, all solutions used ultrapure water, potass-
ium bicarbonate from MP Biomedicals (ACS grade) or Fisher
Chemical (99-101.5%), and sodium sulfite (98+%) from Acros
Chemical. Carbon dioxide grade 4.0, nitrogen grade 5.0, and
argon grade 5.0 from Arc3 gases. NMR analysis utilized 3-(tri-
methylsilyl)-1-propanesulfonic acid sodium salt (DSS) from
Sigma Aldrich and deuterium oxide (99.9%) from Millipore
Sigma or Cambridge Isotope Laboratories, Inc.

B. Synthesis and characterization

Crystalline PTI-LiCl was synthesized by mixing melamine with
a eutectic flux of KCI (45 at%) and LiCl (55 at%) at a 1: 5 mole
ratio of carbon nitride precursor to salt flux in ambient con-
ditions with a mortar and pestle. Large batches were made
using 1 g of melamine as starting material. The mixture was
then transferred into a 140 °C oven overnight to remove any
absorbed moisture. The mixture was broken up to break up
any large chunks before transferring to a fused silica reaction
vessel with ample head space to account for ammonia evol-
ution. This vessel was then sealed under vacuum before react-
ing in a box furnace. It was heated to 470 °C (7-8 °C per
minute) and held at this temperature for 36 h. It was then
slowly cooled (2 °C h™") below the flux melting point at 350 °C
and then allowed to radiatively cool to room temperature. The
material was then removed from the vessel and washed
thoroughly with DI water and lastly with acetone to allow for
room temperature drying. Lastly, the product was then
thoroughly mixed with mortar and pestle. Powder X-ray
Diffraction (PXRD) was conducted on a PANalaytical Empyrean
- Linear Detector and non-ambient environment instrument
using a Cu Ka source, current of 40 mA, voltage of 45 kV, oper-
ating with Bragg-Brentano reflection optics and a PIXcelD
detector. FTIR was conducted on a Cary 630 Agilent
Spectrometer in the range of 4000 to 400 cm™'. UV-vis Diffuse
Reflectance (DR) spectra were collected on a Shimadzu
UV-3600 UV-vis-NIR spectrophotometer with an integration
sphere range of 200-1000 nm and pressed BaSO, disks as the
reflectance backgrounds. Scanning Electron Microscopy (SEM)
was conducted using a Field Emission Scanning Electron
Microscope - Hitachi SU8700 with an Everhart-Thomley sec-
ondary electron detector, an upper secondary electron detec-
tor, and an in-lens backscattered electron detector. XPS data
was collected on a Kratos Supra + system with a monochro-
matic Ka X-ray source operated at 150 W. A charge neutralizer
was used to prevent charging when necessary, and all spectra
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were corrected to the C 1s peak at 284.6 eV. Survey and high-
resolution scans were acquired at pass energies of 80 and 20 eV,
respectively, and the analyzed spot size was 300 x 700 um. BET
surface area calculations were conducted using a Micrometrics
3Flex instrument on dried PTI-LiCl. N, adsorption-desorption
isotherms were analyzed at 77 K and using relative pressures
from 0.05 to 0.3 to analyze specific surface area.

The quaterpyridine ligand with an attached benzoic acid
(gpy) functional group was synthesized according to a previous
synthetic method and is described in detail in the ESLf}
Coordination of the Fe(u) cation was accomplished by dissol-
ving anhydrous FeCl, (60.4 mg) in a N, purged methanol
(10 mL) solvent before adding the qpy ligand (61.8 mg). The
mix was stirred for 24 h at room temperature under N, atmo-
sphere before separating the Fe-qpy with a 0.45 pm filter
(vacuum filtration) under argon flow. Additional methanol was
used to rinse away uncoordinated FeCl,, and the final product
was further dried under vacuum for 6 h to completely remove
excess solvent before being transferred to an argon-filled glove-
box for storage. “Zero-field” Mossbauer measurements were
performed using a SEE Co. MS4 Mossbauer spectrometer inte-
grated with Janis SVT-400T He/N, cryostat for measurements
at 80 K with a small 0.07 T applied magnetic field. Isomer
shifts were determined relative to alpha-iron at 298 K.
Mossbauer spectra were fit using the program MossA using
Lorentzian doublets. For Mossbauer spectroscopy, samples
were packed in Delrin sample cups and loaded into the
spectrometer at 77 K. FTIR of the dried complex was accom-
plished with a Cary 630 Agilent Spectrometer in the range of
4000 to 400 cm™. XPS was conducted using a Kratos Supra +
system with a monochromatic Ka X-ray source operated at 150
W. A charge neutralizer was used to prevent charging when
necessary, and spectra were corrected to the C 1s peak at
284.6 eV. Survey and high-resolution scans were acquired at
pass energies of 80 and 20 eV, respectively, and the analyzed
spot size was 300 x 700 pm. UV-Vis-NIR spectra was addition-
ally taken of the molecular complex dissolved in a N, purged
DMSO solution on an Agilent Cary Series UV-Vis-NIR spectro-
photometer with glass cuvettes having a 1 cm path length.

Lastly, the hybrid Fe-qpy-PTI material was prepared by dis-
solving the Fe-qpy catalyst into an N, purged DMSO solvent to
yield a starting solution with a 3.66 mM concentration. The
solution was then mixed with stoichiometric amounts of
PTI-LiCl depending on the desired surface loading. These par-
ticle suspensions were then stirred at room temperature in an
N,-purged solution for 4 h before being transferred to a
Schlenk line for vacuum drying. Once dried the materials were
quickly ground in mortar/pestle and then sealed under Ar for
longer term storage. The samples were characterized further
with XPS analysis as previously described to confirm that the
molecular catalyst was detected on the surface of the material.
Graphs obtained of the Fe 2p signals utilize a background sub-
traction and smoothing line for the lower concentration hybrid
samples. Powder XRD was used to assess the crystal structure
before and after the procedure for molecular catalyst attach-
ment to the surface (Fig. 3d).

This journal is © the Partner Organisations 2025
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C. Characterization of catalyst loading

The Fe-qpy catalyst was first dissolved in N,-purged DMSO
and diluted to a 1.46 mM concentration. It was then mixed
with a stoichiometric amount of PTI-LiCl powder before
allowing it to settle over a couple of days. A small aliquot of
the solution was then removed via syringe and centrifuged
to remove all residual carbon nitride material from the bulk
solution. Lastly, the final solution was then extracted for
LC-MS analysis. An Orbitrap Exactice Plus mass spectro-
meter (Thermo Scientific, Bremen, DE) connected to an
UltiMate 3000 liquid chromatography system (Thermo
Scientific, Germering, DE) was used to measure complex
concentrations. Each sample was diluted by a factor of
1:100 into methanol before injecting 20 pL onto a Hypersil
Gold guard cartridge (1 mm x 2.1 mm C18). Compounds
were eluted isocritically with 90% methanol and 10% water
containing 0.1% formic acid at a flow rate of 100 pL min™".
Mass spectrometer parameters were set as follows: 3.5 kV
positive ion mode spray voltage, ion transfer tube tempera-
ture of 320 °C, auxiliary gas flow of 8.0, sheath gas flow of
25.0, S-lens RF level of 55, 100% normalized AGC Target,
mass resolution of 140 K at m/z 200, and scan range of m/z
515 to 565. The [M]" ion at m/z 556.0165 was extracted from
each chromatogram using a 5 ppm mass window and
integrated.

D. Suspended particle photocatalysis

The solution was prepared by mixing 20 mL of 0.5 M KHCO;
with 0.2 M Na,SO; and purged with CO, gas for 20 minutes
before being added to the reaction vessel with the powder
sample of mass 10 mg, unless otherwise specified. The solu-
tion and vessel were then purged for a further 10 min before
final venting of the headspace with CO, and sealing off to
ambient air with a water bubble. The reaction vessel was then
placed in the reaction setup for suspended particle photocata-
lysis with either no light, 50, 150, or 250 mW c¢m™? irradiation
power density with a 390 nm LED lamp. Cooling fans are
used to maintain a headspace temperature under 28 °C
unless otherwise specified. A liquid aliquot was removed
before the reactions took place for a comparison against the
final liquid concentration. A two-point analysis of the head-
space was conducted with initial sampling after 1 h to
account for the equilibration of the reaction vessel and initial
headspace purging, if needed, with the final gas sample being
taken after the duration of the experiment. Gas products were
evaluated using manual gas insertion with gas-tight syringe
into an SRI 8610C gas chromatograph with Ar carrier gas.
Scans were compared against calibration curves generated
with standards to evaluate composition of headspace and
photogenerated products. "H NMR analyses of the liquid reac-
tion solvent were evaluated using a Bruker Avance NEO
600 MHz NMR and a reaction mix consisting of 350 pL with
reaction solution, D,0O (100 pL), and a 0.00028 M 3-(trimethyl-
silyl)-1-propanesulfonic acid sodium salt (DSS) solution
(150 pL) as the standard.

This journal is © the Partner Organisations 2025
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E. Transient absorption spectroscopy

Transient absorption measurements were performed using
regenerative Ti: Sapphire amplifier femtoseconds laser system
(Astrella, coherent). The output of the amplifier laser is 5 W,
centered at 800 nm, pulse width 35 femtoseconds, and rep-
etition rate 1 kHz. The amplified beam was split into two
beams (90 : 10) by the beam splitter. 90% of the output was fed
to an optical parametric amplifier (OPA) to generate a pump
beam. The OPA (Light conversion LLC) can generate pump
light from 260 to 1600 nm pump wavelength, we can set pump
wavelength depending on the desired expectation. We have
used 350 nm pump wavelength excitation for all transient
experiments. The remaining 10% of the output was used to
generate white light probe, the fundamental probe light went
through the delay stage for the pump probe experiments. We
used sapphire windows to generate white light visible probe.
An electrical chopper has been employed to chop pump beams
in half in frequency, which is 500 Hz, and natural density filter
were used to control pump fluence. The transient pump-probe
data was acquired by using a Helios Fire spectrometer
(Ultrafast System) and Helios Fire software and analyzed with
the Surface Explorer software. All samples were prepared
inside a glovebox. First, we dispersed all the samples in 2 mL
methanol in a centrifuge tube. Then, we drop casted samples
on the sapphire substrate and used another sapphire substrate
on the top of the sample. Finally, we inserted it into a Harrick
IR cell. We sealed the IR cell with blue tack for further experi-
ments. We have presented the sample preparation procedures
schematically in Scheme S1.}

F. Computational techniques

All calculations were done using the Gaussian 16 software
package Revision A.03*” with B3LYP functional*®*®° including
Grimme’s D2 dispersion correction.”® Solvation effects were
accounted for using the implicit PCM solvation model®* with
water as the solvent. Geometry optimization and frequency cal-
culations were done using the split valence triple-¢ (TZ) 6-
311G* basis sets for C, N, O and H elements, and the
Stuttgart-Dresden (SDD) effective core potential with the
associated basis set was employed for Fe.”*>* An ultrafine grid
was used for all calculations. Full optimization of all minima
on the PES was done without symmetry constraints. The
nature of all optimized structures was verified by frequency cal-
culations, that is, all optimized structures had only real fre-
quencies associated with all vibrations. Wavefunction stability
tests were performed on all complexes, and only complexes
with stable wavefunctions are reported. The electronic state of
open shell complexes was further characterized using natural
orbital (NO) analysis.>® The UV-Vis spectrum of PTI was
modeled with time-dependent density functional theory
(TD-DFT),*>*” utilizing the same model chemistry as the
ground state calculations. Note that, a single sheet of PTI was
used in the excited state calculations. The stick spectra were
broadened using Lorentzian functions with a half-width-at-
half maximum (HWHM) of 0.14 eV.
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[1l. Results and discussion

A. Synthesis and characterization of the Fe-qpy-PTI hybrid
material

The components and assembly of the hybrid architecture (Fe-
qpy-PTI) followed procedures similar to a prior report.* First,
crystalline PTI-LiCl was synthesized from melamine via a
eutectic flux melt at high temperatures. The PTI framework in
this material is stabilized by Li cations and Cl anions that
coordinate within the pore network of the two-dimensional
carbon nitride and between its layers.”®*® Fig. 1 (panels a and
b) show SEM and optical images of the hexagonal crystallites
obtained and the color corresponding to the measured
bandgap (3.18 eV). Additional characterization is consistent
with its extended and local structural features, as given in
Fig. S2 to S4 and Table S1 in the ESI.{ The functionalized qua-
terpyridine (qpy) molecular catalyst was synthesized according
to literature methods."®*> Coordination of Fe to the quaterpyri-
dine ligand was performed by mixing with FeCl, and N,-
purged methanol for 24 h. Mossbauer spectroscopy was used
to assess the Fe oxidation state. A Mdssbauer spectrum of the
coordinated Fe center, shown in Fig. 1c, can be fitted with two
doublets. The major doublet accounts for 76% and shows an
isomer shift of 1.10 mm s~ and a quadrupolar splitting of
2.04 mm s~'. These are typical values for a high-spin Fe(n)
center. The minor doublet showed an isomer shift of 0.42 mm
s~! and a quadrupolar splitting of 1.15 mm s™'. These values
indicate the presence of high-spin Fe(ur) accounting for 24% of
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the total signal. The latter is likely present because of a small
amount of oxidation that occurs during the filtration and
drying process. Fourier-transform infrared spectroscopic
(FTIR) analysis shows that the ligand structure was maintained
throughout this coordination, with some shifts in the C-N
stretching region (1650-900 cm™') due to Fe coordination to
the quaterpyridine ligand (Fig. 1d). X-ray photoelectron spec-
troscopy (XPS) analysis yielded elemental contributions con-
sistent with the Fe-containing catalyst (Table S21). The Fe 2p
region of the XPS spectrum showed a mixture of Fe chemical
states that were difficult to quantify owing to analytical com-
plexities when differentiating between Fe(u) and Fe(ui), but is
consistent with the Mdssbauer oxidation state measurements
(Fig. 1e).°°

The Fe-qpy molecular catalyst and PTI-LiCl were next com-
bined in solution, as shown in Fig. 2a (inset) with its measured
UV-Vis spectrum. To probe the interaction between the two,
liquid chromatography mass spectrometry (LC-MS) of the dis-
solved molecular catalyst was measured before and after
mixing with PTI-LiCl, Fig. 2c. A calibration curve, mass spec-
trometry signal, and chromatograph of the pure DMSO solvent
(Fig. S7 and S8f%) confirmed the dissolution of the Fe-qpy
complex and provided a reference point to measure the
remnant catalyst after mixing. This method shows that about
40.0 pmol of Fe-qpy attached per gram of carbon nitride. The
Brunauer-Emmett-Teller (BET) method gave the isotherm
shown in Fig. 2b, which yielded a specific surface area of
17.8 m* ¢”! and a calculated 1.4 Fe-qpy molecules anchored

c) 1.66
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.3 1.65 -
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O 1645 Fe?*
1S Int
164 HH 1.10 76.4
I 0.42 23.6
6 4 =2 0 2 4 6
Velocity (mm/s)
z e) 4000
3 Fe 2p L 3500
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N
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Binding Energy (eV)

Fig. 1 Characterization results including (a) SEM image of PTI-LiCl crystallites, (b) optical image of PTI-LiCl powder, (c) M&ssbauer spectroscopy of
the Fe center after coordination to the qpy ligand, (d) FTIR spectra of the gpy ligand before (red dots) and after (black dots with fitted red line) Fe
coordination, and (e) XPS data for the Fe-gpy molecular catalyst (Fe 2p region).
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Fig. 2

(a) UV-vis spectra of Fe-gpy dissolved in DMSO with a picture of the solution (inset), (b) BET adsorption isotherm for specific surface area of

the PTI-LiCl powder, and (c) LC-MS chromatographs of the solution of dissolved Fe-qpy before and after mixing with PTI-LiCl, and calculated values

for the catalyst surface loading.

per nm” of PTI-LiCl surface area. This loading density was con-
sistent with attachment of the carboxylic acid group to the
basic N sites throughout the carbon nitride. Unfavorable
surface crowding is avoided only when the ligand is oriented
perpendicular to the surface, Fig. S9.}

A range of catalyst loadings on the PTI-LiCl powder was pre-
pared to attain a range of catalyst surface loadings for investi-
gation of its impact on photocatalytic rates and the product
selectivity. Stoichiometric suspensions were prepared in the
range of 0.1 to 3.8 wt% and mixed for 4 h before vacuum drying
to remove the DMSO solvent, as illustrated in Fig. 3a. XPS of the
dried material showed an Fe 2p signal characteristic of the start-
ing molecular catalyst, which increases with higher loading
amounts on PTI-LiCl. This is shown in Fig. 3b with the loading
of 0.3 wt% representing the lowest concentration at which the
Fe 2p signal was detectable above the background. The C 1s
signal (284.5 eV) associated with the quaterpyridine backbone
(C-C bonding) also increases with increased catalyst loading.
This differs from the C 1s signal (287.6 €V) that correlates with
the C-N groups of the underlying PTI-LiCl framework in Fig. 3c.
Powder XRD results shown in Fig. 3d confirm that the diffrac-
tion pattern for PTI-LiCl remained predominantly unchanged,
and thus that its bulk crystalline structure was maintained
throughout the preparation of the hybrid material.

B. Suspended particle photocatalysis

Photocatalytic activity over the range of surface catalyst load-
ings was measured in a fused-silica reaction vessel irradiated
by a 390 nm LED lamp at a relatively low 50 mW cm™2 inten-
sity, as further described in the ESI.f The photocatalytic rates
are plotted in Fig. 4a, showing two characteristic regions

This journal is © the Partner Organisations 2025

associated with changes in the molecular catalyst surface
loading. With increasing Fe-qpy surface loadings from 0.1 to
1.0 wt% there was a dramatic increase in CO, reduction rates
to 513 umol CO g~' h™". This was accompanied by an increase
in the product selectivity for CO and decreasing turnover fre-
quencies (TOF), from 62 h™" at 0.1 wt% loading of Fe-qpy to
30 h™ at a 1.0 wt%. The second region, located between
1.0-3.8 wt% of Fe-qpy, exhibited a relative plateau of photcata-
Iytic activity with only a slow gradual increase towards the
highest loadings, between 500-600 pmol CO g~' h™'. Further,
throughout this higher loading region the hybrid material
exhibited the highest selectivity for CO between 97 to 98% for
all samples measured. The calculated apparent quantum yield
(AQY) reached above 2.0% for Fe-qpy loadings beyond 1 wt%,
with a maximum AQY of 2.4% at the highest loading of
3.8 wt%. These rates for CO, reduction are among the state-of-
art for carbon nitride hybrids for photocatalysis, particularly at
the lower irradiation intensity that is more compatible with
the diffuse solar spectrum. Specifically, these rates are about
30 to 40% of the highest currently reported, using only about
17 to 30% of the light intensity of prior studies.">***>°!
Control studies were conducted using a 0.9 wt% Fe-qpy
loading of PTI-LiCl, as well as for the individual components
of Fe-qpy-PTI respectively. The results are listed in Table 1.
When the CO, gas was replaced with Ar, i.e., only H, evolution
is observed. There was also no detectable CO evolution when
the individual components are subjected to the CO,-saturated
photocatalytic reaction conditions, with only a small amount
of H, and HCOO~ found when using PTI-LiCl. Further,
reduction products were not observed when testing Fe-qpy
alone under irradiation.
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Fig. 3
increased surface loading of the Fe-qpy molecular catalyst, (c) C 1s XPS
surface of the hybrid material, and (d) PXRD patterns of pure PTI-LiCl and

Thus, the control experiments generally confirmed that the
measured reduction products were obtained by the light-
driven reduction of CO, to CO, as mediated by the excited-state
electron transfer from the semiconductor to the Fe-qpy mole-
cular catalyst. When using the Fe-qpy-PTI hybrid, the incident
photons are absorbed by the PTI-LiCl semiconductor with the
excited electrons diffusing to the Fe-qpy molecular catalysts at
the surfaces. Here, the carboxylic acid group of the ligand
facilitates attachment to the surface as well as helps passivate
the surface defects, as reported in prior studies.®”®® This has
been probed by transient absorption spectroscopy below,
described below. Electron transfer to the Fe-qpy catalyst facili-
tates subsequent CO, coordination and reduction to CO and
concurrent suppression of the hydrogen evolution reaction.

Fundamental mechanisms hypothesized for the reduction
of CO, by molecular catalysts can help by providing valuable
insights to understand the effects of reaction conditions, such
as light intensity and loading dependence, on photocatalytic
rates and selectivity.*>*> At low catalyst loadings of Fe-qpy onto
PTI (<1 wt%), the highest TOF values are observed. Under
these conditions the more isolated catalyst sites can be driven
by higher rates of electron transfer at the surface. These con-
ditions lead to the reduction of CO, at maximal turnover fre-
quencies by the catalyst, but with potential losses in efficiency
arising from surface-mediated recombination over the bare
surface regions. When the surface loading of the catalyst is
increased from 1.0 to 3.8 wt%, a small, gradual increase in
photocatalytic CO, reduction rates occurs with a decrease in

6646 | /norg. Chem. Front, 2025, 12, 6640-6654
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(a) Schematic of hybrid material assembly showing isolation of material for testing, (b) increasing Fe 2p XPS signal as observed in Fig. 1 with

spectra showing increased intensity related to the qpy backbone on the
after a high loading of molecular catalyst on the surface.

the TOF. This occurs as the photogenerated charge carriers are
increasingly diluted over a higher proportion of catalyst sites
that cover a larger fraction of the surfaces.®*®° In contrast to
these findings, the previously reported Co-qpy-PTI hybrid
showed a significant decline in rates at the higher catalyst
loadings.*® Mechanistic studies show that while the CO, is pre-
dicted to coordinate to the Fe-qpy catalyst after reduction by a
single electron, the Co-qpy catalyst requires reduction by two
electrons prior to CO, coordination. Thus, mechanistic path-
ways mediated by multi-electron steps can be particularly sus-
ceptible to losses from back electron transfer and recombina-
tion events under conditions where the electron transfer rates
from the semiconductor are sub-optimal. Another impact of
the mechanistic difference for the two-electron reduction of
CO, is revealed when comparing the amount of CO formed
during the first hour, versus hours two and three, as shown in
Fig. 4c. Over the first hour, the 1.0 wt% Fe-qpy sample exhibi-
ted the highest CO product rate. In the following two hours,
the Fe-qpy-PTI hybrid materials with higher catalyst loadings
attained significantly higher rates. This is likely the result of a
longer induction period necessary to build up a larger amount
of two-electron reduced catalysts sites to start achieving
maximal catalyst turnover at the higher catalyst loadings.
Fig. 4d and e schematically represent the low and high catalyst
surface loadings respectively.

The photocatalysis rates for CO, reduction reported here
are competitive with current carbon nitride hybrid materials
used for photocatalysis, particularly with respect to the lower

This journal is © the Partner Organisations 2025
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Fig. 4

(a) Photocatalytic rates of the Fe-qpy-PTI hybrid material as a function of catalyst loading from 0.1 to 3.8 wt%, (b) product selectivity across

the range of samples with associated TOF values for CO, reduction to CO, (c) comparison of evolved CO after the first hour of catalysis and over the
next two hours, (d) schematic of isolated Fe-qpy catalyst site in the case of low loading and higher turnover frequency from receiving a larger share
of the photo-generated electrons, and (e) analogous schematic for a higher Fe-qpy loading with the stepwise reduction when receiving a smaller
percentage. Red-colored quaterpyridine ligands indicate a reduced molecular complex, with each complex shown at a different step of the

mechanism.

Table 1 Photocatalytic control experiments at 50 mW cm™2 power
density over 3 h using 390 nm LED, 10 mg sample, and 0.2 M Na,SOs3

H, CO HCOO™ Overall product
Sample (umol)  (umol)  (pmol) (nmol)
Fe-qpy-PTI in CO, 0.39 15.77 0.09 16.25
Fe-qpy-PTI in Ar 7.00 — — 7.00
PTI-LiCl 1.38 — 0.22 1.60
Fe-qpy (1 mg)* — — — 0.00

“Smaller sample size used exceeds most concentrated loading on the
hybrid materials tested.

light intensity used compared to most studies."”***>®" Prior

research reports have also optimized the design of the reactor
setup to attain the highest AQYs, with less emphasis on maxi-
mizing rates and product selectivity. Future developments of a
more tightly engineered and efficient reactor setup, while not
the predominant focus of the current study, could likely lead
to improvements in the calculated AQY metrics in this work.

C. Transient absorption spectroscopy

Transient absorption spectroscopy (TAS) measurements were
performed on the Fe-qpy-PTI architectures with catalyst load-
ings of 0.0, 0.1, 1.0, 2.0 and 2.9 wt%. Thin films of these
materials were prepared via a drop cast method into a trans-

This journal is © the Partner Organisations 2025

parent sapphire window (Scheme S1f). TAS measurements
were conducted in the visible (500-760 nm) and near-infrared
(950-1200 nm) regions following excitation with a 350 nm
laser pump. The TA spectra revealed a broad bleach signal
from 500 to 760 nm (Fig. S127) in all samples. Based on litera-
ture precedents for PTI-LiCl, this is attributed to stimulated
emission.®”’®® The transient kinetics in 500-580 nm probing
wavelength region, as shown in Fig. 5a, exhibited negligible
dependence on catalyst loading, which is consistent with our
previous report.*> However, TA spectra in the near infrared
probing (950-1200 nm) wavelength, shown in Fig. $13,T con-
tained extended featureless photo-induced absorption signals,
which are attributed to photogenerated electrons in the carbon
nitride framework.®®”° TAS decay kinetics at 950-1200 nm as a
function of catalyst loading are presented in Fig. 5b. Unlike
visible-light probing, the decay kinetics of electrons in this
region became slower when Fe-qpy catalyst loading increased
from 0.0 wt% to 0.1 wt% and were significantly extended at
high catalyst loadings 1.0 wt% to 2.9 wt%. Decay kinetics at
low catalyst loadings can be well fitted by a power law relation-
ship, (AA(t)xt™) as in previous studies.”””> However, the data
deviated from the power law relationship at higher loadings
(1.0 wt% to 2.9 wt% Fe-qpy). The fits are shown in Fig. 5b.

The long-lived electrons are hypothesized to be responsible
for the catalytic reactions, and the electron survival probabil-

Inorg. Chem. Front,, 2025, 12, 6640-6654 | 6647
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950-1200 nm, (c) comparison of overall product rate and electron survi-
val lifetime with catalyst loading, and (d) a schematic of electron exci-
tation and transfer with and without Fe-qpy on PTI.

ities are defined as the relative amplitude of the TA signal at
100-1000 ps compared to the initial amplitude at 0.1-0.3 ps.
In Fig. 5c, the electron survival probability and overall product
rate are compared from suspended particle photocatalysis as a
function of catalyst loading. Each exhibits similar trends, with
a rapid increase with catalyst loading up to 1.0 wt% and
showing smaller changes upon further increases in loading.
The initial increase of electron lifetime can be attributed to
surface state passivation by the adsorbed molecular complex,
enabling photogenerated electrons to be transferred to the
adsorbed catalysts that drive reduction events, circumventing
recombination as represented in Fig. 5d.*> At further increased
surface concentrations the catalyst sites can function as rapid
electron acceptors and may limit electron lifetimes.*” The com-
petition of these effects leads to the trend observed in the elec-
tron survival probability between 1.0-2.9 wt% Fe-qpy loadings,
without a continued increase in lifetime. Interestingly, at these
high loadings the electron survival probability is significantly
prolonged and does not appreciably decrease. Here, the
unique orbital interactions between the Fe(u) center and the
ligand is hypothesized to prolong the survivability of these
photogenerated charge carriers from the ligand centered
reduction, maintaining the catalytic efficiency observed at
1.0-3.8 wt% Fe-qpy surface loadings.

D. Computational analysis

Density functional theory (DFT) calculations were performed
to provide further insights into the catalytic mechanism, the
thermodynamics of the CO, reduction steps to CO with the Fe-
qpy-PTI hybrid in water (using the implicit PCM”® solvation
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model), and a comparison with the hydrogen evolution
pathway. The DFT calculations suggest that [Fe(qpy)]*" is in
the quintet ground electronic state, which is consistent
with the experimental Mossbauer data. The spin density and
natural orbital analysis showed all unpaired electrons localized
on the Fe metal center with empty low-lying quaterpyridine 7*
orbitals, suggesting electron transfer from PTI* into these orbi-
tals (Fig. 6a). Photocatalytic reduction of CO, to CO is found
to proceed via two main steps: (i) the photoexcitation step
(Fig. S16t) followed by a photo-induced electron transfer to the
catalyst and (ii) the main catalytic cycle. Of note, a molecular
model of the PTI network was used for the light absorber
(Fig. S147). The photoexcitation step involves an initial exci-
tation of the PTI molecular sheet, leading to the formation of
the excited PTI* species, which transfers an electron to Fe-qpy
to form the oxidized PTI" intermediate, that is lastly regener-
ated (reduced) by a sacrificial reagent.

One of the key questions in CO, photocatalysis is the
sequence of the catalyst reduction (electron transfer) and CO,
binding steps. The spin density during reduction and the
mechanistic pathway obtained from these calculations is out-
lined in Fig. 6b and c, with the Fe-qpy complex modeled as
receiving excited electrons from PTI for reduction. Note that
the free energy profiles shown are with respect to the applied
excitation energy (3.19 eV). In agreement with the previous lit-
erature precedent®® as well as our experimental findings, the
active catalyst is found to be the [Fe(qpy)]" quartet, wherein the
reduction was quaterpyridine ligand-centered as shown in
Fig. 6b with significant electron density contributions located
on the quaterpyridine ligand. The reduction of [Fe(qpy)]** to
[Fe(qpy)]" was followed by CO, binding (AG = +0.02 eV). The
CO, binding step was then followed by the second excited-state
electron transfer from PTI*, where the electron was again
transferred to the empty qpy ligand =n* orbitals (Fig. 6b). Upon
reaching the doubly-reduced [Fe(qpy)(CO,)] intermediate, sub-
sequent steps proceeded via a protonation of the bound CO,
to form COOH, followed by concerted protonation and water
dissociation steps (AG = —0.21 eV). A possible stepwise loss of
hydroxyl followed by protonation to form H,O is endergonic
(~1.66 eV), which suggested water, rather than hydroxide, as
the byproduct. Although the CO dissociation was uphill, the
thermodynamic stability of previous steps mitigated this and
resulted in an overall exergonic CO release (Fig. 6¢).

Lastly, the mechanistic pathway was calculated for the com-
peting hydrogen evolution reaction (HER) on the [Fe(qpy)]**
complex. The computational results showed that while the
initial reduction was comparable for the two pathways, the
second electron reduction is significantly more favorable for
the CO,RR route (0.14 eV) than for the HER route (1.75 eV).
After this second reduction step for the HER pathway the
remaining mechanistic pathway was overall exergonic, includ-
ing H binding to the Fe metal center before H, formation and
release. However, this remained less favorable due to the
higher energy input required for the second reduction. These
results are consistent with the experimental data in which CO,
reduction to CO dominates the reactivity. Given the calculated

This journal is © the Partner Organisations 2025
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Fig. 6 Computational CO, reduction mechanism on Fe-qpy, including (a) ground state electronic structure of the Fe-qpy complex exhibiting a
quintet d-electron orientation and empty low-lying qpy orbitals, (b) spin density in the different steps of the 2e™ reduction process, and (c) a thermo-
dynamic free energy profile for CO,RR (black) and HER (red) pathways under an applied excitation energy of —3.19 eV.

energies for the HER pathway, these results do not eliminate
the possibility of H, formation, as observed in the control
studies when CO, was absent from the reaction. Though, the
selective reduction of CO, to CO is shown to be the energeti-
cally preferred pathway for the Fe-qpy molecular catalyst.

E. Impact of incident power density on catalytic activity

Photocatalytic rates were also investigated at higher irradiation
intensities to assess the impact of higher rates of excited
charge carriers reaching the surface Fe-qpy catalyst sites. The
Fe-qpy-PTI materials with higher catalyst loadings should have
the capacity to attain higher rates, in theory, as previously
described for the Co-qpy-PTI hybrid material.*> The impact of
increased catalyst loading could potentially be accentuated for
the Fe-qpy complex, by leveraging its capability to bind the

This journal is © the Partner Organisations 2025

CO, substrate upon its first electron reduction. Interestingly,
initial experiments at a higher photon flux (150 mW cm™?)
showed significantly lower activity than expected (Fig. S21t).
This result suggested that higher incident light intensities may
cause decomposition to the hybrid. To test this hypothesis,
photocatalysis reactions were conducted on a hybrid material
with 0.9 wt% Fe-qpy catalyst loading at three different light
intensities with an extended reaction time of 8 h, shown in
Fig. 7a. At 50 mW cm™? irradiation intensity, the CO evolution
rate was 608 umol g~' h™" with 97% selectivity for 305 total
turnovers. The resultant AQY was calculated to be 2.6%,
slightly increased from the 3 h reaction experiments.
Significantly decreased rates were observed at 150 mW cm™>
and at 250 mW cm™ >, showing a lower selectivity for CO and
lower AQY values of 0.6% and 0.4%, respectively. However, the

Inorg. Chem. Front,, 2025, 12, 6640-6654 | 6649
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of the light intensity dependent stability of the Fe-qpy-PTI hybrid over time.

rate of product evolution during the first hour of each reaction
strongly correlated with the increased light intensity, as shown
in Fig. 7b. Their rates of CO evolution drastically decreased
over the duration of the experiment, to less than 50% of the
rate observed at 50 mW ¢cm™>. The trend in the photocatalytic
rates versus time for the Fe-qpy-PTI hybrid at the three
different light intensities is illustrated in Fig. 7c, with sustain-
able activity associated with the lowest light intensity. The
sample temperature was monitored and remained similar with
each experiment (+7 °C), and so any decomposition was un-
likely to arise from sample heating. Removal of the cooling fan
from the experimental setup gave only a slight decrease in
efficiency, Fig. S22, with other reaction conditions kept con-
stant. This deactivation is also unlikely to be associated with
the durability of the PTI-LiCl scaffold, as prior studies have
demonstrated its exceptional durability for 32 h under similar
reaction conditions. While the mechanism of catalyst de-
activation is unclear, it can most likely be attributed to the Fe-
qpy catalyst.*>”*
contributor may be over-reduction to an unstable Fe’-CO
complex, which decomposes, halting further -catalysis.”
Nonetheless, while this behavior is considered unfavorable to

Recent research has suggested that a potential

access the highest possible turnover numbers capable for this
molecular catalyst, the ability of this hybrid interaction to
effectively utilize low incident power densities makes it an
attractive option for solar applications. On average, normal
solar irradiance at the surface of the earth is 1 Sun (AM 1.5 G
or 100 mW cm™?), but with only ~50.3% representing ultra-
violet and visible light wavelenths.”®”” For solar-driven appli-
cations, light-harvesting systems will be needed with oper-
ational efficiency and stability at lower light intensities, such
as in relatively cloudy environments or with increased levels of
light scattering.”®%°

IV. Conclusions

The Fe-qpy-PTI hybrid material was found to be photocatalyti-
cally active for selective CO, reduction to CO as suspended par-

6650 | /norg. Chem. Front., 2025, 12, 6640-6654

ticles in aqueous solution under relatively low light intensities.
The measured rates of CO evolution reached up to 596 pmol
¢ " h™" in 3 h, demonstrating high selectivity (>97%) at a low
incident power density of 50 mW cm™2. An increase in CO evol-
ution was observed as the loading of Fe-qpy on PTI-LiCl was
increased from 0.1 to 1.0 wt%, with efficiency maintained and
slight rate increases observed beyond this concentration.
Time-resolved spectroscopy analysis indicated that at higher
concentrations (1.0-2.9 wt%), the decay rates from excited elec-
tronic states were slower compared to bare PTI-LiCl or to the
lower 0.1 wt% loading, consistent with the photocatalysis
rates. Computational studies suggest a viable mechanistic
pathway for CO, reduction in aqueous reaction medium, high-
lighting the coordination of CO, by the Fe-qpy complex and
the energetically favorable CO, reduction reaction over the
hydrogen evolution reaction. In experiments with a higher
photon flux, the hybrid material exhibited deactivation over
time, leading to a reduced overall activity and selectivity,
despite an initially faster rate. By utilizing lower-intensity
irradiation, the hybrid material’s lifetime was extended,
achieving a CO evolution rate of 608 pmol g~' h™ over
8 hours. This research demonstrates the precedent of lever-
aging the fundamental understanding of mechanistic path-
ways in molecular catalysts for CO, reduction to achieve a
synergistic integration with light-absorbing semiconductors
under optimal reaction reactions.
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