Downloaded via 82.84.72.186 on May 9, 2023 at 07:54:17 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Sustalinable

Chemistryz Engineering

Ho®

pubs.acs.org/journal/ascecg

Nanostructured Carbon Nitride for

Research Article

Continuous-Flow

Trifluoromethylation of (Hetero)arenes
Alessandra Sivo," Vincenzo Ruta,” Vittoria Granata, Oleksandr Savateev, Mark A. Bajada,

and Gianvito Vilé*

Cite This: ACS Sustainable Chem. Eng. 2023, 11, 5284-5292

I: I Read Online

ACCESS |

[l Metrics & More ’

Article Recommendations |

Q Supporting Information

ABSTRACT: Efficient catalytic methods for the trifluoromethy-
lation of (hetero)arenes are of particular importance in organic and
pharmaceutical manufacturing. However, many existing protocols
rely on toxic reagents and expensive or sterically hindered
homogeneous catalysts. One promising alternative to conduct
this transformation involves the use of carbon nitride, a non-toxic
photocatalyst prepared from inexpensive precursors. Nonetheless,
there is still little understanding regarding the interplay between
physicochemical features of this photocatalyst and the correspond-
ing effects on the reaction rate. In this work, we elucidate the role
of carbon nitride nanostructuring on the catalytic performance,
understanding the effect of surface area and band gap tuning via
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metal insertion. Our findings provide new insights into the structure—function relationships of the catalyst, which we exploit to
design a continuous-flow process that maximizes catalyst—light interaction, facilitates catalyst reusability, and enables intensified
reaction scale-up. This is particularly significant given that photocatalyzed batch protocols often face challenges during industrial
exploitation. Finally, we extrapolate the rapid and simplified continuous-flow method to the synthesis of a variety of functionalized
heteroaromatics, which have numerous applications in the pharmaceutical and fine chemical industries.

KEYWORDS: photocatalysis, flow chemistry, carbon nitride, metal-free catalysis, trifluoromethylations

B INTRODUCTION

Trifluoromethyl groups are recognized as important sub-
stituents in drug candidates, owing to their ability to enhance
lipophilicity.' = Therefore, the implementation of efficient and
sustainable methods for the late-stage incorporation of
trifluoromethyl groups has garnered considerable attention in
the field of organic and pharmaceutical synthesis.”® Conven-
tional protocols for the thermo-catalyzed trifluoromethylation
of aromatics require harsh conditions (Scheme 1a).”~"* In this
regard, photocatalysis is an attractive technology to develop
energy-saving processes that leverage light to stir chemical
transformations.'™>* Such techniques offer numerous benefits,
which include milder operational conditions (e.g., generally
photochemical reactions are carried out at room temperature
and atmospheric pressures),”* replacement of transition metals
and toxic reagents with greener photoactive analogues,” ™’
and shorter reaction times.”®

To date, the light-driven introduction of CF; to (hetero)-
aromatics has predominantly been achieved through metal-
based homogeneous and heterogeneous photocatalysts
(Scheme 1b).>’7** Metal-free methodologies have been
suggested in the scientific literature, but their industrial
implementation has been limited. This limitation has been
attributed to insufficient understanding of the catalytic
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mechanism and difficulties associated with scaling up the
methods.

Carbon nitride (C;N,) is one of the potential catalysts for
metal-free trifluoromethylation.*>*® This non-toxic material is
prepared from cheap precursors (e.g., urea, thiourea,
cyanamide, dicyanamide, or melamine) via simple synthetic
routes including thermal or photochemical polymeriza-
tion.”” ™" Properties of this class of materials include visible-
light absorbing capabilities due to their semiconducting nature
and corresponding band gap energy of ca. 2.7 eV, excellent
thermo- and photostability, and tunable surface area achievable
through different synthetic methods that lead to the formation
of allotropes. These allotropes include graphitic carbon nitride
(gC;N,), exfoliated nanosheets of graphitic carbon nitride
(nC3N,), and mesoporous graphitic carbon nitride
(mng3N4).20’40_46
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Scheme 1. Traditional Thermal (a) and Photocatalytic (b)
Batch Methods to Access Trifluoromethylated
(Hetero)aromatics and the Flow Photocatalytic Strategy (c)
Developed in This Work

(a) Thermal batch methods

eg.
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In this work, we investigate the nanostructuring of carbon
nitride for the trifluoromethylation reaction of heteroaro-
matics, elucidating the effect of structural properties, surface
area, and band gap modulation on the reaction progression.
This enabled us to derive structure—property relationships that
were exploited to design a continuous-flow process for the
green and upscaled production of trifluoromethylated
(hetero)aromatics (Scheme 1c).*’ 7> The flow protocol was
then adopted for the synthesis of a variety of functionalized
heteroaromatics.

B EXPERIMENTAL PROCEDURES

Catalyst Synthesis. To prepare graphitic carbon nitride,
cyanamide (10 g; Sigma Aldrich, 99%) was heated for 3 h at 550
°C (heating ramp: 10 °C min™') in an alumina crucible. To prepare
nanosheet carbon nitride, the as-obtained gC;N, was exposed to
further thermal exfoliation at 550 °C for 3 h (heating ramp: 2 °C
min~"). To prepare mesoporous graphitic carbon nitride, cyanamide
(3 g; Sigma Aldrich, 99%) was added to SiO, Ludox HS40 with 12
nm particles (7.5 g; Sigma Aldrich, 40% aqueous dispersion) and
heated under stirring at 70 °C for 16 h. The resulting white solid was
heated for 8 h at 550 °C in an alumina crucible (heating ramp: 2.2 °C
min~'). The obtained material was then added to a 4.2 M solution of
NH,HF, (12 g in S0 mL of water; Sigma-Aldrich, 95%), kept under
stirring for 24 h, and then centrifuged to obtain the product after
three washes with water and ethanol.

Catalyst Characterization. The specific surface areas of the
prepared materials were obtained via N, physisorption experiments,
degassing the samples at 150 °C for 20 h and then measuring the
isotherms on a Micromeritics 3Flex porosimeter at 77 K. Data were
analyzed using a QuadraWin 5.05 software package applying the
Brunauer—Emmett—Teller (BET) model to the adsorption isotherms
for 0.05 < p/py < 0.3. The porosity and pore distribution were
calculated by using the model of quenched solid density functional
theory (QSDFT) for N, adsorbed on carbon (assuming cylindrical
pore shape) at 77 K. A Philips model PW3040/60 X-ray
diffractometer was used for powder X-ray diffraction (XRD), applying
Cu Ka radiation (4 = 0.15418 nm). Elemental analysis (CHNS) was
performed on a Vario Micro device by combustion.

Trifluoromethylation Reactions. The reactions were conducted
on a commercial PhotoCube apparatus, consisting of an irradiated
chamber versatile enough to account both reaction flasks and flow
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reactors (Figure 1). The apparatus is equipped with multicolor and
UV LEDs (at eight different wavelengths) with an input power of up
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Figure 1. PhotoCube apparatus used for the photocatalytic
experiments (courtesy of ThalesNano).

to 128 W. Magnetic stirrers inside the chamber enable proper mixing
in batch conditions.

For the batch experiments, the catalyst (100 mg) and the base (3
mmol) were added to a test tube, which was degassed for 15 min
under a N, flow. Then, trifluoromethanesulfonyl chloride (herein
indicated as TfCl, 1.3 mmol), the (hetero)aryl compound (1 mmol),
and the solvent (8 mL) were added. The reaction mixture was closed,
placed in the PhotoCube apparatus, kept under magnetic stirring, and
irradiated with blue light (4 = 457 nm) for 60 min. At the end of the
reaction, the suspension was filtered to remove the catalyst.

For continuous-flow experiments, a physical mix of mpgC;N, (S0
mg), base (276 mg), and 50 um of glass beads (2 g) was grinded in a
mortar and blended in a vortex generator for 2 min. A transparent and
flexible fluorinated ethylene-propylene (FEP) tube (500 mm long, 3.2
mm o.d., and 2.1 mm id.) was filled with the heterogeneous solid
mixture and plugged with a quartz wool filter. The reactor was
connected via 1/8” o.d. 1/4” 28 flat bottom flangeless fittings to the
other 1/16” o.d. tubing. The reactor volume was calculated as dead
volume using the difference between the dry packed-reactor mass and
the mass of the packed reactor filled with the reaction solvent. A
solution of the (hetero)aryl reagent (0.25 M in acetonitrile, MeCN,
flow rate: 0.03 mL min~') and a solution of TfCl (0.25 M in MeCN,
flow rate: 0.03 mL min~"') were introduced by syringe pumps (NE-
1000, New Era Pump Systems, Inc.) operating at quasi-ambient
pressure into the assembled packed-bed photoreactor. The reaction
mixture was irradiated with blue light.

For both batch and flow experiments, an aliquot of the reaction
mixture was withdrawn, and the product formation and starting
material conversion were calculated using an Agilent 1200 high-
performance liquid chromatography (HPLC) instrument, equipped
with a UV detector G1315D working at 4 = 210 nm, and a Cgg
HypersilGOLD S um 175 A column (Thermo-Fisher). Samples were
analyzed using MeCN/H,0 60:40 as a mobile phase with a total flow
rate of 0.7 mL min~' at 40 °C. 'H and ""F-NMR spectra were
recorded with a Bruker 400 MHz Nuclear Magnetic Resonance
spectrometer.

B RESULTS AND DISCUSSION

Characterization of the Carbon Nitride Catalysts.
Metal-free carbon nitride materials, namely, graphitic (gC;N,),
nanosheet (nC;N,), and mesoporous graphitic (mpgC;N,)
carbon nitrides, possessed different surface area and porosity
features.>>>* Porosity, pore distribution, and surface area data
of the prepared materials were deduced via N, physisorption
experiments. Brunauer—Emmett—Teller (BET) adsorption
isotherms demonstrated the non-porous nature of gC;N, and
nC;N, materials juxtaposed with that of mpgC;N, (Figure
Sla), which bore a high surface area (157 m® g'). The
material phase purity and crystallinity were evaluated through
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Table 1. Optimization Studies for the Photocatalytic Trifluoromethylation of Pyrrole Using Mesoporous Carbon Nitride

Catalyst®
Q + CI—E—CF3 M m CF;3 ﬁCF3 + ‘\\ OH 4 WC‘
I base, MeCN N F.c” N N N '
H o 457 nm, 60 min * H H o
1 2 3a 4 5 6
target product unselective products
Entry Base Variation Conz;‘; )s o 3asel(:)cttli:i-tsyz 4(:_/;1_ 6)
1 none None 91 42 44
Influence of 2 KF None 99 71 23
base 3 KH,PO, None 95 75 17
4 K,HPO, None 96 84 13
Influence of 3 K,HPO, TfCI (1.2 mmol) 97 72 16
TfCl content ¢ K,HPO, TfCI (1.5 mmol) 100 53 29
7 K,HPO, no inert atmosphere 73 22 75
12:3?::e of g K,HPO, no catalyst 82 7 75
conditions 9 K,HPO, no light 17 - 81
10 K,HPO, LED strip (18 W) 64 6 75

“If not indicated otherwise, the reactions were conducted under inert conditions in a batch reactor, using 1 (1 mmol), 2 (1.3 mmol), base (3
mmol), mpgC;N, as catalyst (100 mg), MeCN as solvent (8 mL), light wavelength A = 457 nm (128 W), temperature = 45 °C, pressure = 1 atm,
and reaction time = 60 min. “Determined by HPLC. “The optimal conditions are highlighted in orange.

X-ray powder diffraction (XRD) studies. XRD diffractograms
showed two characteristic diffraction peaks at 20 = 13 and 28°,
which, in accordance with the literature, correspond to the
(100) and (002) planes, respectively.”® The former denotes
the trigonal N-linkage of the triazine moiety, while the latter
represents the stacking of aromatic rings. No other peaks were
observed, confirming the absence of other crystalline
impurities (Figure S1b). Elemental analysis of the prepared
samples was carried out via CHNS analysis. The C/N values
were found to lie in the range of 0.61—0.67 (Table S1), close
to to the ideal value of 0.7 for the basic heptazine structure of
C;N,. Discrepancies from the ideal value are typically ascribed
to defects originating from the thermal polymerization
process.’® Nevertheless, the low H content values confirmed
a high extent of polymerization of the cyanamide precursor,
with only a low percentage of non-polymerized units carrying
residual protons.™

Reaction Optimization in Batches and Role of the
Surface Area. These materials were first evaluated under
batch conditions using the PhotoCube setup as well as pyrrole
1 and trifluoromethanesulfonyl chloride (TfCl) 2 as starting
materials, K,HPO, as base, blue light, acetonitrile (MeCN) as
solvent, and carrying out the reaction for 60 min. Preliminary
investigation on the effect of catalyst surface area was
conducted using the gC;N, and nC;N, samples, which
afforded the desired product in yields below 10% due to the
characteristic low surface area of this kind of nanostructuring.
Indeed, compound 3a was obtained with 80% yield when
mpgC;N, was used as catalyst, in accordance with the
increased surface area features of mesoporous graphitic
materials. The effect of the base and reactant stoichiometry
are listed in Table 1. In particular, base screening experiments
show that there is a direct correlation between the base
strength and the selectivity for the product obtained: with a
strong base such as K,HPO, (Table 1, entry 4; pK, = 1.3),
conversion and yield of 96 and 80% were obtained,
respectively, along with a high selectivity for the monotri-
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fluomethylated product 3a of 84%. Conversely, employing
weaker bases, namely, KH,PO, (Table 1, entry 3; pK; = 7.2),
and KF (Table 1, entry 2; pK;, = 10.83), leads to only minor
yields for the desired product 3. Moreover, the reaction
process appears to be uninfluenced by the Lewis base feature
of KF, whose driving force seems to be limited by the base
strength. The higher yield achieved with the stronger base is
probably related to the increased re-aromatization rate in
presence of these if compared to weaker base condition or no
base condition. A study concerning the amount of TfCl was
also conducted, with the best result being given by 1.3
equivalents (Table 1, entries 4, S, and 6). This improved
selectivity for the double alkylation product 4 in the presence
of an enhanced amount of the trifluoromethylating agent
(Table 1, entry 6) can be rationalized on the basis of the
enhanced formation and availability of CF; radicals. Thus, this
parameter appears to be fundamental in discriminating
between the mono- and di-trifluoromethylation products,
heavily influencing the selectivity of the process.

Additional control experiments were conducted in the
absence of (i) light, (ii) an inert atmosphere, and (iii) catalyst
in order to determine the importance of each parameter on the
model reaction (Table 1, entries 7—10). Despite the relatively
high conversions obtained in the absence of an inert
atmosphere and without catalyst (Table 1, entries 7 and 8),
the selectivity for the desired product 3a dropped dramatically
to less than 22%. Under these two conditions, selectivity for
the undesired side product § increased drastically (> 65%).
The decreased selectivity for the trifluoromethylation product
3a in the absence of an inert atmosphere can be accounted for
through consideration of a CF; radical quenching mechanism
mediated by atmospheric water.”’ Indeed, the same effect,
observed when the reaction was conducted in absence of
catalyst, confirms the key role of C;N, to specifically catalyze
the trifluoromethylation reaction. The importance of the
irradiation conditions was confirmed by conducting the
reaction in the dark (Table 1, entry 9), where it was found

https://doi.org/10.1021/acssuschemeng.3c00176
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Figure 2. Radical mechanism for the photocatalytic trifluoromethylation of pyrrole using mesoporous carbon nitride.
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Figure 3. Conversion (a), product selectivity (b), and yield of target product 3a (c, d) over various C3N, catalysts for the trifluoromethylation of
pyrrole. Reaction conditions: 1 (1 mmol), 2 (1.3 mmol), catalyst (100 mg), K,HPO, (3 mmol), MeCN as solvent (8 mL), light wavelength 4 =
457 nm (128 W), temperature = 45 °C, and pressure = 1 atm. All data are determined by HPLC. The exact distribution of the (by)products is

provided in the Supporting Information.

that a conversion of only 17% was recorded. Further studies
highlighted the importance of the power of the irradiation
source on the trifluoromethylation reaction: using a traditional
batch setup comprised of a LED strip (18 W) wrapped around
a reaction flask (see the Supporting Information for details),
the conversion only reached 64%, while the selectivity for
product 3a was equal to 6% (Table 1, entry 10). The
employment of the more powerful reactor (128 W) led to a
beneficial outcome on the reaction performance (Table 1,
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entry 4), comparatively higher than the one obtained using the
home-made LED setup.

A trifluoromethylation reaction mechanism has been
proposed involving the generation of the radical intermediate
7 (Figure 2), in line with the literature.” When the carbon
nitride photocatalyst is irradiated with a photon source that
exceeds the bandgap energy, the generation via single-electron
transfer (SET) of a trifluoromethyl radical takes place, which
selectively combines with pyrrole 1. The catalyst-promoted

https://doi.org/10.1021/acssuschemeng.3c00176
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Figure 4. General scheme for the continuous-flow trifluoromethylation of pyrrole (a), effect of light source wavelength (b), effect of residence time
(c), and catalyst stability study (d). Reaction conditions for the flow reaction: 1 (1 mmol, 0.25 M in MeCN), TfCl (1.3 mmol, 0.25 M in MeCN),
various light wavelengths (blue A = 457 nm, green 4 = S50 nm, or white 400—700 nm), temperature = 45 °C, pressure = 1 atm. All data are

determined by HPLC.

oxidation of the radical intermediate 7 affords a 2-
trifluoromethyl-2,3-dihydro-1H-pyrrolylium species 8, which
easily undergoes deprotonation in presence of the base,
affording the desired trifluoromethylated arene 3a. This
elucidates the central role of the base in the reaction.

In order to obtain a more detailed understanding of the
reaction mechanism, we conducted a kinetic study on the
model compound (pyrrole). The different carbon nitride
analogues introduced in the previous section were thus tested,
and the optimal reaction conditions in Table 1 were applied
(vis-a-vis base, reactant equivalents, etc.). One of the key
parameters differentiating the carbon nitrides from one another
is their respective specific surface areas. Data collected from
the kinetic study, conducted using the different carbon nitride
catalysts with different surface areas, show a correlation
between this intrinsic material property and the reaction
progress (Figure 3a,b). Particularly, gC;N, and nC;N, appear
to have a similar behavior, providing low conversion and very
low yield for the desired product 3 by promoting the formation
of side product § (cf. Table 1). A different behavior is observed
for the mpgC;N, material, which provides the desired product
in high yield. An overview of the species formation trend
during the kinetic study using the optimal catalyst is shown in
Figure 3c. The slight decrease in selectivity for the target
product is due to the slow formation of the di-alkylated side
product 4, which becomes relevant only after the first hour.
The improved conversion of pyrrole and the subsequent
enhanced vyield for the catalytic product provided by the
mpgC;N, catalyst could be easily justified with the increase of
the surface area in this material, a key parameter in the light-
catalyzed heterogeneous reaction, and considering that the
optical properties in the three metal-free materials, i.e., band
gap and charge separation, are unaffected by the change of the
tridimensional structure. Particularly, the mesopores present in
the mpgC;N, structures generates a tridimensional structure
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with enhanced surface area (>140 m* g™') if compared with
the 2D graphitic (S m* g™') and nanosheet (72 m* g7')
samples; this structural effect leads to an increased contact
between light, catalyst, and reactant, which is beneficial for the
reaction outcome.”’ More detailed information regarding the
formation of each side product in time is provided in the
Supporting Information.

Effect of the Catalyst Band Gap on the Trifluor-
omethylation Reaction. Given the excellent performance of
mpgC;N,, we decided to use this photocatalyst to study the
effect of band gap modulation on the catalytic activity, through
the introduction of isolated metal centers.”® In the literature,
these metal-doped materials have shown enhanced catalytic
properties for a number of energy-related reactions>” and are
starting to find applications in organic synthesis.®”®" Metal
insertion into the C;N, framework leads to the creation of a
joint electronic structure, which can in turn modify the band
gap energy values, correlated also to the optical properties of
the material.®> By fine-tuning this property using metal atoms
with different electronic properties, it is possible to precisely
engineer the band gap value, which, for mpgC;N,, is around
2.7 ¢V (CB = —1.3 eV; VB = 1.4 eV).

The presence of metal single atoms (specifically Zn, Cu, and
Ag; metal-doped catalyst characterization is reported in Figures
S3 and S4 and Table S2) appeared to have a detrimental effect
on the yield of the desired product 3 (Figure 3d). Specifically,
a similar reaction progress was observed with the Zn- and Cu-
based carbon nitrides, wherein a first predominant selectivity
for the side product 5 was observed followed by a slow increase
for the product 3 (steeper gradient with the Cu-based
material), which reached a value of 34% within 120 min.
This led to overall yields of the desired product 3 that were far
less superior to the undoped carbon nitride (42 and 34% for
Zn- and Cu-based catalysts, respectively, versus 68% for
mpgC;N,; Figure 3d). On the other hand, the Ag-doped
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material displays a trend in both the conversion and yield that
is quite similar to that of mpgC;N,.

The following observations, when considered cumulatively,
could explain the poorer performance of the Zn- and Cu-
doped materials to yield the desired trifluoromethylated
product 3 versus the bare mpgC;N, support. First, the
quenching of the photoluminescence (PL) spectra indicates
the transfer of excited electrons to the single-atom sites (Figure
3d and Figure S3), in which the quenching follows the trend
Zn@mpgC;N, > Cu@mpgC;N, > Ag@mpgC;N, > mpgC;N,.
Second, although the reaction vial is degassed prior to sample
irradiation, a large quantity of the respective photocatalyst is
employed (100 mg). It has been discussed on several counts in
the literature that the trapping of O, molecules within the
mesoporous network of mpgC;N, due to its incomplete
elimination via simple N, degassing techniques, is indeed quite
likely.**" This residual presence of O, adsorbed by the
mesoporous structure, coupled with the improved activation of
molecular O, by metal single-atoms, could yield a higher
concentration of reactive oxygen species (ROS) within the
local environment.°”®> Thus, the formation of this inter-
mediate could in turn explain the increased selectivity for the
hydroxylation of pyrrole (generating side product 5) when
Zn@mpgC;N, and Cu@mpgC;N, are employed in accord-
ance with the enhanced electron transfer to the respective
metal site in these materials.

Development and Optimization of a Scalable
Continuous-Flow Process. Succeeding the batch inves-
tigations that provide novel detailed information about the
structure—performance relationship, the design of a sustainable
processes was performed, developing a continuous-flow route
for the trifluoromethylation process (Figure 4) in which the
photocatalyst was housed within a fixed-bed reactor. The
photoreactor setup was assembled using a transparent FEP
tube (length = SO0 mm, i.d. = 2.1 mm), which was packed with
mpgC;N,, K,HPO,, and glass beads (2.5 wt %). The use of the
latter as a co-packing material in the bed reactor facilitated
catalyst particle separation and dilution, which was necessary
to reduce the competition for the absorption of visible-light
photons. Evidence supporting this positive effect can be found
by conducting the reaction in absence of glass beads and using
sand to dilute the catalyst in the reactor. The unfavorable
contact with light provided in these conditions led us to obtain
product 3a in only 58% yield. At first, we decided to optimize
the reaction protocol starting from the evaluation of the light
wavelength effect on the model reaction (Figure 4a). The
better performance of the catalyst in the presence of blue light
(457 nm) is due to the proximity of the onset of absorption
band of C;N, with this wavelength. To investigate the reaction
progress in continuous-flow mode, we evaluated the formation
of trifluoromethylpyrrole 3a screening different residence time
conditions (Figure 4b). From 10 to 20 min, a reasonable yield
increase was observed (respectively 23, 45, and 77%), followed
by a subsequent decrease of up to 30 min (67 and 64%)
related to the enhanced formation of the di-trifluoromethylated
pyrrole 4 at longer reaction times. Choosing 20 min as the
optimal residence time, comparative data between the batch
and flow process with this reaction time show a similar yield
between the two approaches (Table S3); the real advantages
related to the continuous-flow protocol are the easier
recyclability of the catalyst and the productivity enhancement.
The stability of the heterogeneous photocatalyst was evaluated
by running the continuous-flow reaction over S h on stream
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(Figure 4c). This has been carried out under kinetic
conditions, prolonging the injection time of the solutions
and evaluating the yield variation in time. The result
demonstrates the excellent stability of mpgC;N, with no
activity loss, also confirmed by further characterization of the
material after use (see the Supporting Information). It must be
remarked that, given that the residence time of the fluid
flowing through the reactor is 20 min, the steady-state
operation for 5 h is equivalent to 1S catalytic cycles in a
batch reactor. With the optimized conditions in hand, a
continuous-flow scaled-up experiment was performed for a
prolonged time (S mmol), obtaining the target product 3a in
62% yield and with a production rate of 0.62 mmol h7',
doubling the batch performance (production rate in batch =
0.32 mmol h™"). The enhancement in the productivity under
flow conditions is justified by the high light intensity in the
microreactors and irradiation condition uniformity provided by
this configuration compared to the poorly designed batch
conditions for conducting a heterogeneous photocatalytic
reaction,' >

Finally, the influence of heteroaromatic reactivity and the
substitution pattern toward the trifluoromethylation reaction
has been evaluated using different substrates (Scheme 2). All

Scheme 2. Substrate Scope for the Continuous-Flow
Trifluoromethylation of (Hetero)arenes”
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Rs3 X R3 X
T T

RN Ry N

R, R

2 MeCN 3a-m

457 nm, 20 min
CO,CH,

@ CF, D CF, [ D—cF, D CF,

NH NH NH N

HsC \
CHs

3a, 77% yield

Q cFs

CH,0CH;z

3b, 20% vyield

haes
N
Bz

3f, 36% yield

3c, 42% yield

Cy-cr
N
Ph

39, 30% yield

H3C N
Cer e,
NH NH

3l, 40% yield

3d, 68% vyield

hgles
N
NH,

3e, 61% yield

Q CF;

\

Boc

3h, 33% vyield

3i, 16% vyield 3m, 46% yield

“Reaction conditions: (hetero)arene (1 mmol, 0.25 M in MeCN),
T£CI (1.3 mmol, 0.25 M in MeCN), temperature 45 °C, pressure 1
atm, residence time 7 = 20 min. The packed-bed reactor was filled
with a mix of mpgC;N, (50 mg), K,HPO, (3 mmol), and glass beads
(2 g) to better spread the light irradiation through the catalyst bed.
The yields are calculated via NMR using dibromomethane as an
internal standard.

pyrrole-based substrates performed with moderate to good
yield. 2-Methyl 3b (20% yield) and methyl-3-carboxylate 3¢
(42% yield) exhibited lower reactivity, slightly offset by the
electron-withdrawing effect of the ester group in the latter. The
fluoroalkylation of nitrogen-substituted pyrroles occurred with
good yield (compounds 3d—3h, 30—68% yield) with a
particular preference for substrates bearing weak electron-
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donating groups due to the mesomeric stabilization of the
heteroaryl radical. This is further supported by compound 34,
in which the withdrawing effect of the protecting group led to a
decrease of the reaction performance (16% yield), related to
the negative impact on the heteroaryl radical stability. The
protocol has been also tested on different N-bearing hetero-
cycles, namely, indole 31 (40% yield) and indazole 3m (46%).
However, in the latter cases, the reaction suffered from the
possibility of multiple alkylation positions with the formation
of regioisomers, with 12% yield for the alkylation in C3 of the
indole, and 23% yield for the C4 alkylation of the indazole.

B CONCLUSIONS

In conclusion, we have studied the effect of carbon nitride
structuring on the visible light-photocatalyzed introduction of
trifluoromethyl moieties. A direct correlation between the
product yield and surface area has been demonstrated. The
material with the highest surface area (i.e,, mpgC;N,) has been
further fine-tuned, introducing several isolated metals within
the carbon nitride lattice to modulate the catalyst bandgap.
The photoluminescence characterization of the samples has
shown that electron transfer from the metal site favors the
generation of reactive oxygen species, resulting in competing
side-reactions involving the hydroxylation of pyrrole. These
insights were exploited for the development of a continuous-
flow process that remains selective and stable over long
reaction times. Overall, the work demonstrates the advantages
of metal-free catalysis and flow reactor technology for the
synthesis of pharmaceutical intermediates in an on-demand,

high-throughput fashion.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c00176.

Catalysts and characterization (‘*H and '’F NMR) for
new compounds (PDF)

B AUTHOR INFORMATION

Corresponding Author
Gianvito Vilé — Department of Chemistry, Materials, and
Chemical Engineering “Giulio Natta”, Politecnico di Milano,
IT-20133 Milano, Italy; © orcid.org/0000-0003-0641-
8590; Email: gianvito.vile@polimi.it

Authors

Alessandra Sivo — Department of Chemistry, Materials, and
Chemical Engineering “Giulio Natta”, Politecnico di Milano,
IT-20133 Milano, Italy

Vincenzo Ruta — Department of Chemistry, Materials, and
Chemical Engineering “Giulio Natta”, Politecnico di Milano,
IT-20133 Milano, Italy

Vittoria Granata — Department of Chemistry, Materials, and
Chemical Engineering “Giulio Natta”, Politecnico di Milano,
IT-20133 Milano, Italy

Oleksandr Savateev — Department of Colloid Chemistry, Max
Planck Institute of Colloids and Interfaces, DE-14476
Potsdam, Germany; © orcid.org/0000-0002-5760-6033

Mark A. Bajada — Department of Chemistry, Materials, and
Chemical Engineering “Giulio Natta”, Politecnico di Milano,
IT-20133 Milano, Italy; © orcid.org/0000-0001-8176-
7067

5290

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssuschemeng.3c00176

Author Contributions
SA.S. and V.R. contributed equally to the work.

Author Contributions

A.S. and V.G. optimized the batch synthetic protocol. M.A.B.
supported in the design and construction of the photocatalytic
flow apparatus. V.R. and A.S. synthesized and characterized the
trifluoromethylated products using the flow protocol. G.V. and
O.S. supervised the research activities. The manuscript was
written through the contributions of all authors. All authors
have given approval to the final version of the manuscript.

Funding

The authors gratefully acknowledge financial support from
Bracco Spa (A.S. and V.R; PhD scholarships) and the
European Commission through a Marie Sklodowska-Curie
Fellowship (M.A.B.; grant agreement 101031710) and
Horizon Europe grant (G.V.; grant agreement 101057430
“SusPharma”).

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Kelly, C. B.; Mercadante, M. A.; Leadbeater, N. E.
Trifluoromethyl Ketones: Properties, Preparation, and Application.
Chem. Commun. 2013, 49, 11133.

(2) Besset, T.; Jubault, P.; Pannecoucke, X.; Poisson, T. New Entries
toward the Synthesis of OCF 3 -Containing Molecules. Org. Chem.
Front. 2016, 3, 1004—1010.

(3) Hura, N,; Naaz, A.; Prassanawar, S. S.; Guchhait, S. K.; Panda, D.
Drug-Clinical Agent Molecular Hybrid: Synthesis of Diaryl-
(Trifluoromethyl)Pyrazoles as Tubulin Targeting Anticancer Agents.
ACS Omega 2018, 3, 1955—1969.

(4) Amini-Rentsch, L.; Vanoli, E.; Richard-Bildstein, S.; Marti, R.;
Vilé, G. A Novel and Efficient Continuous-Flow Route To Prepare
Trifluoromethylated N-Fused Heterocycles for Drug Discovery and
Pharmaceutical Manufacturing. Ind. Eng. Chem. Res. 2019, S8 (24),
10164—10171.

(5) Le, C.; Chen, T. Q; Liang, T.; Zhang, P.; MacMillan, D. W. C. A
Radical Approach to the Copper Oxidative Addition Problem:
Trifluoromethylation of Bromoarenes. Science 2018, 360, 1010—1014.

(6) Straathof, N. J. W.; Cramer, S. E.; Hessel, V.; Noél, T. Practical
Photocatalytic Trifluoromethylation and Hydrotrifluoromethylation
of Styrenes in Batch and Flow. Angew. Chem., Int. Ed. 2016, S5,
15549—15553.

(7) Dubinina, G. G.; Furutachi, H.; Vicic, D. A. Active
Trifluoromethylating Agents from Well-Defined Copper(I)—CF 3
Complexes. J. Am. Chem. Soc. 2008, 130, 8600—8601.

(8) Kremlev, M. M.; Mushta, A. I; Tyrra, W.; Yagupolskii, Y. L.;
Naumann, D.; Moller, A. Me3SiCF3/AgF/Cu—A New Reagents
Combination for Selective Trifluoromethylation of Various Organic
Halides by Trifluoromethylcopper, CuCF3. J. Fluorine Chem. 2012,
133, 67—71.

(9) Li, C.; Suzuki, K;; Yamaguchi, K.; Mizuno, N. Phosphovanado-
molybdic Acid Catalyzed Direct C—H Trifluoromethylation of
(Hetero)Arenes Using NaSO 2 CF 3 as the CF 3 Source and O 2
as the Terminal Oxidant. New J. Chem. 2017, 41, 1417—1420.

(10) Wang, X,; Xu, Y,; Mo, F.; Ji, G;; Qiu, D.; Feng, J.; Ye, Y.; Zhang,
S.; Zhang, Y.; Wang, J. Silver-Mediated Trifluoromethylation of
Aryldiazonium Salts: Conversion of Amino Group into Trifluor-
omethyl Group. J. Am. Chem. Soc. 2013, 135, 10330—10333.

(11) Wang, X; Xu, Y.; Zhou, Y.; Zhang, Y.; Wang, J. Conversion of
Aromatic Amino into Trifluoromethyl Groups through a Sandmeyer-
Type Transformation. Synthesis 2014, 46, 2143—2148.

https://doi.org/10.1021/acssuschemeng.3c00176
ACS Sustainable Chem. Eng. 2023, 11, 5284-5292


https://pubs.acs.org/doi/10.1021/acssuschemeng.3c00176?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c00176/suppl_file/sc3c00176_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gianvito+Vile%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0641-8590
https://orcid.org/0000-0003-0641-8590
mailto:gianvito.vile@polimi.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessandra+Sivo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vincenzo+Ruta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vittoria+Granata"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oleksandr+Savateev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5760-6033
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+A.+Bajada"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8176-7067
https://orcid.org/0000-0001-8176-7067
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c00176?ref=pdf
https://doi.org/10.1039/c3cc46266h
https://doi.org/10.1039/C6QO00164E
https://doi.org/10.1039/C6QO00164E
https://doi.org/10.1021/acsomega.7b01784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b01784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b01906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b01906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b01906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aat4133
https://doi.org/10.1126/science.aat4133
https://doi.org/10.1126/science.aat4133
https://doi.org/10.1002/anie.201608297
https://doi.org/10.1002/anie.201608297
https://doi.org/10.1002/anie.201608297
https://doi.org/10.1021/ja802946s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja802946s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja802946s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jfluchem.2011.07.025
https://doi.org/10.1016/j.jfluchem.2011.07.025
https://doi.org/10.1016/j.jfluchem.2011.07.025
https://doi.org/10.1039/C6NJ03654F
https://doi.org/10.1039/C6NJ03654F
https://doi.org/10.1039/C6NJ03654F
https://doi.org/10.1039/C6NJ03654F
https://doi.org/10.1021/ja4056239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4056239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4056239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0033-1338659
https://doi.org/10.1055/s-0033-1338659
https://doi.org/10.1055/s-0033-1338659
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c00176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

(12) Miyagawa, M.; Ishikawa, T.; Shinkai, K.; Akiyama, T. Ligand-
Free Trifluoromethylation of Iodoarenes by Use of 2-Aryl-2-
Trifluoromethylbenzimidazoline as New Trifluoromethylating Re-
agent. J. Fluorine Chem. 2019, 219, 29—-31.

(13) McReynolds, K. A.; Lewis, R. S.; Ackerman, L. K. G.; Dubinina,
G. G.; Brennessel, W. W,; Vicic, D. A. Decarboxylative Trifluor-
omethylation of Aryl Halides Using Well-Defined Copper—Trifluor-
oacetate and —Chlorodifluoroacetate Precursors. J. Fluorine Chem.
2010, 131, 1108—1112.

(14) Langlois, B. R.; Roques, N. Nucleophilic Trifluoromethylation
of Aryl Halides with Methyl Trifluoroacetate. J. Fluorine Chem. 2007,
128, 1318—1325.

(15) Loy, R N.; Sanford, M. S. Palladium-Catalyzed C—H
Perfluoroalkylation of Arenes. Org. Lett. 2011, 13, 2548—2551.

(16) Cambi¢, D.; Bottecchia, C.; Straathof, N. J. W.; Hessel, V.;
Noél, T. Applications of Continuous-Flow Photochemistry in Organic
Synthesis, Material Science, and Water Treatment. Chem. Rev. 2016,
116, 10276—10341.

(17) Vil¢, G.; Sharma, P.; Nachtegaal, M.; Tollini, F.; Moscatelli, D.;
Sroka-Bartnicka, A.; Tomanec, O.; Petr, M; Filip, J.; Pieta, I. S;
Zboril, R.; Gawande, M. B. An Earth-Abundant Ni-Based Single-Atom
Catalyst for Selective Photodegradation of Pollutants. Sol. RRL 2021,
S, 2100176.

(18) Marzo, L.; Pagire, S. K; Reiser, O.; Konig, B. Visible-Light
Photocatalysis: Does It Make a Difference in Organic Synthesis?
Angew. Chem., Int. Ed. 2018, 57, 10034—10072.

(19) Kumar, A.,; Kumar, A.; Krishnan, V. Perovskite Oxide Based
Materials for Energy and Environment-Oriented Photocatalysis. ACS
Catal. 2020, 10, 10253—10315.

(20) Ismael, M. A Review on Graphitic Carbon Nitride (g-C3N4)
Based Nanocomposites: Synthesis, Categories, and Their Application
in Photocatalysis. J. Alloys Compd. 2020, 846, No. 156446.

(21) Ismael, M. Ferrites as Solar Photocatalytic Materials and Their
Activities in Solar Energy Conversion and Environmental Protection:
A Review. Sol. Energy Mater. Sol. Cells 2021, 219, No. 110786.

(22) Ismael, M. Structure, Properties, and Characterization of
Mullite-Type Materials Bi2M40O9 and Their Applications in Photo-
catalysis: A Review. J. Environ. Chem. Eng. 2022, 10, No. 108640.

(23) Ismael, M. Latest Progress on the Key Operating Parameters
Affecting the Photocatalytic Activity of TiO2-Based Photocatalysts for
Hydrogen Fuel Production: A Comprehensive Review. Fuel 2021,
303, No. 121207.

(24) Ruffoni, A; Julia, F.; Svejstrup, T. D.; McMillan, A. J.; Douglas,
J. J.; Leonori, D. Practical and Regioselective Amination of Arenes
Using Alkyl Amines. Nat. Chem. 2019, 11, 426—433.

(25) Riente, P.; Fianchini, M.; Llanes, P.; Pericas, M. A.; Noél, T.
Shedding Light on the Nature of the Catalytically Active Species in
Photocatalytic Reactions Using Bi2O3 Semiconductor. Nat. Commun.
2021, 12, 625.

(26) Seo, H; Liu, A,; Jamison, T. F. Direct j-Selective Hydro-
carboxylation of Styrenes with CO2 Enabled by Continuous Flow
Photoredox Catalysis. . Am. Chem. Soc. 2017, 139, 13969—13972.

(27) Meanwell, M.; Lehmann, J.; Eichenberger, M.; Martin, R. E,;
Britton, R. Synthesis of Acyl Fluorides via Photocatalytic Fluorination
of Aldehydic C—H Bonds. Chem. Commun. 2018, 54, 9985—9988.

(28) Ruggeri, M.; Dombrowski, A. W.; Djuric, S. W.; Baxendale, I. R.
Photochemical Flow Synthesis of 3-Hydroxyazetidines. ChemPhoto-
Chem 2019, 3, 1212—1218.

(29) Xie, J.; Yuan, X.; Abdukader, A.; Zhu, C.; Ma, J. Visible-Light-
Promoted Radical C—H Trifluoromethylation of Free Anilines. Org.
Lett. 2014, 16, 1768—1771.

(30) Igbal, N; Choi, S.; Ko, E.; Cho, E. J. Trifluoromethylation of
Heterocycles via Visible Light Photoredox Catalysis. Tetrahedron Lett.
2012, 53, 2005—2008.

(31) Beatty, J. W.; Douglas, J. J.; Cole, K. P.; Stephenson, C. R. J. A
Scalable and Operationally Simple Radical Trifluoromethylation. Nat.
Commun. 2015, 6, 7919.

5291

(32) Nagib, D. A; MacMillan, D. W. C. Trifluoromethylation of
Arenes and Heteroarenes by Means of Photoredox Catalysis. Nature
2011, 480, 224—228.

(33) Chang, B; Shao, H; Yan, P,; Qiu, W.; Weng, Z.; Yuan, R.
Quinone-Mediated Trifluoromethylation of Arenes and Heteroarenes
with Visible Light. ACS Sustainable Chem. Eng. 2017, S, 334—341.

(34) Pitre, S. P.; McTiernan, C. D.; Ismaili, H.; Scaiano, J. C. Metal-
Free Photocatalytic Radical Trifluoromethylation Utilizing Methylene
Blue and Visible Light Irradiation. ACS Catal. 2014, 4, 2530—253S5.

(35) Baar, M; Blechert, S. Graphitic Carbon Nitride Polymer as a
Recyclable Photoredox Catalyst for Fluoroalkylation of Arenes. Chem.
— Eur. . 2015, 21, 526—530.

(36) Wang, L.; Liu, M; Zha, W.; Wei, Y,; Ma, X;; Xu, C; Ly, C;
Qin, N.; Gao, L.; Qiu, W,; Sa, R.; Fu, X,; Yuan, R. Mechanistic Study
of Visible Light-Driven CdS or g-C3N4-Catalyzed C H Direct
Trifluoromethylation of (Hetero)Arenes Using CF3SO2Na as the
Trifluoromethyl Source. J. Catal. 2020, 389, 533—543.

(37) Pieber, B.; Malik, J. A.; Cavedon, C.; Gisbertz, S.; Savateev, A.;
Cruz, D.; Heil, T.; Zhang, G.; Seeberger, P. H. Semi-heterogeneous
Dual Nickel/Photocatalysis Using Carbon Nitrides: Esterification of
Carboxylic Acids with Aryl Halides. Angew. Chem., Int. Ed. 2019, 58,
9575-9580.

(38) Cavedon, C; Madani, A; Seeberger, P. H.; Pieber, B.
Semiheterogeneous Dual Nickel/Photocatalytic (Thio)Etherification
Using Carbon Nitrides. Org. Lett. 2019, 21, 5331—5334.

(39) Wang, Y,; Wang, X,; Antonietti M. Polymeric Graphitic
Carbon Nitride as a Heterogeneous Organocatalyst: From Photo-
chemistry to Multipurpose Catalysis to Sustainable Chemistry. Angew.
Chem., Int. Ed. 2012, 51, 68—89.

(40) Cao, S.; Low, J.; Yu, J; Jaroniec, M. Polymeric Photocatalysts
Based on Graphitic Carbon Nitride. Adv. Mater. 2015, 27, 2150—
2176.

(41) Huang, C.; Wen, Y.; Ma, J.; Dong, D.; Shen, Y.; Liu, S.; Ma, H,;
Zhang, Y. Unraveling Fundamental Active Units in Carbon Nitride for
Photocatalytic Oxidation Reactions. Nat. Commun. 2021, 12, 320.

(42) Yang, H,; Zhou, Q.; Fang, Z.; Li, W.; Zheng, Y.; Ma, J.; Wang,
Z.; Zhao, L.; Liu, S,; Shen, Y.,; Zhang, Y. Carbon Nitride of Five-
Membered Rings with Low Optical Bandgap for Photoelectrochem-
ical Biosensing. Chem 2021, 7, 2708—2721.

(43) Karjule, N.; Phatake, R.; Volokh, M,; Hod, I; Shalom, M.
Solution-Processable Carbon Nitride Polymers for Photoelectrochem-
ical Applications. Small Methods 2019, 3, 1900401.

(44) Ma, J.; Peng, X; Zhou, Z.; Yang, H.; Wy, K; Fang, Z.; Han, D ;
Fang, Y,; Liu, S.; Shen, Y.; Zhang, Y. Extended Conjugation Tuning
Carbon Nitride for Non-sacrificial H202 Photosynthesis and Hypoxic
Tumor Therapy**. Angew. Chem., Int. Ed. 2022, 61, 43.

(45) Chand, H.; Choudhary, P.; Kumar, A.; Kumar, A.; Krishnan, V.
Atmospheric Pressure Conversion of Carbon Dioxide to Cyclic
Carbonates Using a Metal-Free Lewis Acid-Base Bifunctional
Heterogeneous Catalyst. J. CO2 Util. 2021, S1, No. 101646.

(46) Choudhary, P.; Kumar, A.; Krishnan, V. Nanoarchitectonics of
Phosphorylated Graphitic Carbon Nitride for Sustainable, Selective
and Metal-Free Synthesis of Primary Amides. Chem. Eng. J. 2022, 431,
No. 133695.

(47) Wen, Z; Wan, T.; Vijeta, A;; Casadevall, C.; Buglioni, L.;
Reisner, E.; Noél, T. Photocatalytic C—H Azolation of Arenes Using
Heterogeneous Carbon Nitride in Batch and Flow. ChemSusChem
2021, 14, 5265—5270.

(48) Caudillo-Flores, U.; Rodriguez-Padrén, D.; Mufioz-Batista, M.
J.; Kubacka, A.; Luque, R.; Ferndndez-Garcia, M. Facile Synthesis of
B/g-C3N4 Composite Materials for the Continuous-Flow Selective
Photo-Production of Acetone. Green Chem. 2020, 22, 4975—4984.

(49) Noél, T. A Personal Perspective on the Future of Flow
Photochemistry. J. Flow Chem. 2017, 7, 87—93.

(50) Liu, J; Wang, H.; Antonietti, M. Graphitic Carbon Nitride
“Reloaded:” Emerging Applications beyond (Photo)Catalysis. Chem.
Soc. Rev. 2016, 45, 2308—2326.

https://doi.org/10.1021/acssuschemeng.3c00176
ACS Sustainable Chem. Eng. 2023, 11, 5284-5292


https://doi.org/10.1016/j.jfluchem.2018.12.006
https://doi.org/10.1016/j.jfluchem.2018.12.006
https://doi.org/10.1016/j.jfluchem.2018.12.006
https://doi.org/10.1016/j.jfluchem.2018.12.006
https://doi.org/10.1016/j.jfluchem.2010.04.005
https://doi.org/10.1016/j.jfluchem.2010.04.005
https://doi.org/10.1016/j.jfluchem.2010.04.005
https://doi.org/10.1016/j.jfluchem.2007.08.001
https://doi.org/10.1016/j.jfluchem.2007.08.001
https://doi.org/10.1021/ol200628n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol200628n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/solr.202100176
https://doi.org/10.1002/solr.202100176
https://doi.org/10.1002/anie.201709766
https://doi.org/10.1002/anie.201709766
https://doi.org/10.1021/acscatal.0c02947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c02947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jallcom.2020.156446
https://doi.org/10.1016/j.jallcom.2020.156446
https://doi.org/10.1016/j.jallcom.2020.156446
https://doi.org/10.1016/j.solmat.2020.110786
https://doi.org/10.1016/j.solmat.2020.110786
https://doi.org/10.1016/j.solmat.2020.110786
https://doi.org/10.1016/j.jece.2022.108640
https://doi.org/10.1016/j.jece.2022.108640
https://doi.org/10.1016/j.jece.2022.108640
https://doi.org/10.1016/j.fuel.2021.121207
https://doi.org/10.1016/j.fuel.2021.121207
https://doi.org/10.1016/j.fuel.2021.121207
https://doi.org/10.1038/s41557-019-0254-5
https://doi.org/10.1038/s41557-019-0254-5
https://doi.org/10.1038/s41467-020-20882-x
https://doi.org/10.1038/s41467-020-20882-x
https://doi.org/10.1021/jacs.7b05942?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b05942?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b05942?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CC06375C
https://doi.org/10.1039/C8CC06375C
https://doi.org/10.1002/cptc.201900188
https://doi.org/10.1021/ol500469a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol500469a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2012.02.032
https://doi.org/10.1016/j.tetlet.2012.02.032
https://doi.org/10.1038/ncomms8919
https://doi.org/10.1038/ncomms8919
https://doi.org/10.1038/nature10647
https://doi.org/10.1038/nature10647
https://doi.org/10.1021/acssuschemeng.6b01682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b01682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs5005823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs5005823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs5005823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201405505
https://doi.org/10.1002/chem.201405505
https://doi.org/10.1016/j.jcat.2020.06.032
https://doi.org/10.1016/j.jcat.2020.06.032
https://doi.org/10.1016/j.jcat.2020.06.032
https://doi.org/10.1016/j.jcat.2020.06.032
https://doi.org/10.1002/anie.201902785
https://doi.org/10.1002/anie.201902785
https://doi.org/10.1002/anie.201902785
https://doi.org/10.1021/acs.orglett.9b01957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201101182
https://doi.org/10.1002/anie.201101182
https://doi.org/10.1002/anie.201101182
https://doi.org/10.1002/adma.201500033
https://doi.org/10.1002/adma.201500033
https://doi.org/10.1038/s41467-020-20521-5
https://doi.org/10.1038/s41467-020-20521-5
https://doi.org/10.1016/j.chempr.2021.06.010
https://doi.org/10.1016/j.chempr.2021.06.010
https://doi.org/10.1016/j.chempr.2021.06.010
https://doi.org/10.1002/smtd.201900401
https://doi.org/10.1002/smtd.201900401
https://doi.org/10.1002/anie.202210856
https://doi.org/10.1002/anie.202210856
https://doi.org/10.1002/anie.202210856
https://doi.org/10.1016/j.jcou.2021.101646
https://doi.org/10.1016/j.jcou.2021.101646
https://doi.org/10.1016/j.jcou.2021.101646
https://doi.org/10.1016/j.cej.2021.133695
https://doi.org/10.1016/j.cej.2021.133695
https://doi.org/10.1016/j.cej.2021.133695
https://doi.org/10.1002/cssc.202101767
https://doi.org/10.1002/cssc.202101767
https://doi.org/10.1039/D0GC01326A
https://doi.org/10.1039/D0GC01326A
https://doi.org/10.1039/D0GC01326A
https://doi.org/10.1556/1846.2017.00022
https://doi.org/10.1556/1846.2017.00022
https://doi.org/10.1039/C5CS00767D
https://doi.org/10.1039/C5CS00767D
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c00176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

(51) Pieber, B; Shalom, M,; Antonietti M.; Seeberger, P. H,;
Gilmore, K. Continuous Heterogeneous Photocatalysis in Serial
Micro-Batch Reactors. Angew. Chem., Int. Ed. 2018, 57, 9976—9979.

(52) Bajada, M. A; Vijeta, A.; Savateev, A.; Zhang, G.; Howe, D.;
Reisner, E. Visible-Light Flow Reactor Packed with Porous Carbon
Nitride for Aerobic Substrate Oxidations. ACS Appl. Mater. Interfaces
2020, 12, 8176—8182.

(53) Chen, Z.; Pronkin, S.; Fellinger, T.-P.; Kailasam, K; Vil§, G.;
Albani, D.; Krumeich, F.; Leary, R.; Barnard, J.; Thomas, J. M.; Pérez-
Ramirez, J.; Antonietti, M.; Dontsova, D. Merging Single-Atom-
Dispersed Silver and Carbon Nitride to a Joint Electronic System via
Copolymerization with Silver Tricyanomethanide. ACS Nano 2016,
10, 3166—3175.

(54) Liu, J.; Zou, Y.; Cruz, D.; Savateev, A.; Antonietti, M.; Vilé, G.
Ligand—Metal Charge Transfer Induced via Adjustment of Textural
Properties Controls the Performance of Single-Atom Catalysts during
Photocatalytic Degradation. ACS Appl. Mater. Interfaces 2021, 13,
25858—25867.

(55) Liu, H; Chen, D.; Wang, Z.; Jing, H.; Zhang, R. Microwave-
Assisted Molten-Salt Rapid Synthesis of Isotype Triazine-/Heptazine
Based g-C3N4 Heterojunctions with Highly Enhanced Photocatalytic
Hydrogen Evolution Performance. Appl. Catal. B Environ. 2017, 203,
300-313.

(56) Lau, V. W.; Moudrakovski, I; Botari, T.; Weinberger, S.;
Mesch, M. B; Duppel, V.; Senker, J.; Blum, V.; Lotsch, B. V. Rational
Design of Carbon Nitride Photocatalysts by Identification of
Cyanamide Defects as Catalytically Relevant Sites. Nat. Commun.
2016, 7, 12165.

(57) Rauta, V.; Sivo, A.; Bonetti, L.; Bajada, M. A; Vil¢, G. Structural
Effects of Metal Single-Atom Catalysts for Enhanced Photocatalytic
Degradation of Gemfibrozil. ACS Appl. Nano Mater. 2022, S, 14520—
14528.

(58) Chen, Z.; Mitchell, S.; Vorobyeva, E.; Leary, R. K.; Hauert, R.;
Furnival, T.; Ramasse, Q. M, Thomas, J. M; Midgley, P. A;
Dontsova, D.; Antonietti, M.; Pogodin, S.; Lépez, N.; Pérez-Ramirez,
J. Stabilization of Single Metal Atoms on Graphitic Carbon Nitride.
Adv. Funct. Mater. 2017, 27, 160578S.

(59) Zhang, J.; Cai, W.; Hu, F. X,; Yang, H.; Liu, B. Recent Advances
in Single Atom Catalysts for the Electrochemical Carbon Dioxide
Reduction Reaction. Chem. Sci. 2021, 12, 6800—6819.

(60) Vil¢, G; Di Liberto, G.; Tosoni, S.; Sivo, A,; Ruta, V.;
Nachtegaal, M,; Clark, A. H,; Agnoli, S;; Zou, Y,; Savateev, A;
Antonietti, M.; Pacchioni, G. Azide-Alkyne Click Chemistry over a
Heterogeneous Copper-Based Single-Atom Catalyst. ACS Catal.
2022, 12, 2947—2958.

(61) Gentile, G.; Marchi, M.; Melchionna, M.; Fornasiero, P.; Prato,
M,; Filippini, G. Use of Carbon Nitrides as Photoactive Supports in
Single-Atom Heterogeneous Catalysis for Synthetic Purposes. Eur. J.
Org. Chem. 2022, DOI: 10.1002/¢ejoc.202200944.

(62) Jiang, L.; Yuan, X,; Pan, Y,; Liang, J.; Zeng, G.; Wu, Z.; Wang,
H. Doping of Graphitic Carbon Nitride for Photocatalysis: A Reveiw.
Appl. Catal. B Environ. 2017, 217, 388—406.

(63) Li, X.-H.; Wang, X; Antonietti, M. Solvent-Free and Metal-
Free Oxidation of Toluene Using O2 and g-C3N4 with Nanopores:
Nanostructure Boosts the Catalytic Selectivity. ACS Catal. 2012, 2,
2082—-2086.

(64) Gu, H,; Liu, X; Liu, X;; Ling, C.; Wei, K; Zhan, G.; Guo, Y,;
Zhang, L. Adjacent Single-Atom Irons Boosting Molecular Oxygen
Activation on MnO2. Nat. Commun. 2021, 12, 5422.

(65) Zuo, S.; Guan, Z.; Yang, F,; Xia, D.; Li, D. Reactive Oxygen
Species Regulation and Synergistic Effect for Effective Water
Purification through Fenton-like Catalysis on Single-Atom Cu—N
Sites. J. Mater. Chem. A 2022, 10, 10503—10513.

(66) Thomson, C. G. Lee, A.-L; Vilela, F. Heterogeneous
Photocatalysis in Flow Chemical Reactors. Beilstein ]. Org. Chem.
2020, 16, 1495—1549.

5292

[0 Recommended by ACS

Dual Defective K-Doping and Cyano Group Sites on Carbon
Nitride Nanotubes for Improved Hydrogen Photo-Production

Xiang Zhong, Jianfeng Yao, et al.
MARCH 22, 2023

ENERGY & FUELS READ

Boosting Carbon Nitride Photoactivity by Metal-Free
Functionalization for Selective H,0, Synthesis under Visible
Light

André Torres-Pinto, Adrian M. T. Silva, et al.
JANUARY 11,2023

ACS SUSTAINABLE CHEMISTRY & ENGINEERING READ =

Ultrahigh Photocatalytic Oxygen Reduction to Hydrogen
Peroxide by a True Oxygen-Bridged Heptazine Polymer

Venugopala Rao Battula, Kamalakannan Kailasam, et al.
FEBRUARY 28, 2023

ACS APPLIED POLYMER MATERIALS READ &

Chemical Bonding of g-C,N,/UiO-66(Zr/Ce) from Zr and Ce
Single Atoms for Efficient Photocatalytic Reduction of CO,
under Visible Light

Weiwei Wang, Zhenxing Li, et al.
MARCH 21, 2023

ACS CATALYSIS READ

Get More Suggestions >

https://doi.org/10.1021/acssuschemeng.3c00176
ACS Sustainable Chem. Eng. 2023, 11, 5284-5292


https://doi.org/10.1002/anie.201712568
https://doi.org/10.1002/anie.201712568
https://doi.org/10.1021/acsami.9b19718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b19718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b04210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b04210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b04210?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c02243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c02243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c02243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcatb.2016.10.014
https://doi.org/10.1016/j.apcatb.2016.10.014
https://doi.org/10.1016/j.apcatb.2016.10.014
https://doi.org/10.1016/j.apcatb.2016.10.014
https://doi.org/10.1038/ncomms12165
https://doi.org/10.1038/ncomms12165
https://doi.org/10.1038/ncomms12165
https://doi.org/10.1021/acsanm.2c02859?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.2c02859?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.2c02859?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201605785
https://doi.org/10.1039/D1SC01375K
https://doi.org/10.1039/D1SC01375K
https://doi.org/10.1039/D1SC01375K
https://doi.org/10.1021/acscatal.1c05610?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c05610?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.202200944
https://doi.org/10.1002/ejoc.202200944
https://doi.org/10.1002/ejoc.202200944?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcatb.2017.06.003
https://doi.org/10.1021/cs300413x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs300413x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs300413x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-25726-w
https://doi.org/10.1038/s41467-021-25726-w
https://doi.org/10.1039/D2TA00561A
https://doi.org/10.1039/D2TA00561A
https://doi.org/10.1039/D2TA00561A
https://doi.org/10.1039/D2TA00561A
https://doi.org/10.3762/bjoc.16.125
https://doi.org/10.3762/bjoc.16.125
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c00176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c04371?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04512?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acsapm.2c02057?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
http://pubs.acs.org/doi/10.1021/acscatal.2c06255?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1683542583&referrer_DOI=10.1021%2Facssuschemeng.3c00176
https://preferences.acs.org/ai_alert?follow=1

