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7 ABSTRACT: Heterogeneous catalysts are often “black boxes” due to the insufficient understanding of the detailed mechanisms at
8 the catalytic sites. An atomic-level elucidation of the processes taking place in those regions is, thus, mandatory to produce robust
9 and selective heterogeneous catalysts. We have improved the description of the whole reactive scenario for polymeric carbon nitrides
10 (PCN) by combining atomic-level characterizations with magic-angle spinning (MAS) solid-state nuclear magnetic resonance
11 (NMR) spectroscopy, classical reactive molecular dynamics (RMD) simulations, and quantum chemistry (QC) calculations. We
12 disclose the structure—property relationships of an ad hoc modified PCN by inserting an aryl amino group that turned out to be very
13 efficient for the production of H,O,. The main advancement of this work is the development of a difluoromethylene-substituted aryl
14 amino PCN to generate H,0, at a rate of 2.0 mM-h™" under the irradiation of household blue LEDs and the identification of
15 possible active catalytic sites with the aid of *N and '°F MAS solid-state NMR without using any expensive labeling reagent. RMD
16 simulations and QC calculations confirm and further extend the experimental descriptions by revealing the role and locations of the
17 identified functionalities, namely, NH linkers, —NH, terminal groups, and difluoromethylene units, reactants, and products.

18 KEYWORDS: atomic-level characterizations, hydrogen peroxide, aryl amino PCNs, N and "°F solid-state NMR spectroscopy,
19 O, reduction

20 l INTRODUCTION intensively investigated. Despite these improvements, character- 2

21 Heterogeneous catalysts are essential for industrial synthesis ization and structure determination of the active sites still remain
22 because of their easy separation and reusability.' However, still
23 the traditional catalysts are poorly characterized and classified in
24 terms of their active catalytic sites.” A clear understanding of 38
25 these fundamental regions is essential to obtain a robust microscopy with energy-dispersive X-ray spectroscopy (STEM 29
26 heterogeneous catalyst and to improve the structure—activity
27 relationships of the whole process. Among the heterogeneous
28 catalysts, polymeric carbon nitrides (PCN) have attracted much
29 attention as metal-free catalysts with an appropriate band
30 structure for various applications, such as water splitting, oxygen
31 reduction reactions, C—C bond cleavage reactions, etc. >
32 Advantageously, fabrications and modifications of PCN are
33 also feasible, and strategies such as morphology tuning,S defect
34 control,®” elemental d01:>ing,8’9 and hybridization10 have been

36
inadequately explored. Although great efforts have been made to .

disclose the active site region by scanning transmission electron

EDX) mapping, the discrimination between carbon and 40
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Figure 1. Atomic-level characterizations of the aryl amino PCN photocatalyst for the generation of H,O,.

41 nitrogen is still very difficult due to their close positions in the
42 periodic table.

43 This problem can be potentially overcome by a combination
44 of experimental techniques and computational methodologies.
45 On the one hand, solid-state NMR spectroscopy can be very
46 efficient for its atomic selectivity and ability to depict the local
47 chemical environments regardless of the chemical/structural
48 disorder or low species concentration. Indeed, among the nuclei
49 relevant for this study, nitrogen is the most challenging one. This
50 is because the NMR active isotope "*N exhibits severe spectral
s1 broadening due to quadrupolar interaction'' (with exceptions
s2 for highly symmetric environments), and the other active
53 isotope 5N suffers from low natural abundance and, therefore,
s4 sensitivity, which often requires isotope enrichment. However, it
ss has been shown that "N NMR is capable of delivering crucial
s6 information for the nitrogen inserted in materials.'” The catalyst
57 examined here is appropriate for cross-polarization (CPMAS)
ss NMR experiments at the natural *N-isotope abundance due to
s9 the presence of protons (Figure 1a).

60 On the other hand, reactive molecular dynamics simulations
61 (ReaxFF flavor') of these types of materials, based on efficient
62 preparametrized potentials,14 are a powerful tool to explore the
63 most probable interactions and locations of the different species

present in the complex environment in where the catalyst is 64
inserted, to reproduce reaction mechanisms realistically and, in 65
conjunction with the nudged elastic band (NEB) approach, at ¢
the QC level, identify key intermolecular interactions driving the 67
reactants to crucial intermediates and products.'® 68

Given these premises, we focused on the development of a 6
novel metal-free heterogeneous photocatalyst for the produc- 70
tion of hydrogen peroxide (H,0,). This is because hydrogen 71
peroxide is considered one of the 100 most essential 72
chemicals.'® The current global market size for H,0, has 73
reached 1.49 billion USD with a compound annual growth rate 74
(CAGR) forecast of more than 4.7% from 2020 to 2027."7 7s
Currently, more than 95% of the total industrial production of 76
H,0, relies on the anthraquinone oxidation (AO) process, 77
which suffers from several drawbacks such as the use of an 73
explosive gas mixture of H, and O,, high energy consumption, 79
and capital investments.'® 80

Therefore, there is an urgent need to develop new methods for s1
the production of H,0, under mild reaction conditions. To date, s2
various photoactive materials have been investigated for s3
photocatalytic H,0, production.lg_31 For example, Fukuzumi s4
et al. reported a photocatalytic process for the production of ss
H,0, from water and oxygen using a mixture of 86
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Table 1. Reported PCNs for the Generation of H,0, Using a Mixture of Water and Alcohols

entry material sacrificial reagent
1 g-C3N, ethanol”
2 mesoporous g-C;N, ethanol?
3 (K, P, 0)-g-C;N, ethanol®
4 CoP/g-C;N, ethanol”
S Au/g-C;N, 2-propanol’
6 3DOM g-C3N,-PW organic electron donors
7 AQ-augmented g-C;N, 2-propanol”
8 KPF4/g-C3N, ethanol®
9 Nv-g-C;N, ethanol®
10 g-C;N, with N vacancies ethanol®
11 g-C;N, carbon 2-propanol”
12 oxygen-enriched g-C3N, 2-propanol®
13 g-C3N,-Siwy, methanol”
14 KH,PO,/g-C;N, ethanol®
15 g-C;N,;-CoWO organic electron donors
16 Au/g-C;N, ethanol®
17 ACNN 2-propanol”
18 Ti;C,/g-C3N, 2-propanol”
19 BNQDs/UPCN 2-propanol”
20 AKMT/C;N, ethanol”
21 p-TFAB-C3N, ethanol?

light source” H,0, production rate” references
2 kW Xe lamp 0.53 mMh™! 32
2 kW Xe lamp 0.83 mMh™! 33
300 W Xe arc lamp 0.23 mM-h™! 34
300 W Xe lamp 0.07 mM-h™! 3s
300 W Xe lamp 0.47 mM-h™" 36
300 W Xe lamp” 0.42 mM-h™! 37
150 W Xe arc lamp 0.18 mMh™* 38
300 W Xe arc lamp 0.35 mM-h™! 39
250 W sodium lamp 1.30 mM-h™"! 40
250 W sodium lamp 2.00 mM-h™! 41
300 W Xe lamp 0.38 mM-h™* 42
300 W Xe lamp 1.20 mM-h™! 43
300 W Xe lamp 0.30 mM-h™! 44
300 W Xe arc lamp 0.7 mMh™! 45
300 W Xe arc lamp 0.09 mM-h™! 46
300 W Xe arc lamp 0.10 mM-h™! 47
300 W Xe lamp 5.10 mM-h™! 48
300 W Xe lamp 0.11 mM-h™" 49
300 W Xe lamp 0.07 mM-h™* 50
300 W Xe lamp 1.37 mM-h™! s1
24 W household LED 2.00 mM-h! this work

“The reaction systems were exposed to lamps with main emission from 420 nm (4 > 420 nm). ®2 > 320 nm. “Production rates were determined
based on slopes of graphs in the initial time interval. 990 vol %. °10 vol %.75 vol %. £0.789 gL
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Figure 2. Synthesis of aryl amino PCNs.

g7 [Ru"(Me,phen);]** (Me,phen = 4,7-dimethyl-1,10-phenan-
ss throline) and Ir(OH); (or cobalt catalyst)."” In addition,
8o Yerushalmi et al.”” and Piao et al.*' designed titanium oxide
90 (TiO,) doped with silicon or gold and Pt/TiO,(anatase) for the
91 production of H,O, from water, respectively. Shiraishi’s group
92 reported on resorcinol-formaldehyde resins>” for the production
93 of H,0, from water and O, under the irradiation of solar energy.
94 PCN-based photocatalysts have also been used for the
95 generation of H,O,. For example, Shiraishi’s group described
96 an excellent pyromellitic diimide (PDI)-modified PCN catalyst
97 to generate 50.6 mmol of H,0, in 48 h.>* It should be noted that
98 these excellent photocatalysts facilitated the production of H,0,

directly from water, but one drawback of this H,O, generation
process is to overcome high kinetic barriers, that, as a
consequence, limits the amount of H,0, production.>**®
Alternatively, mixtures of water and alcohols such as ethanol
have become highly attractive since ethanol can be obtained
directly via the hydrolysis of biomass.”® Teranishi et al.
demonstrated that an Au-doped TiO, catalyst is appropriate,”*
and, subsequently, Moon et al. revealed an excellent TiO,
catalyst with reduced graphene oxide (rGO).”” Parallelly,
Yamashita and van Der Voort groups reported hydrophobic
metal—organic frameworks and covalent organic frameworks

https://doi.org/10.1021/acscatal.1c03733
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110 (COFs), respectively, for the generation of H,O, from a mixture
111 of water and alcohols.”**’

112 Inaddition to all of the abovementioned catalysts, PCNs were
113 also used to produce H,O, from mixtures of water and alcohols
114 (Table 1). More specifically, PCNs in conjunction with
115 transition-metal catalysts, nitrogen vacancies, mesoporous
116 morphologies, oxygen enrichment, or alkali metal dopants,
117 have shown excellent reactivity.”>™>' Notwithstanding all of
118 these excellent photocatalysts, a high-power light source (at least
119 >150 W) was essential to achieve high reactivity, and a higher
120 production rate of the generated H,0O, was only possible with at
121 least 250 W light power (very expensive lamps). From all of
122 these data, it is clear that a robust catalyst is essential to reduce
123 cost and increase production. Herein, we report on a
124 difluoromethylene-substituted aryl amino PCN catalyst that
125 reaches 2.0 mM-h™* of H,0O, production with 24 W household
126 LEDs and is stable for more than 30 h (Figure 1b). The apparent
127 quantum yield (AQY) is 36.7% at 456 nm (see the Supporting
128 Information). Compared to all of the existing protocols using
120 PCNs, this robust heterogeneous catalyst based on LEDs
130 produces a higher concentration of H,O, at a similar rate.
131 Furthermore, to gain a comprehensive knowledge of its action,
132 we have characterized it with 'H, 3C, >N, and "F MAS solid-
133 state NMR spectroscopy, Fourier transform infrared spectros-
134 copy (FTIR), diffuse-reflectance UV/vis spectroscopy, Mott—
135 Schottky plots, Brunauer—Emmett—Teller (BET) analysis,
136 high-resolution transmission electron microscopy (HRTEM),
137 and multiscale/level computational chemistry.
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133 l RESULTS AND DISCUSSION

139 Different aryl amino PCNs were synthesized by heating
140 dicyandiamide (DCDA, 42 g) and the corresponding amino
141 aryl nitriles (0.7 g, 1.6 wt %) in H,O (160 mL) at 95 °C until the
142 mixture was completely dried (Figure 2). The resulting mixture
143 was removed, ground in an agate mortar, and loaded into a
144 stainless steel chamber. Later, the chamber was heated to 585 °C
145 ina GERO carbolite oven (type F70-200, power 1.5 kW) for 244
146 min under air. The temperature was maintained for 4 h followed
147 by cooling the chamber to room temperature in 6 h.

148 After the synthesis of aryl amino PCNs, Fourier transform
149 infrared spectra (FTIR) were collected using a Varian 610-IR
150 FTIR spectrometer. The sample was analyzed in the range of
151 400—4000 cm ™! with 16 scans at a 4 cm ™! resolution. As shown
152 in Figure 3, all of the stretching modes of the aromatic CN
153 heterocycles around 1250—1600 cm ™ and the breathing mode
154 of the triazine units at 800 cm™" were observed. These signals
155 clearly showed that the modification did not change the core of
156 the polymeric structure of PCN and are similar to the pristine
157 C;N,.** Additionally, the Brunauer—Emmett—Teller (BET)
158 specific surface area (Sypy) was determined from the low-
159 temperature nitrogen adsorption/desorption isotherms and was
160 ~12 m*-g~! for p-TFAB-C;N,, which is higher than that for the
161 bulk g-C;N, (Figure $2).>

162 The band gaps of all of the aryl amino PCNs were determined
163 from Tauc plots (ca. 2.8 eV), which were similar to the pristine
164 C;N, (Figure S4). Mott—Schottky experiments were also
165 performed for the determination of flat band potentials (Ey,).
166 The positive slope of the Mott—Schottky curve indicated the n-
167 type nature of the aryl amino PCNs. Based on the intersection
168 between the Mott—Schottky plot and the baseline, Eg, of aryl
169 amino PCNs was approximately —0.69 V vs RHE. It is generally
170 considered that the bottom potential of the conduction band
171 (CB) for an n-type semiconductor is ~0.2 V more negative than
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Figure 3. FTIR spectrum of p-TFAB-C;N,.

Eg,. Therefore, the CB of aryl amino PCNs was ca. —0.89 V vs 172
RHE and the valence band (VB) was 1.97 V vs RHE (Figures SS 173
and S6). 174

To further obtain the structural information of aryl amino 175
PCNs, solid-state MAS NMR was performed (Figure 4). To the 176 4
best of our knowledge, high-resolution 'H MAS NMR spectra of 177
this type of material have not been reported before. The "H MAS 178
NMR spectrum of p-TFAB-C;N, revealed two main signals: (i) 179
one from >NH linkers at 8.9 ppm and (ii) another from —NH, 1s0
terminal groups at 4.2 ppm. The high signal intensity from the 181
>NH linkers in comparison to the low signal integral of the 182
—NH, terminal groups (fitted ratio of ~0.8:0.2) reflected the 183
high degree of polymerization among the melem monomers in 184
the network. The two observed '*C resonances originated from 18s
the “edge” (C,; 165 ppm shift) and the “internal” (C;; 157 ppm) 186
carbon sites, as depicted in Figure 4b. The signal of C, was 187
expected to have a higher intensity than C; as a consequence of 188
closer distances to protons of the >NH and —NH, groups, which 189
enabled more efficient cross-polarization in the CPMAS 190
experiment. This is in agreement with previously reported 191
'H—'3C CPMAS spectra of g-C;N,.>*** Noteworthy, the *C 19
spectrum of the p-TFAB-C;N, sample revealed an additional 193
partially resolved signal at 163 ppm, which had not been 194
observed before. As this resonance originated from the carbon 195
atoms adjacent to the >NH linkers, this indicated distinct 196
network arrangements in the sample compared to the previous 197
reports. 198

No other carbon signals from either the aromatic or 199
nonaromatic species were observed in the 'H—'*C CPMAS 200
spectrum. However, the "H—"SN CPMAS spectrum revealed all 201
of the expected nitrogen resonances for the g-C;N, structure 202
being composed of melem monomeric units. The signals at 203
—188 and —225 ppm correspond to the nitrogen atoms 204
embedded at the edge (N,) and inside (N;) of the monomer 205
units. The N./N; signal intensity ratio was higher than the 206
expected 6:1 because N; was situated at a farther distance from 207
the closest protons, which made cross-polarization less efficient 208
for this nitrogen site. The intensities of both the signals increased 209
when the contact time in the CPMAS experiment was increased 210
from 2 to 4 ms, which corroborated signal assignments. The 211
resonances at —244 and approximately —264 ppm originated 212
from linkers (>NH) and terminal —NH, groups, respectively. It 213
is worth noting that the signal of the —NH, groups is over- 214
represented in the "H—'N CPMAS spectrum since there are 215

—
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Figure 4. '"H MAS NMR, '"H-"C, F, and '"H—""N CPMAS spectra of the p-TFAB-C;N, sample.

216 two available protons to cross-polarize compared to the >NH
217 moiety. These signal assignments are in pair with the previous
218 NMR study on '*C/'*N-isotope-enriched g-C;N, and with
219 theoretical predictions of 13C/N NMR shifts in g-C;N, by
220 density functional theory (DFT).**** The "F MAS NMR
221 spectrum revealed a single resonance and consequently
222 confirmed the successful incorporation of the fluorine atoms
223 at a sole chemical site. The '°F chemical shift of —105 ppm
224 suggests the presence of the =CF, moiety,”"** and it was
225 corroborated further by quantum chemical calculations. The *°F
226 chemical shift calculations at the robust DSD-PBEP86/aug-pcS-
227 2 level of theory™® for the model of difluoromethylene
228 functionality shown in Figure 4d (see SI for details) resulted
229 in chemical shift prediction of —90 ppm, which is close to the
230 experimental results given the wide chemical shift range of the
231 F nucleus. Hence, we conclude that our combined NMR/DFT
232 characterization confirms the proposed chemical model of the
233 catalyst.

234 After achieving all of the characterizations of the aryl amino
235 PCNs, we were then interested in observing their catalytic
236 potential for the generation of H,0, from a mixture of water and
237 ethanol (Table 2). To our delight, initial evaluation of the
238 photocatalytic performance from the (1:1, v/v) mixture of water
239 and ethanol generated up to 1.2 mM of H,0, within 1 h with p-
240 TEAB-C;N,. In general, the higher the concentration of ethanol
241 in the mixture, the higher the contact possibility of ethanol and
242 the available active sites, which leads to better yield of H,O,.
243 However, water can also increase the selectivity of H,0O, due to
244 the hydration between H,O, and the water molecule.>” Later,
245 careful optimizations led to the best ethanol/water ratio as 9:1.
246 Furthermore, the presence of an acid was essential because it can
247 prevent the decomposition of H,0, under long reaction time
248 and high concentration of formed H,0, conditions. Indeed, it

)

[N

2

Table 2. Generation of H,0, from Water and Ethanol
Mixture Using Aryl Amino PCNs under the Irradiation of
Blue LEDs

O,-balloon
Catalyst (45 mg)

H,S04 (0.5 M)

~SOH + H,0 H0z + X

27 mL 3mL  Blue LED (> 420 nm, 24 W)
24 h,rt.
entry catalyst H,0, (mM)“
1 APC-C;N, 15.89
2 AB-C,N, 24.44
3 p-TFAB-C;N, 25.64
4 g-C:N, 14.05

“Concentrations were determined by redox titration with KMnO, and
the results were the average value of two experiments under the same
reaction conditions.

was found that 0.5 M of H,SO, was an ideal choice for this 249
stabilization. In addition, O, and a light source were essential to 250
trigger the reaction, and without them, no formation of H,0, 251
was observed. The evaluation of all of the optimization reactions 252
led us to these optimal conditions (for detailed optimization 253
studies, see Table S1): a mixture of ethanol (27 mL), H,O (3 254
mL), and H,SO, (0.5 M) containing the catalysts (45 mg) was 255
irradiated under blue LED (>420 nm, 24 W) at room 256
temperature under O, saturation conditions. After achieving 257
25.64 mM H,0, in 30 h, p-TFAB-C;N, catalyst was recollected 258
by centrifugation and reutilized for further reactions. Indeed, 259
this catalyst was successfully recycled at least four times (Tables 260
S8 and S9). 261

To further analyze the stability of the catalyst (p-TFAB- 262
C;N,) from Table 2, TEM studies on the catalyst before and 263
after the reaction were performed (Figure S). TEM and 264fs

https://doi.org/10.1021/acscatal.1c03733
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s S00 nm

After reaction
Figure S. TEM and HRTEM images of p-TFAB-C;N, before and after the reaction. TEM image and selected-area electron diffraction pattern (SAED)

of PCN were recorded by JEOF-2100F.

26s HRTEM images of p-TFAB-C;N, (before reaction) revealed a
266 two-dimensional structure, i.e., the nanoflake structure with an
267 amorphous phase (embedded SAED pattern). Even though the
268 low-magnification TEM image of PCN after the reaction
269 showed a denser and thicker morphology, HRTEM showed the
270 same nanoflake microstructure at the edge. As a result, the
271 difference in the morphology was attributed to the observed
272 thickness of particles, and it can be concluded that the reaction
273 did not change the microstructure of the PCN, indicating a high
274 stability during the reaction conditions. This clearly suggested
275 excellent recyclability of the p-TFAB-C;N, catalyst under the
276 reaction conditions (Figures S8 and S9).

277 To experimentally analyze the kinetics of the photocatalytic
278 H,0, generation, concentrations of the formed H,0, and the
279 decomposition of H,O, under the irradiation of blue LEDs were
280 measured. As shown in Figure 6, concentrations of the formed
281 H,O, with various aryl amino PCNs were increased linearly
282 within 8 h and accumulated slowly over time. Parallel to this,
283 decomposition of H,0, was also investigated and H,0, was
284 decomposed dramatically when its concentration was very high.
285 All of the aryl amino PCNs showed no obvious difference in the
286 decomposition rate. It is worth noting that the decay rate of
287 H,0, was much slower in the presence of the acid compared to
288 its absence. Therefore, we assumed that the formation and
289 decomposition of H,0, are in accordance with the zero-order
290 and first-order reaction kinetics, respectively.

201 Finally, to disclose the mechanism of this reaction, the *0,-
292 labeling experiment was carried out to investigate the oxygen

source of the formed H,O,. The generated hydrogen peroxide 293
from the mixture of O, gas (*°0,) and labeled molecular oxygen 294
(*80,) was subsequently made to react with PPh, and 295
concomitantly analyzed by GCMS. As shown in Figure 7, the 296 7
mixture of phosphine oxides (0 = PPh; and '*0 = PPh;) was 297
observed, which clearly proved that the oxygen source of the 298
formed H,0, was the O, gas. 299

To further investigate the performance of the photogenerated 300
carrier transfer rate of the catalysts, electrochemical impedance 301
spectroscopy (EIS) measurements were carried out. As shown in 302
Figure 8, following the Nyquist plots, the diameter of each of the 303 1
semicircle was related to the charge transfer resistance at the 304
electrode surface of the catalyst. Therefore, the smaller the 305
diameter, the faster the charge transfer and better the charge 306
separation. Compared to the bare electrode, resistances at the 307
electrode surfaces with the aryl amino PCNs were all smaller and 308
p-TEAB-C3N, had the smallest resistance. It should also be 309
clearly noted that all of these aryl amino PCNs exhibited smaller 310
resistance compared to the g-C;N, catalyst that suggests that 311
these aryl amino PCNs have slower recombination of the 312
photogenerated electron—hole pairs. Additionally, the electrode 313
with p-TFAB-C;N, was also investigated under the O, and N, 314
atmosphere in the presence and absence of light, respectively. It 315
was obvious that p-TFAB-C;N, under the O, atmosphere in the 316
presence of light exhibited much smaller resistance compared to 317
that of the N, atmosphere. The photogenerated electrons were 318
consumed at the surface of the photocatalyst after reduction by 319

https://doi.org/10.1021/acscatal.1c03733
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Figure 6. Photocatalytic H,O, generation (top) and decomposition
(down) with aryl amino PCNs under visible light. Concentrations were
determined by redox titration with KMnO,.

320 O,, which indicated that O, facilitated charge separation and
321 prevented recombination of photoinduced charges and holes.

322 Furthermore, to identify the possible radicals involved in this
323 reaction, ESR analysis with $,5-dimethyl-1-pyrroline N-oxide
324 (DMPO) as a spin trapping reagent was carried out (Figure 9).
325 The ESR spectra of an in situ photoreaction of p-TFAB-C;N,/
326 EtOH/O, with the DMPO system indicated that four radicals
327 could be identified in this photocatalytic system: (1)
328 DMPO—"0OOH]; (2) radical of the catalyst; (3) DMPO—"OEt;
329 and (4) nitroxide degradation product of DMPO.”” From the
330 below table, parameters of the radical of the catalyst and
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Figure 8. Electrochemical impedance spectroscopy Nyquist plots of
various modified catalysts under air (top). Nyquist plots of p-TFAB-
C;N, under saturated N, or O, atmosphere (bottom). The measure-
ments were performed in 80 yL of the solution containing 1 mM
K;Fe(CN)4, 1 mM K Fe(CN)g, and 150 mM NaCl. As a reference, one
measurement was done on a bare working electrode.

Therefore, we suggest that oxygen was reduced via one-electron 332
reduction due to the strong signal of the DMPO—*OOH adduct. 333
The signals of the DMPO—°OEt adduct and nitroxide 334
degradation radical of DMPO were weak and overlapped with 335
the DMPO—"OOH adduct signal. It is also worth noting that 336
each of these reaction components played a crucial role for the 337

331 DMPO—"OOH adduct were similar to the references.’®*’ generation of *OOH radical (Table S2). 338
1 2191
O=PPh, *0=PPh,
1030 210
1830 1990 521
521
AR T i3 2201 2440 2979 | . s 2151 2281 2671
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Figure 7. Mass spectra for the labeling reaction.
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Sim_DMPO-O0H

Cat.+EtOH+DMPO+0,+Lig.

334 335 336 337 338
Magnetic Field [mT]

Radical An [mT] Ay [MT] Giso Ref.
p-TFAB-C3N4 - - 2.0038 This work
g-C3Na4 - - 2.0034 [3d]

. 1.03 (1H) .
DMPO--O0H 1.30 0.15 (1H) 2.0066 This work

. 1.03 (1H)
DMPO--OOH 1.31 0.14 (1H) 2.0061 [58]
. 0.76 (1H) )
DMPO-*OEt 135 021 (1H) 2.0065 This work
. 0.74 (1H)
DMPO-*OEt 1.35 0.17 (1H) [59]

Figure 9. ESR spectra measured at room temperature for the reaction
solution in the presence of a 200 mW solid-state laser (447 nm). The
EPR spectra was simulated with Matlab2018b using the EasySpin-6.0
module.

339 These data agree with the representative supramolecular
340 models designed to disclose, computationally, possible reaction
341 mechanisms and locations of the various species in relation to
342 the catalysts. The main focus was on the edge regions of the
343 nanoflakes where the functional group was attached. In the
344 initial configurations of the reduction dynamics, the O,
34s molecules were surrounded by the solvent, located far apart
346 from one another and relatively close to the catalyst interfaces.
347 After a few picoseconds of RMD, most of the O, reached the
348 catalyst regions where the NH or NH, groups were located,
349 stabilizing their position there through intermolecular hydro-
350 gen-bonding interactions. This is seen in Figure 10, where the
351 O, maximum density maps, rendered as red contours, are

superimposed to the molecular structures of the two catalysts 352
(solvent molecules are also displayed as sticks). 353

The extension of these areas gives an idea of the motion of the 3s4
oxygen near the interface, which is, apparently, very limited. This 3ss
is in contrast with its high mobility in solution where the density 3s6
contours are more extended. It can also be noticed that the 357
connections of the oxygens are sometimes reinforced by the 3s3
cooperative action of various amine moieties close by and, when 359
the p-TFAB fragment is present, by a relatively strong 3co
interaction with its nitrogen group (Figure 11).

A consequence of these local constraints on O, is a sort of 362
entrapment that induces a relocation of the surrounding solvent 363
molecules. Practically, both ethanol and water adopted a more 364
favorable orientation to interact/react with O,. It is worth 365
mentioning that the interfacial behavior of the solvent is similar 366

for the two catalysts. Indeed, the RDF plots shown in Figure 12 367 fi2

confirm the tendency of ethanol to exchange/release its H{OH) 368
with/to the amine nitrogen or nonprotonated nitrogens of both 369
catalysts and to reorient its other hydrogens toward the 7 density 370
of the rings (peak centered at 2 A in the carbon RDF plot). The 371
p-TEAB functionalization represents another active O, binding 372
location at the catalyst edges that could be strengthened by self- 373
assembly of the graphitic-like sheets in T-shaped or parallel 374
orientations (Figures 11 and 12). 375

A more straightforward characterization of the O, reduction 376
mechanism, in general terms, was obtained through the 377
examination of the atom—atom distance distribution functions 37s
of O, with both nitrogen and carbon sites of the catalysts and 379
with the hydrogens of catalysts and the solvent (Figure S10). 3s0
The first RDFs confirm again that the mechanism starts with the 3s1
connection of O, to the N sites through H-bond interactions 3s2
(peak at 3.2 A—red curve) and that the main actor is ethanol, 383
which releases its H(OH) to both or one of the oxygen atoms 384
(red peak at about 1 A in both a and b plots—right-hand side). 385
However, the presence of the first peak at short distances (about 386
1.1 Ain the b plot) ascribed to the catalyst suggests that p-TFAB 387
plays a role in the reduction process by providing the oxygen 3ss
with the hydrogen that in the other case (nonfunctionalized 389
melem) was released by water. The most striking effect of these 390
interactions is an increase in H,O, production, which is evident 391
in the trend displayed in Figure 13.

Figure 10. Simulation snapshots of the complex models comprising the catalyst (a) with p-TFAB and (b) without it (vdW spheres), ethanol and water
molecules (sticks), and red high-density contours identifying the O, molecules. Color code: C, cyan; O, red; N, blue; F, green; H, white.

H
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Figure 11. Catalysts with p-TFAB (vdW spheres), ethanol and water molecules (sticks), and red high-density contours identifying the O, molecules.
Color code: C, cyan; O, red; N, blue; F, green; H, white. (a) Self-assembly of the various catalyst units and entrapment of the O, molecules interacting
with the NH, groups. (b) One of the p-TFAB groups. (c) Capture of the O, molecules inside the pores of the material.
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Figure 12. Ethanol hydrogens—C/N atoms of the catalyst distance distribution functions for (a) nonfunctionalized and (b) p-TFAB functionalized
systems. On the right-hand side, the molecular models depict the orientation of the ethanol molecules (sticks) in relation to the two supports (vdW or
accessible surface representations). The red dashed lines indicate the coordination of the OH groups to the interface.

393 As far as the reaction mechanism is concerned, two possible
394 reaction models were identified, which are shown in Figure 14.
395 The observed phenomena were not induced by specific biases
396 and happened spontaneously, suggesting that, in the presence of
397 the catalysts, the energy barriers could be overcome at the
398 simulated temperature. For both reaction models, it is apparent
399 that a critical step is the restraint of the O, mobility by its
400 hydrogen bonding to an edge NH or NH, group of the catalyst.

This induces an ad hoc rearrangement of O, relative to the 01
surrounding solvent species that start to reorient their active 40
hydrogens toward each of the oxygens. As displayed in Figure 403
14A (path a), the hydrogens released to the O, molecule come 404
from ethanol. Another possible pathway observed during the 405
simulation was the one where the NH group of the catalyst 406
functioned both as mediator and proton donor (Figure 14B, 407
path b). Indeed, the NH or NH, of the linker is initially 40s

https://doi.org/10.1021/acscatal.1c03733
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Figure 13. Evolution of the number of H,0, produced during the RMD
for the functionalized and nonfunctionalized supports.

409 protonated and thus prone to give a hydrogen atom to O,, which
410 almost simultaneously receives another H from the ethanol
411 adjacent to the other O (Figure S12). During the RMD
412 simulations, we could not observe the formation of acetalde-
413 hyde, which is the main ethanol photooxidation product because
414 all of the effects of visible light were not included in the models.
415 Thus, we resorted to QC nudged elastic band (NEB)
416 calculations on representative models of the catalysts (Figure
417 S13) interacting with just an O, and an ethanol molecule to
418 reproduce the whole reaction mechanisms at the edges of the
419 materials and to estimate the energy barriers involved in these
420 processes (Figure 15).

421  The initial action is a sort of immobilization of O, via
422 hydrogen-bonding interactions with the —NH or —NH, group
423 of the catalyst and the ethanol OH moiety (left panels in Figure
424 1S corresponding to reactant configuration). The transition
a25 state (TS in Figure 15) consists of the same OOH* intermediate
426 obtained after the ethanol H(OH) migration on O, and, in the
427 case of the incorporation of p-TFAB, in the addition of an H
428 (from the CH, of ethanol) to the p-TFAB NH moiety. The final
429 stabilization is achieved by a simultaneous hydrogen transfer
430 from —NH, of the catalysts (and CH, of ethanol in pristine
431 melem) and the formation of H,0, and acetaldehyde (right
432 panels in Figure 15, corresponding to product configurations).
433 The activation energies are approximately 28 and 23 kcal-mol ™
434 for path a and path b, respectively. Obviously, path b showed
435 lower activation energy, which is also consistent with our
436 experimental results. However, it should be noted that catalysts
437 were protonated by —H(CH, ), which was not the favorable step

compared to H(OH). However, due to the instability of the 433
CH,CH,0- radical, —H(CH,) was used to estimate the 439
activation energy and the real activation energy is probably 440
even less. Therefore, we propose the catalysts act as both proton 441
donors and mediators. In addition, after aligning the energy of 44
the reaction products, it is apparent that in the p-TFAB-doped 443
system, the reagents are stabilized by about 16 kcal-mol ™", which 444
can suggest the tendency to more favorable interactions between 445
the O,/ethanol mixture with the p-TFAB termination. 446

Furthermore, to disclose the effects of light on the doped 447
catalyst, we used the time-dependent extension of DFT 448
(TDDFT) at the B3LYP/6-31G(d) level of theory, in line 449
with Shiraishi and co-workers,”® and simulated the UV/vis 4s0
spectrum of the p-TFAB-doped system. An intense absorption 451
peak located at about 423 nm was identified (Figure S14) with 4s2
its corresponding structure (see the Supporting Information). In 4s3
line with previous observations,z‘z’32 in the excited-state 454
conformation, the hydrogen of p-TFAB is connected to the 4ss
nearby nitrogen of the g-C;N, unit, suggesting and confirming 4s6
(in agreement with the RMD simulations) that the p-TFAB 457
nitrogen is available for active hydrogen exchanges and thus a 458
very eflicient site in the H,0, production mechanism. 459

Based on all of the above information, we propose the 460
mechanism of this reaction and robustness in the presence of the 461
aryl amino PCNs (Figure 16). Before the irradiation of light, the 462 116
amino group NH of the p-TFAB fragment reinforced the 463
interaction with O, through hydrogen bonding. This restrained 464
O, mobility and facilitated the ad hoc rearrangement of ethanol 465
surrounded by O, (Step 1). The NH linker was further 466
protonated by H(OH) in ethanol, which was close to the NH 457
linker (2). Upon photocatalyst activation by the blue LED, 463
formation of photogenerated electrons and holes occurred and 469
consequently, ethanol as an electron donor was oxidized.>® At 470
the same time, O, was reduced by the catalyst to form the 471
superoxide radical anion via one-electron reduction (Step 2). 4n
Based on NEB calculations, H(NH) is more favorable than 473
H(OH) to be deprotonated by superoxide radical anions (3and 474
4). After protonation of the superoxide radical anion, 475
acetaldehyde and hydroperoxide radicals were formed, which 476
were verified by ESR and catalyst 1 was regenerated (Step 3). 477
Finally, generation of H,0, occurred in the final step (Step 4) by 478
abstracting the hydrogen atom radical and forming acetalde- 479

hyde. 480

Figure 14. Two distinct reaction models where the hydrogens of the final product (H,0,) come from (a) ethanol and (b) NH group of the catalyst and

ethanol. O, and H,0, are green and the released hydrogens are yellow.

https://doi.org/10.1021/acscatal.1c03733
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Figure 15. NEB simulations of the H,0, generation process for two pathways. Hydrogens of the final product (H,0,) come from ethanol (path a,
purple) or from the NH group of the catalyst and ethanol (path b, green). C, N, O, H, and F atoms are dark gray, blue, red, white, and green,
respectively.
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451 l CONCLUSIONS It is also worth noting that the aryl amino PCNs exhibited 444
482 In conclusion, we constructed an effective photocatalytic system smaller resistance at the surface of the photocatalyst, which 45
483 for the production of H,0, in the presence of household LEDs. suppressed the recombination of the photoinduced electrons 455
484 The novel aryl amino PCNs with more negative CB promoted and holes. Our work provides higher concentration of H,0, 49
485 faster O, reduction and facilitated higher concentration of H,0,. (25.64 mM), which demonstrates that the modification with aryl 49
K https://doi.org/10.1021/acscatal.1c03733
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amino moiety is a promising method to enhance the
photocatalytic performance of H,0, generation and facilitate
O, reduction. The critical advancement of this work is the
synthesis of an efficient H,0, generation photocatalyst and its
atomic-level understanding by combined g, 3C, 'H, and N
solid-state MAS NMR at natural abundance. This methodology
reveals that the chemical structure of the semiconducting PCN's
contains both NH linkers, —NH, terminal groups, and
difluoromethylene functional groups. Our study emphasizes
the importance of solid-state NMR spectroscopy for the
elucidation of structure—property relationships and is generally
applicable to all of the PCN-related materials. In addition, with
the help of computational studies, we disclosed the possible
reaction model in the atomic level, which provided a new sight
for the modification of photocatalysts for photocatalytic H,O,
production.
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