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Heterostructured PHI-PTI/Li"ClI~ Carbon Nitrides for

Multiple Photocatalytic Applications

Alexey Galushchinskiy, Carolina Pulignani, Horatiu Szalad, Erwin Reisner, Josep Albero,
Nadezda V. Tarakina, Christian Mark Pelicano, Hermenegildo Garcia,

Oleksandr Savateev,” and Markus Antonietti

Two series of novel carbon nitride photocatalysts, Rho-CN (“rhodizonate-doped
carbon nitride”) and Rho-CN-TC (Rho-CN treated in potassium thiocyanate
melt), are synthesized in a multistep fashion via copolymerization of cyanamide
with potassium rhodizonate. The formed ionic carbon nitrides are composed of
poly(triazine imide) (PTI/Li*Cl") and potassium poly(heptazine imide) (K-PHI)
phases and provide a broad absorption range up to 800 nm. The photocatalysts
are characterized by several techniques (including diffuse reflectance ultravi-
olet-visible, powder X-ray diffraction, Fourier transform infrared, scanning
electron microscopy, and electrochemical methods) and studied in a series of
photocatalytic reactions, including red light-promoted benzylamine oxidation,
dual photoredox/nickel C-N cross-coupling, and hydrogen peroxide evolution.
The optimal ratio of rhodizonate dopant in its mixture with cyanamide is found
to be 0.5 mol%. The performance of the newly synthesized materials is com-
parable to the activities of the benchmark catalysts K-PHI and CN-OA-m
(defective poly(heptazine imide) doped with oxamide), while not requiring more
expensive nitrogen sources for preparation, like 5-aminotetrazole, or multiple

1. Introduction

Graphitic carbon nitrides (gCNs) represent
a large class of materials composed of sp
hybridized carbon and nitrogen in stoichi-
ometry close to C;N.Y Within this class,
materials are divided into heptazine- and
triazine-based gCNs.”! The thermodynami-
cally most stable form of gCN is a material
in which carbon and nitrogen atoms
form heptazine units linked together via
sp”-hybridized bridging nitrogen atoms,
whereas layers of heptazine units are
attracted via van der Waals forces. gCN
materials are prepared by calcination of
nitrogen-rich precursors, such as urea, cyan-
amide, or melamine at 550-600 °C.”! gCNs
possess an onset of light absorption at
~470 nm that corresponds to an optical
gap of 2.7 eV, which is on the edge of the
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visible range of electromagnetic spectrum.¥

Taking into account that efficacy of gCN

materials in photo(electro)catalysis depends
strongly on the amount of light it harvests, it is essential to narrow
the optical gap to 2.5-2 eV for potential application under real sun-
light. Several strategies have been adopted to achieve this goal:
substitutional doping of C and N atoms with heteroelements
and vacancies;”! formation of heterojunction between gCN and
another semiconductor;® or formation of triazine-heptazine
donor-acceptor structure.”) Such modified carbon nitrides can
be utilized as photocatalysts for hydrogen evolution,’® pollutant
degradation,” oxidation reactions,™” and other complex organic
transformations."” In addition to more traditional photocatalytic
procedures, there is a number of recent reports on advanced tech-
niques that can be achieved by modified carbon nitrides, including
“dark photocatalysis” (photocharging the material in the presence
of an electron donor and then performing a reductive reaction
without irradiation),"? chromoselective transformations in which
the main product depends on irradiation Wavelength,m land dual
action as a proton transfer catalysts together with electron transfer
due to basicity of heptazine units.!"* Therefore, research on fine-
tuning of carbon nitride properties is beneficial to expand the
scope of heterogeneous photocatalysts.

Here, we report co-condensation of potassium rhodizonate with
cyanamide in a LiCL:KCI eutectic mixture at 550 °C to prepare a
series of carbon nitride materials featuring a triazine-heptazine
donor-acceptor structure. The absorption edge in these materials

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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is progressively shifted up to 800 nm by increasing content of
potassium rhodizonate in the mixture, allowing them to carry
out a set of diverse photocatalytic organic processes.

2. Results and Discussion

2.1. Synthetic Approach

We aimed in this study to create carbon nitride species, which
could be prepared by copolymerization of nitrogen-rich precur-
sor with functionalized organic dyes in the conjugated system of
heptazine layers to increase the absorption in the visible range
beyond 450 nm. However, the task to identify an optimal dye
is not trivial as there are multiple desirable properties of the
dye that require consideration. For instance, the proposed mole-
cule should be thermally stable, but the majority of organic dyes
decompose at temperatures far below 500 °C, which is the lowest
temperature needed for the formation of heptazine-based carbon
nitrides, such as melon.!*® In addition to thermal stability, chem-
ical integrity of a dye should also be preserved during extended
reaction time at highly elevated temperatures, as forming nucle-
ophilic species, including ammonia, can disrupt its conjugated
system. The dye should also have reactive functional groups that
allow accessibility of its electronic structure to the rest of the
material. Finally, the dye should preserve its absorbance in
the 450-800 nm range and be easily synthesized at scale.

We selected potassium rhodizonate (K;Rho), the dipotassium
salt of 3,4,5,6-tetraoxocyclohexene-1,2-diol, which is used in niche
applications related to the analysis of heavy metal content through
formation of colored or insoluble complexes (e.g., in lead rapid
abrasion test kits).">'®! K,Rho is a fairly strongly absorbing dye
with an absorption maximum in the blue to green—yellow region
of visible spectrum (e = 3.3-10* Lmol ™ em™" at A0 = 483 nm in
aqueous media).'”! This gives the dye its deep, almost black,
purplish-red color in bulk, and it is stable at least until
300 °C."® Thermogravimetric analysis experiments demonstrate
67% mass retention up until 600°C (Figure S10, Supporting
Information), and it can easily be prepared by oxidation of inositol,
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which is available commercially."” Tts conjugated system is stabi-
lized by equal delocalization of double negative charge between car-
bonyl groups and provides excellent charge capacity and transfer
properties.”” However, these functionalities are also susceptible
to reaction with nucleophiles while preserving its electronic struc-
ture.”" As a reactive nitrogen-rich compound and a copolymeriza-
tion coupling partner for K,Rho, we chose cyanamide, which is a
known cheap bulk precursor to mesoporous carbon nitrides.*
Additionally, cyanamide has strongly nucleophilic nitrogen atoms
which can react with carbonyl groups of K,Rho and, unlike most
aliphatic and (hetero)aromatic amines, is weakly acidic with a pK,
of 10.3,) which is crucial as K,Rho tends to decompose rapidly in
basic media."”! Finally, the viability of our synthetic strategy is sup-
ported by the fact that cyclohexanehexone, a compound structurally
similar to K,Rho, was successfully applied in the synthesis of C,N
materials by polycondensation with urea at 500 °C.*¥

The synthesis of the materials was performed in two steps
(Figure 1a) by first co-evaporating an aqueous solution of cyana-
mide and K,Rho mixture at 60 °C with a rhodizonate molar frac-
tion ranging from 0.25% to 1%, giving a nonhomogeneous beige
to brown-green or dark brown solid mass. This intermediate
material, prepolymer, was not characterized further but it is sus-
pected to be a solid gel network of cyanamide oligomers linker by
rhodizonate units, possibly containing unreacted starting mate-
rials and/or dicyandiamide.** The prepolymer was then mixed
with eutectic (K,Li)Cl mixture in a ball mill and annealed at
550°C under nitrogen; the final materials, Rho-CN-0.25,
Rho-CN-0.5, and Rho-CN-1 (“Rho-CN” stands for “rhodizonate-
doped carbon nitride;” numbers indicate molar percentage of
K,Rho in the starting mixture), were obtained by washing out
the salt template from the formed solid in high yields (up to
65% retention of combined organic mass). In an attempt to further
increase the content of anionic fractions and introduce cyanimide
groups, which facilitate transfer of photogenerated electrons to the
reagents or cocatalyst,* the Rho-CN materials were additionally
treated in potassium thiocyanate (KSCN) melt as described in the
literature, producing three corresponding Rho-CN-TC catalysts
(“TC” refers to “ThioCyanate”) (Figure 1b).%® The six catalysts

(Li,K)CI eutectic

s o

550 °C, N,

pre-polymer

treatment

N2

Figure 1. Synthesis of photocatalysts. a) Two-step synthesis of Rho-CN. b)
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Synthesis of Rho-CN-TC catalysts by KSCN melt treatment of Rho-CNs.
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Figure 2. Appearance of Rho-CN-X and Rho-CN-TC-X catalysts, where
X is the number indicating amount of K,Rho in starting cyanamide—
rhodizonate mixture (top line, in mol%).

were then characterized and tested in a series of photocatalytic
experiments. The appearance of the materials is shown in
Figure 2.

2.2. Characterization of Materials

2.2.1. Chemical Composition

The elemental composition of the synthesized materials is summa-
rized in Table 1. The C/N ratio is lower than the theoretical value
for perfectly condensed heptazine-based graphitic carbon nitride
with the ideal composition of C;N, (0.64), indicating doping with
nitrogen. The increased nitrogen content can be attributed to large
amount of terminal anionic -NCN groups at the surface or poten-
tial azo -N=N- bridges between units. Additionally, PTI materials
tend to form hexagonal lattice where cavities form by absent tri-
azine units that are occupied by alkaline metal chlorides, usually
lithium chloride, and are often referred to as PTI/M'TCI™
(M = Li or K).*”! Indeed, inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) results show combined metal content
in the catalysts between 8.4% and 11.8% with lithium-to-potassium
gram atomic ratio of about 3:1. This indicates a large fraction of
anionic imide functions present in the materials, which is further
increased by KSCN melt treatment: due to high concentration of
potassium ions in the melt, some of the lithium ions are also
replaced and washed off the material.

To further investigate structural composition of the catalysts, the
samples were subjected to powder X-ray diffraction (PXRD)

Table 1. Chemical composition of synthesized materials.

Sample? N e H s C/N C/H K L

[%] %] [%] [%] [mass] [mass] [%] [%]
Rho-CN-0.25 493 285 16 - 058 184 58 3.4
Rho-CN-0.5 474 276 2 - 058 138 56 3.4
Rho-CN-1 482 283 18 - 059 156 46 38
Rho-CN-TC-025 478 280 15 04 059 184 88 27
Rho-CN-TC-0.5 470 279 17 03 059 167 99 19
Rho-CN-TC-1 479 284 14 03 059 200 76 29

a)Percentage of N, C, and H elements was obtained from combustion analysis.
Percentage of K and Li was obtained from ICP-OES. Values given in mass
percentages.
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Figure 3. Phase and functional group characterization of the catalysts.
a) PXRD patterns of Rho-CN and Rho-CN-TC materials. b) FT-IR spectra
of Rho-CN and Rho-CN-TC materials.

analysis. As indicated by broad diffraction peaks, the synthesized
materials are nanocrystalline (Figure 3a). Pronounced peaks at 12°,
21°,24°,29°, and 32° along with a series of peaks of low intensity at
40-55° are characteristic for PTI/Li"Cl~ phase.””>?®) In the case of
Rho-CN-0.5, the peak at 7-8° indicates the presence of potassium
poly(heptazine imide) (K-PHI) phase.®?"! Therefore, addition of
0.5mol% of potassium rhodizonate into cyanamide induces
formation of a hybrid composite comprising PTI/Li*Cl~ and
K-PHI phases. Additionally, the Rho-CN series demonstrates
relatively high degree of crystallinity, while Rho-CN-TC catalysts
are close to being amorphous, which is attributed to the decrease
of PTI/Li*Cl™ crystallite size during KSCN melt treatment.

According to Fourier transform infrared (FI-IR) data, heptazine
and triazine ring units’ vibrations are located in the 1650-800 cm !
region. The heptazine characteristic peak is observed at 804 cm ™,
while the peak at ~2175 cm™" corresponds to anionic cyanamide
K-RNCN triple C=N bond vibration (Figure 3b).°!

X-ray photoelectron spectroscopy (XPS) studies were per-
formed to obtain data on chemical composition from C, N, O,
K, and Li bond regions (Figure 4a—d). Characteristic C;5 carbon
nitride peaks at 284.5eV (C=C of adventitious carbon) and
287.9eV (C=N-C of the ring) are present along with hydroxyl-
ated C-OH carbon at 288.1 eVP%; however, the ratio between
the two fits neither purely heptazine nor triazine imide phase
with 288 eV peak being dominant for the latter.*!! This may

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 4. Characterization of Rho-CN-0.5 material: a) C;5 and K, b) Ny, ) Oy, and d) Liys XPS spectra; bars indicate Y axis scale in counts. e) TH MAS
and f) ">C CP-MAS NMR spectra; chemical structures of heptazine units indicate different types of atoms and their respective signals according to the

reference.*?

indicate presence of PHI phase, which is supported by a small
1.8% atomic content of K ions which characteristic peaks at
292.8 and 295.5 eV are also present. In Ny, region, typical signals
of imide-NH bridges at 399.9eV and triazine nitrogen at
398.4eV are observed with a wusual ratio of about 1:3.
Additionally, a weaker peak at 397.5€V is also present, which
may be attributed to a deprotonated imide nitrogen that is char-
acteristic for PHI phase. O;; provides three contributions at
530.7 (surface —OH), 531.5 (C-O-C), and 533.0eV (adsorbed
water). Finally, Li;, shows a characteristic 55 eV peak of Li* ion.

Proton and carbon magic angle spinning solid-state nuclear
magnetic resonance (*H MAS and *C CP-MAS NMR) spectra
of Rho-CN-0.5 demonstrate predominance of the PTI/Li"Cl™

Sol. RRL 2023, 7, 2300077 2300077 (4 of 12)

phase in the material, showing peaks at 5, 8, and 11 ppm in
the proton and 157, 162, and 167 ppm in the carbon spectrum,
respectively (Figure 4e,f).?% No characteristic sharp heptazine
carbon peaks at 155, 163, and 167 ppm were observed;**) how-
ever, the heptazine fraction of the material is supposed to be
minor, and its signals may be lost in noise during spectra accu-
mulation due to heavy overlapping with those of PTI/Li*Cl™.

2.2.2. DRUV-vis and Fluorescence Spectroscopy

Electronic spectra in the ultraviolet and visible (UV-vis) range of
Rho-CN and Rho-CN-TC samples acquired in diffuse reflectance

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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(DR) mode are shown in Figure 5a and feature several distinctive
absorption bands: primary absorption at ~450nm, which is
defined by electron transitions between the valence and conduc-
tion band, and onset of absorption at ~750 nm. The latter, in the
context of the theory of molecular orbitals, is usually ascribed to
transitions between the nonbonding and antibonding molecular
orbitals (n-z* transitions).**! By increasing the amount of K,Rho
in its mixture with cyanamide, the n—z* transitions become more
pronounced, which results in progressively increased absorption
at wavelength >450 nm. The DRUV-vis plots were used to deter-
mine the optical bandgap of materials (see Figure S2, Supporting
Information, for plots). Rho-CN-0.25 and Rho-CN-0.5 demon-
strate similar bandgap values of 2.58 and 2.56 eV, respectively,
which is slightly lower than the one reported for K-PHI
(2.68 V), shifting closer to the one of CN-OA-m (2.32eV)
poly(heptazine imide) catalysts.”*” Treatment with KSCN
slightly increases bandgap to 2.73 for the 0.25% catalyst, which
may be attributed to etching of rhodizonate-induced defects in
the salt melt, changes in morphology and crystallinity, or sulfur
doping®®”! (see Table 1). In general, the trend observed for both
catalyst series is that higher concentration of K,Rho decreases
the bandgap by moving the valence band level to more negative
values. Bandgaps and band positions are further discussed in the
electrochemistry section.

Steady-state fluorescence spectra were acquired upon excita-
tion of the samples at 410 nm (Figure 5b). All samples emit pho-
tons in the range 430-800 nm. Within a series of synthesized
materials, emission spectra demonstrate several peaks at around
450, 575, and 675 nm. Intensity of these peaks progressively
decreases with the concentration of potassium rhodizonate in
the reaction mixture. For all samples with K,Rho content of
1mol%, the major emission peak is registered at 675nm.

(a)
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Furthermore, the overall fluorescence intensity progressively
decreases as concentration of potassium rhodizonate in the reac-
tion mixture increases from 0.25 to 1 mol%, which clearly indi-
cates quenching of the radiative decay of excitons. The results of
time-resolved emission spectroscopy indicate excitons that are
characterized by the lifetime <20-60 ps relax via fluorescence.
The low quantum yield of fluorescence suggests that radiative
relaxation of the materials singlet excited state is not the only
pathway for the recovery of the ground state and most likely
includes singlet-triplet intersystem crossing (Table 2).29*¢!

2.2.3. Electron Microscopy

The samples’ morphology was studied using scanning electron
microscopy (SEM) and transmission electron microscopy (TEM).
As materials’ surface features are consistent within their
respective Rho-CN or Rho-CN-TC class, SEM images for

Table 2. Fluorescence lifetimes for synthesized materials.

Sample? Fluorescence lifetime [ps]
Rho-CN-0.25 20.83 £0.75
Rho-CN-0.5 26.22+£2.25
Rho-CN-1 20.48 +1.67
Rho-CN-TC-0.25 59.09 + 30.25
Rho-CN-TC-0.5 41.78 £9.77
Rho-CN-TC-1 29.63 +£5.83

BExcitation wavelength: 375 nm; emission was detected at 550 nm. The decay curves
were fitted using a nonlinear method with a multicomponent decay law.

(b) 509 -
Rho-CN-0.25
1809 ——Rho-CN-0.5
—— Rho-CN-1
160 4 Rho-CN-TC-0.25
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1404 —— Rho-CN-TC-1
120 4
100 A
80
60
40
20

0

PL intensity (counts)

T r T .
500 600 700 800
Wavelength (nm)

Figure 5. Spectroscopic and SEM characterization of Rho-CN and Rho-CN-TC catalysts. a) DRUV-vis absorption spectra of materials. b) Steady-state
emission spectra of materials. ¢) SEM images showing the morphology of materials containing 0.5 mol% K,Rho.
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0.5mol% of potassium rhodizonate samples are provided
in Figure 5c as representative examples. As observed in
Figure 5¢, the 20-70 pm-sized particles of the Rho-CN series
have macropores and cavities of 0.5-5 pm size on their surface,
as well as some rectangular imprints from salt template crystals
which were removed before by washing. Another feature of these
materials is the presence of individual needle-shaped crystallites
and their rectangular grid networks on surfaces, which could be
attributed to the PTI/Li"Cl~ phase.?”” Rho-CN-TC particles are
generally smaller and have a coarser surface due to their etching
with KSCN melt. Surface crystallites are also decreased in size,
and needle-like structures are no longer present after treatment,
which supports the crystallinity decrease provided by PXRD data.

TEM analysis confirmed the formation of two phases, which
are strikingly different in morphology. The sample mostly con-
sists of micrometer-sized flakes (Figure 6a). High-resolution
images obtained from such flakes show numerous nanodomains
(about 6 nm) which form a continuous network. Selected area
electron diffraction patterns from these flakes and from
individual domains in such flakes are indexed in an orthorhom-
bic lattice with wunit cell parameters a=14.38(14)A,
b=8.25(15) A, c=6.70(2) A (Figure 6d,b inset), typical for the

51/mm

Rho-CN-0.5

A dusp o g CCDB-1946256
.6 0.8 1.0 1.2 14
d* (1/A)
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PTI structure.’® A small amount of agglomerates that consist
of needle-like crystallites belong to the second phase. Interplanar
distances measured on HRTEM images (as, e.g., in Figure 6f)
are equal to dyo = 10.25 A, typical for the potassium polyhepta-
zine imide structure.”®® Overall, characterization data suggest
that PTI/Li*Cl™ and PHI phases coexist, while the building
units, i.e., triazines and heptazines, are interconnected at the
interface between these two phases.

2.2.4. Electrochemistry

To investigate the electrochemical properties, cyclic voltammetry
was performed on photoelectrodes prepared from Rho-CN and
Rho-CN-TC with conductive Nafion binder in aqueous media
(0.1 M Na,SOy, saturated silver chloride reference electrode),
but no conclusive data on reduction and oxidation potentials val-
ues were extracted from the plots (Figure S7, Supporting
Information). While Rho-CN in the dark shows a cathodic wave
ranging from —0.20 V versus SHE for Rho-CN-0.5 to +0.21 V ver-
sus SHE for Rho-CN-0.25, the Rho-CN-TC catalyst shows almost
uniform behavior providing the potential around —0.10 V versus

Figure 6. a) Low-magnification TEM image, showing typical morphology of the Rho-CN-0.5 sample; b,c) HRTEM images show that flat flakes consist of
crystallites of about 6 nm in diameter; inset in (b) shows a fast Fourier transform indexed in the orthorhombic unit cell of PTI (CCDB-1946256),22!
d) SAED pattern collected from PTI flakes; red: azimuthally averaged intensity profile obtained from the SAED pattern shown in inset; green: theoretical
intensity profile obtained using CCDB-1946256 data for the PTI crystal structure. €) Low-magnification TEM image of the second phase in the sample.
f) HRTEM image of individual crystals in (e) with simulated profile, the distance between lattice planes corresponds to dyo = 10.25 A of the polyheptazine
imide structure.??
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SHE. As expected, electrochemical stability of the samples
increases with concentration of K,Rho, which is evident by more
stable current values during multiple scans (see Figure S7,
Supporting Information, for CV plots).

Mott-Schottky analysis (Figure S6, Supporting Information)
demonstrates an increase of K,Rho content in Rho-CN to provide
a more positive flatband potential in the range of -0.38 to -0.28 V
versus SHE, whereas for Rho-CN-TC the trend is reversed
(from —0.29 for 0.25% to —0.51V vs SHE for 1%, respectively).
Valence band values were then obtained by adding the optical
bandgap values derived from DRUV-vis plots to the flatband
potentials (Figure 7a). Compared to reported PHI-based and
NCN-functionalized catalysts,*" the materials possess slightly
more reductive power at the cost of oxidation potential due to
narrowed bandgap, which may be useful for designing net-reduc-
tive photoredox processes.

Additionally, transient photocurrent response and electrochem-
ical impedance spectra (EIS) were recorded. Typical photocurrent
without sacrificial electron donor ranges at approximately

www.solar-rrl.com

150-400nA cm 2 with two outstanding examples of Rho-CN-
0.5 and Rho-CN-TC-1 reaching ~21.2 pA cm ™2 during the first scan
(Figure 7b, data for other samples are provided in Figure S8,
Supporting Information), which may indicate an optimal concen-
tration of conductive sites provided by K,Rho dopant. EIS data for
Rho-CN series are in good agreement with photocurrent values
(Figure 7c for Rho-CN-0.5 and Rho-CN-TC-1 samples; plots for
other photocatalysts are provided in Figure S9, Supporting
Information) with the most conductive samples giving higher cur-
rent. However, there is no such dependency in Rho-CN-TC series,
presumably due to strong structural changes induced by melt
treatment, which is supported by SEM imaging.

2.3. Photocatalytic Performance

2.3.1. Benzylamine Oxidation

Our investigation of photocatalytic properties of Rho-CN and
Rho-CN-TC materials started with evaluating their ability to
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Figure 7. Electrochemical properties of photocatalysts. a) Band positions and bandgap values for Rho-CN and Rho-CN-TC materials versus SHE. CB
values are the average value from 2 flatband potential measurements; optical bandgaps are derived from DRUV-vis plots. Comparison values of CB, VB,
and bandgaps for K-PHI and CN-OA-m benchmark catalysts are sourced from reference.?*® b) Transient photocurrent response of Rho-CN-0.5 and Rho-
CN-TC-1 under white LED irradiation with 60 s light and 60 s dark cycles. c) Nyquist plots of potentiostatic EIS spectra of Rho-CN-0.5 and Rho-CN-TC-1.
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operate under lower energy irradiation, given their relatively
strong absorbance in the red region of the visible spectrum.
As a model reaction, aerobic oxidation of benzylamine to
N-benzyl-1-phenylmethanimine was chosen; this process is a
commonly used benchmark to test the oxidative power of pho-
tocatalysts*”) because the model substrate has a relatively acces-
sible oxidation potential of +1.04 V versus SCE (+1.28 V versus
SHE) in acetonitrile.*® The materials were irradiated under
oxygen atmosphere in an acetonitrile solution of benzylamine
along with two previously described highly anionic catalysts,
K-PHIP? and CN-OA-m,"*”! used as references for comparison.
The results of photocatalytic tests are shown in Figure 8a. In
this reaction, Rho-CN-TC materials provide yields ranging
from 65% to quantitative, which is comparable to the 97%
obtained for CN-OA-m under the same wavelength.

www.solar-rrl.com

Therefore, Rho-CN-TC catalysts outperform their parent
Rho-CN materials (54-77%). In both sets of catalysts, the best
results are achieved by the samples prepared from 0.5 mol%
K,Rho mixture, indicating the optimal amount of dopant agent.
Performance of catalysts in this case may be attributed to sev-
eral factors, as both direct oxidation of benzylamine by a carbon
nitride or energy transfer (EnT) yielding reactive singlet oxygen
can occur. However, the reactivity of CNs under longer wave-
length irradiation is generally attributed to the predominance of
an EnT process,?**" which may indicate better energy transfer
and singlet oxygen generation by Rho-CN-TC series catalysts.
Given a positive Stokes shift, absorption of photons with longer
wavelength by Rho-CN-TC would give a less energetic excited
state with better spectral overlap with the energy acceptor, in
this case O,.
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+
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Red LED LED NC
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Catalyst Yield, % Catalyst Green LED yield, % Red LED yield, %
Rho-CN-0.25 60 Rho-CN-0.25 85 66
Rho-CN-0.5 77 Rho-CN-0.5 82 48
Rho-CN-1 54 Rho-CN-1 60 58
Rho-CN-TC-0.25 65 Rho-CN-TC-0.25 80 29
Rho-CN-TC-0.5 >99 Rho-CN-TC-0.5 81 58
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Figure 8. Photocatalytic performance of materials. a) Oxidation of benzylamine. Conditions: benzylamine (50 pmol), photocatalyst (5 mg), acetonitrile
(2 mL); oxygen atmosphere introduced by purging the mixture for 60s; yields are determined by GC-MS. b) Dual photoredox/nickel cross-coupling.
Conditions: 4-bromobenzonitrile (200 pmol), pyrrolidine (1.8 equiv.), DABCO (2.2 equiv.), NiBr,(dme) (5 mol%), catalyst (12 mg), N,N-dimethylaceta-
mide (DMA, 1 mL), argon atmosphere. c) Hydrogen peroxide evolution. Conditions: catalyst (5 mg), water—methanol mixture (2 mL, 4:1 v/v), white LED;
oxygen atmosphere introduced by purging the mixture for 60 s. d) Benzylamine oxidation experiment with 25 cm? photocatalytic sheet (top) in flow cell
prepared from Rho-CN-0.5. Conditions: preoxygenated solution of benzylamine in acetonitrile (0.025 m), 1.6667 mL min~" flow rate, 480 + 10's residence
time. Graph (bottom) indicates yields of imine in 2 runs before and after ageing in reaction mixture determined by HPLC (DAD detector at 254 nm). See
Supporting Information for detailed description of photocatalytic experiments.
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2.3.2. Dual Photoredox/Nickel C—N Cross-Coupling

Palladium-catalyzed C-C and C-heteroatom cross-coupling reac-
tions play an important role in general synthetic and discovery
organic chemistry,*” and a vast field of research is dedicated
to developing more earth-abundant and cheap alternatives to pre-
cious metals. While nickel-based catalysts display generally lower
performance to palladium due to a number of kinetics-related
issues and poor availability of precatalysts,**! coupling them with
photocatalysts significantly speeds up their redox cycle by pro-
moting the formation of active Ni(I) or Ni(0) species, which
allows for compatible performance and the possibility to utilize
Ni®" precatalysts.[*!l There are a number of publications proving
carbon nitrides to be photoredox auxiliaries to nickel complexes
in C-C, C-N, C-S, and C-O coupling reactions.****! Therefore,
we chose C-N cross-coupling between 4-bromobenzonitrile and
pyrrolidine as our next model reaction to study the photocatalytic
performance of the new materials. Again, K-PHI and CN-OA-m
were selected as reference catalysts. The reaction was carried out
either under green (530 nm) or red (625 nm)*®) LED irradiation
to prevent metal catalyst losses as nickel black which is common
under shorter wavelength light** The results are shown in
Figure 8b. Under green light, the samples demonstrated compat-
ible performance to the reference catalysts, albeit being slightly
inferior under irradiation with red light. Similar to benzylamine
oxidation, the tendency for 0.5mol% K,Rho sample to
demonstrate higher yields is somewhat preserved. However,
Rho-CN-0.5 is the less active catalyst of Rho-CN series under
625 nm despite having higher absorption at this wavelength than
Rho-CN-0.25.

2.3.3. Hydrogen Peroxide Evolution

Hydrogen peroxide is a valuable and atom-efficient bulk oxidizer;
however, the main method of its production relies on sequential
cycle of reduction and autooxidation of anthraquinones catalyzed
by palladium.*”! The main drawbacks of this process are the
necessity for large amounts of organic “carrier” and hazardous
hydrogen gas used in the reduction step, thus raising demand for
cheap, safe, and fast method for production. The extensive
research on this topic includes electrochemical*®! and photoca-
talytic*®! processes using cheap bulk chemicals as sacrificial
donors. To test the ability of our materials to produce hydrogen
peroxide upon O, reduction, we carried out the reaction in 4:1 v/v
mixture of water and methanol, which served as a sacrificial
donor of electrons for the catalysts. The H,O, content was mea-
sured after 1h of irradiation photometrically by formation of
complex with titanium(IV) oxysulfate. K-PHI was used as a
benchmark catalyst, providing 402 umolg™'h™' of hydrogen
peroxide. The results are shown in Figure 8c. As well as in
organic transformation, the trend for 0.5 mol% K,Rho samples
is observed in hydrogen peroxide evolution (HPE) reaction with
Rho-CN-0.5 providing 313 pmol g~ ' h™" of peroxide. Rho-CN-TC
series demonstrates marginally worse performance. As it is
reported that low pH increases photocatalytic peroxide produc-
tion,” and considering our highly anionic samples should pro-
vide plenty of local acidic sites after protonation, catalysts H-Rho-
CNs and H-Rho-CN-TCs were prepared by treating the samples
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with 3 M HCI solution and then tested in the reaction as well.
Indeed, despite noticeable discoloration of the catalysts, their
activity increased more than twofold up to 681 pmolg 'h™*
in the case of H-Rho-CN-0.5.

2.3.4. Flow Photosheet Performance

Previous experiments demonstrate that, among two series of cat-
alysts, Rho-CN-0.5 possesses an optimal balance between perfor-
mance and cost efficiency and thus is a more “universal” catalyst
than others. To demonstrate the scalability and recyclability of
our catalysts, a “photosheet” devicel®!! was assembled by
blade-coating 50 x 50 mm area of a smooth glass panel with
~50-55 pm-thick layer of Rho-CN-0.5 (Figure 8d). The photo-
sheet was then assembled into a 50 x 50 x 10 mm? flow cell with
a transparent window and studied for the benzylamine oxidation
reaction (0.025 M in acetonitrile solution was used) under irradi-
ation by an AM1.5G solar simulator to emulate outdoor condi-
tions for possible scale-up applications. In 8 min residence
time, the catalytic layer was able to provide 44.7 +1.8% yield.
To test the stability and reusability, the photosheet cell was irra-
diated over the course of 7 days (168 h) filled with oxygenated
concentrated benzylamine solution in acetonitrile, and then
tested in flow mode again using 0.025M solution. The yield
decreased to 29.1 £ 12.0%, indicating a certain degree of catalyst
degradation, which is confirmed visually by slight discoloration
of the catalyst (see Figure S1c, Supporting Information, for com-
parison). The mechanical integrity of the catalytic layer remained
unchanged even after multiple runs and cell washings, which
demonstrates the potential for fabrication of large working sur-
face devices.

2.3.5. Miscellaneous Reactions

Hydrogen Evolution: According to previous results, we chose
Rho-CN-0.5 as a model catalyst for hydrogen evolution reaction
(HER), as well as its protonated version, H-Rho-CN-0.5. Both
materials were used as is, in addition to the samples with pre-
deposited nickel phosphide (Ni,P) and metallic platinum cocata-
lysts with ethylene glycol (EG) and triethanolamine (TEOA) being
used as sacrificial electron donors in basic aqueous media
(self-provided basicity in case of TEOA and KOH in case of
EG); finally, in the last pair of samples platinum was photodepos-
ited in situ. Reaction was performed under AM1.5G solar simu-
lator. Unfortunately, only traces of hydrogen at the limit of device
detection were observed in case of Ni,P cocatalyst present; some
amount was also produced by samples with in situ photodeposi-
tion of platinum, which is likely coming from the deposition step
itself. Both EG and TEOA are shown to be sufficient electron
donors for the catalysts based on significant color change from
shades of brown to deep green, which was observed previously
for electron—proton pair storage of K-PHI carbon nitride.*? The
reason behind the low performance for HER may be due to
insufficient overpotential created by its conductive band, which
is —0.35 V versus SHE (see CV data above), resulting in inability
to provide the cocatalyst with enough energy for successful pro-
ton reduction to occur. Here, see Supporting Information for
experimental details.

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Table 3. Summary of properties and photocatalytic activity of the materials.

www.solar-rrl.com

Catalyst CB versus VB versus Fluorescence Hydrogen peroxide Benzylamine oxidation Cross-coupling
SHE [V] SHE [V] lifetime [ps] evolution [pymolg "h™'] yield [%)] yield [%]”
Rho-CN-0.25 ~0.38 2.21 20.83 +£0.75 144 (495) 60 85 (66)
Rho-CN-0.5 —0.35 2.22 26.22 +2.25 313 (681) 77 82 (43)
Rho-CN-1 —0.28 1.98 20.48 £1.67 176 (258) 54 60 (58)
Rho-CN-TC-0.25 —0.40 2.33 59.09 +30.25 169 (86) 65 80 (29)
Rho-CN-TC-0.5 —0.29 228 41.78 £9.77 131 (210) >99 81 (58)
Rho-CN-TC-1 —0.51 1.97 29.63 £5.83 104 (73) 84 76 (38)

3Values in parentheses indicate production for protonated catalyst; ®Yields are given for green LED; values in parentheses represent red LED yields.

Chromoselectivity: Previously, our group discovered a reaction
of S-arylthioacetates oxidation in the presence of aqueous HCI
with K-PHI photocatalyst."*® The selectivity of this reaction
depends heavily on the light source used, providing correspond-
ing aryl chlorides under 365 nm UV light, arylsulfonyl chlorides
under 465nm blue light, and diaryl disulfides under longer
wavelengths (>530nm), respectively. Considering the strong
absorption >450nm, we tested the performance of Rho-CN
and Rho-CN-TC catalysts in the oxidation of S-acetylthiophenol
under irradiation at 530nm. Thus, under irradiation with
green light, Rho-CN-0.5 gave diphenyl disulfide with >95%
selectivity, while for K-PHI the selectivity toward this product
was 68%. The main side product in both cases was S-phenyl
benzenesulfonothioate.

Interestingly, upon irradiation of a reaction mixture contain-
ing Rho-CN-TC-1 at 465 nm the major product was S-phenyl ben-
zenesulfonothioate (49% yield) while diphenyl disulfide was
observed as a minor side product (7%). Considering nearly iden-
tical potentials of the bands edges for all catalysts of Rho-CN-TC
series, this result points to unusual catalytic behavior where mul-
tistep S-oxidation is seemingly more kinetically favorable than
the single-electron formation of active chlorine species from
HCL. This feature may be utilized further in photoredox reaction
design to shift the selectivity of known processes toward desired
multielectron processes.

Combination of high-throughput synthesis with statistical
analysis is a powerful approach to designing photocatalytically
active materials.”*** From the summary shown in Table 3, it
is clear that there is no a single photocatalyst that performs
equally well in all processes. By applying statistical analysis to
the whole dataset, we found the CB potential correlates weakly
with the yield of cross-coupling product obtained under irradia-
tion with red light (Table S3, Supporting Information). On the
other hand, the VB potential correlates weakly with the yield
of cross-coupling product under irradiation with green light.
Such results might be explained by the change of the mechanism
from electron transfer under green light (driving force for the
photoinduced electron transfer is the decisive factor) to energy
transfer under red light (better spectral overlap between a
sensitizer excited state and energy acceptor).*®! Fluorescence
lifetime alone does not show strong correlation with any of
the parameters, which is due to low fluorescence quantum
efficiency—radiative relaxation of the excited state is not a domi-
nant pathway for the recovery of the ground state. However, a
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stronger correlation exists between the product of the CB poten-
tial and the fluorescence lifetime and the yield of cross-coupling
product under red light (Table S4, Supporting Information).
Nevertheless, in all cases, correlation coefficients are significantly
lower than £1, suggesting the influence of other properties of the
catalysts on their performance. These properties are, for exam-
ple, the interface between PTI/Li"Cl™ and K-PHI phases, which
is difficult to quantify with a single value.

On the other hand, by considering datasets for Rho-CN and
Rho-CN-TC separately, stronger correlations between materials
properties and their performance in the selected reaction were
found (Table S5-S8, Supporting Information). As can be seen
from Table S5, Supporting Information, yields of net-oxidative
benzylamine transformation enabled by Rho-CN photocatalysts
correlate with the VB potential and fluorescence lifetime.
Similar correlation is noted between hydrogen peroxide produc-
tion and fluorescence lifetime. Under green light, more negative
CB potential values provide greater yields in dual photoredox/
nickel C-N cross-coupling, which is likely due to facilitated
Ni(IT) to Ni(I) reduction.’®! On the other hand, more positive
VB potential values correlate with the yields in dual photore-
dox/nickel C-N cross-coupling, which points at alternative
mechanism involving oxidation of Ni(Il) to Ni(III).”®
Overall, by tuning band position and PL lifetime by changing
K,Rho/cyanamide ratio, desired performance in a selected pro-
cess can be achieved.

3. Conclusion

Using a multistep approach, we synthesized novel ionic Rho-CN
carbon nitride materials with high absorption throughout the
visible range and multiphase structure based primarily on
PTI/Li*Cl~ with unique morphology. Due to the inexpensive-
ness and availability of reagents, as well as high yields of final
materials and their comparable performance (Table S9,
Supporting Information), Rho-CNs and Rho-CN-TCs were found
to be cost-effective and potentially competitive to known PHI-
based carbon nitride materials in lab scale and beyond, as dem-
onstrated by the experiment using a Rho-CN-coated 50 x 50 mm
photocatalytic sheet. The optimal fraction of potassium rhodizo-
nate additive was evaluated to be 0.5 mol%, as indicated by mul-
tiple photocatalytic reactions. Additional potassium thiocyanate
rapid melt posttreatment of Rho-CN catalysts provided the
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Rho-CN-TC series, which possesses even higher light absorption
and thus enhanced performance in net-oxidative reactions.
However, improvements in dual nickel catalysis were found to
be negligible. These sets of experiments demonstrate the versa-
tility and high tunability of cyanamide-rhodizonate platform to
yield photocatalysts for desired applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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