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Regulating the surface properties of catalysts to control the selectivity of a reaction is a fascinating
approach. Bulk polymeric carbon nitride exhibits a poor N-phenylhydroxylamine yield in nitrobenzene
reduction reaction mainly due to the uncontrollable condensation side reactions. Thus, adjusting the
structure of the catalyst was key to solving the above issue. Herein, —OH groups-modified polymeric
carbon nitride was prepared via a simple hydrothermal treatment. With the introduced —OH groups repla-
cing the terminal amino groups (—NH>) at the surface of the polymeric carbon nitride, a 3-fold increase in
reaction rate was achieved, along with a high selectivity toward N-phenylhydroxylamine (ca. 80%). The
introduced —OH group was found to be beneficial to the adsorption of the nitrobenzene, based on the
density functional theory (DFT) calculation. It could also lower the recombination rate of photoinduced
electron—hole pairs, which would accelerate the photocatalytic oxidation of isopropanol and supply more
protons to participate in the hydrogen-transfer process. Moreover, the elevated conduction band position
after —OH modification would provide high energetic photogenerated electrons to promote the

Received 28th January 2021, reduction of nitrobenzene. These are all important to guarantee the highly selective production of

Open Access Article. Published on 12 April 2021. Downloaded on 3/3/2026 7:33:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Accepted 12th April 2021
DOI: 10.1039/d1gc00325a

rsc.li/greenchem the selective hydrogenation.

1. Introduction

N-Phenylhydroxylamine (PHA) is an important intermediate to
prepare pharmaceuticals, such as acetaminophen and pyra-
clostrobin." It is well known that the reduction of nitrobenzene
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N-phenylhydroxylamine. This paper not only provides a simple and green approach for the modification
of polymeric carbon nitride toward an efficient photocatalyst, but also sheds light on the further study of

(NB) goes via complex reduction processes.>’ The side reac-
tions, such as the generation of coupling products and the
overreduction to aniline (ANL), make it difficult to realize the
high selectivity toward PHA (Scheme 1).*”7 PHA is usually
acquired via the chemical reduction of NB by stoichiometric
zinc powder, which results in the discharging of metal wastes
and environmental disruption.®® In recent years, reports on
the heterogeneous catalytic selective synthesis of PHA have
been explored and mostly focused on the electronic effects of
the modifier, such as amine-modified Pt nanowires,” Au nano-
particles stabilized by phosphine-decorated polymer immobi-
lized ionic liquids,"® and perfluoroalkyl-modified cellulose-
supported ultrasmall Pd nanoparticles,* which cause a signifi-
cant difference in the adsorption strength of electron-deficient
NB and electron-rich PHA. From the perspective of kinetics,
PHA is an intermediate during the continuous hydrogenation
from NB to ANL, in which the reduction from PHA to ANL is
rate-limiting during the whole process.'” In this case, it would
be likely to realize the accumulation of PHA via collaborative
means, Le., by increasing the production rate of PHA and
curbing its further conversion simultaneously. According to

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 Proposed reaction pathways of the consecutive hydrogen-
ation of nitrobenzene.

the literature, the high production rate of hydrogen species is
a key factor for the rapid conversion of NB."* Alkaline con-
ditions are always necessary to abstract hydrogen fluently from
proton donors, such as isopropanol (IPA). However, the alka-
line condition results in the inevitable condensation side reac-
tion and a poor yield of PHA.'* Furthermore, PHA is prone to
convert to ANL under acidic conditions.">'® Then, designing a
specific catalyst that can abstract hydrogen from the hydrogen
donor efficiently and drive the reaction under a neutral
environment is essential. As a metal-free, environmentally
friendly visible light absorbable photocatalyst, polymeric
carbon nitride (PCN) has raised wide interest in the photode-
gradation of pollutants,"””® reduction of CO0,,>**' H,
production,”®>*  and, in  particular, in  organic
photosynthesis. Many works have reported that the
surface-modification methods can regulate the catalytic per-
formance of the polymeric carbon nitride, and even control
the selectivity of the reaction. For instance, our group pre-
viously reported that cyano-modified PCN can selectively
control the conversion of benzylamine to imine.** The cyano-
carboxylic bifunctionally-modified PCN could significantly
enhance the activity of methanol reforming for hydrogen pro-
duction.”® Thus, it was feasible to control the selectivity or
improve the conversion rate in the reaction by adjusting the
surface group of polymeric carbon nitride.

Herein, we designed a surface -OH groups-modified poly-
meric carbon nitride by a simple and green hydrothermal
treatment method that avoided the use of excessive acid or
alkali, which makes the process more environmentally friendly
and made washing and collecting the catalyst easier.***” In
addition, mesoporous channels were formed during the intro-
duction of -OH groups, which was a benefit for the exposure
of the hydroxyl groups. As shown in Fig. 1a, the Lewis basic
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sites in PCN (CNH,) can be easily attacked by a proton of H,O
under high temperature.®® Accordingly, the carbon atom adja-
cent to the terminal -NH, group would be attacked by an OH™
of water to generate a C-OH group, accompanied by the
release of NH; and the increase in the pH of the solution.
FT-IR, XPS, and NMR analyses categorically confirmed the suc-
cessful functionalization of carbon nitride. The introduced
—-OH groups were proved to be effective for lowering the recom-
bination rate of photoinduced electron-hole pairs, which
ensured the abstraction of hydrogen fluently from IPA. The
sufficient hydrogen species, as well as the enhanced inter-
action with NB after the modification of the surface -OH
groups promoted the direct hydrogenation of NB to PHA,
which could inhibit the generation of coupling products due
to the low concentration of NSB in the reaction system.'??°
The hydrogenation of PHA to ANL was still difficult after the
modification of surface -OH groups, which helped realize the
accumulation of PHA. As far as we know, there are no success-
ful cases of using polymeric carbon nitride as a catalyst to
control the synthesis of PHA under visible light irradiation,
until now.

2. Experimental

2.1 Chemicals and reagents

Melamine (Adamas), nitrosobenzene (Energy Chemical),
N-phenylhydroxylamine (Sigma-Aldrich), nitrobenzene
(Sinopharm Chemical Reagent Co. Ltd), isopropanol

(Sinopharm Chemical Reagent Co. Ltd), and deionized water
(Resistivity >18.2 MQ cm) were all purchased and used without
further purification.

2.2 Synthetic procedures

2.2.1 Preparation of polymeric carbon nitride. Melamine
(10 g) was put in an alumina crucible with a cover and heated
in a muffle furnace at a heating rate of 3 °C min™" to 550 °C
and maintained there for 4 h. The resulting yellow product
was ground and denoted as PCN.

2.2.2 Post-treatment of polymeric carbon nitride. First,
0.5 g of PCN was treated by 50 mL deionized water at 140 °C,
160 °C, and 180 °C for 10 h in a homogeneous reactor with the
speed of 75 rpm. After the solution was cooled down, the
upper turbid solution was discarded, and the yellow sediment
was recovered and washed repeatedly with deionized water
until neutral. The final product was dried at 100 °C for 6 h.
The samples were designated as PCN-140, PCN-160 and
PCN-180, respectively.

2.3 Characterization

Scanning electron microscopy (SEM) was carried out on a
JOEL JSM-7001 F microscope. Powder X-ray diffraction (XRD)
patterns were acquired on a Bruker D8 Advanced diffract-
ometer (Cu Ka, radiation, 1 = 1.5406 A) with a step size of 0.02.
Transmission electron microscopy (TEM) images were
acquired by a JEM-2100F microscope with the accelerating
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Fig. 1 Crystallinity, microstructure and surficial functional groups of PCN. (a) Schematic representation for the formation of —OH-modified PCN
under hydrothermal conditions, (b) XRD patterns, (c) FT-IR spectra of PCN, PCN-140, PCN-160 and PCN-180 samples. (d and e) O 1s, C 1s XPS
spectra and (f) 1*C MAS solid-state NMR spectra of PCN and PCN-160 samples. The red plum in (b) represents the characteristic peak of melamine—

cyanuric acid aggregates.

voltage of 200 kV. Fourier transform infrared (FT-IR) spectra
were obtained on a Bruker TENSOR II system using KBr
pellets. The mass ratio between KBr and the sample was 50: 1.
The UV-Vis diffuse reflectance (UV-Vis-DR) spectra of the
samples were measured using Al,O; as the reference (U-3900
spectrometer, Hitachi). Photoluminescence (PL) spectra were
measured on a Hitachi F-7000 spectrometer at room tempera-
ture with the excitation wavelength of 355 nm. The time-
resolved PL decay curves (TRPL) were tested on a Fluorolog-3
system (Horiba Scientific, nanosecond light-emitting diode,
370 nm, pulse duration <1.5 ns) to calculate the PL lifetime.
N, absorption-desorption isotherms were measured by Tristar
11 3020 analyser (Micromeritics) at liquid nitrogen temperature
(77 K). The specific surface area was calculated by the
Brunauer-Emmett-Teller (BET) method from the N, absorp-
tion-desorption isotherms in the P/P, range from 0.05 to 0.2.
The pore-size distribution of each sample was calculated by
the Barrett-Joyner-Halenda (BJH) method from the adsorption
branch in a P/P, range of 0.01-0.995. Electron paramagnetic
resonance (EPR) measurements were obtained using a Bruker
EMXPLUS10/12 spectrometer. X-ray photoelectron spec-
troscopy (XPS) data were measured by a Thermo
ESCALAB250Xi with a monochromatized Al Ka line source (120
W). The binding energy was accurately calibrated to the C 1s
peak (284.6 eV) contributed from the surface-contaminated
hydrocarbons. The carbon-to-nitrogen (C/N) ratio of all the

3614 | Green Chem., 2021, 23, 3612-3622

samples was confirmed by elemental analysis (EA, Vario EL
CUBE). Solid-state NMR studies were carried out on a 600 MHz
Bruker AVANCE IIITM nuclear magnetic resonance spectro-
meter (14.1 T) equipped with a 4 mm MAS probe. The solid-
state magic angle spinning rates of "H and "*C MAS NMR were
set to 12 kHz and 10 kHz, respectively. The chemical shifts
were referenced to TMS (tetramethylsilicane) at 0 ppm.

2.4 Electrochemical analysis

Electrochemical measurements were conducted on a work
station (CHI 760E, CH Instruments, Ins., Shanghai, China) in
a three-electrode model. Platinum wire electrode was used as
the counter electrode and a Ag/AgCl electrode (3.5 M KCI) was
used as the reference electrode. The working electrode was pre-
pared as follows: 10.0 mg of the catalyst was dispersed ultra-
sonically for 30 min in a mixture of water (0.5 mL), ethanol
(0.5 mL) and Nafion (5 wt%, 50 pL). Then, 60 pL of the slurry
was spread out to 1 em” onto a fluorine-doped tin oxide (FTO)
glass electrode. The electrode was dried under infrared light
and the edge part was sealed with epoxy glue before measure-
ment to ensure that the FTO does not come into contact with
the electrolyte solution. Mott-Schottky plots were obtained
with the working electrodes immersed in 0.1 M Na,SO,
aqueous solution. The photocurrent was obtained in 0.1 M
Na,SO, aqueous solution illuminated with a 100 W white LED
lamp (0.6 W cm™?) under a bias voltage of 0.25 V.

This journal is © The Royal Society of Chemistry 2021
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2.5 Photoactivity measurements

Typically, 30 pmol of NB was dissolved in IPA (1.5 mL) and
50 mg of the photocatalyst was added. Then the reaction
mixture was sealed inside a 1 atm argon atmosphere, kept at
60 + 2 °C, and illuminated with a 100 W white LED lamp (0.6
W cem™?). The light intensity was tested by a Newport power
meter (843-R). After the reaction, the liquid products were ana-
lysed by HPLC (Agilent 1260) equipped with ZORBAX SB-C18
column (4.6 x 150 mm). The catalyst was recovered for the
cycling tests after it washed by IPA and dried at 80 °C for 10 h.
Blue (425-510 nm, peak at 459 nm), green (475-600 nm, peak
at 525 nm), and red (585-655 nm, peak at 626 nm) coloured
LED lights were used to measure the apparent quantum
efficiency (AQE). The light intensity of each single coloured
LED was 0.15 W em 2.

2.6 Computational methods

The interaction energies (E;) of NB (PhNO,) and PHA
(PhNOH,) over PCN and -OH-modified PCN were calculated
with the density functional theory (DFT) method implemented
in GAUSSIAN 09."° The PCN was simulated by a CsHgN;, mole-
cule, and the -OH-modified PCN was mimicked by a CcH5;NoO
molecule. Both the CqHgN; and the CcHsNoO were hydrogen-
ated with two hydrogen atoms. All the geometry optimizations
(without any symmetry constraint) and the energy calculations
were performed at the level of hybrid DFT with Becke’s three-
parameter exchange functional*’ and Lee-Yang-Parr’s corre-
lation functional** (B3LYP). The standard split valence basis
set 6-311++G(d,p) was employed to describe the orbitals of all
the atoms involved. The interaction energy was calculated with
the following equation:

PCN + PhNO, — PCN-PhNO,
E; = E(PCN-PhNO,) — E(PCN) — E(PhNO,)

where, E(PCN-PhNO,), E(PCN) and E(PhNO,) are the electronic
energies of PCN-PhNO,, PCN and PhNO,.

3. Results and discussion

3.1 Identification of the surface hydroxyl groups

XRD patterns were collected to evaluate the change of the crys-
tallinity of PCN after treatment with deionized water (Fig. 1b).
The intensity of the (002) peak became stronger as the temp-
erature of the treatment process rose from 140 °C to 160 °C.
Moreover, the shift of the (002) peak position from 27.5° to
27.7° reflected a narrower interlayer distance (from 0.334 to
0.331 nm), resulting from a stronger van der Waals attraction
between the neighbouring heptazine-based carbon nitride
layers.”® While the in-plane peak (100) at 12.7° attributed to
the intralayer packing units became weaker gradually, indicat-
ing the decreased sizes of the intralayer framework due to the
attack against the tertiary amine N-(C); by a proton of H,O
during post-treatment.** However, when the treated tempera-
ture was over 180 °C, less than 20 wt% was retained in the

This journal is © The Royal Society of Chemistry 2021
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yellow sediment due to the structural failure, which resulted in
the formation of melamine-cyanuric acid aggregates, and
showing a new peak at 10.6°, see Fig. 1b.** Therefore, 160 °C
was selected as the optimal treatment temperature. Under this
temperature the main heptazine structure of PCN was not
destroyed, along with the formation of condensed PCN. This
condensed interlayer distance was more conducive to the
transport of carriers between adjacent heptazine layers.**

The Brunauer-Emmett-Teller (BET) surface areas of all the
samples were calculated by the N, absorption-desorption iso-
therms to evaluate the change after treatment with deionized
water (Fig. S1t) and the results are summarized in Table S1.}
The surface area of PCN-140 was 14.3 m®> g ', which was
almost unchanged compared with that of PCN (12.2 m* g™ ).
However, when the treatment temperature reached 160 °C, the
specific surface area increased to 42.6 m> g~ ', accompanied by
a change in the morphology (SEM and TEM images shown in
Fig. S27), which could probably be attributed to the decreased
polymerization degree of the intralayer packing units and the
formation of mesoporous channels (the inset in Fig. S1f).
When the PCN sample was treated at 180 °C, the mesoporous
channels collapsed and the specific surface area decreased
sharply to 32.8 m* g™

Fourier transform infrared (FT-IR) spectra of all the
samples were obtained to investigate the change of the term-
inal groups. As shown in Fig. 1c, the broad band at
2900-3420 cm ™" could be assigned to the stretching vibrations
of the amino groups and the band at 1200-1700 cm*
belonged to the vibrations of the C-N heterocycles rings.*® The
absorption band at 884 cm ™" was due to the N-H deformation
mode,”” and the sharp band at 807 cm™" was a typical charac-
teristic of a heptazine ring. Some obvious changes could be
observed in the FT-IR spectra after PCN was treated with de-
ionized water. A shoulder peak at 3498 ecm™" (-OH stretching
vibrations) obviously appeared and showed the same trend as
for the intensity of the C-OH stretching mode around
1085 cm™', which implied the introduction of an -OH
group.*®4°

X-ray photoelectron spectroscopy (XPS) was used to obtain
more information about the surface structure of the samples.
There was only little oxygen species on the surface of the PCN
sample before treatment with deionized water. However, the
concentration of surface oxygen species of PCN gradually
increased from 0.86 to 8.80 at% with the elevation of the treat-
ment temperature (Table S271). This trend was consistent with
the results of the elemental analysis (from 0.19 to 4.08 mol%,
Table S3t) and the TEM-EDS results (Table S4t). The surface
atomic ratio of C/N (Table S2}) increased from 0.697 to 0.735
after PCN was treated under 160 °C, which was ascribed to the
replacement of N atoms by O atoms. The O 1s peak at 532.7 eV
implied the generation of a C-OH bond (Fig. 1d) after treat-
ment with deionized water at 160 °C.°°”' Accordingly, a new
peak at 285.6 eV ascribed to C-OH in the high-resolution C 1s
spectra of PCN-160 appeared (Fig. 1e).*® Moreover, replacing
the terminal amino groups (-NH,) by ~OH groups resulted in a
shift of N-C=N towards a higher binding energy. The contri-

Green Chem., 2021, 23, 3612-3622 | 3615
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butions from 400.9, 398.3 and 399.8 eV in the high-resolution
N 1s XPS spectrum of PCN (Fig. S3t) corresponded to amino
groups (N1), C-N=C (N2) and N-(C); (N3). The percentage of
the N1 peak area (Table S57) declined in PCN-160 along with
the shift of N2 and N3, which was due to the replacement of
C-NH, by C-OH.*’

Solid-state ">*C MAS NMR spectroscopy was further used to
confirm the structural changes of the samples. The *C NMR
signal (Fig. 1f) of PCN exhibited two strong peaks at 156.8 and
165.0 ppm, which were assigned to the characteristic chemical
shifts of Czy (1) and Con_nix (2) in the heptazine units.*® The
broad peak at 165.0 ppm was due to a mix of Cyn_nme and
Con-nu- The attack against the tertiary amine N-(C); (Fig. 54,1
N atom in red) by a proton of H,O during the hydrothermal
treatment resulted in the generation of C,nnu (Fig. S4,7 N
atom in blue), which caused a more obvious C,y_ni Signal at
162.9 ppm compared with PCN. In addition, compared with
PCN, the signal of 1 and 2 in PCN-160 showed a shift towards
the upfield, which could be attributed to the introduction of
-OH.>?

3.2 Physical properties (optical property and band structure)

The UV-vis absorption spectra are shown in Fig. 2a. The band
gap energies (E,) for PCN, PCN-140, PCN-160 and PCN-180
were 2.61, 2.63, 2.65 and 2.67 eV, respectively, which were cal-
culated using the formula E, = 1240/1.>* The notable increase
in E, and the gradually increased PL emission peak (Fig. 2b)

View Article Online
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were in agreement with the decrease in the polymerization
degree due to the etching of water molecules.>® The electro-
chemical Mott-Schottky curves (Fig. S51) indicated an n-type
semiconductor structure for all the samples, and provided the
position of flat band potentials at —1.02, —1.18, —1.21 and
—1.05 V vs. Ag/AgCl, which corresponded to —0.82, —0.98, —1.0
and —0.85 V vs. NHE for PCN, PCN-140, PCN-160 and
PCN-180, respectively (the formula to convert the potential is
shown as Table S1f), which were more negative than the
reversible potential of PhNO,/[PhNO,]"~ (-0.8 V vs. NHE).”?
The band structure is shown in Fig. 2c. Among all the
samples, PCN-160 showed the highest conduction band posi-
tion, which was conducive to providing highly energetic photo-
generated electrons to promote the hydrogenation of NB.

The photocurrent curve and photoluminescence (PL) life-
time were tested to compare the separation efficiency of the
charge carriers in PCN-160. Time-resolved PL decay curves
(TRPL) were recorded, fitted by a tri-exponential function to
obtain the average PL lifetime.”® As shown in Fig. 2d, the
average PL lifetime decreased from 2.51 to 2.01 ns after PCN
was treated under 160 °C (the fitting parameter is shown in
Table S67), indicating an enhanced separation efficiency of
photoinduced electron-hole pairs, which could be due to the
trapping of holes by ~OH groups.>”*® The higher photocurrent
intensity (Fig. 2e) also confirmed the enhanced separation
efficiency of photogenerated carriers. The ESR signal (Fig. 2f)
at g = 2.0045 was attributed to the unpaired electrons in the
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Fig. 2 Optical and electronic properties. (a) UV-Vis diffuse reflectance spectra, (b) photoluminescence (PL) spectra with the excitation wavelength
of 355 nm, (c) comparison of the band structures vs. NHE of PCN, PCN-140, PCN-160 and PCN-180. (d) Time-resolved PL decay curves and (e)
photocurrent of PCN and PCN-160 under cycling illumination. (f) Solid-state electron paramagnetic resonance spectra at room temperature.
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sp>-hybrid carbon in the localized n-conjugated structure. The
signal strength of PCN-160 was significantly higher than that
of PCN, indicating an enhanced delocalization of the
n-conjugated structure, which would be beneficial for the elec-
tron mobility between adjacent heptazine layers.**>°

3.3 Structure-reactivity relationship

The photocatalytic performance of the series of PCN samples
under visible light was compared and the results are shown in
Fig. 3a. The reaction did not proceed in the absence of light
and NB itself could barely be reduced without the catalyst
(Table S77). As shown in Fig. 3b and c, the conversion of NB
over PCN-160 was directly related to the light intensity, and the
apparent quantum efficiency (AQE) showed strong correlation
towards the irradiation wavelength. These results indicated
that the NB reduction reaction was driven by light. There were
nitrosobenzene (NSB), ANL and a large number of coupling
products (azoxybenzene and azobenzene) obtained by using
the initial bulk PCN and the activity was as low as 28.3% at
18 h. The conversion of NB over PCN-140 was 58.4% and the
selectivity towards PHA increased from 66% to 77% compared
with that of PCN. Considering the similar specific surface area
of PCN and PCN-140, an outstanding increased production
towards PHA was proposed for the introduction of surface -OH
groups over PCN. It was noted that PCN-160 exhibited a 98%
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conversion of NB at 18 h, which was the highest among all the
samples. Compared with that of PCN-140, the high conversion
rate over the PCN-160 catalyst may have resulted from the
abundant pore structure, which was beneficial for the exposure
of —~OH catalytic active centres. According to previous reports,
when PCN was used in the hydrogenation reaction process, an
additional alkali source was always required to realize the
efficient hydrogenation.' Herein, the -OH-modified PCN
could abstract hydrogens effectively from IPA without the help
of alkali conditions being needed.

The time-dependent profiles over PCN and PCN-160 at
60 °C are shown in Fig. 3d. NB over 98% could be converted at
18 h and the selectivity towards PHA basically kept at about
80% during the conversion of NB over PCN-160. IPA was Oxi-
dized to acetone and the hydrogen (red colour in Fig. S7af)
was transferred to NB. Two molecules of IPA were required for
the generation of a PHA molecule. The sum of the theoretical
acetone output calculated from all the products was close to
its actual production (Fig. S7bt). As for PCN, the selectivity
towards PHA decreased to 27.6% until 50% of NB was con-
verted and the coupling products (azoxybenzene and azo-
benzene) were more likely to be acquired. The efficient conver-
sion of NB and the high yield of PHA could only be obtained
over PCN-160, which proved the important role of the -OH
group modification. Scale-up experiments were carried out and

(@) |—e—NBconv. (b) —o—NB conv. PCN-160
10()_-PHA-ANL NSB m Azoi Azoxy 100_-PHA-ANL NSB i Azo Azoxy
< 80 S 80
§ 60 5 60
> >
g §
§ 40- 3 404
20 204
0- 04
PCN PCN-140 PCN-160 PCN-180 0.15 0.30 0.45 0.60
Catalyst Light intensity (W cm?)
© PCN-160 @100{ pen PCN-160
0.3 —
o€
S QG
S0 ¥
g £ :
0.1 ° <
0.01 . ;
400 500 600 700 0 6 12 18 24 48 0 6 12 18 24 48
Wavelength (nm) Time (h)

Fig. 3 Photocatalytic activity for the selective reduction of nitrobenzene. (a) Comparison of the conversion of nitrobenzene and product selectivity
by using PCN, PCN-140, PCN-160 and PCN-180 at 60 °C for 18 h; (b) influence of the light intensity on the photocatalytic activity for the selective
reduction of nitrobenzene by using PCN-160 as the photocatalyst at 60 °C for 10 h; (c) wavelength dependence of the apparent quantum efficiency
(AQE) for the yield of PHA over PCN-160 at 60 °C for 10 h. (d) Time-dependent profiles showing the conversion of nitrobenzene and the product
selectivity at 60 °C. Reaction conditions: nitrobenzene (30 pmol), IPA (1.5 mL), photocatalyst (50 mg), Ar (1 atm), 100 W white LED lamp (0.6 W
cm™). Conv. = conversion, Sel. = selectivity, PHA = N-phenylhydroxylamine, NSB = nitrosobenzene, ANL = aniline, Azoxy = azoxybenzene, Azo =
azobenzene, HAB = hydrazobenzene.
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the time-conversion plot is shown in Fig. S8.1 Even without an
optimized design, the selectivity of PHA could be maintained
at nearly 70% after 90% of NB was converted. It was quite
difficult to obtain PHA with high selectivity during the photo-
catalytic process, during which the reported products mainly
focused on ANL, azoxybenzene and azobenzene rather than
PHA (Table S8+).

The effect of the solvent on the product selectivity was
investigated by varying the volume fraction of water in an IPA/
water mixed solvent (Fig. S9). The addition of a small amount
of water (5 vol%) to the reaction system was slightly beneficial
to the conversion of NB, but had almost no effect on the
selectivity towards PHA. However, excess water was detrimental
to the conversion of NB. In this reaction system, IPA acted as
the hydrogen donor reagent. Too much water would affect the
dehydrogenation process of IPA and thus exhibited a
decreased conversion rate of NB.*°

In order to clarify the function of the -OH group in the
reaction, the catalytic performances of PCN and PCN-160
towards NSB and PHA were studied in detail. As shown in
Table 1, it was incredible that the conversion rate of PHA over
PCN (27.5%) was about three times that of PCN-160 (8.8%)
under the same reaction condition (Table 1, entries 1 and 2).
That is, the PCN-160 sample exhibited a lower PHA conversion
ability than the PCN sample, which was the prerequisite to
ensure the high selectivity of PHA. Moreover, ANL was the only
product for PCN-160, while the products for PCN were more
complex, with almost equal contents of ANL, azoxybenzene
and azobenzene. The generation of coupling products from
PHA over PCN implied that the disproportionation of PHA
occurred.” Another interesting finding was that the pro-
duction of PHA on the surface of PCN did not follow the
Harber path.®" When NSB acted as the substrate, it was more
inclined to translate into the coupling products rather than
PHA, no matter over PCN or PCN-160 (Table 1, entries 3-9).

This result indicated that the production of PHA over the
surface of PCN-160 was mainly completed by the direct hydro-
genation of NB. Once NSB was generated, it was difficult to be
hydrogenated to PHA. In brief, the quite different selectivity
towards PHA over PCN and PCN-160 was possibly due to the
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replacement of the surface C-NH, by C-OH, which ensured
there was sufficient hydrogen species, which thus promoted
the direct hydrogenation of NB to PHA.

Computational methods were also used to investigate the
interaction between the substrates and the catalysts. According
to the DFT calculations, the interaction energies (E;) of NB and
PHA over PCN were 0.40 and 0.57 eV, respectively. The E; over
PCN-160 were strengthened by 0.12 and 0.42 eV via the hydro-
gen bonds interaction. The optimized adsorption status is
shown in Fig. 4. The obvious change in E; and the obviously
reduced length of hydrogen bond between NB and the active
centre (from 2.110 to 1.893 A) were directly beneficial for the
hydrogenation of NB. Combined with the above analysis, the
introduced ~OH group could elevate the conduction band posi-
tion of PCN, which would provide highly energetic photogene-
rated electrons to promote the reduction of NB. These results
together proved that the introduction of -OH groups could be
favourable for the hydrogenation of NB. Given that the
reduction potential of PHA/ANL (—1.6 V vs. NHE)® was higher
than the conduction band position of PCN-160 (—1.0 V vs.
NHE), the generation of ANL over PCN and PCN-160 could be
ascribed to the strong interaction between PHA and the cata-
lyst, which lowered its reduction potential. Although it was
easier for PHA to be hydrogenated to ANL over PCN-160 than
PCN because of the enhanced hydrogen bond interaction (the
length of hydrogen bond decreased from 1.963 to 1.728 A)
with the active centre (Table 1, entry 1), PHA could still main-
tain 80% selectivity over PCN-160. After the NB molecules were
all converted at 18 h over PCN-160, the hydrogenation rate of
PHA speeded up and the selectivity of PHA began to decrease
(Fig. 3d). However, the transformation from PHA to ANL was
still very slow after the NB reduction was completed, which
was due to the significant difference in the N atom, whereby it
was electron-deficient in NB and electron-rich in PHA.” Based
on the above analysis, PCN-160 was advanced for its rapid
abstraction of hydrogen from IPA and the strong interaction
with NB, which ensured the quick hydrogenation of NB and
the production of PHA. The significantly different hydrogen-
ation rate of NB and PHA resulted in the accumulation of PHA
in the reaction system. The sufficient hydrogen species pro-

Table 1 Reaction mechanism study of the catalytic performance for the intermediate substrates?

Sel. (%)
Entry Reactant Catalyst Conv. (%) PHA ANL Azoxy Azo HAB
1 PHA PCN-160 8.8 — 100 — — —
2 PHA PCN 27.5 — 30.2 26.8 39.9 3.1
3 NSB — 9.8 — — 92.7 7.3 —
4? NSB PCN-160 98.1 5.7 0.2 92.6 1.5 —
5¢ NSB PCN-160 100 3.6 4.2 54.3 36.5 1.4
6 NSB PCN-160 100 2.5 8.7 — 33.1 55.7
7 NSB PCN 14.9 — — 100 — —
8¢ NSB PCN 48.2 — — 98.1 1.9 —
9 NSB PCN 100 — 0.8 91.4 7.8 —

“Reaction conditions are identical with those in Fig. 3a. ?2 h. 6 h.
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Fig. 4 Analysis of the reaction mechanism. The optimized adsorption status of NB and PHA over PCN (a and c) and —OH-modified PCN (b and d).

The numbers in the figure represent the lengths of the hydrogen bonds.

moted the direct hydrogenation of NB to PHA over PCN-160,
resulting in a low concentration of NSB in the solution, which
was main reason to inhibit the generation of the coupling
product. It was pleasing that the introduction of the -OH
group was beneficial for the accumulation of PHA.

In situ diffuse reflectance infrared Fourier transform spec-
troscopy (in situ DRIFTS) was performed to gain an insight
into the mechanism for the hydrogenation of NB over hydroxyl
group-modified PCN during the photocatalytic reaction. The
adsorption of NB over PCN-160 is shown in Fig. S1la.f In
addition to the characteristic peaks of nitro groups at 1349
and 1524 cm™', the band at 3280-3550 cm™' was caused by
the hydrogen bonding interaction®® between the nitro group
and the hydroxyl group on the surface of PCN-160, which was
consistent with the result of the theoretical calculation
(Fig. 4b). The in situ photocatalytic hydrogenation of NB over
PCN-160 was also monitored and is shown in Fig. S11b.T IPA
was introduced in the in situ reaction cell to act as the hydro-
gen donor after the adsorption of NB over PCN-160 was stable.
It could be observed that the intensity of the characteristic
peaks of nitro groups decreased and the N-O stretching
vibration (1462 cm™) and O-H deformation vibration
(1409 cm™) of PHA increased under the visible light
illumination.

The —-OH content on the series of PCN surface was quanti-
tative analysed by Boehm titration®® to confirm the important
role of the -OH groups in the selective generation of PHA. We
found that the yield of PHA and the -OH content showed an
approximately linear relationship (Fig. S12%). This result
further confirmed that the -OH group was the true active site.
Surprisingly, although the content of the oxygen element
increased gradually with the increase in hydrothermal temp-
erature, most of them did not exist in the form of hydroxyl
groups in PCN-180, which might be the result of the enol-keto

This journal is © The Royal Society of Chemistry 2021

tautomerism when PCN was mostly depolymerized to frag-
ments with a low molecular weight at 180 °C.**"®® Cycling
experiments under identical conditions were conducted
(Fig. S137). The PHA selectivity over the PCN-160 sample after
three cycle runs kept 80% of that at the first run, which was
much higher than that of PCN.

Combined with the above analysis, the selective NB hydro-
genation mechanism over the PCN surface with -OH groups
was proposed (Scheme 2). The electron transition from the
valence band to the conduction band of PCN took place in the
presence of visible light irradiation.®” With the assistance of
surface -OH groups, the photogenerated electrons and holes
were separated effectively. The hydrogen species were pro-
duced through the photoinduced holes oxidation of IPA and
were then adsorbed on the adjacent C-N sites (i and iv).'*”®
NB molecules were adsorbed at the surface -OH centre via
hydrogen bond interaction (ii) and underwent a two-step con-
tinuous hydrogenation reaction with hydrogen species (iii and
v). The rapid and effective separation of photogenerated car-
riers could provide sufficient hydrogen species on the surface.
The abundant hydrogen species and enhanced interaction
between NB and the PCN surface after the modification of
—-OH groups could ensure the rapid hydrogenation of NB to
PHA, which resulted in the low concentration of NSB in the
solution and thus inhibited the generation of coupling pro-
ducts simultaneously. Although the presence of -OH groups
strengthened the interaction between PHA and the PCN
surface, it was still difficult for the conversion of PHA to ANL
in this condition. In this case, PHA desorption from the cata-
lyst (vi) and a high selectivity were thus realized.

The photocatalytic hydrogenation of typical nitroarenes
over PCN-160 was also conducted. Good conversions and high
selectivity towards the corresponding N-arylhydroxylamines
were all realized, and the results are listed in Table S9.F When
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Scheme 2 Proposed mechanism for the hydrogenation of nitrobenzene over the PCN-160 surface.

an electron-withdrawing group, such as -Cl, was attached
to the ring, the hydrogenation process became easier than
NB. On the contrary, when an electron-donating group, such
as -CHj3;, was included as a substituent in the ring, hydrogen-
ation became lower than NB. The hydrogenation rate of
4-nitroacetophenone was close to that of NB. The selectivities
towards N-arylhydroxylamines were 61.2%, 85.8% and 63.4%
for -Cl-, -COCH;- and -CHj-substituted nitroaromatics,
respectively.

4. Conclusions

In summary, we obtained PCN with ~OH groups on the surface
through simple hydrothermal treatment. The sample acquired
at 160 °C exhibited an efficient photocatalytic hydrogenation
activity towards NB without the help of a basic solution
needed, thus realizing the highly selective production of PHA.
The key roles of surface -OH modification in this hydrogen-
ation process lay in the following two aspects: (1) the enhanced
adsorption capacity towards NB, as well as the enhanced separ-
ation efficiency of photoinduced electron-hole pairs together
realized the direct hydrogenation of NB to PHA, which resulted
in the low concentration of NSB in the solution and thus
inhibited the generation of coupling products; (2) the presence
of ~OH groups made the further hydrogenation of PHA to ANL
difficult, which resulted in the accumulation of PHA. The
above two points together realized the accumulation of PHA
and ensured its high selectivity. Our work provides a new strat-
egy for the green synthesis of functionalized PCN materials
and a new insight for the control of selective hydrogenation
processes.
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