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Significant improvement of photocatalytic
hydrogen evolution performance in covalent
organic frameworks: substituent fine-tuningf
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Imine-linked covalent organic frameworks (COFs) have been widely studied in the field of photocatalytic
hydrogen production due to their easy synthesis, good crystallinity, tunable pore size and excellent
thermal and chemical stability. However, the effect of substituent type on the photocatalytic properties

of COFs has been rarely studied. Herein, six COFs with COF-TpPa as the basic skeleton were synthesized

by introducing different types of substituents in the p-phenylenediamine benzene ring, among which
TpPa-CN, was prepared for the first time. The COFs showed similar structures but great differences in
their photoelectric properties. TpPa-Cl, and TpPa-CN, demonstrated a superior hydrogen evolution
performance compared to the other four COFs when ascorbic acid was used as the electron sacrificial

agent and Pt as the cocatalyst. The photocatalytic hydrogen evolution (PHE) rate of TpPa-Cl, and TpPa-

CN, was as high as 99.23 and 76.93 mmol g~* h™%, respectively. The introduction of chlorine and
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cyanide improved the visible-light response, hydrophilicity and photo-carrier separation ability of TpPa

COF, which contributed to the enhanced PHE efficiency of TpPa-Cl, and TpPa-CN,. This study provides

DOI: 10.1039/d4ta00478g

rsc.li/materials-a

1. Introduction

Photocatalytic water decomposition for hydrogen production
offers a sustainable solution for obtaining clean energy, thereby
addressing the current energy shortage and mitigating envi-
ronmental pollution. Takata et al. discovered that selecting an
appropriate cocatalyst to facilitate charge carrier separation
between crystal planes in SrTiOj;: Al results in an almost 100%
apparent quantum efficiency (AEQ) for water decomposition
under UV irradiation."”” However, since sunlight contains
a significant amount of visible light,* it becomes imperative to
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a strong basis for the systematic fine-tuning of the structural and physico-chemical properties of COFs
aiming to achieve COF materials with ultra-high photocatalytic activity.

explore visible light-responsive catalysts for water decomposi-
tion and hydrogen production. Although semiconductor pho-
tocatalysts like titanium dioxide and g-C3;N, have displayed high
efficiency in photocatalytic hydrogen production,®® their
limited ability to absorb visible light poses a significant chal-
lenge for practical applications.

Covalent organic frameworks (COFs) are highly crystalline
and stable porous polymers composed of light elements such as
B, C, and N. They were first reported by the research group of
Yaghi in 2005.° COFs exhibit various bonding modes, including
boroxanes, borates, carbon-nitrogen double bonds (such as
amide, hydrazone, and hydrazide), and carbon-carbon double
bonds. The carbon-nitrogen double bonds are primarily
formed through acid-catalyzed dehydration of aldehydes and
amines, and they are known for their high stability, making
them the most commonly reported bonding mode in COFs. Due
to their high stability, permanent porosity, high specific surface
area, large pore size and high carrier mobility, COFs have shown
great application prospects in various applications, such as gas
storage and separation,'®'* energy storage,’®'* catalysis,">*
sensing,"?* etc. COFs also demonstrate great potential in
photocatalytic hydrogen evolution due to their high carrier
mobility and low electron-hole recombination rate. Addition-
ally, the tunable photo-response and band gap,* achieved
through the flexible selection of building blocks, make COFs
attractive as alternative materials for semiconductor

This journal is © The Royal Society of Chemistry 2024
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photocatalysts.>* For instance, Lotsch et al. utilized a hydrazone-
linked triazine COF as a catalyst for hydrogen gas production,
achieving a photocatalytic hydrogen evolution (PHE) rate of up
to 1970 umol h™* g~ '.** By constructing a COF@g-C;N, heter-
ojunction, Dong et al.> efficiently produced hydrogen at a PHE
rate of 1153 pmol h™! g™, surpassing the performance of pure
COF monomers.”® Furthermore, the fine adjustment of mono-
mer structures can significantly enhance the PHE activity of
COFs.”* Introducing substituents into the COF backbone has
been shown to significantly increase the PHE rate. For example,
Lotsch et al.* found that the hydrogen evolution rate of COFs
enhanced from 116.58 umol h™* g™ * to 698.68 pmol h™* g~ * by
the introduction of cyano groups into the ethylene skeleton. Li
et al. implanted a dicyano group into BD-COF, resulting in
a remarkably high PHE rate of the obtained CYANO-COF, 60 850
umol h™* g~*, which was 30 times larger than that of BD-COF
(1975 pmol h™* g 1).28

In the past decade, scientists have investigated the factors
affecting the photocatalytic performance of semiconductor
materials,* including the effect of the structure and number of
linkers,** heteroatom positions,* imine bond orientation,**
carrier separation and complexation,® and crystal structure®®
on the photocatalytic performance of covalent organic frame-
works (COFs). The substituents in the COF skeleton can effec-
tively adjust the separation of photogenerated electron-hole
pairs and their combination, and the substituent effect is
recognized as an important factor affecting the catalytic activity
of COFs. However, there are few studies on substituent prop-
erty-activity relationships in the photocatalytic hydrogen
evolution (PHE) reaction. In this work, TpPa-1 was used as
a basic backbone, and a series of COFs were synthesized using
p-phenylenediamine (Pa-1) monomers with substituents of
different electronic effects (Scheme 1). The performance of
these COFs in the PHE reaction was evaluated. The relationship
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between the COF structure and properties was evaluated by
photocurrent (I-T), electrochemical impedance spectroscopy
(EIS), X-ray photoelectron spectroscopy (XPS), transmission
electron microscopy (TEM), contact angle test (CA) and photo-
catalytic hydrogen evolution rate measurement. By examining
the effects of substituents on COF properties and catalytic
performance, this work aims to provide a comprehensive
understanding of the structure-property relationships in COFs
and shed light on the mechanisms underlying the substituent-
induced enhancements in catalytic activity.

2. Results and discussion

Six kinds of COFs with the same skeleton were synthesized by
a typical solvothermal method (Table S1t); among them, TpPa-
CN, was prepared for the first time. The crystalline structure of
these six COFs was confirmed through powder X-ray diffraction
(PXRD) analysis, as depicted in Fig. 1a. The PXRD patterns
exhibited prominent diffraction peaks at 26 = 4.5-4.7° and 25.5°,
corresponding to the reflection from the (110) and (001) crystal
planes, respectively. To elucidate the structure of these COFs and
calculate the unit cell parameter, two possible two-dimensional
(2D) models with eclipsed (AA) and staggered stacking (AB)
were built using the self-consistent-charge density functional
tight-binding (SCC-DFTB) method. As shown in Fig. S1,t the
experimental PXRD patterns of TpPa-1, TpPa-Cl,, TpPa-CN,
TpPa-(CH3), and TpPa-CH3; matched well with the simulated
patterns obtained using the eclipsed stacking model and are in
good agreement with the PXRD data reported in the literature for
AA-stacked TpPa-1. In addition, the experimental PXRD patterns
of TpPa-CN, matched well with the simulated patterns obtained
using the staggered stacking model (Fig. 1a and S1t).

The permanent porosities of COFs were assessed by
measuring nitrogen adsorption/desorption isotherms at 77 K.
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Bottom-up strategy for the synthesis of TpPa-1, TpPa-CN, TpPa-CN,, TpPa-Cl,, TpPa-CHs, and TpPa-(CHs),.
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Fig. 1
77 K for TpPa COFs.

All of the six synthesized COFs showed typical type-IV
isotherms, which are characteristic of mesoporous materials.
The Brunauer-Emmett-Teller (BET) surface areas of TpPa-Cl,,
TpPa-CN,, TpPa-CN, TpPa-1, TpPa-(CH;), and TpPa-CH; were
calculated to be 602, 641, 664, 603, 716 and 188.9 m> g~ ', with
the total pore volumes of 0.467, 0.460, 0.540, 0.425, 0.589 and
0.204 cm® g~ ', respectively (Fig. 1b). The introduction of
substituents in the skeleton did not significantly change the
porous structure of these COFs.

The band structure of organic semiconductors plays a crucial
role in determining their photoactivity. The UV-visible diffuse
reflectance spectra (UV-DRS) analysis revealed that the six
different COFs exhibited similar optical absorption capabilities
in the visible light range of 400-800 nm. However, when
compared to COF-TpPa-1, all the COFs with substituents dis-
played a slight red shift in the adsorption edge within the range
of 500-600 nm (Fig. 2a), suggesting that the introduction of
substituents influences the band structure of the COFs, thereby
increasing their photoactivity in the visible light region.
According to the Tauc plots, the optical band gaps of TpPa-Cl,,
TpPa-CN,, TpPa-CN, TpPa-1, TpPa-(CH;), and TpPa-CH; were
calculated to be 2.08, 2.06, 2.07, 2.12, 2.05 and 2.06 eV,
respectively (Fig. 2b). The narrowing of the optical band gap
proved that the light absorption capacity of these COFs was
enhanced. As displayed in Fig. 2c, the flat band potential (Egg) of
TpPa-Cl,, TpPa-CN,, TpPa-CN, TpPa-1, TpPa-(CHj3), and TpPa-
CH; was determined to be —0.95, —0.86, —0.91, —0,76, —1.01
and —0.85 eV (vs. NHE, normal hydrogen electrode), respec-
tively, by extending the linear part of M-S plots. Besides, all the
tested samples exhibit a positive slope in M-S plots, indicating
the typical n-type semiconductor traits. It is well-known that the
conduction band potential (Ecg) of n-type semiconductors is
typically around 0.2 eV lower than the energy of the Fermi level
(Egp). In the case of the COFs studied, the Ecp values for TpPa-
Cl,, TpPa-CN,, TpPa-CN, TpPa-1, TpPa-(CH;), and TpPa-CHj;
were —0.71, —0.62, —0.67, —0.58, —0.77 and —0.61 eV (vs. NHE),
respectively. According to the equation of Eyy = Ecp + Eg (Evg is
the potential of the valence band (VB)), the Eyp of TpPa-Cl,,
TpPa-CN,, TpPa-CN, TpPa-1, TpPa-(CH;), and TpPa-CH; was
estimated to be 1.37, 1.43, 0.40, 1.54, 1.28 and 1.45 eV (vs. NHE),
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(a) The powder X-ray diffraction, (b) nitrogen adsorption/desorption isotherms of the six COFs and (c) pore size distributions measured at

respectively. Since their Ecg values are all more negative than
the redox potential of H'/H,,*” all six COFs possess thermody-
namically sufficient potentials for the photocatalytic hydrogen
evolution reaction (Fig. 2d).

To further investigate the separation efficiency of photo-
generated carriers in the six different COFs, transient photo-
current (TPC) and electrochemical impedance measurements
were conducted. As shown in Fig. 3a, the introduction of -CN,, -
CN and -Cl, in the frameworks enhanced the photocurrent
density of COFs under visible light irradiation. The photocur-
rent density of the TpPa-Cl, electrode was almost twice that of
the TpPa-1 electrode. In contrast, the photocurrent density of
the TpPa-(CHj3), and TpPa-CHj; electrodes was clearly lower than
that of the TpPa-1 electrode. The result suggested that the
implantation of electron-withdrawing groups can extend the
photo-response of COFs to visible light and effectively inhibit
the recombination of photogenerated electron-hole pairs, while
the electron-donating group can impair the separation effi-
ciency. The electrochemical impedance spectroscopy (EIS) plots
demonstrate that the introduction of electron-withdrawing
groups into the TpPa-COF does not have a significant impact
on the electrochemical impedance. In contrast, when electron-
donating groups are incorporated, the electrochemical imped-
ance is noticeably increased. This observation suggests that the
presence of electron-donating groups hinders the charge
transfer within the COF structure, potentially leading to
a decrease in the overall charge transfer efficiency (Fig. 3b).

Furthermore, the transient fluorescence results indicated
that the introduction of substituents leads to shorter fluores-
cence lifetimes (Fig. 3c), in the order of TpPa-1 > TpPa-(CHj;), >
TpPa-CN, > TpPa-CH; > TpPa-CN > TpPa-Cl,, with quantitative
determinations of 4.26, 3.10, 2.53, 2.28, 2.18 and 1.98 ns,
respectively (Table S2f). This can be attributed to the p-w
conjugation generated between the substituents and the full
conjugated planes of the COF to enhance the conduction effi-
ciency of the photogenerated carriers.****

Photocatalytic hydrogen evolution (PHE) experiments were
performed under visible light irradiation (4 > 420 nm), using an
aqueous solution of ascorbic acid as an electron sacrificial agent
and photo-deposition of Pt equivalent to 3 wt% COF from

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) UV-vis diffuse reflectance spectra, (b) Tauc plots, (c) Mott—Schottky curve and (d) band position of the six COFs.
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Fig. 3 (a) Transient photocurrent responses, (b) electrochemical impedance spectroscopy and (c) nanosecond-level time-resolved fluores-

cence decay spectra under 460 nm laser excitation of the six COFs.

hexachloroplatinic acid (H,PtCls) as a cocatalyst. TpPa-Cl,
showed the highest hydrogen evolution rate, with an average
four hour hydrogen evolution rate of 99.226 mmol g * h™ . The
hydrogen evolution rates of the six COFs followed the order of
TpPa-Cl, (99.23 mmol ¢ ' h™!) > TpPa-CN, (76.93 mmol g '
h™") > TpPa-1 (55.25 mmol g ' h™") > TpPa-CN (33.01 mmol g "
h™) > TpPa-(CH;), (25.85 mmol g ' h™') > TpPa-CH;
(15.43 mmol g h™') (Fig. 4a). The photocatalytic hydrogen
evolution rates of TpPa-Cl, and TpPa-CN, are higher than those
of most of the reported catalysts (Table. S31). In order to further

This journal is © The Royal Society of Chemistry 2024

explore the catalytic performance of the pure COF and to
explain the deviation of TpPa-CN catalytic rates, a PHE experi-
ment was performed in the absence of the Pt catalyst. The PHE
rates achieved by these COFs were in the order of TpPa-Cl, >
TpPa-CN, > TpPa-CN > TpPa-1 > TpPa-CH; > TpPa-(CHj3),
(Fig. 4b). The PHE ability of COFs without Pt was generally
consistent with their TPC order. Obviously, the PHE efficiency of
these COFs was exactly related to their photo-responsivity with
the exception of TpPa-CN (Fig. 3a). The long-time continuous
photocatalytic tests on TpPa-CN, and TpPa-Cl, showed that

J. Mater. Chem. A, 2024, 12, 11416-11423 | 11419
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Fig. 4 The PHE rates of the six COFs with (a) and without (b) the Pt NP co-catalyst and PHE rates of TpPa-Cl, (c) and TpPa-CN, (d) for 14 h in

succession.

TpPa-Cl, possessed better catalytic stability than TpPa-CN,
(Fig. 4c and d), which proved that -Cl had a more stable catalytic
promotion than -CN. Meanwhile, the XRD patterns of the six
COF powders after the PHE reaction proved that all the
synthesized COFs had good structural stability (Fig. S2, ESIY).
To further unveil the different behaviors of these COFs with
and without Pt NPs in PHE, the morphology and surface
chemical states of COFs in the presence and absence of Pt were
analyzed using HR-TEM and XPS. Taking TpPa-1 for example,
the signals at the binding energy (BE) of 74.03, 284.61, 400.13
and 530.87 eV in the XPS spectrum of TpPa-1/Pt were attributed
to Pt, C, N and O elements* respectively. The high-resolution Pt

(a)

4f XPS spectrum can be deconvoluted into two doublets (Fig. 5b)
at 71.6 and 74.6 and 72.5 and 75.8, which can be attributed to
the presence of the Pt’ and Pt** species, respectively. On the
surface of TpPa-Cl,, TpPa-CN, and TpPa-(CHj;),, the binding
energy of Pt 4f,, was shifted to 71.48, 71.20 and 71.53 eV,
respectively, which was obviously lower than that on the surface
of TpPa-1. This result indicated that the introduction of
substituents triggered stronger interaction between Pt NPs and
the COF skeleton. In addition, the content of Pt(0) in Pt/COF
with -CN and -Cl was obviously higher than that of Pt/TpPa-1,
indicating that the Pt/COF with electron-withdrawing substitu-
ents could provide more active sites for H, evolution. In
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addition, Fig. S31 shows that compared to Pt/TpPa-1, the C 1s
binding energy (BE) is blue-shifted and the O 1s BE is red-
shifted to a greater extent on the Pt/TpPa-CHj; surface, while
the BE of Pt 4f is significantly lower than that of Pt/TpPa-1,
suggesting that the mono CHj; substituent promotes the
movement of electrons towards the amine monomer and Pt. On
the surface of Pt/TpPa-(CHj),, the BE of each species of C 1s was
significantly red-shifted, meanwhile the BEs of O 1s and N 1s
moved significantly lower, and the BE of Pt 4f was slightly lower
than that of Pt/TpPa-1. This result indicated that the para-
methyl substituents increased the electron density on the
benzene ring, decreased the heterogeneity of the electron
distribution on the surface of Pt/TpPa-(CHj),, which could
reduce the electron transfer between C, O, N, and Pt elements,
and was unfavourable for photogenerated electron transfer. For
TpPa-CN, the BE shifts of C 1s, N 1s and O 1s before and after
loading Pt NPs were similar to those of Pt/TpPa-1, suggesting
that mono-cyano substitution did not significantly promote the
interaction and electron transfer ability between the COF and
Pt. Compared with TpPa-CN,, the BE of C 1s on the surface of Pt/
TpPa-CN, was significantly red-shifted and the BE of N 1s was
blue-shifted, while the BE of Pt 4f was significantly blue-shifted
compared with that of Pt/TpPa-1, indicating that the para-
substitution of cyano facilitated the transfer of electrons to
the Pt and N atoms and increased the heterogeneity of the
electron distribution in favour of the photogenerated carrier
separation. For TpPa-Cl,, the loading of Pt NPs resulted in
a blue shift in the BEs of C 1s, N 1s, and O 1s, a red shift in the
BE of Cl 2p combined with a blue shift in the BE of Pt 4f
compared to Pt/TpPa-1, which suggested the possible electron
transfer from the chlorine-substituent to the skeleton of the
COF and Pt NPs. In conclusion, -Cl,, and CN, promoted the
electron transfer ability on the surface of the Pt/TpPa COF
system and contributed to the separation of photogenerated
carriers.

The morphology of the COFs before and after the PHE
reaction was examined using high-resolution transmission
electron microscopy (HR-TEM). The HR-TEM images revealed
that all six COFs exhibited a similar clustered rod-like
morphology (Fig. S4, ESIf). During the PHE process, Pt NPs
were uniformly deposited on the surfaces of TpPa-1, TpPa-CH;
and TpPa-(CH3), COFs. But Pt NPs on the surface of TpPa-Cl,
and TpPa-CN, were larger in diameter and somewhat aggre-
gated compared to those on TpPa-1. This phenomenon can be
attributed to the stronger interaction between the electron-
withdrawing groups present and the Pt NPs. This interaction
causes the Pt NPs to grow into larger particles around the
electron-absorbing groups. In the case of TpPa-CN, the density
of Pt NPs was relatively low, and the aggregation degree of the Pt
NPs was more severe compared to the COF without substitu-
ents. The larger particle size and lower loading efficiency of Pt
NPs on the surface of TpPa-CN might contribute to its poorer
PHE performance than TpPa-1.*

The introduction of electron-withdrawing substituents, such
as -CN and —Cl, into the skeleton of TpPa COFs improved their
hydrophilicity (Fig. S5, ESIt). In contrast, the presence of the
electron-donating  substituent methyl decreased the

This journal is © The Royal Society of Chemistry 2024
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hydrophilicity of TpPa COFs. The hydrophilic surface is bene-
ficial for the interaction between the photocatalyst and water,
facilitating efficient charge transfer from the photocatalyst to
water and ultimately enhancing hydrogen evolution.*

3. Conclusion

The above-mentioned results indicated that the implantation of
substituents in the skeleton has little effect on the band struc-
ture of COFs, but can affect the visible-light response, separa-
tion ability of photo-induced carriers, loading of Pt NPs and
surface hydrophilicity. The electron-withdrawing substituents
are conducive to the improvement of light response of COFs,
while the electron-donating groups brought about a negative
effect on visible-light absorption and production of photo-
carriers. Therefore, the COFs bearing electron-withdrawing
groups in the skeleton showed higher PHE efficiency
compared to TpPa-1. However, stronger interaction between Pt
NPs and substituents in COFs leads to aggregation of Pt NPs on
the surface of COFs, which gives rise to decreased PHE rates.
Therefore, the PHE ability of COFs can be efficiently tuned just
by subtly regulating the types of substituents in the skeleton of
monomers.
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