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ABSTRACT: Covalent organic frameworks (COFs) are excellent platforms with tailored functionalities in photocatalysis. There 
are still challenges in increasing photochemical performance of COFs. Therefore, we designed and prepared a series of COFs for 
photocatalytic hydrogen generation. Varying different ratios of �-ketoenamine to imine moieties in the linkages could differ the 
ordered structure, visible light harvesting and bandgap. Overall �-ketoenamine linked-COFs exhibited much better photocatalytic 
activity than those COFs having both �-ketoenamine and imine moieties on account of non-quenched excited-state and more 
favorable HOMO level in photoinduced oxidation reaction from the former. Specifically, after in situ growth of �-ketoenamine 
linked COFs onto NH2-Ti3C2Tx (Tx = -O and -OH) MXene via covalent connection, the hetero-hybrid showed an obvious 
improvement in photocatalytic H2 evolution because of strong covalent coupling, electrical conductivity and efficient charge 
transfer. This integrated linkage evolution and covalent hybridization approach advances the development of COF-based 
photocatalysts.

INTRODUCTION

Covalent organic frameworks (COFs), comprised of purely 
organic building blocks linked via robustly covalent bonds, 
allow atomically precise integration of organic units into 
extended two dimensional (2D) or 3D structures with periodic 
skeletons and ordered nanopores.1-6 COFs provide tunable 
platforms in skeletons for the mechanistic studies of correlated 
organic C systems with exceptionally electronic properties.7 
They have attracted wide attention in semiconductors,8,9 
sensors,10 catalysis,11-16 and energy conversion.17 

Linkage chemistry is an important aspect to COFs in respect 
to their practicability in optoelectronics or electrochemical 
applications. Imine or keto-enamine linkages with good 
electronic communication across the bond have been 
extensively used in the construction of COFs.18 
Heterostructurally mixed linkage approach significantly 
increases the structural complexity, functionality and 
topological diversity from relatively simple building blocks.19-

21 The crystallinity, porosity and active sites of COFs are 
subsequently changed.20 Therefore, understanding the 
correlation between suitable linkages of COFs and efficient 
photocatalysis is prerequisite but challenging. 

Unfortunately, most of pure COF photocatalysts have 
relatively low photocatalytic efficiency on account of fast 
charge recombination. Hybridization provides a feasible 
strategy to improve the charge-carrier separation in 
photoredox process.22 So far, photoactive COF-based hybrids 
are classified into COFs/metal organic frameworks (MOFs),23-

25 COFs/molecular (or single site) catalysts,26-28 COFs/metal 
nanoparticles,29 and COFs/metal sulfides.30 To the best of our 
knowledge, there is no report on exploring the covalent 
connection of COFs with MXene for photocatalysis. MXene, a 
group of 2D transition metal nitrides/carbides/carbonitrides, 
shows many promising properties such as charge mobility 
anisotropy, metallic conductivity, and tunable surface-
terminated chemistry (-O, -NH2, -F, -OH, etc).31-34 It could be 
envisioned that the covalent bond bridged hybrid is not only 
beneficial to optoelectronics (for instance, photogenerated 
electron transfer) between 2D MXene and COFs, but also 
maximally allows the exposure of active sites. The porous 
structure also favors for the mass transfer and facilitates the 
substrates to access the active sites of catalysts. 

Herein, we synthesized three kinds of COFs with various 
ratios of �-ketoenamine to imine moieties by acid-catalyzed 
Schiff-base reaction of benzene-1,4-diamine (BDA) with 
benzene-1,3,5-tricarbaldehyde derivatives bearing different 
numbers of hydroxy groups (Scheme 1). More ordered COFs 
benefit from the compromised outcome of conformational pre-
organization between the planar keto-enamine moieties 
(irreversible) and the twisted imine of linkage (reversible) in 
periodic frameworks, visible light harvesting and photoredox 
capacity. The more �-ketoenamine moiety is, the higher 
photocatalytic performance shows, on account of favorable 
highest occupied molecular orbital (HOMO) energy level for 
photoinduced oxidation reaction. The excited state of mixed-
linkages is suppressed by the imine moiety in the presented 
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Figure 1. Experimental and simulated PXRD patterns for (a) NTU-BDA-HTA and (b) NTU-BDA-DHTA, (c) UV-vis-DRS 
spectra, (d) photocatalytic H2 evolution performance, and (e) energy band potentials of these three COFs. Blue and green lines 
stand for the two-hole (A/H2A) and one-hole (HA�/H2A) oxidation of L-ascorbic acid, respectively. 

COFs (NTU-BDA-HTA and NTU-BDA-DHTA) via 

photoinduced electron transfer. Encouraged by the planar 
structure, moderately ordered structure, non-quenched excited-
state and appropriate HOMO energy of NTU-BDA-THTA, 
covalent coupling with NH2-Ti3C2Tx enables the formation of 
2D/2D COF/NH2-Ti3C2Tx hybrids. The hybrids concurrently 
realize efficient separation and transfer of photogenerated 
charge carriers for surface proton reduction on account of 
synergistic effect of heterostructures in photoelectrochemical 
properties. This method shows a general synthetic 
applicability to construct more COF/MXene hybrids for the 
photocatalysis. 

RESULTS AND DISCUSSION

Understanding intrinsic correlation between linkages of 

COFs and photocatalysis. Three ordered COFs, i.e., NTU-
BDA-HTA, NTU-BDA-DHTA, and NTU-BDA-THTA, were 
constructed under solvothermal conditions via cascade 
reaction (reversible Schiff base and irreversible tautomerism 
reaction) of BDA with different aldehyde building blocks 
including 2-hydroxybenzene-1,3,5-tricarbaldehyde (HTA), 

2,4-dihydroxybenzene-1,3,5-tricarbaldehyde (DHTA), and 
4,6-trihydroxybenzene-1,3,5-tricarbaldehyde (THTA), 
respectively (Scheme 2). In order to obtain COFs with the 
highest order degree of structure, the condensation conditions 
were thoroughly screened (Tables S1-S3). Crystalline NTU-
BDA-HTA and NTU-BDA-DHTA (Figures S1-S3) were 
produced using a mixture of dioxane/acetic acid (aqueous 6M, 
10/1, v/v) and dioxane/mesitylene/acetic acid (aqueous 3M, 
5/5/1, v/v/v), respectively. Both are insoluble in water and 
common organic solvents. 

As revealed from powder X-ray diffraction (PXRD) pattern 
(Figure 1a), NTU-BDA-HTA holds a long-range ordered 
structure, exhibiting the most intense peak at 4.78° 8-M;
 which 
corresponds to the (100) diffraction. Diffraction peaks at 8.41°, 
9.65°, 12.69°, 16.45° and 26.64° were also observed, assigned 
to the (110), (200), (210), (220) and (001) diffraction, 
respectively. For NTU-BDA-DHTA (Figure 1b), the most 
intense peak at 4.67° corresponds to the (100) diffraction, with 
other minor peaks at 8.14°, 12.66°, 16.66° and 27.16° for the 
(110), (210), (220) and (001) diffraction, respectively. The 
experimental PXRD patterns (Figure 1a,b) for NTU-BDA-
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HTA and NTU-BDA-DHTA matched well with the simulated 
patterns of the eclipsed stacking (AA) model in the monoclinic 
system P2/M space group. Pawley refinement gave the 
optimized unit cell parameters as follows: a = b = 22.36 Å, c = 
3.35 Å, P = Q = 90.00° and R = 122.68°, with Rwp = 3.59% and 
Rp = 2.27% for NTU-BDA-HTA; a = b = 22.50 Å, c = 3.27 Å, 
P = Q = 90.00o and R = 119.04o, with Rwp = 3.85% and Rp = 
2.63% for NTU-BDA-DHTA. These results indicate that the 
two COFs have the predicted frameworks. Fourier transform 
infrared spectroscopy spectra (Figures S4-S6) and solid 13C 
cross-polarization magic angle spinning nuclear magnetic 
resonance spectroscopy (Figures S7 and S8) unambiguously 
demonstrated the coexistence of �-ketoenamine and imine 
moieties in both NTU-BDA-HTA and NTU-BDA-DHTA.

Scanning electron microscopy (SEM) and transmission 
electron microscope (TEM) images (Figures S9 and S10) 
indicate that NTU-BDA-HTA, NTU-BDA-DHTA and NTU-
BDA-THTA have urchin-like, microsphere-like and clavate-
like morphology with the particle size of above 1 U!
 
respectively. The domains of straight black-and-white lattice 
fringes visualize the interplanar spacing of C>C stacking 
between the adjacent layers in the COFs. Thermogravimetric 
analyses (Figure S11) and water contact angles results (Figure 
S12) prove the thermal stability and super-hydrophilic nature, 
respectively. 

N2 adsorption/desorption (Figure S13) tests reveal the 
porous features with the pore size of 1.4 nm, close to the 
theoretical value (Figure S14). The Brunauer-Emmett-Teller 
(BET) surface areas of NTU-BDA-HTA, NTU-BDA-DHTA 
and NTU-BDA-THTA is 1289.3, 1344.2 and 768.0 m2 g-1, 
respectively. Higher surface area may be due to more long-
range ordered skeleton in NTU-BDA-DHTA. The ratio of 
imine to �-ketoenamine influences the order degree of 
structure in COFs, as verified by normalizing the PXRD 
intensity (Figure S15). The (100) peak of NTU-BDA-HTA, 
NTU-BDA-DHTA and NTU-BDA-THTA has a full width at 
half maximum (FWHM) of 1.00°, 0.79° and 1.42°, 
respectively. The reported LZU-1 with a FWHM of 1.68° was 
used as a comparison. According to the Scherrer equation 
(Supporting Information),35 the lowest FWHM means that 
NTU-BDA-DHTA should have the maximum C>&��5�	�"�� 
order degree. It can be explained that the single bond (Scheme 

2 and Figures S16 and S17) adjacent to imine bond can freely 
rotate, leading to a variable conformation due to the lack of 
intramolecular hydrogen bond. Notably, the rotation of 
backbone moieties is likely kinetically trapped in the bulk.31 
Free rotation of bonds may only occur to imines near the 
surface, edge, or defects.36 Thus, the neighboring imine bond 
can readily undergo the self-correction process. For the special 
case in NTU-BDA-THTA, the self-correction process can be 
impeded once the irreversible tautomerization occurs (Figure 
S17). Theoretical calculations based on the model compounds 
1-7 (Figures S18-S21) verify that the totally imine-liked model 
compound is twisted. The more �-ketoenamine form increases, 
the better planar those model compound shows. Model 
compound 7 has the most planar structures with the minimum 
relative energy change (Figure S21). Although the planar 
structure of NTU-DBA-THTA shown in the framework is 
from the view of local region, the conjugated extension of 
long-range ordered structure is limited by the totally 
irreversible tautomerism (Figure S16). Therefore, more 
ordered COFs may be resulted from the compromised 
outcome of conformational pre-organization between the 

planar �-ketoenamine moieties (irreversible) and the twisted 
imine of linkage (reversible) in periodic frameworks.

Owing to the formation of overall Q>/�"����!��� linkages 
through reversible/irreversible tandem reaction, an optical 
absorbance edge around 610 nm was endowed (Figure 1c) for 
NTU-BDA-THTA, whereas red shifts to 742 and 729 nm were 
observed for NTU-BDA-DHTA and NTU-BDA-HTA, 
respectively. The shift is probably attributed to higher 
conjugation degree originated from the delocalization along 
and across the plane in the extended frameworks during the 
self-repaired and crystallized process.37 The ratio (4:2) of �-
ketoenamine to imine linkages simultaneously ensures higher 
degree of ordered domains and delocalization, leading to the 
largest red-shifted absorption of NTU-BDA-DHTA. Optical 
bandgaps (Figure S22) are 1.81, 1.77 and 2.09 eV for NTU-
BDA-HTA, NTU-BDA-DHTA and NTU-BDA-THTA, 
respectively.

Photocatalytic hydrogen evolution was conducted in buffer 
solution (pH 7.0) under visible light 8V 420 nm) with Pt and L-
ascorbic acid as co-catalyst and sacrificial electron donor, 
respectively. The highest H2 accumulation amount was 
obtained from NTU-BDA-THTA, followed by NTU-BDA-
DHTA and NTU-BDA-HTA (Figure 1d). Obviously, 
photocatalytic H2 evolution rates that were normalized to 
specific surface area over these three samples also kept the 
same order (Figure S23), demonstrating the superiority of 
NTU-BDA-THTA (1.47 U!�� h-1 m-2). The tendency of 
photocatalytic H2 evolution rate differentiates with the PXRD 
and UV-vis diffuse reflectance spectroscopy (DRS) results, 
suggesting that the order degree of structure and light-energy 
absorption of the three COFs are not crucial factors in 
affecting photocatalytic activity. Photoluminescence spectrum 
(Figure S24a) shows that the excited state of the mixed 
linkages is suppressed by the imine moiety in NTU-BDA-
HTA and NTU-BDA-DHTA via photoinduced electron 
transfer,38 which may stymie H2 production rate. Furthermore, 
compared with these HOMO and lowest unoccupied 
molecular orbital (LUMO) potentials from the results of 
valence X-ray photoelectron spectroscopy (XPS) and Mott-
Schottky measurements (Figures 1e, S25 and S26), it can be 
deduced that more positive potentials of the HOMO energy 
upon increasing �-ketoenamine linkage bring about an 
increase in the oxidizing power of photogenerated holes, 
which would be much easier to remove from NTU-BDA-
THTA by L-ascorbic acid. Efficient hole quenching is possibly 
achieved by hydrogen bonding interaction with sacrificial 
donors. Another non-negligible factor is the electron-deficient 
property of the ketone building block, which may be useful to 
stabilize the negative charges generated on the COFs and 
transfer them to the nearby Pt sites. Density functional theory 
calculations further verify that the �-ketoenamine linkage with 
more O 2p atoms changes the HOMO energy for the 
enhancement of oxidation performance (Figure 2a,b and S27). 
In views of industrial applications, the photocatalytic 
efficiency of pure NTU-BDA-THTA is still far away from 
practical requirements. The insights obtained from the above 
results including planar conformation, ordered structure, non-
quenched excited state and appropriate HOMO energy in 
NTU-BDA-THTA provide strong inspiration on post-
modification of COF-based materials via 2D/2D 
heterostructures for photocatalysis.
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(Figure S40), indicating that the presence of NH2-Ti3C2Tx has 
no influence on the band gap of NTU-BDA-THTA. The black 
NH2-Ti3C2Tx merely increases the absorption baseline with 
incorporated with distinct adsorption of carbonaceous 
materials.50 Electrical conductivity of NH2-Ti3C2Tx are proven 
by the linear relationship between current and voltage for the 
NH2-Ti3C2Tx film (Figure S40). Meanwhile, steady-state 
photoluminescence (PL) spectra in Figure 3b exhibits obvious 
PL quenching of the ATNT-4 hybrid, in contrast with that of 
pure NTU-BDA-THTA. The average emission lifetime 
(Figure S41) displays an obvious increase for ATNT-4 (1.307 
ns) as compared with that of bulk NTU-BDA-THTA (0.950 
ns), being ascribed to intrinsic deep donor-acceptor states.51 
The PL quenching and prolonged excited state mean the 
construction of charge transfer channel between NTU-BDA-
THTA and NH2-Ti3C2Tx in ATNT, leading to efficient 
suppression of photoexcited charge recombination and 
interfacial charge transfer via the ATNT heterojunction.

Time-resolved transient absorption spectroscopy (Figures 
3c and S42) of TANT-4 exhibits much longer lifetime (or 
longer-lived charge-separated states) than that of pure NTU-
BDA-THTA, suggesting that the incorporation of NH2-
Ti3C2Tx inhibits charge recombination in TANT-4.26 

Electrochemical impedance spectrum of ATNT-4 (Figure 3d) 
exhibits smaller semicircle in the Nyquist plot than that of 
pure NTU-BDA-THTA, indicating its lower charge transfer 
resistance (Table S4) that warrants efficient transportation and 

separation of charge carriers. Transient photocurrent (Figure 
3e) of ATNT-4 is clearly stronger than that of NTU-BDA-
THTA, indicative of more electron accumulation due to the 
enhanced charge carrier transfer and electron-hole separation 
via the heterojunction. Linear sweep voltammetry curve of 
ATNT-4 reveals higher cathodic current density than that of 
NTU-BDA-THTA (Figure S43), attributed to higher 
conversion of water to hydrogen over the former. The 
observed phenomenon clearly indicates that the covalently 
integration of NTU-BDA-THTA with NH2-Ti3C2Tx not only 
facilitates the electron separation and extraction, but also 
accelerates the protonation of H2O and subsequent H2 
formation. 

In photocatalytic H2 evolution, the presence of Pt or NH2-
Ti3C2Tx could improve the H2 generation rate of NTU-BDA-
THTA (Figure S44). The enhanced activity of NH2-Ti3C2Tx is 
comparable with Pt preloaded NTU-BDA-THTA, proving that 
NH2-Ti3C2Tx is a possible substitution to noble Pt as the 
cocatalyst for COFs-based photocatalytic systems. Similar 
improved photocatalytic performance of metal sulfides using 
Ti3C2 as the cocatalyst has been reported by Qiao et al.52 There 
was no photocatalytic activity for the pristine NH2-Ti3C2Tx in 
the presence and absence of platinum (Figure S45). 
Interestingly, the co-presence of Pt and NH2-Ti3C2Tx 
enormously improves the efficiency of photocatalytic H2 
evolution. The effect of different connection ways (i.e., 
covalent, noncovalent and physical mixture) in hybrids was 

Figure 3. (a) UV-vis-DRS spectra. (b) Steady-state photoluminescent spectra. (c) Transient absorption decay profiles. (d) 
Electrochemical impedance spectroscopy of 1 (NTU-BDA-THTA) and 2 (ATNT-4) under the conditions of dark, visible light 
irradiation and open circuit potential (OCP). (e) Transient photocurrent responses. (f) Photocatalytic H2 evolution comparison between 
ATNT-2-HB, ATNT-2 and physical mixing material ATNT-2-PM. (g) Photocatalytic H2 evolution of NTU-BDA-THTA and ATNT 
hybrids. (h) Recyclability of ATNT-4 for H2 generation over 30 h. (i) Schematic mechanism of ATNT-4 for photocatalysis.
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then explored for photocatalytic H2 generation. As shown in 
Figures 3f and S46, cumulative H2 production increases with 
time, where the case of ATNT-2 increases much faster in 
comparison with the bare NTU-BDA-THTA. Meanwhile, the 
photocatalytic activity of ATNT-2 with the covalence 
connection is 4.2 and 10.38 times higher than that of ATNT-2-
HB (with noncovalent connection) and ATNT-2-PM (physical 
mixing between NTU-BDA-THTA and NH2-Ti3C2Tx), clearly 
confirming the prominent role of covalent bonds between 
NTU-BDA-THTA and NH2-Ti3C2Tx via the heterojunction in 
improving the photocatalytic activity. 

The relationship between component proportions and 
photocatalytic activity was optimized (Figures 3g and S47). 
Photocatalytic performance was  �	��X&��"�$ enhanced upon 
coupling NTU-BDA-THTA with NH2-Ti3C2Tx, as evidenced 
by the increase of H2 production with increasing the NH2-
Ti3C2Tx content, achieving the maximum of 14,228.1 U!�� gW. 
h-1 at the mass ratio of 8:4 (NTU-BDA-THTA : NH2-Ti3C2Tx). 
This value is about 12.6 times higher than that of pure NTU-
BDA-THTA (1,127.1 U!�� gW. h-1). After normalizing to 
specific surface area over these samples, the photocatalytic H2 
evolution rate also kept the same order (Figure S48), 
excluding the mass transfer effect. The improvement is again 
due to the heterojunction in ATNT hybrids with preferred 
charge transfer pathway via synergistic effect of photoactive 
NTU-BDA-THTA and conductive NH2-Ti3C2Tx. 
Photocatalytic H2 generation rate of ATNT-4 is also 
comparable to that of other recent reports (Table S5). The 
apparent quantum efficiency (AQY) of 7.75% and 9.75% was 
determined for ATNT-4 at 420 nm and 500 nm, respectively 
(Figure S49). These values exceed the AQY of most COF-
based photocatalysts reported so far, such as sulfone-
containing FS-COF (AQY420nm = 3.2%),53 g-C40N3�COF 
(AQY420nm = 4.48%),54 triazine-based N3-COF (AQY420nm = 
0.44%),37 g-C18N3�COF (AQY420nm = 1.06%),55 and TpDTz 
COF-NiME (a Ni-thiolate COF cluster, AQY400nm = 0.2%).56 
Significantly, a further increase of the NH2-Ti3C2Tx content 
results in the decreased H2 production on account of shielded 
light absorption and blocked active sites by the redundant 
NH2-Ti3C2Tx. Therefore, the NH2-Ti3C2Tx amount was 
optimized to obtain the best H2 production. Accordingly, 
ATNT-4 still retains its original photocatalytic activity after 
six cycles over 30 h (Figure 3h). No obvious difference in 
PXRD patterns (Figure S50) and morphology (Figure S51) 
was observed before and after the six cycles of photocatalysis. 
These analyses indicate that ATNT-4 presents excellent 
photocatalytic activity, recyclability, and structural stability. 
Labeling experiment via photocatalytic D2O splitting to D2 
confirmed that the source of liberated hydrogen was indeed 
water (Figure S52). 

In contrasts to ATNT-4, three kinds of referred materials 
(Figure S53-S55) including amorphous NTU-BDA-THTA 
(non-porous), amorphous NTU-BDA-THTA/NH2-Ti3C2Tx 
hybrid (named amorphous ATNT-4) and model molecule have 
lower photocatalytic H2 efficiency. This result indicates that 
the ordered structure and porous channel of COFs facilitate the 
exposure of active sites and the mass transfer, which are 
necessary to achieve efficient photocatalysis. The comparison 
of photocatalytic H2 evolution for ATNT-4 at different pH 
conditions clearly demonstrates that there is largely decreased 
photocatalytic performance under pH 10.0, while no change is 
shown under pH 4.0 and 7.0 (Figure S56). The disappearance 
of the (100) diffraction in the PXRD pattern after the 
photocatalysis in aqueous solution with pH 10.0 under visible 

light irradiation indicates that the NTU-BDA-THTA structure 
in ATNT-4 is destroyed in this condition (Figure S57).

As illustrated in Figure 3i, abundant Pt particles are photo-
deposited on the surface of both NTU-BDA-THTA and NH2-
Ti3C2Tx sheets to form two-stage cascaded hetero-interfaces 
among the three components (Figure S58). The NTU-BDA-
THTA component with a light-harvest role is photo-induced to 
form the transition state of HOMO (ground state) Z HOMOex, 
LUMOex (excited state) upon visible light irradiation. 
Photogenerated electrons in HOMOex fleetly transfer to the 
NH2-Ti3C2Tx component through covalent bond in 
heterojunction, and shuttle to the surface active sites, because 
of the lower Fermi (EF) level position and excellent metallic 
conductivity.33,34,57 Successfully separated electrons via 
cascade charge transfer contribute to the proton reduction 
persistently from H2O with the aid of Pt cocatalyst and NH2-
Ti3C2Tx. Reserved holes in the HOMOex of NTU-BDA-THTA 
are captured by L-ascorbic acid, which eventually undergo an 
oxidation process. In the ternary hybrid, NTU-BDA-THTA (�-
ketoenamine linkage) and Pt particles serve as the 
photosensitizer and the co-catalyst for H2 evolution, 
respectively. NH2-Ti3C2Tx may be considered as an electron 
sink and conductor. The generality of covalently bridged 
2D/2D COF/NH2-Ti3C2Tx hetero-hybrids for enhanced 
photocatalytic hydrogen evolution was also clearly 
demonstrated by the successful application for a series of �-
ketoenamine-based COFs, including COF-Tp-BDDA, COF-
Tp-TAT, FS-COF and COF-Tp-Tt (Figures S59-S64 and 
associated discussions). Photocatalytic water oxidation on 
COFs is also challenging for sustainable fuel production from 
water.58,59 The HOMO level of NTU-BDA-THTA seems to be 
suitably positioned for oxidizing water into O2. Notably, 
ATNT-4 promotes water oxidation to produce O2 with an 
accumulated yield of 2.3 U!�� in one hour (Figure S65). The 
low activity for O2 evolution might be ascribed to smaller 
thermodynamic driving force as compared with that of H2 
evolution.55 These results demonstrate that ATNT-4 could 
catalyze the reduction or oxidation of water into H2 or O2 
under the visible light irradiation.

CONCLUSION

We have developed an approach to construct COF-based 
photocatalyst via an integration of linkage evolution and 
covalent inorganic/organic heterostructure for visible light-
induced hydrogen evolution from water. In the present case, 
the surface area, order degree of structure and light-energy 
absorption of these pure/mixed linkage COFs are not crucial 
factors in determining photocatalytic activity. Experimental 
and theoretical evidence concludes that the increase of HOMO 
energy with the increase of Q>/�"����!��� linkage nicely 
correlates with observed photocatalytic trend. More positively 
charged potentials of photogenerated holes are easily 
quenched by sacrificial electron donor to enhance the 
accessible electron migration for participating in the proton 
reduction. Meanwhile, the excited state of the mixed-linkage 
COF may also be suppressed by the imine moiety in NTU-
BDA-HTA and NTU-BDA-DHTA to impede the photoredox 
process. Therefore, our results have demonstrated that the 
linkages of COFs affect the planar conformation, ordered 
structure, HOMO energy and excited-state quenching effect, 
which should be systematically considered to optimize the 
photocatalytic hydrogen evolution. More importantly, 
successive artificially coupled heterostructure, guided by 
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covalent connection of inorganic MXene, has been 
successfully demonstrated. Diverse COF/NH2-Ti3C2Tx hetero-
hybrids with sufficient contact interface reveal efficient charge 
transfer. These covalent hybrids show excellent photocatalytic 
activity and stability for hydrogen evolution from water as 
compared to conventional heterostructure counterparts 
interacted via noncovalent interactions such as van der Waals 
force and hydrogen bonding interaction. This �design-
screening-and-reinforce� strategy simultaneously allows the 
rational construction of COFs and their integration with other 
functional materials, opening up an avenue for the 
development of efficient photocatalysts. 
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