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present on earth, because it is less dense 
than air and, thus, escapes from our 
atmosphere.[1–3] Natural H is often com-
bined with other compound elements, 
such as H2O, coal, and petroleum, and, 
thus, methods for the production of H2 
gas have so far been based on the isolation 
from natural gas, coal, petroleum, or water 
through electrolysis.[4] These traditional 
preparation techniques are constrained 
by associated CO2 emissions and high 
energy consumption. Inexpensive tech-
niques for efficient H2 generation would, 
therefore, assist in sustaining our evolving 
H2 economy. The splitting of water into 
H2 and O2 is a green and safe approach 
that has the potential to replace our high 
fossil fuel consumption—[5] especially 
sunlight-driven water splitting through 
photocatalytic reactions.[6,7] An optimal 
semiconductor for photocatalytic splitting 
of water into H2 gas would have a bandgap 
suitable for absorbing solar light within the 

visible range and high stability in water; in addition, it should be 
nontoxic, plentiful, and easy to process into desired shapes.[8,9] 
Most inorganic photocatalysts are limited by their wide band-
gaps (thereby absorbing photons within relatively short spans of 
wavelengths, leaving most of the solar spectrum inaccessible),[10] 
while organic semiconductors have rarely been investigated, even 
though they have many attractive properties (e.g., the capacity to 
absorb multiple photons, suitable ability to transport charge car-
riers, and, more particularly, diverse synthetic modularity for tai-
loring of these properties).[11] Graphene oxide, poly(p-phenylene), 
conjugated copolymers,[12–14] polymer Dots,[15,16] hydrophilic 
polymers,[17,18] metal–organic frameworks, and graphitic carbon 
nitride (g-C3N4, abbreviated as CN) have been investigated most 
widely as photocatalysts for the drive toward green and sustain-
able energy production. CN is a particularly promising metal-free 
photocatalyst for H2 evolution because it is nontoxic, inexpen-
sive, and highly chemically and thermally stable.[9–11,19] Neverthe-
less, the use of CN is limited by its insolubility in most organic 
 solvents, its synthesis through polycondensation under harsh 
conditions, its high recombination rate of charge carriers at 
high temperature, its inability to absorb light at wavelengths 
greater than 460  nm, and its low electrical conductivity.[20] Fur-
thermore, the CN molecular backbone features either triazine or 
heptazine components, thereby reducing its molecular tunability.

Covalent organic frameworks (COFs) have recently emerged 
as an exciting class of photoactive materials for light-driven H2 

Two ultrastable luminescent covalent organic frameworks (COFs), PyTA-BC and 
PyTA-BC-Ph, are synthesized through polycondensations of 4,4′,4″,4′″-pyrene-
1,3,6,8-tetrayl)tetraaniline (PyTA-4NH2) with two carbazole-based derivatives 
having different degrees of conjugation. The PyTA-BC and PyTA-BC-Ph COFs 
exhibit ultrahigh thermal stabilities (up to 421 °C), excellent crystallinity, 
and high Brunauer–Emmett–Teller surface areas (up to 1445 m2 g−1). These 
COFs display strong fluorescence emissions in various solvents, with their 
emission maxima gradually red-shifting upon increasing the polarity of the 
solvent (solvatochromism). Upon exposure to HCl, they respond very rapidly 
and sensitively in terms of changing their colors and fluorescence emission 
maxima. In the presence of a sacrificial electron donor, these COFs mediate 
the highly efficient photocatalytic evolution of H2 from water. In the absence of 
a noble metal cocatalyst, the COFs and ascorbic acid provide a photocatalytic 
H2 production of up to 1183 µmol g−1 h−1 (λ ≥ 420 nm); this value is the highest 
reported to date for a COF. Such COFs appear to be potentially useful as 
chemosensors for the naked-eye and sensitive spectroscopic detection of HCl 
and as cocatalysts for the sustainable photocatalytic production of H2 from water.
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1. Introduction

Hydrogen is the simplest—and one of the most abundant—ele-
ments on earth. Hydrogen as a gas, however, is not naturally 
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production, due to their tunable light-harvesting and charge-
carrier properties.[21,22] COFs are lightweight, porous, crystal-
line materials constructed with strong covalent bonds among, 
typically, C, B, O, N, and Si atoms.[23–27] COFs have attracted 
considerable interest for their use in such applications as gas 
storage, adsorption, energy storage, separation, semicon-
ducting materials, and catalysis, due to their low densities and 
π-stacked architectures.[28–40] Reversibility in the formation of 
covalent bonds during their network-forming reactions confers 
self-healing capacity to COFs, allowing repair of any structural 
defects and promoting the reorganization of their frameworks 
to provide long-range order and crystallinity.[41]

Herein, we report the syntheses of two ultrastable 
 luminescent 2D COFs—PyTA-BC and PyTA-BC-Ph—having 
high Brunauer–Emmett–Teller (BET) surface areas (up to  
1445 m2 g−1), through Schiff base formation under solvothermal 
conditions from 4,4′,4″,4′″-pyrene-1,3,6,8-tetrayl)tetraaniline 
(PyTA-4NH2) and two tetraformyl carbazole species having dif-
ferent conjugation lengths: 3,3′,6,6′-tetraformyl-9,9′-bicarbazole 
(BC-4CHO) and 4,4′,4″,4′″-([9,9´-bicarbazole]-3,3′,6,6′-tetrayl)
tetrabenzaldehyde (BC-Ph-4CHO), respectively (Figure  1a,b). 
Because of their high surface areas, ultrahigh stability, and 
strong fluorescence efficiencies, these COFs functioned as sen-
sitive chemosensors for HCl as well as photocatalysts for the 
evolution of H2 from water.

2. Results and Discussion

Carbazole is a tricyclic aromatic heterocyclic compound that 
is highly stable toward chemical, thermal, and environmental 

factors. Several carbazole-based compounds have received 
attention for their use as electronic and photoluminescent 
materials, because of the excellent charge-transporting and 
electron-donating properties of carbazole, in addition to the 
ease of post-functionalization of its structure at the N atom and 
on the aromatic carbon skeleton.[42–44] To exploit these attrac-
tive features of carbazole, we employed two carbazole-based 
linkers—BC-4CHO and BC-Ph-4CHO, having different con-
jugation lengths—for the preparation of two carbazole-based 
COFs, then investigated the effects of the conjugation length 
on the sensor behavior and photocatalytic H2 production of 
these COFs. We obtained the COFs PyTA-BC and PyTA-BC-Ph 
after solvothermal Schiff base condensations of PyTA-4NH2 
(Figures S1–S3, Supporting Information) with BC-4CHO and 
BC-Ph-4CHO (Figures S4–S9, Supporting Information), respec-
tively, in a mixture of n-butanol and o-dichlorobenzene (1:1) 
in the presence of acetic acid over 72 h at 120°C (Figure 1a,b). 
Fourier transform infrared (FTIR) spectra of the PyTA-BC and 
PyTA-BC-Ph COFs (Figures S10 and S11, Supporting Informa-
tion) revealed that the intensities of the stretching peaks for the 
N–H vibration band at 3344 cm−1 of PyTA-4NH2 and the CO 
vibration bands at 1691  cm−1 of BC-4CHO and BC-Ph-4CHO 
had been attenuated significantly. Furthermore, intense sig-
nals for imino bond (CN) stretching appeared in the spectra 
of the PyTA-BC and PyTA-BC-Ph COFs at 1623 and 1621 cm−1, 
respectively, confirming the success of the Schiff base conden-
sations. Thermogravimetric analysis (TGA) of the PyTA-BC 
and PyTA-BC-Ph COFs revealed (Figure S12, Supporting Infor-
mation) exceptional thermal stabilities, reaching as high as  
421 °C under a N2 atmosphere. The PyTA-BC-Ph COF having 
the longer conjugated system was the most stable, with a value 

Figure 1. a–d) Schematic representation of the synthesis and top-view images of the a,c) PyTPA-BC and b,d) PyTA-BC-Ph COFs in their AA stacking 
models. e,f) PXRD patterns of the e) PyTPA-BC and f) PyTA-BC-Ph COFs: experimental patterns (black), simulated Pawley refined patterns (blue), their 
difference (red), and the simulated patterns obtained from the AA (purple) and AB (green) stacking models.
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of Td5 of ≈421 °C and a char yield of 76%; for PyTA-BC COF, 
these values were 403 °C and 67%, respectively (Table S1, Sup-
porting Information). Thus, increasing the conjugation length 
increased the thermal stability of the corresponding COF. 
Notably, these COFs had thermal stabilities superior to those of 
several recently reported 2D and 3D COFs, which had values of 
Td5 close to 250 °C.[21]

We used powder X-ray diffraction (PXRD) to investigate 
the crystallinity of our COFs (Figure  1c,d). The experimental 
PXRD pattern (Figure  1e, black curve) of the PyTA-BC COF 
featured a sharp first peak at a value of 2θ of 5.85°, which we 
assigned to the [110] reflection plane, as well as minor peaks 
at 9.03° and 11.95° attributed to the [200] and [220] reflection 
planes, respectively. We assigned the minor and broad peak 
that appeared at a value of 2θ of 22.01° to reflection from the 
[001] plane that occurred as a result of an extensive degree of 
π-stacking between the interlayers of the 2D PyTA-BC COF. 
The experimental PXRD pattern (Figure 1f, black curve) of the 
PyTA-BC-Ph COF featured a sharp peak at a value of 2θ of 4.75° 
for the [110] reflection plane, as well as a set of minor peaks at 
7.30°, 9.36°, and 21.82°, which we attributed to the [200], [220], 
and [001] reflection planes, respectively. These PXRD patterns 
indicated that our new PyTA-BC and PyTA-BC-Ph COFs had 
microcrystalline frameworks and highly ordered 2D structures. 
We used the Bragg equation to determine the average d-spacing 
(d110) between the COF [110] planes and the distances between 
the stacked COF layers; for PyTA-BC and PyTA-BC-Ph COFs, 
the values of d110 were 1.51 and 1.85  nm, respectively, and the 
interlayer distances were 4.03 and 4.07 Å, respectively (Table S2, 
Supporting Information). These results indicated that the con-
jugation length of the tetraformyl building linker correlated well 
with the crystallinity of the resulting COF; that is, increasing 
the conjugation length of the linker increased the degree of 
planarity and, as we reported recently[28,29,45] increasing the pla-
narity increased the crystallinity of the COFs (as measured in 
terms of their values of d110 and interlayer distances). Based on 
these findings, we used the Martial Studio package[46] to per-
form Pawley XRD refinements of the PyTA-BC and PyTA-BC-Ph 
COFs (Figure 1e,f, blue curves); the results were consistent with 
the experimental PXRD patterns (Figure 1e,f, black curves), as 
evidenced by very slight differences between them (Figure 1e,f, 
red curves). To obtain additional information about their 2D 
layer conformations and unit cell parameters, we constructed 
AA and AB stacking models of the PyTA-BC and PyTA-BC-Ph 
COFs. The theoretical XRD patterns obtained from the AA 
stacking models were highly consistent with the experimental 
ones (Figure 1e,f and Figures S13 and S14 (Supporting Informa-
tion), purple curves), but they deviated significantly from the 
AB stacking models (Figure  1e,f, green curves). We obtained 
the following unit cell parameters from the AA stacking model 
of the PyTA-BC COF: a = 23.44 Å; b = 19.62 Å; c = 3.55 Å; α = 
β = γ = 90°; for the PyTA-BC-Ph COF: a = 27.41 Å; b = 25.04 Å; 
c = 4.18 Å; α = β = γ = 90° (Figures S15 and S16, Tables S3 and 
S4, Supporting Information).

The 13C NMR spectra of the building blocks PyTA-4NH2, BC-
4CHO, and BC-Ph-4CHO featured characteristic peaks at 148.21 
(CNH2), 190.99 (CHO), and 193.80 (CHO) ppm, respectively 
(Figures S3, S6, and S9, Supporting Information). After solvo-
thermal condensation of these units to form the PyTA-BC and 

PyTA-BC-Ph COFs, these characteristic peaks were attenuated, 
with the solid state 13C NMR spectra featuring new signals at 
156.86–157.97 ppm representing the CN carbon atoms of the 
newly formed COFs (Figure  2a). We evaluated the permanent 
porosities of the PyTA-BC and PyTA-BC-Ph COFs through N2 
sorption isothermal analysis at 77 K. The adsorption/desorption 
curves of our new COFs (Figure 2b) were type I isotherms, cor-
responding to microporous materials. The BET surface areas 
of the PyTA-BC and PyTA-BC-Ph COFs, derived from their N2 
adsorption/desorption curves, were 520 and 1445 m2 g−1, respec-
tively, accompanied by pore volumes of 0.32 and 0.42 cm3 g−1, 
respectively (Table S2, Supporting Information). It has been pre-
viously reported that The BET surface area of COF was strongly 
affected by the length of the building blocks; as the length of 
building block increased, the BET surface of the corresponding 
COF increased.[47,48] Thus, the PyTA-BC-Ph COF produced from 
the longer BC-Ph-4CHO unit exhibited much higher BET sur-
face area than PyTA-BC produced from the shorter BC-4CHO. 
Moreover, we used non-local density functional theory (DFT) to 
estimate the pore size distributions of our COFs; the PyTA-BC 
and PyTA-BC-Ph COFs were microporous frameworks having 
two pore sizes of 1.09 and 1.57  nm for PyTA-BC COF and a 
single pore size of 1.92 nm for PyTA-BC-Ph COF (Figure 2c and 
Table S2, Supporting Information). To investigate the nanoscale 
morphologies of the PyTA-BC and PyTA-BC-Ph COFs, we 
recorded transmission electron microscopy (TEM) and field-
emission scanning electron microscopy (FE-SEM) images after 
performing exfoliation in EtOH at room temperature for 1 h. 
Interestingly, the TEM images of the PyTA-BC COF revealed a 
well-defined dark homogenous spherical morphology, in con-
trast to uniformly loose block morphology of the PyTA-BC-Ph 
COF (Figure  2d,e and Figures S17 and S18, Supporting Infor-
mation). Statistical calculations of these TEM images suggested 
that the spheres had an average diameter of ≈400–450 nm, and 
that they were present as bunches, although some separated 
spheres were also observed, possibly due to exfoliation of PyTA-
BC COF in EtOH during sample preparation. FE-SEM imaging 
also revealed the spherical and loose block morphologies of the 
PyTA-BC and PyTA-BC-Ph COFs, respectively (Figure 2f,g and 
Figure S19, Supporting Information). Thus, the conjugation 
lengths of the tetraformyl (BC-4CHO, BC-Ph-4CHO) building 
blocks controlled the morphologies of the resulting COFs. As 
the conjugation length increased, the planarity of the building 
block increased; again, as we reported recently,[28,29,45] the 
degree of planarity of the building block was the main charac-
teristic affecting the morphology of the COF.

We investigated the photophysical behavior of our PyTA-BC 
and PyTA-BC-Ph COFs by recording their fluorescence emis-
sion spectra in solution. We dispersed the COFs in various sol-
vents—acetone, tetrahydrofuran (THF), N-methyl-2-pyrrolidone 
(NMP), and dimethylformamide (DMF)—at a measuring con-
centration of 1 mg mL−1, and then excited the suspensions with 
light at a wavelength of 365 nm. The fluorescence spectra of the 
PyTA-BC COF in acetone, THF, NMP, and DMF (Figure 3a,b) 
featured emission maxima at 486, 464, 509, and 501 nm, respec-
tively, while those of the PyTA-BC-Ph COF were 500, 461, 515, 
and 510  nm, respectively—that is, these two COFs had dis-
tinct fluorescence behavior. Moreover, the fluorescence spectra 
revealed that the emission maximum of each COF shifted to 
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higher wavenumber upon increasing the polarity of the solvent 
(i.e., solvatochromism).[47] We assign this red-shifting of the flu-
orescence maximum to strong hydrogen bonding between the 
terminal NH2 groups on the COF surfaces and the CO groups 
of the polar solvents acetone, NMP, and DMF. These hydrogen 
bonds would enhance the stability of the excited states of the 
COFs and, thus, accelerate intramolecular charge-transfer 
processes—a well-established solvent relaxation  phenomenon 
and decrease the energy required for  photoexcitation.[49–53] We 
ascribe the greater red-shifting of the signal for the PyTA-BC-
Ph COF relative to that of the PyTA-BC COF to the longer con-
jugated length in the former. The fluorescence lifetime of the 
PyTA-BC COF was 3.56 ns, while that of the PyTA-BC-Ph COF 
was 3.89 ns. Furthermore, our synthesized COFs had excellent 
fluorescence stability, with their fluorescence emission inten-
sities remaining approximately constant after keeping them 
in DMF for 60 days or after exciting them at 365  nm for 5 h 
(Figure 3c,d). Fluorescence images of the PyTA-BC and PyTA-
BC-Ph COF suspensions (Figure  3e–h) revealed that their 
fluorescence colors were approximately green in the various 
solvents.

These features encouraged us to investigate the sensing prop-
erties of our COFs toward HCl. Interestingly, upon exposure to 
HCl gas, suspensions of the COFs (1 mg mL−1) in DMF under-
went color changes from yellow to red for the PyTA-BC COF 
and from yellow to brown for the PyTA-BC-Ph COF, indicating 
strong interactions between our synthesized COFs and HCl 
molecules (Figure 4a,b). In addition, these color changes were 
clearly evident to the naked eye and occurred with response 
times of less than 1 s—significantly faster than those of previ-
ously reported HCl sensors.[54–56] The red color of the PyTA-BC 
COF and the brown color of the PyTA-BC-Ph COF reverted back 
to their original yellow colors following exposure to NH3 vapor 
(Figure 4a,b). We observed no degradation in the color changes 
after 15 cycles of alternating exposure to HCl and NH3, con-
firming the excellent reversibility and structural rigidity of the 
PyTA-BC and PyTA-BC-Ph COFs when used as HCl sensors. 
We evaluated the relationship between the fluorescence emis-
sions of the suspended COFs in DMF and the concentration 
of HCl (Figure  4c,d). Upon the addition of a very small con-
centration of HCl (1  mmol L−1), the intensities of the fluores-
cence emission maxima of the PyTA-BC and PyTA-BC-Ph COFs 

Figure 2. a) Solid state 13C CP/MAS NMR spectra, b) N2 sorption isotherms performed at 77 K, and c) pore size distributions of PyTA-4NH2 (black), 
PyTPA-BC (blue), and the PyTA-BC-Ph COF (red). d,e) TEM and f,g) SEM images of the d,f) PyTPA-BC and e,g) PyTA-BC-Ph COFs.
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at 501 and 510  nm, respectively, decreased significantly, and 
new emission peaks appeared at 598 and 611 nm, respectively. 
After the addition of HCl at a concentration of 5  mmol L−1,  
the emission signals at 501 and 510  nm disappeared com-
pletely. The fluorescence emission signals at 598 and 611  nm 
increased gradually upon increasing the concentration of HCl 
from 1 to 50 mmol, but remained unchanged upon increasing 
the concentration of HCl thereafter. The calibration curves of 
the PyTA-BC and PyTA-BC-Ph COFs in the range of HCl con-
centrations from 1 to 50  mmol L−1, with detection at 598 and 
611  nm, respectively, revealed linear correlations (R2  = 0.9840 
and 0.9850, respectively), with lowest limits of detection of HCl 
of ≈24 and 20 nmol L−1, respectively (Figure 4e,f). Figure 4g,h 
presents a possible sensing mechanism for the PyTA-BC and 
PyTA-BC-Ph COFs toward HCl. The imine nitrogen atoms in 
the COF skeletons would presumably undergo protonation 
under an HCl atmosphere, increasing the planarity of the 
PyTA-BC and PyTA-BC-Ph COFs by the formation of quinoid 
structures and, thereby, increasing the conjugation of the proto-
nated COFs, leading to red-shifting of their fluoresce emissions  
(Figures S20, Supporting Information).[57–59] In addition, Ascherl 
et  al. reported that the protonated imine (CNH+) group is 
stronger electron-acceptors than its free imine (CN) group,[60] 
thus the CNH+ groups in our COF skeletons after protona-
tion would be accelerated the charge transfer process from 
the electron-donating carbazole moieties to the pyrene units, 
leading to the decreasing of the transition photoexcitation ener-
gies which causing this red-shifting. The reusability and recy-
clability of our PyTA-BC and PyTA-BC-Ph COFs as fluorescent 

HCl sensors were investigated as shown in Figure S21  
(Supporting Information). After the addition of HCl at a con-
centration of 20 mmol L−1, the PyTA-BC and PyTA-BC-Ph COFs 
were recovered by the addition of a solution of trimethylamine 
in DMF (20 mmol L−1) until the pH = 7. The intensities of the 
fluorescence emission maxima of our COFs non-significant 
decreased after six recovery cycles, suggesting the potential 
utilization of PyTA-BC and PyTA-BC-Ph COFs as HCl sensors. 
Moreover, the selectivity of our PyTA-BC and PyTA-BC-Ph COFs 
toward HCl was examined by the addition of various acids at 
a concentration of 20 mmol L−1 to the suspension solutions of 
our COFs. As shown in Figure S22 (Supporting Information), 
only HCl caused a significant red-shifting of fluorescence emis-
sion maxima of the PyTA-BC and PyTA-BC-Ph COFs to at 598 
and 611  nm, respectively, with very strong fluorescence emis-
sion intensities.

In the immediate past, a few fluorescent β-ketoenamine and 
imine-linked COFs have been reported as pH and gaseous HCl 
sensors. Zhang et al. reported the utilization of β-ketoenamine-
linked COF-JLU4, which synthesized by the [3  +  2] polycon-
densation of 2,5-dimethoxyterephthalohydrazide with trifor-
mylphloroglucinol, as fluorescent pH sensor in aqueous solu-
tion.[61] Increasing the pH from 4.5 to 9.0 didn’t effect on the 
fluorescence maximum of COF-JLU4, while increasing the pH 
from 9.0 to 13.0 associated with a gradually decreasing of the 
COF fluorescence intensity. In the acidic region, decreasing 
the pH from 4.5 to 0.9 led to increase the COF fluorescence 
intensity and shifting of the fluorescence emission maximum 
to lower wavelength. Therefore, comparing with our PyTA-BC 

Figure 3. a,b) Fluorescence spectra of the a) PyTPA-BC and b) PyTA-BC-Ph COFs as dispersions in various solvent (concentration: 1 mg mL−1; excitation 
wavelength: 365 nm). c,d) Fluoresence life-time decays of the c) PyTPA-BC and d) PyTA-BC-Ph COFs. e–h) Fluorescence images of the e,f) PyTPA-BC 
and g,h) PyTA-BC-Ph COFs in DMF (concentration: 1 mg mL−1; excitation wavelength: 365 nm).
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and PyTA-BC-Ph COFs, the fluorescence emission maximum 
of β-ketoenamine-linked COF-JLU4 showed a blue-shift from 
green fluorescent color (at pH = 7) to blue fluorescent color 
(at pH = 1) while our PyTA-BC and PyTA-BC-Ph COF showed 
red-shifting. On the other hand, Cui et  al. reported the first 
fluorescent imine-linked ETBA-DAB COF as HCl sensor.[62] 
The ETBA-DAB COF was prepared by the [4 + 2] polycondensa-
tion of 4,4’,4’’,4’’’-(ethane-1,1,2,2-tetrayl)tetrabenzaldehyde and 
1,4-diaminobenzene and its suspension in dioxane exhibited 
two fluorescence emission peaks at 425 and 514 nm. With the 
addition of different concentrations of HCl solution in dioxane, 
the intensity of the fluorescence emission peak at 425  nm 
decreased with increasing the HCl concentration, while the 
peak at 514  nm totally disappeared and a new emission peak 
at 601  nm was appeared which its intensity increased with 
increasing the HCl concentration. The protonation capacity of 
ETBA-DAB COF reached a maximum at 39  mmol L−1, indi-
cating by slightly change in the intensity of emission peak 
at 601  nm with HCl concentration over than 39  mmol L−1. 
Ascherl et  al. reported the preparation of imine-linked Per-N 
COF through the [4 + 2] polycondensation of 2,5,8,11-tetrakis(4-
aminophenyl)perylene and naphthalene dicarbaldehyde.[60] 

The Per-N COF did not exhibit fluorescence properties and 
thus it was applied as a colorimetric sensor for the trifluoro-
acetic acid (TFA) vapor using the UV–vis spectroscopy. The 
detection limit of TFA using this kind of COF was as low as 
35 µg L−1. Therefore, comparing with the reported imine-linked 
COFs, our PyTA-BC and PyTA-BC-Ph COFs represents the first 
[4  +  4] COFs acting as fluorescent sensor for HCl in gaseous 
and solution states. In addition, our COFs synthesized from the 
nitrogen-rich carbazole linkers which increased the protonation 
capacity over 50 mmol L−1 which higher than that of ETBA-DAB 
COF. Furthermore, the detection limits of PyTA-BC and PyTA-
BC-Ph COFs more sensitive than the reported Per-N COF.

Next, we examined the strong fluorescence behavior of our 
synthesized PyTA-BC and PyTA-BC-Ph COFs through photo-
catalytic H2 production measurements. First, we measured the 
diffuse reflectance UV–vis spectra and photocurrents of the 
COFs (Figure 5a). The UV–vis absorption spectra of the PyTA-
BC and PyTA-BC-Ph COFs featured absorption bands near 
320–420 nm, suitable for absorbing visible light. The spectrum 
of the PyTA-BC-Ph COF featured a very slightly red-shifted 
absorption onset (Figure  5a) relative to that of the PyTA-BC 
COF, the result of the greater conjugation and delocalization  

Figure 4. a,b) Optical photographs of the a) PyTPA-BC and b) PyTA-BC-Ph COFs as dispersions in DMF (1 mg mL−1) after exposure to HCl and NH3 
vapors. c,d) Fluorescence spectra of the c) PyTPA-BC and d) PyTA-BC-Ph COFs as dispersions in DMF (concentration: 1 mg mL−1; excitation wavelength: 
365 nm) in the presence of various concentrations of HCl. e,f) Calibration curves of the fluorescence intensities of the e) PyTPA-BC and f) PyTA-BC-
Ph COFs plotted with respect to the HCl concentration. g,h) Schematic representation of the mechanism of protonation and deprotonation of the  
g) PyTPA-BC and h) PyTA-BC-Ph COFs after sequential exposure to HCl and NH3 vapors.
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that arose from π-stacking in the PyTA-BC-Ph COF. From 
Tauc plots, we estimated the optical bandgaps of the PyTA-
BC and PyTA-BC-Ph COFs to be 2.71 and 2.67 eV, respectively 
(Figure  5a). The highest occupied molecular orbital (HOMO) 
energy was determined using a photoelectron spectrometer 
(Figure S23, Supporting Information) to be 5.62 and 5.72  eV 
for PyTA-BC and PyTA-BC-Ph COFs, respectively. The corre-
sponding lowest unoccupied molecular orbital (LUMO) energy 
was calculated as EHOMO − Eg, where Eg was determined from 
the Tauc plot method to be 2.91 and 3.05 eV. We speculate that 
our COFs will act as a efficient photocatalyst for light-driven 
hydrogen evolution because their lowest unoccupied molecular 
orbital (LUMO) positions are much higher than the potential 
of water reduction. The photocurrent of the PyTA-BC-Ph COF 
was larger than that of the PyTA-BC COF (Figure  5b). These 
findings suggest that separation and transfer of photogenerated 
electrons occurred in the COFs under illumination, and that 
these processes were more efficient in the PyTA-BC-Ph COF.

We examined the photocatalytic production of H2 medi-
ated by our PyTA-BC and PyTA-BC-Ph COFs at ambient tem-
perature under visible light (λ ≥ 420 nm) irradiation, with the 
hydrogen evolution rate (HER) measured using gas chroma-
tography (GC). We tested triethylamine (TEA), triethanola-
mine (TEOA), and ascorbic acid as sacrificial electron donors 
(SEDs), and added MeOH to facilitate mixing of the immiscible 
COF/water system. In the initial test, no metal cocatalyst was 
added. The PyTA-BC and PyTA-BC-Ph COFs exhibited excel-

lent photocatalytic activities in the presence of ascorbic acid, 
with their HERs reaching 1183 and 417  µmol g−1 h−1, respec-
tively (Figure 5c)—these values are higher than those of many 
other previously reported COFs.[22,63] (Figure 5c). The best per-
formance was achieved by using ascorbic acid as the SED; the 
production of H2 when using TEA or TEOA was negligible 
(Figure  5c). Thereafter, we employed Pt and Pd as cocatalysts 
under our  experimental conditions for H2 evolution. Decent 
performance (5030 and 2763 µmol g−1 h−1) was achieved when 
using Pt as the cocatalyst for the PyTA-BC COF and PyTA-BC-
Ph COFs, respectively (Figure S24, Supporting Information). 
As revealed in Figure 5d, the HERs for the photochemical reac-
tions were highest when using 7.4 and 3.7 wt% Pt as a cocata-
lyst with the PyTA-BC and PyTA-BC-Ph COFs, respectively.  
Figure S25 (Supporting Information) displays the effect of 
various concentrations of ascorbic acid on the H2 evolution. 
Higher ascorbic acid concentrations decreased the HER for the 
PyTA-BC COF; a concentration of 0.1 m result in the maximum 
H2 production rate (Figure S25, Supporting Information). In 
contrast, higher ascorbic acid concentrations increased the HER 
for the PyTA-BC-Ph COF (Figure S25, Supporting Informa-
tion). We investigated the effect of the amount of the PyTA-BC 
and PyTA-BC-Ph COFs on the H2 production rate (Figure 5e). 
As the amount of the PyTA-BC-Ph COF increased, the rate of 
H2 production increased (Figure  5e), presumably because it’s 
high surface area (1445 m−2 g−1) increased the number of avail-
able active sites and the amount of light absorbed. In contrast, 

Figure 5. a) UV–vis absorption spectra of the PyTA-BC and PyTA-BC-Ph COFs in DMF, and their bandgaps calculated from Tauc plots. b) Photocurrents 
of the PyTA-BC and PyTA-BC-Ph COFs. c) H2 production rates plotted with respect to the amount of COFs. d) Effect of SEDs on the photocatalytic H2 
production under visible light for the PyTA-BC and PyTA-BC-Ph COFs; 1 mg COFs in water/MeOH (2:1); λ > 420 nm. e) Effect of the concentration of 
the cocatalyst on the photocatalytic H2 production under visible light for the PyTA-BC and PyTA-BC-Ph COFs; 1 mg COF in water/MeOH (2:1), 0.1 m 
ascorbic acid; UV cut-off filter (1000 W m−2; λ ≥ 420 nm). f) Control experiments for photocatalytic H2 production under visible light for the PyTPA-BC 
and PyTA-BC-Ph COFs; 1 mg COF in water/MeOH (2:1), 7.4 and 3.7 wt% Pt for PyTPA-BC and PyTA-BC-Ph, respectively; 0.1 m ascorbic acid; λ > 420 nm; 
ambient temperature.
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the  PyTA-BC COF, which had a low surface area (520 m−2 g−1), 
exhibited its  maximum H2 production rate when present at 
1  mg (Figure  5e). The H2 production rate of the PyTA-BC-Ph 
COF was higher than that of the PyTA-BC COF (Figure  5e), 
presumably because the red-shift of the onset of absorption 
(Figure 5a) allowed the former to capture more visible photons. 
In addition to the degree of light absorption, the surface area 
might also have been an important characteristic influencing 
the catalytic performance of the PyTA-BC-Ph COF. The corre-
sponding apparent quantum yields at 420 nm for the PyTA-BC 
and PyTA-BC-Ph COFs reached as high as 1.46% and 1.83%, 
respectively (Figure S26, Supporting Information). Finally, 
control experiments revealed that, at room temperature, no 
reactions occurred in the dark, and that no H2 evolution was 
detected in the absence of the COFs or in the absence of 
ascorbic acid (Figure 5f). We compared to the reported photo-
catalytic efficiencies of COFs in recent works, which are sum-
marized in Table S5 (Supporting Information) which revealed 
that our COFs one of the highest photocatalytic materials for 
the production of H2 from water.

3. Conclusion

We have synthesized two luminescent COFs—PyTA-BC and 
PyTA-BC-Ph—through [4  +  4] condensations of PyTA-4NH2 
with two carbazole-based tetraaldehydes BC-4CHO and BC-Ph-
4CHO having different degrees of conjugation. FTIR and solid 
state NMR spectroscopy confirmed the chemical structures of 
the resulting COFs, which exhibited ultrahigh thermal stability 
(up to 421 °C) and high BET surface areas (up to 1445 m2 g−1). 
The conjugation length controlled the degree of crystallinity of 
the resultant COFs: increasing the conjugation length in the 
linker increased the degree of planarity and, thereby, increased 
the surface area and value of d100 of the 2D COF. These COFs 
exhibited high fluorescence emissions in various solvents, with 
their emission maxima in the range 464–515  nm shifted to 
higher wavelengths upon increasing the polarity of the solvent 
(i.e., solvatochromism). We tested our COFs for their fluores-
cence emissions for HCl sensing and for their ability to mediate 
the photocatalytic evolution of H2 from water. The COFs were 
sensitive to HCl at concentrations of up to 20  nmol L−1, and 
responded quickly (<1 s), accompanied by changes in the color 
and fluorescence emission. Moreover, the COFs mediated the 
highly efficient photocatalytic evolution of H2 from water in the 
presence of ascorbic acid as and SED. In the absence of any 
noble metal cocatalysts, these COFs provided HERs as high as 
1183 µmol h−1 g−1 (λ > 420 nm). Thus, such COFs appear suit-
able for use as HCl chemosensors and as cocatalysts for the 
efficient photocatalytic production of H2 from water.

4. Experimental Section
Synthesis of PyTA-BC COF: In a 25 mL Schlenk storage tube, 

PyTA-4NH2 (80  mg, 0.14  mmol) and BC-4CHO (63  mg, 0.14  mmol) 
were dissolved in n-BuOH (4 mL) and o-dichlorobenzene (4 mL) in the 
presence of AcOH (6 m, 0.8  mL). The tube was sealed and degassed 
through three freeze/pump/thaw cycles. The tube was sealed off by 
flame and heated at 120 °C for 3 days. After cooling to room temperature, 

the tube was opened and the precipitate filtered off and washed two 
times each with n-BuOH, THF, and acetone. The solid was dried under 
vacuum at 120 °C overnight to afford a yellow powder (92%).

Synthesis of PyTA-BC-Ph COF: In a 25 mL Schlenk storage tube, 
PyTA-4NH2 (60 mg, 0.10 mmol) and BC-Ph-4CHO (79 mg, 0.10 mmol) 
were dissolved in n-BuOH (4 mL) and o-dichlorobenzene (4 mL) in the 
presence of AcOH (6 m, 0.8  mL). The tube was sealed and degassed 
through three freeze/pump/thaw cycles. The tube was sealed off by 
flame and heated at 120 °C for 3 days. After cooling to room temperature, 
the tube was opened and the precipitate filtered off and washed two 
times each with n-BuOH, THF, and acetone. The solid was dried under 
vacuum at 120 °C overnight to afford a yellow powder (90%).

Photocatalytic H2 Evolution Experimental: The photocatalytic 
experiments were performed in a 35 mL Pyrex reactor. The reactor was 
closed using rubber septa. In a typical photocatalytic reaction, a COF 
powder (1  mg) was dispersed in water/MeOH (2:1, 10  mL) containing 
0.1 m ascorbic acid and H2PtCl6 (7.4 and 3.7 wt% Pt for the PyTA-BC and 
PyTA-BC-Ph COFs, respectively). The suspension was purged with Ar 
for 5 min to remove dissolved air. The sample was then irradiated by a  
350 W Xe lamp equipped with a UV cut-off filter (1000 W m−2; λ ≥ 420 nm);  
the reaction temperature was fixed at 25 °C using a flow of cooling 
water. The formation of H2 was confirmed by injecting a portion of the 
reactor headspace gas (0.5  µL) into a gas chromatograph (GC7920), 
operated under isothermal conditions using a semi-capillary column 
(molecular sieve; diameter: 8 mm; length: 3 m) equipped with a thermal 
conductivity detector.

Quantum Efficiency Measurements: A catalyst solution was prepared by 
dispersing a COF powder (1 mg) in water/MeOH (2:1, 10 mL) containing 
0.1 m ascorbic acid and H2PtCl6 (7.4 and 3.7 wt% Pt for PyTA-BC and 
PyTA-BC-Ph COFs, respectively). The catalyst solution was irradiated for 
1 h by light from a 300 W Xe lamp (1000 W m−2; λ ≥ 420 nm) passed 
through a 420 nm band-pass filter. The formation of H2 was quantified 
using a gas chromatograph (GC7920), operated under isothermal 
conditions using a semi-capillary column (molecular sieve; diameter: 
8 mm; length: 3 m) equipped with a thermal conductivity detector. The 
AQY was calculated as follows

AQY
number of evolvedH molecules 2

number of incident photons
100%2= × ×  (1)

N
N

M N
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e
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A
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A
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where M is the amount of H2 molecules (mol), NA is the Avogadro 
constant (6.022 × 1023 mol−1), h is the Planck constant (6.626 × 10−34 J s), 
c is the speed of light (2.997 × 108 m s−1), S is the irradiation area (cm2), 
P is the intensity of the irradiating light (W cm−2), t is the photoreaction 
time (s), and λ is the wavelength of the monochromatic light (m).
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Supporting Information is available from the Wiley Online Library or 
from the author.
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