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Abstract: The utilization of covalent triazine frameworks (CTFs) as photocatalysts has
witnessed rapid advancements in the field of photocatalysis. However, the presence of
residual components in certain CTFs materials is widely ignored as regards their influence
on photocatalytic performance. In this study, we find that trifluorosulfonic acid (TfOH)
molecules stably exist in the amino-functionalized CTF-NH2 framework, which enhance
the affinity for water. The experimental results indicate that the residual TfOH elevates the
VB position of CTF-NH2, facilitating the oxidization of both water and sacrificial agents.
Moreover, the present of TfOH accelerates the separation and transfer of photogenerated
charge carriers to the Pt cocatalyst. Consequently, CTF-NH2-F containing residual TfOH
molecules demonstrates a significant enhancement in the photocatalytic hydrogen evolu-
tion, achieving about 250 µmol over a duration of 3 h of illumination, which represents a
2.5-fold increase compared to that observed for CTF-NH2. This research underscores the
substantial impact that residues exert on photocatalytic performance.

Keywords: photocatalysis; photocatalytic hydrogen production; covalent organic frameworks;
covalent triazine frameworks; amino functionalization

1. Introduction
The advancement of photocatalytic hydrogen production from water is of significant

importance in addressing the growing demand for renewable energy. A variety of pho-
tocatalysts for water splitting into hydrogen have been systematically developed [1–4].
Nitrogen-rich covalent organic frameworks (COFs), distinguished by their remarkable
chemical and physical stability and high crystallinity, as well as heteroatomic effect, have
garnered significant attention [5–7]. The intriguing observation is that COFs with identical
structures generated through different methodologies may exhibit varying levels of pho-
tocatalytic activity. The prevailing consensus among researchers is that the variation in
synthesis methods primary leads to changes in the microstructures and surface defects of
COFs, subsequently inducing the differences in electronic properties and active sites [8–10].
It is important to acknowledge that the utilization of certain specific synthesis methods for
COFs inevitably results in the retention of particular components, an aspect that often goes
unrecognized in its influence on photocatalytic activity.

Researchers have discovered that some dopants can alter charge carrier dynamics
or introduce additional pathways for photogenerated electron-hole separation—factors
crucially affecting overall catalytic efficiency [11–13]. For example, during the synthesis
of zinc hydroxystannate, a trace amount of SnO2 could form on its surface, acting as
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photoactive sites that facilitate the generation of charge carriers to realize the photocatalytic
degradation of gaseous benzene by zinc hydroxystannate [14]. The incorporation of single
atom Ag (Ag/TiO2 = 0.5 wt.%) into TiO2@PF3T results in the formation of Ag bonding
between PF3T nanocluster and TiO2, enabling ultra-stable visible light driven photocatalytic
H2 production [13]. Additionally, photocatalysts synthesized through metal-catalyzed
coupling reactions typically contain trace metal impurities [15]. A recent study on C(sp3)-H
functionalization revealed that residual trace Fe exhibits significantly catalytic activity [16].
Likewise, specific trace anions can also improve the photocatalytic activity in specific
photocatalytic systems. In the case of the acridinium perchlorate-based photocatalysts, trace
chloride anions derived from acridinium perchlorate salts exhibit hydrogen atom transfer
catalysis capabilities, facilitating the efficient activation of primary C(sp3)-H bonds [17].
The above research studies demonstrate that the residual components within the COFs
may exert a significantly influence on their photocatalytic performance.

Covalent triazine frameworks (CTFs) with a nitrogen-rich architecture have emerged
as one of the highly promising organic porous photocatalysts for hydrogen produc-
tion [18,19]. Especially of note, CTFs featuring an alternating structure of triazine and
phenylene exhibit high photocatalytic performance and can be synthesized using low-cost
precursors through a straightforward acid-catalyzed polymerization process [20,21]. Never-
theless, acid molecules are inevitably present in CTFs, which is often disregarded in studies
focusing on photocatalysis [22]. Here, we find that trifluorosulfonic acid (TfOH) molecules
exhibit enhanced affinity towards the amino-functionalized CTF-NH2. Our study reveals
that residual TfOH not only increases the VB position of CTF-NH2-F, facilitating water oxi-
dization or consumption of photogenerated holes, but also accelerates the separation and
transfer of photogenerated charge carriers to the Pt cocatalyst. As a result, a pronounced
enhancement in the photocatalytic hydrogen evolution was observed for CTF-NH2-F. The
photocatalytic hydrogen evolution of CTF-NH2-F reached about 250 µmol in 3 h, exhibiting
a 2.5-fold increase compared to that of CTF-NH2.

2. Results and Discussion
2.1. Preparation of Samples

The photocatalysts CTF-1, CTF-NH2 and CTF-NH2-F (Figure S1) were synthesized
according to the methodology described in our previous research [23]. The only distinction
lies in the treatment of the resulting polymerized covalent framework, where ammonia
is employed to obtain CTF-NH2 and CTF-1, while non-ammonia treatment yields CTF-
NH2-F and CTF-1-F. FTIR, XPS and XRD analyses were carried out to verify the structure
of CTF-NH2-F. In the FTIR spectra (Figure 1a), the vibration peaks observed at 1516 cm−1,
1356 cm−1, and 813 cm−1 were assigned to the triazine moiety [24,25]. In comparison to
CTF-NH2, two new peaks appeared at wavenumbers of 1170 cm−1 and 1034 cm−1, which
were ascribed to the asymmetric and symmetric stretching vibrations of C-F and S=O in
trifluorosulfonic acid (TfOH) [26,27]. In the XPS spectrum of CTF-NH2-F (Figure 1b,c and
Figure S2), both F and S elements were identified, and the distinct peaks corresponding
to C=N, -NH2 and S=O were successfully fitted. These results indicate that a number of
residual TfOH molecules persist in CTF-NH2-F.
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Figure 1. (a) FT-IR spectra, (b) XPS survey spectra, (c) high-resolution N 1s XPS spectra and (d) TG
spectra of CTF-NH2-10 and CTF-NH2-10-F.

Elemental analysis indicates that the sulfur content in CTF-NH2-10-F is about 1.24 wt.%,
which corresponds to a TfOH content of 5.8 wt.% (Table S1). The TG curve of CTF-NH2 shows
a gradual mass reduction of ca. 7 wt.% as the temperature rises below 400 ◦C (Figure 1d). In
contrast, CTF-NH2-F exhibits a mass loss of about 15 wt.% at 340 ◦C, which is 8 wt.% higher
than that of CTF-NH2. This observation suggests the release of residual TfOH and adsorption
water at high temperature, which underscores the stable existence of TfOH molecules in
CTF-NH2-F. Nevertheless, the residual TfOH molecules did not affect the crystal structure and
morphology of the frameworks, as evidenced by the similar XRD patterns and SEM images of
CTF-NH2-F and CTF-NH2 (Figure 2a–d and Figure S3).

2.2. Photocatalytic Hydrogen Evolution

The obtained samples of CTF-NH2-F containing residual TfOH were initially subjected
to the measurement of photocatalytic hydrogen evolution. Compared to the pure CTF-NH2,
a significant enhancement in hydrogen evolution was observed for CTF-NH2-F (Figure 3a,b,
Figures S4 and S5). Especially of note, CTF-NH2-10-F showed a hydrogen production rate
of 4.5 mmol g−1 h−1, representing an improvement of about 2.5-fold compared to that
of CTF-NH2-10. Moreover, the AQYs at 420 nm, 450 nm and 520 nm were measured as
3.56%, 2.59% and 0.3% for CTF-NH2-10-F (Figure 3c), respectively [28]. Additionally, the
photocatalytic stability of CTF-NH2-10-F was slightly reduced, which was evidenced by the
cycle test (Figure 3d). Additionally, the photocatalytic hydrogen evolution of pure CTF-1
and CTF-1-F untreated with ammonia were also evaluated, and they exhibited similar
yet markedly low photocatalytic performance (Figure 3b). These results indicate that the
performance improvement of CTF-NH2-F may primarily originate from the interaction
between residual TfOH and amino groups.
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Figure 2. SEM images and water contact angles of (a,c,e) CTF-NH2-10-F and (b,d,f) CTF-NH2-10.

In order to elucidate the improvement in hydrogen production for CTF-NH2-F, a
comparison of the FTIR spectra for CTF-NH2 and CTF-NH2-F was performed (Figure 1a),
revealing a slight increase in intensity within the wavenumber range of 3110–3220 cm−1

for CTF-NH2-F, indicative of the associated N-H bonds. Correspondingly, the binding
energy assigned to -NH2 (400.3 eV) exhibited a shift towards higher energy in the high-
resolution N 1s spectrum (Figure 1c). Additionally, the contact angle of water on CTF-
NH2-F was measured at a reduced value of 51◦, in contrast to that observed for CTF-NH2

(75◦) (Figure 2c,f). These findings suggest that the residual TfOH molecules interact
with the pendant -NH2 groups in the CTF framework, thereby enhancing the degree of
hydrophilicity for CTF-NH2-F.

Furthermore, the photoelectric properties of CTF-NH2 and CTF-NH2-F were measured
and analyzed. The electrochemical impedance spectroscopy (EIS) curves can be accurately
modeled using an equivalent circuit comprising a resistor (R)-constant phase capacitor
(CPE) element. The Re and Rct parameters represent the electrolyte resistance and charge
transfer resistance in samples, respectively [29,30]. These values are summarized in Table S2.
The Rct value of CTF-NH2-F is about 8.2 kΩ, which is remarkably smaller than that of CTF-
NH2 (Figure 4a); there was a slight improvement observed in the photocurrent of CTF-NH2-
F (Figure 4b), indicating the faster separation of photogenerated charge carriers in CTF-NH2-
F under an applied electric field. However, the photoluminescence intensity of CTF-NH2-F
was found to be higher than that of CTF-NH2 (Figure 4c). Meanwhile, the fluorescent
lifetime of CTF-NH2-F was calculated to be 1.94 ns, which is shorter than that of CTF-NH2
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(Figure 4d), indicating a greater occurrence of radiative transitions of photogenerated charge
carriers in CTF-NH2-F. These findings are inconsistent with the photocatalytic performance
of CTF-NH2 and CTF-NH2-F, distinguishing them from traditional photocatalysts.

Figure 3. (a) H2-evolving rates of CTF-NH2 and CTF-NH2-F (the values along the horizontal axis
represent the mole ratio between dicyanobenzene and amino monomer), (b) photocatalytic H2

evolution of CTF-NH2-10, CTF-NH2-10-F, CTF-1 and CTF-1-F, (c) wavelength-dependent AQY values
(at 420 nm, 450 nm, 520 nm) and (d) photostability test of CTF-NH2-10-F.

Figure 4. (a) EIS Nyquist plots, (b) photocurrent response curves, (c) steady-state PL spectra, (d) and
time-resolved PL decay spectra of CTF-NH2-10 and CTF-NH2-10-F.
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In light of the Pt cocatalyst employed in photocatalysis, we further conducted a com-
parative analysis of photoelectric properties of Pt-loaded photocatalysts. The XPS survey
spectra and high-resolution Pt 4f spectra reveal the presence of elemental Pt (Figure S6a,b),
demonstrating the successful loading of Pt onto the surfaces of CTF-NH2 and CTF-NH2-
F [31,32]. The FT-IR spectra show no significant alterations in CTF-NH2 with and without Pt
loading (Figure S6c). In contrast, the stretching vibrations of -SO3H exhibit a decrease in in-
tensity after Pt loading (Figure S6d), indicating that residual TfOH may interact with the Pt
nanoparticles [33,34]. In comparison to CTF-NH2 and CTF-NH2-F (Figure 4), the Pt-loaded
photocatalysts CTF-NH2/Pt and CTF-NH2-F/Pt exhibited decreased radii in EIS, enhanced
photocurrent density, diminished photoluminescence, and shortened fluorescent lifetime
(Figure 5). In particularly, CTF-NH2-F/Pt exhibited more obvious properties. Of note, the
photoluminescence intensity of CTF-NH2-F/Pt decreased to a much lower level compared
to that of CTF-NH2/Pt (Figure 5c). These results indicate that the loaded Pt nanoparticles
lead to a pronounced reduction in radiative transfer by extracting photogenerated electrons
from CTF-NH2.

Figure 5. (a) EIS Nyquist plots, (b) photocurrent response curves, (c) steady-state PL spectra, and
(d) time-resolved PL decay spectra of CTF-NH2-10/Pt and CTF-NH2-F-10/Pt.

Furthermore, the band structures of CTF-NH2 and CTF-NH2-F were confirmed by
Tauc plots, XPS valence band spectra, and Mott–Schottky measurements. The UV–visible
diffuse reflectance spectra revealed a slight blue shift in the absorption edge of CTF-NH2-F,
and correspondingly, the respective band gaps (Eg) of CTF-NH2 and CTF-NH2-F were
determined as 2.64 eV and 2.76 eV based on their Tauc plots (Figure 6a,b). Furthermore, the
conduction bands (ECB) for CTF-NH2 and CTF-NH2-F were determined to be −1.25 V and
−0.94 V (vs. Ag/AgCl), respectively, by analyzing the slopes of the Mott–Schottky plots,
which are equivalent to energy levels of −0.99 eV and −0.64 eV (vs. RHE) (Figure 6c,d) [35].
The XPS-valence spectra unveiled the valence bands (EVB) of 2.05 eV and 2.52 eV for CTF-
NH2 and CTF-NH2-F, respectively, which were calibrated to the values of 1.65 eV and
2.12 eV (vs. RHE, pH = 0) (Figure 6e), due to the work function of the XPS analyzer being
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ca. 4 eV (vs. vacuum) and −0.4 V (vs. RHE at pH = 0) [36–38]. These values demonstrate a
strong correlation with the formula Eg = EVB − ECB. The aforementioned results suggest
that residual TfOH has a marginal impact on visible light absorption while affecting the
CB and VB positions. The more positive EVB of CTF-NH2-F reflects its enhanced ability to
oxidize water and sacrificial agents (Figure 6f).

Figure 6. (a) UV–vis diffuse reflectance spectra, (b) Tauc plots, (c,d) Mott–Schottky plots, (e) XPS-
valence spectra, and (f) band diagrams of CTF-NH2-10 and CTF-NH2-10-F.

3. Conclusions
The synthesis of CTF-NH2 functionalized with amino groups was achieved through

the catalysis of the organic strong acid TfOH. In the absence of ammonia treatment, some
TfOH molecules were found to reside in the CTF-NH2-F structure. The TfOH molecules
primarily engage in hydrogen bonding interactions with the amino groups, allowing TfOH
to remain within CTF-NH2-F below 340 ◦C. The presence of residual TfOH in CTF-NH2-F
might induce significant radiation transition of photogenerated charge carriers; however,
the utilization of Pt cocatalyst enabled a more efficient separation of photogenerated charge
carriers within CTF-NH2-F compared to that within CTF-NH2. Moreover, the residual TfOH
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increased the VB position of CTF-NH2-F, facilitating water oxidization or consumption of
photogenerated holes. The photocatalytic hydrogen evolution of CTF-NH2-F could reach
about 4.5 mmol g−1 h−1, with an AQY of 3.56% at 420 nm, which is 2.5 times higher than
that of CTF-NH2.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal15010012/s1, Figure S1: The structures of CTF-NH2 and
CTF-NH2-F; Figure S2: High-resolution C 1s and O 1s XPS spectra of CTF-NH2-10 and CTF-NH2-
10-F; Figure S3: XRD spectra of CTF-NH2-10-F and CTF-NH2-10; Figure S4: Photocatalytic H2

evolution of CTF-NH2-x; Figure S5: Photocatalytic H2 evolution of CTF-NH2-F; Figure S6: XPS
survey spectra, Pt high-resolution spectra, FT-IR spectra of CTF-NH2-10/Pt and CTF-NH2-10-F/Pt;
Table S1: Elemental analysis date for CTF-NH2-10-F; Table S2: EIS parameters obtained from the
fitting of CTFs. References [28,35] are cited in the Supplementary information.
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