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Abstract: K and Na have been widely used in photocatalytic HyO, production. However, Rb and Cs
have rarely been studied for their photocatalytic potentials. In addition, the mechanism regulating
H,O; production from different alkali metal (M)-modified polymeric carbon nitride (PCN) is still
unknown. Therefore, M-doped PCN was fabricated using thermal copolymerization in the presence
of Li, Na, K, Rb, or Cs. The activity of CN-M was enhanced by the increase in the metallic character
of alkali metals. However, CN-Cs’s photocatalytic H,O, activity is not optimal even though it has
the strongest metallic character. A stronger metallic character is anticipated to yield stronger Lewis
acidic sites. Although ethanol can be adsorbed and activated at strong Lewis acidic sites, HyO, can
also be activated at these sites, which speeds up H,O, degradation. CN-Rb—with its acceptable
metallic character, excellent oxygen adsorption capacity, and reduced H,O, degradation—has the
best photocatalytic H,O, yield.
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1. Introduction

Hydrogen peroxide (H,O,) is an essential inorganic chemical that has been extensively
employed in organic syntheses, environmental remediations, paper pulp bleaching, and
medical disinfection [1-4]. Being an environmentally friendly technique, photocatalytic
H,0O; generation has recently attracted wider scientific attention as a topic [5-9]. In particu-
lar, polymeric carbon nitride (PCN) has received greater scientific attention for its potential
to produce H,O, by photocatalysis. This is likely because PCN has a high selectivity for this
reaction and can easily change its morphology, molecular structure, and band gap [2,10,11].

Various techniques have been employed for the modification of PCN for photocatalytic
H,0O; generation. Molecular doping [12], morphological or defect engineering [13], and the
construction of composite semiconductors [14,15] are currently the key research areas for
the modification of PCN for photocatalytic HyO, generation. Notably, there are a number
of research studies on alkali metal ions, such as K* and Na* [16,17]. For example, Wang
et al. obtained CNKj; containing N vacancies by calcining KOH and supramolecules [18].
The more negative charge on the surface of CNKy, improves its capacity to adsorb oxygen
and, as a result, increases the production of photocatalytic HyO,, under the impact of N
vacancy. Due to the synergistic effects of doping and defect, K* /Na*-doped PCN fabricated
by Wu et al., demonstrated good photocatalytic H,O, generation [19]. By using KOH and
melamine to modify PCN, Zhang et al. created a material that increased electron transport
owing to the existence of a K bridge between the C3Ny layers and had a great ability
to attract electrons due to a N defect formed by a cyano group and a vacancy [20]. K
intercalation produced Lewis acidic sites for isopropanol adsorption and enhanced Lewis
basic sites for proton release and hydrogen abstraction in PCN with Lewis acidic-basic sites
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prepared by Long et al. [17]. Liu et al. prepared oxygen- and potassium-dual-heteroatom-
incorporated PCN, which demonstrated a significantly improved photocatalytic HyO,
production [21]. Na* doping has also been thoroughly investigated. With cyano groups
and Na dopants, Chen et al. created a porous PCN with improved photocatalytic activity
(7.01 mM/h under visible light) [22]. Zhao et al. discovered that the pyridinic nitrogen-
coordinated sodium and cyanamino group in the PCN modified with NaSCN led to
better charge separation efficiency, increased surface adsorption of O,, and produced
surface-active sites for 2e™-oxygen-reduction reaction [16]. The above research shows that
the introduction of K or Na alkali metal ions can greatly improve the H,O, production
activity of modified PCN. Among alkali metals, there are, however, only a few studies
on the modification of PCN with Li, Rb, or Cs, and it is important to investigate if these
modifications are similarly efficient and also what the essential mechanism regulating their
function is.

Therefore, in this work, Li, Na, K, Rb, and Cs alkali metal ions were introduced into
the structure of PCN via elemental doping, and the optimal addition amount of each metal
ion was optimized. By measuring their photocatalytic HyO, production activities, the order
of influence of the above five ions on the photocatalytic performance was determined. A
series of characterization methods, such as TPD-NHj3 and TPD-O,, were used to examine
the influence of the five ions on the photocatalytic activity. For the modified PCN, metal-
licity, oxygen and alcohol adsorption, and activation ability on the catalyst surface are
the key factors affecting photocatalytic HyO, production. Finally, it was concluded that
Rb ion—on account of its appropriate metallic character, Lewis acidic activity intensity,
excellent oxygen and alcohol adsorption, and activation ability—had the best photocat-
alytic performance. This paper provides a useful foundation for further investigating the
photocatalytic reactions of alkali metal ion-modified PCN.

2. Results and Discussion
2.1. Morphology and Chemical Structures

The obtained PCN’s morphological characteristics were determined via SEM. All
samples, as seen in Figure S1, have asymmetrical forms and lack any unique morphology
or structure. Table S1 and Figure S2 show the N sorption—-desorption isotherms and pore
size distribution curves of the acquired PCN specimens. The modified PCN’s particular
surface areas are not much larger than those of CN. The specific surface areas of CN-Cs
CN-K, and CN-Rb, on the other hand, decrease, which might be caused by the addition
of metal ions and the filling of the holes. The short metallic atomic radius of CN-Li and
CN-Na may be the cause of the minor rise in their specific surface areas. The same pattern
can also be seen in the plots of the pore size distribution (Figure S2b). The results show
that improving photocatalytic activity in this work was not primarily influenced by the
particular surface area of modified PCN.

Measurements of XRD spectra, FT-IR patterns, and XPS spectra were made to acquire
an understanding of PCN structures. Two diffraction peaks at 12.83° and 27.40°, corre-
sponding to the (100) and (002) planes of PCN, were observed for the CN specimen, as
depicted in Figure 1la. The first peak was the interlayer heptazine motif periodic array,
while the second peak was the interlayer aromatic packing structure [23]. As for CN-Na,
CN-K, and CN-Rb, the diffraction peak at 12.83° disappeared, illustrating that the in-plane
packing structure was destroyed [18]. The periodic array of 100 interlayer heptazine motifs’
diffraction peak for CN-K and CN-Rb shifts to 7.78° [17,24]. Additionally, the formation
of the poly(heptazine imide) structure was indicated by the appearance of two additional
peaks in the CN-Li, CN-Rb, and CN-Cs spectra at 21° and 32°, corresponding to the 210 and
310 planes, respectively [25,26]. The metallic character of Li is the lowest among these
metals, but the structure of CN-Li was similar to that of CN-Rb, which may be due to the
high addition of Li. When preparing the catalyst, the optimal addition amount of each
metal was explored, as shown in Table S1. To confirm the above speculation, the XRD
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pattern of CN-Li-0.5 was measured (shown in Figure S3). The structure of CN-Li-0.5 was
similar to CN-Na, which means that the above speculation is correct.

(210)(002)
(310)
CN-Rb

(b) CN-CSW

CN-Rb

W CN-K
CN-Na

CN-Li

M CN

Transmittance/%

T a e
-NH, or -OH

T T T T T T T T T T T T T T
10 20 30 40 50 60 70 80
2 Theta (degree)

v T v T T T T T T T d T v
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™

Figure 1. (a) XRD patterns of PCN. (b) FT-IR of PCN.

The resulting PCN’s FT-IR spectra (Figure 1b) display structures that are similar
to typical PCN characteristic peaks. Notably, the O-H or N-H stretching vibrations of
uncondensed -NH, or adsorbed H,O on the surface correlate to the broadband in the
2800-3600 cm ! area [27]. The stretching vibration of the triazine ring and vibration of the
C-N heterocycle skeleton, respectively, were attributed to the peaks at 1100-1800 cm !
and 805 cm . The CN-M spectra also showed new peaks at 2000-2250 cm ! [28], which
were ascribed to -C=N stretching vibrations, while the peak strength at 2800-3200 cm !
becomes weaker. These findings suggested that some uncondensed -NH, on the surface
of PCN had been partially replaced by -C=N. In the CN-M spectra, a brand-new peak
at 989 cm~! was also discovered and was considered to arise from the C-O-H group’s
stretching vibration [29]. The findings suggest that the CN-M surface included a substantial
number of hydrophilic groups, which may have improved the dispersion of the specimen

in water.

To investigate the variations in PCN’s chemical states, an XPS analysis was conducted.
The XPS survey spectra of CN-M showed that C, N, O, and M were present (Figure S4a).
Additionally, the high-resolution C 1s, N 1s, and O 1s XPS spectra of the PCNs revealed
that they have similar peak shapes (Figures 2 and S4). The two typical peaks for C 1s
at 288.2 and 284.8 eV were respectively ascribed to N-C=N and C-C [30]. A new peak
that was assigned to CN at 286.5 eV may also be seen in the C 1s spectra of CN-M when
compared to C=N. N—(C); bridging N atoms, sp?-bonded N atoms within triazine rings
(C-N=C), and C-N-H, are respectively indexed to the three typical peaks in N 1s spectra
(Figures 2b and S4c) at 399.1, 398.6, and 400.7 eV [31]. The high-resolution O 1s spectra
of CN and CN-M have been shown in Figures 2c and S4d. The spectra of CN and CN-M
show three peaks at 531.1, 532.4, and 533.3 eV, attributed to C-O-H and O-H of the water
absorbed and C=0, respectively [32,33]. In addition, chloride ion content is negligible in
CN-M (as shown in Table S2). Meanwhile, the mole percentage of M has also been listed in
Table S2, indicating that M ions are successfully introduced into the CN-M structure.
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Figure 2. (a) High-resolution XPS spectra of C 1s of obtained PCN. (b) High-resolution XPS spectra
of N 1s of obtained PCN. (c¢) High-resolution XPS spectra of O 1s of obtained PCN.

According to these findings, the addition of M causes the formation of a cyano group
at the triazine ring’s terminal position, which can be utilized as an inhibitor to stop PCN
from polymerizing. The resulting CN-M, however, provides numerous edge active sites
with -C=N and -OH groups, including CN-K, CN-Rb, and CN-Cs, while maintaining
the PCN structure. It indicates that CN-K, CN-Rb, and CN-Cs have better hydrophilicity,
which is helpful for aqueous phase dispersion. The findings of free deposition and contact
angle experiments provide evidence for the aforementioned conclusion, as depicted in
Figures S5 and Sé6.

2.2. Optical and Photoelectrochemical Properties

Figure 3a displays the spectra of CN and CN-M’s UV-Vis absorption. In the intrinsic
absorption margin, CN-M shows an apparent redshift in comparison to CN, and its ab-
sorption property is improved in the visible area, which helps absorb and use visible light.
The acquired results have been displayed in Figure 3b and Table S1 after the bandgaps
of the various specimens were determined from the UV-Vis absorption spectra. A nar-
rower bandgap (Eg) for CN-M than for CN (2.74 eV) renders it convenient for electrons to
transition to the conduction band from the valence band.
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Figure 3. (a) DRS spectra of CN and CN-M. (b) The Kubelka—Munk plots of CN and CN-M. (¢) XPS
valence band spectra. (d) Electronic energy band positions of CN and CN-M.
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The specific band locations of CN and CN-M can be identified from the Mott-Schottky
(M-S) plot and XPS-VB spectrum (VB) data. First, the n-type feature of the semiconductors
is revealed by the positive slope in the M-S plots of CN and CN-M (Figure S8) [34]. The
photocatalytic reduction reaction benefits from the higher electron concentration found
in CN-M, as evidenced by the fact that the CN-M slope is low in comparison to that of
CN [34]. Combining with the XPS-VB spectra, the VB value (EV) can be estimated with the
equation Ey = ® + VBpax — 4.44 at pH = 7 versus the normal hydrogen electrode, where
@ is the analyzer’s electron-work function (3.88 eV) and VBmax is the VB maximum that
can be obtained from the XPS-VB spectrum. As shown in Figure 3¢, the VBmax value of
CN is 1.77 eV. Consequently, the VB value of CN is 1.21 eV. The CN and CN-M bandgaps
have been illustrated in Figure 3d. Both are thermodynamically satisfied for 2e™-ORR.

To examine the charge recombination behavior, the steady-state and time-resolved
PL spectroscopies of CN and CN-M were put to the test. Because of the synergistic
interaction between the improved transport of electrons between the PCN layers caused
by the M bridges and the strong electron-withdrawing capability of the cyano group, as
shown in Figure 4a, the CN-M specimens demonstrate substantially less PL emission
than CN, suggesting lower charge recombination. In addition, time-resolved transient PL
spectroscopy was used to examine the average charge-carrier lifetime and the behaviors of
charge-carrier separation. The decay curves were fitted by using the triexponential function.
The average charge-carrier lifespan rose from 2.10 ns for CN to 17.95 ns for CN-Rb, as
shown in Figure 4b and Table S1, demonstrating that more photogenerated carriers can
transfer to its surface to be involved in the reactions occurring on the surface. Additionally,
different degrees of advancement had been made in the typical charge-carrier lifetimes of

CN-Li, CN-Na, CN-K, and CN-Cs.
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Figure 4. (a) Photoluminescence (PL) emission spectra. (b) Fluorescence lifetime decay curves.
(c) Periodic on/off photocurrent response in 0.5 M Na, SOy electrolyte under A > 420 nm visible light
irradiation at 0.5 V vs. Ag/AgCl electrode. (d) Electrochemical impedance spectra (EIS) plots of CN

and CN-M.

Transient photocurrent-time and Nyquist plots for the collected PCN specimens were
analyzed. The photocurrent density of CN-Rb is 1.76 A/cm?, 7.04 times more than that
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of CN (0.25 A/cm?) as shown in Figure 4c and Table S1. Further evidence supporting the
observation that the modified PCN with alkali metal ions exhibits a more effective interface
transfer and separation of charge carriers, comes from the higher photocurrent densities of
CN-Li, CN-Na, CN-K, and CN-Cs. In addition, the semicircular curve radius in the CN-M
Nyquist plot (Figure 4d) is smaller than that in CN, suggesting that the CN-M has a lower
charge transfer resistance than CN. The results show that cyano groups and M dopants can
significantly increase light absorption and encourage charge separation.

2.3. Photocatalytic Activity

The acquired samples’ photocatalytic activity for the generation of H,O, was assessed
under white LED light. All of the samples display HyO, production performances following
60 min of irradiation, as shown in Figure 5a. In particular, the amount of HyO, produced
by CN was much lower than that of CN-M samples, at just 59.20 umol/g. The H,O,
production by CN-M increased with an increasing metallic character from Li to Rb. It
then decreased for CN-Cs. Therefore, in comparison to CN, 14.11 times more H,O,
(835.51 umol/g) was generated by CN-Rb. Additionally, under visible light (A > 420 nm),
the time-dependent variation in the HyO; generation rates of CN and CN-M was evaluated.
Figure S9 demonstrates that with CN-M, sustained H,O, production is seen within 12 h
without degradation. The H,O; yield of CN-Rb is 12.52 mmol/g after 12 h of exposure,
which is 156.04 times greater than that of CN (80.21 umol/g). In addition, after 12 h of
irradiation, the H,O, yields of CN-K and CN-Cs are 9.10 and 8.54 mmol/g, respectively,
indicating that CN-K, CN-Rb, and CN-Cs have outstanding long-term stability. The reaction
solution’s dissolved oxygen content (DO) was measured at 1 atm, ~9.82 mg/L, and 283.15 K.
The yield of H,O; in a 200 mL solution should be 61.37 pmol if all oxygen is converted
to HyO,. The H,O, yields of CN-Rb, CN-K, and CN-Cs in our experiment exceeded the
theoretical value by 82.60, 65.96, and 66.77 umol, respectively, at 1 h. HyO, output grew
steadily throughout the reaction, showing that O, from the air supplemented the O, in
the reaction’s solution. This is likely because CN-Rb, CN-K, and CN-Cs have strong O,
adsorption capabilities. The performance stabilities of CN-Rb, CN-K, and CN-Cs were
assessed by a cycling 0.03 g specimen that was washed following centrifugation from
the reacted solution (Figure 5b). As a result of the increased reaction time, the HyO,
yield did not demonstrate any substantial reduction, suggesting outstanding stability for
photocatalytic H;O, production.
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Figure 5. (a) Photocatalytic production of H,O, by the obtained specimens under white LED light.
(b) Time course of the generation of H,O, employing CN-K, CN-Rb, and CN-Cs under white
LED light.
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Moreover, the activity changes of modified PCN obtained by different preparation
methods were explored. Melem-M was prepared by calcining melem with MCI. As shown
in Figure 510a, compared to CN-M, melem-M shows a similar trend, except that the activity
of melem-K was slightly better than that of melem-Rb. This result shows that the order
of influence of alkali metal ions on PCN activity is Rb, K, Cs, Na, Li. The photocatalytic
H,0O; generation of CN with RbCl or KCl was also carried out to confirm the impact of
stray Rb* or K* on performance. Figure S10b,c demonstrate that the H,O, yields for CN
with various RbCls or KCls are comparable, demonstrating that stray Rb* or K* does not
facilitate photocatalytic HO, synthesis. In addition, the photocatalytic decomposition of
H,0, for the samples was tested. In contrast to CN, Figure S10d demonstrates that CN-Li
and CN-Na may effectively prevent the breakdown of HyO, because the amine entities
in the PCN edge have been swapped out for cyano groups. Furthermore, CN-K, CN-Rb,
and CN-Cs also exhibit decreased decomposition of HyO,. The amine groups in the CN
edge can operate as active sites for HO, breakdown, which explains the aforementioned
results [35]. However, CN-Cs demonstrates apparent H,O, decomposition when compared
to CN-Li, CN-Na, CN-Rb, and CN-K, which may occur because the strong Lewis acid sites
contribute to the H,O, activation [36].

2.4. Mechanism

The mechanistic details for photocatalytic HyO, production for various specimens
were explored. First, from the results of XRD patterns, it could be inferred that CN-Rb and
CN-Cs with poly(heptazine imide) structure have excellent activity. CN-Li also has a similar
structure. however, its performance is poor, indicating that poly(heptazine imide) structure
is not the fundamental factor affecting the performance. In addition, the structure of CN-K
is different from CN-Rb. However, its photocatalytic HyO, activity is excellent, which
means that crystal structure is not the key element influencing the photocatalytic activity.

TPD-NHj3 and TPD-O; tests on acquired samples were conducted to further investi-
gate the mechanism of photocatalytic H,O, synthesis. Figure 6a demonstrates that all of
the CN-M display greater NH3 desorption temperatures when compared to CN, indicating
that the Lewis acidic sites in CN-M—particularly CN-K, CN-Rb, and CN-Cs—are more
potent. Meanwhile, the adsorbed NHj3 quantity of the sample is listed in Table S3; the
adsorbed NHj3 quantities of CN-K, CN-Rb, and CN-Cs are 0.58, 0.72, and 1.35 mmol/g,
respectively—significantly increased compared to CN (0.38 mmol/g). The increased ad-
sorbed NHj3 quantities indicate that more Lewis acidic sites are formed with the enhanced
metallic character of alkali metal. Alcohol may be adsorbed onto CN and CN-Rb with
adsorption energies of 1.11 and 3.16 eV, respectively, as suggested by the outcome of the
DFT calculation (Figure Slle,f). This finding suggests that the increased Lewis acidic
sites are involved in the alcohol adsorption process. As is common knowledge, oxy-
gen adsorption on the catalyst surface is essential for ORR. Consequently, TPD-O, data
(Figure 6b and Table S3) showed that CN showed an O, desorption peak at 123 °C with
13.18 mol/g, whereas the desorption temperature and amount of CN-M adsorbed under-
went an increase. This shows that CN-M has good chemisorption capacity and capability
of O, adsorption. In particular, the adsorbed O, amounts for CN-Rb and CN-Cs are 97.47
and 112.47 mol/g, respectively. Furthermore, the DFT calculation showed that the energies
of adsorption onto CN and CN-Rb were —0.77 and —3.38 eV, respectively (Figure S11c,d),
which agrees well with the TPD-O; results. Moreover, to further explore the change in
oxygen content in the reaction liquid during the reaction process, the dissolved oxygen
(DO) values in the reaction mixture were determined. The DO values of CN-M samples,
particularly CN-Rb and CN-Cs, fell after stirring for 30 min in the dark, as shown in Figure
S12a, indicating that a significant amount of oxygen was transferred from the solution to
the catalyst surface. At the beginning of illumination, the DO values of CN-K, CN-Rb, and
CN-Cs decreased sharply, corresponding to their excellent photocatalytic H,O, production.
After 45 min, their DO values tended to remain constant. The equilibrium between dissolu-
tion and consumption, which indicates that the reaction system may swiftly add oxygen
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derived from air to the reaction, is the cause of the DO value’s tendency to balance when
compared to the photocatalytic HyO, production. Additionally, an intriguing phenomenon
was observed: relative to the initial DO, the DO rose after stirring for 5 min in the dark, as
shown in Figure S13, and the D-values for various catalysts agree with the TPD-O results.
For TPD-O; results, CN-Cs has the highest adsorbed O, quantity, and for DO, it also has the
highest D-value. Meanwhile, the DO values of the closed system with catalyst degassing
treatment were also tested (Figure S12b). It can be seen that as the reaction proceeds, the
DO of CN-M gradually decreases, especially for CN-K, CN-Rb, and CN-Cs. Therefore,
with the increased metallic character of alkali metals, the modified CN-M exhibits excellent
alcohol and oxygen adsorption, which is favorable to photocatalytic H;O, production.
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Figure 6. (a) TPD-NHj3 and (b) TPD-O; on the obtained PCN.

Various reaction settings were used to examine the CN-M sample’s reaction pathway (as
shown in Figure 7a). The photocatalytic synthesis of H,O, was carried out in nitrogen—that is,
the reaction bottle was sealed after 5 min of N; being injected into the system to replace
O;. The H,O, yields for the N, atmosphere of CN-M were significantly reduced, as
shown in Figure 7a. The H;O; yield increased visibly when O, or air was fed into the
reaction system, demonstrating that O, was essential to the process. Additionally, a
radical-capture experiment was carried out using p-benzoquinone (PBQ) as a superoxide
radical-trapping agent. The findings demonstrate that superoxide radicals were essential for
the photocatalytic generation of H,O, using PCN since the H,O, yields were significantly
reduced. Additionally, the spin-trapping ESR/DMPO approach has proven the formation
of superoxide radicals (as shown in Figure 7b) [37]. When exposed to visible light, which
also identified the superoxide radical intermediates, the signal of DMPO/eOOH of CN-M
is noticeably higher in comparison to that of CN. Therefore, the two-step single-electron
ORR pathway may represent the CN-M’s reaction pathway.

Additionally, the electron transfer number (1) and kinetic current density (Jx) in
the ORR routes on the PCN samples were assessed through LSV in accordance with the
Koutecky—Levich equation to further demonstrate that the reaction followed the 2e™-ORR
pathway. The current densities of CN-K, CN-Rb, and CN-Cs were much higher than those
of CN, as shown in Figures 7c and S15, showing that they had better oxygen-reduction
activities than CN. Moreover, the values of n were 1.22,1.89, 1.82, and 1.77 for CN, CN-K,
CN-Rb, and CN-Cs, respectively, indicating that two-step single-electron ORR occurred on
CN-K, CN-Rb, and CN-Cs.
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Figure 7. (a) Photocatalytic production of HyO, employing the modified PCN under various condi-
tions. (b) Electron paramagnetic resonance signal of DMPO/eOOH over the obtained PCN. (c) The
average number of folds-transferred electrons (n). (d) The changes in the estimated Gibbs free energy
of reduction of adsorbed O, to HyO5.

DFT calculations were performed to understand the HyO;-generation mechanism
on PCN. A typical 2e7-ORR pathway was proposed as the route by which oxygen was
photocatalytically reduced to HyO; [38]. Figure 7d demonstrates that CN-Rb and CN-Cs
had lower G values during the ¢OOH production stage (0.51 and 0.46 eV, respectively)
than CN (2.65 eV). The activated O, on CN-Rb and CN-Cs appeared to be converted more
readily to ¢OOH based on the lower G values of #OOH production. The fact that adding
Rb and Cs ions to PCN increased its kinetic activity was corroborated by the lower G of the
protonation step for CN-Rb and CN-Cs.

In conclusion, Scheme 1 can be used to comprehend the processes that lead to the
photocatalytic oxidation of ethanol and the creation of HyO, on CN-M. The photogenerated
electrons were distributed on the N and C atoms (Figure S16b). At Lewis acidic sites,
ethanol might be oxidized and adsorbed simultaneously. H,O, was produced when the
adsorbed O, reacted with the special C and N atoms with two electrons.
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Scheme 1. Proposed mechanism of photocatalytic HyO, production on CN-M.

3. Methods and Materials
3.1. Materials

The Shanghai Macklin Biochemical Co. Ltd. (Shanghai, China) supplied the dicyandi-
amide (DCDA). Salts including, LiCl, NaCl, KCI, RbCl, and CsCl, were provided by the
Saan Chemical Technology Co. Ltd. (Shanghai, China).

3.2. Synthesis of CN-M

DCDA (5 g) and MCI (LiCl, NaCl, KCl, RbCl, or CsCl) were added into 50 mL beakers
with 30 mL distilled water and heated at 80 °C for 2 h while stirring. After drying at 80 °C
in an oven overnight, a white powder was heated at 550 °C for 4 h (4 °C/min) in a muffle
furnace. After natural cooling to room temperature, the yellow solid was ground and
filtered three times with boiling water and ethanol. After drying at 80 °C overnight, the
modified PCN was obtained and named CN-M (M: Li, Na, K, Rb, Cs).

3.3. Synthesis of CN

DCDA was directly heated at 550 °C for 4 h at a heating rate of 4 °C/min in a muffle
furnace to act as a control, and the obtained PCN was named CN.

3.4. Synthesis of Melem-M

DCDA was directly heated at 425 °C for 4 h at a heating rate of 4 °C/min in a muffle
furnace. After cooling to room temperature, the sample was ground and named melem.
Melem (1 g) and MCl (LiCl, NaCl, KCl, RbCl, or CsCl) were ground, mixed and heated
at 550 °C for 2 h at a heating rate of 4 °C/min in a mulffle furnace. After cooling to room
temperature, the sample was filtered three times with distilled water and ethanol. After

drying at 80 °C overnight, a yellow powder was obtained and named melem-M (M: Li, Na,
K, Rb, Cs).

3.5. Photocatalytic Production of HyO;

First, the photocatalytic HyO,-production properties of the obtained samples were
screened on a multipass light catalytic reaction system (Perfectlight PCX50C Discover,
Beijing, China) under white LED irradiation. Briefly, 0.03 g of the photocatalyst was
adequately dispersed in 50 mL of an ethanol solution (10 vol%), after which the solution
was irradiated under white LED light. The photocatalytic reaction was performed for 1 h
with a 15-min interval for sample collection. The H,O, concentration was determined by
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the colorimetric method, which is based on the peroxidase (POD)-catalyzed oxidation of N,
N-diethyl-p-phenylenediamine (DPD) by hydrogen peroxide [16].

In order to further analyze the performance of samples, the photocatalytic HyO,
production was measured employing a 350 W Xe lamp comprising a 420 nm UV fil-
ter(Perfectlight PLS-SXE300D, Beijing, China). Namely, 0.05 g of each sample was dispersed
in 200 mL of aqueous ethanol (10 vol%). The photocatalytic process was performed for 12
h with an interval of 1 h for sample collection. The H,O, concentration was subsequently
measured using the colorimetric method.

4. Conclusions

Using thermal copolymerization with Li, Na, K, Rb, or Cs, alkali metal (M)-doped PCN
was created and used to generate H,O, under the illumination of white LEDs. According to
a comprehensive analysis, the activity of CN-M enhanced with the increase of the metallic
character of alkali metals. The higher metallic character will give rise to stronger Lewis
acidic sites. Although the strong Lewis acidic sites are helpful for the adsorption and
activation of ethanol, they will also act as the activation sites of H,O, and enhance the self-
degradation of HyO,. Hence, even though CN-Cs have the strongest oxygen adsorption
capacity and the strongest and the highest number of Lewis acid sites, their photocatalytic
performance for H,O, production is not optimal because of their strongest H,O, self-
degradation activity. CN-Rb, on the other hand, has the best photocatalytic activity for HyO,
production due to its suitable metallic character. This work presents a useful foundation
for further exploring the photocatalytic reaction of metal-ion-modified PCN.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ catal13020218 /s1, Figure S1: SEM images of obtained
PCN: (a) CN, (b) CN-Li, (c) CN-Na, (d) CN-K, (e) CN-Rb, (f) CN-Cs, Figure S2: (a) N, adsorption-
desorption isotherms. (b) the pore size distribution curves of the obtained PCN, Figure S3: XRD
pattern of CN-Li-0.5, Figure S4: (a) XPS survey of obtained PCN. (b) High-resolution XPS spectra of
C 1s of obtained PCN. (c) High-resolution XPS spectra of N 1s of obtained PCN. (d) High-resolution
XPS spectra of O 1s of obtained PCN, Figure S5: Digital images of contact angle tests for PCN,
Figure S6: The photographs of CN and CN-M dispersed in deionized water for 7 days, Figure S7: The
chemical structures of CN and CN-M, Figure S8: Mott-Schottky plots over 500 Hz in 0.5 M NaySOy4
and 0.2 M phosphate buffer electrolyte, Figure S9: Time-dependent change in HyO, evolution during
photoreaction with PCN under visible light (A > 420 nm)., Figure S10: Time-dependent change in
H,0O, evolution during photoreaction with PCN under visible light (A > 420 nm), Figure S11: The DFT
calculations for CN and CN-Rb. Polymeric models for CN (a) and CN-Rb (b); The adsorption energies
onto CN (c) and CN-Rb (d) for oxygen; The adsorption energies onto CN (e) and CN-Rb (f) for
ethanol, Figure S512: The dissolved oxygen (DO) concentrations of reaction solution for the obtained
PCN and without catalyst, Figure S13: The D-value of the initial DO and the DO after stirring 5 min
for the obtained PCN, Figure S14: The DO test device with closed system, Figure S15: LSV curves of
(a) CN, (b) CN-K, (c) CN-Rb, and (d) CN-Cs were measured on an RDE at different rotating speeds,
Figure S16: Electronic structures of polymeric models for (a) CN and (b) CN-Rb together with their
optimized HOMO and LUMO, Figure S17: The effect of solution pH on the decomposition of H,O,
for CN-Rb under LED white light, Table S1: Physicochemical properties of the as-prepared samples,
Table S2: XPS peak area ratio of the as-prepared samples, Table S3: TPD values of obtained PCN.
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