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ABSTRACT: Photocatalytic H2 evolution (PHE) from extremely abundant seawater resources
is an ideal way to secure sustainable H2 for humanity, but the saline in seawater easily
competitively absorbs the active sites and poisons the catalyst. Herein, a series of low-cost alkali
halide (NaI, KI, RbI, CsI, CsBr, and CsCl), analogous to the saline in natural seawater, was
selected to modify carbon nitride (MX-CN) through one-step facile pyrolysis with the assistance
of water. MX-CN possesses a large amount of negative charges, which could inhibit anion
absorption, to some extent, preventing chloride corrosion. Importantly, it can greatly boost the
electron transfer between MX-CN and triethanolamine (TEOA) (sacrificial agent) because the
alkali cation in seawater can coordinate with TEOA, and easily come in contact with MX-CN
through alkali-cation exchange and electrostatic attraction. Benefiting from it, the PHE
performance in seawater is 200 times better than that of original CN in deionized water above,
and the apparent quantum efficiency of MX-CN (CsI-CN) under 420 nm light irradiation
comes to 72% in seawater, the highest value reported for seawater thus far. This work provides a
new research direction for engineering the electron transfer pathway between the photocatalyst
and sacrificial agent (e.g., pollutant) in natural seawater.
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1. INTRODUCTION

The shortage of fresh water resources and energy crisis are major
challenges facing the world today. The actual use rate of
seawater is very low, although which accounts for more than
97% of all water resources.1−3 Hydrogen energy as a clean
energy source can help solve the increasingly serious environ-
mental pollution problems and energy crisis problems and is an
ideal substitute for various fossil fuels.4−6 Therefore, it is an
impactful quest to utilize seawater and solar energy, readily
available resources, to secure sustainable H2 for humanity.
Containing large amounts of various salts is the characteristic
feature of seawater, mainly including Na+, Mg2+, Ca2+, K+, Cl−,
and SO4

2−, which make up >90% of the total salt content of
seawater.7 The presence of these salts actually influences the
photocatalysis, wherein most of the photocatalysts in natural or
simulated seawater show lower efficiency than those in pure
water,8−11 while only a few cases show the opposite perform-
ance.12 The poor performance is possible that the competitive
absorption of salts on active sites inhibits sacrificial agent
absorption.13,14 Despite the considerable advances realized, the
photocatalyst for H2 evolution remains confined to the
conventional design methods that are generally used in pure
water, thus reinforcing the need for a change in the strategy.
Carbon nitride (CN) polymers are optimal photocatalytic

materials,15−19 and their surface structure and electronic
properties are feasibly tuned using inorganic and organic

synthesis methods,20−23 which provide CN great opportunities
to utilize the saline in seawater and to promote their
photocatalysis performance. CN possessing large negative
charge can inhibit anion absorption (e.g., Cl−), to some extent,
preventing chloride corrosion.24,25 At the same time, cation ions
(e.g., Na+) have a tendency to attach a sacrificial agent with
−OH groups through ionic bonds or electrostatic interactions,
forming Na+−sacrificial agent coordination.26 It is speculated
that CN with large negative charge can easily adsorb cation ions
(e.g., Na+-TEOA). The effective adsorption of the sacrificial
agent onto the surface of the photocatalyst can react more
efficiently with the holes generated by the light, to a great extent,
prohibiting electron−hole recombination and subsequently
improving the electron transfer of photocatalysis.
In this work, we have selected alkali halide salts (inorganic

methods, analogous to the saline in natural seawater) to modify
the graphite-phase CN with the assistance of a small amount of
water through a further facile calcination. This method
simultaneously modifies the surface structure (poly(heptazine
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imides) (PHI)) crystal phase with more hydroxyl groups and a
large negative charge, which improves the hydrophilicity and
electron transfer properties of CN itself. Interestingly, the saline
in the seawater shows enhanced photocatalytic H2 evolution
(PHE) activity, with the highest H2 evolution of 46.38 μmol
(200 times higher than that of original CN in deionized water)
and 72% apparent quantum efficiency (AQE) under 420 nm
light irradiation (Equation S1). The synergies of the cation ions,
sacrificial agent, and modified CN were studied by experimental
analysis to gain molecular understanding of the prominent PHE
activity boosted by seawater.

2. EXPERIMENTAL SECTION
2.1. Alkali Halide Assisted the Preparation of CN. Dicyandia-

mide (10 g) was thoroughly ground in a mortar and then transferred to
a quartz boat. The quartz boat was wrapped in aluminum foil and placed
in a tube furnace. The temperature was raised to 550 °C at a heating rate
of 2.3 °C/min under a nitrogen atmosphere for 4 h, and the pale yellow
bulk phase g-C3N4 was obtained after natural cooling. These bulk solids
were thoroughly ground and collected for use. The resultant product
was denoted as CN.
CN (500mg) was placed in a mortar, and a total amount of 0.2 mL of

deionized water was added drop by drop during the grinding. After fully
grinding, the mixture was added to 1000 mg of alkali halide salts and
ground again. Then, the mixture was transferred to a tube furnace with a
corundum boat and heated to 550 °C for 2 h with a ramp rate of 5 °C/
min under a nitrogen atmosphere. After cooling to room temperature,
the product was further ground and ultrasonically dispersed in
deionized water. Finally, it was washed with deionized water by
centrifugation several times and dried at 60 °C overnight. The sample
was denoted as MX-CN (M represents alkali and X represents halide
salts), depending on the kinds of alkali and halogens added. In addition,
NaI-assisted CNwas only heated for 1 h because as the heating timewas
prolonged to 2 h, no CN was obtained, only leaving white crystal salt.
For comparison, CN was ground fully and further heated to 550 °C

for 2 h under the same conditions, which was referred to as CN-2 h.
2.2. Characterization. The samples were characterized by X-ray

diffraction (XRD) (X’Pert PRO MPD, Holland), scanning electron
microscopy (SEM) (Hitachi SU8010, Japan), Fourier transform
infrared spectrometry (FT-IR) (Thermo Nicolet NEXUS670, USA),
and X-ray photoelectron spectroscopy (XPS) using a Kratos AXISUltra
spectrometer equipped with a prereduction chamber and an Elementar
Vario EL III instrument (Elementar, Germany). The UV−vis diffuse

reflectance spectra were obtained from the dry-pressed disk samples
using a Scan UV−vis spectrophotometer (UV−vis DRS UV-2700,
Shimadzu, Japan) equipped with an integrating sphere assembly, using
BaSO4 as a reflectance sample. Time-resolved fluorescence decay
spectra were obtained using an Edinburgh FLS980 spectrophotometer
with an excitation wavelength of 380 nm and an emission wavelength of
450 nm. Photoluminescence (PL) spectra were measured on a
fluorospectrophotometer (F97pro, Lengguang Tech, China). A
Malvern Zetasizer Nano ZS90 nanometer particle size potentiometer
was used to test various kinds of CN and determine the charge size on
its surface.

2.3. Photocatalytic Hydrogen Activity Test. PHE was
performed as follows. The catalyst powder (4 mg) was dispersed in 4
mL aqueous solution (natural seawater, simulated seawater, or
deionized water) containing 10 vol % triethanolamine (TEOA)
scavengers flushed with Ar gas. Pt (2 wt %) was loaded on the surface
of the photocatalyst as a cocatalyst using an in situ photodeposition
method with K2PtCl6. The solution was then irradiated with a 300 W
xenon lamp equipped with a 420 nm cutoff filter at room temperature.
The concentration of hydrogen gas in a headspace was quantified using
a ShimadzuGC-2014 gas chromatograph [Ar carrier, a capillary column
with molecular sieves of 5A] equipped with a thermal conductivity
detector.

In addition, the positive and negative charges of simulated seawater
were equal to those of 3.5 wt % NaCl, which were calculated based on
the same molar concentration. Unlike a previous report with
desalination treatment,27 the natural seawater in this work was directly
obtained from the Yellow Sea and the South China Sea through simple
filtration (0.22 μm filter) to remove some algae, microorganisms, and
solid particles present.

3. RESULTS AND DISCUSSION

3.1. Morphology and Chemical Structure Character-
ization. After alkali halide and water modification, the
morphology and structure of MX-CN were studied. Most of
the MX-CN samples show a regular lattice structure, which was
studied by SEM and transmission electron microscopy (TEM)
as shown in Figure S1. As a representative, CsI-CN is shown in
Figure 1a,b. Compared with CN, the SEM image of CsI-CN
shows uniform grain accumulation, and the most obvious
change of the TEM image is the occurrence of lattice fringes.
Themapping images in Figure S2 show that the elements of CsI-
CN are uniformly distributed based on the modification of both

Figure 1. (a) SEM and (b) TEM images of CsI-CN, (c) comparative XRD patterns and (d) FT-IR spectra of the samples, and high-resolution (e) C 1 s
and (f) N 1 s XPS of the samples.
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CsI and a little water. This shows that alkali halides can improve
the order degree of CN, reducing the defect sites where
electron−hole pairs recombine.28 The XRD patterns (Figure
1c) indicate that CsI-CN has a PHI crystal phase.29 This
indicates that CsI could destroy the part of the heptazine ring of
CN. The H, C, and N elemental contents of the samples were
further tested by elemental analysis to verify the PHI crystal
phase, as shown in Table S1. The n(C)/n(N) ratio value of the
salt-modified CN is significantly increased and is closer to the
value of the PHI structure (0.71).30 Other modified MX-CN
samples are similar to CsI-CN showing a crystal phase PHI
structure (Figure S3). The structure of PHI will make it easier
for CN to coordinate with the ions in the seawater.12 The
specific surface area of the samples is presented in Table S6.
The functional groups can provide the alkali chelation sites

and influence the electron densities of MX-CN. As shown in
Figure 1d and Figure S4, all samples in FT-IR spectra have a
characteristic peak of CN, a respiratory vibration peak of a
triazine ring at 810 cm−1, and a stretching vibration peak of tri-s-
triazine of 1200−1650 cm−1.31 The broad absorption band at
2400−3650 cm−1 indicates the presence of hydroxyl groups,
adsorbed water, and terminal amino groups on the surface of
samples.21 Compared with CN, the salt-modified CN showed a
new absorption peak at 2178 cm−1, which is the absorption peak
of the terminal cyano group (CN),32 indicating that the alkali
halide can modify the CN structural unit. In addition, the
absorption bands at 996 and 1156 cm−1 are due to the
symmetric and asymmetric vibrations of NC2 bonds and metal−
NC2 groups, respectively.

29 From another perspective, −NC2
functional groups provide alkali metal-chelated sites.
Then, XPS was used to analyze the surface chemical

properties of samples (Figure S5). Although CN was modified
by alkali halides, the elemental content of alkali metal comes to
5−7 atm.%, but the halide element content of iodine is only 0.1−
0.3 atm.% (Table S2). As shown in the high-resolution C1s XPS
of CN and CsI-CN (Figure 1e), CsI-CN shows a new signal

peak at 286.3 eV assigned to the signal C−OH carbon when
compared to CN.29 This is also consistent with the fact that the
oxygen element content (6.09 atm.%) of CsI-CN (Table S2) is
significantly higher than that of CN (2.37 atm.%). The increase
of hydroxyl groups is beneficial to enhancing the hydrophilic
properties of the photocatalyst. In the high-resolution N 1 s XPS
of CN and CsI-CN (Figure 1f), there are four signal peaks for
CN at 398.7, 400.0, 401.2, and 404.5 eV, respectively, which are
sequentially assigned to the tri-s-triazine ring C−NC
nitrogen, N(C)3 nitrogen, incompletely polymerized −NH2 or
−NH nitrogen, and charge effects.33 Compared to CN, CsI-CN
has a new negatively shifted peak at 397.6 eV, which can be
assigned to the deprotonated nitrogen NΘ.29 The deprotonated
nitrogen NΘ could make the photocatalyst easier to adsorb and
coordinate with ions in seawater. In addition, the binding energy
of part of carbon and nitride of CsI-CN is shifted to a low value,
indicating that their electron densities are increasing. The C 1 s
and N 1 s XPS of the other samples modified by other alkali
halide salts are similar to those of CsI-CN (Figure S6).
Based on the analysis mentioned above, the alkali halide-

modified CN has a PHI crystal phase structure; at the same time,
it was decorated with hydroxyl groups, alkali cations, and
deprotonated nitrogen NΘ, which can coordinate or exchange
with alkali cations in the seawater. These modifications change
the carrier transfer capability and electron density distribution of
CN and will be more favorable for the directional migration of
photogenerated electrons and holes, thereby promoting the
photocatalytic reaction.
In addition, the optical properties of the samples were

characterized using diffuse reflectance spectra (Figure S7−S10),
PL spectra (Figure S11), and time-resolved PL spectra (Figure
S12). The ability of samples to transmit photogenerated carriers
was tested by the transient photocurrent response and electrical
impedance spectra (Figure S13). The results indicate that MX-
CN has more excellent photogenerated electron and hole

Figure 2. (a) Product H2 for samples in the first 4 hwith 3.5 wt %NaCl solution or deionized water. (b) Product H2 for CsI-CN in the presence of other
salts with a positive and negative charge equal to that of 3.5 wt %NaCl for 4 h (by default all salts completely disassociate). (c) Product H2 for CsI-CN
in the first 4 h with deionized water, 3.5 wt %NaCl solution (simulated seawater), the Yellow Sea, or the South China Sea. (d) Product H2 for samples
in the first 4 h with deionized water, 3.5 wt % NaCl solution, the Yellow Seawater, or the South China Seawater. (e) Cycling stability test of CsI-CN
with deionized water. (f) Cycling stability test of CsI-CN with the Yellow Sea water. Reaction conditions: 4 mg samples, visible light irradiation (λ >
420 nm), TEOA (10 v.%) as the sacrificial agent, and Pt (2 wt %) as the cocatalyst.
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transporting ability and is more advantageous for the PHE
reaction.
3.2. PHE in Seawater. To study the structure−activity

relationship, MX-CN was first applied to PHE in pure water and
simulated seawater (3.5 wt % NaCl), respectively. The saline in
simulated seawater can improve the PHE productivity of all
these catalysts, especially for the alkali halide-modified MX-CN
(Figure 2a). For example, the amount of hydrogen in the first 4 h
of CsI-CN reached 33.62 μmol, which is four times more than
that of itself in deionized water (7.89 μmol), 120 times that of
CN in simulated seawater (0.27 μmol), and 187 times that of
CN in deionized water (0.18 μmol). Considering the existence
of various ions (major ions: Na+, Mg2+, Ca2+, K+, Cl−, and SO4

2−,
making up >90% of the total salt content of seawater) in natural
seawater,7,34 the PHE of CsI-CN as a representative sample was
studied in saline solution (e.g., NaCl, KCl, KBr, MgCl2, CaCl2,
and Na2SO4). In Figure 2b, it can be seen that both anions and
cations have great positive effects on the PHE of CsI-CN, with
different enhancing extents. For the PHE application, this
demonstrates that MX-CN is more adaptable to a wide range of
saline with great qualities.
Taking into account the complexity components of natural

seawater, two kinds of seawater were collected from the South
China Sea (Shenzhen, China) and the Yellow Sea (Dalian,
China) to test the PHE performance. The major ion content of
these two natural seawater samples was determined by ion
chromatography, as shown in Table S3. Before the test, the
seawater used in the reaction only needs to be simply filtered
through a 0.220 μm filter to remove microorganisms, algae, and
solid particles from seawater. Figure 2c shows the PHE
productivity of CsI-CN in deionized water, simulated seawater,
the Yellow Sea, and the South China Sea. In the case of the
Yellow Sea, the hydrogen production of the first 4 h is 46.51
μmol, which is 5.9 times that of the sample in deionized water
(7.88 μmol) and 258 times that of CN in deionized water (0.18
μmol) (Figure S14). The AQE at 420 nm light irradiation could
reach 72%, the highest value reported for seawater thus far
(Table S4). Other samples show similar results for the PHE
productivity (Figure 2d) fully confirming that MX-CN is more
suitable to natural seawater. To some extent, the PHE
productivity of MX-CN in natural seawater is better than that
in simulated seawater.
The comparisons of the PHE cycling stability were further

studied in both deionized water and the Yellow Sea (Figure 2e).
After the first cycle, the hydrogen production of CsI-CN in
deionized water decreased significantly from 7.89 to 4.97 μmol,
a decrease coming to 63.0%. This downward trend almost

stopped by the ending of the third cycle with a decrease to
43.0%. For CsI-CN in the Yellow Seawater (Figure 2f), there is a
small decrease from 46.38 to 37.51 μmol after the first cycle
followed by a slight gradual descent. The hydrogen production
in the fourth cycle was 33.11 μmol, which was 71.4% of the first
cycle. Furthermore, compared with the hydrogen production of
the first 4 h of CN (0.18 μmol), the hydrogen production of Cs-
CN in the fourth cycle is still 184 times higher than that of CN.
Therefore, the seawater can not only enhance the PHE
performance but also greatly promote the stability of MX-CN.

3.3. Mechanism of Photocatalytic Seawater Hydrogen
Evolution. In this part, CsI-CN was selected as a representative
to study the mechanism of PHE in seawater. Given the abundant
ions in seawater, the increasing PHE activity of MX-CN is likely
due to the interaction between the surface of the photocatalyst
and the ions in seawater. Therefore, the surface charge of the
sample was first tested by zeta potential. Figure 3a shows a
comparison of the zeta potential curves of CsI-CN and CN (CN
needs to wash off the unpolymerized precursor with hot water
and be dried before testing). The zeta potential of CsI-CN
reached −47.1 mV, which was −21.9 mV negative shifting
compared to that of CN (−25.2 mV). This indicates the
increasing amount of negative charge on the surface of CsI-CN,
which is more advantageous for adsorbing cations in the
seawater.
To prove that MX-CN can adsorb ions in seawater, the zeta

potential of the CsI-CN under different aqueous conditions was
further tested and compared with that of CN. As shown in
Figure 3b, the zeta potentials of CN and CsI-CN in simulated
seawater were reduced to−5.5 mV and− 15.1 mV, respectively,
indicating that CN and CsI-CN are capable of adsorbing cations
in salt solutions because of the negative charge on the
photocatalyst surface. Interestingly, in the simulated seawater
containing TEOA, the zeta potential of CN is almost unchanged
(−5.6 mV), while the zeta potential of CsI-CN continues to
decrease to −6.4 mV. According to the literature, Na+ can
adsorb the sacrificial agent, forming Na−sacrificial agent
coordination,26 which is Na-TEOA in this work. Therefore, it
may be due to the small amount of charge carried by CN itself,
which mainly adsorbs free Na+ and is difficult to adsorb Na-
TEOA, while CsI-CN can adsorb both Na+ and Na-TEOA
because of its relatively large electronegativity.
In addition, the zeta potential of CsI-CN in seawater and

seawater containing TEOA was tested, as shown in Figure 3c. It
can be seen that the zeta potential of CsI-CN is −10.2 mV in
seawater solution and 7.7 mV, a positive potential, in seawater
containing TEOA. Because of the alkaline properties of TEOA

Figure 3. (a) Zeta potential of CN and CsI-CN. (b) Zeta potential change curves of CN and CsI-CN in deionized water, NaCl solution, and NaCl
solution containing TEOA. (c) Zeta potential change curves of CsI-CN in deionized water, seawater, and seawater solution containing TEOA. Notes:
The concentration of NaCl solution was 3.5 wt %, and the concentration of TEOAwas 10 v%. Before the zeta potential test, all samples were dispersed
and stirred for 30 min to achieve adsorption equilibrium.
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aqueous solution, it means that TEOA is more likely to release
OH−, and TEOA itself possesses positive potential. Then, Na+

may be chelated with another hydroxyl of positive TEOA
followed by the adsorption on the CsI-CN. Other cations (e.g.,
K+, Mg2+, Ca2+, etc.) in the sea can also play similar roles to Na+.
The larger the variation value between the solutions with and
without TEOA, the higher the absorbed TEOA amount.
Therefore, the synergies of various salt ions in natural seawater
help CsI-CN to absorb more TEOA.
Both CN and CsI-CN can adsorb and coordinate with Na+

and Na-TEOA, but the PHE productivity of CsI-CN was
improved greatly after CNwas modified by CsI. For this, Raman
spectra of CsI-CN and CN at 325 nm excitation were tested to
explain this great PHE improvement. Figure 4a shows that CN
has three distinct peaks at 707, 764, and 978 cm−1. The peak at
978 cm−1 is the respiratory characteristic peak of the tri-s-
triazine unit, and the other two peaks at 707 and 764 cm−1 are
doubly degenerate vibrations associated with the in-plane
bending vibration of tri-s-triazine linkage linked by CNC.
The peak intensity of CsI-CN is reduced, and its peak is shifted
from 707 to 726 cm−1, indicating that there is a directed charge
transfer between the tri-s-triazine ring and the Cs in CsI-
CN.35,36 This directed charge migration to the surface of the
photocatalyst can suppress the recombination of photo-
generated electrons and holes. The reserved hole can react
rapidly with the sacrificial agent TEOA adsorbed on the surface
of the material, making it easier for electrons to reduce
hydrogen.
The optical properties (e.g., absorption ability and fluo-

rescence properties) also confirmed the synergy effect whenCsI-
CN came in contact with salts and TEOA. The UV−vis
absorption spectra of natural seawater and CsI-CN in different
solutions are shown in Figure 4b. It is found that the absorption
edge of CsI-CN appears slightly red-shifted in seawater
compared to that in deionized water and simulated seawater,
which may be due to the charge transfer from the absorbed alkali
ions in seawater to the CN.37−39 The fluorescence spectrum of
CsI-CN was also tested after adding a small amount of NaCl
solution and 10 v%TEOA (Figure 4c). Compared with CsI-CN,

the fluorescence intensity of CN containing NaCl solution
became lower, indicating that the recombination of photo-
generated electrons and holes can be suppressed to some extent
when it adsorbed ions. In addition, the time-resolved PL spectra
of samples (Figure S12) were tested. The fluorescence lifetime
of MI-CN follows this trend NaI-CN > KI-CN > RbI-CN > CsI-
CN, implying that the relaxation of a small fraction of MI-CN
excitons occurs via nonradiative paths, presumably by charge
transfer of electrons and holes with high mobility to new
localized states.40

It is worth mentioning that the stability of CsI-CN in seawater
is much better than that in deionized water. To find out the
reason, XPS of CsI-CN reacting for 4 h in deionized water (R-
CsI-CN) and artificial seawater (R-CsI-CN-NaCl) were tested
(Table 1). For the comparison of R-CsI-CN and CsI-CN, it is
found that the Cs element on the CN lost 66.4% after 4 h
reaction in deionized water, which may be the main reason for
the sharp decline in hydrogen evolution ability.41 It is also found
that the content of C and O of R-CsI-CN-NaCl is significantly
higher than that of R-CsI-CN, while the content of the N
element is obviously lower, just consistent with the adsorption of
Na-TEOA on the CsI-CN surface in artificial seawater. At the
same time, the detected Cs and Pt content of R-CsI-CN-NaCl is
very low, about 10% of R-CsI-CN, mainly because Cs and Pt
elements were covered by the adsorption of Na-TEOA, which
protect Cs and Pt from shedding and subsequently stabilize its
PHE performance.
Generally, the pH also has an influence on the PHE

performance, so the pH of the mixed solution was tested
under different conditions and is shown in Table S5. The pH of
the mixture of TEOA and K2PtCl6 in deionized water is 10.94
(No.2), while this mixture in seawater increased to 9.78 (No.3).
The pH of seawater is 7.89 (No.1), which is higher than that of
deionized water, indicating that the complex components in
seawater have a buffer function inhibiting TEOA to release
OH−. Comparing No. 2, 4, and 7, there is no pH change when
the photocatalyst was used in deionized water. For No. 3, 6, and
9, the seawater has a little influence on the pH of the
photocatalysis system, which may be because the saline in the

Figure 4. (a) Raman spectra (325 nm excitation) of CN and CsI-CN. (b) UV−vis absorbance spectra of seawater and CsI-CN solution under different
conditions. Before the UV−vis absorbance spectra test, all samples were dispersed and stirred for 30 min to achieve adsorption equilibrium. (c)
Fluorescence spectra of CsI-CN and CsI-CN added to a small amount of NaCl solution. This NaCl solution contains 3.5 wt %NaCl and 10 v%TEOA.
Notes: Before the UV−vis absorbance spectra test, all samples were dispersed and stirred for 30 min to achieve adsorption equilibrium

Table 1. Elemental Composition from XPS for Analyzing the Surface Change before and after the Reactiona

samples C atm.% N atm.% O atm.% Cs atm.% I atm.% Na atm.% Cl atm.% Pt atm.%

CsI-CN 42.96 45.44 6.09 5.24 0.28
R-CsI-CN 48.81 38.09 10.39 1.76 0.13 0.83
R-CsI-CN-NaCl 52.66 28.12 14.83 0.18 0.15 3.45 0.53 0.08

aNote: R-CsI-CN and R-CsI-CN-NaCl represent the samples obtained by centrifugation of CsI-CN in deionized water and simulated seawater
after reacting for 4 h, respectively.
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seawater can absorb onto the surface of the catalyst. For No. 8
and 10−13, various anions and cations also have an effect on pH
in the photocatalysis system. Their synergies especially for the
various saline solutions in seawater can enhance photocatalysis
to some extent. In MgCl2 solution (No.12), its pH is 9.01 lower
than that of others, which may be because of the production of
MgOH2 precipitation. Generally speaking, the lower the pH, the
better the PHE performance. It worth mentioning that the pH of
CsI-CN in KCl solution is 10.69 (No. 11) close to that of CsI-
CN in CaCl2 (No.13, pH = 10.12, no precipitation), but the
PHE performance of CsI-CN in KCl is 1.62 times that in CaCl2.
It indicates that the synergy of the alkali ions, sacrificial agent,
and modified CN instead of pH is the key factor for the
improved photocatalysis.
According to the above, alkali halide salt-modified CN with

excellent PHE performance in seawater mainly benefits from the
excellent properties of themodifiedmaterials and the interaction
between the modified CN and salt ions in seawater, mainly
including the adsorption of Na-TEOA and TEOA by the
electronegative catalyst, the regulation of salt ions on pH of the
hydrogen evolution reaction system, optimization of optical
activity of the catalyst by the adsorption structure, and
directional transfer of catalyst charge. The detailed mechanism
process of the adsorption of Na-TEOA and TEOA by the
electronegative catalyst is shown in Figure S15.

4. CONCLUSIONS
In summary, we developed CN (MX-CN) materials greatly
adapted to the complex environment of natural seawater
through a facile modification using both alkali halides and a
tiny amount of water. The obtained MX-CN possesses a PHI
crystal phase and functional groups such as alkali ions and the
deprotonated nitrogen NΘ on its surface, along with a more
negative zeta potential, benefiting PHE. As confirmed, MX-CN
can capture TEOA and Na-TEOA through alkali-cation
exchange and electrostatic attraction and give a great boost to
the separation of photogenerated carriers and the directional
migration of the charge, which make MX-CN exhibit excellent
photocatalytic seawater hydrogen evolution capability.
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