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ABSTRACT

Photocatalytic hydrogen production from water, particularly seawater, offers a promising route for converting solar energy
into storable chemical fuels. However, despite considerable efforts in photocatalyst design, the influence of seawater ions
on photocatalytic processes remains poorly understood. In this study, covalent organic frameworks (COFs) are adopted as a
structurally well-defined platform to investigate how representative inorganic ions present in seawater influence photocatalytic
hydrogen production. Among the ionic species commonly present in seawater, sodium bromide (NaBr) is identified as the most
effective promoter. Mechanistic studies reveal that Br~ regulates the catalytic process through multiple pathways. During Pt
photodeposition, Br~ modulates the electronic structure of Pt nanoparticulate cocatalyst, promoting interfacial charge separation.
During the photocatalytic reaction, Br~ interacts with photogenerated holes and stabilizes the excited-state charge, thereby
prolonging the lifetime of charge carriers. At high concentrations, Br~ reduces the number of accessible active sites on the
Pt surface, leading to catalyst poisoning. Significantly, the mechanistic insights gained from COF systems can be extended
to common semiconductor photocatalysts, offering valuable guidance for ion-regulated photocatalysis under seawater-relevant
conditions.

[6]. However, the overall efficiency of photocatalytic hydrogen
production is increasingly recognized to be strongly influenced
by interfacial processes at catalytic sites, particularly those associ-
ated with cocatalysts [7, 8]. Among various cocatalysts, Pt remains

1 | Introduction

The escalating global energy crisis and increasing environmental
pollution underscore the urgent need for sustainable energy

solutions [1]. Photocatalytic hydrogen production, which directly
converts solar energy into storable chemical fuels, is widely
regarded as a promising route toward sustainable energy [2-5].
Despite significant advances in photocatalyst design, most efforts
have focused on engineering the band structure of semiconductor
materials to improve light absorption and charge separation

to be the most effective for hydrogen production due to its near-
optimal hydrogen adsorption energy and outstanding catalytic
activity. Nevertheless, its performance is highly sensitive to its
electronic structure, surface chemistry, and interactions with the
underlying photocatalyst, indicating that even subtle interfacial
modulation can significantly influence catalytic efficiency.
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SCHEME 1 | Schematic illustration showing the significant roles of
NaBr in (a) Pt-deposition stage for TpBD COF and (b) photoreaction stage
for N*-COF.

This sensitivity has motivated extensive efforts to optimize cocat-
alyst performance through strategies such as alloying, precise
clustering, defect engineering, and surface modification [9-12].
While these approaches have improved catalytic activity, they
predominantly focus on modifying the intrinsic properties of
cocatalysts themselves. By comparison, the role of the sur-
rounding microenvironment around Pt, especially solution-phase
species, has received far less attention. Simple inorganic ions are
ubiquitous in aqueous environments and can affect interfacial
catalytic processes through electrostatic interactions, surface
coordination, and substrate activation [13]. From a practical
perspective, large-scale solar hydrogen production is unlikely to
rely on highly purified water and will ultimately require the direct
utilization of abundant natural water resources, particularly
seawater, where complex mixtures of cations and anions are
inevitably present [14, 15]. These ions may profoundly affect
both cocatalyst formation and the subsequent photocatalytic
reaction, yet a systematic understanding of their roles remains
lacking.

A clear understanding of these effects requires model photo-
catalysts with structurally well-defined and chemically uniform
interfaces. Covalent organic frameworks (COFs), a class of
crystalline porous materials constructed from organic build-
ing blocks, provide an ideal platform [16-29]. Their peri-
odic structures and uniform chemical environments enable
homogeneous photodeposition of cocatalysts with minimized
structural heterogeneity [30-38]. Moreover, the pronounced
excitonic characteristics of COFs render their charge carrier
dynamics highly sensitive to subtle interfacial perturbations
[39]. These features make COFs particularly suitable for prob-
ing how external ionic species regulate cocatalyst electronic
structures and charge transfer processes, providing insights
that are often difficult to obtain in common semiconductor
systems.
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FIGURE 1 | Photocatalytic hydrogen production of TAPT-DDOEB
with (a) different sodium salts and (b) different bromide salts. Reaction
conditions: catalyst (5 mg), H,O (20 mL), ascorbic acid (100 mg), metal
salt (10.6 mmol), H,PtClg aqueous solution (8 uL), 300 W Xe lamp, 1 >
380 nm, 99.999% N,. (c) Photocatalytic hydrogen production of different
COFs in H,0 and NaBr solution.

In this study, a series of COFs with varied linkages, functional
groups, and topologies are employed as model photocatalysts
to systematically investigate the influence of representative
inorganic ions present in seawater on photocatalytic hydrogen
production. Screening of representative cations and anions identi-
fies NaBr as the most effective promoter, achieving a 224% activity
enhancement for the TAPT-DDOEB COF assembled by 1,3,5-tris-
(4-aminophenyl)triazine (TAPT) and 1,4-bi(3-dimethylamino-1-
oxoprop-2-en-yl)benzene (DDOEB). Further decoupling experi-
ments reveal that NaBr regulates photocatalysis through multiple
pathways. During cocatalyst photodeposition, Br~ modulates the
electronic structure of Pt nanoparticles, favorable to interfa-
cial charge separation (Scheme 1la). During the photocatalytic
reaction, Br~ interacts with photogenerated holes and stabi-
lizes excited states, thereby further boosting charge separation
(Scheme 1b). Interestingly, the extent of this enhancement cor-
relates with the intrinsic charge-separation properties of the
photocatalysts. At high concentrations, Br~ reduces the number
of accessible Pt sites at the particle surface, leading to cata-
lyst poisoning. These findings from the COF systems can be
extended to common semiconductor photocatalysts, providing
key implications for ion-regulated photocatalysis.

2 | Results and Discussion

To investigate whether major seawater ions influence photo-
catalytic hydrogen production, a stable and highly crystalline
TAPT-DDOEB COF has been first synthesized as a representative
model photocatalyst (Figure S1) [40]. To compare the effects of
different anions commonly present in seawater under a fixed
cation background, a series of sodium salts is first employed
(Figure 1a). Among the investigated anions, bromide affords the
most pronounced enhancement in hydrogen production activ-
ity. Bromide is therefore selected for subsequent experiments,
in which various bromide salts are examined to evaluate the
influence of the accompanying cations (Figure 1b). Among these
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combinations, NaBr delivers the highest photocatalytic efficiency,
indicating that NaBr provides the most favorable environment
for hydrogen production under the investigated conditions. The
pH values of the representative salt solutions range from 5.8 to
8.2 at the concentrations used in the photocatalytic experiments,
and no clear correlation is observed between solution pH and
hydrogen-production activity (Table S1). The activity differences
are therefore unlikely to be dominated by pH variations. To deter-
mine whether the promotional effect observed in the single-salt
model systems persists in more complex media, TAPT-DDOEB is
further evaluated in simulated and natural seawater (Figure S2).
The hydrogen-production rates are approximately 1.5- and 1.4-fold
higher than those in pure water, respectively, indicating that the
ion-induced promotion remains observable in complex seawater
environments. Control experiments are then performed to verify
the essential components of the photocatalytic system (Figure S3).
No detectable hydrogen is produced in the absence of the photo-
catalyst, light irradiation, or ascorbic acid, whereas omission of
the Pt precursor results in only trace hydrogen production. These
results confirm that efficient hydrogen production requires the
photocatalyst, light, sacrificial electron donor, and Pt cocatalyst.
The negligible activity without ascorbic acid further indicates that
NaBr cannot serve as an effective sacrificial electron donor under
the investigated conditions.

To further assess whether this effect is specific to TAPT-DDOEB
or represents a more general phenomenon, a series of COF
photocatalysts with diverse linkages, linkers, and topologies have
been synthesized and evaluated (Figures S4-S9). Remarkably,
in all cases, the introduction of NaBr leads to a significant
enhancement in hydrogen production activity compared with
that observed in pure water (Figure 1c). These results indicate that
NaBr acts as an effective promoter for photocatalytic hydrogen
production across structurally diverse COF systems.

Photocatalytic hydrogen production generally involves two
key processes: the formation of cocatalysts, typically achieved
through in situ photodeposition, and the subsequent photo-
catalytic reaction itself. Because seawater ions may influence
either the cocatalyst formation process or the interfacial charge
transfer dynamics during photocatalysis, distinguishing the role
of NaBr in these two stages is essential for understanding its
promotion effect. For decoupling these two contributions, a series
of controlled experiments have been designed in which NaBr is
independently introduced during either the cocatalyst-deposition
stage or the photocatalytic reaction stage.

To investigate the specific role of NaBr during cocatalyst depo-
sition, COFs with diverse structural characteristics were syn-
thesized (Figures S4-S9), followed by in situ deposition of Pt
nanoparticles in the presence or absence of NaBr, yielding COF-
Pty.g: and COF-Pt, respectively. In these experiments, NaBr is
present exclusively during the photodeposition process. After 2 h
of Pt deposition, the resulting catalysts are thoroughly washed
to remove residual NaBr and subsequently used for photocat-
alytic hydrogen production for 2 h in pure water. Remarkably,
introducing NaBr during the Pt cocatalyst deposition consistently
enhances the photocatalytic hydrogen production activity for
all investigated COFs. Among them, TpBD exhibits the most
pronounced improvement, showing a 160% increase in hydro-
gen production performance (Figure 2a). Moreover, TpBD-Pty5,

a
Ea H,0 NaBr
= 50 2
K 1: TAPT-DDOEB
g4 2:TpBD
£ 3: PY-DHBD
230 4: TpBPy
e 5: TpPa-SO,H
c - N
S20 6: N*-COF
°
3
T
2 10
o
E
c = 2 3 4 5 6
COon Pt TPBD-Ptyg, 750 77
Ptafg, A [\Pt4fre
3 -
s CO on Pt™* 3
@ : / s
[*]
£ [TpBD-PY, 2 . -
s @ [TpBD-Pt 747714
] 2 3 e
3 E
<
TpBD-Pt
2200 2100 \ 2000 80 75 70 65
Wavenumber (cm™) f Binding Energy (eV)
e
100000 TpBD-Pty,g, o
TpBD-Pt |
£ TpBD-Pty,g,
10000 S5 TpBD-Pt
3 - E
o =35.6 ps
€ 1000 =10
= @
=3 °
° £
100 §—15
S
10 ~ 20
5 10 15 -08 -06 -04 -02 0.0
Decay (ns) Potential (V vs Ag/AgCl)

FIGURE 2 | (a) Photocatalytic hydrogen production of different
COFs loaded with Pt pre-photodeposited in either H,O or NaBr solution,
followed by photocatalytic testing in pure H,O. Reaction conditions: COF-
Pt or COF-Pty,p, (5 mg), H,0 (20 mL), ascorbic acid (100 mg), time (2 h),
300 W Xe lamp, 4 > 380 nm, 99.999% N,. (b) High-resolution elemental
mapping of TpBD-Ptyp,. (¢) CO adsorption DRIFTS spectra, (d) Pt 4f XPS
spectra, (e) time-resolved PL decay profiles (excitation at 373 nm, emission
at 575 nm), and (f) electrochemical LSV curves for the hydrogen evolution
reaction (HER) of TpBD-Pty,p, and TpBD-Pt.

maintains a stable hydrogen production rate in pure water over
five consecutive photocatalytic cycles (Figure S10), while the
crystallinity of TpBD remains well preserved after cocatalyst
deposition and photocatalytic reactions (Figure S11), indicating
the good structural stability of both the framework and the
deposited cocatalyst.

Transmission electron microscopy (TEM) and inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES) reveal that
the Pt particle size, morphology, lattice spacing, and loading
amount in TpBD-Pty,z, are nearly identical to those in TpBD-Pt.
Moreover, the measured Pt loading agrees well with the theoreti-
cal value, indicating that nearly all of the Pt precursor is deposited
onto the COF (Figures S12-S15 and Table S2). Energy dispersive
spectroscopy (EDS) elemental mapping and x-ray photoelectron
spectroscopy (XPS) measurements confirm the presence of Br
species in TpBD-Pty,s,, whereas Na is not detected (Figures
S16-S18). Semiquantitative EDS analysis further estimates the
Br content to be approximately 0.50 wt% in TpBD-Pty,g,. After
photocatalysis, the estimated Br content of TpBD-Pty,;, remains
essentially unchanged at 0.51 wt% (Table S3). In addition, ion
chromatography detects no Br~ in the corresponding reaction
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solutions either before or after photoreaction (Table S4). These
results indicate that the deposited Br species remain firmly bound
to the catalyst, without detectable detachment or leaching under
the investigated conditions. High-resolution elemental mapping
further reveals that Br species are possibly located on the surface
of Pt nanoparticles (Figure 2b) [41]. Raman spectroscopy shows
a characteristic peak at 222 cm™ corresponding to Pt—Br bond,
suggesting a strong interaction between Pt and Br (Figure S19)
[42]. To probe the electronic effects of this Pt—Br interaction,
CO adsorption diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) and synchrotron XPS measurements are
performed to probe the electronic structure of Pt. The DRIFTS
spectra reveal the presence of partially positively charged Pt
species (Pt**) in TpBD-Pty,p, (Figure 2c), and XPS spectra display
a noticeable shift toward higher Pt binding energy compared
with TpBD-Pt (Figure 2d) [43, 44]. These results collectively
indicate that introducing NaBr during the Pt cocatalyst deposition
facilitates the incorporation of Br species onto the Pt surface,
leading to partial oxidation of Pt and modulation of its electronic
structure, which aligns well with the above elemental mapping
and Raman results.

Having established this electronic modulation, the influence of
Pt—Br interactions on photocatalytic hydrogen production has
been next evaluated by examining the three key steps: light
absorption, charge separation and transfer, as well as surface reac-
tion. In terms of light absorption, UV-vis absorption spectra show
that TpBD-Pty,5, and TpBD-Pt exhibit nearly identical optical
absorption profiles, indicating that the introduction of NaBr does
not influence the light absorption capability of the photocatalyst
(Figure S20). In contrast, clear differences emerge in the charge
separation and transfer processes. Photocurrent measurements
show that TpBD-Pty,, exhibits a markedly enhanced response,
suggesting more efficient charge separation (Figure S21). This
interpretation is supported by electrochemical impedance spec-
troscopy (EIS) under visible light irradiation, which shows a
smaller charge transfer resistance for TpBD-Pty,, (Figure S22).
Photoluminescence (PL) spectra further show that TpBD-Pty,5,
displays a weaker intensity than TpBD-Pt (Figure S23), indicating
suppressed recombination of photogenerated charge carriers.
Time-resolved PL measurements confirm this comparison and
reveal average lifetimes of 35.6 ps and 50.3 ps for TpBD-Pty,;,
and TpBD-Pt, respectively (Figure 2e). The shorter PL lifetime
of TpBD-Pty,s, suggests faster transfer of photogenerated elec-
trons to Pt sites [10]. By contrast, linear sweep voltammetry
(LSV) measurements show that TpBD-Pty,s, exhibits a smaller
magnitude of current density than TpBD-Pt, indicating that
the Pt—Br interaction does not provide an advantage in the
surface reaction step (Figure 2f). Taken together, these results
indicate that NaBr introduced during the Pt cocatalyst deposition
modulates the electronic structure of Pt through Pt—Br interac-
tions. This modification promotes interfacial charge separation
and electron transfer, while slightly compromising the intrinsic
surface reaction kinetics.

Beyond its effect on Pt cocatalyst photodeposition, the influence
of NaBr on the subsequent photocatalytic reaction stage has been
further examined. To isolate the role of NaBr during the reaction
stage, Pt nanoparticles are photodeposited in the presence of
NaBr, and the resulting catalysts are subsequently evaluated for
photocatalytic hydrogen production either with or without NaBr
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FIGURE 3 | (a) Photocatalytic hydrogen production of N-COF-
PtNaBr and N*-COF-PtNaBr in H,O or NaBr solution. Reaction con-
ditions: catalyst (5 mg), H,O (20 mL), ascorbic acid (100 mg), with or
without NaBr (1090 mg), 300 W Xe lamp, A > 380 nm, 99.999% N,. The
intensity of PL emission (lex = 400 nm) as a function of temperature
for (b) N*-COF and (c) N-COF. Inset: temperature-dependent PL spectra
from 200 to 290 K in 15 K intervals. (d) Time-resolved PL decay profiles
for N*-COF in NaBr solution and H,O (excitation at 373 nm, emission at
530 nm for NaBr solution and 480 nm for H,O). (e) Schematic illustration
of Br—-induced stabilization of photogenerated holes. (f) PL emission
spectra for N*-COF with 0 mg NaBr (top) and 300 mg NaBr (bottom)
under excitation at 400 nm, showing a 41 nm redshift of the emission peak
after NaBr addition.

in the reaction solution. In contrast to the Pt cocatalyst-deposition
stage, the influence of NaBr during the photocatalytic reaction
stage strongly depends on the structure of the photocatalyst. For
TAPB-DDOEB-Pty,,, the hydrogen production activity decreases
by 60% in the presence of NaBr, whereas TAPT-DDOEB-Pty,,
exhibits a 93% enhancement under the same conditions (Figure
S24). Similarly, for N-COF-Pty,5,, the hydrogen production rate
increases by 23% in the presence of NaBr, and N*-COF-Pty,p,
exhibits a remarkable 289% increase in activity (Figure 3a). The
Br-free N-COF-Pt and N*-COF-Pt are further evaluated in H,O
and NaBr solution, reproducing the catalyst-dependent trend
observed for the corresponding Pty,p,-loaded samples (Figure
S25). These results indicate that the role of NaBr during the
reaction stage is highly dependent on the intrinsic properties of
the photocatalyst.

To understand the origin of this catalyst-dependent behavior,
density functional theory (DFT) calculations are performed to
analyze the spatial distribution of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
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(LUMO) of TAPB-DDOEB, TAPT-DDOEB, N-COF, and N*-
COF (Figures S26 and S27). The calculated results indicate that
TAPT-DDOEB and N*-COF exhibit more favorable HOMO-
LUMO separation than TAPB-DDOEB and N-COF, respectively,
which correlates with their more pronounced activity response
to NaBr during the photocatalytic reaction process (Figures 3a
and S24). To further verify this hypothesis, the exciton binding
energies (Ep) of the COFs are determined using temperature-
dependent PL spectra, serving as an indicator of the intrin-
sic exciton dissociation ability of different COFs [39]. As the
temperature decreases, the PL intensity of all COFs mono-
tonically increases (Figure 3b,c; Figures S28 and S29). The
calculated E, values follow the order N*-COF (118.8 meV) <
N-COF (141.7 meV), and TAPT-DDOEB (85.4 meV) < TAPB-
DDOEB (93.8 meV). A smaller E, corresponds to more effi-
cient charge separation of photogenerated carriers [45]. These
results show that NaBr-induced activity enhancement is more
pronounced in COFs with stronger intrinsic charge-separation
ability, indicating a close correlation between the promotional
effect of Br~ and the charge-separation characteristics of the
photocatalyst.

On the basis of this correlation, further spectroscopic characteri-
zations are carried out to probe how NaBr affects the excited-state
behavior of the COFs. PL emission spectra reveal that both
maximum emission wavelengths of N*-COF and TAPT-DDOEB,
which exhibit efficient charge separation ability, undergo a
distinct redshift upon the addition of NaBr (Figures S30 and S31).
In contrast, N-COF and TAPB-DDOEB, which display relatively
weaker charge separation ability, show no significant shift in their
emission spectra (Figures S32 and S33). Ion-substitution experi-
ments further demonstrate that the redshift originates specifically
from Br~ rather than Na* in NaBr (Figures S30, S34, and S35).
Moreover, UV-vis absorption spectra show no appreciable shift
in the absorption profile of N*-COF after the addition of NaBr,
indicating that NaBr does not significantly influence the ground-
state electronic structure of the photocatalyst (Figure S36). This
observation suggests that the interaction occurs primarily in the
excited state. Time-resolved PL measurements provide further
support for this assumption. The PL lifetime of N*-COF increases
from 0.18 to 0.44 ns in the presence of NaBr (Figure 3d),
consistent with stabilization of the NaBr-associated excited state
[46]. Based on these results, it is proposed that, during the
photocatalytic reaction stage, Br~ interacts with photogenerated
holes, stabilizing the excited state and narrowing the excited-state
energy gap [13], which is verified by a redshift in the PL emission
(Figure 3e). To further examine the relationship between Br~-
hole interaction and the intrinsic charge-separation ability of the
COFs, the PL responses of different COFs are compared upon
addition of an identical amount of NaBr. Amongst them, N*-COF
exhibits a pronounced 41 nm redshift in its emission maximum,
whereas N-COF shows only a marginal shift of ~1 nm (Figures 3f
and S37). Similarly, TAPT-DDOEB displays a 12 nm redshift, while
no discernible redshift is observed for TAPB-DDOEB (Figures S38
and S39). Notably, the extent of the NaBr-induced redshift follows
the same trend as the intrinsic charge-separation ability of the
COFs, supporting a close correlation between charge separation
and the interaction of Br~ with photogenerated holes. As a result,
the excited-state stabilization induced by Br~ becomes more
pronounced, which explains the larger activity enhancement
(Figures 3a and S24).

Despite these beneficial effects, Br~ also exerts detrimental influ-
ences under certain conditions. TAPB-DDOEB exhibits lower
hydrogen production activity in NaBr solution compared to pure
H,O (Figure S24), indicating that NaBr can negatively affect the
photocatalytic reaction. To better understand this unusual effect,
the photocatalytic performance of TAPB-DDOEB has been fur-
ther evaluated under different NaBr concentrations (Figure S40).
Interestingly, a slight activity enhancement can still be observed
at lower NaBr concentrations, whereas the activity gradually
decreases as the NaBr concentration increases, revealing a pro-
nounced concentration dependence. This observation suggests
that the influence of Br~ on photocatalysis is more complex than
a simple promotion effect and may involve competing positive
and negative contributions. However, EDS elemental mapping
of TAPB-DDOEB-Pt shows that NaBr is not retained on the
cocatalyst after the photocatalytic reaction process (Figure S41).
This result suggests that the adverse effect is not due to persistent
ion accumulation on the COF surface during the reaction stage,
but is more likely associated with a transient interaction of Br~
with the Pt surface. To directly verify the reversibility of this
poisoning effect, TAPB-DDOEB-Pty 5, is sequentially evaluated
in pure water, a 30 wt% NaBr solution, and pure water again
after catalyst recovery and thorough washing. The hydrogen
production activity is almost completely suppressed in the con-
centrated NaBr solution but recovers to nearly its initial level
after the catalyst is returned to pure water (Figure S42). To
probe whether Br species can reduce Pt-site accessibility, TpBD-
Pty.p:» Obtained during the deposition process, is selected as a
representative model. CO pulse chemisorption measurements of
TpBD-Pty,, and TpBD-Pt show fewer accessible Pt sites for the
former, consistent with partial occupation of the Pt surface by
Br species (Figure 4a,b) [47]. The coexistence of these beneficial
(electronic state regulation and excited state stabilization) and
detrimental (Pt site blocking) effects suggests that the photo-
catalytic activity may follow a volcano-type dependence on Br~
concentration (Figure 4c). This hypothesis is further supported
by the photocatalytic hydrogen production performance of TpBD
in NaBr solutions with different concentrations (Figure 4d).
Notably, a detectable enhancement is retained at 0.04 wt% NaBr,
corresponding to the NaBr concentration in the Aral Sea (Figure
S43).

The mechanistic investigation based on COF photocatalysts
demonstrates that introducing NaBr during the photodepo-
sition of Pt effectively modulates the electronic state of Pt,
thereby enhancing photocatalytic hydrogen production. During
the photocatalytic reaction, photocatalysts with stronger direc-
tional migration of photogenerated charges are better able to
stabilize photogenerated holes through interactions with Br~ and
therefore exhibit a more pronounced positive response to NaBr.
However, at sufficiently high NaBr concentrations, the poisoning
effect of Br species on the Pt surface becomes dominant, leading
to suppressed catalytic performance.

The insights gained from COF systems also point to the broader
extendability of this strategy in common semiconductor pho-
tocatalysts. To examine this possibility, SrTiO;:Al (STO:Al),
a well-known efficient water-splitting photocatalyst, has been
synthesized and evaluated (Figures 4e and S44). In addition,
representative semiconductor photocatalysts such as graphitic
carbon nitride nanosheet (g-C;N,-NS) and CdS are also investi-
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FIGURE 4 | (a) CO pulse chemisorption profiles at 308 K, and (b)
accessible Pt sites of TpBD-Pt and TpBD-PtNaBr determined by CO pulse
chemisorption. (c) Schematic illustration of the volcano-type dependence
of the hydrogen production rate on Br— concentration. (d) Photocatalytic
hydrogen production performance of TpBD with different NaBr mass
percentages. (e) Photocatalytic hydrogen production of conventional
semiconductor photocatalysts. Reaction conditions: catalyst (5 mg), H,O
(20 mL), ascorbic acid (AA, 100 mg), NaBr (1090 mg), H2PtCl6 aqueous
solution (8 uL), 300 W Xe lamp, 99.999% N2.

gated (Figure 4e). Among these systems, STO:Al exhibits the most
pronounced improvement in hydrogen production performance
upon NaBr addition. This behavior can be attributed to the intrin-
sic ability of STO:Al to direct photogenerated electrons and holes
toward different crystal facets, enabling efficient spatial charge
separation [48]. Such directional charge migration facilitates
the interaction between Br~ and photogenerated holes, which
is consistent with the mechanism revealed in the above COF
systems.

3 | Conclusion

In summary, this work provides a comprehensive mechanistic
picture of how NaBr regulates photocatalytic hydrogen produc-
tion. Using COFs as a structurally well-defined model system,
NaBr is shown to play dual roles in both the Pt cocatalyst
deposition and photocatalytic reaction stages. During the Pt
photodeposition, NaBr modulates the electronic structure of
Pt nanoparticles, promoting interfacial charge separation and
enhancing hydrogen production activity. During the photocat-
alytic reaction, Br~ ions interact with photogenerated holes,
stabilize the excited state, and prolong the lifetime of charge
carriers. At high concentrations, however, Br~ blocks accessible
Pt surface sites, reducing the Pt site accessibility and leading

to a volcano-type dependence of activity along with Br~ con-
centration. The magnitude of this promotional effect is closely
associated with the intrinsic charge-transport properties of the
photocatalyst, and COFs with more efficient directional charge
migration exhibit a more pronounced response. The extension of
these mechanistic insights to common semiconductor photocata-
lysts further demonstrates the broader relevance of ion-mediated
interfacial regulation. These results clarify how representative
inorganic ions present in seawater affect photocatalytic pro-
cesses and provide mechanistic guidance for photocatalysis in
ion-containing aqueous media.
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