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Abstract

Chlorine, a crucial basic chemical, is primarily produced by the electrolysis of chloride-containing
brines, a highly energy-intensive process with a substantial carbon footprint. Notably, concentrated
chloride-containing brines, e.g., acidic wastewater, desalination wastewater, seawater, possess
significant osmotic energy, which can be harnessed using membrane-based diffusion cells.
Considering this, we here present a spontaneous chlorine production method by using the inherent
energy and chloride ions present in these brines. The method is first demonstrated with simulated
acidic wastewater because in industry, diffusion cells are already widely used to recycle waste acid.
Sulfonated covalent-organic framework membranes are employed to facilitate the diffusion of
protons and reject multi-valent cations, purifying acid and avoiding side reactions on the anodes.
Consequently, our method simultaneously recovers acid, produces hydrogen and chlorine without
consuming external energy. We also validate the general applicability of the method with simulated
desalination wastewater. Since our method is compatible with the diffusion-based industrial
processes, it holds significant promise for facile, scalable implementation. We also expect the
method to be extended for the spontaneous production of other crucial chemicals such as ammonia
from nitrate-containing brines.



Chlorine (Cl2) is a base chemical for our modern industry. Each year, tens of millions of tons of
chlorine are consumed2. Over 95% of chlorine is produced by the electrolysis of chloride-
containing brines, consuming around 100-200 TWh of electricity each year, which accounts for a
few percent of the world’s electricity generation®. During the last decades, great efforts have been
made to increase the energy efficiency of the chlorine production process, e.g., by developing
anode materials to improve the charge yield*. Such efforts experienced limited success, since the
charge yield of the current chlorine production process is already >95%.

We note that the two crucial elements of the chlorine production process are the energy and
chloride ions, and both elements naturally exist in many brines, e.g., seawater, desalination
wastewater, industrial waste acid, and pharmaceutical wastewater. The concentrated CI™ ions in
these brines create high osmotic potential when discharged into lower salinity water (river water,
lake water, etc.), which can be harvested to generate electricity®”’. For example, over 50 billion
tons of desalination wastewater are discharged annually, typically with a CI* concentration
exceeding 1 M8, Each ton releases osmotic energy over 0.2 kWh when mixed with seawater,
meaning that the desalination wastewater could generate ~10 TWh electricity per year®. This is
sufficient to produce up to 4.5 million tons of chlorine using the CI ions in the brine. The mixing
of seawater and river water releases even more energy, although the harvesting is also more
challenging®®. In addition, millions of tons of industrial waste acid containing concentrated CI-
ions are generated each year'®. Although these brines contain much less energy in total, they
present high possibility for scalable chlorine production, since in our current industry, waste acid
is often recycled using the diffusion dialysis process!, whose set-up is identical to that of the
osmotic power generation that also utilizes the diffusion of protons. In fact, previous studies in our
group and other groups have demonstrated the integration of osmotic energy harvesting and water
treatment or resource (e.g., acid) recovery processes'?’. All these facts suggest that chlorine could
be massively produced from brines without consuming external energy.

Considering this, we here demonstrate how chlorine can be spontaneously produced from
chloride-containing brines including simulated industrial waste acid and desalination wastewater
(schematically illustrated in Fig. 1). We noticed that when industrial waste acid is used, the
chlorine production may suffer from the reduction of heavy metal ions on the anode. This problem
is addressed by using a covalent-organic framework (COF) membranes which allows fast proton
transport and rejects heavy metal ions. To sustain the chlorine production and couple the transport
the protons, we leveraged the reversible electrochemical reaction of Ag/AgCl electrodes to
selectively extract CI- ions from the waste acid'>!318, The system not only produces chlorine, but
also recycles acid as a valuable chemical product, as well as generating hydrogen during the
electrolysis of HCI. The hydrogen and chlorine production rates reached approximately 150 L m
2 h! and could continuously sustain for at least 7 days. Furthermore, we demonstrated the general
applicability of our method, by showing the chlorine production from simulated desalination waste
brines.

Results
Design of the system



As shown in Figure la, the conventional chlor-alkali industry uses a cation ion exchange
membrane to electrolyze concentrated brine for chlorine production. This process relies on a
continuous supply of electrical energy, leading to significant power consumption. In contrast to
the conventional chlor-alkali industry, which requires external electrical power, our system
operates spontaneously and does not rely on energy input (Fig. 1b).

The system consists of serially connected units for power generation. Each unit is a two-
compartment electrochemical cell whose feed reservoir was filled with waste acid and the
permeate reservoir was filled with fresh acid recovered from the waste acid. For practical relevance,
the waste acid contained various heavy metal ions (e.g., Fe’", Co*", Ni*") and pollutants
(tetracycline hydrochloride, levofloxacin hydrochloride). The reservoirs were connected to
Ag/AgCl electrodes and separated by proton-selective COF membranes. As protons diffuse from
the waste acid reservoir to fresh acid reservoir, the same number of electrons would flow through
the electrodes to maintain charge balance. This induces the reversible electrochemical reaction,
AgCl+e = Ag+ CI'. The net outcome is that, both protons and Cl" ions selectively transport from
the waste acid reservoir to the fresh acid reservoir, generating electricity and recovering acid. By
periodically switching the electrodes and refreshing the reservoirs, the system could be
continuously operated'>!*18,

To produce chlorine, the left-most electrode illustrated in Fig. 1 was switched to graphite
electrode and right-most electrode was Pt electrode. Note that when the waste acid contains
contaminants that can be easily oxidized, the waste acid in the left-most reservoir should be
exchanged with the recycled pure acid. For many industrial waste acids, there is no such problem
since the heavy metal ions are typically already oxidized. During the chloride production, the
recycled protons are reduced on the Pt electrodes, generating hydrogen, which is also a high-value
product. In this system, the chlorine evolution reaction (CER) and the hydrogen evolution reaction
(HER) are spatially isolated, avoiding the safety problem caused by the mixing of gases.

High proton selectivity of the membrane

To ensure the purity of the recycled acid and thus suppression reduction of the metal ions on the
HER electrode, the membrane should have high proton selectivity. Commercial ion-exchange
membranes used to recycle acid typically only have a selectivity up to a few tens. Our previous
work demonstrated that a device made of TpPa-SOsH, a covalent-organic framework material with
dense sulfonic groups, exhibits high proton selectivity against all other chemical species!®. The
sulfonic groups form hydrogen bonding networks with the help of water molecules and thus enable
fast proton hopping. Here we fabricated the material as a membrane (Fig. 2a) by casting their
monomer solutions (1,3,5-triformylphloroglucinol in n-methyl-2-pyrrolidone and 2,5-
diaminobenzenesulfonic acid in dimethyl sulfoxide) on a glass substrate and allowed them to
evaporate (Supplementary Fig. 1). Scanning electron microscopy (SEM) image showed the crack-
free surface (Supplementary Fig. 2). The thickness of the membrane was typically 10 pm (Fig. 2a,
inset). The homogeneity of the surface was also suggested by the uniform distribution of C, N, O,
and S elements (Supplementary Fig. 3). Fourier transform infrared spectrometer (FTIR), Raman,
and solid-state carbon-13 nuclear magnetic resonance (‘*C NMR) confirmed the chemical structure



of the TpPa-SO3H (Supplementary Fig. 4). Transmission electron microscope (TEM) revealed the
3.49 A interlayer spacing (Fig. 2b, Supplementary Fig. 5). The X-ray diffraction (XRD) pattern of
the membrane exhibited a strong peak at 4.9° (Fig. 2¢). Thanks to the abundant sulfonic groups on
the COF pores, the membrane carries negative surface charge and exhibited hydrophilicity
(Supplementary Fig. 6), which is favored for fast proton transport. Additionally, it displayed high
thermal stability and high resistance to both acidic and alkaline conditions (Supplementary Fig. 7),
some other properties important for practical use.

The selectivity of the membrane was assessed with diffusion dialysis experiments using a two-
compartment electrochemical cell, since the osmotic power was generated by the diffusion of
protons in our work. As shown in the Fig. 2d, the feed reservoir was filled with a complex solution
containing protons (0.1 M) and various cations, including AI**, Mn**, Fe*", Co?", Ni**, Cu?**, and
Zn*", each cation having a concentration equal to that of the protons. The permeate reservoir was
initially filled with deionized (DI) water. The permeability of protons was measured by
continuously recording the pH value of the permeate reservoir, and the those of metal cations were
measured by recording their concentrations with inductively coupled plasma mass spectrometry
(ICP-MS). During 150 minutes of diffusion, the proton concentration in the permeate reservoir
increased almost linearly with time, allowing us to easily calculate the permeability by fitting the
data points with a line (Fig. 2¢). The permeabilities of metal cations were dramatically lower than
that of the protons. Magnified view in Fig. 2f suggests that the diffusion of metal cations also
followed the linear behavior. The H/AI**, H'/ Mn?*, H'/Fe**, H"/Co?*, H"/Ni**, H'/Cu?*', and
H*/Zn?" selectivities were calculated to be 673, 248, 3767, 224, 228, 201, and 225, respectively
(Fig. 2g), far superior to commercial ion-exchange membranes. To understand the proton/heavy
metal ion selectivity performance, we further conduct characterization of TpPa-SO3H membrane’s
pore size or its high heavy metal ion adsorption capacity (Supplementary Fig.8-9). The low N2
adsorption volume and limited heavy metal ion adsorption capacity suggest the presence of small
pores. In real industrial waste acid, the concentration of metal cations is typically much lower than
that of protons. This means that in the permeate reservoir, the metal cation concentration would be
negligible, avoiding side reactions on the HER electrode, such as metal ion deposition
(Supplementary Fig. 10).

In practice, the wastewater may also contain organic pollutants. Our membrane can almost
completely block them since they have much larger size than the metal cations. Using tetracycline
hydrochloride and levofloxacin hydrochloride as model pollutants (100 ppm for each in the feed
reservoir), we conducted diffusion experiments and detected none of them in the permeate
reservoir after 12 hours using ultraviolet-visible spectrophotometer (Fig. 2h and 1).

Co-transport of CI" and proton, and its importance for continuous operation and high
transport rate

To ensure the continuous operation of the system, the Cl” ions and protons must transport at the
same rate from the waste acid reservoir to the recycled acid reservoir, since otherwise the charge
balance would break down. However, they should not transport together through the membranes
so as not to cancel the net ionic current. The effective transport of Cl” ions were realized by the



reversible electrochemical reaction of Cl™ ions with the electrodes (Fig. 3a). The membrane, on the
other hand, only allows the transport of protons while rejecting Cl ions. This is crucial to increase
the performance of the system. The CI reaction creates a redox potential while the selective
diffusion of protons creates an additional diffusion potential, and these potentials can add up,
enhancing the power generation performance and increasing the transport rate of protons and CI°
ions (Supplementary Fig. 11).

As a verification of the effective Cl transport through the electrodes, we inserted a pair of
Ag/AgCl electrodes in a two-compartment cell. The feed reservoir contained 5 M HCI, and the
permeate reservoir contained DI water. The concentration of protons and Cl™ in the permeate
reservoir was then measured with time. Fig. 3b shows that CI" concentration increased linearly
with time and maintained the same with that of the protons throughout the experiment to satisfy
the charge balance requirement.

As the redox reactions proceed, the Cl on the cathode would be gradually depleted and the
anode would be covered by excess AgCl, hindering further CI™ transport. To sustain the reaction,
the anode and cathode Ag/AgCl can be switched. As a verification, we used a two-compartment
cell whose feed reservoir was filled with 5 M HCI and permeate reservoir with 0.5 M HCI.
Electrode B (Fig. 3¢, now inserted in the permeate reservoir) turned white after 30 minutes, due to
the consumption of AgCl on the electrode (Supplementary Fig. 12). However, after we switched
the electrodes for the two reservoirs, Electrode B turned black again in 30 minutes, while the other
electrode (Electrode A) turned white, suggesting the reversibility of the reaction. The XRD patterns
confirmed that electrode A was entirely converted to Ag, while Electrode B displayed strong AgCl
peaks (Fig. 3d).

Indeed, after each electrode switching, the ion transport performance can be recovered. As a
verification, we tested two-compartment cells containing 5 M /0.5 M NaCl or 5 M/0.5 M HCI. For
both cases, we switched the electrodes every 600 s and measured the transferred charges by
recording the ionic current with time (Supplementary Fig. 13). Fig. 3e shows that the transferred
charge in each cycle kept almost the same, confirming the stability in repeated tests. For HCI, the
amount of the transferred charge is larger than that for NaCl due to the higher permeability of
protons. Furthermore, in a 100-cycle test, the performance can still be robustly maintained with
periodic electrode regeneration (Supplementary Fig. 14).

The diffusion of protons generates a diffusion potential Editr and the electrochemical reaction
of CI" generates a redox potential Eredox. These potentials can add up, which in turn also facilitates
the transport of protons and CI". To confirm so, we used the 5 M HCl and 0.5 M NaCl solutions to
fill the feed and permeate reservoirs, respectively. Fig. 3f shows without Ag/AgCl electrodes
inserted, the proton permeability was 29.6 mol m™ h™!. However, with electrodes inserted into the
reservoirs, it increased significantly to 90.4 mol m™ h!. Such permeability is at least 1 to 2 orders
of magnitude higher than common commercial ion-exchange membranes?’, and is enabled by the
fast proton hopping on hydrogen bonded networks of the membrane as we demonstrated in our
previous work!®. The CI" would have the same permeability as required by the charge balance.

Based on the Nernst equation, we can calculate the total electrical potential as,
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where R, T, F, t+ and a represent the gas constant, temperature, Faraday constant, cation
transference number and activity of ions, respectively. The subscript feed and perm denote the feed
reservoir and permeate reservoir, respectively. £ can be measured as the open-circuit voltage (Voc)
of the power generator, and the maximum £ is reached when the proton selectivity of the
membrane against anions is perfect, i.e., #+=1.

We then varied the afeed/aperm by varying the concentration ratio of the feed reservoir and
permeate reservoir from 5 to 100 and measured the Voc by recording sweeping current-voltage
curves. Fig. 3g and 3h show that the measured values agreed well the theoretical maximum values,
confirming the synergistic role of Ediff and Eredox, as well as the almost perfect proton selectivity
(Supplementary Fig. 15).

In many previous osmotic power generation works, the selective transport of Cl” ions were
carried out by anion-exchange membranes (set-up illustrated in Supplementary Fig. 16)!.
However, these membranes have low CI selectivity against protons, significantly limiting the
osmotic power generation performance. Supplementary Fig. 17 shows that when a commercial
anion-exchange membrane was used to transport CI°, the generated potential was much lower than
that when Ag/AgCl electrodes were used.

Power generation performance

Obviously, the osmotic power generation performance determines the chlorine generation
performance. A high osmotic power density requires high proton permeability and high
proton/anion selectivity, which our membrane already has. To assess the power density, we used a
two-compartment cell and established a variety of concentration ratio, ranging from 5 to 500, by
filling feed reservoir with 5 M HCI and the permeate reservoir with different concentrations of
HCI (Supplementary Fig. 18). The test area (S) of the membrane was set at 7 mm?, larger than most
of the previous osmotic power generation membranes. Then we measured current (/) with an
external load of varying resistance (R) to calculate the output power density (P) 2>*, P=I°R/S
(Fig. 4a and Supplementary Fig. 19). The maximum P (Pmax) is typically reached at a moderate R.
Fig. 4b shows that Pmax increased with the decrease of the concentration ratio when the
concentration ratio is larger than 10, due to the increasing current (Supplementary Fig. 20) induced
by the decreasing reservoir resistance of the permeate reservoir. For lower concentration ratio, Pmax
decreased due to the lower Voc (Supplementary Fig. 21). The maximum Pmax reached 55 W m™ at
the moderate concentration ratio of 10. Meanwhile, the high output power density could maintain
over 15 days without obviously decreasing (Supplementary Fig. 22).

We note that previous studies often tested a microscopic area®®, which obviously has limited
practical relevance. It is known that extremely small area usually results in artificially increased
Pmax*>?%. For a fairer comparison with previous studies, we tested a range of membrane areas
(Supplementary Fig. 23). In all cases, the Pmax was significantly higher than those of the previous
osmotic generators obtained at the same test are?>?>2%-3 (Fig. 4c, Supplementary Data 1). This



highlights the advantage of the high proton permeability and selectivity of the membrane, as well
as the advantage of generating osmotic power with acidic water.

To put the results into the content of practical application, we added heavy metal ions,
including AI**, Mn?", Fe**, Co*", Ni**, Cu**, and Zn?*, 100 mM for each cation, into the feed
reservoir to simulate real waste acid. We found that Pmax did not decrease. Instead, it creased to 67
W m possibly due to the elevated conductivity of the feed reservoir (Fig. 4d, Supplementary Fig.
24). Importantly, the concentration of the heavy metal ions in the permeate reservoir was at least
4 orders of magnitude lower than that of the protons, confirming the negligible metal ion leakage
(Fig. 4e). We also added tetracycline hydrochloride and levofloxacin hydrochloride (100 ppm for
each) into the feed reservoir. Still, Pmax did not decrease (Fig. 4f, Supplementary Fig. 25).

Two positively charged organic pollutants, Rhodamine B and Crystal Violet, were used to
further evaluate the anti-fouling capability of the membrane (Supplementary Fig. 26). The
transport of pollutants was also almost completely blocked, making the membrane anti-fouling
(Supplementary Fig. 27).

Spontaneous chlorine production

In this work, we used a Pt electrode for the HER, and a graphite electrode for the CER due to its
high acid resistance. Before the chlorine production experiments, we assessed the performance of
the electrodes using a conventional three-electrode system. As shown in Fig. 5a, the Pt electrode
required -0.15 V vs. the reversible hydrogen electrode (RHE) to reach a current density of 100 mA
cm for the HER in 0.5 M HCI, whereas the graphite electrode required 1.54 V vs. RHE to drive
the CER at the same current density in 5 M HCI. We further performed a two-electrode electrolysis
test, and the /- characteristic curve indicates that a voltage of 1.68 V is required to attain a current
density of 100 mA cm™, which aligns with the polarization curve obtained from the three-electrode
setup (Fig. 5b). The slight deviation may be attributed to the osmotic potential and membrane
resistance contributed by the TpPa-SO3H membrane.

Chlorine production often suffers from the competition between oxygen evolution reaction
(OER) and CER, which affects the faradaic efficiency (FE). However, we note that OER is highly
unfavorable in the extremely low-pH environments (Supplementary Fig. 28). Indeed, we
quantified the produced Clz using the iodometric titration method at various current densities to
calculate the FE®>"32, The results, presented in Fig. 5c, showed a high FE of 98.4% for the CER at
10 mA cm™. Even at a very high current density of 100 mA cm™, the FE reached 90.7%.

Equation 1 tells us that each osmotic power generation unit can produce a maximum of 0.184
V when 5 M/0.5 M HCI was used for chlorine production. This means that 8 units are required to
initiate the spontaneous production of chlorine. Considering the electrochemical overpotential,
internal resistance voltage drops, we tested serially connected units from 8 to 18 (Fig. 5d and
Supplementary Fig. 29). Then the terminal electrodes of the serial osmotic generators were
replaced with a graphite electrode and a Pt electrode. The Ag/AgCl electrodes of the feed and
permeate reservoirs were switched every 600 s for continuous operation. The hydrogen generated
on the Pt electrode was collected using the water drainage method, while chlorine production rate
was calculated from the ionic current data. Obviously, The Voc of the system increased linearly



with the number of units in series, reaching 2.95 V when the unit number was 18 (Fig. 5¢), resulting
in an enhanced chlorine production rate. When the number of units were lower, the reaction was
either slower or could not be initiated. As shown in Supplementary Fig. 30, The average current
density was 36.8 mA cm™, meaning that the FE would be larger than 97 % (the FE at 50 mA cm’
2). Fig. 5f and g show that the hydrogen and chlorine production rate reached ~154 L m™ h™! along
with nearly 100% HER Faraday efficiency (Supplementary Fig. 31). Such production rate can be
maintained for at least 7 days (Fig. 5h).

To evaluate the system’s sensitivity, we tested various feed solution concentrations. As the
concentration ratio increases, the power density increases gradually. For fixed concentration ratio,
the power density increases with the increase of concentration due to the reduced reservoir
resistance (Supplementary Fig. 32-33). We also investigated the relationship between the
membrane proton selectivity and system performance. The results show that membranes with high
proton/ClI" selectivity exhibit superior energy conversion performance and increased chlorine
production rates (Supplementary Fig. 34-35). Furthermore, the high proton/heavy metal ion is
critical for sustained operation, as inadequate rejection led to rapid side reactions at the cathode
(Supplementary Fig. 36).

Extending to other chloride-containing brines

Obviously, all chloride-containing brines can be used to harvest the osmotic energy and produce
chlorine if a brine with lower salinity is readily available. For the waste acid, the lower salinity
brine is the recycled acid. For other brines, natural water could be used as the low salinity brine.
For example, the waste brines of the desalination plant have higher salinity (typically > 1 M CI")
than seawater and they are often discharged into seawater, providing the foundation for osmotic
power generation (Supplementary Fig. 36).

We found that a high power density of > 6 W m™ can be achieved using simulated waste
desalination brine generated by the membrane distillation method (5 M NaCl)’ and simulated
seawater (0.5 M NaCl) using a TpPa-SO3H membrane (Supplementary Fig. 37). When combined
with industrial waste heat, the power density could be further improved to 8.4 W m"
2(Supplementary Fig. 38). The power density is lower than that in Fig. 4c, due to the fact that our
membrane was optimized for proton transport. For chlorine production, we used the dimensionally
stable anode (DSA) electrode as the anode, which was widely used in the chlor-alkali industry
because of good stability and chlorine selectivity. The high selectivity of the electrode was further
confirmed in Supplementary Fig. 39. The chlorine and hydrogen production rates of the integrated
system reached approximately 12 L m™ h™', which is lower than that produced using waste acid,

but confirms the versatility of our spontaneous chlorine production method (Supplementary Fig.
40).

Discussion

We demonstrated the spontaneous chlorine production from waste brines by utilizing their
abundant CI” ions and the osmotic energy carried by the ions. Compared to traditional chlorine
production, our method requires no electricity input and thus has almost no carbon emission



considering that the carbon emission of chlorine production primarily comes from the energy
consumption (Fig. 51, Supplementary Table 1), while also significantly reducing production cost
(see Supplementary Note 1).Owing to its high compatibility with the industrial diffusion-dialysis
processes used for waste acid recovery, we expect our method to be widely deployable.

The modular design of our system allows scalable applications by connecting multiple units
in series or parallel (Supplementary Fig. 42). Further improvements could be achieved by reducing
electrode spacing® and automating the electrode switching!?. Regarding chlorine handling, we can
seal the anode compartment and maintain slight negative pressure to prevent chlorine leakage,
ensuring both safety and directed transport to storage units>*. This work used a reported membrane
for the demonstration of general applicability, but novel membranes could enhance the
performance. Obviously, further improvement of the chlorine generation performance could be
realized by engineering the osmotic energy generation membranes®>%>3, or by optimizing electrode
catalysts>*>°. Beyond chlorine production, we expect that our method can also be used for the
spontaneous production of other chemicals with brines, e.g., electrochemical synthesis of ammonia
from nitrate-containing brines®®¢!, contributing to the reduction of the carbon emission of some
chemical engineering industries.



Methods

Preparation of the TpPa-SO3H membrane

0.064 g (0.304 mmol) 1,3,5-triformylphloroglucinol (Tp) and 0.086 g (0.456 mmol) 2,5-
diaminobenzenesulfonic acid (Pa-SO3H) were dissolved in 3 mL N-methylpyrrolidone (NMP) and
dimethyl sulfoxide (DMSO), respectively. After sonication at room temperature for 20 min, the
two solutions were mixed and stirred thoroughly. Then the mixture was sonicated for 20 min to
remove the solution bubble. The mixed solution was casted onto a clean glass slide (10 cm x 10
cm) and kept on the heating plate at 60 °C for 3 days to form the TpPa-SOsH. The self-standing
COF membranes could peel off from the glass slides by put into water. The membrane was washed
thoroughly with NMP, DMSO and deionized water to remove residual monomer fragments before
it dried in the oven at 60 °C. Then the membrane was cut into various sizes for further
characterizations and tests.

Preparation of the Ag/AgCl electrode

The Ag/AgCl electrode was fabricated via a chemical oxidation method. Silver plates (8§ mm x 30
mm) were immersed in sodium hypochlorite solution for 30 minutes, during which hypochlorite
reacted with the silver surface to form a layer of silver chloride. The initially bright silver plates
turned glossy gray upon conversion. Following the reaction, the electrodes were thoroughly rinsed
with deionized water to remove residual hypochlorite. The resulting Ag/AgCl electrodes were then
used for subsequent tests.

Material characterization

Scanning electron microscopic images were taken with a Hitachi S-4800 field emission scanning
electron microscope (SEM) with an accelerating voltage of 10 kV. The nanosheets were
characterized by transmission electron microscopy (TEM, JEM F200). Powder x-ray diffraction
(XRD) patterns were carried out in the 20 range of 3° to 40° at room temperature using a Bruker
D8 Advance X-ray diffraction diffractometer equipped with Cu Ko radiation (A= 1.5147 A). The
surface chemical properties were characterized by Fourier transform infrared spectrometry (FTIR,
Bruker Vertex 70v), Raman spectrometry (Nicolet5700) and X-ray photoelectron spectrum (XPS,
Thermo Scientific K-Alpha). The solid-state '3C NMR spectra were recorded on an AVANCE 111
HD 500MHz NMR spectrometer with cross-polarization magic angle-spinning (CP-MAS). The
absorption spectra were recorded on Ultraviolet-visible (UV-Vis) spectrophotometer (Hitachi U-
3900, Japan). The contact angles of the membranes were measured by Contact Angle Surface
Analyzer (LSA 100) at room temperature. The Anton Paar SurPASS to determine the Zeta potential
of the membrane surface. Thermogravimetric analysis (TGA) was performed on a STA8000
thermogravimetric analyzer under a N2 atmosphere at a heating rate of 10 °C min™.

Diffusion experiment

To investigate the ion transport behavior, the Ion selectivity tests were performed by concentration
driven diffusion using a self-made H-type device. The COF membrane was tightly mounted
between two reservoirs, with one reservoir filled with 10 mL electrolyte feed solution and the other



reservoir filled with 10 mL deionized water as the starting permeate solution. The concentration
of cation was measured by Inductively Coupled Plasma mass spectrometry (ICP-MS, Agilent
7850), the proton concentration was measured with a pH meter (LAQUA F-71) and the other
anions concentration were determined by Ion Chromatography (IC, ECO).

Adsorption of heavy metal ions and positively charged pollutants

The adsorption of heavy metal ions by TpPa-SO3H membranes was carried out using a 50 mL
mixed solution containing 0.001 M of each metal ion: AI**, Mn?**, Fe**, Co?', Ni**, Cu*", and Zn*".
A known mass of the TpPa-SO3H membrane was immersed into the initial metal ion solution. The
system was maintained under magnetic stirring at 600 rpm for 12 hours to facilitate the adsorption
process. Following this, the concentration of metal ions in the solution was measured to determine
the extent of metal ion adsorption onto the membrane. The amount of metal ions adsorbed was
calculated using the following formula:

Q:

where Q represents the adsorption capacity (mg/g), V is the volume of the solution (mL), co is the
initial concentration of metal ions (mg/L), ¢: is the concentration after adsorption (mg/L), and m is
the mass of the TpPa-SO3H membrane (g).

The adsorption experiments for positively charged organic pollutants were performed
similarly, using 50 ppm solutions of Rhodamine B and Crystal Violet, respectively, as model
pollutants. The adsorption process was conducted under the same experimental conditions as
described for the heavy metals, with a stirring speed of 600 rpm for 12 hours. After adsorption, the
concentrations of Rhodamine B and Crystal Violet in the solution were quantified by UV-Vis
spectrophotometer, allowing for the determination of adsorption capacity of the TpPa-SOsH
membrane.
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Osmotic energy conversion setup

The COF membrane was placed between two reservoirs. A pair of Ag/AgCl electrodes (8§ mmx40
mm) were employed as the work electrode. The effective test area for energy harvesting was 7.06
mm? if without further explanation. The Voc and Isc were measured from the I-V curve tests and
the sweep voltage was from -1 V to 1 V. The equivalent circuit of the experimental setup can be
represented by Supplementary Fig. 11, Voc, Eredox, Edifr, and Rmem represent the measured potential,
the redox potential generated by the unequal potential drop at the electrode-solution interface and
the diffusion potential contributed by the ion selective membrane, and the internal resistance of
the membrane, respectively. The measured Voc actually consists of two parts (i.e. Eredox and Edifr).
In our work, the salt bridges were used to eliminate the redox potential of the system. Then, the
corresponding output power density can be calculated as P=P?R/S, where I, R, S represent ion
current, load resistance and effective testing membrane area, respectively. All the osmotic power
generation tests were carried out by Source Meter (Keithley 2450).

For a given concentration ratio, the cation transference number (z+) can be calculated as
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where R, T, z, F, y, cu and cL represent the gas constant, temperature, charge valent, Faraday
constant, activity coefficient of ions, high and low ion concentrations, respectively. The activity
coefficients used in calculation are provided in Supplementary Table 4.

Measurement of redox potential and diffusion potential
The experimental setup is shown in Supplementary Fig. 16. The measurements were performed
using Ag/AgCl reference electrodes under a controlled environment. The system comprised two
compartments separated by either a solution interface (for redox potential measurement) or a
commercial anion exchange membrane (AEM) (for diffusion potential measurement). The
compartments were filled with electrolyte solutions of varying concentrations to establish
concentration gradients

The redox potential of the Ag/AgCl electrode and the diffusion potential of the AEM were
determined by recording the /- curve. The potential was scanned over a range of -1 V to +1 V
using a Source Meter (Keithley 2450), with the Ag/AgCl reference electrodes serving as both the
working and reference electrodes in high and low-concentration electrolyte solutions. The
intercept of the /-V curve on the voltage axis was recorded as the redox potential of the electrode
or the osmotic potential of the AEM.

Electrochemical hydrogen evolution and chlorine evolution evaluation

The performance of electrodes was tested on an electrochemical workstation instrument (Biologic
SP-300). The experimental setup basis on a conventional three-electrode system, with the working
electrode (WE) (Pt, graphite or DSA), while the counter electrode (CE) was a graphite rod. The
reference electrode (RE) used in this study was an Ag/AgCl electrode with a salt bridge contain
the statured KCl solution. The effective area of the working electrode is 7.06 mm?. The polarization
curves were obtained by employing a scanning rate of 10 mV s™'. All the recorded potentials of the
polarization curves in this study were without conducting iR compensation and converted to
reverse hydrogen electrode (RHE) values based on equation:

Epyr = E +0.197V + 0.059pH

Two-electrode electrolysis and faradaic efficiency evaluation
The two-electrode electrolysis and faradaic efficiency evaluation were performed on the Source
Meter (Keithley 2450). Within the H-type electrolytic cell, the working electrode (Graphite or
DSA) was connected with anode, while the counter electrode (Pt) was connected with cathode.
The “Voltage sweep” method was conducted to obtain /-V characteristic curve with the scanning
rate of 10 mV sl

The faradaic efficiency of chlorine was determined through iodometric titration. First, 50 mL
of electrolyte was added into the electrolytic cell. Then the electrolyte was purged with N2 for 10
min. Following this, “Current bias” method was conducted to maintain the current density from



10 to 100 mA cm. After 100 s test, the obtained Cl2 was trapped by the immediate addition of an
excess amount of potassium iodide (Cl, + 31~ — I3 + 2Cl7), and the solution was kept to attain
equilibrium. The obtained amount was determined by performing lodometric titration versus 0.1
mM NazS$203 (I3 + 25,05~ — 31~ + 5,027 ) to calculate the chlorine production in the
experiment. The calculation method for chlorine faradaic efficiency was:

Experimental yield — 0.1mM volume of Na,S,;05 / 2

FE (%) = =
(%) Theoretical yield [ (i/2F) x dt

Integrated device performance evaluation

In the spontaneous chlorine and hydrogen production system with simultaneous acidic wastewater
recovery, vary number of pairs of units, each equipped with TpPa-SO3H membranes, were
connected in series with Ag/AgCl electrodes. Graphite and Pt electrodes were used at both
terminals, forming a fully integrated osmotic energy-driven device for chlorine and hydrogen
production. 5 M HCI aqueous solution and 0.5 M HCI aqueous solution were injected into each
pair of cells to simulate an acidic wastewater recovery system.

For the desalination brine-seawater system, 30 pairs of units were connected similarly, with
DSA and Pt electrodes at the respective terminals to generate chlorine and hydrogen. The
electrolytes at both ends consisted of 5 M NaCl (pH =2) and 1 M NaOH, respectively. Additionally,
each pair of cells was injected with a 5 M NaCl aqueous solution and a 0.5 M NaCl aqueous
solution to simulate a membrane distillation brine-seawater system.

Data Availability
Source data are provided with this paper. All the raw data relevant to the study are available from
the corresponding author upon request.
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Fig. 1 Schematic illustration of conventional chlor-alkali system and spontaneous chlorine production
system. a, In the conventional chlor-alkali system, the electrolysis of concentrated brine requires a
continuous supply of external electrical power to produce chlorine. b, The spontaneous chlorine
production system, in contrast, operates without external electrical power. The integrated system
consists of multiple units connected in series. Acidic wastewater containing concentrated protons
and CI" ions was used. The protons and CI ions selectively migrate from the feed reservoirs
containing waste acid to the permeate reservoirs containing lower-concentration recovered acid
through the proton-selective membranes and Ag/AgCl electrodes, respectively. On the Ag/AgCl
electrodes, electrochemical reactions occur, consuming Cl in the feed reservoirs and releasing CI°
in the permeate reservoirs, effectively transporting CI". The electrochemical reactions and the
proton diffusion generate electrical potential. As a result, on the leftmost anode, chlorine is
spontaneously produced and on the rightmost cathode, spontaneous hydrogen evolution occurs.
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Fig. 2 High selectivity of the COF membrane. a, Optical image of the synthesized TpPa-SOsH
COF membrane. Inset: cross-sectional scanning electron microscopy image, showing a membrane
thickness of approximately 10 um. The experiments were repeated three times independently with
similar results. b, Transmission electron microscopy image of the membrane, showing the
interlayer spacing. The experiments were repeated three times independently with similar results.
¢, Measured and simulated X-ray diffraction pattern of the membrane, confirming the COF
structure. Inset: molecular structure of the TpPa-SO3H COF. d, Schematic illustration of the set-
up to measure the selectivity of the membrane using the diffusion dialysis method. e, Concentration
of permeated protons and various metal ions (AI**, Mn?*, Fe**, Co?*, Ni**, Cu?*, Zn?") in response
to diffusion time. Error bars represent the standard deviation from three independent tests. f,
Magnified view of time-dependent concentration of metal ions. Error bars represent the standard
deviation from three independent tests. g, Calculated proton selectivity against various metal ions.
Error bars represent the standard deviation from three independent tests. h, i, UV-Vis absorbance
spectra of tetracycline hydrochloride (TCH) (h) and levofloxacin hydrochloride (LFH) (i) in the



feed and permeate reservoirs, suggesting the almost perfect rejection of organic pollutants by the
membrane. Source data are provided as a Source Data file.
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Fig. 3 Co-transport of CI ions and protons and its effect on increasing the transport rate. a,
Schematic illustration of selective proton transport across the COF membrane and effective CI°
transport via Ag/AgCl electrodes. b, Concentration of the permeated protons and Cl~ ions over
time, tested using a two-compartment electrochemical cell with Ag/AgCl electrodes inserted
(inset), confirming their synchronized transportation. Feed reservoir contained 5 M HCI. Permeate
reservoir contained DI water. Error bars represent the standard deviation from three independent
tests. ¢, Optical images of the Ag/AgCl electrodes, demonstrating the reversible redox electrode
reactions. Feed reservoir contained 5 M HCI. Permeate reservoir contained 0.5 M HCI. d, XRD
patterns of the Electrode A and Electrode B, confirming that their surfaces were covered with Ag
and AgCl, respectively. e, Cycling test. The electrodes were switched every 10 min. In each cycle,
the transferred charge across the electrodes maintained almost the same, confirming the high
reversibility of the electrochemical reaction. Insert: schematic diagram of the test setup. f, The
coupled transport of Cl” via the electrodes maintains the charge balance and generates additional
electrical potential, which in turn enhances the transport rate. The proton transport in the presence
of the Ag/AgCl electrodes was much higher than that without the presence Ag/AgCl electrodes.
Error bars represent the standard deviation from three independent tests. Insert: schematic diagram
of the test setup.  g. I-V curves obtained at varying HCI concentration ratios (concentration of the
permeate reservoir fixed at 0.01 M HCI). Intercept on the voltage axis (shown in shadings) is the
opposite of the open-circuit voltage (Voc). h, Theoretical maximum open-circuit voltages (redox
potential contributed by Cl™ + diffusion potential contributed by protons) and measured open-



circuit voltage in response to HCI concentration ratio, confirming the importance of the co-
transport of protons and Cl, as well as the almost perfect proton selectivity of the membrane
against anions. Error bars represent the standard deviation from three independent tests. Source
data are provided as a Source Data file.
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Fig. 4 Power generation performance. a. Power density as a function of external resistance at
varying HCI concentration ratios. b. Maximum output power densities obtained at varying HCI
concentration ratios. Error bars represent the standard deviation from three independent tests.
Insert: schematic diagram of the power generation setup. ¢. Comparison of the maximum output
power density with previously reported membranes (see also Supplementary Data 1). d. Power
density as a function of external resistance before and after introducing heavy metal cations (100
mM for each cation) into the feed reservoir. e. Concentration of heavy metal ions in the permeate
reservoir after 20 min of power generation and corresponding ion permeation rate, confirming the
negligible metal ion leakage. Error bars represent the standard deviation from three independent
tests. Insert: H" and CI" permeation rate estimated from the current. f. Output power density before
and after introducing organic pollutants (100 ppm tetracycline hydrochloride and 100 ppm
levofloxacin hydrochloride) into the feed reservoir, showing that organic pollutants do not
significantly affect power output. Source data are provided as a Source Data file.
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Fig. 5 Spontaneous chlorine production. a, Polarization curves (three-electrode configuration)
showing the electrochemical performance: platinum (Pt) electrode in 0.01 M HCI (blue), platinum
electrode in 0.5 M HCl (orange), and graphite electrode in 5 M HCI (light blue). Shadings represent
the working electrode potential at a current density of 100 mA cm™. Inset: schematic diagram of a
three-electrode system. b, Two-electrode polarization curve tested with graphite (anode) and Pt
(cathode) electrodes. The shading shows a cell voltage of approximately 1.68 V at a current density
of 100 mA cm™. Inset: schematic diagram of a two-electrode system. ¢, Faradaic efficiency of
chlorine evolution reaction at various current densities. Error bars represent the standard deviation
from four independent tests. d, Optical image of the device composed of 18 serially connected
power generation units for spontaneous chlorine and hydrogen production. e, Linear correlation
between total Voc and the number of units. Inset: schematic diagram for Voc measurement f, g,
Produced volume of Hz (f, orange circles) and Clz (g, blue line) in response to time. h, Long-term
stability test over seven days, showing robust current density (orange line) and hydrogen
production rates (blue squares). i, Comparison of electricity consumption and associated carbon
emissions between our method (red, ~0 consumption and emissions) and traditional chlorine
production methods. Source data are provided as a Source Data file.



Editorial Summary
Researchers report a spontaneous method that produces chlorine directly from chloride-containing brines by

harnessing their inherent osmotic energy and chloride ions, without any external energy input.
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