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1. Expected pH dependence of the open-circuit cell voltage
According to Nernst equation, the equilibrium potential of the HER/HOR equilibrium in acidic medium,
					(S1)
which will determine the open-circuit potential (ocp) of the positive electrode, will be given by:
					(S2)
where  is the ocp of the positive electrode,  V vs. SHE is the standard potential of the H+/H2 redox couple,  is the activity of H+ in the solution and  is the pressure of H2.
Similarly, according to Nernst equation the equilibrium potential of the HER/HOR equilibrium in alkaline medium:
					(S3)
which will determine the open-circuit potential of the negative electrode, will be given by:
					(S4)
where  is the ocp of the negative electrode,  V vs. SHE is the standard potential of the H2O/H2 redox couple and  is the activity of OH- in the solution. The open-circuit voltage (OCV) of an acid-base battery will therefore be:

		(S5)
2. Ion Flux
At the CEM, H+ ions diffuse from the HCl into the NaCl solution and Na+ ions diffuse in the opposite direction:
				(S6)
The Gibbs free energy of this process is:
		(S7)
where  and  are the electrochemical potentials of H+ in the HCl and NaCl solutions, respectively,  and  are the electrochemical potentials of Na+ in the HCl and NaCl solutions, respectively,  and  are the activities of H+ in the NaCl and HCl solutions, respectively, and  and  are the activities of Na+ in the NaCl and HCl solutions, respectively. H+ and Na+ will therefore flow across the CEM as long as . The analogous conclusion can be reached for the AEM: Cl- and OH- will therefore flow across the AEM as long as . In order to estimate the magnitude of this spontaneous flow of ions across the membrane, which corresponds to the self-discharge of the battery, we measured the change in pH of the central compartment over a period of 1 hour at open circuit. Because at open circuit the net current across the membranes has to be zero, the same number of Na+ (Cl-) must have crossed the CEM (AEM) during the experiment as H+ (OH-), but in the opposite direction.
A pH meter was calibrated and positioned in the saltwater electrolyte tank. The saltwater was 0.6 M NaCl and recirculated at 20 mL min-1 through the central compartment in all experiments, while the flow rates of the HCl and NaOH solutions were varied to measure the effect on the spontaneous crossover of ions across the cation- and anion-exchange membranes (CEM and AEM, respectively). As expected, faster flow rates increase spontaneous crossover, as a higher concentration of either HCl or NaOH at the membrane/electrolyte interface is maintained. The channel not being used was filled with deionized water. The change in pH of the central channel is illustrated in Fig. S1 for 0.1 M HCl and 1 M NaOH separated by the CEM and AEM, respectively, from the central compartment containing 0.6 M NaCl at flow rates of 5 and 20 mL min-1 (HCl), and 20 and 30 mL min-1 (NaOH). The rate of ionic diffusion is the gradient of the graph and, as expected, is faster for H+ than for OH-, despite the lower concentration of HCl used.[image: ]
Figure S1. Moles of H+ (red) or OH- (purple) diffused into the central compartment containing initially 0.6 M NaCl as a function of time. Ion flux is represented as ionic current density.

3. Membrane potential and effect on cell voltage
Due to the different mobility of the ions, a potential difference will be established across the CEM and AEM which will contribute to the cell’s OCV. The flow of H+ (Na+) across the CEM from the acidic (central) into the central (acidic) compartment will be given by:
			(S8a)
			(S8b)
Solving these differential equations and taking into account that, because at open circuit the net current across the membrane has to be zero, , the Goldman equation1 can be deduced:
			(S9a)
			(S9b)
Cations other than Na+ and anions other than Cl- will have to also be considered in Eqs. S9a and S9b for more complex solutions. If , ,  and , the terms containing , ,  and  can be neglected, and Eqs. S9a and S9b become:
					(S10a)
					(S10b)

In this specific case, the cell voltage will be:
	(S11)
According to Eq. S11, the OCV is controlled by the salt concentration in the central compartment, rather than by the pHs of the acidic and alkaline compartments and the resulting difference in the HER/HOR equilibrium potentials at the positive and negative electrodes, respectively. This is confirmed by the experimental observations in Table S1. Please note that, if there are cations or anions in the side compartments with activities similar to those of H+ and OH-, respectively, they cannot be neglected in Eqs. S9a and b, and will therefore also contribute to the OCV (i.e., these activity terms will also be present in Eq. S11).
	[HCl] / M
	[NaOH] / M
	[NaCl] / M
	E+ / V
	[bookmark: _Hlk138842288]E- / V
	ocvNernst / V
	ocvexp / V

	1.00
	1.00
	0.60
	0.00
	-0.81
	0.81
	0.789

	0.50
	0.50
	0.60
	-0.02
	-0.80
	0.78
	0.789

	0.25
	0.25
	0.60
	-0.04
	-0.78
	0.74
	0.789

	0.10
	1.00
	0.60
	-0.06
	-0.81
	0.75
	0.789

	0.10
	1.00
	0.06
	-0.06
	-0.81
	0.75
	0.672

	0.10
	1.00
	0.001
	-0.06
	-0.81
	0.75
	0.465


Table S1- Nernst potentials of the positive (E+) and negative (E-) electrodes, Nernst open-circuit cell voltage (ocvNernst) and experimental open-circuit cell voltage (ocvexp)

4. Energy efficiency
The coulombic efficiency of our battery was estimated from discharge cycles conducted by discharging at a constant voltage of 0.41 V, which corresponds to that at maximum power (see Fig. 2). HCl, NaOH and NaCl were recirculated from reservoirs containing equimolar amounts of solute, with starting concentrations 0.1, 1.0 and 0.6 M, respectively, of volumes of 1.8 L, 0.18 L and 0.3 L respectively, and a flow rate of 20 mL min-1 in all three channels. The state of charge (SOC), can be defined by the concentration of either HCl, NaOH, or NaCl, but we used the HCl concentration because it is the limiting factor in terms of efficiency due to the rapid crossover of protons. A typical 6-hour cycle was composed of 3-hour discharge and 3-hour charge. 
The coulombic discharge efficiency () is defined as the ratio between the charge that has flown through the external circuit when a given SOC has been reached (Qd) and the theoretical charge that should have crossed the circuit if all the protons disappearing from the acidic compartment through which HCl is flowing have been reduced to H2 (Qtheor):
					(S10)
5. Desalination
Fig. S2 depicts the change of voltage during different discharge experiments. As expected, the highest current density resulted in the largest voltage drop as desalination occurs most rapidly, decreasing the conductivity of the central channel.
Desalination energy (ED)is defined by the total amount of energy required to remove a mole of NaCl from central compartment, where the total energy is the difference between the energy required to (re)generate the acid and base (charge), Ec, and the amount recovered during discharge/desalination, Ed. The smallest change in concentration (typically that of chloride), n, is considered the total salt removed:[image: ]
Figure S2. Time evolution of the cell voltage during desalination at different current densities.

					(S11)
6. Cell maintenance 
After experiments, all channels were flushed with storage solution and the inlet and outlet were connected to keep the cell filled. The storage solution was composed of 0.01 M HCl and 0.1 M NaCl to keep the membranes saturated with ions and remove excess NaOH soaked in the GDE. We note that leaking of the GDE into the gas channel from the NaOH side was initially a persistent issue and was improved with layering hydrophobically treated carbon paper behind the working GDE. 


Table S2. Estimated values for this work’s desalination energy consumption when operating at either 6.0 mA cm-2 with recirculation or at 4.3 mA cm-2 in a single pass (resulted in final concentrations of 0.172 M and 0.009 M NaCl, respectively, where the concentration of the ion, sodium or chloride, with the highest concentration was taken as the final value) compared to reverse osmosis plants (data taken from reference 2). Efficiency in the first column refers to the energy efficiency of (re)generating the acid and base (referred to the standard Gibbs free energy of formation) consumed during desalination.
	Place
	Feed Water Concentration / g L-1
	Energy Output / kWh m-3
	Energy Input / kWh m-3
	Energy Consumption / kWh m-3
	Desalination Energy / kJ mol-1(NaCl))

	This Work (6.0 mA cm-2, 80% efficiency, recirculated)
	35.4
	3.2
	35.2
	32.0
	271

	This Work (6.0 mA cm-2, 60% efficiency, recirculated)
	35.4
	3.2
	46.9
	43.7
	370

	This Work (6.0 mA cm-2, 50% efficiency, recirculated)
	35.4
	3.2
	56.3
	53.1
	450

	This Work (6.0 mA cm-2, 25% efficiency, recirculated)
	35.4
	3.2
	112.5
	109.4
	926

	This Work (4.3 mA cm-2, 80% efficiency, 1-Pass)
	35.4
	0.12
	52.8
	51.5
	314

	This Work (4.3 mA cm-2, 60% efficiency,1-Pass)
	35.4
	0.12
	70.4
	69.1
	422

	This Work (4.3 mA cm-2, 50% efficiency, 1-Pass)
	35.4
	0.12
	84.5
	83.2
	508

	This Work (4.3 mA cm-2, 25% efficiency, 1-Pass)
	35.4
	0.12
	168.9
	167.6
	1023

	Elhamarawien, EGY
	3.50
	-
	0.89
	0.89
	-

	White Cliffs, AUS
	3.50
	-
	2.00
	2.00
	-

	Solar Flow, AUS
	5.00
	-
	1.86
	1.86
	-

	Conception del Oro, MEX
	3.00
	-
	6.90
	6.90
	-

	Mesquite, Nevada
	3.50
	-
	1.38
	1.38
	-

	Denver, ITN, USA
	1.60
	-
	1.40
	1.40
	-

	Hassi-Khebi, DZA
	3.50
	-
	2.10
	2.10
	-

	Pine Hill, AUS
	5.30
	-
	1.50
	1.50
	-

	Ksar Ghilene, TUN
	3.50
	-
	2.10
	2.10
	-

	Coite-Pedreiras, BRA
	1.20
	-
	3.00
	3.00
	-

	Drenajes, SPA
	6.25
	-
	1.20
	1.20
	-

	Lampedeusa, ITA
	8.00
	-
	6.50
	6.50
	-

	VARI-RO, USA
	7.00
	-
	2.40
	2.40
	-

	Baja California Sur, MEX
	4.00
	-
	2.60
	2.60
	-

	Lipari, ITA
	8.00
	-
	6.50
	6.50
	-

	Cadarache, FRA
	2.00
	-
	0.70
	0.70
	-

	El Hamrawein, EGY
	3.00
	-
	1.00
	1.00
	-

	Maagan Micahel, ISR
	4.00
	-
	5.00
	5.00
	-

	Caple, SPA
	6.00
	-
	1.72
	1.72
	-

	Vall D'Uixo, SPA
	1.13
	-
	0.60
	0.60
	-

	Nules, SPA
	1.53
	-
	0.83
	0.83
	-

	Cuevas de Almanzora, SPA
	6.75
	-
	1.20
	1.20
	-

	Drenajes, SPA
	6.25
	-
	1.20
	1.20
	-

	Terciario Alacanti Norte, SPA
	1.75
	-
	1.55
	1.55
	-

	Xeresa Golf, SPA
	1.70
	-
	0.85
	0.85
	-

	Alicante University, SPA
	3.20
	-
	1.10
	1.10
	-

	San Vicente, SPA
	4.25
	-
	1.00
	1.00
	-

	Gaza Strip area
	1.63
	-
	1.35
	1.35
	-

	Ceara, BRA
	1.20
	-
	3.03
	3.03
	-

	Gran Canaria, SPA
	3.36
	-
	2.48
	2.48
	-

	Algeria
	3.00
	-
	2.08
	2.08
	-

	Egypt
	4.40
	-
	0.89
	0.89
	-

	Jordan
	1.70
	-
	1.90
	1.90
	-

	Kerkennah Islands, TUN
	3.70
	-
	1.10
	1.10
	-
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