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Abstract
A Salinity Gradient Flow Battery (SGFB) is a novel type of battery that utilizes the selective ion-transition across ion exchange membranes to produce Donnan potential and stores energy in the form of salinity gradient power (SGP). Nevertheless, the commercialization of SGFB had been halted because of the low charging-discharging efficiency due to the relatively high ohmic solution resistance in the low salinity solution. By considering the contribution of supporting ions in a redox flow battery (RFB), we proposed an “Ion-plus SGFB” system by internally-integrating the RFB and SGFB system for the breakthrough of SGFB recycling efficiency. The supporting ions in the salinity solutions overcome the trade-off limitation between Donnan potential and internal-resistance without sacrificing on the SGP, and increase the power density to 1.15 W cm-2 which is two times higher than control system (0.45 W cm-2). The novel designed system is environmental-friendly and gentle for ion exchange membranes. 
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Introduction
The development of renewable energy 1-4 has increased substantially over the last few decades to meet the growing demand for energy and to mitigate global climate changes 5. However, how to securely integrate renewable energy sources and grids and thus balance the supply and demand for better management of the grid are some of the essential challenges. Electrical energy storage (EES) is a critical technology for renewable energy storage to increase the reliability and stability of the electric grid 6-8. Conventional EES systems include compressed air energy storage, large pumped hydropower, and electrochemical energy storage (ECES) systems 5,9. Secondary redox flow battery, a popular ECES system, has been proliferating due to its sub-second response for frequency/voltage regulation, peak shaving properties, as well as other apparent merits of high electrochemical activity, and suitable polarization potential 6,10. Acid-based vanadium redox flow batteries (VRFBs) were among the most comprehensively investigated (V3+/V2+↔VO2+/VO2+). However, their material toxicity and potential cross-contamination raise significant environmental concerns 11,12.
Salinity Gradient Flow Battery (SGFB) as an environmental-friendly EES system provides an alternative to RFB 13-15. This system reserves power in two salt solutions with different concentrations by using ion-transition (Electrodialysis) and ion back diffusion (Reverse Electrodialysis) processes. The selective ion-transition across the ion exchange membrane to produce Donnan potential and the incoming Gibbs free energy is the critical item in SGFB pile. SGFB assembles multiple pairs of cation/anion exchange membranes in an alternative matter between two end-electrodes. According to the Nernst equation, transmembrane potential (Donnan potential) across the membrane pair is determined by the salinity gradient, i.e., positively correlated to the logarithm of the concentration ratio between the two salt solutions. Fig. 1 illustrates the distribution of the Donnan potential as the function of bulk solution concentrations and its characteristics in comparison to the other energy storage systems. 
[image: ]
Fig. 1 Characteristics of SGFB. (a) Classification of renewable energy storage systems and (b) available Donnan potential as a function of the bulk solution concentrations
Three dissipation factors determine the charging/discharging efficiency of SGFB: water forward osmosis, co-ion leakage, and the internal electric resistance16,17. Often, the internal electric resistance plays a dominant role over the other two factors 18-21. Although on the development of ion-exchange membranes in the past decades has significantly reduced the membrane resistance 22,23, the dominant resistance of the dilute solution remains as the critical bottleneck in the discharging circles (RED), which reside in more than 45% of the total resistance 24.
How to appropriately balance the trade-off between the dominance low concentration (LC) compartment resistance and the transmembrane potential, i.e., decreasing the dominating LC resistance and the active resistance owing to the solution polarization and low-conducting LC solution, but without sacrificing the salinity gradient is the crucial argument to improve the gross power density (GPD) 25. Some researches try to reduce the LC resistance by modifying the geography of spacers 26-28. However, the reduction of spacer thickness would increase the pressure drops and significantly reduce the GPD. Some works explored the influence of solution temperature on the GPD 13,29-34, since the activity of the ions significantly depends on the solution temperature. It was found RED stack resistance and LC solution resistance suffers a reduction of 71% and 53% when increased the temperature from 286 K to 297 K, which induce an increment on power outputting from 0.39 W to 0.66W (an increment of 69%) 33. The optimization of the parameters mentioned above will positively contribute forward to the RED commercialization, but not the most effective.
In this work, we developed a practical and straightforward approach to increase the GPD through and energy recovery efficiency in the Salinity Gradient Flow Battery by the simple introduction of supporting electrolytes in both the LC and high concentration compartments. This “Ion-plus Salinity Gradient Flow Battery” will positively contribute to the GPD from three aspects: 1) the reduction of LC solution resistance without significant sacrificing of the salinity gradient power; 2) the proliferating charge carrier in the IEM, and thus lower transition resistance in the membrane matrix; and 3) decrease the membrane resistance by decreasing the solution ohmic resistance in the concentration-dominated region without fixed charges17. We demonstrate this idea by introducing H+ as the supporting electrolyte to show improved discharging operation. The proposed Salinity Gradient Flow Battery utilizes the free dissociated ions as the energy conversing medium and storage the current in the Gibbs free energy form. The critical superiority in comparison to the conventional electrochemical storage strategy, i.e., low investment cost, environmental-friendly electrolyte, and flexible assembling/constructing of repeated membrane pairs, may proceed it to be a reliable candidate for the effective storage of renewable energy, especially in the developing countries and environmentally vulnerable areas with abundant renewable energies. 

Materials and Methods
Materials 
The membranes used in this works include SelemionTM CMV and AMV (SELEMION™, AGC Engineering Co., Ltd, Japan), which are cation and anion exchange membranes, respectively. Table 1 shows the properties of the membranes. The reagents used include K3Fe (CN) 6, K4Fe (CN) 6, H2SO4, Na2SO4, NaCl, which are all analytical grade and purchased from Dikeman. Deionized water was used throughout the experiments.
Table 1 Types of the used membrane and their properties
	
	Membrane type
	Thickness (µm)
	IEC
(meq. g-1) a
	Area resistance
(Ω.cm2)b
	Water uptake (%) c
	[bookmark: OLE_LINK2]Transport
number (%)

	SelemionTM
	AMV
	110-150
	1.85
	2.8
	18
	>96

	
	CMV
	130-150
	2.40
	3.0
	22
	>96


The data were collected from the product brochure provided by manufacturers and available on the website.
a Anion-exchange membrane and Cation-exchange membrane IEC was determined in meq g-1 in Cl- and Na+ form, respectively.
b Anion-exchange membrane and Cation-exchange membrane area resistance was measured as Cl- and Na+ form in 0.5M NaCl @T=25 °C, respectively.

c Water uptake/swelling degree was determined by the equation of 

Design of the system
According to the idea proposed above, a custom-designed RED stack was thus used to observe the process (see Fig. 2)35. The setup composes of six pieces of CEMs and five pieces of AEMs. The configuration and the arrangement of the setup were described in detail in the supporting information. We designated the CEM and AEM as CEM-1, CEM-2, CEM-3, CEM-4, CEM-5, CEM-6; and AEM-1, AEM-2, AEM-3, AEM-4, AEM-5, from anode to cathode side (left to right) respectively. To identify the practical open-circuit voltage (OCV) change across the membrane, and thus avoid the influence of electrode reaction, the platinum filament (PF, Φ=0.25 mm) was installed between membrane and electrode. PF and IEMs were arranged as: PF1 <Anode, CEM-1>, PF2 <AEM-5, CEM-5>, and PF3 <CEM-6, cathode> (see Fig. 3). From left to right, the RED stack is assembled in sequence: ANODE- (PF1) | CEM-1 | LC | AEM-1 | HC |…|CEM-5 | LC | AEM-5 (PF2) | HC | CEM-6 | (PF3) -Cathode (| is the mesh spacer). The voltage changes on PF2- PF3 is termed as V1, PF1- PF3 is termed as V2, and Anode-Cathode is termed as Vs. V1 is used to calculate the gross power density. It is worth to note that the spacer in the stack is fabricated using Nylon nets with 20 mesh and 750 μm thickness, to get a better understanding of the influence of dilute solution resistance on RED power density.
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Fig. 2 The working mechanism of all-iron (Fe3+/Fe2+ | Fe2+/Fe3+) flow battery and the H+-plus salt battery
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Fig. 3 The profile of the SGFB stack
The cathode and anode compartment are circulated with K3Fe (CN) 6 + K4Fe (CN) 6 + NaCl mixed solution. LC solution is either simulated river water (0.01 M NaCl) or the ion-plus diluted mixture (0.01 M NaCl + 0.1 M H2SO4/Li2SO4/Na2SO4/K2SO4/MgSO4). HC solution is either simulated seawater (0.5 M NaCl) or the ion-plus concentrated mixture (0.5 M NaCl + 0.1 M H2SO4/Li2SO4/Na2SO4/K2SO4/MgSO4). The solutions were pumped by the peristaltic pump (Kamoer Fluid Tech, China) under the one-pass + co-current flow mode. The influence of Reynolds number (the liquid flow rate parallel to the membrane surface) on the power outputting was evaluated by changing the rotating rate of the pumps using the step motor controller (BE-1126). Electrode and feed solutions are denominated as R1 (0.1-7) and R2 (0.1-7), respectively. Initially, the corresponding solution circulated in the stack more than 12 hours, and consequently equilibrate the functional group with the counter-ions. The operations conducted in this work were listed below.
<R1=0.1, 1, 3, 5, 7; R2=0.1, 1, 3, 5, 7>, Electrode: 0.1 M (Fe3+ + Fe2+) + 0.25 M NaCl.
Case 1: 0.1 M H2SO4+0.01 M NaCl | 0.1 M H2SO4+0.5 M NaCl
Case 2: 0.1 M Li2SO4+0.01 M NaCl | 0.1 M Li2SO4+0.5 M NaCl
Case 3: 0.1 M Na2SO4+0.01 M NaCl | 0.1 M Na2SO4+0.5 M NaCl
Case 4: 0.1 M K2SO4+0.01 M NaCl | 0.1 M K2SO4+0.5 M NaCl
Case 5: 0.1 M MgSO4+0.01 M NaCl | 0.1 M MgSO4+0.5 M NaCl
Case 6: 0.01 M NaCl | 0.5 M NaCl
<R1=0.1, 1, 3, 5, 7; R2=0.1, 1, 3, 5, 7>, Electrode: 0.05 M (Fe3+ + Fe2+) + 0.25 M NaCl.
Case 7: 0.1 M H2SO4+0.01 M NaCl | 0.1 M H2SO4+0.5 M NaCl
<R1=0.1, 1, 3, 5, 7; R2=0.1, 1, 3, 5, 7>, Electrode: 0.2 M (Fe3+ + Fe2+) + 0.25 M NaCl.
Case 8: 0.1 M H2SO4+0.01 M NaCl | 0.1 M H2SO4+0.5 M NaCl
The power density for the RED stack was tested by Electronic Load (Faithtech CO., LTD) using Over Current Protection mode (OCP). The current was set from 0.000 A to 0.500 A with the stepwise of 0.002 A (0.02 mA cm-2), and the time duration for every stepwise was set as 5 s. The end scanning current was set at 0.500 A, which is above the maximum output current of the RED stack. The voltage was monitored using the voltage transmitter (MPS-110001, MPS-010602, Morphus Electronic Technology Co., Ltd). The data from the transmitters were recorded online every 1 s and managed using data management. The equivalent circuit diagram for the system in different operating modes was given in Fig. 4.
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Fig. 4 The equivalent circuit diagram for the system in different operating modes. Rs is the RED stack resistance; Rs is the adjustable current load resistance; RV1 RV2 are the internal membrane and solution resistance; Ro is the residual resistance by excluding RV1 from Rs; Re is the residual resistance by excluding RV2 from Rs

Mathematical modeling and multiphysics simulation
The co-current flowing for river water and seawater was used to conduct the operation, since it was reported the co-current has the low-pressure difference between the adjacent compartment and thus preventing the solution leakage between internal manifolds and the pinholes in the membrane, and also enable the use of thin membranes and open spacers 36. The operations with simulated natural seawater and river water, as well as the artificially designed mixtures of the proton and salt were conducted for comparison.
The energy in the salinity solution by mixing the high concentration brine with the diluted freshwater could be thermodynamically defined according to the free energy changes.

          (1)










Where    is the free energy of component i for the high concentration solution, low concentration solution, and the mixed brackish solution (J);  and  (mol/L) are the concentration of component i for the high concentration and low concentration solution;  and  are the volume of the high concentration and low concentration solution (L); R is the universal gas constant (J/mol K); T is the temperature (K); , and  are the mole fraction (-) of component i for high concentration, low concentration and mixed brackish water. 
The trans-membrane voltage across one single cell (Φ) is related to the solution composition and the concentration, which could be calculated by Eq. 2.
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Where  is the concentration polarization correction factor;  and  are the transport number for the cation exchange membrane and anion exchange membrane respectively; R is the ideal gas constant (8.314 J mol-1 K-1)); T is the temperature (K); F is the Faraday constant (96485 C mol-1);  and  are the charge valence of cations (i+) and anions (i-); , , , and  are the activity coefficient for the cations (i+) and anions (i-), in the HC and LC side, respectively; , , , and  are the concentration of cations and anions in the HC and LC side. 
The open-circuit voltage E is the accumulation of the single-cell and was calculated according to Eq. 3.

                                   (3)
Where N is the repeated unit of the RED stack;
For the RED stack, the total electrical resistance (RS) was the summary of the electrode resistance (include the solution-metal overpotential and the electrode solution resistance), the membrane resistance, the HC and LC solution resistance, which were given as Eq. 4.

                       (4)
The membrane resistance is accumulated by the total cation and anion exchange membrane, which was given in Eq. 5.

                            (5)


Where  and  are the resistance of the cation and anion exchange membranes, respectively. 
The solution resistance includes the electric-ohmic resistance in the LC and HC compartments, which is given in Eq. 6.

                            (6)
Considering the electrode compartment resistance was negligible in a scaled-up RED system, the total RED resistance only contains the membrane and solution part. Therefore, the RED resistance was given as Eq. 7. 

                     (7)
The power outputting was calculated by considering the external electric resistance (current load, Rload), according to Eq. 8.

                    (8)
The maximal power is obtained when the external resistance changes to the same as the RED stack resistance and given as Eq. 9.

                                 (9)
The gross power density was calculated by considering the active membrane area resistance, as given in Eq. 10.

                                 (10)

Where  is the total membrane area, which includes both the CEM and AEM.
By introducing the description of transmembrane voltage and the stack resistance in the maximal power equation, we can get Eq. 11 (for one single cell).

                  (11)
The conductivity of the HC and LC solution was described as Eq. 12-13.

                        (12)

                         (13)


Where  and  (S cm2 mol−1) are the mole conductivity for the cation and anion, respectively. For the simplification, NaCl electrolyte was used for further description. In this case, the maximal power equation further deviated into Eq. 14.

              (14)






For the river and seawater system, NaCl is the primary ions. In this case, ==, ==, and the above equation was further changed as Eq. 15. 

                 (15)


For simplification, the conductivity of the NaCl solution is recognized as linear with the concentration (, ). The above equation was further changed to Eq. 16.

                  (16)
When the electrolyte was inputted into the both HC and LC solutions, it is recognized the electrolyte type and concentration will affect the transmembrane voltage. When the concentration of supporting electrolyte in the HC and LC is the same, their independent contribution to the CEM and AEM are listed as Eq. 17-18.

                             (17)

                             (18)
Electrolyte will contribute to the conductivity of the HC and LC solution and thus decrease the solution resistance. The independent conductivity of the electrolyte is assumed as Eq. 19. 

                               (19)
Therefore, Eq. 16 was substituted into Eq. 20.

         (20)



The natural properties of the counter-ions, which is often correlated to the ion migration through the membrane matrix and the binding affinity with the fixed functional groups, will determine the transmembrane potential across the IEM. Otherwise, the co-ions which co-exist within the system also influence the transmembrane potential. Although it was not well recognized as the counter-ions, the influence on the exclusion of co-ions because of charge density and the polarizability difference is also a vital issue.37-40 COMSOL software (COMSOL multiphysics 5.4) was used for the simulation of the distributions on Donnan potential and ions flux when running the discharging circle under the ions plus system (a+, b2-). The bivalent anion (b2-) was fixed and the simulation was operated by changing the diffusion coefficient (=2E-11, 1E-10, 2E-10, 1E-9, 2E-9) of the monovalent cation, i.e., the changes in OCV and fixed ion flux across one AEM|CEM pair by changing the supporting cationic species. The corresponding results were given in Fig. 5. The results indicate the Donnan potential across the membrane decrease with the increment of the variable (), while the ion fluxes (Na+ and Cl-) increase with it. The diffusion coefficient (D) in an ion exchange membrane related processes, presents the ionic activity in the liquid solution, as well as determines its transition resistance across the corresponding ion exchange membranes. With the increasing of assisted ions’ activity, the contribution to the Donnan potential  was enhanced due to its co-transition with Na+ ions. The assisted ions could be recognized as the incorporating cations accompany with Na+ ions, and thus decrease the concentration difference between concentrate and dilute compartment, which finally spills over the OCV according to the Nernst equation. On the other hand, the assisted ions (a+) also supported the transition of the electrolyte from the concentrate to dilute side, and thus facilitate the short-circuit current in the discharging circle. The in-situ trading-off and taking-turns happening in the ion-plus system would refactor the electrochemical circumstance within the SGFB cell, and in turn reach a balance between OCV and stack electric resistance.
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Fig. 5 The changes in Donnan potential (a) and the status of ions transition across one membrane pair (b) in the function of supporting ions’ diffusion coefficient (=0.1, 0.5, 1, 5, 10)
Based on the mathematical modeling and multiphysics simulation of the proposed process, we introduce H+, Li+, Na+, K+, Mg2+ as the auxiliary ions within the Lab-scale SGFB cell. The changes in the performance, i.e., transmembrane voltage, the electric resistance within the stack, and the gross power density, were evaluated for further observations of the novel process. As given in Fig. 6, the open-circuit voltage of the membrane pairs was between 0.85 and 0.91 V. Interestingly, we found the internal electrical-resistance reduce to 0.52-0.73 Ω, 1.03-1.25 Ω, 1.44-1.68 Ω, 0.93-1.24, 1.71-1.83 Ω when introducing 0.2 M H+, Li+, Na+, K+, and 0.1 M Mg2+ ions into both the HC and LC solutions. The stack resistance changes in sequence Control>Mg2+-Plus>Na+-Plus>Li+-Plus>K+-Plus>H+-Plus for the operation under the same conditions. Obviously, the stack reduced 62.42-90.68% electric resistance because of the contribution of supported ions to the conductivity of the salt solution, especially the LC side. Simultaneously, with the decreasing of total stack resistance, the open-circuit voltage decrease from 0.85-0.91 V to 0.43-0.46 V, 0.56-0.60 V, 0.52-0.63 V, 0.53-0.60 V, and 0.33-0.42 V for the control, H+-Plus, Li+-Plus, Na+-Plus, K+-Plus, and Mg2+-Plus systems respectively, and follows the sequence Control> Na+-Plus > K+-Plus > Li+-Plus > H+-Plus > Mg2+-Plus when operating under the same conditions. Proton, as the most active cation, contributed a more significant part of counter-ion that transporting across the membrane matrix, in comparison to other supported ions, but as well reduced the electric resistance within the stack to the minimum level.
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Fig. 6 The comparison of maximum power density for the different ion-plus system
Results and discussion
The discharging property of SGFB with different ion-plus system
To evaluate the changes in internal electrical-resistance and the power density of the membrane pairs when introducing supporting ions in the natural systems, the systems: Case 1: 0.1 M H2SO4+0.01 M NaCl | 0.1 M H2SO4+0.5 M NaCl; Case 2: 0.1 M Li2SO4+0.01 M NaCl | 0.1 M Li2SO4+0.5 M NaCl; Case 3: 0.1 M Na2SO4+0.01 M NaCl | 0.1 M Na2SO4+0.5 M NaCl were prepared; Case 4: 0.1 M K2SO4+0.01 M NaCl | 0.1 M K2SO4+0.5 M NaCl; Case 5: 0.1 M MgSO4+0.01 M NaCl | 0.1 M MgSO4+0.5 M NaCl. Case 1-5 were studied as H+, Li+, Na+, K+, Mg2+-plus operations, while Case 6: 0.01 M NaCl | 0.5 M NaCl was studied as the control experiments. The flow status and the electrode composition for the above cases were <R1=0.1, 1, 3, 5, 7; R2=5>, Electrode: 0.1 M (Fe3+ + Fe2+) + 0.25 M NaCl.
H+, Li+, Na+, K+, Mg2+ ions were selected as the plus electrolyte by considering two critical factors: 1) the influence of anions and cations plus effect on the trans-membrane voltage of AEM and CEM; 2) the correlations of Donnan-potential and the species kind when considering the bonding effect between functional group and ions, the hydration and dehydration of ions when transfer through membranes, the same as the competitive-transfer the for the same kind co-ions.
Fig. 7 illustrates the OCV and power density changes for the operation case 1-6. For the controlling experiment Case 6, the power density was between 0.34 and 0.44 W/m2, while the internal electrical-resistance was between 4.87 and 5.58 Ω when controlling the flow rate between 0.1 and 7. Although the OCV decrease to 0.52-0.63 V and 0.43-0.51 V for case 2 and case 1, their corresponding power density still increases to 0.45-0.75 and 0.68-1.01 W/m2. Obviously, the trade-off between OCV and the stack internal resistance positively contributes to the enhancement of power density. Although the addition of supporting ions will not significantly influence the Gibbs free energy, it will change the distribution of the ions inside the IEMs, and thus decrease the transmembrane voltage. For operation Case 1, it suffers a loss of 43.9-49.4% OCV in comparison to the controlling experiment Case. 3, but the solution resistance reduces 86.9-88.0%. And thus, the power density increase 50-129.5% as the addition of H+ to HC and LC solution. The end value of V1 is around 0.30-0.33V, and obviously, the power density has not reached the highest gross value. Generally, the highest power outputting density happens at half OCV, and the internal stack resistance equal to the out load resistance. However, the power density in this process was limited because of the electrode resistance, which occupies 9.7-14.8% of the total stack resistance when using the natural system (Case 3). With the introduction of the supporting electrolyte and the inducing reduction in internal resistance, the percentage of electrode resistance increase to 26.3-30.2% and 30.1-46.1% for Case 1 and Case 2, respectively. Obviously, the resistance in the electrode was the dominant factor that determines the output of the SGP for the Lab-scale setup, even if this factor was insignificant when scaling the setup to hundreds of repeat units. However, the electrode resistance contributes a noteworthy part to the total stack resistance for a Lab-scale setup, and significantly influence the ideal gross power density in the discharging operation of the SGFB. For the in-depth investigation of the ion-plus SGFB, the flow status and the chemical composition in the electrode system was changed and the discharging property of the process was further investigated.
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Fig. 7 The changes of internal physical-chemistry character in the stack and the SGP discharging property when running in the natural and ion-plus mode. The y-axis in the black color is the open-circuit voltage (V), while dark blue y-axis are the power density, respectively; the x-axis in the black color is the testing current and the operation cases, respectively
The influence of electron transition on battery discharging
The flow rate of the fluid along the membrane surface is one of the most important aspects that determine the ions transfer across the IEM membrane, since the concentration polarization in the boundary layer between solution and membrane interface influence the power outputting in an SGFB cell, as well as the electrons transfer from the electrode couples to the electrode plate. Therefore, the effects of the Reynolds Number on the power density and the OCV was evaluated by changing the rotating rate of the pumps (controlling R2 at 0.1, 1, 3, 5, 7, and maintain R1 at 3 (e.g. <R1=3; R2=0.1, 1, 3, 5, 7>, Electrode: 0.1 M (Fe3+ + Fe2+) + 0.25 M NaCl)) for the further observation of the discharging circle of an ion-plus SGFB system. The electro-characters of the redox couples, i.e, the diffusion coefficient, the kinetic constant, and charge state, was out the scopes of this work, and will be independently investigated in the further study.
The changes of OCV and power density was given in Fig. 8. In comparison to the operations by changing the fluid state in the dilute and concentrate compartment, the influence of electrode couples distribution around the electrode plate is insignificant with regards to the power density, except for the H+-plus system. Definitely, the maximum power density increases steadily from 0.6 to 1.12 W/m2. Coincidentally, the power density for the different ion-plus system changes in the sequence Pu(K+)> Pu(Li+)> Pu(Na+)> Pu(Control)> Pu(Mg2+), the order of which is same as above mentioned experiments. The findings here indicate K+ as a monovalent cation would appropriately facilitate the transformation of Gibbs free energy, and thus increase the gross power density in the discharging circle. The balance between Donnan potential and stack electric resistance was well established, which is beneficial to the SGFB process (see Fig. 10). On the other aspects, the results also indicate the electron transfer from the electrode couples to the electrode plates is not the critical limitation for the ion-plus SGFB cell. The electric stack resistance, which could be mainly divided into electrode resistance and membrane pair resistance, determines the gross power density. Meanwhile, the distribution of electric resistance, i.e., the proportion between above mentioned two parts of resistance determines the maximum power density that could be outputted. For further observation of the proposed points, the H+-plus system was selected and optimized by changing the redox couples composition.
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Fig. 8 The changes of internal physical-chemistry character in the stack and the SGP discharging property under the influence of electrode flowing status. The y-axis in the black color is the open-circuit voltage (V), while dark blue y-axis are the power density, respectively; the x-axis in the black color is the testing current and the operation cases, respectively

To decrease the electrode solution resistance and thus suppress its limitation on the power density outputting, the concentration of the Fe2+/Fe3+ in electrode solution was changed from two aspects: 1) increase the electro-transition between the redox couples and inert metal electrode and decrease the reaction resistance; 2) increase the solution conductivity and thus decrease the solution resistance. HC and LC solutions were the same as Case 1, in which H+ was added as the supporting electrolyte. The changes on the internal resistance and the practical outputting power density, as well as the highest power density theoretically calculated according to the recorded OCV and the resistance were discussed.
Fig. 9 illustrate the changes in power density and OCV in the function of operating current. Flow rate along the membrane surface and the electrode solution resistance are two main factors that were controlled in the experiments. For every set of the experiments, the gross power density increases with the solution velocity on the membrane surface, i.e., the power density increase from 0.77 W/cm2 to 1.48 W/m2 by increase the rotating rate from 0.1 to 7, while the stack resistance linearly reduces from 1.54 Ω to 0.91 Ω. The maximum power density was obtained under the higher flow rate, which increases as 0.92, 1.01, and 1.48 W/m2 when increasing the Fe3+/Fe2+ redox couples from 0.05 mol/L to 0.2 mol/L. Consequently, the discharging character for the SGFB was enhanced by introducing the assisted proton ions. Due to the limitation on the electrode resistance in the lab-scale ED stack, the promotion did not reach to the ideal value. It is appreciable the ion-plus process could be further promoted when enlarging the scale of the membrane stack, since the electrode resistance is negligible in comparison to the hundreds of repeated units.
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Fig. 9 The changes of internal physical-chemistry character in the stack and the SGP discharging property when running in the 0.05, 0.1, and 0.2 M electrode systems. The y-axis in the black color is the open-circuit voltage (V), while dark blue y-axis are the power density, respectively; the x-axis in the black color is the testing current and the operation cases, respectively
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Fig. 10 The comparison of maximum power density for different ion-plus system when operated under different ion-transition conditions

Conclusion
Here in this work, we proposed an ion-plus SGFB system to decrease the internal energy consumption in the discharging circle and thus promote its implication in renewable energy storage. Mathematical modeling, Multiphysics simulation, and experimental approaches were introduced for the evaluation of the changes in power density, OCV, internal electric resistance. Multiphysics simulation indicates the Donnan potential across the membrane pair with the addition of the supporting ions into both the dilute and concentrate solutions. The contribution of the plus ion to the Donnan potential positively correlated with its ionic activity, i.e., the diffusion coefficient across the ion exchange membrane. However, the migration of the ions across the membrane was facilitated and increase with the plus ions’ activity. The in-situ trading-off and taking-turns happening in the ion-plus system would refactor the electrochemical circumstance within the SGFB cell, and in turn reach a balance between OCV and stack electric resistance. The experimental results validated the foundings in the Multiphysics simulation. The power density for the different ion-plus system changes in the sequence Pu(K+)>Pu(H+)>Pu(Li+)> Pu(Na+)> Pu(Control)> Pu(Mg2+). In comparison to the electron transfer from the redox couples to the electrode plate, the electrode resistance determines the maximum power density. The proposed ion-plus system would significantly decrease the internal electric resistance within the SGFB cell, and facilitates the transformation of Gibbs free energy in the discharging circles, while decreasing the current consumption in the charging circles. The ion-plus system is beneficial to the development of green approaches to storage the renewable energies, meanwhile, provide an alternative viewpoint for the recovery of appreciating values in the industrial wastewaters, i.e., the salinity gradient energy and the useful resources.
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Figure Caption
Fig. 1 Characteristics of SGFB. (a) Classification of renewable energy storage systems and (b) available Donnan potential as a function of the bulk solution concentrations
Fig. 2 The working mechanism of all-iron (Fe3+/Fe2+ | Fe2+/Fe3+) flow battery and the H+-plus salt battery
Fig. 3 The profile of the SGFB stack
Fig. 4 The equivalent circuit diagram for the system in different operating modes. Rs is the RED stack resistance; Rs is the adjustable current load resistance; RV1 RV2 are the internal membrane and solution resistance; Ro is the residual resistance by excluding RV1 from Rs; Re is the residual resistance by excluding RV2 from Rs

Fig. 5 The changes in Donnan potential (a) and the status of ions transition across one membrane pair (b) in the function of supporting ions’ diffusion coefficient ( =0.1, 0.5, 1, 5, 10)
Fig. 6 The comparison of maximum power density for the different ion-plus system
Fig. 7 The changes of internal physical-chemistry character in the stack and the SGP discharging property when running in the natural and ion-plus mode. The y-axis in the black color is the open-circuit voltage (V), while dark blue y-axis are the power density, respectively; the x-axis in the black color is the testing current and the operation cases, respectively
Fig. 8 The changes of internal physical-chemistry character in the stack and the SGP discharging property under the influence of electrode flowing status. The y-axis in the black color is the open-circuit voltage (V), while dark blue y-axis are the power density, respectively; the x-axis in the black color is the testing current and the operation cases, respectively
Fig. 9 The changes of internal physical-chemistry character in the stack and the SGP discharging property when running in the 0.05, 0.1, and 0.2 M electrode systems. The y-axis in the black color is the open-circuit voltage (V), while dark blue y-axis are the power density, respectively; the x-axis in the black color is the testing current and the operation cases, respectively
Fig. 10 The comparison of maximum power density for different ion-plus system when operated under different ion-transition conditions

Table Caption
Table 1 Types of the used membrane and their properties
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