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12
13 The decreasing cost of electricity produced using solar and wind and the need to avoid CO2 emissions 
14 from fossil fuels has heightened interest in hydrogen gas production by water electrolysis. Offshore and 
15 coastal hydrogen gas production using seawater and renewable electricity is of particular interest, but 
16 it is currently economically infeasible due to the high costs of ion exchange membranes and the need 
17 to desalinate seawater in existing electrolyzer designs. A new approach is described here that uses 
18 relatively inexpensive commercially available membranes developed for reverse osmosis (RO) to 
19 selectively transport favorable ions. In an applied electric field, RO membranes have a substantial 
20 capacity for proton and hydroxide transport through the active layer while excluding salt anions and 
21 cations. A perchlorate salt was used to provide an inert and contained anolyte, with charge balanced 
22 by proton and hydroxide ion flow across the RO membrane. Synthetic seawater (NaCl) was used as the 
23 catholyte, where it provided continuous hydrogen gas evolution. The RO membrane resistance was 21.7 
24 ± 3.5 Ω cm2 in 1 M NaCl and the voltages needed to split water in a model electrolysis cell at current 
25 densities of 10-40 mA cm–2 were comparable to those found when using two commonly used, more 
26 expensive ion exchange membranes. 
27
28
29 Introduction

30 Hydrogen gas accounts for 1% of global energy use,1, 2 with 50 billion kg of gas produced globally each 

31 year (~53% for fertilizer). Hydrogen gas production could increase in the future due to its potential uses 

32 in transportation and energy storage. Reducing fossil fuel consumption and CO2 emissions associated with 

33 H2 production can be accomplished using renewable energy sources, such as solar and wind. Although the 

34 cost of H2 produced by water electrolysis is currently dominated by electricity prices, electrolyzer capital 

35 costs will become increasingly important in the future.3 To make H2 production by water electrolysis 

36 economically competitive to H2 produced from methane, the costs of the membrane (commonly a cation 

37 exchange membrane, CEM) and the catalyst layer used in most direct water electrolysis systems must be 
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38 decreased, as they contribute to nearly half of the cost of the electrolysis cell stack.4 A second barrier to 

39 affordable H2 gas production by water electrolysis is the location of the renewable energy.  Offshore and 

40 coastal sites are especially of interest for H2 production to link locations with affordable wind or solar 

41 arrays with abundant seawater.5-7 However, the direct use of seawater as an electrolyte in contact with 

42 the anode results in the production of high concentrations of chlorine gas and other toxic chlorinated 

43 compounds (e.g. chlorine, chlorine radicals, and other forms of oxidized chlorine) that can damage 

44 membranes.6, 8, 9 Therefore, it is currently necessary to first desalinate water before electrolysis to avoid 

45 chloride oxidation and to use either highly acidic CEMs which restrict catalyst use to noble metals or use 

46 highly alkaline solutions with anion exchange membranes (AEMs).6, 7, 10, 11 Current efforts to directly use 

47 seawater have been primarily directed at developing electrodes with large overpotentials for chloride 

48 oxidation to facilitate oxygen evolution,12-14 but this approach has not yet achieved commercial success. 

49 Asymmetric electrolyte feeds, using an alkaline KOH anolyte and seawater catholyte has also recently 

50 been proposed, but this approach required the use of relatively expensive AEMs that can degrade in 

51 alkaline solutions.15-17

52 Here, we demonstrate a different approach for improving the economic viability of water electrolysis 

53 using synthetic seawater based on repurposing low-cost reverse osmosis (RO) membranes to replace 

54 expensive CEMs. The cost of the RO membranes (<$10 m–2) is an order of magnitude less than CEMs (~ 

55 $500 – $1000 m–2), providing a path for greatly decreasing membrane costs for water electrolyzer systems. 

56 In addition, RO membranes can be highly selective for small ions, allowing transport of protons (diameter 

57 of 0.20 nm, in the form of H3O+) and OH– ions (0.22 nm) through the membrane to sustain current 

58 generation with an applied potential while excluding the passage of larger ions such as Na+ and Cl– .18, 19 

59 The RO membrane can restrict the passage of large salt ions from the anolyte, allowing the use of an 

60 asymmetric anolyte that does not result in the generation of chlorine gas and other strong oxidizers (HOCl 

61 and OCl–), which could damage the membrane.20 For example, perchlorate salts or acids are often used as 
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62 electrolytes in electrochemical studies because chlorine is fully oxidized and therefore stable, enabling 

63 selective water oxidation by the oxygen evolution reaction to produce only O2. Saline water, such as 

64 seawater, can be used as the catholyte without needing to be desalinated as it is kept separated from the 

65 anode by the RO membrane. When using these two different electrolytes the anolyte rapidly becomes 

66 slightly acidic, increasing the concentration of protons for transport across the membrane, while the 

67 catholyte pH increases with hydrogen gas evolution occurring under relatively alkaline conditions. Typical 

68 RO membranes can be operated over a pH range of 2-11,21 and thus strongly acidic or alkaline solutions 

69 need to be avoided. This approach of using moderately acidic or basic solutions in the presence of other 

70 competing anions and cations is fundamentally different from current water electrolysis methods in which 

71 both electrolytes are either highly acidic or alkaline and all other ions are excludes from the solutions. 

72 While diffusive ion transport in RO membranes has been extensively studied during pressure-driven 

73 water desalination,22 relatively little is known on ion transport with an applied electric field in the absence 

74 of an appreciable water flux23 as only a few studies have been conducted in the absence of an appreciable 

75 water flux.24-26 Because of the unique structure of the thin film composite membrane that retains larger 

76 ions, but allows a pressure driven water flux, a thin film membrane has the potential to break the trade-

77 off between ionic conductivity and selectivity that occurs for ion exchange membranes.27, 28 Evidence for 

78 the potentially unique applications of RO thin film membranes is provided by results with thin film 

79 nanofiltration (NF) membranes that have shown differences in specific ion permeabilities (e.g. Na+ versus 

80 Mg2+) in the presence and absence of pressure driven flow,23 and improved performance in flow batteries 

81 compared to ion exchange membranes due to better vanadium ion retention coupled with high proton 

82 conductivity (3 M H2SO4 electrolyte).29 To examine the potential for using thin film RO membranes for 

83 water electrolysis applications we compared the performance of two different commercially available RO 

84 membranes (BW 30LE and SW 30HR, DuPont) relative to two different commonly used CEMs (Selemion 

85 CMV, Asahi Glass; and Nafion 117, Chemours) in terms of membrane resistance and current densities 
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86 relevant for water electrolyzers. Nafion is commonly referred to as a proton exchange membrane (PEM) 

87 when used in electrochemical cells, but it conducts other positively charged cations and therefore it more 

88 appropriately referred to here as a CEM.30 Thin film RO membranes consist of a very thin active layer that 

89 selectively restricts large ion transport while permitting water passage under a pressure gradient, and a 

90 highly porous structural layer to support the thin film. The side of the membrane with the active layer 

91 usually faces the solution with high salinity to maximize desalination performance.31-33 

92

93 Experimental 

94 Membrane resistance measurement

95 The ionic resistances of the different membranes were measured using a standard four-electrode 

96 method at room temperature.34 All membranes were first immersed in salt solution for 1 day to be 

97 equilibrated with the solutions before measurements. The membrane was placed in the middle of cubic 

98 shaped cell containing two separate cylindrical chambers. Each chamber filled with 30 mL of a salt solution 

99 (NaCl or NaClO4, 0.62 M or 1 M). The membrane area exposed in the aqueous solution was the same as 

100 the chamber cross-section (7 cm2). Platinum coated titanium mesh electrodes (4.4 cm2) were placed at 

101 each end of the cubic cell (10 cm apart). Current was applied across the cell between two electrodes using 

102 a potentiostat (VMP3, Bio-Logic). Two Ag/AgCl reference electrodes (BASi RE-5B, West Lafayette, IN) were 

103 located directly adjacent to the membrane (1 cm), on each side of the membrane, in order to record the 

104 electric potential difference as a function of current density (over a range of 0.06 to 0.6 mA cm–2,  

105 normalized by membrane area) using a digital multimeter.  The resistance of the membrane, RM, was 

106 determined as follows: 

107 RM = Rm+sol – Rsol

Page 4 of 24Energy & Environmental Science



5

108 where Rm+sol is the resistance of the electrolyte solution measured with the membrane, and Rsol is the 

109 resistance measured for the electrolyte solution without a membrane. The resistances were determined 

110 from the slopes of I-V curves. 

111 Electrochemical measurements

112 Hydrogen evolution reaction (HER) studies were carried out in a three-electrode system using a 

113 potentiostat (VMP3, Bio-Logic) at room temperature. The cells contained a 10% Pt coated carbon paper 

114 (10% Pt/C) as the working electrode, a graphite rod counter electrode, and an Ag/AgCl (3M NaCl) 

115 reference electrode. The experimentally applied potential vs. Ag/AgCl potentials were converted to SHE 

116 using the following equation:

117 ESHE = EAg/AgCl + 0.197 V

118 Linear sweep voltammetry (LSV) was carried out at 5 mV s-1 between 0 V and –1.4 V (vs. SHE) for the 

119 polarization curves. All polarization curves were not iR-compensated. Chronoamperometry (CP) tests 

120 were conducted at –1.2V (vs. SHE) for 1 h. The electrolytes were saturated with N2 purging for 30 min 

121 before each test. The volume of each electrolyte was 30 mL in each chamber. 

122 Water electrolysis tests were conducted in a two-electrode system using two identical 10% Pt/C 

123 electrodes (1 cm2) in the same cubic shaped cell with two separate cylindrical chambers. The anode and 

124 cathode were separated by the indicated type of membrane.  All the current densities for electrolyzer cell 

125 performance were normalized by the electrode area (1 cm2) unless otherwise specified.35, 36 

126

127 Salt crossover measurements

128 To monitor the cations and anions crossover the different membranes under the same conditions, 1 

129 M of KCl was used as the catholyte and 1 M NaClO4 was used as the anolyte. The two-electrode system 

130 was used to apply constant current density (10 mA cm–2 or 40 mA cm–2) between anode and cathode for 

131 1 h. The catholyte and anolyte solutions were collected and diluted 50 times to measure salt ion 
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132 concentrations using ion chromatography (IC, Dionex ICS-1100, Thermo Scientific). Control experiments 

133 were conducted under the same conditions but without any applied current. All the measurements were 

134 conducted at least two times with different pieces of membrane.

135

136 Membrane stability over time

137 To examine if the transport of ions across the BW membrane was altered over time we conducted 

138 chronoamperometry tests at fixed potential of 3.5 or 4.0 V between the anode and cathode for 10 cycles, 

139 with 1 hour for each cycle, using a two-electrode setup. Two pieces of BW membrane were used for 

140 duplicate tests. To avoid changes in current that could occur due to degradation of the carbon electrodes 

141 both electrodes were replaced with new ones for each cycle. KCl (1 M) was used as the catholyte and 

142 NaClO4 (1 M) was used as the anolyte. At the end of each cycle, both anolytes and catholytes were 

143 collected and diluted 50 times for analysis of the concentration of ions.   

144

145 Changes in pH over time 

146 During the salt crossover measurements when applying different current density between anode and 

147 cathode, the changes in pH of the anolytes and catholytes were monitored simultaneously to observe pH 

148 changes during the tests. The final pH was recorded by collecting and mixing the solution. The pH readings 

149 will be a little low due to high Na+ concentration in solution. The pH probes (ET042 pH Electrode, eDAQ, 

150 Australia) were calibrated before each measurement with standard buffer solutions.

151

152 Gas generation measurements

153 The generated H2 and O2 gases were collected by a drainage method using a lab-made system.35 The 

154 two chambers were sealed with epoxy with electrodes exposed area of 1 cm2. The two-electrode system 

155 was used to apply constant current density of 40 mA cm–2 for 1 hour, with 1 M NaClO4 as the anolyte and 
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156 1 M NaCl as the catholyte. The gas volume in the cylinder was recorded every 15 min. The Faradaic 

157 efficiency was calculated by comparing the amount of collected gas production with theoretical moles of 

158 gas using:  

159 𝐹𝐸 =
𝑛𝐻2

𝑛𝐶𝐸

160 The theoretical moles of H2 ( ) that could be recovered based on the measured current with the 𝑛𝐶𝐸

161 assumption that all electrons passing through the circuit engage in proton reduction is:

162 𝑛𝐶𝐸 =
∫𝑛

𝑖 = 1𝐼𝑖∆𝑡

2𝐹

163 where,  is the internal time over which current data are collected, and F=96485 C mole-1 electron is ∆𝑡

164 Faraday’s constant. Each mole of H2 generation requires two moles of electrons. 

165

166 Results and discussion

167 Membrane ionic resistances

168 Electrical current generation in conventional water electrolyzers is enabled by the low resistance of 

169 the separator or membrane to ion flow, and thus it is critical that alternative membranes, such as RO 

170 membranes, have low resistances comparable to CEMs. Using a standard four-electrode approach to 

171 measure membrane resistances,37 we discovered that certain RO membranes exhibit sufficiently low ionic 

172 resistances in highly saline solutions (Figure S1 and SI). For example, tests using a standard, unmodified 

173 brackish water thin film RO membrane (BW), with the active layer facing the cathode (BW/Cat) exhibited 

174 a resistance of 21.7 ± 3.5 Ω cm2 at low current densities (< 1 mA cm-2) in a 1 M NaCl electrolyte and 16.8 

175 ± 4.8 Ω cm2 in a 1 M NaClO4 electrolyte  (Figure 1a, Figure S2). These resistances were reasonably low but 

176 somewhat larger than those measured for the Selemion CEM (Sel) of 4.2 ± 1.2 Ω cm2 and Nafion 117 (Naf) 

177 of 7.2 ± 0.8 Ω cm2, and a resistance reported (4.89 Ω cm2, Sel) under the same conditions of 1 M NaCl.37 
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178 These relatively low RO membrane resistances were not found to be an intrinsic property of all RO 

179 membranes. For example, another RO membrane (SW, DuPont Co) had a much larger resistance of 190 ± 

180 75 Ω cm2 in 1 M NaCl electrolyte and 190 ± 65 Ω cm2 in 1 M NaClO4 electrolyte with the active layer facing 

181 the cathode (SW/Cat). As we discuss below, the low resistances measured here for the BW RO membrane 

182 at a low current density (<1 mA cm–2) relative to those desirable for water electrolyzers would not enable 

183 the production of large proton gradients on the membrane surface that can be important in maintaining 

184 ion balances at higher current densities. 

185

Figure 1. Membrane resistance measured in four-electrode method with different membranes in (a) 1 M NaCl or
NaClO4 electrolytes, or (b) 0.62 M NaCl or NaClO4 electrolytes (0.06 to 0.6 mA/cm2, based on membrane area).

186

187 Membrane resistances depended more on the membrane used rather than the orientation of the 

188 active layer or the specific electrolyte. Resistances measured using a 1 M NaClO4 electrolyte were similar 

189 to those obtained using a 1 M NaCl electrolyte for both RO membranes, independent of membrane 

190 orientation (Figure 1a). Lowering the electrolyte concentration to that of seawater (0.62 M NaCl) 

191 increased the measured resistances for all membranes (Figure 1b, Figure S2). The resistances were 13.5 

192 ± 0.3 Ω cm2 for Sel, 46 ± 18 Ω cm2 for BW/Cat, and 310 ± 170 Ω cm2 for SW/Cat in 0.62 M NaCl electrolyte. 

193 The lower ionic resistance of BW membranes suggests this membrane is more permeable to ion transport 

194 than the SW membrane due to its thinner active layer,38 which is further examined below. The difference 
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195 in resistances for the two types of RO membranes suggested that RO membranes could be better designed 

196 to enhance ion transport for their use in water electrolyzers; for example, through surface charge 

197 modifications or nanoengineering of RO membrane surfaces.27, 39, 40 

198

199 Cell performance with RO membranes

200 The overall energy requirements for water electrolysis is a function of the applied voltage, which 

201 depends on the cell current, membrane resistances, solution resistances and electrode overpotentials. A 

202 linear sweep voltammetry (LSV) of a model electrolysis cell with all four membranes showed that Naf 

203 produced the highest current densities at a given potential, with the BW/Cat producing the next highest 

204 current densities at an applied potential of 3.5 V (Figure 2a). At a current density of 10 mA cm–2 commonly 

205 used to compare overpotentials,35, 36 similar potentials were required for all cases except for the SW/Cat 

206 and SW/Ano conditions. There were larger differences between the BW and SW membranes than those 

207 due to the orientation of the active layers (Figure 2a). In chronoamperometry (CP) tests at current density 

208 of 40 mA cm–2, the required potentials were lowest for the BW/Cat membrane and the Naf compared to 

209 the other membranes and test conditions (Figure 2b). Differences in measured potentials were primarily 

210 due to differences in mass transfer resistances for each ion species, presumably through the membrane, 

211 as the same electrode materials (10% Pt/C electrodes) and electrolytes (1 M NaClO4 anolyte and 1 M NaCl 

212 catholyte) were used in these tests.

213
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214

215 Figure 2.  Different membranes in two-electrode system by using two identical 10% Pt/C electrodes as working and 
216 counter electrodes using (a) LSV with a scan rate of 5 mV/s, and (b) CP with step current density applied (10, 20, 30 
217 and 40 mA cm–2), with NaClO4 (1 M) anolyte and NaCl (1 M) catholyte. 
218

219 The choice of using RO membranes or ion exchange membranes will impact the specific ions 

220 transported across the membrane, as the RO membrane is selective primarily based on ionic size and 

221 mobility, while the CEM will primarily transport cations. Interestingly, these differences did not 

222 substantially impact cathode performance based on monitoring the individual electrode reactions. When 

223 NaCl was used as the catholyte at a concentration representative of seawater (3.5 wt%, 0.62 M), with the 

224 anolyte added at the same mass concentration (3.5 wt%, 0.29 M NaClO4), the cathode potential was –1.0 

225 V vs. SHE at 10 mA cm-2 with a Tafel slope of 362 mV/dec for Sel and 340 mV/dec for BW/Cat (Figure S4). 

226 Using these electrolytes at the same concentration (1 M) decreased the magnitude of applied potential 

227 to –0.60 V vs. SHE at 10 mA cm-2, with a decreased Tafel slope of 291 mV/dec for Sel and 236 mV/dec for 

228 BW/Cat. The performance of the cathodes used in this study were impacted by solution conditions (Figure 

229 S6), as shown by a decrease in the Tafel slope to 181 mV/dec for Selemion and 158 mV/dec for BW/Cat 

230 membrane by adding a phosphate buffer to the anolyte and catholyte to improve performance. When a 

231 Tafel slope is larger than ~120 mV per decade, overall rates are likely limited by mass transfer rather than 

232 electrode kinetics.41 The use of solutions that could be more applicable for a seawater-based electrolyzer 

233 (i.e. 0.62 M NaCl catholyte and NaClO4 anolyte) rather than more optimal electrolytes (e.g. higher salt 

234 concentrations and buffered solutions) would be expected to reduce mass transport limitations. This 

235 comparison of the electrode overpotentials and Tafel slopes does, however, show the similarity of RO and 

236 CEM membranes when mass-transport was controlling the performance (i.e. Tafel slopes > 120  mV/dec). 

237 An additional chronoamperometry experiment was conducted using 0.62 M NaCl in both chambers for 1 

238 h at –1.2 V vs. SHE applied potential (for cathode), producing a current density of 60-90 mA cm-2 (Figure 

239 S5). In these tests there was clear evidence of damage to the Selemion membrane due to chlorine 
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240 evolution from Cl– oxidation in the anolyte, consistent with other studies.20 In contrast, there was no 

241 observable membrane damage under the same conditions using the 0.62 M NaClO4 anolyte. This 

242 experiment provided direct evidence that evolution of reactive, oxidized chlorine species can be avoided 

243 by choosing a contained and unreactive anolyte. 

244

245 Figure 3.  LSV measurement for different membranes in three-electrode system with 10% Pt/C working electrode, 
246 graphite rod counter electrode, and Ag/AgCl reference electrode with the indicated anolyte and catholyte solution: 
247 (a) 3.5% NaCl (0.29 M NaCl) catholyte and 3.5% NaClO4 (0.62 M) anolyte, (b) 1 M NaCl catholyte and 1 M NaClO4 
248 anolyte, and (c) 1 M NaCl catholyte and 1 M NaClO4 anolyte in 1 M phosphate buffer solution (PBS). 
249

250 Transport of electrolyte salts across membranes

251 CEMs are designed to facilitate cation transport, but RO membranes selectively transport smaller ions, 

252 and therefore transport of larger cations such as Na+ could be reduced relative to protons for RO 

253 membranes under comparable solution conditions and current densities. RO membranes are not perfectly 

254 selective for ion transport, however, and there will be some crossover of larger ions due to membrane 

255 pore size variability and defects due to diffusion as a result of the large concentration gradient and the 

256 electric field. To examine the extent of cation crossover in the presence and absence of an electric field, 

257 we used sodium perchlorate in the anolyte and potassium chloride in the catholyte (1 M NaClO4 anolyte 

258 and 1 M KCl catholyte) at set current densities of 10 and 40 A m–2, and compared the concentration of 

259 each ion after one hour to the control (no current Figure S8). Na+ ions were transported to a greater extent 

260 than other ions due to the concentration gradient (no current) for CEMs compared to RO membranes, 
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261 and total Na+ ion transport increased in proportion to the current (Figure 4). With only the concentration 

262 difference (no current), the final Na+ concentrations in catholyte were higher using CEMs than RO 

263 membranes, with 26.3 ± 2.8 mM for Sel and 13.4 ± 1.3 mM for Naf, with Na+ concentrations < 1.2 mM for 

264 the RO membranes (1.02 ± 0.17 mM for BW/Cat and 0.64 ± 0.04 mM for SW/Cat; Figure S8). This same 

265 trend of increased Na+ transport with CEMs compared to RO membranes was observed with electric field 

266 applied. At 40 A m–2, the transport of Na+ in the direction of the electric field (i.e. towards the cathode) 

267 led to 62 ± 8 mM of Na+ (Sel) and 48±2 mM (Naf), compared to a lower range of 17.5 ± 1.6 mM (SW/Cat) 

268 to 19.3 ± 2.1 mM (BW/Cat) for the RO membranes (Figure 4).  These salt concentrations were reduced 

269 with a lower current of 10 A m–2 (42.4 ± 4.8 mM, Sel, 18.5 ± 4.9 mM, Naf, compared to 6.09 ± 0.13 mM, 

270 BW/Cat, 5.59 ± 0.35 mM for SW/Cat), indicating enhanced Na+ ion transport due to the electric field. 

271 Because ion transport in solution is needed to balance the same applied current, these results indicated 

272 that the charge balance was maintained by ions other than Na+ to a greater extent in the RO membranes 

273 than in the CEMs. 

274

275 Figure 4. (a) Concentration of cations and anions in cell using different membranes after applying a constant current 
276 of 40 mA cm-2 between anode and cathode for 1 h: K+ concentration in anolyte (a-1) and Na+ in catholyte (a-2), Cl– 
277 in anolyte (a-3) and ClO4

–  in catholyte (a-4). K+ in catholyte, Na+ in anolyte, Cl– in catholyte and ClO4
– in anolyte were 

278 presented in Figure S7. Schematic figure (b) showing ions moving under constant current, with original solution of 
279 KCl (1 M) for catholyte and NaClO4 (1 M) for anolyte. KCl was used instead of NaCl (as synthetic seawater) for 
280 catholyte in order to indicate the cations transport under different conditions.  
281

b
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282 The electric field only had a small effect on K+
 ion transport towards against the electric field (towards 

283 the anode) with all membranes, indicating most of K+ transport was likely due to diffusion not migration. 

284 There was still greater K+ ion transport with the CEMs (15.4 ± 0.8 and 8.0 ± 1.6 mM, Sel) than the RO 

285 membranes (2.9 ± 1.2 and 0.59 ± 0.13 mM, BW/Cat) (Figures 4, S8, and S9), both with and without an 

286 electric field. Diffusion of K+ or Na+ into the opposing electrolyte therefore was due to the large 

287 concentration gradients between the two chambers, with greater transport against the electric field due 

288 to the higher permeability of positively charged cations through the CEMs. 

289 Anion transport was enhanced in the direction of the electric field (towards the anolyte) using RO 

290 membranes compared to CEMs which better restrict anion transport. After 1 hour there was 5.1 ± 1.2 mM 

291 (SW/Cat) and 15.3 ± 4.4 mM (BW/Cat) of Cl– in the anolyte at 40 mA cm–2, compared to <0.6 mM for the 

292 CEMs in all cases (with or without current). Chloride transport was enhanced by the electric field as there 

293 was <1mM accumulation of Cl– in control experiments with no current (0.10 ± 0.01 mM, SW/Cat; 0.98 ± 

294 0.09 mM, BW/Cat). For ClO4
–, ion transport against the electric field resulted in a range of 1.76 ± 0.26 mM 

295 (BW/Cat) to 0.09 ± 0.02 mM (SW/Cat) in the catholyte for the RO membranes with 40 mA cm–2. However, 

296 in other tests at 10 mA cm–2 (Figure S9), there was little overall enhanced perchlorate ion transport out of 

297 the anolyte indicating its transport through the membrane was mainly by diffusion. 

298 The fraction of charge that was carried through the membrane to maintain charge balance when a 

299 current is applied was calculated by performing an ionic charge balance using the data in Figure 4. Proton 

300 production in the anode chamber reduces the anolyte pH, and hydroxide production in the catholyte 

301 chamber increases the catholyte pH, as observed for both CEM and RO membranes (Figure S10). The 

302 maximum proton concentration in the anolyte was calculated assuming that 100% of the current led to 

303 proton production with a 1H+:1e– ratio, and that no protons were transported through the membrane 

304 (Max, Figure 5a). Based on the set current (40 mA cm-2) the maximum possible proton concentration was 

305 49.7 mM in anolyte. The calculated value was generated by performing a charge balance calculation (Ion 
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306 balance, Figure 5a, SI), and the measured concentrations were obtained using a pH electrode of the final 

307 electrolyte (Measured, Figure 5a). The calculated proton concentrations remaining in the anolyte were 

308 higher than those measured, indicating additional ion transport occurred between the electrolyte 

309 chambers either due to ion swapping reactions or membrane imperfections. The measured remaining 

310 proton concentrations in the anolyte for all membranes, converted from the measured pH values of final 

311 anolytes (Figure S11), were much lower than this maximum, with 27.9 mM for Sel, 22.2 mM for Naf, 13.7 

312 for BW/Cat and 20.0 mM for SW/Cat, supporting the passage of protons through both CEMs and RO 

313 membranes due to the imposed electric field (Figure 5a).  

314

315

316

317 Figure 5.  (a)  Proton concentrations in the anolyte for different conditions, assuming a 100% Faradaic efficiency (40 
318 mA cm–2 for 1 h): maximum proton concentration for no proton transport through membrane (Max); proton 
319 concentrations remaining based on measured ion transport of other salt species (Ion balance) and proton 
320 concentrations converted from measured pH values at the end of the experiment (Measured). (b) The fraction of 
321 charge carried by protons transported through different membranes to sustain the current density of 40 mA cm-2 or 
322 10 mA cm-2 for 1 h (1 M NaClO4 anolyte and 1 M KCl catholyte).  
323

324 Based on these experiments and additional tests conducted under a lower applied current density (10 

325 mA cm-2), we concluded that the selectivity of proton transport is larger for the RO membranes than for 

326 the CEMs (Figure 5b and Figure S12). For example, 0.08 mmol of protons were transferred through the 
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327 Sel membrane, or 5% of the total charges (1.49 mmol) needed to balance charge at 40 mA cm–2. For the 

328 RO membranes, 0.6 mmol or 40% of the total charge was proton for the BW/Cat configuration, and 0.88 

329 mmol or 59% for SW/Cat configuration at 40 mA cm-2 (details of the calculation are provided in the SI). 

330 An additional concern is membrane stability over time in the electrolytes. The stability of the BW 

331 membrane relative to maintaining a constant current and changes in passage of ions over time was 

332 examined by applying a constant potential of 3.5 V for 5 cycles, followed by 5 more cycles with 4.0 V across 

333 the anode and the cathode (10 cycles total, each 1 h long). Examination of the changes in total ions 

334 transferred showed that ions transported against the electric field (ClO4
– and K+) did not increase in 

335 concentration over time based on the lack of significance of the slopes (all with p>0.05) for the final 

336 concentrations at the end of each cycle over time (Figure 6), consistent with the results in Figure 4 

337 (additional data in Figure S13). The diffusion of perchlorate and potassium ions was similar in amount 

338 over all the data suggesting that the active layer was not impaired during the tests. For the two ions 

339 transported in the direction of the electric field (Na+ and Cl–) the mass of ions transported there was a 

340 slight increase in Cl– ion transport at 3.5 V (p=0.005) but not at 4.0 V d (p=0.101). For Na+ ion transport at 

341 both applied voltages there was a small but significant (p=0.027, 3.5 V; p<0.001, 4.0 V) increase in ion 

342 transport over time. The reason for this increase was not clear, and this phenomenon requires further 

343 investigation. A longer period of time was not examined here as the carbon electrodes used here oxidize 

344 over time and thus the system can have changes in performance unrelated to the membrane stability but 

345 due to chemical reactions on the carbon electrodes that might impact membrane stability and 

346 performance.42  

347
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348

Figure 6.  The concentration of cations and anions using BW membranes after applying constant potentials of 
3.5 V and then 4.0 V (total of 10 cycles, with 1 hour for each cycle):  (a) K+ concentration in anolyte, (b) Na+ in 
catholyte, (c) Cl– in anolyte, and (d) ClO4

- in the catholyte. Two pieces of BW membrane were used for duplicate 
tests. The * shows that the slope of the linear regression was significant at the p<0.05 level. Details of the 
statistical analysis are summarized in Table S1.

349 Faradaic product efficiency of the seawater electrolysis 

350 A water displacement gas collection system was used to collect the gases produced by the cathode and 

351 anode to evaluate gas recoveries for practical applications and Faradaic efficiencies (Figure 7). Gas 

352 collection tests were conducted using a 1 M NaCl catholyte and 1 M NaClO4 anolyte. At a set current 

353 density of 40 mA cm-2 for 1 h, H2 and O2 were produced at the expected molar ratio (2.13±0.09:1) (Figure 

354 7a). A total of 16.0 ± 0.2 mL H2 was obtained within 1 h, showing a Faradaic efficiency of >95 % in all tests 

355 with the different membranes. The smaller Faradaic efficiency for O2 evolution could have been due to 

356 carbon corrosion of the anode which was not optimized for these membrane-based tests (Figure 7b).42
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357

358

359 Engineering RO membranes to function more efficiently in salty water electrolyzers. 

360 There is a well-known tradeoff in RO membranes relative to selectivity versus permeability for water 

361 flux,27, 28, 39, 43 but this relationship has not been sufficiently examined in the presence of an electric field 

362 across the membrane and in the absence of bulk water flow. CEMs achieve selective charge transport of 

363 cations over anions, but RO membranes have the advantage of size exclusion to aid transport of protons 

364 compared to larger cations. Thus, it was shown here that more Na+ and K+ cations were transferred by 

365 CEMs in the presence or absence of current compared to RO membranes (Figure 4). Furthermore, an ion 

366 balance demonstrated greater proportion of protons transported through the RO membranes to balance 

367 charge than the other ions (Figure 5). Ion transport and ion selectivity in the active layer of an RO 

368 membrane, in the absence of pressure-driven water flow, is not understood from the perspective of 

369 charge balance when proton transport is favored over larger ion transport (e.g. chloride). Ion transport 

370 through separators that are either nonselective or selective on the sizes of large molecules (for example 

371 in nanofiltration or ultrafiltration membranes) is fundamentally different from that through RO 

Figure 7.  (a) Volume of generated H2 and O2 at a constant current of 40 mA cm
-2 

for 1 h with 1 M NaClO4 
anolyte and 1 M NaCl catholyte. (b) Faradaic efficiency of H2 and O2 evolution. The inset picture is the lab-made 
system with cylinders capturing the gases from the anode and cathode filled with colored water to make the 
water lines more visible (shown for an experiment with the BW/Cat membrane after 1 h of collection). 
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372 membranes which are size selective on the scale of molecular radius. Due to the need for charge balance 

373 on both sides of the RO membrane and the high proton generation rate at the anode, the proton gradient 

374 at the surface of an RO membrane during water electrolysis is unlike previously studied situations without 

375 current generation for situations comparable to nanofiltration membranes where ion transport is due 

376 primarily to pressure forces.44 

377 Greater selective transport of protons in RO membranes could be achieved through two approaches: 

378 reducing defects and adjusting the charge of the membrane surface. The surface charge of RO membranes 

379 can be varied. The BW membrane used here has been reported to have a more positive surface charge of 

380 the active layer at lower pHs and a more negative surface charge of the active layer at higher pHs than 

381 the SW membrane.22, 45 The negative surface charge is believed to be favorable for protons transport,22 

382 consistent with our results (Figure 2). When the active layer of the RO membrane faced the catholyte that 

383 had a higher pH (BW/Cat and SW/Cat), the overpotential was lower than that obtained with the active 

384 layer facing the anolyte which had a lower pH (BW/Ano and SW/Ano). RO membrane coatings, such as 

385 polyethylene glycol, polyvinyl acetate, polydopamine, and other strategies have been used to accomplish 

386 surface charge engineering of RO and FO membranes.46 The BW membrane is also more permeable due 

387 to less polyamide cross-linking than the SW membrane, which could account for greater diffusional 

388 transport of all ions using the BW membrane. 18, 19 Therefore, there is much that can be done to better 

389 engineering RO and FO membranes to function more effectively for desirable small ion transport in water 

390 electrolyzer systems. 

391 Another challenge for using RO membranes with seawater is controlling loss of anolyte salts into the 

392 catholyte. Sodium perchlorate salts were used here as they are known to be electrochemically stable as 

393 they do not lead to more oxidized forms of chlorine. However, other salts could be investigated for the 

394 purpose of providing an electrochemically stable environment such as sulfate or other compounds. An 

395 additional concern would be whether pH levels became too acidic (<2) in the anolyte or too alkaline (>11) 
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396 in the catholyte as these could lead to damage of the membrane.21 A low pH can lead to appreciable 

397 concentrations of perchloric acid which could potentially damage the polyamide layer, but there is little 

398 known about the impact of perchlorate on RO membranes. Others have used thin film polyamide 

399 membranes in 3 M H2SO4, but they did not report on membrane stability.29 Compared to other 

400 predominant chlorine species (e.g. Cl2, HOCl and OCl–) perchlorate is the least effective oxidizer.47 There 

401 will always be some loss of ions from the anolyte into the catholyte as RO membranes do not completely 

402 reject salts. However, even if it is not possible to completely eliminate perchlorate transfer into the 

403 catholyte, the removal of perchlorate through biological treatment is a relatively simple process.48-51  

404 Amending the solution with a substrate such as acetate or even dissolved hydrogen can enable the rapid 

405 reduction of perchlorate to chloride in several different types of systems including packed beds, fluidized 

406 beds, and hollow fiber membrane bioreactors.49, 52-56

407 The main research approach for directly using seawater has been to focus on using electrode materials 

408 that favor the oxygen evolution reaction (OER) over chloride oxidation.12-14 For example, a porous 

409 manganese-based electrode was first proposed to selectively enhance the OER in acidic solutions.57 It has 

410 also been shown that deposition of MnOx onto IrOx enhances OER selectivity by a blocking mechanism, in 

411 which the MnO2 prevents Cl– from reaching the catalytically active IrOx.58 NiFe-based (oxy) hydroxides are 

412 currently considered to be one of the most efficient OER catalysts among different non-noble metal 

413 catalysts in alkaline electrolytes.59 A multilayer anode of a nickel-iron hydroxide (NiFe) electrocatalyst 

414 layer coated on a nickel sulfide (NiSx) layer formed on porous Ni foam (NiFe/NiSx-Ni) can afford superior 

415 catalytic activity and corrosion resistance in solar-driven alkaline seawater electrolysis.60 A sandwich-like 

416 nanostructured HER catalyst by decorating both sides of nickel phosphide microsheet arrays with nickel 

417 cobalt nitride nanoparticles was recently produced to possess impressive stability benefiting from the 

418 good chlorine-corrosion resistance in neutral pH seawater.61 These advances in electrode materials will 

419 be especially useful when used in concert with an RO membrane as chloride ion transport cannot be 
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420 completely eliminated. The leakage of some chloride ions, combined with electrodes that selectively 

421 enhance the OER over chloride oxidation, will result in a more robust and effective process.  

422 The use of RO or FO membranes in water electrolyzers can have additional benefits other than very 

423 low costs compared to CEMs. For example, they could be used to directly provide water into the anolyte 

424 chamber to replenish that lost during water electrolysis and like CEMs that are effective at preventing gas 

425 transfer between the chambers. A current density of 100 mA cm–2 requires a water flux of 0.34 L m–2 h–1 

426 (LMH). By altering the anolyte concentration to act as a draw solution, or through adjusting pressure in 

427 the two chambers, it should be possible to add additional water source into the anolyte chamber. This 

428 procedure to add water might be best conducted in the absence of current generation to avoid carryover 

429 of dissolved H2 into the anode chamber. Just like a CEM, the RO membrane is not just a separator of ions, 

430 it can also avoid gas phase transfer between the chambers,62 which is used in CEM water electrolyzers to 

431 enable higher pressure hydrogen gas production, but not in alkaline water electrolyzers that usually use 

432 a separator which is more permeable to gas transport. 

433

434 Conclusions

435 This study presented a first proof-of-concept design by using RO membrane based electrolyzer for 

436 direct seawater H2 generation with inert anolyte. By comparing two types of RO membranes (BW and SW) 

437 and two types of ion exchange membranes (CEM and Nafion 117), it was found that BW membrane has 

438 acceptable performance over the membrane resistance and electrolysis over potential. Overall, there 

439 remain challenges for using ion excluding thin film composite membranes such as RO membranes 

440 compared to ion exchange membranes that facilitate transport of all like-charged ions. However, the 

441 overall cost of the RO membranes compared to ion exchange membranes provides incentive to explore 

442 their use in water electrolyzer systems. While the main focus of the studies here is to enable the direct 

443 use of seawater in these systems, the comparison between RO membrane and IEM on transport of 
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444 protons and salt ions in electric field showed that  RO membranes possessed promising selectivity of 

445 protons over cation salts when using high concentrated electrolytes and the polyamide based thin-film 

446 composite membrane as presented here should provide opportunities for their use in conventional water 

447 electrolyzer systems based on the use of alkaline solutions. 
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558 Broader context
559 Hydrogen gas generation is essential for fertilizer production and other uses, but it currently is a major 
560 contributor to greenhouse gas emissions from fossil fuels. Hydrogen gas can be produced through water 
561 electrolysis and renewable solar or wind energy, but capital costs for water electrolyzers need to be 
562 reduced. Offshore and coastal sites for hydrogen production are good locations for obtaining inexpensive 
563 wind and solar energy and abundant seawater, but chloride ions in seawater generate toxic chlorine gas 
564 that damages water electrolyzer membranes. It is shown here that reverse osmosis membranes used for 
565 seawater desalination are highly permeable to proton transport, and thus provide performance that is 
566 similar to ion exchange membranes that are 10 to 100 times more expensive. RO membranes pass protons 
567 through small pores that are efficient at exclusion of larger ions. Therefore, they can be used to contain 
568 salts in anolyte that do not generate chlorine gas, while seawater can be used in the catholyte for 
569 hydrogen gas production. These results show that that by using appropriate RO membranes and anolyte, 
570 the costs of water electrolysis membranes can be reduced while facilitating the use of contained 
571 electrolytes that avoid unwanted chemical reactions. 
572
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