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17 Abstract:

18 One of the key processes of tree lignification is that lignin penetrates into the cell wall and fills in 

19 the cell wall framework, thereby increasing the hardness and hydrophobic of the tree channels, 

20 which is beneficial to consolidate and support the tree cell wall and water transport. Inspired by this 

21 natural process, we demonstrated a lignin-based nanofluidic heterogeneous membrane that closely 

22 mimics the channels in tree, which can realize ion transport function and effectively capture reverse 

23 electrodialysis. The membrane was synthesized by heating dealkaline lignin and PVA at 200℃ and 

24 this formed fusiform microrods and a closed-packed membrane. Simultaneously, this membrane 

25 composited with anodized aluminum (AAO) channels membrane at 200℃ to form asymmetric 

26 heterogeneous nanochannels membrane, which can transport counter-ions and harvest osmotic 

27 energy. This membrane implements ion current rectification in 0.1 M KCl electrolyte solution at pH 

28 3 due to the confinement of pores and opposite surface charges in lignin-based heterogeneous 

29 nanochannel. An output power density of 0.97 W m−2 is obtained under a 50-fold salinity gradient, 

30 which can be further improved to 1.19 W m−2 by increasing the salinity gradient from 50-fold to 

31 500-fold. Accordingly, this nanofluidic membranes were prepared by using lignin, the key 

32 component in tree, which not only mimicked a crucial process of the water and ionic transport 

33 process of channels in tree, but also had the prospect in the field of osmotic energy harvesting.
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35 Harvesting

36 1. Introduction

37 Plenty of functional channel structures exists in nature, which can efficiently generate and 

38 accumulate energy from the environment [1-4]. Ion channels have attracted much attention due to 

39 their delicate controllability of ion transport in biology. The size and charge selectivity of protein 

40 channels have been a focal point ever since Erwin Neher and Bert Sakmann were awarded the Nobel 

41 Prize in Physiology in 1991 for discovering intracellular ion channels and pioneering patch clamp 

42 technology [5]. The characteristic of channels formed during a long evolution process in the 

43 biological world is unique [6]. The preparation of biomimetic lignin channel materials and devices 

44 strive to obtain a bioinspired ion channel structure, which provides a research basis for ion 

45 transportation and energy conversion [7,8]. 

46 Inspired by the precise control of ion transmembrane through ion channels on the cell membrane of 

47 being life, a series of preliminary studies on biomimetic artificial nanopores have been initiated, 

48 realizing the intelligence controllability of ion flux that originate from nanoconfinement [9-14]. The 

49 viewpoint that the single structural composition of the homogeneous nanoporous system limits its 

50 accurate controllability for ion transportation properties has been proposed [15-17]. Compared with 

51 the homogeneous nanoporous system, the multi-level pore structures composite of heterogeneous 

52 membrane system has the characteristics of more accurate controllability such as ionic diode effect 

53 due to asymmetric flow of ionic species caused by the synergistic effect between the two layers with 

54 inherent asymmetric structure and charge [16,18]. Therefore, it is imperative to construct multi-level 

55 pore structures in the homogeneous membrane and to develop a high-stability multifunctional 

56 composite heterogeneous membrane system for ion transport. 

57 In competition for sunlight, trees evolved structural feature to defy gravity [19,20], as shown in Fig. 

58 1a. The xylem of trees (a structure responsible for transporting water and minerals) contains a large 

59 amount of lignin, which contains multi-channels structure. The channels reinforced by lignin can 

60 resist the pressure generated by water in the cellular wall due to water transportation in transpiration, 

61 so as not to cause cell deformation or disruption. In this work, lignin strengthened a heterogeneous 

62 composite membrane to resist membrane deforming during ion transportation. Lignin materials 

63 exhibit surface negative charge due to their amorphous polymer structure consisting of aromatic 

64 alcohols [21-23]. So lignin-based composite membrane owns the ability of transporting counter-ions 



65 in the confined nanochannels. The hydrophobicity of lignin is another major characteristic, which 

66 can give tree high chemical stability in water [24-28] and benefit to ion transportation. The fabrication 

67 of tree-inspired energy conversion systems with good material strength, hydrophobicity, negative 

68 charge characteristics, nanostructure, superior underwater chemical stability and surface 

69 composition controllability has become the direction of continuous improvement in this developing 

70 field [29,30], which is further used as the basis of the application in the field of osmotic energy 

71 harvesting. Lignin materials are well match the for the above properties, their application in energy 

72 products (lignin-based salt difference power generation membrane) [31-33] will provide a new 

73 technical route for the development of value-added materials for the biomass industry [34]. 

74 In this work, we demonstrated a lignin microrods/ anodic aluminum oxide (AAO) (hereinafter 

75 “lignin/AAO”) heterogeneous nanochannels membrane, which as consistent with the xylem of trees, 

76 containing a large amount of lignin and vesicular structures responsible for transporting water and 

77 minerals as shown in Fig. 1b and 1c. Lignin facilitated trees the capability to build upward, as shown 

78 in Fig. 1a. Numerous vesicular structures supported by lignin in xylem as channels for the exchange 

79 of water and substances between cells. Similarly, we developed artificial ion channels that utilize 

80 the compounds of fusiform lignin microrods (Fig. 1d) and polyvinyl alcohol (PVA) covered on the 

81 surface and wall of the AAO channels to form the heterogeneous nanochannels. As illustrated in 

82 Fig. 1e, with the synergism between the heterostructures and the peculiar nano-environment of the 

83 negatively charged surface, artificial nanochannel systems can rectify the ionic current and 

84 preserves charge-governed ionic transport in different electrolyte solutions. The membrane system 

85 generates electrical energy by mixing artificial seawater and river water due to reverse 

86 electrodialysis, as expected. 



87
88 Fig. 1. The scheme of tree-inspired channels. (a) A tree. (b) Cellular structure. The xylem of trees 
89 contained a large amount of lignin and vesicular structures responsible for transporting water and 
90 minerals. (c) Fibril-matrix structure. The ultrastructure of tree cell walls including lignin, cellulose 
91 and hemicellulose. (d) The fusiform lignin microrods. (e) The lignin/AAO heterogeneous 
92 nanochannels membrane is consistent with the xylem of trees.

93 2. Experimental section 

94 2.1 Materials

95 Dealkaline lignin (MW 418.53 g/mol) and polyvinyl alcohol (alcoholysis degree 1788) were 

96 purchased from Shanghai Mclean Biochemical Technology Co., Ltd. The AAO membrane (40-70 

97 nm pore size and diameter of 12 mm) was purchased from Hefei Pu-Yuan Nano Technology. All 

98 chemicals were used as received.

99 2.2 Preparation of PVA solution

100 0.54 g polyvinyl alcohol was dissolved in 10 mL deionized water (DI)/ethanol (50/50 Vol%) 

101 mixture at 80 ℃ [35].

102 2.3 Synthesis of heterostructure membrane

103 0.225 g, 0.45 g and 0.90 g dealkaline lignin were dispersed in 2 mL PVA solution by mechanical 

104 stirring and ultrasonic for 4 h and 15 min, respectively. The three kinds of lignin addition ways were 

105 labelled as L-0.225, L-0.45 and L-0.9. Then the mixed solution was spread uniformly onto the AAO 

106 membrane by glass rod wrapped with 1mm-thickness tape on both sides. Finally, the lignin /AAO 



107 heterostructure membrane was obtained after heat treatment at 200 ℃ for 40 min [35]. All the lignin 

108 /AAO membranes mentioned in this paper refer to the membranes prepared by the lignin addition 

109 ways of L-0.45 unless otherwise specified.

110 2.4 Characterization

111 Scanning electron microscope (SEM) was performed using a Hitachi SU-8010 instrument with the 

112 acceleration voltage of 5 kV. Fourier transform infrared spectroscopy was carried out using a 

113 ERTEX70. Spectra were obtained using an average of 16 scans with a resolution of 2 cm−1. Contact 

114 angle measurements were measured at a Kino SL200KS with deionized water. Thermogravimetric 

115 analysis (TGA) curves were achieved by a DTG-60 at a heating rate of 10 °C min−1 under an air 

116 atmosphere. X-ray photoelectron spectroscopy (XPS) spectra was collected on a Thermo Scientific 

117 K-Alpha instrument with monochromated Al Kα radiation (1486.6 eV) at 12 kV under a pressure 

118 of 3×10-7 mbar. Zeta potential of PVA/lignin membrane and AAO were measured using a Malvern 

119 Zetasizer Nano ZS90 and an Anton Paar Surpass 3, respectively.

120 2.5 Electrical measurements

121 The ionic transport properties and the energy conversion tests of this lignin/AAO heterostructure 

122 membrane were measured by a Keithley 6487 semiconductor picoammeter (Keithley Instruments, 

123 Cleveland, OH) using a pair of Ag/AgCl electrodes. The heterogeneous membrane was mounted in 

124 the middle of the testing chamber filled with electrolyte solutions. The anode was set on the AAO 

125 side without specific instructions. The effective test experimental area of this membrane was ~ 0.5 

126 mm2. All electrolyte solutions were prepared using Watsons water. The pH values of electrolyte 

127 solutions were adjusted using HCl and C4H11NO3 solutions. Three electrical measurements were 

128 carried out under the same conditions. Error bars of I–V curves were given by the standard deviation 

129 of three measurements under the same conditions. 

130 2.6 The electrochemical impendence

131 EIS measurements were carried out in different electrolyte solutions (0.1 M KCl, 0.1 M NaCl, 0.1 

132 M LiCl, 0.1 M MgCl2, 0.1 M CaCl2 and 0.1 M AlCl3) at room temperature using an Electrochemical 

133 working station (Autolab 302N, Switzerland). The lignin/AAO membrane was fixed between two 

134 testing chambers. Two platinum electrodes were installed in the two testing chambers and sustained 

135 at the same interval and depth. The impedance spectra were measured in the frequency range from 

136 10000 to 0.01 Hz at AC amplitude of 0.05 V. 



137 2.7 Numerical Simulation

138 The theoretical model was calculated and found by Poisson and Nernst-Planck (PNP) equations 

139 (COMSOL 5.4a). 

140 3. Results and discussion

141 De-alkaline lignin, a hydrophobic dealkaline polymer, when combined with PVA can form a free-

142 standing cross-linked membrane, which was tethered on the surface of AAO membrane with 

143 hydroxyl groups through high temperature heating at 200 ℃ to construct the bioimimetic hybrid 

144 nanochannel membrane in this work. (see Experimental section, and Fig. S1). An AAO membrane 

145 was adopted as the substrate for the coating of lignin membrane. PVA serves as a bridge connecting 

146 two lignin units as well as lignin with AAO. Fig. 2a shows the fabrication processes for the 

147 lignin/AAO heterogeneous nanochannels membrane (details in Experimental section). The 

148 schematic diagram for the lignin membrane, AAO nanochannels membrane and lignin/AAO 

149 heterogeneous nanochannels membrane is shown in Fig. 2. The assembled structure of the 

150 lignin/AAO heterogeneous membrane was imaged by scanning electron microscopy (SEM). Before 

151 heating, the length of lignin nanoparticles is 0.1~1 μm, the shape is near-spherical, as shown in Fig. 

152 2b. The morphology of lignin changes from near-microspheres to microrod. Lignin microrods are 

153 connected to each other though PVA to form disordered close-packed microrods layers at 200 ℃ 

154 heating. The thermogravimetric analysis and derivative thermogravimetric analysis show the 

155 dehydration process of lignin and PVA from 0 ℃ to 600 ℃ in Fig. 2f and Fig. S2, respectively, 

156 which also affect the assembling process of lignin hybrid membrane [36,37]. As shown in Fig. 2c, the 

157 length of lignin microrods is 0.5~2 μm, and the width of lignin microrods is 0.1~0.5 μm. With the 

158 increase of temperature, the particle size grew larger, and the morphology is regular. The surface 

159 properties of lignin/AAO heterogeneous nanochannel membrane before and after heating 

160 processing were studied by contact angle (CA) measurements. As shown in Fig. S3, the test results 

161 show that the obvious changes of the surface wettability occurred. The water CA of the lignin 

162 membrane is ~66 o, and increases to ~96o after heating processing that it is because of dehydration 

163 reactions occurring on the surface PVA surface after heated at 200℃. 



164
165 Fig. 2. The fabrication and characterization for the lignin /AAO heterogeneous nanochannels 
166 membrane. (a) The fabrication processes of the lignin /AAO heterogeneous nanochannels 
167 membrane. (Ⅰ) Disperse the lignin in PVA solution. (Ⅱ) Spread the above solution onto the AAO 
168 membrane. (Ⅲ) Heat treatment to stabilize the lignin/AAO heterogeneous nanochannels membrane. 
169 (b) SEM photograph of diamond lignin nanoparticles. (c) SEM photograph of lignin membrane after 
170 200℃ heating. (d) The cross-section SEM photograph of lignin /AAO heterogeneous nanochannels 
171 membrane. (e) SEM photograph of AAO nanochannels. And the cross-section SEM photograph of 
172 AAO in the inset. (f) The thermogravimetric analysis of lignin and PVA from 25 ℃ to 600 ℃. (g) 
173 The IR spectrum of PVA, lignin, and PVA/lignin before and after heating. (h) The XPS spectrum 
174 of lignin. (i) The XPS spectrum of AAO.

175 To further examine the structure of the lignin/AAO heterogeneous membrane, the cross-section 

176 SEM image reveals that the membrane has an ultrathin micron-scale thickness of approximately 90 

177 μm (Fig. S4). Fig. 2d exhibits a 10 μm-thick PVA/lignin layers attaching onto an 80 μm-thick AAO 

178 nanochannels substrate membrane. The lignin close-packed layers covered and filled into the AAO 

179 nanochannels, which reduced the one side of pores size of AAO nanochannels to form asymmetric 

180 heterogeneous nanochannels (Fig. 2d). The pore diameter of AAO nanopores is ~40 nm, as shown 

181 in Fig. 2e. The cross-section SEM photograph of AAO shows in the inset of Fig. 2e. SEM data of 

182 the as-prepared lignin/AAO heterogeneous membrane is shown in Fig. S1. In the IR spectrum of 

183 Fig. 2g, the characteristic bands in the region 3320 cm-1 and 1080 cm-1 can be regarded as features 

184 of the hydroxy group in PVA [38]. Three characteristic peaks of lignin before (Line b) and after (line 

185 c) heating processing, 1600 cm-1, 1510 cm-1, and 1264 cm-1, are observed [39]. Line d and e are the 



186 IR spectrum of PVA/lignin membrane before and after heated treatment. As shown in Fig. 2g (line 

187 e), the 3320 cm-1, 1600 cm-1, 1510 cm-1, 1264 cm-1 and 1080 cm-1 are characteristic peaks of lignin 

188 membrane, which proves that the lignin and PVA have been successfully mixed together. X-ray 

189 photoelectron spectroscopy (XPS) analysis was used to detect the content of carbon, oxygen and 

190 aluminum contained in lignin and AAO, respectively. As shown in Fig. 2h and 2i, the appearance 

191 of C1s, O1s signal in lignin and the appearance of Al2S and O1s signal in AAO can further illustrate 

192 the elementary composition. 

193
194 Fig. 3. The stability and ion transport properties of the lignin /AAO heterogeneous membrane. (a) 
195 The ionic current curve of the membrane with an alternately external bias of +2 V/-2 V shows its 
196 stable ion transport property. (b) Ionic current of the lignin /AAO membrane for different cations. 
197 (c) Nyquist curves of six cations (K+, Na+, Li+, Mg2+, Ca2+, and Al3+) at 25 °C. (d) Impact of the 
198 KCl concentration on ionic conductance.

199 Ion current is the main experimental observable that was recorded by the current-time (I-T) curve 



200 and the ionic current-transmembrane voltage (I-V) curve. The I-T curve of the lignin /AAO 

201 heterogeneous membrane is alternately applied with an external bias of +2 V/-2 V. Fig. 3a shows 

202 both negative and positive ionic currents are relatively constant, and each cycle can last for 50 s and 

203 repeat 7 times, indicating the excellent chemical stability of our lignin-based heterogeneous 

204 membrane system. The ionic transport property and ion selectivity of the lignin/AAO heterogeneous 

205 membrane were studied with an electrochemical system by measuring I-V curves. A pair of 

206 Ag/AgCl electrodes inserted into the reactive chamber on both sides of lignin /AAO membrane 

207 served as working electrode. The I-V characteristic curves of lignin/AAO heterogeneous membrane 

208 were studied through an external bias from -2 V to +2 V with different electrolyte solutions [40], as 

209 shown in Fig. 3b. The inset of Fig. 3b shows the direction of cationic flux and anionic flux at 

210 different bias. In the heterogeneous nanochannels system with 40 nm-pore AAO nanochannel, the 

211 I-V curve presents linear ohmic behavior with negligible ionic current rectifying phenomenon in 0.1 

212 M KCl, 0.1 M NaCl and 0.1 M LiCl electrolyte solution at pH 7, which can be ascribed to the 

213 identical surface charges of the composite system. Notably, the system demonstrates ionic current 

214 rectification in 0.1 M MgCl2 or 0.1 M CaCl2 electrolyte solution at pH 7, arising from large hydrated 

215 ionic radius and intrinsic charge [41,42]. 

216 To further study the different cations transmembrane property, the ac impedance spectra of the 

217 lignin-based heterogeneous membrane in AlCl3, MgCl2, CaCl2, LiCl, NaCl and KCl electrolyte 

218 solutions (0.1 M) were tested. The two platinum plates were used as working electrode and assistant 

219 electrodes, respectively [43]. Fig. S5 shows the equivalent circuit (some details in supporting 

220 information). Fig. 3c shows impedance Nyquist curve in Al3+, Mg2+, Ca2+, Li+, Na+ and K+. 

221 According to the equivalent circuit, the membrane resistance (Rm), solution resistance (Rs) and 

222 charge transfer resistance (Rcf) were calculated and shown in Table. S1. For the monovalent ions, 

223 Rm of K+ is the smallest due to the low charge and relatively larger diffusion coefficient (1.960 × 

224 10−9 m2 s−1), and the value of Rm is 6548.8 Ω. The faster the cation transport, the smaller Rm is, 

225 which is a typical cation-selective membrane. Despite the diffusion coefficient of Mg2+ (0.705 × 

226 10−9 m2 s−1) is lower than that of Li+ (1.03 × 10−9 m2 s−1), the calculated Rm of Li+ is much larger 

227 that of Mg2+, which was attributed to the stronger electrostatic interaction of large intrinsic charge 

228 [17,44,45] (Some detailed including equivalent circuit in supporting information).

229 In the heterogeneous nanochannels system with a 20 nm-pore AAO nanochannel, the I-V curve is 



230 also linear straight line at pH 7 and 10 (Fig. 4a). The I-V curve presents ion current rectification in 

231 0.1 M KCl electrolyte solution at pH 3 due to the confinement of pores and opposite surface charges 

232 in lignin-based heterogeneous nanochannel. The inner walls of the AAO nanochannels carry 

233 hydroxyl groups and its isoelectric point is ca. 5.31, which was confirmed by zeta-potential 

234 measurements. The hybrid membrane is filled with lignin containing aliphatic hydroxyl groups and 

235 phenolic hydroxyl groups, where zeta potential is more negative. The zeta potential results suggest 

236 surface charges difference characteristic in the lignin membrane and AAO membrane when exposed 

237 to different pH (Fig. 4b). At pH is 4, the zeta potential of lignin membrane is -44 mV, and that of 

238 AAO membrane is 15 mV, resulting in the obvious opposite surface charges. As shown in Fig. 3d, 

239 surface charges mainly govern the ion transport property in diluted electrolyte, and bulk 

240 concentration takes charge of ion transport property in a higher concentration electrolyte, which is 

241 consistent with our previous reported papers [46].

242



243 Fig. 4. Ion transport properties and numerical simulation of heterogeneous nanochannels with 
244 asymmetric pore. (a) I−V curves of the lignin/AAO membrane with the AAO channel size of 20 nm 
245 in 0.1 M KCl solution under different pH values. (b) The zeta potential of lignin/PVA membrane 
246 and AAO, respectively. (c) The schematic of nanochannel model. The total length of nanochannel 
247 is 5000 nm, that of lignin channels is 1000 nm, and that of AAO channels is 4000 nm. The size of 
248 AAO nanochannel diameter of model is ~20 nm. The size of PVA/lignin hybrid pore is ~10 nm, 
249 and its pore distance is ~10 nm. (d) The simulated I-V curves of nanochannels with homogeneous 
250 charges and heterogeneous charges. (e) The calculated profile inside the nanochannels with 
251 homogeneous charges and heterogeneous charges.

252 The rectification property of diodes composed of lignin (surface carry aliphatic hydroxyl groups 

253 and phenolic hydroxyl groups) and AAO (hydroxyl groups, Isoelectric point ≈ 5.31) at pH 3 and pH 

254 10 under the external electric field was calculated using Poisson-Nernst-Planck equations based on 

255 a theoretical model [47]. According to the surface charges and structure characteristics of 

256 heterogeneous membrane, the heterogeneous lignin channel and AAO channel are approximate to 

257 an asymmetric nanochannel in the simulated model. The schematic of the simulated model is shown 

258 in Fig. 4c. The pore diameter lignin channel was set as 10 nm, that of AAO channel is 20 nm. The 

259 charge densities of PVA/lignin hybrid channel and AAO channel were set to be -0.0002 mC m-2, 

260 +0.0002 mC m-2 at pH 3, while these were set to be -0.0002 mC m-2, -0.0002 mC m-2 at pH 10. Other 

261 boundary conditions in detail are explained in Note. S1. Fig. 4d shows the I-V curve simulated by 

262 PNP model when the heterogeneous membrane system was set as pH 10. The rectification ratio is 

263 1.18. When pH decreases from 10 to 3, the I-V curve shows higher ion current rectification, arising 

264 from the heterogeneous surface charges of lignin and AAO nanochannels at pH 3. According to the 

265 I-V curves in Fig. 4d, the ion rectification ratio can be calculated as 1.69, which accords with the 

266 experimental results in Fig. 4a. Fig. 4e shows the cations accumulated on the whole nanochannel at 

267 pH 3 because of homogeneous charges on the internal surface of nanochannel. In general, both 

268 anions and cations are accumulated on the lignin/AAO nanochannels, respectively. The simulated 

269 results display ion current rectification property, which keep constant with experimental results. Our 

270 theoretical results verify that asymmetric nanochannel with heterogeneous charges brings a higher 

271 ion current rectification ratio and reveal that the ion current rectification stems from the ion 

272 concentration enrichment and depletion.



273
274 Fig. 5. Application for harvesting osmotic energy. (a) I-V curves of the lignin /AAO membrane 
275 under two configured NaCl concentration gradients. (b) The current density of the membrane in 0.5 
276 M/0.01 M NaCl solution at different pH values. (c) The effect of external resistance on the power 
277 density. (d) The power density at different salinity gradients under pH 7. (e) The output diffusion 
278 current at a 500-fold salinity gradient under pH 7. (f) The output power density of the membranes 
279 with different additive amount of lignin (Labelled as L-0.225, L-0.45 and L-0.9) at a 50-fold salinity 
280 gradient.

281 To study ion selectivity of heterogeneous membrane, the transmembrane current among salinity 

282 gradients solution presented in this work were performed with the I-V curves. As illustrated in the 

283 inset of Fig. 5a, anode and cathode were placed in the concentrated concentration electrolyte and 

284 diluted concentration electrolyte, respectively. Cations diffusion along salinity gradient could 

285 produce a forward current due to continuous diffusion, whereas anions diffusion could generate a 

286 backward one due to electrostatic force, which results in a positive net cation transmembrane current. 

287 Fig. 5a shows the I-V curve deviates to positive current without passing zero. When the salinity 

288 gradient was reversed, the I-V curve shifted in a negative current direction, suggesting a net cation 

289 current formation. Under two cases of reverse salinity gradient, the Idiff and Vdiff show non-uniform 

290 values due to the different cation diffusion phenomena, resulting in an opposite polarity direction. 

291 Their phenomena suggest that the heterogeneous membrane prefers ion diffusion direction from 

292 lignin to AAO channels.  



293 To further investigate the effect of surface charge on output power harvesting, the electroosmotic 

294 behaviors at different pH were explored. This power output density can be obtained through the 

295 equation P = Id
2 ×RL/S, where Id is the diffusion current, S is active area, RL is a load resistor in an 

296 external circuit, and can be adjusted the range from 100 Ω to 106 Ω. Fig. 5b shows different current 

297 densities change with the increase of load resistor under different pH values. A significant increase 

298 in output power density (0.97 W m-2) is obtained under middle pH at 50-fold salinity gradient in 

299 Fig. 5c due to the enriched surface charges of channel, suggesting that the surface charges property 

300 and pore structure of nanochannels serve as key roles in osmotic power harvesting. And the energy 

301 conversion efficiency is approximately 34.1%. Some details of the calculated equation are shown 

302 in Note. S2. The value of output power density is higher than that those of most of the previously 

303 reported homogeneous and heterogeneous nanofluidic membrane based the reverse electrodialysis 

304 technology, such as CNM [48], bacterial cellulose pair [49], PET [46], ABN [50], GOM [51], TOCN/PET 

305 [46] and MMT [52] under 50-fold salinity gradient (Fig. S6). Although the value is still lower than that 

306 of the existed CMN/AAO [53], ionomer/AAO [54] and polyelectrolyte hydrogel/ANF [55] membranes, 

307 these heterogeneous nano materials is expensive, complex and time-consuming to prepare, making 

308 large-scale fabrication difficult. Lignin widely exists in trees and other plant raw materials, and can 

309 be easily obtained in the form of by-products of papermaking industry. Lignin-based membrane 

310 using in nanofluidic system has the advantages of low cost, simple preparation and large-scale 

311 application. The osmotic power harvesting was evaluated by recording the I-V curves under 

312 different salinity gradients from 50-fold to 5000-fold at pH 7. Their maximum values of output 

313 power density can be calculated and achieves of 1.19 W m-2 at the load resistance of 12 kΩ at 500-

314 fold (Fig. 5d). That’s because ion concentration polarization effect at the surface of heterogeneous 

315 membranes enhances when the salinity gradient increases. The output diffusion current under a 500-

316 fold salinity gradient was investigated (Fig. 5e). For the heterogeneous membrane, the output 

317 current can keep a stable value, suggesting outstanding stability. Fig. 5f shows output power density 

318 of the membranes with different additive amount of lignin. The maximum power density is 

319 lignin/AAO membrane with L-0.45, which can be ascribed to the enriched surface charges density. 

320 Decreasing additive amount to L-0.225, the power density reduces to 0.55 W m-2 due to the sparse 

321 surface charges densities. Increasing additive amount to L-0.9 induce a decrease of power density 

322 to 0.52 W m-2. The excess lignin will introduce an increase of slits between lignin and PVA, 



323 resulting in a decreased power density. The ionic current, diffusion current and power density of the 

324 membranes with different additive amount of lignin are listed in Table S2. Overall, the lignin-based 

325 heterogeneous membrane shows high-performance osmotic energy conversion.

326 4. Conclusions

327 In conclusion, we report a tree-inspired green renewable lignin-based heterogeneous nanochannels 

328 membrane. The current rectification is induced directly by the protonation of surface charges due to 

329 the pH change of electrolyte solutions. For simulation, the results employed by PNP model coincide 

330 with the experimental results. The effect of surface charges of the channels on the osmotic energy 

331 harvesting has been investigated. The implementation of artificial seawater and river water on the 

332 lignin/AAO heterogeneous nanochannels membrane can deliver an output power density of 0.97 W 

333 m-2. The construction of membrane served as a separator has become one of the most urgent research 

334 topics in fields related to osmotic energy harvesting. Therefore, we believe these results not only 

335 mimic a key step of water transport in tree growth, but also can help understand the impact of the 

336 lignin on surface negative charges, hydrophobicity of tree and anticipate wide potentials for osmotic 

337 energy harvesting. Although the lignin-based heterogeneous nanochannels membrane has good 

338 prospect for ionic transportation and osmotic energy harvesting, there are still some challenges to 

339 be worked out. There are no other studies on lignin-based nanochannel membranes and the output 

340 power density still falls short of commercial requirements. Additionally, the lignin has a poor 

341 characteristic of film formation. Future works will focus on increasing the power density of the 

342 lignin-based nanochannel membrane through the following three aspects: (1) More investigations 

343 should be performed for lignin-based nanochannel membrane. (2) Regulating the charge density, 

344 hydrophilicity and channel structure of lignin-based membrane by modifying lignin. (3) Fabricating 

345 thinner composite films to reduce the film resistance by selecting substrate materials with smaller 

346 thickness than AAO. In this way, with the progress of research and technology, it is expected to 

347 achieve better performance in the future.
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