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a b s t r a c t 

For salinity gradient energy harvesting, membrane ion selectivity plays an important role, which is of- 

ten qualitatively analysed via the electric double layer (EDL) overlapping degree in conventional studies. 

However, the degree of EDL overlapping is hard to be quantitatively evaluated. Here, we systematically 

analyze the synergy relations between physical vectors that determining the energy conversion process 

to quantitatively illustrate the EDL overlapping degree and ion selectivity. Three synergy angles are pro- 

posed to describe the synergy relations between the ion diffusion and the electrostatic migration driven 

forces. A synergy degree parameter is further defined, which could offer a quantitative way to analyze the 

cation transference number under different concentration ratios, channel length, and asymmetric chan- 

nel geometries. In addition, an alternative way to use large size nanochannels to efficiently harvest the 

salinity gradient energy is developed by employing nanowire blockers. The inserted nanowire blocker can 

significantly enlarge the synergy degree parameter, thus to enhance the ion selectivity, upgrade the mem- 

brane potential, and bring a significant augment on the electric power and energy conversion efficiency. 

This study offers a novel insight into quantitatively analyzing the ion selectivity and paves an alternative 

way for efficiently salinity gradient energy harvesting via large size nanochannels. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

With increasing energy demand as well as the severe environ- 

ental issues caused by fossil fuel combustion, exploring and uti- 

izing clean and renewable energy resources are highly demanded 

 1 , 2 ]. The capacity of salinity gradient energy widely existed in the

ceans and rivers reaches about 2.6 TW, about 20% of the world 

nergy consumption worldwide [3] . Efficiently utilization of such 

nergy resources can considerably improve present world energy 

onsumption structure. Reverse electrodialysis (RED) offers a way 

o utilize the salinity gradient energy [4] . In traditional RED sys- 

ems, ion exchange membranes (IEMs) are installed to separate 

he high and low concentration solutions, which allows count-ions 

assing through and reject co-ions. Driven by the transmembrane 

oncentration gradient, ions diffuse across the IEMs, generating an 

onic current, converting the Gibbs free energy of mixing into elec- 

ricity via an external load [5] . The performance of the traditional 

ED system is mainly hindered by the sub-1 nm pore sizes in the 

EMs [6] . Mimic charged nanochannels, which have a much larger 

ore size and can offer a much larger ionic current, are developed 

o function as IEMs. Adjacent to the charged surface, an electric 
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ouble layer (EDL) is established, which attracts count-ions and re- 

els co-ions. A giant power density of 10 6 has been obtained via a 

tomically thin MoS 2 membrane [7] , illustrating the potential to 

fficiently harvest the salinity gradient energy. 

The performance of the nanofluidic RED systems are mainly de- 

ended on membrane characterisers such as nanochannel geom- 

try and surface characteristics, and solution properties such as 

he temperature, concentration, and pH [8-15] . Various alternative 

embranes have been developed to improve the energy harvest- 

ng performance. Gao et al. [16] employed an asymmetric mem- 

rane consisting of negatively charged 7 nm mesoporous carbon 

nd positively charged 80 nm macroporous alumina to harvest the 

ibbs free energy of mixing of the artificial seawater and river wa- 

er, and a power density up to 3.46 W/m 

2 was achieved. Li et al. 

17] investigated the asymmetric Polymer/MOF hybrid membranes, 

nd a power density of 2.87 W/m 

2 was obtained. Guo et al. [18] re-

ealed an electric power of 9.03 μW in a heparin-threaded ZIF- 

 membrane. Xin et al. [19] employed a hybrid membrane com- 

osed of a silk nanofibril membrane and an anodic aluminum ox- 

de membrane, and a power density of 2.86 W/m 

2 is achieved by 

ixing artificial seawater and river water. Fu et at. [20] fabricated 

ub-nanometer pores on single-layer graphene and achieved an en- 

rgy conversion efficiency of 39% and power density of 27 W/m 

2 

t room temperature. Hong et al. [21] employed lamellar Ti3C2Tx 
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Xene membranes for efficient osmotic power harvesting, and a 

ower density of 21 W/m 

2 with an energy conversion efficiency 

f 40.6% was obtained at room temperature. Yu et al. [22] used 

 polypyrrole membrane with asymmetric surface hydrodynamic 

lip, and an energy density of 1.4 Wh/m 

2 was obtained. Graf et al. 

23] used light irradiation to augment the surface charge of the 

oS 2 membranes, and the osmotic power is increased by 130%. 

Tseng et al. [24] found that the electric power increases with 

ncreasing temperature while the energy conversion efficiency is 

nsensitive to the temperature variation. To step further, Long et al. 

 25 , 26 ] investigated the impact of asymmetric temperature differ- 

nces on the energy conversion performance in thermally insu- 

ated nanochannel, and found that a counter-diffusion temperature 

radient can promote the selectivity and suppresses the ICP, re- 

ulting in enhanced membrane potential and electric power. Long 

t al. [27] further investigate the effects of the membrane ther- 

al conductivity, and proposed a criterion for membrane selection 

ased on membrane thermal conductivities. Tseng et al. [28] con- 

ucted an optimization of nanopore size, and found that narrower 

anopore and a smaller salt gradient are benefit for a higher ef- 

ciency. Cao et al. [29] found that optimal channel length should 

e between 40 0 nm and 10 0 0 nm in to achieve a satisfied electric

ower, while balancing the energy conversion efficiency. Hsu et al. 

30] found in highly charged nanochannels, the performance of os- 

otic power decreases with increasing surface charge density for 

ignificantly augmented ion concentration polarization effect. 

The synergy relations between the physical vectors can reflect 

he process performance to some extent. In the convective heat 

ransfer enhancement, the flow and heat transfer characteristics 

re described by the Navier-Stocks equation and energy conserva- 

ion equation. The driven forces for the processes are often illus- 

rated via physical vectors such as the velocity, pressure gradient 

nd temperature gradient. Guo et al. [31] proposed a novel insight 

nto the heat transfer enhancement via analysing the synergy an- 

le between velocity and the temperature gradient. The better the 

ynergy between velocity and temperature gradient, the better the 

eat transfer performance [ 32 , 33 ]. Liu et al. [ 34 , 35 ] analysed the

ynergy angle between the pressure gradient and the velocity, and 

ound the better the synergy between velocity and pressure gra- 

ient, the less flow power consumption. For the ion transporta- 

ion in the salinity gradient harvesting system, the ion transporta- 

ion characteristic can be illustrated by the Poisson-Nernst-Planck 

PNP) equations, driven by the electrostatic and diffusive forces. 

he performance can be reflected by the synergy angles between 

he cation/anion concentration gradient and the electric field. Rel- 

vant studies have never been conducted. It’s highly demanded to 

nalyze the synergy relations in determining the performance of 

he nanofluidic salinity gradient harvesting systems. 

For salinity gradient energy harvesting, membrane ion selec- 

ivity plays an important role, which is often qualitatively anal- 

sed via the electric double layer (EDL) overlapping degree in con- 

entional studies. However, the EDL overlapping degree is hard to 

e quantitatively evaluated. Here, we systematically analyze the 

ynergy relations between the physical vectors that determining 

he energy conversion process. For mono-component solutions, we 

roposed three synergy angles α, β and γ to describe the synergy 

elations between the ion diffusion and the electrostatic migration 

riven forces. To step further, we proposed a synergy degree pa- 

ameter to quantitatively analyze the ion selectivity for different 

eometry configurations based on the proposed synergy angles. 

he synergy analysis is conducted in evaluating the EDL overlap- 

ing degree and ion selectivity under different concentration ra- 

ios, channel length, and asymmetric channel geometries. In ad- 

ition, an alternative way to use traditional large nanochannels, 

hich are recognized not suitable for osmotic energy harvesting, to 

fficiently harvest the salinity gradient energy is developed via em- 
2 
loying nanowire blockers. The nanowire blocker can significantly 

nlarge the synergy degree parameter, thus to enhance the ion se- 

ectivity, upgrade the membrane potential, and bring a significant 

ugment on the electric power and energy conversion efficiency. 

his study offers a novel insight into quantitatively analyzing the 

on selectivity and paves an alternative way for efficiently salinity 

radient energy harvesting via large size nanochannels. 

. Results and discussion 

.1. Synergy principle in evaluating ion selectivity 

The Poisson-Nernst-Planck (PNP) equations as well as the 

avier-Stocks equations are widely employed to model the elec- 

rostatics and ionic mass transport in the salinity gradient energy 

arvesting, which are given by [ 13 , 26 , 27 , 36 ] 

ε ∇ 

2 ϕ = F 
∑ 

z i c i (1) 

 · � J i = 0 where � J i = c i � u − D i ∇ c i −
D i z i F c i 

RT 
∇ϕ (2) 

∇ p + μ∇ 

2 �
 u − F 

∑ 

z i c i ∇ ϕ = 0 (3) 

 · � u = 0 (4) 

here ϕ is the electrical potential. � J i , c i , D i and z i are the ionic flux, 

oncentration, diffusivity, and valence of the i th ionic species, re- 

pectively ( i = 1 for cation and i = 2 for anion in present study). F,

 and T are the Faraday constant, universal gas constant and tem- 

erature. ε, p , and 

�
 u are the solution permittivity, pressure, and ve- 

ocity. To solve above equations, appropriate boundary conditions 

re needed [37] . The validation of present model can been see in 

ur previous literatures [ 26 , 27 ]. The electric current through the 

anopore, I , is calculated as I = 

∫ 
� F ( 

2 ∑ 

i 

z i � J i ) · � n d�, where � repre- 

ents either ends of the reservoirs. The cation transference num- 

er t + evaluating the ion selectivity can be calculated as t + = 

 

+ / ( I + + | I −| ) , where I + and I − represents the ionic current con-

ributed by the cations and anions. 

Provided the nanochannel is much longer than the radius and 

he ionic profile inside the pore is in local equilibrium in radial 

irection, based on Eq. (2) , we have [ 38 , 39 ] 

∂ c i (x, r) 

∂r 
= −∂ϕ(x, r) 

∂r 

z i F c i (x, r) 

RT 
(5) 

Implement Eq. (6) in Eq. (1) yields to [39] 

 ∇ 

2 ϕ(x, r) = RT 
∑ ∂ c i (x, r) 

∂r 
/ 
∂ϕ(x, r) 

∂r 
(6) 

Based on Eqs. (6) and (7) , there exist synergy relations between 

he driven forces: reverse concentration gradient −∇ c i and the re- 

erse potential gradient −∇ϕ. For mono-component solutions, the 

ynergy relations between the reverse gradients −∇ c 1 , −∇ c 2 , and 

he electric field E = −∇ϕ can be expressed by the following syn- 

rgy angles: 

= arccos 
∇ c 1 · ∇ c 2 

| ∇ c 1 | | ∇ c 2 | (7) 

= arccos 
∇ c 1 · ∇ϕ 

| ∇ c 1 | | ∇ϕ | (8) 

= arccos 
∇ c 2 · ∇ϕ 

| ∇ c 2 | | ∇ϕ | (9) 

Meanwhile, in Eq. (2) , the convective item can be ignored due 

o relative small contribution [29] . As shown in Fig. 1 a, the ionic
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Fig. 1. Schematic diagram of the K + and Cl − transportation (a) and three syn- 

ergy angles α, β , and γ (b) to describe the synergy relations between the re- 

verse gradients −∇ c K + , −∇ c C l − , and −∇ϕ for salinity gradient harvesting via a two- 

dimensional or cylindrical nanochannel, where c is the ion concentration, ϕ is the 

potential. 
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urrent mainly consists of the ion diffusion and the electrostatic 

igration, which can be illustrated by 

 = F 

∫ 
�

⎡ 

⎣ 

⎛ 

⎝ J D, K + − J D,C l −︸ ︷︷ ︸ 
Di f f usion 

⎞ 

⎠ −

⎛ 

⎝ J M, K + + J M,C l −︸ ︷︷ ︸ 
Migration 

⎞ 

⎠ 

⎤ 

⎦ d� (10) 

As shown in Fig. 1 b, α denotes the synergy angle between the 

everse concentration gradients of the cation and anion, which re- 

ects the diffusion synergy relation of the cations and anions. In 

he salinity gradient energy harvesting, driven by the concentra- 

ion gradient, ions diffuse across the nanopore. To guarantee a local 

quilibrium state, an electric field is established to compensate the 

on diffusion [40] . The ion flux mainly consists of the ion diffusion 

nd ion migration, and the ion distributions are determined by 

he electrostatic interaction and ion diffusion. A lager αapproaching 

80 ° means cation and anion diffuse in the opposite direction, 

hich originates from the impact of significant EDL overlapping. 

herefore, α can reflect the distribution of spatial EDL overlapping 

egree. Larger α means better charge separation and higher ion se- 

ectivity. β and γ denotes the synergy angles between the reverse 

ation/anion concentration gradient and the electrical filed, which 

eflect the synergy relation of the ion diffusion and migration. Due 

o opposite sign of the cation and anion, the cation migration by 

he electric force is in the same direction as the electric field while 

he anion migration is in the opposite direction as the electric field. 

or a negative charged nanopore, the ionic current direction is the 

ame as the cation transportation direction. A large β approaching 

80 and a small γ approaching 0 indicate that the ion diffusion is 

ell compensated by the electrostatic force, indicating that a satis- 

ed electric field is established. For a two-dimensional or cylindri- 

al nanochannel, β= α+ γ . We define a parameter ω = α/β to evalu- 

te synergy degree of the ion diffusion and electric migration. The 
3 
ynergy degree parameter ω approaching 1 means, the cation and 

nion is well separated under the electric field, revealing the sig- 

ificant EDL overlapping degree and desired ion selectivity. 

Here we conduct a synergy analysis on the selectivity of a nega- 

ively charged cylindrical nanopore under various concentration ra- 

ios and channel length. The inner surface is maintained at a con- 

tant charge σ = −60 mC/ m 

2 [41] . The nanochannel connects two 

ame large reservoirs (KCl aqueous solution) of R r = 10 0 0 nm and

ength L r = 10 0 0 nm. The channel length L varies from 50 nm to

0 0 0 nm, and the transmembrane concentration ratio varies from 

 to 10 0 0 with the low concentration fixed at 1 mM. The cal-

ulation is conducted via the COMSOL software, and the average 

ynergy angles are obtained in the space-averaged manner in the 

anopore interior. Fig. 2 depicts the average synergy angles under 

ifferent concentration ratios and channel length. Higher concen- 

ration weakens the EDL overlapping degree. α and β decrease 

ith increasing concentration ratios, while γ increases. With in- 

reasing channel length, the ion polarization is much weakened, 

he EDL overlapping degree is enhanced [ 26 , 29 ]. The ion aggre-

ation and depletion are more obvious in the nanopore interior. 

herefore, αincreases with increasing channel length. The varia- 

ion of β with channel length is concentration depended. At low 

oncentration ratios, the EDL overlapping degree is significant in 

ntire nanopore interior where the charges can be well separated. 

ncreasing channel length increases β . At high concentration ra- 

ios, the EDL overlapping degree is much weak at the nanopore 

nlet and more significant at the nanopore outlet [26] . For a short 

hannel, the EDL overlapping degree is much deteriorated as strong 

on polarization [29] . A short channel length contributes to trans- 

embrane concentration gradient that enhances the ion diffusion. 

ue to impact of unequal mobilities of the anion and cation, the 

ynergy angle between the cation and induced electrical field is 

t a relatively large value, which decrease with increasing channel 

ength for weakened concentration gradient. For a long channel, 

he ion polarization is weakened, and the EDL overlapping degree 

s significant. Increasing channel length increases the synergy angle 

. As longer channel length augments the EDL overlapping degree, 

hich considerably repels anion, leading to decreased γ . 

The EDL overlapping degree can be evaluated by synergy angle 

between the reverse concentration gradients of the cation and 

nion. As shown in Fig. 3 , higher concentration ratio deteriorates 

he EDL overlapping degree and decreases the synergy angle α, 

eading to lowered ion selectivity. Much larger synergy angle α is 

bserved at the low concentration side for a long channel, compar- 

ng to that under the short nanochannel, indicating that the EDL 

verlapping degree is much significant under the long nanochan- 

el, resulting in upgraded ion selectivity. The synergy degree pa- 

ameter ω exhibits the same trend with the ion selectivity, which 

valuates synergy degree of the ion diffusion and electric migra- 

ion. ωapproaching 1 means, the cation and anion is well separated 

nder the electric filed. The larger concentration ratio, the smaller 

and lower selectivity. The longer channel length, the larger ω
nd higher selectivity. 

To step further, we conduct a synergy analysis on the selec- 

ivity of the asymmetric conical nanopore. The pore length is 

00 nm. The inner surface is maintained at a constant charge σ = 

60 mC/ m 

2 . The transmembrane concentration ratio varies from 3 

o 10 0 0 with the low concentration fixed at 1 mM. Fig. 4 depicts

he average synergy angles in the nanopore interior under differ- 

nt concentration ratios. As the asymmetric nature of the coni- 

al nanopore, the energy harvesting system takes in two config- 

raitons: low concenration applied at base side (Conf. I) or low 

oncentration at the tip side (Conf. II). In both configurations, the 

verage synergy angle α and β both decreases with increasing con- 

entration ratios while γ increases for weakened EDL overlapping 

egree under high concentrations. As shown in Fig. 4 c, in Conf. I 
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Fig. 2. Average synergy angles in the nanopore interior under different concentration ratios (a-d) and channel length L (d-f). 

Fig. 3. Cation transference number and synergy degree parameter under different concentration ratios (a, b) and channel length (d,e). Distribution of α at high and low 

concentration ratios (c), and at short and long channel length (f). 
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ith high cocencentration solution applied at the tip side, charges 

re separated in the entire nanopore, while in Conf. II with high 

oncentration solution applied at the base side, obvious charge 

eparation only exists near the low concentration tip end. There- 

ore, the average synergy angle αin Conf. II are small than those 

nder the opposite configuration. However, as shown in Fig. 4 e, the 

ation transference number in Conf. II is larger than that in Conf. I. 

mpacted by the asymmetric geometry, the averaged synergy angle 

could not accurately reflect the charge separation in asymmetric 

eometries. Here we analyze the distribution of synergy angel α
t the low concentration side, as shown in Fig. 4 d. The synergy 

ngle αwith large values almost occupy the entire outlet section 

n the Conf. II, indicating the ion separation is much obvious, re- 
4 
ulting in upgraded ion selectivity. We further compare the syn- 

rgy degree parameter ω under these two configurations. We can 

ee that the synergy degree parameter ω can well distinguish the 

ation transference number under different configurations, as de- 

icted in Fig. 4 f. Under various concentration ratios, the larger ω, 

he better ion selectivity. 

According to the aformationed analysis, the synergy angle α
istribution at the low concentration end can be employed to de- 

cribe the EDL overlapping degree and qualitatively analyze the ion 

electivity. ω can serve as a quantitative criterion for evaluating the 

on selectivity and identifying preferred system configurations. 

To step further, we employ the machine learning method to es- 

ablish a quantitative relationship between the synergy angle and 
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Fig. 4. Average synergy angles in the nanopore interior (a, b), axial ion concentration (c), distribution of α at a concentration ratio of 600-fold (d), transference numberunder 

(e), and synergy degree parameter (f) under different concentration ratios for different system configurations. 

Fig. 5. (a) Flowchart for the machine learning procedure; (b) Comparison between predicted and calculated ion selectivity during the ensemble-based machine learning 

process; (c) Prediction of the cation transference number based on the obtained quantitative relationship between the synergy angle and the ion selectivity. 

Table 1 

Accuracy of the employed machine learning models. 

Machine learning models RSME R 2 MSE MAE 

Decision trees 0.041854 0.93 0.0017518 0.030302 

Ensembles 0.025312 0.97 0.00064071 0.018578 
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he ion selectivity in cylindrical channels. As shown Fig. 5 a, ma- 

hine learning based on decision trees and ensembles are con- 

ucted, where Bayesian optimization is employed to obtain the 

ptimal hyper-parameters of the machine learning models [42] . 

oth machine learning models are trained several times with 5- 

old cross-validation to alleviate the random error and acquire the 

idden quantitative relationship between the synergy angles and 

ation transference number. Root mean square error (RMSE), R 

2 , 

AE (mean absolute error), MSE (mean square error) are adopted 

o describe the model accuracy (See Table 1 ). The obtained rela- 

ionship between the synergy angles and ion selectivity is further 

sed for prediction for ion selectivity in nanochannel at length 

qual to 800 nm under various concentration ratios, and great ac- 

ordance has been encountered. Both the decision tree and ensem- 

le models can successfully predict the ion selectivity, while the 

nsemble-based machine learning model present higher accuracy, 
5 
specially under large transmembrane concentration ratios, as de- 

icted in Fig. 5 . 

.2. Nanowire-enhanced energy generation 

Generally, nanopores with large sizes are nor suitable for salin- 

ty gradient energy harvesting for extremely weak EDL overlapping 

egree. Recent advances in nanotechnology and material science 

akes it possible to fabricate nanowire with radius of nanome- 

ers. Here we propose an alternative way to use the large size 

anochannel via nanowire blockers for efficient salinity gradient 

nergy harvesting, as shown in Fig. 6 . The inner surface of the 

anopore is maintained at a constant charge σ = −80 mC/ m 

2 . The 

anochannel of length L = 200 nm and radius R = 40 nm con- 

ects two same large reservoirs (KCl aqueous solution) of radius 

 r = 10 0 0 nm and length L r = 10 0 0 nm. The nanopore interior is

locked by a nanowire blocker, whose radius varies from 10 nm 

o 35 nm. The nanowire is free of charge. The transmembrane con- 

entration ratio varies from 3 to 10 0 0 with the low concentration 

xed at 1 mM. 

As shown in Fig. 7 , the cation transference number with/out 

anowire blockers decreases with increasing concentration ratios 

or thinned EDL at high concentration ratios. As the existence of 
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Fig. 6. Schematic diagram of the large size nanochannel via nanowire blockers for 

efficient salinity gradient energy harvesting. 
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he nanowire blocker, ions are forced to diffuse more close to the 

DL impacted zone, where the ion transportation is significantly 

mpacted by the EDL. Therefore, charges can be well separated, as 

epicted in Fig. 7 b. Here, we employ the synergy degree parameter 

roposed in the previous section to evaluate the cation transfer- 

nce number. We can see that under different concentration ratios, 

he synergy degree parameter increases with increasing size of the 

anowire blocker, indicating upgraded ion selectivity. 
ig. 7. Cation transference number (a) under different nanowire blocker sizes for variou

he that on the nanowire surface, where the concentration ratio is 100-fold and the nan

locker sizes for various concentration ratios; (d) Cation transference number and synerg

s 100-fold. 

6 
Fig. 8 a and b depict the osmotic current, membrane poten- 

ial under different nanowire blocker sizes for various concen- 

ration ratios. The osmotic current first increases with increasing 

oncentration ratios, reaches its maximum value then decreases. 

t low concentration ratios, the EDL is much thicker. Increasing 

ransmembrane concentration ratio contributes more K 

+ passing 

hrough the nanochannel interior, leading to augmented osmotic 

urrent. High concentration thins the EDL, and the transmembrane 

oncentration gradient is strong, facilitating the transport of Cl −, 

esulting in decreased osmotic current. Larger nanowire blocker 

ize contributes to the osmotic current for more significant charge 

eparaiton in the nanochannel interior, as shown in Fig. 8 c. The 

embrane potential is extracted from the I-V curves [ 36 , 43 ]. Due

o the compromise between the ion selectivity and the concentra- 

ion ratio, the membrane potential increases with increasing con- 

entration raito first, achieves its maximum value, then decreases 

37] . Larger nanowire blocker size renders higher ion selectivity, 

hus larger membrane potential. 

Fig. 8 c and d show the maximum electric power and the core- 

ponding energy conversion efficiency under different nanowire 

locker sizes for various concentration ratios. Orignating from the 

ompromise between the osmotic current and membrane poten- 

ial, there exists a maximum electric power when the concentra- 

ion ratio increases. The electric power can be significantly im- 

roved with nanowire blocker employed. As shown in Fig. 8 a, at 

 concentration of 100-fold, compared to the original nanochan- 

el, the electric power with 35 nm nanowire blocker is elevated by 

62%. The energy conversion efficiency according to the maiximum 

lectric power can be calculated as η = (2 t + − 1) 2 / 2 . The nanowire 

locker improves the ion selectivtiy, thus upgrades the energy con- 

ersion efficiency. We further investigate the impact of charged 
s concentration ratios; (b) Axial ion concentration for the original nanopore and 

owire radius is 35 nm. (c) Synergy degree parameter (c) under different nanowire 

y degree parameter under different nanowire sizes, where the concentration ratio 
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Fig. 8. Osmotic current (a), membrane potential (b), electric power (c) and energy conversion efficiency (d) under different nanowire blocker sizes for various concentration 

ratios. 

Fig. 9. (a) Electric power and the energy conversion efficiency under different nanowire blocker sizes; (b) Performance enhancement factor under different surface charge 

density of nanowire blocker with radius R n = 35 nm. The performance enhancement factor is calculated by the power/energy conversion efficiency with nanowire blocker 

divided by that obtained in the original nanochannel. In the calculation, the transmembrane concentration ratio is 100-fold. 
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anowire blocker on the energy converison performance. The per- 

ormance enhancement factor is calculated by the power/energy 

onversion efficiency with nanowire blocker divided by that ob- 

ained in the original nanochannel. At a concentration of 100-fold, 

he energy conversion efficiency with 35 nm nanowire blocker 

s about 17 times to that under the original nanochannel. If the 

anowire surface is modified with charges, a furhter improvement 

f the energy harvesting peroformance elevation can be obtained, 

s depicted in Fig. 9 b. 
7 
As additional remarks, recent advances in nanotechnology and 

abrication enable fabricating nanowires with larger sizes with 

iameter about 100 nm via the bottom-up approaches such as 

apor–liquid–solid growth, supercritical fluid liquid solid, and laser 

blation [44] . Sub-20 nm Si nanowires can also be achieved via 

hemical ethhing and thermal oxidation [45] . To scale up, the 

esoscopic nanochannel can also be employed to harvest the os- 

otic power with nanowire array or mesoscopic blockers. Privided 

he blocker surface is modifide with surface charges, a significant 
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levation to the salinity gradient energy harvesitng performace can 

e desired. 

. Conclusions 

In conclusion, the synergy relations between the physical vec- 

ors that determining the energy conversion process for salin- 

ty gradient energy harvesting are systematically investigated. For 

ono-component solutions, we proposed three synergy angles α, 

, and γ to describe the synergy relations between the ion dif- 

usion and the electrostatic migration driven forces, which reflect 

he EDL overlapping degree. A synergy degree parameter is fur- 

her defined, which can quantitatively illustrate the EDL overlap- 

ing degree and ion selectivity under different concentration ra- 

ios, channel length, and asymmetric channel geometries. In ad- 

ition, an alternative way to use large size nanochannels, which 

re recognized not suitable for osmotic energy harvesting, to ef- 

ciently harvest the salinity gradient energy is developed by em- 

loying nanowire blockers. The ion selectivity is evaluated based 

n the synergy degree parameter. The nanowire blocker can sig- 

ificantly enhance the ion selectivity, upgrade the membrane po- 

ential, thus to bring a significant augment on the electric power 

nd energy conversion efficiency. At a concentration of 100-fold, 

ompared to the original nanochannel, the electric power and en- 

rgy conversion efficiency with 35 nm nanowire blocker are ele- 

ated by 362% and 1603.4%, respectively. It should be mentioned 

hat although the synergy angles cannot be obtained before the 

umerical analysis, the proposed synergy angels represent the syn- 

rgy relationship between the ion diffusion driven force and the 

lectrostatic driven force in the transmembrane ion transportation, 

hich could provide an alternative perspective for analyzing the 

ransmembrane ion transportation in salinity gradient energy har- 

esting. 
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