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Bullet-shaped geometry  

The bullet-shaped geometry was confirmed by Scanning Electron Microscopy (SEM) (Figure S1). For this 

purpose, multi-pore membranes (109 pores/cm2) were exposed to a surfactant-assisted etching as explained in 

the main text. After etching, the samples were irradiated with UV light and then were exposed to liquid nitrogen 

with the aim of breaking down the foil. Finally the membrane was mounted at 90° in order to obtain the cross-

section images. In all cases the parabolic profile in the region around the tip can be noted. 

 

Figure S1. SEM images of cross-sections of multi-pore membranes exposed to a surfactant-assisted etching. 

The profile of bullet-shaped  nanochannels along the length x can be computed by 

( ) ( )exp( / )tipD x D D d x h           (eq. S1) 
 

with D being the base diameter; dtip the tip diameter and h a parameter that accounts for the curvature of the 

bullet-shaped opening (see Figure S2). 
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Figure S2. Asymmetric bullet-shaped nanochannel profiles for different L/h values. Tip and base diameters 

were fixed at 30 nm and 500 nm, respectively.  

Bullet-shape characterization by Poisson–Nernst–Planck simulations 

The Poisson–Nernst–Planck (PNP) model allows the quantitative description of ion transport across the channel 

by solving the Poisson, Nernst-Planck and continuity equations. A seminal article by Cervera et. al. 

demonstrated the validity of this model for the study ion transport in track-etched nanochannels [1,2]. In this 

work, the PNP formalism was used to determine bullet-shaped channel geometrical parameters from 

experimental i-V curves (experimental details about the model are available in Ref [3,4]). For this aim, the 

surface charge density was fixed at -1.5 e/nm2 whereas the geometrical parameters were fitted. Figures S3 (A) 

and (B) shows a good correlation between the experimental curves and those obtained via PNP simulation. The 

results are summarized in the main text (Table 1). 



S-4 
 

 

Figure S3. (A) Experimental and (B) theoretical i-V curves recorded at 0.1 M KCl and pH=10. The values 

given in the graphs denote Deff, the effective channel diameter as defined by eq.3.  

Effective diameter and bullet-shaped parameters 

At high enough ionic strength, the resistance R can be computed from the conductivity k of the solution inside 

the channels neglecting the surface charge effects. The resistance of a disc of thickness dx and diameter D(x) 

can be computed as 
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    (eq. S2) 

where A is the cross-section area. The total resistance can be determined by integration along the nanochannel 

length as
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Using the following indefinite integral, 

2 2 2

1 1 ln( )
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ax ax
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  ,    (eq. S4)  

The integration along the entire channel yields a total resistance of 
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  (eq. S5) 

which results in  
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where the first factor corresponds to the resistance of a cylindrical channel of diameter D (case dtip=D).  

As commented in the article, sometimes it is useful to define an effective diameter as  
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Comparing eq. S7 and S6 gives 
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  (eq. S8) 

A limit expression can be derived for the case d’=dtip/D<<1 and L/h >1,  
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        (eq. S9)   
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pH-effect on the energy conversion performance 

The analysis of the energy conversion performance was realized through the i-V curves performed under a 

concentration gradient of the electrolyte. The base side of the channel was exposed to a high concentration (CH) 

of KCl (1000 mM) and the tip side was exposed to a low concentration (CL) of KCl between 1 mM and 100 

mM. All measurements were carried out at pH=10, where a large amount of the carboxylates is expected to be 

dissociated. This point is supported by the variation of the rectification factor with pH (Figure S4). In absence 

of a change of channel size, wettability and electrolyte concentration, the increase of the rectification factor with 

pH is ascribed to an increase of surface charges. Moreover, for pH>10, the OH- concentration would lead to a 

decrease in the rectification factor because of the high diffusion coefficient of OH- in comparison with Cl-. 

 

Figure S4. Rectification factor for different pH values in a bullet-shaped nanochannel. The measurements were 

performed in KCl 0.1 M. Here the rectification factor is defined as I(1V)/I(-1V). 

For ion-selective membranes, the surface charge directly affects the performance of the system. For this reason, 

it is expected that the pH value has a significant influence on the power obtained. In order to maximize the 

power, the performance at pH ~5.6-6 (pure mQ water) and pH=10 was evaluated applying a salinity gradient of 

1000-fold (i.e. CL=1 mM KCl and CH= 1000 mM KCl) (Figure S5). As expected, the basic pH values improve 

the energy harvested.  
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Figure S5. Measurements for a nanochannel at pH=6 and pH=10 for a KCl electrolyte gradient of 1000-fold 

(CL=1 mM KCl and CH= 1000 mM KCl) (A) i-V curves (B) Power-Voltage curves (C) Maximum output power; 

at pH=10 Pmax is enhanced by approximately 57%.  

The salinity gradient imposed is a relevant parameter in the performance of the device. In the range studied, all 

devices presented the best performance for the maximum value of log(CH/CL). This fact is explained because 

both the zero-volt current |io| and the reversal potential Vrev grow with increasing log(CH/CL) (Figure S6).  

 

Figure S6. Zero-volt current |io| and reversal potential Vrev as a function of the concentration gradient CH/CL 

imposed. In both cases, the increase of the gradient produced an increment in the absolute value.  

As in the case of symmetric conditions (CH=CL), i-V in the presence of a concentration gradient follows a non-

ohmic behavior (Figure S7 (A) and (B)). The direction of the rectification is inverted and the absolute value 

decreases (Figure S7 (C)). This anomalous trend was previously analyzed by Cao et. al.[5]. The iontronic 

output of a nanochannel submitted to a concentration gradient has two contributions (Figure S6(D)). The 
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concentration of ions in the channel, and therefore the current, is not only given due to the application of 

electric potential but also by the diffusion of ions from high to low KCl concentration. For symmetric KCl 

conditions, the iontronic output exhibited a low conductance region for negative potentials due to the exclusion 

of co-ions. However, when the measurement was performed in asymmetric KCl conditions, the ion diffusion 

produced an increment in ion concentration in the channel which increases the current. For lower gradients 

applied, ion diffusion contributes less explaining the diminution of rectification inversion (Figure S6 (C)).      

 

 

 

Figure S7. i-V curves under (A) symmetric and (B) asymmetric KCl concentrations at pH=10 (CH was fixed to 

1000 mM; CL values are in the plot). (C) Rectification factor for the i-V curves: symmetric (red) and 

asymmetric (black) conditions. (D) General scheme of the processes that contribute to the iontronic output 

under asymmetric electrolyte conditions. 
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The asymmetric profile of bullet-shaped nanochannels putatively leads to the increment of maximum power in 

comparison with other channel geometries. This fact can be explained by the lower channel resistance due to the 

high base diameter and, at the same time, the high ionic selectivity achieved by the tip region. On the other side, 

there is no direct correlation between the channel effective size and maximum power, as observed in Figure S8.   

 

 

 

Figure S8. (A) Rectification factor of nanochannels with different Deff in symmetric conditions. (B) Maximum 

Power obtained for the different nanochannels applying a 1000-fold gradient.  
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In line with the cation transference number, in most cases, the efficiency η could be improved by maximizing 

the gradient applied (Figure S9) because the electrolyte concentration drops on the tip side. This fact causes an 

enlargement of EDL and, consequently, an increment in the selectivity that has an impact on the efficiency. As 

expected from the trend of t+, in some cases the maximization of CH/CL produced a small drop on the 

efficiency. It is important to clarify that the improvement in the efficiency with the increasing of CH/CL is 

because CH was fixed and CL was varied. The transport number does not just depend on the quotient CH/CL but 

also on the specific value of CH, CL, the orientation of the channel, the salt, among others [6–8].  

 

 

Figure S9. Efficiency η and gradient applied for the different channels. All measurements were carried out at pH=10. 
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