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SI 1. Domains of the FEM model 

The physics used for hydrovoltaic model (Section 2 of the maintext) are applied to different 

domains. Here we show the construction of the model and how the domains are partitioned. 

The initial water droplet is given in the domain ①. The output voltage is measured by the 

electrostatic potential difference between the domain ② and ⑤. The Richard’s equation and 

TDS is applied to all domains (①—⑤), while the chemical reaction and evaporation is applied 

to (②—⑤). The domain ③ and ④ are treated same, except for the investigation on effect of 

evaporation where the  is set differently for ④ and ⑤.𝑅𝐻𝑡

Fig. S. 1. The geometry and domains used in this study. 

SI 2. Retention model by Van Genuchten

The analytic formulas of van Genuchten1 is frequently used for variably saturated flow 

modeling. The formulas are expressed in terms of pressure head, , and saturated 𝐻𝑃 =  𝑝/(𝜌𝑔)

and residual liquid volume fractions. The van Genuchten equations define saturation when the 

fluid pressure is atmospheric (that is, Hp = 0). With the parameters in Table 2, these equations 

are defined as: 



𝜃 = {  
𝜃𝑟 + 𝑆𝑒(𝜃𝑠 ‒ 𝜃𝑟)      𝐻𝑃 < 0
            𝜃𝑠                      𝐻𝑃 ≥ 0 �

𝑆𝑒 = {  [ 1 + |𝛼𝐻𝑃|𝑛 ] ‒ 𝑚     𝐻𝑃 < 0
              1                    𝐻𝑃 ≥ 0 �

𝐶𝑚 = {  
𝛼𝑚

1 ‒ 𝑚
(𝜃𝑠 ‒ 𝜃𝑟)𝑆𝑒 ‒ 𝑚(1 ‒ 𝑆𝑒 ‒ 𝑚)𝑚    𝐻𝑃 < 0

                              0                                      𝐻𝑃 ≥ 0 �
𝑘𝑟 = {  𝑆𝑒𝑙[1 ‒ (1 ‒ 𝑆𝑒 ‒ 𝑚)𝑚]2        𝐻𝑃 < 0

                    1                               𝐻𝑃 ≥ 0 �
here,  is the inverse of the air-entry matric potential which describes the capillary motion of 𝛼

the soil, as illustrated in Fig. S. 2. At very low matric potentials, the water menisci become 

disconnected and the soil is said to be at the ‘residual’ water content. Thus, the soil tends to 

maintain saturated state when  is greater, and capillary motion is promoted when  is smaller. 𝛼 𝛼

Since the cotton fabrics are known for its high wettability, we have chosen a value, 1. 15 m-1, 

lying at the lower bound of reported range of  (0.8 – 14.5 m-1). The  and  are curve shape 𝛼 𝑛 𝑚

parameters, where  is a dimensionless coefficient related to the pore size distribution and has 𝑛

relation to Mualem coefficient of  = 1 - (1/ ). The soils are typically categorized by particle 𝑚  𝑛

size as sand (2 – 0.05 mm), slit (0.05 – 0.002 mm), and clay (< 0.002 mm), and their  values 𝑛

are reported as 2.68, 1.37, and 1.09, respectively (decrease with particle size in general). Based 

on our FE-SEM analysis, the pores are in a scale of hundreds of micrometers, we have chosen 

 value of 2.03 which is the lower bound of sand.  𝑛



Fig. S. 2. (A) Ideal water release curve (retrieved from Ref 2). (B) The FE-SEM image of CB 
coated fabric.

SI 3. Analysis of surface chemical bonds

XPS analysis was performed to figure out functional groups formed on the surface of CB coated 

fabric. The peaks of hybridized carbon atoms were found at 284.2 (sp3) and 285.2 eV (sp2). 

The peaks of oxygen functional group were found at 286.2 (C-O), 287.5 (C=O), and 289.2 

(COOH). Thus, it can be concluded that the surface bonds are dominantly hydroxyls as 

suggested by ref 37 in the main text. 

Fig. S. 3. C1s XPS spectra for CB coated fabric



SI 4. Output power of the hydrovoltaics

The present study focused on elucidation of electricity generation; however, the current and 

output power are important values for energy harvesters. The measured the current and 

calculated power is shown in Fig. S. 4. The peak current of 2.3 µA is found at time where peak 

voltage is measured, and the current decays with increasing time. In similar study of water 

droplet on the CB film3 also reported the peak current as few µA and the decaying propensity, 

which agree well with our measurements.

Fig. S. 4. Measured voltage (black), current (red), and power (blue) for hydrovoltaic system in 

this study.

SI 5. Effect of chemistry

The protonation from the chemical reaction between water and substrate (R2) is an essence for 

the working principles of hydrovoltaic whose substrate is carbon-based or any other oxygen-

containing surface functional groups, as ascribed in Figure 3. Hence, the reactivity of the 

surface, by means of catalysts or functionalized surfaces can greatly enhance the performance 

of the hydrovoltaic. We have adjusted the frequency factor for R2 ( ) of Arrhenius reaction 𝜔𝑅2

rate equation to investigate the effect of protonation. In Fig. S. 5A the voltage profiles are 



depicted for cases with  changed by a factor of two. The output voltages are found to be 𝜔

greater for cases with higher reaction rates and consequent higher net proton generation. The 

voltage linearly changed with the  value from the standard case of  (  = 380 meV), 𝜔𝑅2 𝜔0 𝑉𝑚𝑎𝑥.

where the  of ~530 and ~130 meV are captured for  and , respectively, showing a 𝑉𝑚𝑎𝑥. 0.5𝜔0 2𝜔0

linear response to the change. The linear response is due to the change in overall H3O+ 

concentration, which can be seen by the quantitative analysis of the H3O+ flux shown in Fig. 

S. 5B. As  increase, the fluxes linearly increase for both diffusive ( , driven by 𝜔𝑅2 Φ𝑑

concentration gradient) and electrophoretic fluxes ( , driven by charge gradient) but with Φ𝑒

opposite signs. 

Fig. S. 5. Effect of the rate of the CB ― Water chemical reaction on the hydrovoltaic model. 

(A) Output Voltages for CB surface with different chemical reaction rates ( ). (B) The 𝜔2

diffusive proton flux ( ) and electrostatic flux ( ) at 660 s for different . Φ𝑑 Φ𝑒 𝜔2

In this very first hydrovoltaic model, we aimed to build the most intrinsic case, and have used 

ion-free distillated water. It is worth mentioning that the co- presence of charged ions in water 

droplet will cause a change in the chemistry, although we have used an ion-free distillated 

water. For instance, Na+ ions can be adsorbed on the C=O- surface functional, influencing 

electrostatic interaction across the CB film, as well as the protonation rate. In fact, the study 



using sodium chloride solution has shown 40 % decreased performance than tap water4, 

indicating that the process is sensitive to the ionic type and concentrations. Also, when the 

water droplet is not neutral in pH, the chemical reaction rates can be altered by shifted 

equilibrium. In Fig. S. 6 (a), the potential difference, which largely owes to H3O+ concentration, 

is diminished at acidic condition. The impact of pH on the maximum output is observed 

logarithmical as in Fig. S. 6 (b). The high H3O+ concentration in the droplet may enforced a 

stronger driving force for the saturation across the CB film. It should be pointed out that the 

co-ion effect needs to be considered in changed pH. Other anions are inevitably introduced in 

practice when changing the pH of the solution, while our initiative model currently does not 

account for co-ion effect.   

Fig. S. 6.   (a) The effect of initial pH of droplet on the voltage profile, and (b) the maximum 

voltage as a function of pH 

SI 6. Effect of porosity

Increased porosity of substrate makes it highly amendable for water molecules to transport 

through abundant channels and to vaporize into the surrounding air. For these reasons, studies 

were carried out to envisage highly porous substrates to maximize energy generation5,6. Herein, 

the effect of porosity is first investigated. The  is smaller for higher  as it can be seen from 𝑉𝑂𝐶 𝜖𝑝

Fig. S. 7A. For high porosity ( ), the flow of water through porous medium is rather fast; 𝜖𝑝 = 0.6



as shown in Fig. S. 7B and Fig. S. 7A, the  is highly concentration near initial drop position 
𝑐𝐻2𝑂

after 350 s, while  has diminished for higher porosity. The fast dispersion of water in high 
𝑐𝐻2𝑂

 endows water to react with ‘bare’ surface (i.e., high ), but at the same time, the 𝜖𝑝 𝑐𝐶 ‒ 𝑂𝐻

evaporation is greater for high — the former promotes deprotonation, but the latter demotes 𝜖𝑝

deprotonation by decreasing . The  distribution along x-direction at 350 s (Fig. S. 8B) 
𝑐𝐻2𝑂 𝑐𝐻2𝑂

shows that the net proton concentration is greater for lower . This infers that the suspension 𝜖𝑝

of water near the initial drop secures sufficient time for protonation reactions and, more 

importantly, slows down the evaporation, which can be confirmed with  at 350 s (Fig. S. 8C). 𝐸𝑣

At initial stage (< 300 s), the evaporation rates for all porosities are similar in scale near droplet. 

However, the evaporation is expedited for greater porosities when it becomes further from the 

droplet. In a regime where the water concentration is relatively low (x > 20 cm), the evaporation 

rate is mostly greater for case with high porosity. 

Fig. S. 7.  Effect of the porosity of the carbon black on hydrovoltaic model. (A) Output 

Voltages for CB with different porosities, and (B) the surface concentration gradient of H2O 

and H3O+ are shown at 50 and 1500 seconds after water dropped.



Fig. S. 8. The concentration distribution for (A) H2O, and (B) H3O+, and (C) the evaporation 

rates in x-direction at 350 s. 

The low  of permeating front (equivalently low ) expedite the evaporation as expressed 
𝑐𝐻2𝑂 𝑝𝑉𝐴

in Eq. 5. At 1500 s, the gradient of  is greater for low  as the slower flow of water—
𝑐𝐻2𝑂 𝜖𝑝

permeation and evaporation. These observations suggest that the effect of porosity on the 

evaporation rate is greater than that on the flow-enhanced protonation reactions. 

To date, the significance of porosity has been stressed in a number of studies, yet its effect is 

rarely investigated due to experimental difficulties. Here, for the first time, evaluated the effect 

of porosity which has an inversely proportional effect. With low , a slow but steady water 𝜖𝑝

flow (i.e., permeation and evaporation) develops higher  and takes longer to reach maximum 𝑉𝑂𝐶

. It must be pointed out that a certain degree of porosity is essential for enabling working 𝑉𝑂𝐶

principles of hydrovoltaic generators. The lower porosity might be desired for improved 

performance, but without porosity or insufficient porosity will not allow transportation of 



charged species and the solvent, water, and it is certainly not beneficial for the electric current. 

Another point that needs to be stressed is that the porosity and Richard’s equation are taken as 

mean-field. The pore distribution (i.e., pore size, number density) is not precisely modeled, 

therefore the results are suggested for fundamental principles and should apply carefully to 

topological hydrovoltaic generators7–11.  

SI 7. Effect of evaporation rate

The voltage output can be further improved by accelerating the evaporation rate, either by 

increasing temperature7, increasing wind speed12, placing external water absorption source13 

(e.g., desiccant), and decreasing humidity level14,15. In either method, the expedited evaporation 

rate promotes the flow of water/vapor through the substance and thereby generates electricity, 

as proven in a number of studies of maneuvering the local vaporization rates3,12–14,16,17. 

A transpiration mode was first designed, where the atmospheric RH for the tail of the substrate 

( ) is set differently whereas the RH for the head ( ) was set to an ambient value of 60% 𝑅𝐻𝑡 𝑅𝐻ℎ

at room temperature. The RH through the substrate is set linear, .  
𝑅𝐻 (𝑥) = 𝑅𝐻ℎ + (𝑅𝐻𝑡 ‒ 𝑅𝐻ℎ) ∗

𝑥
𝑙𝑥

In Fig. S. 9A, the effect of  on the output voltage is shown. For the lower  (i.e., drier 𝑅𝐻𝑡 𝑅𝐻𝑡

atmosphere), the evaporation on the tail is stimulated thus the gradient of water concentration 

becomes greater and promotes water flow toward the tail for replenishment (Fig. S. 9B). The 

dissipation of water becomes more rapid in  direction. At the same time, the protonation + 𝑥

reaction with CB films (R2) occurs on a greater scale, as the dispersed water molecules 

encounter ‘fresh’ CB films with higher C-OH concentrations. Up to this point, the low  case 𝑅𝐻𝑡

has similarities with high  (Fig. S. 7), where the water flow is accelerated towards the tail in 𝜖𝑝

both cases. Yet, the difference is the localization of evaporation. The  gradually increase 𝐸𝑣



towards the tail ensuring a relatively sufficient time for protonation in low , unlike high  𝑅𝐻𝑡 𝜖𝑝

case. The increased  is global in high  and less water attributes to protonation and transport 𝐸𝑣 𝜖𝑝

of ions. Thus, the R2 is promoted as the water advance in  direction, as shown in Fig. S. 10. + 𝑥

On the other hand, for higher , the water relatively stagnates from the initial droplet. The 𝑅𝐻𝑡

water evaporates even at high humidity, as the vapor pressure above the droplet is always 

higher than the ambient vapor pressure. Thus, the water near the droplet evaporates more before 

propagating towards the tail compared to the case of low . Therefore, the protonation is 𝑅𝐻𝑡

limited to the area near the droplet, and overall generated  is lower. For the same reason, 
𝑐

𝐻3𝑂 +

the voltage profile under dry circumstances ( ) reaches the maximum slower than the 𝑅𝐻𝑡 = 30%

humid condition ( ), as the higher   takes a longer time to find equilibrium (Fig. 𝑅𝐻𝑡 = 90%
𝑐

𝐻3𝑂 +

S. 11). 

Fig. S. 9. Effect of the rate of the relative humidity applied on the right-half of the CB (RHt). 

(A) Output Voltages for different evaporation rate (right-half) depending on the RH, and (B) 

the surface concentration gradient of H2O and H3O+ are shown at t = 350 and t = 1500 s after 

water dropped.



Fig. S. 10. The reaction rates (R1 and R2) for different RH values at different time steps. 

Fig. S. 11. The proton flux for different RH values at different time steps. 

SI 8. Effect of geometry

The essence of hydrovoltaic is the proton gradient induced by generation from surface reactions 

combined with the gradient in water molecule density (moisture), as explained earlier. Thus, 

the geometry of CB possibly can affect the output voltage by maneuvering the degree of local 



chemistry and dynamics. For the amount of water used in this study, however, the size of CB 

film is “sufficiently small”, thus  almost always decrease with increasing dimensions (i.e., 𝑉𝑂𝐶

the overall proton concentration becomes dilute). To understand the geometric effect, we have 

simulated similar case in a larger-scale CB film of 10 cm × 50 cm.

To do so, we designed CB films in different isosceles trapezoid shapes (10, 20, 30, and 40 cm). 

In terms of the output voltage, it was discovered that it is a competing effect between the width 

of CB film near droplet and surface area (area-to-wet, ) and proton gradient. Here we define 𝑆𝐶𝐵

a as the length of the CB film near the water source, whereas b is the length of the other side 

(tail).

For smaller a, the ions can be concentrated on the head due to the small area to wet, but for 

larger a, the ions become diluted on the head. Therefore, as displayed in Fig. S. 12A, the voltage 

is found greater for smaller a. The maximum  achieved for each a showed a strong 𝑉𝑂𝐶

dependency on a, although it depends on b values as well. In the inset of Fig. S. 12A, the pairing 

b values are shown, as well as the  distribution at the time where maximum  is 
𝑐

𝐻3𝑂 + 𝑉𝑂𝐶

observed. For each maximum voltage cases, the b tends to decrease as a increases, and this is 

because  becomes too large when both a and b are large, resulting in a spread concentration 𝑆𝐶𝐵

of  over the film. As the color scale shows, the proton concentration at the head is diluted 𝐻3𝑂 +

as a value increases. In Fig. S. 12B, we have investigated the effect of the overall surface area 

for a given value of a. For each a (Fig. S. 13), we found that there is an optimal surface area to 

give the highest output, showing a ‘volcano’ type relation. For a = 10 cm, when the surface 

area is not too large (  1000 cm2), voltage values from isosceles trapezoid CB films are greater ≤

than that of a traditional rectangle CB film (= 500 cm2) with the identical microstructure. 

However, when  is too large (  1000 cm2), the overall concentration is diluted and 𝑆𝐶𝐵 >



decreases . Despite the difference in the area for maximum , identical trends are found 𝑉𝑂𝐶 𝑉𝑂𝐶

for other values of a as well (Fig. S. 12). In short, the larger  results in lower ion 𝑆𝐶𝐵

concentration in general, but the narrower  diminishes the concentration difference due to 𝑆𝐶𝐵

saturation. 

This result indicates that both the total surface area and the surface area near the droplet impose 

significance for the output voltage. This is consistent with the argument from a similar study 

of immersion (although the hydraulic dynamics can be quite different as the source of water is 

quantitatively and timely different) where it was claimed that the devices with different shapes 

show not only different outputs but also different design rules18. The result is intriguing that 

there are many possible scenarios: the loading type (water droplet or water immersion or 

moisture) and loading amount can lead to a different governing physics. Our results suggests 

that the effect of length a and area of CB film can be different for system with different ratio 

of water droplet volume to dimension of CB film. Furthermore, the length a is less important 

for immersion case, as there is a semi-infinite source of water, thus only thing matters are the 

. On the other hand, for the cases of limited water source as vapor in the air, the length a 𝑆𝐶𝐵

plays more significant role as it determines the difference in local water vapor concentration 

between the head and tail.



Fig. S. 12. The effect of the geometric change on the voltages. (A) the maximum voltage 

achieved for each a (while varying b with interval of 5 cm). A higher  output is found for 𝑉𝑂𝐶

smaller a. The surface plots show H3O+ distribution at t = 1500 s. (B) The effect of total area 

on voltages for cases with a = 10 cm (note that the “inverse V” relation hold for other a values.) 

The surface plots illustrate the H3O+ concentration on each geometry at t = 1500 s.

Fig. S. 13. The areal dependency of voltage outputs for different a values. 

SI 9. Model modification: Water immersion

The dropcasting and other system(dipping) can be driven by different mechanism 

depending on the architecture of system and water source, but the essential physics are 

common; it is matter of which physics governs the most. To verify, we have used very same 

model for the case when one-end is dipped in the water. While the model system is not 

particularly optimized for water circulation (e.g., control of pore structure or presence of 

desiccant), we found that the voltage is maintained over 30 days.  



Fig. S. 14 Voltage profile of immersion hydrovoltaics system 



SI 10.   Current loop

It is generally acknowledged that the detailed mechanism for current loop formation is 

not clearly understood. For example, the flow of ions in the fluidic channel will lead to the 

external electronic current which requires the redox process generally. To understand this 

behavior, we further analyzed this current generation behavior. In order to prevent any 

unexpected effect for electrochemical measurement, the CB sheet is directly connected to the 

zig of a working electrode of the electrochemical analyzer (Vertex, I-vium tech, Netherland) 

in the three-electrode system. In most experiments, therefore, no redox peaks, gas bubbling, or 

electrochemical reactions were observed. This is consistent with the previous report on the 

moisture-induced electricity generation.19 This electronic current production without redox can 

be understood with ‘image charge’ model. The voltage generation and ionic flow by the water 

will induce the electric field inside the channel material, and the mobile electrons of the channel 

materials will flow and form the current loop. We believe such a current loop can be sustained 

by proton backflow and recombination of the functional groups with looped-backed electrons 

from the channel material. Firstly, when the proton across the carbon is saturated, the driving 

force from diffusive flux becomes nearly 0. Then the electrophoretic flux derives the proton 

flux in reversed direction (from right to left in the model). The electrons from the current loop 

meet this backflowed protons, diminishing the initial proton gradient. In open-circuit condition, 

the reverse reaction of natural decomposition of water can also allows the replenishment of 

H2O and endow a continuous current generation. Hence, the voltage output vanishes as the all 

the functional group recombined and proton gradients converges to zero. 
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