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Abstract 6 

Evaporation induced electric potential in functional materials has been promoting the 7 

emergence of a new discipline, hydrovoltaics1,2, but the phenomena have been widely ascribed to 8 

streaming potential related classic electrokinetic effects3,4. Here we show that evaporation in 9 

ambient environment can directly generate a sustainable voltage of up to 1 V with a current density 10 

of around 20 nA cm-2 from a porous carbon black film without contribution from streaming potential. 11 

Multi-electrode measurements confirm that the evaporating potential is generated mainly within the 12 

precursor ahead of the main capillary front. Detailed theoretical and experimental analyses indicate 13 

that the evaporating potential following the quadratic distribution arises from molecule evaporation 14 

induced carrier transfer in the precursor film. This new finding should lay a solid foundation for the 15 

emerging hydrovoltaics.  16 



 

 

Harvesting energy from liquid evaporation has significant potential for green energy owing to 17 

the ubiquity of evaporation1,2,5. Evaporation has been widely used to drive microfluidic flow within 18 

porous films to generate electric power3,4,6-14 mainly based on the classic streaming potential 19 

effect15,16. However, the interactions between materials and evaporating molecules have been rarely 20 

investigated. Here we show that ethanol evaporation from a porous carbon black (CB) film can 21 

directly generate a sustainable voltage of around 1 V, while streaming potential plays an ignorable 22 

role. We prove that evaporation of ethanol from the precursor film ahead of the main capillary region 23 

plays the core role in creating the electric potential in the CB film. This novel evaporating potential 24 

paves a new avenue for hydrovoltaic technology. 25 

Our evaporation device is fabricated using an ethanol flame to deposit a thin CB film of size 26 

1×1 cm2 onto a ceramic substrate coated with equally-spaced carbon nanotube (CNT) ink electrodes 27 

E1~En (see Methods and Supplementary Figs. 1-2). When the bottom end of the film is inserted in 28 

bulk ethanol, a thin ethanol film will climb along the CB film through transpiration and capillary 29 

force (Fig. 1a). The thermal images taken by an infrared thermal camera in Fig. 1b show the rising 30 

process of the capillary front along a CB film with four electrodes (E1~E4) at a spacing of 3 mm. 31 

Real-time open circuit voltage variations are measured as well (Fig. 1c). The voltage produced in 32 

the process is in range of 0.2~1.5 V (Supplementary Fig. 3). As can be expected, controlling the 33 

ethanol evaporation state can manipulate the induced voltage (Supplementary Figs. 4 and 5), 34 

indicating a strong relevance of the electricity generation to ethanol evaporation rate. When 35 

evaporation is fully stopped (Supplementary Fig. 6) or the CB film is fully immersed in ethanol 36 

(Supplementary Fig. 7), the voltage decreases to around 0, indicating that possible chemical 37 

reactions can be excluded and the potential is induced by evaporation in our experiments3,4. Further 38 

investigations reveal that the thermoelectric potential of the CB film is on the millivolt level, which 39 

contributes little to the volt-level voltage in this system (Supplementary Fig. 8). 40 

The streaming potential, a classic electrokinetic phenomenon in which an electric voltage can 41 

be generated when an electrolyte is driven through a narrow channel under a pressure gradient15,16, 42 

plays an important role in previous experiments of evaporation induced electricity3,4,6-14. The dashed 43 

lines in Fig. 1c mark when the capillary front rise to E1, E2, and E3, respectively. It can be found 44 

that the voltage is merely generated between electrodes across the capillary front of the ethanol film, 45 



 

 

which is in sharp contrast to water evaporation induced voltage which occurs in each neighbouring 46 

electrodes within the water capillary region and increases with increasing distance from the bulk 47 

water4,12,13(Supplementary Fig. 9). This distinguished phenomenon means that no pronounced 48 

streaming potential occurs behind the capillary front. There may have two possible reasons: the 49 

ethanol moves up on the surface rather than streams through the porous CB film, or ethanol 50 

streaming through the CB film does not induce pronounced streaming potential. 51 

 52 

Figure 1. Evaporating potential in the CB film. a, Experimental set-up for electricity 53 

measurement of a four-electrode CB film during capillary process. The spacing between each two 54 

neighbouring electrodes is around 3 mm. The bottom end of the film is inserted in bulk ethanol. The 55 

dashed arrow indicates the capillary flow direction. b, Thermal images showing the rising capillary 56 

front of the CB film in a. Scale bar, 3 mm. c, Real-time voltage variations between each two 57 

neighbouring electrodes. The dashed lines mark when the capillary front rises to E1, E2, and E3, 58 

respectively. d, Experimental set-up for evaporation induced flow effect. The spacing between each 59 

two neighbouring electrodes is around 1 mm. The CB film between E1 and E2 is sealed with a 60 

PMMA layer to avoid evaporation and guarantee ethanol to flow within the porous CB only. The 61 

steady-state capillary front is maintained between E1 and E2. e, Schematic diagram illustrating the 62 

cross-section of the CB device between E1 and E2. f, Measured steady-state voltage distribution of 63 

the CB film in d. 64 



 

 

The zeta potential of the CB in ethanol used in our experiments is measured to be around -1.69 65 

mV, which is far weaker than that in DI water (-34.6 mV, Supplementary Fig. 10). This weak zeta 66 

potential means that the ethanol in our experiment should be difficult to supply ions to produce 67 

remarkable streaming potential15. To fully clarify the role of streaming potential, we design a 68 

specific four-electrode experiment to verify the contribution of the streaming effect as illustrated in 69 

Fig. 1d. The spacing between each two neighbouring electrodes is about 1 mm and the area between 70 

the bottom two electrodes (E1 and E2) is covered with a polymethylmethacrylate (PMMA) layer to 71 

avoid liquid evaporation while the rest part of the CB is exposed to air. The PMMA layer is further 72 

covered with silicone and glass for reinforcement to guarantee the ethanol to stream through the 73 

porous CB film in this section (Fig. 1e). The steady-state capillary front is maintained between E2 74 

and E3 and the capillary film ahead of the PMMA layer is exposed to air to evaporate and drives 75 

the ethanol stream inside the porous CB underneath the PMMA layer. The measured ethanol 76 

streaming induced voltage signal is nearly zero between E1 and E2 (Fig. 1f), indicating that the 77 

contribution of streaming potential to the induced potential is ignorable. In contrast, evaporation 78 

driven water flow inside the porous carbon film beneath the PMMA layer can generate a voltage 79 

around 0.22 V (Supplementary Fig. 11). 80 

Careful inspection shows that a thin precursor ethanol film17-19 is always moving ahead of the 81 

main capillary front (Supplementary Fig. 12). We then use a tungsten steel needle to detect the 82 

voltage distribution in the precursor film, as illustrated in Fig. 2a. The steady-state capillary front is 83 

between E1 and E2 at a spacing of 1 cm in this case. The induced voltage between E1 and E2 (V1-2) 84 

is measured to be around 1 V (Fig. 2b, purple line) with a short circuit current of around 20 nA 85 

(Supplementary Fig. 13). The inset (top left) in Fig. 2a shows the optical image of the needle with 86 

a distance d from the main capillary front. It is shown that no voltage Vd between the tip and E2 can 87 

be detected when d is larger than about 1.7 mm, while Vd increases with decreasing d below 1.7 mm, 88 

and reaches V1-2 = 0.85 V at d approaching 0 (Fig. 2b). This result indicates that the evaporating 89 

potential is mainly induced by evaporating ethanol molecules within the precursor that is about 1.7 90 

mm wide ahead of the main capillary film, while the streaming and evaporating processes in the 91 

main capillary region play little role. 92 



 

 

 93 

Figure 2. Potential distribution in the precursor film. a, Schematic illustration of the 94 

experimental set-up. Two CNT electrodes (E1 and E2) with a spacing of around 1 cm are deposited 95 

on the ceramic substrate underneath the CB film for voltage measurement (V1-2). The tilt angle of 96 

the device is about 15º. Voltage distribution (Vd) in the precursor film ahead of the main capillary 97 

front is detected with a tungsten steel needle. The inset (top left) shows the optical image of the 98 

needle with a distance d from the main capillary front. Scale bar, 100 μm. b, Measured voltage 99 

distribution (Vd) in the precursor film. The circles denote the experimental data with bars indicating 100 

the standard deviation at three different positions. The red line indicates the modelling result. The 101 

purple line represents measured V1-2. 102 

To investigate the origin of the evaporating potential, we modify the surface functional groups 103 

of the CB film. Pristine CB materials are composed of loosely stacked graphene flakes with different 104 

oxygen-containing functional groups, such as C-O-C, C=O, and COOH groups, as confirmed by X-105 

ray photoelectron spectroscopy (XPS) (Fig. 3a, top). We further modify the CB film with 106 

polyethyleneimine, turning the CB film into a N-doped state as shown in Fig. 3a (bottom) (atomic 107 

content of N is about 7.8%, Supplementary Fig. 14). Fourier transform infrared spectroscopy further 108 

validates the decrease of COOH groups and the existence of C=N bonds in the N-doped CB film 109 

(Supplementary Fig. 15) 20. The saturated voltage of the pristine CB film is around 1.5 V while the 110 

measured voltage for the N-doped CB film is around -1.0 V (Fig. 3b). 111 



 

 

 112 

Figure 3. Mechanism for the evaporating potential. a, b, XPS spectrum (a) and measured voltage 113 

(b) for the pristine and N-doped CB film, respectively. c, Charge redistribution in the carboxyl 114 

graphene (left) and pyridinic-N-doped graphene (right) adsorbed with an ethanol molecule, 115 

respectively (red, gaining electron; blue, losing electron). The isosurface is set to 0.001 eÅ–3. 116 

Electron redistribution in the carbon layer is labelled at the bottom. d, Schematic illustration of the 117 

evaporating potential as ethanol molecules evaporate from the pristine (top) and N-doped CB film 118 

(bottom), respectively. 119 

To understand the effect of functional groups on the evaporating potential, we carry out first-120 

principles calculations on the interaction between ethanol molecules and graphene flakes. When the 121 

graphene layer with carboxyl groups is adsorbed with an ethanol molecule, there is an electron 122 

accession of about 0.0385 e in the graphene layer (Fig. 3c, left; Supplementary Table 1). The 123 

accumulation of electrons on the upper surface of the graphene layer leads to the increase of hole 124 

concentration on the other side of graphene. In comparison, there is an electron depletion of about 125 



 

 

0.0449 e in the pyridinic-N-doped graphene layer (Fig. 3c, right; Supplementary Table 1). Our 126 

molecular dynamics simulations further reveal the configuration transformation of an ethanol 127 

molecule during evaporation (Supplementary Fig. 16). For a CB film covered with a capillary 128 

ethanol film, ethanol molecules behind the main capillary front evaporate from the surface of the 129 

liquid film and do not interact with local CB directly, accordingly having no influence on charge 130 

distribution in the CB film. When ethanol molecules in the precursor film start to evaporate from 131 

the CB with carboxyl groups, accumulated electrons on the upper surface of the carbon layer return 132 

to the evaporating ethanol molecules, thus raising local hole concentration and electric potential in 133 

the CB film (Fig. 3d, top). Similarly, ethanol evaporation from N-doped CB induces a reversed 134 

potential difference (Fig. 3d, bottom). So, it is confident that the potential is induced by ethanol 135 

evaporation from the precursor, which can be termed as evaporating potential, a novel fundamental 136 

solid-liquid interaction distinct from the classic electrokinetic phenomena. 137 

Following this mechanism, an equivalent capacitance-resistance model can be proposed to 138 

describe the distribution of evaporating potential in the precursor film (Supplementary Fig. 17). 139 

Ethanol molecules adsorbed on the CB film and accumulated holes in the precursor film can be 140 

simplified as a series of capacitors (C1 ~ Cn). When ethanol molecules start to evaporate from the 141 

precursor film, capacitors (C1 ~ Cn) will be more charged with higher potential than those underneath 142 

the ethanol film, driving a hole current from the precursor to the main capillary front. This model 143 

leads to a voltage distribution in the CB film as 144 

𝑉ௗ ൌ 𝜈2𝜌 ∙ 𝑞଴ ∙ 𝑅ୱ୯ ∙ ሺ𝐿 െ 𝑑ሻଶ                         ሺ1ሻ 145 

where ν is the average evaporation rate of ethanol in the precursor film, ρ is the density of ethanol, 146 

qo is the discharging charge per volume, Rsq is the square resistance of the CB film, L is the length 147 

of the precursor film, and d is the distance from ΔRm to the main capillary front (Supplementary 148 

Note 1). The detected voltage in the precursor film can be numerically fitted with a quadratic 149 

function (Fig. 2b) according to equation (1). In addition, the voltage-time curve of the CB device 150 

when the precursor film climbs across the two electrodes can be well fitted with quadratic functions 151 

based on equation (1) (Supplementary Fig. 18, Supplementary Note 2). Therefore, the proposed 152 

model is able to describe the evaporating potential in the precursor efficiently.  153 



 

 

Discussion 154 

We find that the evaporating potential is sensitive to gas flow and ethanol vapor. Using these 155 

features, we construct a self-powered sensor to monitor gas flow or ethanol vapor in the ambient 156 

environment as shown in Fig. 4a, where a CB device acts as the gate of a transistor, controlling the 157 

illumination of an LED powered by a 3 V battery. When the gas flow at a rate of 1 m s-1 blows the 158 

CB film, ethanol rapidly evaporates from the CB and the precursor film is suppressed between the 159 

two electrodes, giving rise to an increased current and illuminating the LED (Fig. 4b). When the 160 

concentration of ethanol vapor increases in ambient environment, the current of the CB device 161 

decreases, leading the LED to get dark (Fig. 4c). 162 

 163 

Figure 4. Demo of the evaporating potential. a, Evaporating potential based CB sensor. The self-164 

powered CB device acts as the gate of a transistor to control the illumination of an LED, which is 165 

sensitive to gas flow and ethanol vapor. The equivalent circuit is illustrated at the bottom. b, 166 

Response of ICB and Iled to gas flow. The main capillary front is ahead of E2 without gas flow. Once 167 

the flow at a rate of 1 m s-1 blows the CB film, the main capillary front is maintained between E1 168 

and E2 and the transistor turns on, illuminating the LED. c, Response of ICB and Iled to ethanol vapor. 169 

The LED gets dark as the concentration of ethanol vapor increases in ambient environment. 170 

The output performance of a CB device of size 1×1 cm2 is measured by connecting external 171 

loads with different resistances. As the load resistance increases from 10 kΩ to 10 GΩ, the output 172 

voltage rises from around 0 to ~1.8 V while the current drops from ~21 nA to around 0 173 

(Supplementary Fig. 19a). The CB generator has a maximum power density of ~90 μW/m2 at 174 

external resistance of 80 MΩ (Supplementary Fig. 19b). The induced Voc and Isc can be scaled by 175 

connecting the CB devices in series and in parallel, respectively (Supplementary Fig. 20). Moreover, 176 



 

 

the produced electricity can be stored in capacitors (Supplementary Fig. 21a), which can further 177 

power a liquid crystal display (Supplementary Fig. 21b). 178 

We have revealed a novel physical effect of evaporating potential induced by direct ethanol 179 

evaporation in the precursor on a CB film. In contrast to all the previous investigations for 180 

evaporation induced potential, the evaporating potential is free from streaming potential and 181 

originates from charge transfer at the solid-liquid interfaces. This work provides a new perspective 182 

on the interactions between solid and evaporating molecules, demonstrating a promising approach 183 

for green energy and self-powered sensors, thus, laying a solid foundation for the emerging 184 

hydrovoltaics. 185 

Methods 186 

Device fabrication. As shown in Supplementary Fig. 1, the ceramic plate (3×5 cm2) was 187 

ultrasonically cleaned (Supplementary Fig. 1-Ⅰ) and printed with CNT ink to form electrodes with 188 

width of around 1 mm (Supplementary Fig. 1-Ⅱ). Then, a uniform CB film was grown on the 189 

ceramic substrate across the electrodes over an ethanol flame (Supplementary Fig. 1-Ⅲ), which was 190 

subsequently annealed at 400 ℃ in air for 2 h (Supplementary Fig. 1-Ⅳ). Afterwards, the device 191 

was wired and the exposed electrodes were carefully covered by silicone (Supplementary Fig. 1-Ⅴ). 192 

Finally, the CB device was laid in a beaker containing ethanol for electricity measurement 193 

(Supplementary Fig. 1-Ⅵ). 194 

Nitrogenous functional groups doping. The CB film was immersed in an aqueous 195 

polyethyleneimine solution (0.1 wt%) and then kept at a temperature of 80 °C for 4h in a water bath. 196 

After being thoroughly washed with DI water, the CB film was further immersed in an aqueous 197 

glutaraldehyde solution (0.1 wt%) and kept at a temperature of 80 °C for 4h in a water bath. Finally, 198 

the CB film was thoroughly washed with DI water and ethanol to remove residuals and the N-doped 199 

CB film was obtained. 200 

Characterizations and measurements. The morphology and structure of the CB device were 201 

investigated by scanning electron microscope (ZEISS Sigma 300) and transmission electron 202 

microscopy (JEOL JEM2100F). The thermal images of the CB film were taken by an infrared 203 

thermal camera (Fotric 226s). The functional groups of CB were characterized by X-ray 204 



 

 

photoelectron spectrometer (EscaLab 250Xi) and Fourier-transform infrared spectrometer (Nicolet 205 

iS5). The temperature and humidity were measured by a temperature and humidity meter (TH22R-206 

EX). The real-time open-circuit voltage and short-circuit current were measured by a Keithley 207 

DMM6500 multimeter. 208 

First-principles calculations. First-principles calculations were performed within the framework 209 

of density-functional theory as encoded in Vienna Ab-initio Simulation Package code21-23. The 210 

projector-augmented wave method was employed for the core region based on generalized gradient 211 

approximation (GGA)24. All the results were calculated with the advanced vdW-DF method25 for 212 

dispersion correction and the optB86b-vdW functional for describing the exchange functional. The 213 

kinetic energy cutoff of the plane-wave expansion was set to be 500 eV. The atomic geometries were 214 

fully relaxed with conjugate gradient method until the force on each atom is less than 0.01 eV/Å 215 

and a total energy convergence of 10-5 eV. A vacuum space of 15 Å was set to isolate neighbouring 216 

periodic images. 217 

To elucidate the mechanism, two types of theoretical models based on DFT calculations were 218 

built in this work, ethanol molecules adsorbed on the graphene layer and at the edge of the armchair 219 

graphene nanoribbon (AGNR). To study the ethanol molecule adsorption on the surface of 220 

(functional) graphene, ethanol molecules adsorbed on an 8×8 supercell of graphene were compared 221 

without/with functional groups. The Brillouin zone was sampled with 3×3×1 grid in the calculations. 222 

For ethanol molecules adsorbed at the edge of the (functional) graphene nanoribbon, ethanol 223 

molecules adsorbed at the edge of a periodic H-passivated 13-AGNR were compared without/with 224 

functional groups. The k-mesh was set to 1×32×1. For each type of adsorption, various adsorption 225 

positions of the ethanol molecule were taken into consideration while their adsorption energies and 226 

the charge redistributions were compared. 227 

The adsorption energy (Ead) of the ethanol molecule was calculated as 228 𝐸ୟୢ ൌ 𝐸୊ୋା୉ െ 𝐸୊ୋ െ 𝐸୉                             ሺ2ሻ 229 

where EFG+E, EFG and EE are the energy of the whole adsorption system, graphene without/with 230 

functional groups and the ethanol molecule, respectively. 231 

The charge redistribution was defined as 232 ∆𝜌 ൌ 𝜌୊ୋା୉ െ 𝜌୊ୋ െ 𝜌୉                                  ሺ3ሻ 233 

where the ρFG+E, ρFG, and ρE denotes the charge distribution of the whole adsorption system, 234 



 

 

graphene without/with functional groups and the ethanol molecule, respectively. To give a direct 235 

comparison on numerical value for electron transfer, Bader analysis was used to calculate the charge 236 

transfer in atoms. 237 

Molecular-dynamics simulation. A graphene sheet oxidized by carboxyl groups, with a size of 6×7 238 

nm2, was constructed to mimic the surface of the carbon black substrate. The overall ratio of carbon 239 

and oxygen is about 4.5, similar to that in our experiments. The atoms are precharged according to 240 

the results of first-principles calculations. An ethanol molecule was initially put near the substrate, 241 

leaving a vacuum layer with a thickness of about 10 nm. Periodic boundary conditions were applied 242 

in all directions of the system. All MD simulations were carried out in the NVT ensemble with the 243 

software NAMD26. The Langevin dynamics was used to control the temperature at 300 K27. The 244 

time step was set to 2 fs. Parameters for both the oxidized graphene and the ethanol molecule were 245 

obtained by using SWISS-MODEL28. 246 
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Figures

Figure 1

Evaporating potential in the CB �lm. a, Experimental set-up for electricity measurement of a four-electrode
CB �lm during capillary process. The spacing between each two neighbouring electrodes is around 3 mm.
The bottom end of the �lm is inserted in bulk ethanol. The dashed arrow indicates the capillary �ow
direction. b, Thermal images showing the rising capillary front of the CB �lm in a. Scale bar, 3 mm. c,
Real-time voltage variations between each two neighbouring electrodes. The dashed lines mark when the
capillary front rises to E1, E2, and E3, respectively. d, Experimental set-up for evaporation induced �ow
effect. The spacing between each two neighbouring electrodes is around 1 mm. The CB �lm between E1
and E2 is sealed with a PMMA layer to avoid evaporation and guarantee ethanol to �ow within the porous
CB only. The steady-state capillary front is maintained between E1 and E2. e, Schematic diagram
illustrating the cross-section of the CB device between E1 and E2. f, Measured steady-state voltage
distribution of the CB �lm in d.



Figure 2

Potential distribution in the precursor �lm. a, Schematic illustration of the experimental set-up. Two CNT
electrodes (E1 and E2) with a spacing of around 1 cm are deposited on the ceramic substrate underneath
the CB �lm for voltage measurement (V1-2). The tilt angle of the device is about 15º. Voltage distribution
(Vd) in the precursor �lm ahead of the main capillary front is detected with a tungsten steel needle. The
inset (top left) shows the optical image of the needle with a distance d from the main capillary front.
Scale bar, 100 μm. b, Measured voltage distribution (Vd) in the precursor �lm. The circles denote the
experimental data with bars indicating the standard deviation at three different positions. The red line
indicates the modelling result. The purple line represents measured V1-2.



Figure 3

Mechanism for the evaporating potential. a, b, XPS spectrum (a) and measured voltage (b) for the pristine
and N-doped CB �lm, respectively. c, Charge redistribution in the carboxyl graphene (left) and pyridinic-N-
doped graphene (right) adsorbed with an ethanol molecule, respectively (red, gaining electron; blue, losing
electron). The isosurface is set to 0.001 eÅ–3. Electron redistribution in the carbon layer is labelled at the
bottom. d, Schematic illustration of the evaporating potential as ethanol molecules evaporate from the
pristine (top) and N-doped CB �lm (bottom), respectively.



Figure 4

Demo of the evaporating potential. a, Evaporating potential based CB sensor. The self powered CB device
acts as the gate of a transistor to control the illumination of an LED, which is sensitive to gas �ow and
ethanol vapor. The equivalent circuit is illustrated at the bottom. b, Response of ICB and Iled to gas �ow.
The main capillary front is ahead of E2 without gas �ow. Once the �ow at a rate of 1 m s-1 blows the CB
�lm, the main capillary front is maintained between E1 and E2 and the transistor turns on, illuminating
the LED. c, Response of ICB and Iled to ethanol vapor. The LED gets dark as the concentration of ethanol
vapor increases in ambient environment.
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