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Fig. S1 Element mapping images of PSSA-PEDOT:PSS-FeCN4–/3– film.

Fig. S2 Experimental setup of the power generation process.
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Fig. S3 Repeatable power generation of a VHG. The device was dried for 12 hours after every cycle.

Fig. S4 (a) FTIR curves of PSSA and PSSA-PEDOT:PSS-FeCN4–/3– film. (b) FTIR curves of PSSA-PEDOT:PSS-FeCN4–

/3– film before and after the cycling performance test.

The Fourier transforminfrared spectroscopic (FTIR) results of the PSSA-PEDOT:PSS-FeCN4–/3– film 

before and after the cycling investigation show identical patterns, suggesting that detectable change of 

functional groups during the whole process is excluded.
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Fig. S5 Electric output of VHG based on PSSA film with different electrical resistance as load under 70%RH. (a) 

Dependence of current density, voltage output and (b) power density on electrical resistance of the external circuit.

Fig. S6 Electric output of VHG based on PSSA-PEDOT:PSS-FeCN4–/3– film with different electrical resistance as load 

under 70%RH, ΔT=10 oC. (a) Dependence of current density and voltage on electrical resistance of the external circuit. 

(b) The current density-voltage curve of a VHG.

Fig. S7 Isc of the VHG based on different electrodes.
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Fig. S8 The dependence of Isc on different content (wt.%) of (a) PEDOT:PSS, (b) FeCN4–/3– in PSSA-PEDOT:PSS-FeCN4–

/3– film. (c) Isc of VHG based on PSSA-PEDOT:PSS-FeCN4–/3– film with different film thickness under 70% RH, ΔT=10 

oC.

The Isc of VHG gradually enhances with the thickness of ternary hybrid increasing from 350 μm to 740 

μm, and decreases with a further increase in thickness. When the film is too thin, VHG adsorbs less water 

molecules from vapor and subsequently dissociates inadequate mobile H+ ions and the temperature 

difference in a VHG is difficult to hold persistent resulting in a lower current output. When the hybrid film 

is too thick, the migration pathway for ions is too long, impeding ion transport. In conclusion, a considerable 

Isc of the ternary hybrid is optimized at a ratio of PSSA (92 wt%) : PEDOT:PSS (7 wt%) : FeCN4–/3– (1 

wt%) with a film thickness of about 740 μm.

Fig. S9 (a) Voc, (b) Isc of VHG under different RH (50‒100%) at ΔT=10 oC.

The dependence of Voc on RH (50%‒100%) demonstrates that power generation is directly related to 

the hydration level of PSSA-PEDOT:PSS-FeCN4–/3– film exposed to humid environment. The Isc of VHG 

is visibly increased with the rise of RH approaching a considerable value of about 0.8 mA cm‒2 at RH = 

70%. As the rise of RH, the thermal conductivity of PSSA-PEDOT:PSS-FeCN4–/3– film will increase with 
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the water content because the thermal conductivity of water (≈0.6 W m−1 K−1 ) is higher than typical 

polymers (Fig. 3d).1,2 The increased thermal conductivity adverses to maintaining the temperature gradient 

along VHG. Therefore, the Isc of VHG slightly decline at RH=70%‒90%.

Fig. S10 The infra-red images of VHG under different temperature difference.

Fig. S11 Chemical formulas of additives in PSSA matrix in Fig. 2d.
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Fig. S12 The scheme of VHG in the experiments of Fig. 2e. Red represents the electrode at hot side, and blue denotes the 

electrode at cold side.

Fig. S13 The scheme of VHG under (a) vapor and (b) temperature difference. (c) Isc of VHG in response to vapor and 

temperature difference, respectively.
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Fig. S14 Isc of PSSA, PSSA-PEDOT:PSS, PSSA-FeCN4–/3– and PSSA-PEDOT:PSS-FeCN4–/3– film upon (a) vapor only 

(TVHG=RT) and vapor with uniform heating (TVHG > RT, ΔT=0), (b) vapor with uniform heating (TVHG > RT, ΔT=0) and 

vapor+temperature difference (ΔT > 0), (c) vapor only (TVHG=RT) and vapor+temperature difference (ΔT > 0), (d) 

vapor+temperature difference (ΔT > 0 and ΔT < 0).

Fig. S15 (a) The scheme and (b) Isc of VHG with two opposite porous electrodes under uniform vapor and temperature 

difference.
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Table S1 The comparison information of different water adsorption enabled electric generation systems

Materials Electrodes Voltage (V)
Current density 

(mA cm−2)

Power density 

(µW cm−2)
Reference

g-GOF Au 0.04 0.010 0.42 3

IPMEG rGO 0.18 0.001 0.10 4

GO film-1 steel@Au 0.70 0.025 - 5

GO film Ag 0.70 0.003 27 6

a-GOM Au 0.45 0.001 0.0184 7

h-3D-GO Au/Ag 1.50 4.3E-5 32000 8

GON Al 0.04 3.000 12 9

Graphene

g-3D-GO Al 0.26 3.200 940 10

PCF C 0.07 6E-7 - 11

Cellulose - 0.11 0.022 0.0003 12
Other carbon-based 

materials
CNFs copper 0.65 0.55 - 13

PSSA steel@Au 0.80 0.100 17 14

PPy foam Au 0.06 0.010 0.69 15

HCl/ PVA CNT 0.35 0.660 47 16

PVA/GO FTO 0.85 0.009 1.36 17

GO/PAAS Au/Ag 0.60 0.001 0.07 18

PSSA+PVA Ag NWs 0.60 0.100 7.9 19

PSSA/PVA carbon tape 0.95 0.001 5.5 20

Polymer

PSSA/R Au 0.92 0.57 88 21

Metallic oxide TiO2 Ag NW 0.50 0.008 4 22

This work

PSSA-

PEDOT:PS

S-FeCN4–/3–

graphite 0.94 0.840 72

vapor+ 

temperature 

difference

0.86 0.130 6.0 vapor
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Table S2 The comparison information of different thermoelectric generation systems

Materials

Seebeck 

coefficient

(mV K−1)

Figure-

of-

merits

Power factor

(mW m−1 

K−2)

Temperature 

difference

(K)

Voltage 

of per 

unit (V)

Number 

of the 

unit

Integrated 

voltage (V)
Reference

AHGA 12.6 0.85 1.80 9.5 0.10 8 1.0 2

TGC 0.8 - 0.01 - - - - 23

I3
−/I− TEC 1.0 - - 0.8 0.01 - - 24

[Fe(CN)6]4−/[

Fe(CN)6]3−
17.0 - - 8.0 0.10 25 2.2 25

PANI:PAAM

PSA:PA
8.1 1.04 1.60 3.0 0.05 - - 1

SiO2-

PANI:PAAM

PSA:PA

17.9 3.74 5.99 1.8 0.04 - - 26

[Fe(CN)6]4−/[

Fe(CN)6]3−
3.7 0.40 - 50.0 0.20 20 3.1 27

[Fe(CN)6]4−/[

Fe(CN)6]3−
1.3 - - 106 0.14 15 2.1 28

[Fe(CN)6]4−/[

Fe(CN)6]3−
4.2 - - 18.0 0.12 50 3.5 29

I3
−/I− 2.0 0.01 0.01 30.0 0.06 - - 30

CNTs 1.6 - - 72.0 0.09 - - 31

Li+/Li 2.1 - - 35.0 0.08 - - 32

CoII/III 2.0 - - 70 - - - 33

CNTs 1.4 - - 60.0 0.07 - - 34

graphene 1.4 - - 20.0 0.03 - - 35

rGO 1.4 - - 31.0 0.05 - - 36

[Fe(CN)6]4−/[ 1.4 - - 51.4 0.07 - - 37
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Fe(CN)6]3−

[Fe(CN)6]4−/[

Fe(CN)6]3−
1.4 - - 81.0 - 28 2.0 38

PEDOT:PSS 0.8 0.25 0.04 10.0 - 54 - 39

PEDOT:PSS 0.4 0.42 0.50 - - - - 40

[Fe(CN)6]4−/[

Fe(CN)6]3−
1.2 - - 5.3 0.02 118 1.0 41

I3
−/I− 1.9 - - 10.0 0.02 100 0.8 42

Cellulose 24.0 - 1.15 5.5 0.12 - - 43

PVDF-HFP 14.0 - - 6.0 0.10 36 1.0 44

PVA-NaOH 37.61 - - 1 0.02 6 0.2 45

[Fe(CN)6]4−/[

Fe(CN)6]3−
2.9 - 0.06 4.1 0.06 - - 46

[Fe(CN)6]4−/[

Fe(CN)6]3−
1.4 - - 15.0 0.02 - - 47

CNTs 0.068 0.007 14 60.0 60 0.1 48

30.0 0.19 0.05 10 0.94 6 6.7

vapor+ 

temperature 

differenceThis work

7.1 0.025 0.006 10 0.01 - -
temperature 

difference

The Seebeck coefficient (Se) value can be calculated from the slope of open-circuit voltage vs. ΔT plots. 

The figure of merit

                                       (1)
𝑍 =

𝑆𝑒
2𝛿

𝑘

which depends on the Se, electrical conductivity ( ), and thermal conductivity (k)27.𝛿

The ionic power factor , where σi are ionic conductivity2.𝑃𝐹𝑖 = 𝑆𝑒
2𝜎𝑖
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As shown in Table S2, tens or hundreds thermoelectric units have been integrated to achieve about 1 V 

in reported researches. In this work, six VHGs can reach up to 6.7 V, exhibiting excellent potential for 

further applications in real natural environment.

Fig. S16 The scheme of a VHG for test.

Fig. S17 Isc of PSSA, PSSA-PEDOT:PSS, PSSA-FeCN4–/3– and PSSA-PEDOT:PSS-FeCN4–/3– film upon vapor only, 

temperature difference only and vapor+temperature difference.

The proposed process of electricity generation in a VHG could be described as follows. (1) Given 

different hydration level between two sides of PSSA-PEDOT:PSS-FeCN4–/3– film under vapor, directional 

transport of H+ ions will spontaneously realize charge separation and induce an electric output. In this 

vapor-induced process, when a temperature difference occurs on the VHG, H+ ion dissociation will be 

improved near hot electrode.2 Thus, the gradient distribution of H+ ions induced by vapor adsorption could 

be further enhanced to drive more H+ ions migrating. Moreover, H+ ion migration will be facilitated under 

relatively higher temperature.25 (2) On the other hand, in the temperature difference induced process, the 

H+ ions will tend to diffuse from the hot side to the cold side dominated by the Soret effect. The ion 
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thermodiffusion induced by temperature difference will also be improved by water penetration under vapor 

accordingly.1 Thereupon, current will be enhanced because significantly increased charges passing through 

per unit time.

In consequence, both vapor adsorption and temperature difference are play significant roles in another 

effect, respectively. These promotion on their individual effects synergistically achieve increased carriers 

and abundant driving force for efficient H+ ion migration, accordingly enhancing power generation beyond 

a simple sum of the two effects.

Fig. S18 (a) The mass change of VHG by water molecule adsorption versus time under 70% RH at 25 oC and 40 oC. (b) 

The real-tme temperature of electrodes. TH: the temperature of the electrode at hot side. TC: the temperature of the electrode 

at cold side.
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Fig. S19 (a) Thermal conductivity and (b) thermogravimetry curves of PSSA and PSSA-PEDOT:PSS-FeCN4–/3– film.

Fig. S20 Isc of VHG under the environment without vapor and temperature difference.

Fig. S21 Voltage of VHG as a function of ΔT.

The open-circuit voltages show a linear relationship with the applied temperature difference, and the 

corresponding Se values are obtained from the slopes of these lines. A positive ionic Seebeck coefficient 

declares a p-type thermodiffusive thermopower. The Se value for the pristine PSSA is 2.6 mV K−1, which 

increases significantly to 7.1 mV K−1 in ternary hybrid of PSSA-PEDOT:PSS-FeCN4–/3–.
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Fig. S22 (a) Isothermal three-electrode system for PSSA-FeCN4–/3–. Platinum is served as work electrode (WE), while 

saturated calomel electrode (SCE) is used as reference electrode (RE) and counter electrode (CE). (b) Voc vs. SCE with 

the dependent of temperature in an isothermal three-electrode system.

We used an isothermal three-electrode system to determine the temperature coefficient of FeCN4–/3–. 

Temperature coefficient relative to SCE extracted by linear fitting is ‒0.37 mV K‒1. Note that the SCE itself 

has a temperature coefficient of ‒0.47 mV K‒1,49 therefore the temperature coefficient of FeCN4–/3– is ‒0.84 

mV K‒1. The result is in good agreement with the previously reported value.27,41

In electrochemistry, the temperature dependence of the standard electrode potential (𝐸0), as an 

isothermal quantity, is referred as “temperature coefficient”, which is defined as 𝛼𝑅=𝑑𝐸0/𝑑𝑇, where aR is a 

thermodynamic property. For a redox reaction O + ne‒ ⇋ R, where the oxidized species O is converted into 

the reduced species R, the temperature coefficient is aR=(sR-sO)/nF , where sO and sR are partial molar 

entropies of the species O and R, respectively, and F is the Faraday constant. In a thermogalvanic cell under 

a temperature difference, the redox reaction contribution to the measured voltage is , 
𝑉𝑇𝐻

‒ 𝑉𝑇𝐶
= 𝑎𝑅(𝑇𝐻 ‒ 𝑇𝐶)

which means that the sign of aR is opposite to the sign convention of Se.25
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Fig. S23 Cyclic voltammetry curve scanned at 50 mV s‒1 for PSSA-FeCN4–/3–.

Fig. S24 The dependence of conductivity in PSSA film on vapor (RH=70%) and temperature difference (ΔT=10 oC), 

respectively.

Fig. S25 The circuit diagram for applications in Fig. 5a, b and Fig. 6d, g. S1: VHGs in series-parallel connection charging 

for a capacitor. S2: accumulated energy in the capacitor powering commercial electronics.
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Fig. S26 Voltage-time curves of commercial capacitors charged by 12 VHG units connected in series and parallel.  

Fig. S27 The circuit diagram for a self-powered electronic watch under working condition.

Fig. S28 Resistance retention as a function of distance between the ends of the integrated VHGs during the cyclic bending 

test. 

It demonstrates the mechanical reliability of VHG by measuring specific value of the resistance after 

bending (R) to the initial resistance (R0) under different bending conditions. The R/R0 remains 90% when 

the distance of two end changes ~150 mm (insert of Fig. 6e).
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Supplementary note 1
To quantify ion concentration dependence of current and voltage, kinetic Monte Carlo method is used 

to study ions movement inside polymer network. The ion concentration distribution  in calculation is 𝐶𝑖𝑜𝑛

given as: , where z is the coordinates along z direction ranges from 0 to  corresponding to 𝐶𝑖𝑜𝑛(𝑧) = 𝑔𝑧 + 𝐶ℎ 𝑙𝑧

bottom and top of simulation box,  represent ion concentration gradient, and  is a uniform ion 𝑔 𝐶ℎ

concentration background. Here two different ion concentration increasing scenario are considered: first, 

only the magnitude of ion concentration gradient  is increased and ; second, only the uniform 𝑔 𝐶ℎ = 0 𝑛𝑚 ‒ 3

ion concentration background  is increased with  unchanged. In Fig. S29, the obtained voltage and 𝐶ℎ  𝑔

current evolution with respect to ion pair number is shown. It presents that no matter in which way current 

increases linearly with respect to ion pair number. However, in the first scenario voltage increase as much 

as current, while voltage slightly decreases in the second one. In reality, the ion concentration increasing 

manner should be somewhere between those two, and thus a remarkable current enhancement and relative 

small voltage variation could be expected. These calculated results indicate that voltage is mainly related 

to ion concentration gradient, while current will be affected by movable ion migration. Therefore, the 

current of VHG could be enhanced by applied temperature difference.
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Fig. S29 The evolution of nomalized (a) voltage and (b) current with respect to ion pair number in simulation box for two 

different scenarios are compared, where black dots represent the first scenario that only the magnitude of ion concentration 

gradient is increased while red dots represent the second one that only the uniform ion concentration background is 

increased without changing its gradient.

As shown in Fig. 3h, the remarkable current enhancement is closely related to the high temperature at 

the top. Generally, there are two possible ways to increase current, the first way is to accelerate ions 

movement and the second one is to increase ions density. High temperature at the top could instinctively 

connect to the first way. However, the problem here is that 20 °C temperature difference (20 °C to 40 °C) 

could lead to a quadruple enhancement in current, which cannot be explained by Arrhenius equation 

, where D is the diffusion rate, A is pre-exponential factor,  is activation energy for diffusion,  𝐷 = 𝐴𝑒

‒ 𝑄
𝐾𝐵𝑇

𝑄

 is Boltzmann constant, and T is temperature.50 To realize the quadruple enhancement, , which 𝐾𝐵 𝑄 ≈ 0.6 𝑒𝑉

is much larger than the thermal energy at room temperature , and ions could barely move in 𝐾𝐵𝑇 = 0.026 𝑒𝑉

this situation. Therefore, current enhancement should be largely contributed by the increasing ion 

concentration. In fact, it origins from the upward absolute water content in air at high temperature with the 

given relative vapor, since it gives more chance for water adhering and entering into polymer network and 

therefore more ion pairs could be dissociated. However, with further temperature rise, entropy takes over 

and eventually at 100 °C all water evaporates. It could postulate maximum vapor in network occurs at 

medium temperature. In Fig. S30, the general water content variation in polymer network is shown, which 

is estimated by , where 𝑚𝑖𝑛(𝛼𝐶𝑤, 𝐶𝑚𝑎𝑥) 
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                           (2)
𝐶𝑤 = 6.14 ∙ 𝑒𝑥𝑝(

17.502 ∙ 𝑇
240.97 + 𝑇

)  

                            (3)𝐶𝑚𝑎𝑥 = 𝐶0 ∙ (𝑇𝑐 ‒ 𝑇)2  

and  0.02 g/kg, the unit for temperature T is Centi-degree, and . Here water content in the 𝐶0 = 𝑇𝑐 = 100 °𝐶

air  (Arden Buck equation)51 and maximum water content  at given temperature T are two restricts 𝐶𝑤 𝐶𝑚𝑎𝑥

for water content. For the former, it is assumed water content inside polymer should be comparable to  𝐶𝑤

(  is a coefficient and set to one for facility), it limits water entering into network. The latter limit comes 𝛼

from entropy effect, and at 100 °C all water evaporates. The temperature dependence of water content in 

matrix is quite similar to that of current in Fig. 2b, and it could be used to explain the maximum current 

density phenomenon in experiments if the current density is proportional to ion concentration. 

Fig. S30 The temperature dependent variation of water content in polymer network.

Although the ion concentration, which is closely related to temperature at the top, plays the most 

important role in this process, temperature gradient could be utilized to further enhance current. In Fig. 3h, 

it could be found that samples with larger temperature difference (with the temperature at the bottom is 

fixed at 30 oC, temperature at the top is changed, and in the middle region the linear temperature distribution 

is applied) show much higher current, and comparing to samples with uniform temperature it could provide 

additional enhancement due to the assistance from the directional heat flow (same direction as ion flow 

under vapor). Especially, in the case where the top and bottom temperature equal 40° and 30° respectively 

(near the experimental setup of maximum current density in Fig. 2b). The current under ΔT > 0 shows 50% 

additional enhancement comparing with the current under ΔT=0, which is consistent with the increasing 

magnitude brought by temperature difference in experiments. Note that despite the pure rising temperature 
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difference could continuously increase current, combing with previous ion concentration temperature 

dependence, maximum current should occur at a moderate temperature, which is consistent with the 

experimental observation (Fig. 2b). 

Based on the results of theoretical calculation, temperature at the top and temperature difference are 

verified as the most relevant factors for current enhancement, and their correlation with current is clarified 

and could be used to understand experimental results.

Calculation details

First principle calculation

Vienna Ab initio Simulation Package (VASP) is used to perform (C8H8O3S)2 and (C8H8O3S)4 structural 

relaxation and also energy calculation.52 The energy cutoff and electronic self-consistent step convergence 

are set to be 400 eV and 10-4 eV , and the structure optimization requires energy change between two steps 

less than 10-3 eV/atom at least. Besides, the Perdew-Burke-Ernzerhof (PBE) exchange-correlation 

potential53 is applied for all calculations. Based on the obtained uniaxial deformation energy curves (Fig. 

S31), the PSSA bond and angle strength could be estimated and used to derive the corresponding bond and 

angle spring coefficients in coarse grain MD simulations.

Coarse grain molecular dynamics (MD) simulation

Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)54 is chosen to perform MD 

simulations, and periodic boundary condition is applied here. In calculation model, each PSSA chain 

(C8H8O3S)n is composed by 41 coarse grain particles, and each coarse grain particle represents (C8H8O3S)2. 

Here coarse grain size is set to 5.43  in terms of the length of (C8H8O3S)2. The total energy of PSSA Å

network is written as 

𝜙𝑆𝑦𝑠𝑡𝑒𝑚 = 𝜙𝑇 + 𝜙𝜃 + 𝜙𝑣𝑑𝑤,  (4)

where the first term use harmonic potential style and is written as

𝜙𝑇 =
1
2

𝐾𝑇(𝑟 ‒ 𝑟0)2, 

,
𝜙𝜃 =

1
2

𝐾𝜃(𝜃 ‒ 𝜃0)2

 (5)

where of bonds = 3.53 , , , and , which are bond (angle) spring 𝐾𝑇 𝑒𝑉/Å2 𝑟0 = 5.43 Å 𝐾𝜃 = 163 𝑒𝑉 𝜃0 = 180°

coefficient and equilibrium bond distance (equilibrium bond angle). Note that these parameters are 
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determined based on first principle calculation results. Among different PSSA chains, Lennard-Jones 

potential is used to describe van der Waals interaction,

𝜙𝑣𝑑𝑤 = 4𝜀[(𝜎/𝑟)12 ‒ (𝜎/𝑟)6],  (6)

where . and . 𝜀 = 0.2 𝑒𝑉 𝜎 = 4.84 Å

2731 PSSA chains are placed in a 30×30×30  periodic simulation box. With NVT ensemble at 𝑛𝑚3

room temperature, the system is relaxed over 1000 ps (time step is set to 2 fs), which outputs a stable PSSA 

network structure and will be used as the skeleton for hydrated  ion diffusion simulation based on kinetic 𝐻 +

Monte Carlo method. 

Kinetic Monte Carlo simulation 

N-Fold Way (NFW) algorithm is adopted to perform kinetic Monte Carlo simulations.55‒57 Here the 

previous prepared PSSA network structure is taken as a rigid skeleton, hydrated ion could hop to 𝐻 +  

neighbor sites of PSSA network if distance is no more than 5.43 , and the rate of a diffusional hop is given Å

by

                     (7)    

𝑟𝐷 = {𝐷0𝑒𝑥𝑝( ‒
𝑄

𝑘𝐵𝑇)                   ∆𝐸 ≤ 0,

𝐷0𝑒𝑥𝑝( ‒
𝑄 + ∆𝐸

𝑘𝐵𝑇 )             ∆𝐸 > 0,
 �

where  is energy change and  is diffusion activation energy. The total energy of this model is ∆𝐸 𝑄 = 0.2 𝑒𝑉

given by

                       (8)
𝐸𝑡𝑜𝑡 = 𝛼 ∑

𝑖 = 𝑖𝑜𝑛𝑠

𝑍𝑖𝑍𝑗

𝑟𝑖𝑗 + 𝑑𝑐
+ 𝛽 ∙ 𝐼𝑚

where the first term is used to describe the interaction between ions, and  is a scaling factor. Its only 𝛼

difference from coulomb potential comes from , which is set to guarantee that the coulomb attraction 𝑑𝑐

between cations and anions when they meet on one site is small enough to be broken by kinetic energy, i.e. 

. Second term represents linear vapor intensity dependence of ion hydration energy,  is a coeffect to 𝑘𝐵𝑇 𝛽

control its magnitude. Note that  is the normalized vapor intensity whose value could not be greater than 𝐼𝑚
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one. The values of , , and  used in this simulation are set to 1 , 0.01 , and 0.1 eV (when ), 𝑑𝑐 𝛼 𝛽 Å 𝑒𝑉 ∙ Å 𝐼𝑚 = 1

respectively. 

To quantify ion concentration dependence of current and voltage shown in Fig. S29, the ion 

concentration distribution  in calculation is given as , where z is the coordinates along z 𝐶𝑖𝑜𝑛 𝐶𝑖𝑜𝑛(𝑧) = 𝑔𝑧 + 𝐶ℎ

direction ranges from 0 to 300 . Two different ion concentration increasing scenario are considered: first, Å

only the magnitude of ion concentration gradient  is increased (ranges from to ) and 𝑔 0.000494 0.001482 𝑛𝑚 ‒ 4

; second, only the uniform ion concentration background  is increased (from 0 to 𝐶ℎ = 0 𝑛𝑚 ‒ 3 𝐶ℎ

) with =  unchanged. 0.0148 𝑛𝑚 ‒ 3 𝑔 0.000494 𝑛𝑚 ‒ 4

In simulation, while voltage difference could be monitored directly each step and obtain its average 

value, current is estimated by , where  is total energy increase during the process,  is voltage, ∆𝐸/(𝑈𝜏) ∆𝐸 𝑈

and  represents relaxation time. Note that  is assumed to be independent of ion concentration, since it is 𝜏 𝜏

mainly decided by the obstacle of kink and junction on PSSA network, which are far more frequent to meet 

comparing to other ions.  

Fig. S31 First principle calculation results. (a) The structure of PSSA, where two (C8H8O3S)2 and (C8H8O3S)4 supercells 

are shown, and the geometrical parameters definition of length  and Angle  are marked. With uniaxial deformation along 𝑎 𝜃

the PSSA chain direction, energy with respect to length  and Angle  are shown in (b) and (c), respectively. 𝑎 𝜃
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Supplementary note 2

Fig. S32 The electrochemical impedance of (a) PSSA- PEI, (b) PSSA-Ppy, (c) PSSA-PEDOT:PSS-Co(II/III), (d) PSSA-

PEDOT:PSS-CNTs film in response to vapor and temperature difference respectively (RH=70%, ΔT=10 oC). 
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Table S3 The ionic conductivity of PSSA, PSSA-PEDOT:PSS-FeCN4–/3–, PSSA-PEI, PSSA-Ppy, PSSA-PEDOT:PSS-

Co(II/III) and PSSA-PEDOT:PSS-CNTs film under vapor and temperature difference (RH=70%, ΔT=10 oC).

conductivity (μS cm‒1) original vapor vapor+temperature difference

PSSA 0.36 3.9 27

PSSA-PEDOT:PSS-FeCN4–/3– 0.04 6.2 51

PSSA-PEI 3.6 14 36

PSSA-Ppy 34 62 89

PSSA-PEDOT:PSS-CNTs 200 130 93

PSSA-PEDOT:PSS-Co(II/III) 91 110 110

As shown in Fig. S32 and Table S3, the ion conductivity of PSSA and PSSA-PEDOT:PSS-FeCN4–/3– 

film under vapor and temperature difference show two or three orders of magnitude over that of original 

PSSA and PSSA-PEDOT:PSS-FeCN4–/3– film. It suggests that the enhanced ionic conductivity owing to 

H+ ion diffusion driven by directional water adsorption and temperature difference. Although the original 

conductivity of the composite of PSSA with other addictives are higher than that of PSSA-PEDOT:PSS-

FeCN4–/3– film, no significant increase occurs in the composite of PSSA with other addictives after applied 

vapor or temperature difference. These results indicate that ion dissociation and migration are deficient in 

these composite, which adverse to vapor and heat dual-drive electric generation.



26

Fig. S33 The mass change of VHG based on PSSA-PEDOT:PSS-FeCN4–/3–, PSSA-PEI, PSSA-Ppy, PSSA-PEDOT:PSS-

CNTs, PSSA-PEDOT:PSS-Co(II/III), PSSA-PEDOT:PSS-I3
‒/I‒ film and by water molecule adsorption versus time under 

70% RH.

For thermogalvanic effect, redox couples such as cobalt tris(bipyridyl) (Co(II/III)), iodide/triiodide 

(I3
‒/I‒), and ferro/ferricyanide (FeCN4‒/3‒) have been reported absolute temperature coefficient of a few 

millivolts per degree Kelvin.25 The highest negative temperature coefficients of –4.2 mV K−1 was realized 

using the FeCN4‒/3‒ redox couple in an aqueous system, which could promote the electric power.8

The mass change (Δm/m0×100%) of VHG based on PSSA-PEDOT:PSS-FeCN4–/3– film by water 

adsorption increases continuously to be about 130 % at 70% RH. However, VHG based on other composite 

film show weak water adsorption ability, which mainly results in low electric output under vapor and 

temperature difference.



27

Supplementary note 3

1. Input energy 

In the process of vapor induced electricity generation of VHG, the variation of chemical potential 

energy of water molecules, corresponding to the transformation from gaseous water to adsorbed water in 

VHG (Fig. S34), could be reasonably considered as the main energy source under vapor. The chemical 

potential of gaseous water and adsorbed water is g and a, respectively. 

Fig. S34 Schematic illustration of energy input and conversion involved in electricity generation of VHG under only vapor. 

Energy input of electricity generation comes from variation of chemical potential energy of water molecules (ΔE). The μg 

and μa represents the chemical potential energy of gaseous water and adsorbed water, respectively. Q represents heat loss. 

Water adsorption is assumed to be an isothermal and isobaric process. From thermodynamic law, the 

normal chemical potential i is calculated as:

𝜇𝑖 = (∂𝐺
∂𝑛𝑖

)𝑇,𝑃  (9)

𝜇𝑖 = 𝜇𝜃
𝑖 + 𝑅𝑇𝑙𝑛𝑎𝑖  (10)

where G, ni, T, P, R, i
 and ai represents Gibbs free energy, the number of moles, temperature, atmospheric 

pressure, ideal gas constant, standard chemical potential and activity, respectively. 

In the process of water adsorption of VHG, the water molecules will spontaneously change from a free 

gaseous state to an adsorbed state. The Gibbs free energy variation can be considered as:
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𝐺 = 𝜇𝑎  𝜇𝑔 < 0  (11)

which reflects the reduction of chemical potential energy of water molecules. Therefore, VHG enables to 

spontaneously adsorb gaseous water in air. Thus, the maximal energy input under vapor could be estimated 

as:

𝐺𝑖𝑛 = 𝜇𝑔  𝜇𝑎 ≈ 𝑅𝑇𝑙𝑛
𝑐0

𝑐0 ‒ ∆𝑐  (12)

where c0 and c represent the concentration of water in atmospheric and the concentration variation of 

water, respectively. The concentration of water in atmospheric and the concentration variation of water 

could be estimated by the previous report.3,10,20,58 As a result, we could appropriately calculate the maximal 

energy input of about 0.128 J at 298 K, 70%RH arisen from variation of chemical potential of water. 

Fig. S35 Scheme of electric generation process in VHG, including water adsorption, ion dissociation and ion diffusion 

driven by directional vapor and temperature difference.

When a VHG contact with vapor and temperature difference, the chemical potential variation of water 

and heat input power (Pheat) is the input energy source for the energy conversion process synergistically. 

Pheat is the heat flux through the device, which can be calculated by:27,37

                                  (13)
𝑃ℎ𝑒𝑎𝑡 = 𝑘𝐴

∆𝑇
𝑑

where k is the thermal conductivity, A is the cross-sectional area, ΔT is the temperature difference between 

two electrodes, and d is the inter-electrode distance.59 The applied temperature difference endows energy 

input (S) of 345.6 J to VHG (ΔT=10 oC).
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Given different hydration level between two sides of PSSA-PEDOT:PSS-FeCN4–/3– film under vapor, 

directional transport of H+ ions will spontaneously realize charge separation and induce an electric output. 

This H+ ion migration would be further driven by temperature difference in VHG based on the Soret effect 

working synergistically with thermogalvanic effect of a redox couple. The increased carriers and abundant 

driven force for efficient H+ ion diffusion accordingly enhance power generation (Fig. S35).

2. The energy conversion efficiency

The real output energy of VHG has been measured by connecting an optimally external resistor. The 

generated electricity power can be calculated as:

𝑊 = ∫𝑈(𝑡)𝐼(𝑡)𝑑(𝑡)  (14)

where U, I and t are the generated voltage, current and time of producing electricity, respectively. As a 

result, the calculated electricity energy is about 0.02 J (70% RH) and 5.8 J (70% RH, ΔT=10 oC). 

Accordingly, the energy conversion efficiency (W/Gin+S) is estimated to be about 1.7% at 70% RH and 

ΔT=10 oC.
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