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Study of resistance elements in the STEPG for analysis of V¢ and Igc.

The resistance elements in the STEPG device can be analyzed as shown in Fig. S2a. These
elements include R,, (carbon coated on the wet region), R;; (the innermost carbon layer attached
to cotton at the wet/dry interface), R;, (excess exterior carbon layer at the wet/dry interface),
and R; (carbon coated on the dry region). Vgp, and Ipsy denote the potential difference due to
the electrical double layer and the pseudostreaming current, respectively.

The voltage at the terminal is Vzp, minus the voltage loss over the series resistances (R;;, R,,
and Ry).

V=Vgp,~IpsrR;—1(R, + Ry) (1)

The current at the terminal is /ps7 minus the shunt current (/y;) leaking through the shunt
resistance (R;).

I'=1Ipgr—1Ig 2)
The shunt current is the potential applied to the shunt resistance divided by the shunt resistance.
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Combining equation (2) and equation (3),
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Rearranging equation (4),
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Combining equation (1) and equation (5),
Vepr T IR
V=Vgp, - WRH -I(R, +Ry) (6)

By the definition of the open-circuit voltage, the current at the terminal is zero. Therefore,
equation (6) becomes

VepiRi; R;;
EDL (7)
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R; + Ry, R;; +R;,

From equation (7), we can see that a reduction of the internal resistance increases the fraction
in parentheses, which results in a decrease of V¢ (Fig. 3a).



Rearranging equation (5),
Vep, = Ipsr(Ry + Ryp) — IRy, (®)
Combining equation (1) and equation (8),
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By the definition of the short-circuit current, the voltage at the terminal is zero. Therefore,
equation (9) becomes

[o= IpstRie  Ipgr
St Rie+RW+Rd 1+RW+Rd (10)
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The resistance effect on /g is hard to see from equation (10).

Let us assume that Vgp; and Ipgr are constant, as the origin of Vgp, and Ipsr is not related to the
amount of Ketjen black.

Combining equation (4) and equation (10),
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Dropping CaCl, solution onto the STEPG decreases R;;, R, and R, (Table S1). R, and R, are
connected in series with a wet/dry interface. If the STEPG generates a current, then the voltage
would decrease over R,, and R,. From equation (11), we can confirm that the reduction of R;;,
R;., and R,, due to the addition of salt decreases the denominator, which results in an increase
of ISC-



Comparison of Vgp, originating from the STEPG and TEPG and the Vgp, generated by
dropping CaCl, solution on the negative electrode and DI water on the positive electrode.

From Fig. 2¢, the measured Vo generated by dropping CaCl, solution and DI water on the
negative and positive electrodes, respectively, seems to not match the Vyc of the STEPG
(CaCl,) minus the V¢ of the TEPG (water). As V¢ is influenced by the various internal
resistances, comparing the Vgp, values is more appropriate. Based on equation (7), we
calculated the Vgp, of the STEPG (CaCl,) and TEPG (water) from the measured V¢ and
reference resistance values in Table 1, Sla. For the STEPG fully wetted by CaCl, solution at
the negative electrode and water at the positive electrode, the resistance elements can be
analyzed as shown in Fig. S2b. Following a similar analysis as above, we can obtain the V¢
of the fully wetted STEPG.

Vo= (VEDL,CaCIZ - VEDL,Water)Ri,Water (12)
oc —
Ri,CaClZ + Ri,water

where R,, c,cpo: carbon wetted by CaCly, R; c,cpo: innermost carbon layer at the wet/dry interface
that contains mostly CaCl,, R;,.4.r: €xterior carbon layer at the wet/dry interface that contains
mostly water, and R, ,.: carbon wetted by water. Vipy cacio-Vepr waer denotes the potential
difference due to the electrical double layer formed by CaCl, solution and water. Using
equation (12), we calculated Vigp; caci-Veprwaer from the measured Voo and reference
resistance values in Table 1, Sla. The value of Vipy, cuci-Vepr warer fairly matches the Vip, of
the STEPG (CaCl,) minus that of the TEPG (water), which confirms that the measured V¢
originates from the potential difference between the electrical double layers formed on the
carbon wetted by the CaCl, solution and DI water.

Comparison of Ipgy originating from the STEPG and TEPG and the Igc generated by
dropping CaCl, solution on the negative electrode and DI water on the positive electrode.

From Fig. S4, the measured I5c generated by dropping CaCl, solution and DI water on the
negative and positive electrodes, respectively, seems to not match the /sc of the STEPG (CaCl,)
minus the /gc of the TEPG (water). As I is influenced by the various internal resistances,
comparing the /pgr values is more appropriate. Based on equation (10), we calculated the Ipsr
of the STEPG (CaCl,) and TEPG (water) from the measured /sc and reference resistance values
in Table S1. For the STEPG fully wetted by CaCl, solution at the negative electrode and water
at the positive electrode, the resistance elements can be analyzed as shown in Fig. S2b.
Following a similar analysis as above, we can obtain the Igc of the fully wetted STEPG.

IPST,CaClZ - IPST,Water

Ry, caciz T Ruwater (13)
R

Igc=
1+

i,water

where Ipsrcaciz - Ipstwarer TEPresents the pseudostreaming current difference due to CaCl,
solution and water. Using equation (13), we calculated Ips7 caciz - Ipst warer from the measured



Isc and reference resistance values in Table S1. The value of Ipsr caciz - Ipstwazer 18 larger than
the /sc of the TEPG (water), showing that the pseudostreaming current from the CaCl, solution
to water is larger than that from the wetted area to dry area. This phenomenon partially
contributed to the higher charge density due to the additional Ca?" ions on the carbon surface
and partially contributed to the conductivity of the solution. The value of Ips7 cuciz - Ipstwater 18
far smaller than the /pgr of the STEPG (CaCl,), which shows that the flow rate of the stream is
largely decreased by the reduced water content gradient.

Electron transfer in carbon layer.

Since the carbon nanoparticles are coated on cotton fabric by dip coating, some of the particles
have good physical contacts but the other particles have close and mediocre contacts. In some
portion, therefore, water exist in between the carbon particles. This can be proved by
monitoring resistance change of STEPG (Table S1). Ketjen black-coated cotton fabric got
higher resistance after wetting, because water is poorer conductor than Ketjen black. This result
indicates that water exist in between some of the carbon particles. Addition of solution
inevitably hinders electron transfer; however, electrolytes (CaCl,) facilitate the electron
transfer, which is one of the huge advantage of using electrolyte solution as a fuel for TEPG.
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Fig. S1 Measured /¢ profiles generated by dropping various concentrations of CaCl, solution
on the STEPG (120 kQ) at 26 °C and 40% RH.
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Fig. S2 (a) Schematic illustration of the working STEPG and the corresponding electric circuit.
(b) Schematic illustration of the working STEPG wetted by CaCl, solution and water at each
electrode and the corresponding electric circuit.
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Fig. S3 Measured /g¢c of the STEPG (120 kQ) at various RH conditions and 22 °C.
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Fig. S4 Measured /- of the STEPG generated by dropping various combinations of DI water
and saturated CaCl, solution on the (-) and (+) electrodes.
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Fig. S5 (a) and (b) Measured V¢ and Ig¢ profiles, respectively, generated by dropping 0.25

mL of saturated CaCl, solution on various resistance STEPGs.
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Fig. S6 Measured power of STEPGs with various resistances at 26 °C and 37% RH.
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Fig. S7 Measured energy density of STEPGs with various dimension of the devices at 26 °C
and 37% RH. The resistance of the device was fixed to 21 k€ for all devices.



A 20 - B 007 c D E -
Au wire Pt wire 0.40F 0.10 Carbon plate os [ Au-plated dip 16} Steel wire
16 008 038E """ Agwire
s = 005} = 0.30F -~ 008 | = 04 = 12|
E n2p 2 ool < o25f < < <
= o O ® T 006 s 03} ©
2 gl gooaf g 020r g g g 08F
8 ] £ oasf £ 004 g o2l 8
A 30021 = g1of 2 it guw 2 oal
001} 005E C
[ - L 0.00 000 TR R 0.00 00 U L L 00 L L
0 200 400 600 600 0 200 400 600 200 400 600 0 00 4 600 200 400 60O
Time (s) T\me (s) Time (s) Time (s) Time (s) Time (s)
500 800 _ 70
Auwire 800 Ptuwire 700 Ag wire 1000 | Carbon plate 50| Au-plated clip 0 Steel wire
—~ 400 — . | - — —
€ Z 600 T M g soop e ER
= 300} = ~ S00F b = = a0
= 2 % aob e 600 € 30f £
g £ a00 g g 2 £ o3
5 200 5 5 3000 5 400 5 20[ 5
© © 200 © 200f o 3] 3 2
100 100 L 2001 10 10
o A 0 A . F 0 5 5 i 0 \ .
200 AUD 800 a 200 400 600 20‘3 400 600 0 200 400 600 200 400 600
Time (s) Time (s) Time (s) Time (s) Time (s)

Au wire

Pt wire

Ag wire

Carbon plate

Au-plated clip

Steel wire

Fig. S8 Voltage and current measured by STEPG (100 kQ) with Au, Pt, Ag, steel wires, carbon
plates, and Au-plated clip, and their photographic pictures.



Table S1 a, Resistance of Ketjen black-coated cotton fabric in the conditions of dry, wetted by
CaCl, solution, and wetted by water. b, Measured Isc and calculated Ips7 or Ipsr cacio-Ipstwater
generated by dropping DI water or saturated CaCl, solution on the (-) electrode or dropping
saturated CaCl, solution and water on the (-) and (+) electrodes, respectively.

a

Ketjen black-coated cotton fabric Resistance
Dry 7.4kQ
Wetted by CaCl, solution 2.4KkQ
Wetted by water 30.15 kQ
Ketjen black-coated cotton fabric (7.4 kQ) - losOT Logr cacie = rsTweter
(1) CaCl,(-)/dry (+) 53.88 pA 273.91 pA
(2) Water (=) /dry (+) 4.88 pA 10.96 pA
(3) CaCl,(-)/ water (+) 30.02 pA 62.44 pA




Table S2 Summary of water-based electricity generation devices. The energy performance is
compared based on a single unit.

Voltage Current Power

No. Material / Method V) (uA) (W) Ref.
1 Graphene / Water stream 0.5 1
2 Boron nitride nanotube / Water osmosis 0.05 0.0015 0.000019 2
3 Glass and PDMS / Water stream 0.16 0.0018 0.00002 3
4 MoS2 / Water stream 0.1 0.01 0.00025 4
5 MWCNT fiber / Water stream 0.18 24 1.08 5
6 Carbon / Water evaporation 1 0.15 0.053 6
7 Graphene oxide / Moisture 0.7 0.3 0.212 7
8 Reduced graphene oxide / Moisture 0.45 0.034 0.08 8
9 Graphene oxide / Water diffusion 1.5 0.2 0.075 9
10 Carbon sponge / Water evaporation 10 (pulse) 0.02 0.05 10
11 Porous polydopamine / Moisture 0.52 1.86 0.148 11
12 Graphene oxide composite / Moisture 0.6 0.12 0.007 12
13 Mxene/Kevlar Water osmosis ~0.12 4.8 0.123 13

This Carbon nanoparticle / Water stream 0.74 22.5 2.02

work
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