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Electrochemical performance of the SnS04-VOSO4 redox electrolyte system
with activated carbon electrodes
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Figure S1: (A) The potential development of the positive and the negative electrodes obtained from

0.75 M SnSO4 2 M VOSO4 mixture system in 0.1 M H,SO4. (B) The cyclic voltammograms obtained for

0.75 M SnSO4 2 M VOSQ, system in 0.1 M H,SO, in the potential range of either the negative or the

positive electrode. The inset shows the post mortem XPS data from the negative electrode charged at

-0.57 V and -0.2 V. For more information on this system, also see Ref. 1.
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Post mortem analysis of activated carbon electrodes operated with the SnSOs-
VOSO; redox electrolyte system
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Figure S2: Post mortem analyses of electrodes operated using 0.75 M SnSO, 2 M VOSO4 mixture
electrolyte. (A) Pore size distribution pattern calculated by quenched solid density functional theory

analysis of nitrogen sorption data. (B) X-ray diffraction patterns. (C-F) Scanning electron micrographs.



Three-electrode experiments (half-cell)

For the three-electrode half-cell experiments, a spring-loaded two-piston cell was used with Ag/AgCl
reference electrode (saturated, 3 M NaCl). As current collectors, two graphite pistons were applied for
the working and counter electrodes while GF/A glassy fiber filter (Whatman) was located in between
to prevent the short circuit and to reserve electrolyte. Working electrode was prepared with 4 mm
diameter and 200 pm thickness while a double stack of porous carbon electrode was used as counter
electrode (12 mm diameter, 500 um thickness).

Figure S3B shows the reversible hydrogen storage at the carbon micropores (YP-80F activated carbon
bound with 5 mass% PTFE) as the potential is scanned from -0.5 V to +0.6 V. At a potential lower than
-0.5V, hydrogen storage does not seem to be reversible anymore.
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Figure S3: Cyclic voltammograms of 1 M SnF; + 1 M H,SO4 system (A) and 0.1 M H,SO,4 system (B) at
1mvV-st

Rate behavior and the cycling stability test with full cell configuration
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Figure S4: (A) Coulombic and energy efficiency of the asymmetric electrolyte system with SnF, and
VOSO, in 1 M H,S0O, at various specific current. (B) GCPL curves obtained after applying 100 cycles at
1 A-g. The inset shows the iR drop.
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Ragone plot

For the gravimetric Ragone plot (Figure S5A), the values are normalized to the active mass of the
electrode excluding the mass of the separator, electrolyte, current collector, and device outer housing.
However, this active mass normalization can mislead when the values are compared to that of
commercial products which are generally normalized by the total device mass. For a fair comparison,
a wet normalization was suggested which considers the mass of the electrolyte and electrode.? The
suggested normalization technique requires the skeletal density of the electrode and the electrolyte
density which allows the calculation of the electrolyte mass which are confined in porous carbon
electrode. Following the procedures described in Ref.?2, the maximum specific energy for the
asymmetric electrolyte system (1 M SnF, | 3 M VOSQy) is calculated to be around 17.2 Wh-kg®. On the
contrary, when the performance of a double-layer capacitor (1 M Na,SO,) is normalized to the mass of
the electrode and electrolyte, the specific energy is only about 1.2 Wh-kg™.

For the volumetric Ragone plot (Figure S5B), the values are normalized to the volume of the electrode,
separator, and electrolyte.

For the areal Ragone plot (Figure S5C), the values are normalized to the area of the separator in the
cell. The specific energy of the asymmetric electrolyte system (1 M SnF, | 3 M VOSQ;,) is about 12 times
higher than that of a double layer capacitor (1 M Na;SO.). This indicates that the use of anion exchange
membrane is beneficial in terms of specific energy despite its high price as long as the price of the
anion exchange membrane does not exceed the 12-fold price of the conventional porous separator
applied for double-layer capacitors.

The promising features of the asymmetric electrolyte system (1 M SnF, | 3 M VOSQ,) can be seen in
all Ragone plots with various normalizations exhibiting significant enhancement for energy storage
while keeping a high power performance close to that of a double-layer capacitor (1 M Na;S0Oa4).
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Figure S5: Ragone plot for the comparison of a mixture electrolyte (0.5 M SnF, 3 M VOSO, mixture),
asymmetric electrolyte (1 M SnF, | 3 M VOSQ,), and a double layer capacitor (1 M Na,SO,4) with

gravimetric (A), volumetric (B), and areal (C) normalization.



Pore distribution from nitrogen gas sorption and thermogravimetric analysis
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Figure S6: Normalized isotherms in different scales (A-B) and normalized cumulative pore volume vs.
pore size plot (C) as normalized to the maximum value of each samples while the inset shows the dV/dd
plot. (D) Mass loss data for charged negative electrode from thermogravimetric analysis is plotted as

a function of applied temperature. At 200 °C, the temperature was held for 2 h.



Selected area electron diffraction (SAED)

Figure S7: Selective area diffraction patterns obtained for the negative electrode in charged state for

1 M SnF;|3 M VOSO4 in 1 M H,SO4 system. The indices correspond with rutile-type SnO, planes.
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