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A continuum scale physics-based analytical model for photo-rechargeable supercapacitor

We assume that the thickness of the ZnO-FTO electrode is  and the intensity of UV light is ℎ0 (𝑚)

. 
𝐼0 (𝑊

𝑚2)

We begin by assuming that the absorptivity of the ZnO-FTO electrode is α ( , the frequency of the UV 𝑚 ‒ 1)

light is ν, and quantum efficiency is 1, and the electrode surface area exposed to incoming radiation  is 
. This implies that the electron-hole pair generation rate (per unit volume)  is given by𝐴 (𝑚2) 𝐺 (𝑚 ‒ 2𝑠 ‒ 1)

.

𝐼0(1 ‒ exp ( ‒ 𝛼ℎ0))

ℎ𝜈
= 𝐺

   
1

The electron concentration and hole concentration within the ZnO-FTO electrode are  and 𝑛𝑒(𝑡)( 𝑚 ‒ 2)

, respectively, and the current density due to ionic flux within the electrolyte is assumed to be 𝑛ℎ(𝑡) ( 𝑚 ‒ 2)

 , i.e.,  , where  is the flux of species i within the electrolyte.
𝐽 (𝐴

𝑚2) 𝐽 = ∑𝑧𝑖𝐹𝑁𝑖 𝑁𝑖

For consistency, we always illuminated the negative electrode (even though this study investigated 
symmetrical supercapacitors) and developed the model described below. This is because illuminating the 
negative electrode is expected to lead to a higher rise in capacitance than illuminating the positive electrode 
due to the alignment of the fermi levels of ZnO and FTO. 

If light is shone on the negative electrode, then within the negative electrode, 

𝑑𝑛𝑒(𝑡)

𝑑𝑡
=

𝐽
𝑒

= 𝐺 ‒ 𝑅 ‒
𝐼
𝑒

,
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𝑑𝑛ℎ(𝑡)

𝑑𝑡
= 𝐺 ‒ 𝑅,

3

where 

𝑅 = 𝑘𝑅𝑛𝑒𝑛ℎ

4

is the rate of recombination with  (  being the recombination rate constant and  is the 𝑘𝑅 𝑚2𝑠 ‒ 1) 𝐼 (𝐴𝑚 ‒ 2)
current density through the external circuit. Moreover,  is absolute value the electronic charge i.e. 𝑒

. 𝑒 = 1.6𝐸 ‒ 19 𝐶

In Eq. 2, the rate of change of electronic concentration in the negative electrode under illumination is equal 
to the difference between the rate of electron-hole pair generation, recombination rate and the rate of 
withdrawal of electrons from the electrode (which is equal to the current density in the external circuit ( )). 𝐼
The change in electronic concentration within the electrode further contributes towards the flux of ions 
within the electrolyte, . Furthermore, Eq. 2 implies that in the absence of illumination  . 𝐽 𝐺 = 𝑅 = 0,   𝐽 =‒ 𝐼

Thus, galvanostatic conditions without illumination imply           . 
𝑑𝐽
𝑑𝑡

= 0 =
𝑑𝐼
𝑑𝑡

In Eq. 3, the rate of change of hole concentration within the electrode has been equated to the difference 
between the electron-hole pair generation rate and the recombination rate. Specifically, we assume that the 
hole current within the electrode contributes negligibly to the current in the external circuit. This assumption 
is based on the knowledge of the alignment of fermi levels of ZnO and FTO, which makes it easier for 
electrons to move and prohibits the holes from moving. 

Equation 4 assumes that the recombination reaction follows second-order chemical kinetics (first order with 
respect to electrons and first order with respect to holes, but overall second order). It must be noted that 
since Eqs. 2 and 3 both have the same recombination rate R, it implies that defect and interface 
recombination rates have been assumed to be negligible compared to the radiative recombination rate. 

Further, the appearance of a peak in cyclic voltammetry curves can either be ascribed to pseudocapacitor-
like behavior, meaning the presence of redox reaction-based charge transfer across the electrode-electrolyte 
interface, or to mass transfer-limited ionic transport within the electrolyte. The presence of the peaks at 
higher scan rates (for PVA/KCl gel-based electrolyte under illumination) and their absence at lower scan 
rates (Figs. S1, and 4c) clearly indicates that these peaks are not due to pseudocapacitive behavior because 
if the peaks arose due to redox reactions, then they should have been more prominent at lower scan rates 
such as 10 mV/s, than at the larger scan rates. The model presented below further confirms that the peaks 
owe their presence to the mass transfer-limited ionic transport within the electrolyte. 

For a peak to arise in the cyclic voltammetry curves, at the peak, 

𝑑𝐼
𝑑𝑡

= 0,                        
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𝑑𝐼
𝑑𝑡

= 0 = ‒ 𝑘𝑅𝑒(𝑛ℎ

𝑑𝑛𝑒

𝑑𝑡
+ 𝑛𝑒

𝑑𝑛ℎ

𝑑𝑡 ) ‒
𝑑𝐽
𝑑𝑡

,

6

Here, because  is expected to remain constant as long as the illumination intensity and material 
𝑑𝐺
𝑑𝑡

= 0 
𝐺

properties do not change with time. Using Eqs. 2, 3, and the fact that for mass-transported limited ionic 

flux,  and  gives𝐽 = 𝐽𝑚𝑎𝑥 = 𝑘1

𝑑𝐽
𝑑𝑡

= 0

𝑛𝑒 =
𝑘1𝑡

𝑒
+ 𝑘2,

                 7

and

,

𝑑𝑛ℎ

𝑑𝑡
= 𝑘3 ‒ 𝑘𝑅(𝑘1𝑡/𝑒 + 𝑘2)𝑛ℎ

                 8

where  This gives𝑘3 = 𝐺.

,
𝑛ℎ(𝑡 = 𝑡𝑝𝑒𝑎𝑘) =

𝑘3(𝑘1𝑡𝑝𝑒𝑎𝑘/𝑒 + 𝑘2)

( ‒ 𝑘1/𝑒 + 𝑘𝑅(𝑘1𝑡𝑝𝑒𝑎𝑘/𝑒 + 𝑘2)2)

                 9

where  is the time at which peak current is observed. Eqs. 7, 8, 9, and  in Eq. 2  (for 𝑡𝑝𝑒𝑎𝑘 𝐽 = 𝐽𝑚𝑎𝑥 = 𝑘1, 𝑘3 = 𝐺

mass transport limited ionic flux) gives 

𝐼𝑝𝑒𝑎𝑘

𝑒
= 𝑘3 ‒

𝑘1

𝑒
‒

𝑘3(𝑘1𝑡𝑝𝑒𝑎𝑘

𝑒
+ 𝑘2)2

‒ 𝑘1

𝑒𝑘𝑅
+ (𝑘1𝑡𝑝𝑒𝑎𝑘

𝑒
+ 𝑘2)2

,
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where   is the peak current. Furthermore, approximations for large and small  yield 𝐼𝑝𝑒𝑎𝑘 𝑡𝑝𝑒𝑎𝑘

   (for large  and  (for small 𝐼𝑝𝑒𝑎𝑘 =‒ 𝑘1 𝑡𝑝𝑒𝑎𝑘)
𝐼𝑝𝑒𝑎𝑘 =  ‒

𝑘3𝑒𝑘1

𝑒𝑘2
2𝑘𝑅 ‒ 𝑘1

‒ 𝑘1
𝑡𝑝𝑒𝑎𝑘).

              11

 Since the peak current is positive,  , and since,  > 0,  is expected to be larger at a smaller 𝑘1 < 0 𝑘2, 𝑘3, 𝑒 𝐼𝑝𝑒𝑎𝑘

. Additionally, from Figs. 4c and S1, it is clear that at larger scan rates, the current peak is achieved 𝑡𝑝𝑒𝑎𝑘

earlier, and the peak current is higher. Thus, the above model qualitatively explains the experimental 
observation. 
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This derivation assumes that mass-transfer limited ionic transport is the cause of the peak appearance. 
Hence, this proves that the mass-transfer limited ionic transport is the cause of the peak's appearance. This 
also explains the lower capacitance enhancement under UV illumination with the PVA/KCl gel electrolyte 
compared to the ionic liquid-based electrolyte (which does not exhibit peaks in the CV curves; thus, the 
ionic transport is not mass-transfer limited). 

Derivation explaining higher capacitance observed in GCD tests at higher currents for ionic liquid-based 
supercapacitors

We assume the positive electrode-electrolyte interface to be at and the negative electrode-electrolyte 𝑥 = 0, 
interface to be at   The double-layer thicknesses at the positive and negative electrodes have been 𝑥 = 𝐿.

assumed to be  and , respectively. 𝐷𝐿 + 𝐷𝐿 ‒

Within the bulk electrolyte   to  )(𝑥 = 𝐷𝐿 + 𝑥 = 𝐿 ‒ 𝐷𝐿 ‒

,

∂𝐶𝑖

∂𝑡
= 𝐷𝑖

∂2𝐶𝑖

∂𝑥2
+

𝑧𝑖𝐷𝑖𝐹𝑐𝑖

𝑅𝑇
∂2∅

∂𝑥2
+

𝑧𝑖𝐷𝑖𝐹

𝑅𝑇

∂𝑐𝑖

∂𝑥
∂∅
∂𝑥

12

                       

  

,∑𝑧𝑖𝑐𝑖 = 0

13

                                                                                                                                                                                         

where i= c, a with subscript c representing cations and a representing anions. In Eqs. 12 and 13,  represents 𝑧
charge number,  stands for diffusion coefficients,  stands for concentration,  represents electrostatic 𝐷 𝑐 ∅
potential, and , , and  are Faraday's constant, universal gas constant, and temperature, respectively.  We 𝐹 𝑅 𝑇

assume that   .𝑧𝑐 = 1, 𝑧𝑎 =‒ 1

While Eq. 12 relates the temporal derivative of concentration to the flux divergence, Eq. 13 represents the 
electroneutrality assumption within the bulk electrolyte.

Within the electric double layers at the positive ( 0 to  ) and the negative (    to 𝑥 =  𝑥 =  𝐷𝐿 +  𝑥 = 𝐿 ‒ 𝐷𝐿 ‒

) electrode-electrolyte interfaces, the ion transport is governed by the following equations:𝑥 = 𝐿

,

∂𝐶𝑖

∂𝑡
= 𝐷𝑖

∂2𝐶𝑖

∂𝑥2
+

𝑧𝑖𝐷𝑖𝐹𝑐𝑖

𝑅𝑇
∂2∅

∂𝑥2
+

𝑧𝑖𝐷𝑖𝐹

𝑅𝑇

∂𝑐𝑖

∂𝑥
∂∅
∂𝑥
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,

∂2∅

∂𝑥2
=  

‒ 𝐹
𝜀𝜀0

∑𝑧𝑖𝑐𝑖

              15

where  is the relative dielectric constant of the electrolyte and    is the dielectric permittivity of vacuum. 𝜀 𝜀0

In the double layers, the electroneutrality condition (Eq. 13) is replaced by Poisson's law (Eq. 15). Assuming 
the voltage scan rate to be ν V/s gives the following boundary conditions (Eqs. 16  and 17) for the 
electrostatic potential , ∅

 νt (forward scan), (backward scan) at x=0∅ = 𝐸𝑖 + ∅ = 0.8 ‒  𝜈𝑡 

              16

and

at x=L. ∅ = 0 

              17

Substituting Eq. 15 in Eq. 14 and assuming negligible cation concentration at the positive electrode-double 
layer interface, i.e.,  at all times gives𝑐𝑐 = 0

∂𝑐𝑎

∂𝑡
= 𝐷𝑎

∂2𝑐𝑎

∂𝑥2
‒

𝐷𝑎𝐹2𝑐2
𝑎

𝑅𝑇𝜀𝜀0
‒

𝐷𝑎𝐹

𝑅𝑇

∂𝑐𝑎

∂𝑥
∂∅
∂𝑥

 𝑎𝑡 𝑥 = 0

              18

Similarly, assuming electroneutrality (Eq. 13) and negligible potential gradient at the double layer-bulk 
electrolyte interface ( ) gives𝑥 = 𝐷𝐿 + , 𝐷𝐿 ‒

∂𝑐𝑎

∂𝑡
= 0 =

∂𝑐𝑐

∂𝑡
 𝑎𝑡 𝑥 = 𝐷𝐿 + , 𝐷𝐿 ‒

              19

 

This is a valid assumption because electroneutrality is valid within the bulk electrolyte. In supercapacitors, 
most potential gradient is present within the double layer, and we have negligible potential drop within the 
bulk electrolyte. 

Moreover, current density  is given by 𝐼

= 𝐼 ∑𝑧𝑖𝐹( ‒ 𝐷𝑖

∂𝐶𝑖

∂𝑥
‒

𝑧𝑖𝐷𝑖𝐹𝐶𝑖

𝑅𝑇
∂∅
∂𝑥

).

              20

(a) Without illumination :
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In case of no illumination, the externally recorded/supplied current is equal (in magnitude) to the current 
density due to the sum of the ionic fluxes (i.e.,  , because of absence of any electron hole-pair 𝐽 = 𝐼
generation and recombination as can be seen from  Eq. 2. 

For galvanostatic charge/discharge tests , 
(
𝑑𝐼
𝑑𝑡

=
𝑑𝐽
𝑑𝑡

= 0)

(i) At the positive electrode-double layer interface (  assuming   at all  times gives 𝑥 = 0) 𝑐𝑐 = 0

- , at  and
𝐼 = 𝐹( ‒ 𝐷𝑐

∂𝑐𝑐

∂𝑥
+ 𝐷𝑎

∂𝑐𝑎

∂𝑥
  

𝐹𝐷𝑎𝑐𝑎

𝑅𝑇
∂∅
∂𝑥

)
𝑥 = 0

              21

 at . 
0 = 𝐹[𝐷𝑎

∂
∂𝑥(∂𝑐𝑎

∂𝑡 ) ‒ 𝐹
𝐷𝑎

𝑅𝑇(∂𝑐𝑎

∂𝑡
∂∅
∂𝑥

+ 𝑐𝑎
∂

∂𝑥(∂∅
∂𝑡 ))] 𝑥 = 0

              22

Order of magnitude analysis of Eq. 22, along with the assumption of  at x=0 gives𝑐𝑐 = 0

(1- ) at , 
𝐼~ 

𝐹𝐷𝑎𝑐𝑎

𝑆𝐿 +

𝐹∅
𝑅𝑇 𝑥 = 0

23

where  is the thickness of the Stern layer at the positive electrode-electrolyte interface. We 𝑆𝐿 +

assumed  to be the length scale instead of  because  is expected to be valid only very 𝑆𝐿 + 𝐷𝐿 + 𝑐𝑐 = 0

close to the positive electrode surface and not throughout the double layer. Extending the order of 
magnitude analysis to Eq. 23 and Eq. 15 and using condition 24 gives 

 at 
(1 ‒

𝐹∅
𝑅𝑇

𝑆𝐿 + 𝑐𝑎
‒

𝐹2𝑆𝐿 +

𝑅𝑇𝜀𝜀0 ) 𝐼
𝐹

~
𝐹∅

𝑅𝑇𝑇𝑐
,

𝑥 = 0,

24

where   is the charging time-scale. 𝑇𝑐

Thus, the important terms that govern the supercapacitor response to galvanostatic charge-
discharge tests are . Now [1], 𝐼, 𝑆𝐿 + , 𝑐𝑎, 𝜀

,
𝑆𝐿 + ~

𝜀𝜀0

𝜎𝑠𝑢𝑟𝑓
(∅𝑠𝑢𝑟𝑓 ‒ ϛ)

25
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where , and  are the surface charge density on the electrode surface, electrostatic 𝜎𝑠𝑢𝑟𝑓, ∅𝑠𝑢𝑟𝑓 ϛ
potential at the electrode surface , and electrostatic potential at the Stern-layer diffuse layer (𝑥 = 0)
interface within the double layer. 

Thus, the Stern-layer thickness itself depends on electrode potential. Stern layer thickness has been 
shown to decrease with increasing concentration [1]. Moreover, surface anion concentration is 
expected to be proportional to . Additionally,  is largely expected to be independent of 𝜎𝑠𝑢𝑟𝑓 𝜀
concentration [2]. 

 Thus, although from condition 25, it may seem that the slope of potential versus time curve (

   should increase with increasing current density (which implies that charging time for the 
∅

𝑇𝑐
),

same voltage limits should decrease, which further implies lower capacitance (in most cases) at 
higher current densities); that need not always be the case because  itself depends on electrode 𝑆𝐿 +

potential. 

The above analysis thus shows that higher capacitance at higher charging current densities may be 
possible under certain conditions, even though it is counter-intuitive and is not observed routinely.

ii)  At the negative electrode-double layer interface ( : assuming   at all  times gives 𝑥 = 𝐿) 𝑐𝑎 = 0

+ , at  and
𝐼 = 𝐹( ‒ 𝐷𝑐

∂𝑐𝑐

∂𝑥
+ 𝐷𝑎

∂𝑐𝑎

∂𝑥
  

𝐹𝐷𝑐𝑐𝑐

𝑅𝑇
∂∅
∂𝑥

)
𝑥 = 𝐿

     26         

 at . 
0 = 𝐹[ ‒ 𝐷𝑐

∂
∂𝑥(∂𝑐𝑐

∂𝑡 ) + 𝐹
𝐷𝑐

𝑅𝑇(∂𝑐𝑐

∂𝑡
∂∅
∂𝑥

+ 𝑐𝑐
∂

∂𝑥(∂∅
∂𝑡 ))] 𝑥 = 𝐿

   27

            

Order of magnitude analysis of Eq. 26, along with the assumption of  at x=L gives𝑐𝑎 = 0

 at , 
𝐼~ ‒

𝐹𝐷𝑐𝑐𝑐

𝑆𝐿 ‒ 𝑥 = 𝐿

28

where  is the thickness of the Stern layer at the negative electrode-electrolyte interface. We 𝑆𝐿 ‒

assumed  to be the length scale instead of  because  is expected to be valid only very 𝑆𝐿 ‒ 𝐷𝐿 ‒ 𝑐𝑎 = 0

close to the negative electrode surface and not throughout the double layer. Thus, unlike the positive 
electrode, there does not seem to be a direct relation between the current density  and the negative 𝐼
electrode potential, which is always set to be 0. 

(b) With illumination:
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If the negative electrode is illuminated with UV light, then for the negative electrode, but |𝐽| ≠ |𝐼|, 
for the positive electrode , so This implies that for galvanostatic 𝐺 = 𝑅 = 0 |𝐽| = |𝐼|. 

charging,  at the positive electrode- electrolyte interface. Thus, Eqs. 12- 25 would still 
𝑑𝐽
𝑑𝑡

=
𝑑𝐼
𝑑𝑡

= 0

be valid for explaining the unusual observation of higher capacitance at higher currents. 

Figure S1: Cyclic Voltammograms of the solid-state symmetric supercapacitor using PVA/KCl gel electrolyte at (a) 10 mV/s and 
(b) 100 mV/s.

Table S1: Extracted parameters from EIS analysis.

Device Rs (Ohm) Rct (Ohm) Q (F.sn-1)
ZnO/FTO with PVA/KCl in Dark 152 - 1.99*10-5

ZnO/FTO with PVA/KCl in UV 54.92 - 4.97*10-4

ZnO/FTO with BMIM-BF4 in Dark 28.54 3.28 * 1.29*10-5

ZnO/FTO with BMIM-BF4 in UV 25.58 4.78 * 2.44*10-4

*Experimental values

(a) (b)
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Figure S2: (a) CV, (b) GCD analysis, (c) Capacitance corresponding to the CV, and (d) Nyquist plot for 
BMIM-BF4 electrolyte.
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