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S1. Contents.

This document contains supporting information for the manuscript entitled “A Gauss’s Law Analysis
of Redox Active Adsorbates on Semiconductor Electrodes. The Charging and Faradaic Components of the
Total Current Are Not Independent”. Section S2 summarizes the expressions for Csc, Css, Csurt, and Cerec.
Section S3 presents the tabulated values for the default conditions used to generate the calculated
voltammograms and the quantitative features of the modelled voltammetric responses shown in the main
text. Section S4 more explicitly comments on the information contained in asymmetry of the voltammetric
responses. Section S5 presents details on the MATLAB code that was used to generate the figures in the

main text. Section S6 lists the references cited within.



S2. Definitions of Differential Capacitances

The differential capacitances Csc, Css, Csurt, and Ceiec used in the model presented in the main text

are described individually below.

Differential Capacitance of the Semiconductor Space Charge Layer, Csc The derivative of the Fs

function in eq 9 defines the space charge capacitance, Cse.
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The Fs function has multiple forms that depend on whether the semiconductor is in accumulation, depletion,

or inversion."? In this work, we only consider accumulation and depletion conditions.
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Eq S2a is operative in depletion and eq S2b applies in mild accumulation. Eq S2b must be further refined

if Eapp << Efb.3

The two forms of Csc that correspond to the depletion and mild accumulation cases, respectively,

are presented below."
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Eq S3a condenses to the so-called ‘Mott-Schottky’ expression*> when ‘Eapp-En’ is sufficiently large to make

the exponential terms negligible.

Differential Capacitance of Surface States, Csc The derivative of the fs function in eq 70 of the main
text yields the surface state capacitance, Css.
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Css describes the storage of charge by trapping at a population of surface states. The exact form of fs (and
correspondingly Css) depends explicitly on the specific distribution of surface states within the
semiconductor bandgap. In this work, we present the simplest case based on the Shockley-Read-Hall
description of recombination at surface states. Eq S5 describes Cssfor a semiconductor interface populated
with monoenergetic surface states located at a potential ‘Essm,’ that is referenced to the semiconductor flat

band potential.®®
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In this description, Css is proportional to the surface recombination velocity, S, at the semiconductor
interface. Eq S5 follows the Shockley-Read-Hall description of S which is proportional to the density of
surface states, Nss, and the rate constant for trapping/de-trapping, kss. For simplicity, this work assumes the
rate constants for electron and hole capture/release to/from the band edges are equivalent and large (108
cm® s). Both considerations are reasonable assumptions with crystalline inorganic semiconductor

electrodes .8

Differential Capacitance of the Surface Layer, Csur The capacitance Csur represents a ‘parallel
plate’ capacitance. Unlike the other capacitance terms, Csur is not potential-dependent and instead is only

a function of the tether distance and the dielectric properties of the surface layer.
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Differential Capacitance of the Electrolyte Diffuse Layer, Ceiec The capacitance Cerec in €q 17 in the

main text is the familiar diffuse layer capacitance described by Gouy-Chapman theory.®
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S$3. Quantitative Features of Voltammetric Responses Shown in the Main Text

Table S1. Calculation Parameters for the Default Calculation Condition

Symbol Units Value

B A 2

d cm 5.00x10°

£0 Farads cm”  8.85x10™

Esc - 11.7

& surf - 3

€ elec - 33

A electron volt 0.6

[4]5.0 mol cm” 1x10'9(Figure 2), lxlO"lO(Figures 3,4)
Eawp-E'p Vol -0.3,-0.5

E, Volt 1.12
Exm-Eap Volt -0.6

k JK! 1.38064852x10™°
e et max cm' s’ 6.00x10™"

ks om's” 1.00x10"

Neb cm” 2.82x10"

N, cm” 1.00x10"7

7 dlec molec cm®  6.022x10"

Ny cm” 1.00x10’

N cm” 6.54x10"

q Couloumb  1.60217662x10°"
T Kelvin 298

y Volt s™ 0.1

Z4 - 2

Z4 - 1

z - 1

The peak current densities, potentials, mid-peak potentials, full-width-at-half-maxima, and peak

splittings of the voltammetry shown in Figures 3 and 4 of the main text are tabulated below.

Table S2. Features in Voltammograms Calculated as a Function of Parameters that Affect the Space

Charge Region, the Surface Layer, and the Diffuse Layer (Figure 3)



Default Condition * Change Diffuse Layer | Change Surface Layer |Change Space Charge Region
Voltammetric E° - E b= 03V 05V 03V 0.5V 03V 0.5V 03V 0.5V
Feature™ Units (1, =10" M, £y =3, Ny=10"em”| 1 =10°M Eour=1 N =10" em”

Jpe nA cm> 1.102 1.333 0.855 1.071 1.022 1.238 1.040 1.247
E,. Vs E° -0.015 -0.163 0.027 -0.119 -0.012 -0.149 -0.013 -0.146
Jae pA em’ -0.757 - -0.570 - -0.815 - -0.733 -0.871

E .. Vs, E° 0.009 - 0.058 - 0.009 - 0.013 0.089
Sfwhm . \% 0.076 0.065 0.083 0.071 0.079 0.067 0.076 0.123
Sfwhm , \% 0.119 - 0.133 - 0.110 - 0.111 0.104
E Vvs. E° -0.003 - 0.043 - -0.002 - 0.000 -0.029
AE, \% 0.024 - 0.031 - 0.021 - 0.026 0.235

a. the full set of parameters used in these calculations are listed in Table 2
b. subscripts 'c ' and 'a ' denote 'cathodic' and 'anodic', respectively; subscript 'p ' denotes value at peak
c. fwhm = full width at half maximum

Table S3. Features in Voltammograms Calculated as a Function of Redox Adsorbate Coverage

(Figure 4)°
Voltammetric ‘uncoupled’ ‘coupled’
Feature™"* Units 1.0x10" mol em” | 1.0x10"" mol em”? 1.5x107"" mol em”  1.0x10°mol em™
Jp.e - 0.293 0.270 0.263 0.227
E,. Vs E" -0.016 -0.004 0.000 0.027
Jae - -0.202 -0.187 -0.183 -0.157
E.. Vs E° 0.008 0.017 0.024 0.050
fwhm \% 0.075 0.081 0.082 0.086
fwhm , \% 0.118 0.126 0.128 0.137
E» Vvs. E° -0.004 0.007 0.012 0.039
AE, \% 0.024 0.021 0.024 0.023

a. the full set of parameters used in these calculations are listed in Table 2
b. subscripts 'c' and 'a ' denote 'cathodic' and 'anodic', respectively; subscript 'p ' denotes value at peak
c. fwhm = full width at half maximum

d. current densities are unitless (normalized)



S4. Information Contained in the Asymmetry of ‘Coupled’ Voltammetric Data

A useful but less obvious prediction from the presented framework is that the asymmetry in
voltammetric data where the charging and faradaic current densities are coupled has information on the

value of the flat band potential of the semiconductor, Ep.

Figure S1 summarizes the point, where the specific parameter values used in the calculations are
collected in Table S4. The conditions in Figure S1 correspond to voltammograms where the dimensionless
time constant of the experiment (‘m’ in Table 1 of the main text)'? is sufficiently large that the individual
values of the forward and back rate constants are not controlling. That is, the function that describes the

potential dependence of the fractions of A and A on the surface is the Fermi function, i.e.

1
X4 = —. Accordingly, ‘Nernstian’ (i.e. equilibrium) surface concentrations of A and A

é(}’ se ¥V surf )( Eqp—E

I+e
are maintained throughout the entire voltammogram.'® In addition, the total concentration of redox
adsorbate is sufficiently large to make Cr appreciable (as described in the main text). For reference, the x-
axis in Figure S1 is the applied potential relative to the flat band potential, i.e. Eapp— E°, and the vertical
dashed lines denote the position of En on this scale. All parameters used to calculate the voltammograms
in Figure S1 are held constant except the value of the standard potential of the redox adsorbate, i.e. E° —
E#n. In each plot, the solid line indicates the calculated voltammograms for ‘coupled’ behavior, as described

in the main text.
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Figure S1. Comparison of the effect of the value of E° (indicated by the dashed vertical lines) relative to the Ew on the apparent
distortion caused in the voltammetric shape by ‘coupling’ of the faradaic and charging currents. The simulation parameters for these

plots are listed in Table S3.

Figure S1a shows the calculated response expected when the standard potential of the redox
adsorbate is more positive than En. In this scenario, the ‘coupled’ response clearly exhibits asymmetry
relative to the ‘uncoupled’ (i.e. symmetric) voltammetric response. The asymmetry in Figure S1a is skewed
towards more negative potentials. Figure S1b highlights the case when the standard potential of the redox
adsorbate is equal to En. In this instance, the ‘coupled’ response again exhibits some perceptible

asymmetry but towards negative potentials. Figure S1c illustrates the calculated response when the



standard potential of the redox adsorbate is more negative than Ep. In this scenario, the semiconductor
operates in mild accumulation for most of the voltammetric response. This statement means that eqs S2b
and S3b are required but otherwise no other change is necessary to perform the presented treatment. In
this case, the asymmetry is pronounced and directed towards more positive potentials because Epn is now

more positive than where the faradaic current passes.

In all cases in Figure S1, the peak current densities are not located precisely at E° because the
apparent standard potential of the redox adsorbate shifts slightly when yeiec > 0 (as described in the main
text). Accordingly, care must be taken when abstracting information about the true standard potential of the

redox adsorbate directly from such plots.

The trends regarding ‘asymmetry’ in Figure S1 can be interpreted as follows. Ceec decreases as

the applied potential moves the semiconductor Fermi level towards En. The corresponding diminution in
¢
(Cvc + Css ) Ce/ec

describes the connection between the faradaic and charging currents) increases in magnitude as a result.

Celec enhances the ‘coupled’ behavior because the term

in eq 31 of the main text (that

Therefore, the asymmetry of the voltammetry that results from ‘coupling’ necessarily has information on the

position of En (as it pertains to where the faradaic current passes).

To be clear, the profile of the asymmetry in the ‘coupled’ voltammetry is sensitive to the potential
dependence of Cec but is not specifically an artifact of the Gouy-Chapman model. Neither the Csc or Css
functions are symmetric about En either. So even if Cerec is described by a different model that is symmetric
about En (e.g. Helmholtz model), the denominator of the ‘coupled’ term in eq 37 will not be symmetric about
En. Asymmetric voltammetry will still be expected when the faradaic and charging currents are ‘coupled’

but the shape of the asymmetry will change relative to what is shown in Figure S1.



Table S4. Parameters for Figure S1

Symbol Units Value

B A 1

d cm 5.00x10°

£0 Fem' 8.85x10™*

€5 - 11.7

& surf -- 6

€ elec - 80.1

A \Y% 0.9

[4];.0 mol cm’ 1.66x10™°
Ewp-E'p V -0.05, 0.00, +0.05
E, \Y% 1.12
Egm-Eap \Y -0.6

ks JK 1.38064852x10™
K ot max cm' s’ 6.00x10™"7

ks em’ s” 1.00x10*

Neb cm” 2.82x10"

Ny cm” 5.00x10"

7 elec molec cm>  6.022x10”

Ny em” 1.00x10°

N cm” 6.54x10"

q C 1.60217662x10™"°
T K 298

y Vs’ 0.02

Z4 -- 1

Z 4- -- 0

z -- 1




S5. Description of and Instructions for MATLAB Scripts for Performing Calculations of the

Capacitive and Faradaic Current-Potential Responses

Description The calculations were performed in two steps in MATLAB. Figure S2 graphically

summarizes the workflow of the calculations for ‘coupled’ faradaic and capacitive currents.

1. Calculate potential-dependent C , y_, 7 " &y, (eqs 27-31 & S1-S7, set eq C}.= 0)

2. Calculate C, for experimental data (egs 12, 21-23)
3a. For ‘uncoupled’ calculations, go to Step 6

3b. For ‘coupled’ calculations, use results from Step 2 to re-calculate
Cr Vs Vo P &7y, (eqs 27-31 & S1-S7)

4. Use results from Step 3b to calculate new C, (egs 21-23)

5.1 C y from Step 4 does not agree with C y from Step 2, repeat Step 3b
with C ’ from Step 4. When input and output C ’ values are equivalent,
go to Step 6

6. Calculate j from J and j using values of C.,Cp andy_(eq I)

7. Log results

Figure S2. Visual description of the calculation steps used for ‘uncoupled’ and ‘coupled’ calculations.

First, arrays detailing the total electrode capacitance and the fractional potential drops across the
semiconductor at every potential are generated by solving eqs 27-31 of the main text, using all physically
known/measureable parameters referred to in eqs S71-S7. Second, the faradaic current measured at every
value of the applied potential is determined by using egs 12, 21, 22, and 23. Eqs 12, 21, and 22 are
specifically determined using the values of the fractional potential drops determined in the first step. For
‘uncoupled’ calculations, the total current is then determined using eq 7. For ‘coupled’ calculations, the
initial faradaic current values are used to approximate Crin eqs 27-31 before calculating new values of the

faradaic current. This process is repeated until the input and output faradaic current values match.

The total electrode capacitance, ys;, ysur, and yeec Were determined by iteratively solving the
relevant system of equations using the vpasolve function in MATLAB at every Eapp value. The constraints
for the calculations were the solved values had to be real numbers and all y values were bound between 0

and 1. The tolerance and the default precision for vpasolve was 32 significant digits for all calculations.

Numerical integration was performed with the integral function in MATLAB rather than by simple
trapezoidal rule. The former approach significantly cut down on the total calculation time. The integral
function uses a global adaptive quadrature to significantly speed calculation time. The results were checked
against integration performed with the trapezoidal rule and small (<0.001 V) potential steps. The results
from the two integration method were generally indistinguishable. The default relative and absolute error

tolerances of 1x10 and 1x10'° were used throughout.



Evaluation of incomplete gamma functions was performed with the ‘igamma’ function in the
‘Symbolic Math Toolbox’ of MATLAB. This method employs forward recursion to calculate a continued
fraction that constitutes the incomplete gamma function.'” We note there are several algorithms available
in the literature for computing incomplete gamma functions.'?'3 As noted previously,'* when m is sufficiently

large, the values of incomplete gamma functions are large and difficult to compute operationally because

X4

of numerical overflow.'%'6 Whenever m was greater than 6, the reversible form of was implemented.

app
Accordingly, the ability to distinguish very small differences in voltammograms that had reversible character

was limited.
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