Electronic Supplementary Material (ESI) for Faraday Discussions.
This journal is © The Royal Society of Chemistry 2019

ROYAL SOCIETY

OF CHEMISTRY

/{«'\
g

Faraday Discussions

SUPPLEMENTARY INFORMATION

A Kinetic Model for Redox-Active Film Based Biophotoelectrodes

D. Buesen,” T. Hoefer,¥ H. Zhang,* and N. Plumeré,**

Contents
i< oL F for i onl C | 9
|2 Treatment of Unequal Time Domains| 2
|3 Dimensionless Groups| 3
|4 Standalone App for Simulations| 4
|5 Finite Difference Equations| 5
[5.1 Finite Volume Method Schematid . . . . . . . . . . . .. .. 6
|5.2 Finite Difference Equations for the Reduced Form of the Mediator (Myeq)| - - - - « « v o v v v v i v v oo 6
5.2.1 Atthe Electrodel . . . . . . . . . . e e 6
[5.2.2 Withinthe Filml . . . . . . . . . . . e e e e e e 7
[5.2.3 At the Film/Solution Interface|. . . . . . . . . . . . . . e 7
[5.2.4 In the Surrounding Solution|. . . . . . . . . . . . ... 8
5.2.5 Atthe Bulkl . . . . . . o e e e e e 8
|5.3 Finite Difference Equations for the Oxidized Form of Electron Acceptor Y| . . . . . . . . . ... ... .... 8
[5.3.1 Atthe Electrodel . . . . . . . . . e e e 8
5.3.2 Withinthe Filml . . . . . . . . . . e 8
[5.3.3 At the Film/Solution Interface]. . . . . . . . . . . . 0 o e e e 9
[5.3.4 Inthe Surrounding Solution|. . . . . . . . . . . L e 9
5.3.5 Atthe Bulkl . . . . . . . o e e e e e 10
|5.4 Finite Difference Equations for the Oxidized Form of Electron Acceptor Z| . . . . . . . . .. ... ... ... 10
[5.4.1 Atthe Electrode] . . . . . . . . @ . e e e 10
[5.4.2 Withinthe Filml . . . . . . . . . . . e e e e e e e e e 10
[5.4.3 At the Film/Solution Interfacel. . . . . . . . . . . . 0 o e 10
[5.4.4 Inthe Surrounding Solution|. . . . . . . . . . . . L e 11
[5.4.5 AttheBulkl . . . . . . . . . e e e 11

“ACenter for Electrochemical Sciences (CES), Faculty of Chemistry and Biochemistry, Ruhr University Bochum, Universitdtsstr. 150, D-44780 Bochum, Germany. E-mail: nico-
las.plumere@rub.de

12 |1



6 B e Verification 11

[6.1_FElectron Transfer at the Electrode Surfacel . . . . . ... . ... ... .. . . . . . e 11
[6.1.1 Verification of Quasi-Reversible Conditions|. . . . . . . . . . . . . . . e 11
[6.1.2  Analytical Expressions for Current-Time Curves With Quasi-Reversible Kinetics|. . . . . .. ... .. 12
[6.1.3 Mediator Pair (Meq|Mox) Results| . . . . . . . . . o e e 12
[6.1.4 Electron Acceptor Pair (Yeq|Yox) Results| . . . . . . . . . oo o 13

|6.2 Catalysis Within the Filml. . . . . . . . . . . . . e e e e e e e 14
[6.2.1 Enzymatic Reaction| . . . . . . . . . . . . . e e e e 14
[6.2.2 Bimolecular Reactionl. . . . . . . . . . . . e e e e e e e e e e 16

6.3 Solar Fuel Production Section Verification| . . . . . . . . . . . . . . e e e 17
[6.3.1 Current-Time Curve and Concentration Profiles| . . . . . . . . . . . . . .. . .. . .. . . .... 18
[6.3.2 Summary of Parameters| . . . . . . . . ... e e e e e e e e e e e e e e 18

|6.4 Current Loss by SC1 Withinthe Film| . . . . . . . . . . . . . i e e 19
6.4.1 Current-Time Curve and Concentration Profile When SC1 is Introduced|. . . . . ... .. ... ... 19
[6.4.2 Material Balance| . . . . . . . . . . e e e e e e 20
[6.4.3 Summary of PArameters] . . . . . . . . ..t e e e e e e e e e e e e e e e e e e 21

|7 Summary of Parameters for Charge Carrier Diffusion Coefficient Study| 22

1 Conversion Factors for Dimensionless Current

The total current is the sum of the catalytic and the SC2 contributions, which have different conversion factors from the
respective dimensionless currents, as shown in equations |1 and [2| Therefore, for the calculation of the total dimension-
less current, the dimensionless catalytic and SC2 currents are separately converted to dimensional current before addition.

Iy
feat = leat | ——— 1
cat cat |:ZM FADy MTot:| (D
l
isc2 = Isc2 - [1] (2)
2y F A Dy Yty

For consistency with the reaction stoichiometry, the number of electrons transferred at the electrode surface (z;) by the
mediator and by substrate ¥ must correspond to the number of electrons transferred in the reactions (v;), as shown in
equations[3] and [4] for the mediator and for substrate Y respectively.

M = Vy 3)

Yy =W 4

2 Treatment of Unequal Time Domains

The factor 1, accounts for the possibility of unequal time durations for the three sections that make up the total time.
Since fyp is the primary time-related variable of interest, f.q and #.. are both expressed as multiples of 7., which are
defined respectively as 7q and 7. in equations [5|and @

Teq = — (5)
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t
Trec = = (6)
exp
Time is scaled with respect to total time, as shown in equation[7]in which unscaled (dimensional) time is denoted with a
tilde.

f— t t t %)

fiot Texp ( 1+ Teq + 1f'rec) Texp Ttot

3 Dimensionless Groups

A concise summary of the basic , k, and ¢ type groups are contained in tables and [6] with an emphasis on
how the variables can be arranged to show either rate ratios of competing processes, or ratios of the diffusion or reaction
layer to the film thickness.

Table 1 Summary of w type dimensionless groups

Mathematical Expression Units Physical Description
_ [(1)*/Du]. _ [()*/Dy]. _ [(h)?*/Dg] s Time Required to Saturate a Film of Basis Area (/;)* by Diffusion
oM = fexp Wy = lexp ° wz = fexp $ Experimental Time
—1/2 _ y/Dwtexp . —1/2 _ /Dylep —1/2 _ /Dzlexp cm Diffusion Layer Thickness of M, Y, or Z
Oy - A ; Oy - A Oy - I cm Film Thickness

Table 2 Summary of enzymatic catalysis related dimensionless groups

Mathematical Expression Units Physical Description
M — kearProt LY keat Prot mol-cm 35! Maximum Enzymatic Catalysis Rate
cat = [(DyMro)/(11)?]> 7t ™ [(DyYrot)/(h)?] mol-cm 35! Molar Diffusion Rate of M or Y
I -1
(K‘M )*1/2 _\/ Dulkea(Pro/Mro)] ™ (KY )*1/2 /Dy [kea(Prot/Y1a1)] cm M or Y Reaction Layer Thickness
cat - I > cat - I cm Film Thickness
0 — _ keat Prot mol-cm3-s~! Maximum Enzymatic Catalysis Rate
MM = Fpy Mo Proc mol-cm—3-s~1 Maximum Electron Transfer Rate
U= Kv mol-cm 3 Enzyme Saturation Concentration

Yot mol-cm—3 Substrate Concentration

Table 3 Summary of bimolecular catalysis related dimensionless groups

Mathematical Expression Units Physical Description
M keyProdra . Y key Prodo mol-cm 35! Maximum Bimolecular Catalysis Rate
PY ™ [DuMro/(11)?]” "PY T [DyYra/(L)?] mol-cm 35T Molar Diffusion Rate of M or Y
—1/2 \/DM[kPYPTt(YTt/MTt)rl —1/2 \/DY[kPYPrt(MT[/YTt)rl MorY ion Layer Thick
(K‘M) _ o7 To o . (KY ) _ ot\ ™ Tot/ " Tof cm or ¥ Reaction Layer Thickness
PY I 4 PY A cm Film Thickness

Omp = kpy Yot Prot mol-cm 35! Maximum Bimolecular Catalysis Rate

ke Mot Prot mol-cm 35~ Maximum Electron Transfer Rate
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Table 4 Summary of solar fuel generation related dimensionless groups

Mathematical Expression Units Physical Description
PR S <72 Y/ SR AR <A & AT mol-cm3.5~! Maximum Reaction Rate of ¥ With Z
YZ ™ [DyYra/(11)?]> "YZ T [DzZra/(11)?] mol-cm—3-s—1 Molar Diffusion Rate of Y or Z
(KY )*1/2 _ /Dy (kyzZr) " (KZ ) —1/2 _ /Dz (kyzYro)~! cm Y or Z Reaction Layer Thickness
YZ - I > YZ - A cm Film Thickness

Table 5 Summary of SC1 process related dimensionless groups

Mathematical Expression Units Physical Description
Y. — ksciMrodry . M _ksci VoMo mol-cm—3.s~! Maximum Reaction Rate of ¥ With M
SCL ™ [DyYro/(11)?]> "SCL ™ [DmMro/(11)?] mol-cm—3-s—1 Molar Diffusion Rate of Y or M
(K'Y )*1/2 _ /Dy (ksciMror) ™" (K’M )* 1/2 _ +/Dwm (ksciYror) ™! cm Y or M Reaction Layer Thickness
SC1 - A ’ SC1 - A cm Film Thickness

Table 6 Summary of o related dimensionless groups

Mathematical Expression Units Physical Description
Oy — KMo Dy — K Yot mol-cm—2-s~! Electron Transfer Rate of M or Y at the Electrode Surface
M = DM /1) Y = DyYau/l) mol-cm—2-s~! Diffusion Speed of a Plane of M or Y Within the Film
ey — (E-EY) . v — (E-EY) \ Overpotential of the System
M = RT /nuF)> €Y = RT/nyF) \4 Reference Potential at Temperature 7
M _ _ LAY _ mol-cm 2.5~} Oxidation Rate of M or Y at the Electrode Surface
Op = UM exp[SM (1 aM)] > Op = Vyexp [8Y (1 aY)] mol-cm~2-s~! Diffusion Speed of a Plane of M or Y Within the Film
M _ _ R ' _ mol-cm—2-5~! Reduction Rate of M or Y at the Electrode Surface
Of = Umexp [—omeml; O =Vvyexp [~avey] mol-cm—2-s~1 Diffusion Speed of a Plane of M or Y Within the Film

4 Standalone App for Simulations

In order to facilitate the calculation of dimensionless groups and for running full simulations, a standalone app was
developed by the use of Matlab App Designer and Matlab Compiler. Installation of the app automatically installs Matlab
Runtime, which allows for programs developed by Matlab to be used in a stand alone setting (i.e. without requiring the
purchase of Matlab or other software). After entering the dimensional parameters into the app, simulated current-time
curves can be generated as shown in figure [IA. Additionally, concentration profiles at specified times can be obtained, as

shown in figure[1B.
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Fig. 1 Screenshot of the app, showing resulting current-time curve (A), and concentration profiles at selected times (B).

The app is also useful for the calculation of reaction rate ratios and for the ratios of the diffusion or reaction layers to the
film thickness, which are located in the app under the tabs “Diffusion and Reaction Rates” and “Diffusion and Reaction
Layers”; example screenshots of these are shown in the left and right sides of figure [2| respectively. The use of gauges,
in which the quantity of interest is expressed in a logarithmic scale provides a visual representation; rate ratios are rep-
resented by half-circular gauges, and ratios of diffusion or reaction layers to the film thickness are represented by linear
gauges.

% Semlstion for redon films - g x ] Semuistion forredes fikns - o x
Parametsts | Diméeswnkss Droups yers Fiing

Fig. 2 Screenshot of the app, with half circular gauges for rate ratios (A), and linear gauges for ratios of the diffusion or reaction layer to the film
thickness (B). Both types of gauges report results on a logarithmic scale.

More details regarding the use of the app will be included in a user manual which will be built into the app and accessible
by means of a selection menu.

5 Finite Difference Equations

The finite difference equations presented here are for the most complicated mechanism, and for within the film. Equations
for simplified mechanisms, or for the solution domain, can be derived by setting the appropriate quantities to zero.
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5.1 Finite Volume Method Schematic

Surrounding Solution
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Fig. 3 Finite volume method discretization scheme into 1001 control volumes with a double exponential grid for the film domain and a single exponential
grid for the surrounding solution domain.

The finite difference equations were derived based upon guidelines for the finite volume method®. A schematic of the
finite difference scheme was constructed, and is shown in figure The scheme allows for arbitrary variable spacing
between the space points. The number of points is variable, as a multiple of 250 per space domain (i.e. a multiple of 1
results in 250 points for each of the two space domains for a total of 500 space points). For clarity, the example of 1000
total points (1001 finite volumes) is given in this section. In this scheme, the spatial discontinuity (film/solution interface)
is located at the center of one of the finite volume elements.

In order to optimize efficiency with regards to the number of spatial points, the spatial points were concentrated in the
areas where demands on the system are higher due to rapidly changing concentration profiles (i.e. at the electrode sur-
face, and at the film/surrounding solution interface). Therefore, a “double exponential” grid was constructed for the film
domain, where the degree of spacing exponentially increases from the electrode surface to the center of the film, where it
begins to exponentially decrease more and more until reaching the film/solution interface, according to a tuning parame-
ter (B1); higher B; values correspond to greater concentration of points at the edges, and a value of zero corresponds to a
uniform grid. For the surrounding solution domain, the demands on the system are highest at the film/solution interface
and decrease as the concentration profile approaches its bulk value. Therefore, a “single exponential” grid was constructed
for the solution domain, in which the spacing exponentially increases from the film/solution interface according to a tun-
ing parameter (f3,). Trends for increasing f3, are the same as those for 3;; a zero value of 3, corresponds to a uniform grid,
and increasing 3, values result in greater concentration at the film/solution interface.

5.2 Finite Difference Equations for the Reduced Form of the Mediator (M,c,)
5.2.1 At the Electrode

Fori=1

8Mred _ 2 Trot
(%5 ) ~(3) (Gn) (a-pcem) ®
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[Gév[ (Mred) - GfM (1 7Mred)xi] (9)

(V )Ké\;lt Alred)xl (YOX)xl hl) (10)

(ﬁ) Mieq) ( ) Mrea) )x; T Omm (Yox )y, (2

1 (1Wred)xiJrl - (Mred)xi _ 1
) (1+&)

o (vm) KDY (Mred)xi (Yox )y, (hi ) (11
(%) (Mred)xi + Omp (Yox)x 2
h;
D= <“//1\Y/I) K]SVICI |:(1 - (Mred)xi:| |:(1 - (Yox)xi:| (2) (12)
5.2.2 Within the Film
Fori=2-500
OM;eq B 2 Tiot
(%5), = (i) (&) ta-s-co) -
1 [ (Mrea)y,,, — (Mrea) L[ M)y, — (Mrca)
_ it1 il _ 1 il 14
(1+CX)2 [ hi ] (1+Cx)2 hi—1 ‘| o
o (Vo) K (Mrea)y, (Yox ) (hi—l +hi) (15)
(ﬁ) H (Mred>xi + (i (Mred)xi <YOX)Xi + Oum (YOX)Xi ?
C— (VM) Kg\[{ (Mred)xi (YOX)xi (I’li—l +hi> (16)
(ﬁ (Mred)xi + Ywmp (Yox) 2
. hi1+h
o ()00 (252
5.2.3 At the Film/Solution Interface
Fori=501
OMeq B 2 Ttot
(%), = () (&) 1a-m-com "
1 (Mred)y. — (Mred)
Ao ; i1 19
(1+ &) [ hii v
o (Vi) KN (Miea), (Yor), </’lil > (20)
(%) :u (Mred)xi + (%) (Mred)xi (YOX)Xi + ﬂMM (YOX)Xi 2
Co (VM) Kllavly (Mred)xi (Yox)xi <hl1> 21D
(%) (Mred)xi + Swvip (Yox) 2
hi_
D= <“//I\Y/[> K.é\/([:l |:(1 - (Ml‘ed)xi:| |:(l - (Yox)xi:| < 2 1 ) (22)
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5.2.4 In the Surrounding Solution

For i =502 — 1000

aZMred _
( at )Xi B O

The application of equation {23 will hold (M), at its initial value (zero in this case).

5.2.5 At the Bulk

For1i=1001

aIwred _
(%),

The application of equation [24) will hold (M), at its initial value (zero in this case).

5.3 Finite Difference Equations for the Oxidized Form of Electron Acceptor Y

5.3.1 At the Electrode

Fori=1

(a;/;m)xi - (;i) (Z::) {A-B—C+D+E}

1 (YOX)Xi+] - (YOX)xi 1
e <1+f;<>2[ h ]_ (Tg (o (o (1= )
(i Kot (Mred)xi (YOX)xi i

5.3.2 Within the Film

Fori=2-500

)
(L) U (Mreq),, + (L (Mrea)y, (Fou)x, + Ot (Yox)y,
)

(23)

(24)

(25)

(26)

@7

(28)

(29)

(30)
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0Yox _ 2 Tiot
( i )_ (mm) (cw) {A—B—C+D+E}

1 rmaﬂ—mQﬂ_ I <mk—wmmw
(

(1467 hi 1+ i
B (%) Kgn (Mred>xi (YOX)xi (hi—l +hi>
N (ﬁ) 1 (Mrea),, + (ﬁ (Mred)y, (Yox)x, + Ovm (Yox)x 2
B (ﬁ) Kgy (Mred)xi (Yox)xl hi—1+hi
€= (ﬁ) 19MP)_1 (Mred)xi + (YOX)Xi < 2 )

5.3.3 At the Film/Solution Interface

For i =501

0Yox B 2 Tiot
( % )_ <h11+hi> (wy> (A—B—C+D+E}

Al (Yox)x,,, — (Yox)xi] R (Yox)y, = (Yox)x,_, 1
C(1+4)° hi (1+4&)? hi—
B— (ﬁ) K(};t (Mred)xl (Yox)xi <hil >
- (m) u (Mred)xi + (ﬁ) (Mrcd)x (Yox)xi + um (Yox)xi 2
_ ﬁ) KgY (Mred)xi (YOX)xi hi_1
o () (Op) ™" (M), + (Vo) ( 2 )

5.3.4 In the Surrounding Solution

For i =502 — 1000

<88Y(t)x>xi B (h112+hi> (Z;;“) {A+B}

(3D

(32)

(33)

(34)

(35)

(36)

37)

(38)

(39

(40)

(4D

(42)

(43)
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Yox X: Yox X: YOX X; YOX Xj
_ 12()”1()17 12()1()171 (44)
(1+&) hi (1+&) hi—y

B = Kz (Zox)y, [ (1= (You)y | (hi12+hi> 4s)

5.3.5 At the Bulk
For i = 1001
o)
(%), o

Since (Y,x),., the application of equation (46| will hold {(YOX)X} 0= {(YOX)X,] at its initial value.
i = Ht=tot

5.4 Finite Difference Equations for the Oxidized Form of Electron Acceptor Z
5.4.1 At the Electrode

Fori=1

(&), () (&) wm @)

1 (Zox)x. - (Zox)x.
A= '“ ' 48
1+8) h ] “e)
B = @), [(1- (), (5) (49
5.4.2 Within the Film
Fori=2-500
0Zox . 2 Trot
( ot >xi B (hil +hi> <wz) tA+B} 0
1 (Zox)x,,, — (Zox)x, 1 (Zox)x, — (Zox)y,
A= it il i i—1 51
(1+&)? hi (1+&)? hi— ] D
B= s (Zo, [(1- ) ] (2L°) 52

5.4.3 At the Film/Solution Interface

For i =501
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0Zox\ 2 Tt
( ot ) a (h_1+h) <wz) {A+B} (53)

ZOX X1 ZOX X: Zox X Zox X;
:12()l+1()1_12(),()1,, 59
(1+&) hi (1+&) hi-
hi—1+hi
B= s (Zo, [(1- ), ] (A7) (55
5.4.4 In the Surrounding Solution
For i =502 — 1000
3Zox 2 o
( Jt ) N (h-1+h~> (Z;) tA+B) o0
Zox X: Zox X: Zox X Zox X
:12(),“(),_12()1()1, 57
(1+&) hi (1+&) hi-y
hi1+h
B= s (o, [(1- ) ] (2257 59
5.4.5 At the Bulk
For i = 1001
8Z{).)C .

Since [(ZOX)XJ o [(ZOX)XJ , the application of equation 59| will hold (Zox),. at its initial value.

t=ttot
6 Piecewise Verification
6.1 Electron Transfer at the Electrode Surface

The heterogeneous electron transfer portion of the model was verified by reduction of the model to contain either the
oxidation of M4 or the reduction of Y,; parameters for these two cases are shown in tables|7|and (8] respectively. Overlay
plots showing the results for these two cases are shown in figures |4 and [5| respectively.

6.1.1 Verification of Quasi-Reversible Conditions

The Cottrell equation for a planar macroelectrode, shown in equation [60, was used to verify that the electron transfer rate
was not reversible for each given set of dimensional parameters. This was done by calculating the expected current-time
curve for reversible electron transfer (dashed grey line), and verifying that it did not overlay with the simulation result
(solid blue line).
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. 3j FACiO v/ Dj
lrev - =
\/ Tt
As described in the reference textbook, a dimensionless parameter (1) can be calculated which simultaneously considers

the effects of kio, the diffusion coefficient, as well as the measurement time on the overall electron transfer rate as shown
in equation Quasi-reversible conditions correspond to A in the range 1072% < A < 2.

4o 2K /for
vDi

(60)

(61)

6.1.2 Analytical Expressions for Current-Time Curves With Quasi-Reversible Kinetics

An analytical expression from a reference textbook for quasi-reversible kinetics (shown in equation was used for
quantitative verification of the simulation for conditions of quasi-reversible electron transfer. This equation is applicable
when the system contains only one species (either oxidized or reduced) at its starting condition. The H value needed for
equation [62]is given by equation [63] when the diffusion coefficients of the oxidizing and reducing species are equal.

iquasi = Zi F A kaiO [exp (H2 t) erf (H\ﬁﬂ (62)
. ke + ki
H= T (63)

6.1.3 Mediator Pair (M,.q|Mox) Results

For verification of the mediator electron transfer process at the electrode surface, the starting conditions of the film were
set to the fully reduced state, and conditions for oxidation under quasi-reversible conditions were set. The overlay of the
current-time curve from the simulation with the calculated current-time curve from equation [62) demonstrates correctness
of the verification results for quasi-reversible electron transfer. The concentration profile snapshot, shown in figure (4B,
taken at 30 s, shows the expected depletion of the reduced form of the mediator near the electrode surface, as well as
confinement of M,.q to the film.

A ¢ Time C B Concentration Profile of
o cument-TimeCurve Mediator, Y (oxidized), Z (oxidized)

MOL Sim 1 at Time 30.00 s
2 Vit
0.8
< 40 <
- —
c g
£ £ 06
3 30 ]
© 5
B O O 04
= .
© 20 £ Mo
1 a
Y
\ 0.2 ox
ofN Zoy |
~a = Film Edge
= s - 0
fiY e naiat suaal EET ST EIRN AN N RN can A R s A nRa ) 0 0.2 0.4 0.6 0.8 1
5 10 15 20 25 30 35 40 45 50 55 60
Dim. Space
Time/s

Fig. 4 Mediator electron transfer section verification: overlay of current-time curve with analytical expression for quasi-reversible electron transfer (A),
and concentration profile at 30 s (B).
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Table 7 Summary of parameters for mediator electron transfer verification

Parameter Value Units
Mot 5 mM
M as Meq 100 %
K, 1x1073 cms™!
oM 0.60 Dimensionless
EY 0.800 \Y
™M 2 Dimensionless
Dy 1x10°° cm?s~!
I 500 um
&x 1 Dimensionless
del 2 mm
E 0.900 A%
feq 20 S
Texp 20 s
trec 20 S
T 20 °C
Space Points 2000 Dimensionless
Time Steps 1000 Dimensionless
Bi 0.01 Dimensionless
B 0.01 Dimensionless
Abs Tol 1x107° Dimensionless
Rel Tol 1x10~* Dimensionless

6.1.4 Electron Acceptor Pair (Y4 |Yox) Results

For verification of the electron transfer process at the electrode surface for electron acceptor Y, the starting conditions
of the system were set to the fully oxidized state, and conditions for reduction under quasi-reversible conditions were
set. The overlay of the current-time curve from the simulation with the calculated current-time curve from equation
demonstrates correctness of the verification results for quasi-reversible electron transfer. A concentration profile snapshot,
shown in figure 5B, shows the expected depletion of the reduced form of the mediator near the electrode surface, as well
as the presence of Yo in both space domains. These calculations also serve as verification of the SC2 portion of the model,
since the SC2 process is defined as the oxidation of Y4 to Yo at the electrode surface.

B

A

Total Current/uA

0
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-40
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-60

Current-Time Curve

— MOL Sim

= = CA-Rev
CA-Quasi

= = +CA-lrrev
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15 20 25 30 35 40
Time/s

45 50 55 60

Concentration Profile of
Mediator, Y (oxidized), Z (oxidized)
at Time 30.00 s

o o o
'S o =)

Dim. Concentration

o
)

0.2 0.4 0.6 0.8
Dim. Space

Fig. 5 Results for electron acceptor (Y..q|Yox) Se€ction verification: overlay of current-time curve with analytical expression for quasi-reversible electron
transfer (A), and concentration profile at 30 seconds (B).

1422 | 13



Table 8 Summary of parameters for electron acceptor (Y;eq|Yox) Verification

Parameter Value Units
Yot 5 mM
Y as Yox 100 %
K 1x1073 cms™!
ay 0.40 Dimensionless
EY -0.050 \Y
7y 2 Dimensionless
Dy 1x10°° cm?s~!
I 500 wm
&x 1 Dimensionless
del 2 mm
E -0.150 \%
feq 20 S
Texp 20 s
trec 20 S
T 20 °C
Space Points 2000 Dimensionless
Time Steps 1000 Dimensionless
Bi 0.01 Dimensionless
B 0.01 Dimensionless
Abs Tol 1x107% Dimensionless
Rel Tol 1x10~* Dimensionless

6.2 Catalysis Within the Film

6.2.1 Enzymatic Reaction

Successful implementation of the enzymatic catalysis portion of the model was verified by reduction of the model such that
the electron transfer and the catalytic (bimolecular) reaction is so fast that only the diffusion of ¥ limits the system. Since
the rightmost (bulk) boundary condition of the surrounding solution space domain sets the concentration to its maximum
value (rather than setting the flux equal to zero), setting { to a small value (0.001) results in a system which corresponds
to fast electrode rotation. This allows for direct comparison of the simulation results to those from a reference model“.
The parameters used are summarized in table[9]

The obtained current-time curve is shown in Figure [6] The steady state concentration profile, taken at 998.5 seconds, is
consistent with a region VII assignment, in which M,.q, but not Y.y, reaches full depletion at a location within the film.
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Fig. 6 Enzymatic catalysis section verification. Current-time curve for the main current verification (A), and steady state concentration profile at 998.5
seconds (B).

The analytical expression for the steady state current for a region VII film (Table 3 in the reference article®) is shown in
equation[64] The calculated value from the analytical expression (5.70A) closely matches the obtained simulation result.

. 2 DM Mtot kcat Ptot Ytot
ivim=zm F A\/ (64
KM + Ytot

Table 9 Summary of parameters for enzymatic catalysis verification

Parameter Value Units
Mo 60 mM
M as Meq 100 %
Yiot 5 mM
Y as Yox 100 %
Pot 6 uM
kg,[ 1 cms™!
oM 0.50 Dimensionless
kmp 1x 108 M- lg!
keat 1000 57!
EY 0.400 \
™M 1 Dimensionless
Zy 1 Dimensionless
Dum 5e-9 cm?s!
Dy 6e-6 cm?s!
K 100 uM
ll 5 Mm
Cx 0.001 Dimensionless
de 2 mm
E 0.200 v
feg 500 s
Texp 500 S
trec 500 s
T 20 °C
Space Points 2000 Dimensionless
Time Steps 1000 Dimensionless
Bi 0.01 Dimensionless
B 0.01 Dimensionless
Abs Tol 1x 107 Dimensionless
Rel Tol 1x10~* Dimensionless
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6.2.2 Bimolecular Reaction

Successful implementation of the bimolecular catalysis portion of the model was verified by reduction of the reaction
scheme such that it includes only the reaction of the mediator (which acts as a catalyst in this case) and electron acceptor
Y with bimolecular kinetics. As in the enzymatic reaction verification, selection of a very small value of , (0.001), suitable
dimensional parameters, and by setting SC1 and SC2 to zero, the model reduced to the “S” case of a reference model?.
The obtained current-time curve is shown in figure [7JA, and the concentration profile at a time of 1500 s is shown in

figure [7B.
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Fig. 7 Bimolecular catalysis section verification. Plots for the “S” case with fast rotation and no SC1: (A) Current-time curve, and (B) steady state
concentration profile at 1500 s.

The analytical expression for prediction of the steady state current for a region S film (Table 2 in the reference article)
used for comparison is shown in equation [65] The calculated value (—0.85uA) is a close match to the obtained simulation
result. The concentration profile matches what is expected for the S case, in which the mediator concentration sharply
drops to zero near the electrode surface, and in which the electron acceptor Y concentration profile is linear within the
film, reaching a value of zero close to the electrode surface. The simulation parameters are summarized in table

_ amFAYo Dy

I
L

(65)
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Table 10 Summary of parameters for bimolecular catalysis verification

Parameter Value Units
Mot 5 mM
M as Meq 100 %
Yiot 40 mM
Y as Yox 100 %
Pio 1000 uM
kl?/[ 1 cms™!
oM 0.50 Dimensionless
knp 1x108 M~ 1s!
kpy 1% 10* Y
EY 0.400 \Y
™M 1 Dimensionless
Zy 1 Dimensionless
Dy 1x107° cm?s!
Dy 7% 1078 cm?s~!
I 100 um
&x 0.001 Dimensionless
del 2 mm
E 0.200 A%
teq 1000 s
fexp 1000 s
trec 1000 s
T 20 °C
Space Points 1000 Dimensionless
Time Steps 1000 Dimensionless
Bi 0.05 Dimensionless
B 0.01 Dimensionless
Abs Tol 1x107° Dimensionless
Rel Tol 1x10~* Dimensionless

6.3 Solar Fuel Production Section Verification

Successful implementation of the solar fuel production portion of the model was performed by reduction of the overall
process to match conditions in a reference model®. The parameters for the bimolecular reaction for solar fuel production
were set with the purpose of once again recreating the “S” case, except with reaction between the mediator M and electron
acceptor Z.

In the reaction scheme, either a bimolecular or an enzymatic reaction process is in between the electron transfer of the
mediator and the reaction for the production of the solar fuel. For the case of enzymatic reaction, a combination of a high
keat and low values of Ky and Dy will cause the intermediate reaction process to have no impact on the overall kinetics,
allowing for the system to be treated as the direct reaction between M and Z.

The resulting current-time curve, shown in figure [8]A, and the concentration profile, shown in figure [8B, once again cor-
respond to the “S” case, except that in this case, the Z,, concentration profile linearly decreases within the film. The
Yox concentration profile is at a constant value of 1 throughout the entire system, indicating that the selected parameter
values were successfully set such that the intermediate reaction between P and Y posed no limitation to the overall kinetics.

The analytical expression for prediction of the steady state current for a region S film (Table 2 in the reference article®)
used for comparison is shown in equation The calculated value from the analytical expression (—0.85uA) closely
matches the obtained simulation result (—0.86uA). The dimensional parameters used are summarized in table[11]

. wmFAZyDy

is (66)
I
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6.3.1 Current-Time Curve and Concentration Profiles
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Fig. 8 Solar fuel section verification. Current time curve (A), and steady state concentration profile at 1501.5 seconds (B).

6.3.2 Summary of Parameters

Table 11 Summary of parameters for solar fuel production section verification

Parameter Value Units
Mot 5 mM
M as Myeq 100 %
Yiot 5 mM
Y as Yox 100 %
Ziot 40 mM
Z as Zox 100 %
Pot 2000 uM
K, 0.001 cms™!
oM 0.50 Dimensionless
kvp 1x 108 Y
kpy 1x10° M- lg~!
EY 0.400 \Y
™M 1 Dimensionless
7y 1 Dimensionless
Dum le-9 cm?s!
Dy 7e-9 cm?s~!
Dy 7e-8 cm?s~!
I 100 wm
&x 0.001 Dimensionless
de 2 mm
Ehold 0.200 \Y
feq 2000 s
fexp 500 s
trec 500 S
T 20 °C
Space Points 1000 Dimensionless
Time Steps 1000 Dimensionless
Bi 0.05 Dimensionless
B 0.01 Dimensionless
Abs Tol 1 x107® Dimensionless
Rel Tol 1x10™*  Dimensionless

1422 | 18



6.4 Current Loss by SC1 Within the Film

6.4.1 Current-Time Curve and Concentration Profile When SC1 is Introduced

The current-time curves and static concentration profiles in the absence and in the presence of SC1 are shown in Figure 9]
The parameters used for the simulations are given in table

The current-time curve without SC1, shown in Figure [9A, showed a steady decay in current after initial illumination of the
film, as is expected for stationary conditions. Also as expected, the total current decreased upon the introduction of SC1,
as shown in Figure [9[C; the loss of catalytic current due to SC1 can be seen by comparison of the calculated curves for the
absence of SC1 (dotted light blue curve), and for the presence of SC1 (dashed grey line).

Inspection of the corresponding concentration profiles at 1501.5 s, shown in Figure 9B and Figure[9D, show two important
qualitative features. Firstly, in contrast to the condition for no SC1 shown in Figure[9B, in which Y,y is completely depleted
at the electrode surface, the generation of Y, at the electrode surface due to SC1 causes its concentration at the electrode
to increase above zero, as shown in Figure [OB. Secondly, in the presence of SC1, there is also a substantial change in the
location of catalysis within the film. Inspection of the concentration profiles in the absence of SC1 (Figure [9B), shows that
catalysis is limited to a narrow section near the electrode surface, because both of the reaction species (Mg and Yo) are
present only very close to the electrode surface. In contrast, in the presence of SC1 (Figure[9D), significant concentrations
of both reaction species are present throughout the entire film; therefore, catalysis within the film is decentralized in the
presence of SC1.
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Fig. 9 Verification of the SC1 recombination portion of the model, based on calculated current-time curves for the case of the film (A) without SC1, and
(C) with SC1, and on calculated concentration profiles at 1501.5 s for the case of the film (B) without SC1, and (D) with SC1.
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6.4.2 Material Balance

Since the SC1 process involves the loss of a product that is firstly generated in a reaction, it does not conveniently collapse
to a reference model as in the other cases. Therefore, a material balance, which takes into consideration the current-time
curves and concentration profiles, was calculated for the quantitative verification of this part of the process. For the overall
material balance, it is necessary to calculate the amount of Y;q produced and compare it with the amount of M,.4 reacted.

The equation used to calculate the amount of Y.y produced is shown in equation Since Y,y reacts to form Y4, the
amount of Y4 produced is equal to the decrease in the amount of Y., when the initial and final amounts of Y4 are
compared. As indicated in the integral terms of equation the beginning and ending dimensionless concentration
profiles for Y, are separately integrated and compared to calculate the fraction of Yo that reacted. The collection of terms
on the left side of equation [67| convert the dimensionless concentration to dimensional amount, using the initial total
concentration of Yo, the percentage that was initially in the oxidized form, and the dimensions of the entire system (film
and surrounding solution). For the collection of dimensional parameters listed in table the amount of Y4 produced
was 4.02 nmol.

(Yred)Produced = Yot (% as YOX)AZI (l + CX)

1

Jo (Yox)i—y dx

- (67)
Jo (Yox)i—o dx

M,.q is replenished at the electrode surface as it is reacted for the production of Y,q. Therefore, the amount of M4 re-

plenished at the electrode can be calculated by integration of the dimensionless current-time curve, shown in equation 68}

where the factor on the left side containing ny; and F converts the dimensionless current to the amount of M, replenished.

1 1
(Mred)Electrode = mA Umain d1 (68)

Since the film initially contains M4, then M,.q from the film (which is not replenished at the electrode) can also contribute
to the production of Y.q. As shown in equation this quantity can be calculated by comparing the amounts of M4 in
the film at the initial and final times by integration of the dimensionless concentration profiles. A conversion factor
containing the initial total concentration, percentage that was M4, and the film dimensions, converts the dimensionless
concentration to the amount of Meq.

(69)

1
M, d
(Mred)Film = M (% aSjured>All ll - fO(rM)t_IX‘|

fol (Mrea)—o dx
The total amount of M4 reacted is then calculated by the addition of the contributions from replenishment at the electrode

and from the film, as shown in equation For the collection of dimensionless parameters listed in table the total
amount of M,.q reacted was 8.04 nmol.

(Mred ) Reacted — (Mred )Electrode + (Ml'Cd ) Film (70)

In the final step, the ratio of Y.y produced to M4 reacted was taken and was found to be 0.5004. Since zy is equal to 1
and zy is equal to 2, the obtained value is in agreement with the value expected value of 0.5000 based on the reaction
stoichiometry.
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6.4.3 Summary of Parameters

Table 12 Summary of parameters for SC1 verification

Parameter Value Units
Mot 5 mM
M as Myeq 100 %
Yot 40 mM
Pot 2500 uM
Y as Yox 100 %
kg,[ 1 cms !
oM 0.50 Dimensionless
kmp 1 x 108 Y
kpy 1x10% M- 1s!
ksci 0or1x10° M-1s!
EY 0.400 \
™M 1 Dimensionless
2% 2 Dimensionless
Dy 1x107° cm?s~!
Dy 7 %1078 cm?s~!
I 100 pm
Gk 10 Dimensionless
dei 2 mm
E 0.200 \"
feq 2000 s
fexp 500 s
trec 500 S
T 20 °C
Space Points 1000 Dimensionless
Time Steps 1000 Dimensionless
Bi 0.05 Dimensionless
B 0.01 Dimensionless
Abs Tol 1x10°° Dimensionless
Rel Tol 1x10~4 Dimensionless
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7 Summary of Parameters for Charge Carrier Diffusion Coefficient Study

Table 13 Summary of parameters for charge carrier diffusion coefficient study

References

1 M. E. Davis, Numerical Methods and Modeling for Chemical Engineers, Wiley, New York and Chichester, 1984.

Parameter Value Units
Miot 60 mM
M as Meq 100 %
Yiot 5 mM
Y as Yox 100 %
Pt 6 uM
K 0.01 cms ™!
oM 0.50 Dimensionless
kmp 1x108 M-1s!
keat 1000 s
ksci Variable Y
EY 0.600 \Y
™M 1 Dimensionless
EY 0.276 \Y
2y 2 Dimensionless
Dy 5x107° cm?s~!
Dy Variable cm?s~!
K 100 uM
I 0.1 wm
Cx 100000 Dimensionless
de 2 mm
E 0.400 \%
feq 20 S
Texp 20 s
trec 20 S
T 25 °C
Space Points 1000 Dimensionless
Time Steps 1000 Dimensionless
Bi 0.02 Dimensionless
B 0.02 Dimensionless
Abs Tol 1x107° Dimensionless
Rel Tol 1x 1077 Dimensionless

2 A.J.Bard and L. R. Faulkner, Electrochemical Methods: Fundamentals and Applications, Wiley, New York, 2nd edn., 2001.
3 P. N. Bartlett and K. Pratt, J. Electroanal. Chem., 1995, 397, 61-78.
4 C.P. Andrieux, J. M. Dumas-Bouchiat and J. M. Savéant, J. Electroanal. Chem. Interfacial Electrochem., 1982, 131, 1-35.
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