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Figure S1. Nine-membered square scheme for the anthraquinone-2,6-disulfonate system. pKa

values
1

and reduction potentials for the first (EH, 1) and second electron transfer (EH, 2) during

anthraquinone-2,6-disulfonate reduction are marked in red.
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Figure S2. Nine-membered square scheme for the riboflavin (7,8-dimethyl-10-[(2S,3S,4R)-2,3,4,5-

tetrahydroxypentyl]benzo[g]pteridine-2,4-dione) system. pKa values
2

and reduction potentials for the

first (EH, 1) and second electron transfer (EH, 2) during riboflavin reduction are marked in red.
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Figure S3. Nine-membered square scheme for the juglone (5-hydroxy-1,4-naphthalenedione) system.

pKa values
3,4

and reduction potentials for the first (EH, 1) and second electron transfer (EH, 2) during

juglone reduction are marked in red.
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Figure S4. Electron transfers between the di�erent redox species of cyanomethylviologen (1,1
0
-

Bis(cyanomethyl)-4,4
0
-bibyridinium dibromide). Reduction potentials for the first (EH, 1) and second

electron transfer (EH, 2) during cyanomethylviologen reduction are marked in red.
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Figure S5. see next page
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Figure S5 (previous page). EH-pH diagrams for the two-electron extracellular electron shuttles

(EES) (a) anthraquinone-2,6-disulfonate, (b) riboflavin, and (c) juglone and (d) the one-electron EES

cyanomethylviologen. Colored lines represent reduction potentials of the quinone/hydroquinone

(E0
0

H, 1,2
, red), semiquinone/hydroquinone (E0

0
H, 2

, blue) and quinone/semiquinone (E0
0

H, 1
, orange) redox

couples. The numbers of electrons (e
�
) and protons (H

+
) transferred in each reaction are noted

on the lines. Diagrams for anthraquinone-2,6-disulfonate and riboflavin are replotted from Figure

1a,c and were drawn using published standard reduction potentials
5,6

, and pK
AQDSH

•2�
a = 3.01

for anthraquinone-2,6-disulfonate semiquinone, pK
RBFH

•
a = 8.555

for riboflavin semiquinone and

pK
RBFH2
a = 6.722

for reduced riboflavin. Diagrams for juglone and cyanomethylviologen were drawn

using published standard reduction potentials
3,7,8

and pK
JUGH

•
a = 3.653

for juglone semiquinone and

pK
JUGH2
a = 6.604

for reduced juglone.
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Figure S6. Surface area-normalized initial rates of goethite reduction, rSA, by reduced (a)

anthraquinone-2,6-disulfonate, (b) riboflavin, (c) juglone and (d) various viologens versus pH. rSA

values are re-plotted from Figures 2 and 3 with values measured herein shown in green and literature-

reported values in gray
9–11

.
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Figure S7. Surface area-normalized initial rates of hematite reduction, rSA, by reduced (a)

anthraquinone-2,6-disulfonate, (b) riboflavin, (c) juglone and (d) various viologens versus pH. rSA

values are re-plotted from Figures 2 and 3 in the main manuscript with values measured herein shown

in green and literature-reported values in gray
9,10,12

.
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S1 Analysis of literature-reported rates of goethite and hematite reduction

We compiled rates of goethite and hematite reduction by various extracellular electron shuttles

(EES) from the literature. The following paragraphs describe how we treated these rates and how

we estimated the Gibbs free energies at which these rates were measured.

In our previous publication9, we quantified reduction rates of the same goethite and hematite batches

studied herein using mediated electrochemical reduction with diquat and cyanomethylviologen as

electron transfer mediators. We used these rates and the �rG values reported in that work without

any additional data treatment.

Shi et al., 201310 determined rates of goethite and hematite reduction by reduced anthraquinone-2,6-

disulfonate, riboflavin, and methyl- and benzylviologen using UV-vis spectroscopy (in experiments

with viologens) in combination with the quantification of dissolved Fe(II) formation (in experiments

with anthraquinone-2,6-disulfonate and riboflavin). The goethite used in that study was synthesized

according to the same procedure as the goethite herein but the hematite was synthesized according

to a di�erent procedure13. The goethite and hematite in Shi et al. were of similar sizes and shapes

as the ones used herein: goethite particles were acicular and had lengths of 200-500 nm and

widths of 20-100 nm; hematite particles were spherical and had diameters of 30-50nm. Surface

areas were 38 m2 g-1 for goethite, 34 m2 g-1 for hematite, as determined by N2-BET. Shi et al.

performed iron oxide reduction experiments at pH 4.0 to 7.0 with initial concentrations of 0.1

mM Fe(III) and 0.1 mM electron equivalents of reduced EES. Iron oxide reduction rates were

determined from the first 10% portion of the reaction, i.e. using the same procedure as in herein.

12



We herein used these rates without further treatment. We calculated the respective �rG00
1,2 and

�rG00
2 values as described above using a Fe2+ concentration of 0.01 mM (i.e., the concentration

after the first 10% of the reaction), and E0
H=�0.45 V for methylviologen14 and E0

H=�0.36 V for

benzylviologen14. We note that the three goethite reduction rates that fall below the free energy

relationship in Figure 3a in the main manuscript (goethite reduction by reduced riboflavin at pH 6.1

and 7.0 and anthrahydroquinone-2,6-disulfonate at pH 7.0) were determined as formation rates of

dissolved Fe(II). This observation strongly suggests that formation rates of dissolved Fe(II) under

these conditions were smaller than rates of electron transfer from the respective reduced EES to

goethite.

Burgos et al., 200312 determined rates of hematite reduction by reduced anthraquinone-2,6-

disulfonate using UV-vis spectroscopy. Hematite was purchased from J.T. Baker (Phillipsburg,

NJ) and had a surface area of 9.04 m2 g-1, as determined by N2-BET. Burgos et al. performed

hematite reduction experiments at pH 6.8 and initial concentrations of 2 g L-1 hematite and 0.25 mM

electron equivalents of reduced EES. We derived the rate of hematite reduction in these experiments

according to the procedure in Shi et al.10. We calculated the respective �rG00
1,2 and �rG00

2 values as

described above using a Fe2+ concentration of 0.025 mM (i.e., the concentration after the first 10%

of the maximum reaction).

Ross et al., 200911 determined the second order rate constant of goethite reduction by reduced

riboflavin using UV-vis spectroscopy. Goethite was synthesized according to Schwertmann and

Cornell13 and the resulting particles had a surface area of 34 m2 g-1, as determined by N2-BET. Ross

13



et al. performed goethite reduction experiments at pH 7.0 and di�erent of goethite concentrations.

We derived a goethite reduction rate from the second order rate constant according to the procedure

in Shi et al.10. We determined the corresponding �rG2 value as described above for Shi et al.10.

14
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Figure S8. see next page
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Figure S8 (previous page). Free energy relationships for goethite and hematite in manipulation

experiments. Surface area-normalized initial reduction rates, rSA, for goethite and hematite are

shown versus the Gibbs free energy of the first electron transfer from two-electron reduced electron

transfer shuttles (EES) to the iron oxides (�rG00
2

) and versus the Gibbs free energy of the electron

transfer from the semiquinone EES to the iron oxides for one-electron EES (�rG00
1

). a, b, rSA values

measured in experiments at initial concentrations of oxidized EES species corresponding to 10% of

the initial concentration of the reduced EES (blue symbols). c, d, Changes in rSA values for goethite

and hematite over the course of single experiments (blue symbols). Rates and Gibbs free energies

were determined as described in Supporting Figure S9. Data from Figure 3a, b are re-plotted in gray

for reference.
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Figure S9. see next page
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Figure S9 (previous page). Changes in iron oxide reduction rate and Gibbs free energy during an

exemplary experiment with goethite and anthraquinone-2,6-disulfonate at pH 7.00. a, Absorption

spectra of mixtures of oxidized (AQDS
2�

) and reduced anthraquinone-2,6-disulfonate (AQDSH
2�
2 )

collected during the experiment. b, Changes in the fitted fraction of AQDSH
2�
2 during the experiment.

The concentration of Fe(II) at the midpoint between two sampling points (marked by x) was used

to calculate the Gibbs free energy of the first electron transfer from AQDSH
2�
2 to goethite, �rG00

2
.

The concentration values are given on the plot (in mM). c, Changes in the inverse of the fraction

of AQDSH
2�
2 during the experiment. The slopes between sampling points (shown as colored lines)

correspond to the observed rate constants, kobs, following equation S3 and are given on the plot

(in h
-1

). d, Relationship between rSA and �rG00
2

during the experiment. rSA values were determined

from kobs values in panel c using equation S4. �rG00
2

were determined using equation S6 and Fe(II)

concentrations in panel b. The color coding is the same as in panels a-c.
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Figure S10. Kinetics of processes a�ecting iron oxide reduction rates. Initial surface area-normalized

reduction rates, rSA, of (a) goethite and (b) hematite with di�erent EES are re-plotted in gray from

Figure 3a, b versus the Gibbs free energy of the first electron transfer from two-electron reduced

electron transfer shuttles (EES) to the iron oxides (�rG00
2

) and versus the Gibbs free energy of the

electron transfer from the semiquinone EES to the iron oxides for one-electron EES (�rG00
1

). Rates of

EES di�usion (orange) were estimated according to the procedure in Figure 5 in Glasser et al., 2017
15

using the di�usion coe�cients for pyocyanin therein and assuming spherical iron oxide particles with

diameters of 30 nm. The range of electron transfer rates from Fe(II) complexes on oxide surfaces to

underlying Fe(III) (green) were obtained by Zarzycki et al., 2015
16

in stochastic simulations of atom

exchange in Fe(II)-catalyzed recrystallization of goethite. Using the same method, Zarzycki et al.,

2015
16

determined rates of Fe(II) detachment from goethite surfaces (blue).

19



S2 Chemicals

7,8-dimethyl-10-[(2S,3S,4R)-2,3,4,5-tetrahydroxypentyl]benzo[g]pteridine-2,4-dione (riboflavin)

was purchased from Sigma. 3-(N-Morpholino) propanesulfonic acid (MOPS), acetic acid, and

anthraquinone-2,6-disulfonate were purchased from Sigma-Aldrich. 5-hydroxy-1,4-naphthalenedione

(juglone) was purchased from Aldrich. 2-(N-Morpholino) ethanesulfonic acid (MES) was purchased

from Merck. 1,10-Bis(cyanomethyl)-4,40-bibyridinium dibromide (cyano- methylviologen) was

synthesized and re-crystallized as described previously7,17.
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Figure S11. Electron microscopy images of goethite (a, b) and hematite (c, d). Particles were

deposited onto grids coated with a holey carbon support film and analyzed using a scanning trans-

mission electron microscope (2700Cs, Hitachi) operated at an acceleration voltage of 200 kV. For

image acquisition, bright field (panels a, c) and secondary electron (panels b, d) detectors were used.

Goethite particles were acicular with lengths of around 1 µm and widths of around 100 nm. Hematite

particles were diamond-shaped with diameters of around 30 nm.
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S3 Matlab code for deconvolution of absorption spectra

Absorption spectra were deconvoluted using the Spectr-O-Matic toolbox18 in Matlab (MathWorks)

according to the following code.

1 %% import data

2 spec_ref=specdata.load('ref.txt'); % reference spectra red and ox

3 spec_sample=specdata.load('GOE_A.txt'); % sample spectra

4 %% User input

5 t_vec=[0;25;65.16;134;270;1146.25;2000;4000]; % time vector

6 Nspec=length(t_vec); % number of spectra

7 wl_min=300; wl_max=500; % min and max wavelengths

8 spec_ref = spec_ref.setxlim([wl_min wl_max]);

9 spec_sample = spec_sample.setxlim([wl_min wl_max]);

10 %% Plot raw data and decompose

11 figure(001); set(001,'units','normalized','outerposition',[0 0 1 1])

12 subplot(2,2,1)

13 hold on

14 frac=zeros(Nspec,2); F=specdata(1,Nspec);

15 for i=1:Nspec;

16 plot(spec_sample(i))

17 c=spec_ref\spec_sample(i);

18 for j=1:2

19 frac(i,j)=c(j);

20 end
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21 F(i)=sum(spec_ref*frac(i,1:2));

22 R(i)=F(i)-spec_sample(i);

23 legendInfo{i} = ['spec' num2str(i)];

24 end

25 plot(spec_ref(1),'b'); plot(spec_ref(2),'r')

26 text(0.05,0.98,'ref_{red}','color',[0 0 1],'units','normalized')

27 text(0.05,0.9,'ref_{ox}','color',[1 0 0],'units','normalized')

28 legend(legendInfo)

29 ylabel('Absorption');xlabel('Wavelength (nm)');box on

30 %% Plot fits

31 set(0,'DefaultAxesColorOrder',cbrewer('qual','Set1',3))

32 figure(002);set(002,'units','normalized','outerposition',[0 0 1 1])

33 for i=1:Nspec

34 subplot(2,4,i)

35 hold on

36 plot(spec_sample(i),F(i),R(i))

37 legend('measured','fit','residual','location','south')

38 xlim([300 500])

39 ylim([-0.5 1.5])

40 txt_red={['f_{red}=',num2str(frac(i,1)/(frac(i,1)+frac(i,2)),3)]};

41 txt_ox={['f_{ox}=',num2str(frac(i,2)/(frac(i,1)+frac(i,2)),3)]};

42 text(0.05,0.95,txt_red,'color','k','units','normalized')

43 text(0.05,0.88,txt_ox,'color','k','units','normalized')

44 box on

45 end

46 %% Plot 2nd order fit
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47 figure(001)

48 subplot(2,2,2)

49 hold on

50 for i=1:Nspec;

51 plot(t_vec(i),1/(frac(i,1)/(frac(i,1)+frac(i,2))));

52 end

53 vec_fit=[1:4]; t_vec_fit=t_vec(vec_fit);

54 frac_red=1./(frac(vec_fit,1)./(frac(vec_fit,1)+frac(vec_fit,2)));

55 x=t_vec_fit;y=frac_red;

56 [data_x, data_y_f] = prepareCurveData( x, y );

57 ft = fittype( 'm*x+1', 'independent', 'x', 'dependent', 'y' );

58 opts = fitoptions( 'Method', 'NonlinearLeastSquares' );opts.Display = ...

'Off';opts.StartPoint = [0.001];

59 [fitresult, gof] = fit( data_x, data_y_f, ft, opts );

60 coeff=coeffvalues(fitresult);coeff_slope=coeff(1);

61 t_vec_plot=[t_vec(1):0.1:t_vec(4)];

62 plot(t_vec_plot,coeff_slope*t_vec_plot+1,'-','linewidth',1.5,'color',[0 ...

0.447 0.741])

63 txt_fit={['linear fit \it k\rm=',num2str(coeff_slope),'min^{-1}']};

64 text(0.95,0.95,txt_fit,'color','k','units','normalized')

65 xlabel('Time (min)');ylabel('1/frac_{red} (-)');box on
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Figure S12. Absorption spectra of extracellular electron shuttles (EES) collected during exemplary

iron oxide reduction experiments with (a) anthraquinone-2,6-disulfonate (goethite at pH 6.25), (b)

riboflavin (hematite at pH 6.75), (c) juglone (hematite at pH 5.00), and (d) cyanomethylviologen

(goethite at pH 6.25). Reference spectra of the fully reduced and oxidized EES species are shown in

blue and red, respectively. Experiments were performed as described in the Materials and Methods

section.
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S4 Kinetic analysis

We determined initial rates of goethite and hematite reduction, r0 [M h-1], assuming a second order

rate law (equation S1). We calculated initial rates for the first 10% of the complete redox reaction,

i.e. until 10% of the added reduced EES were oxidized.

r0 = �d[FeIII]
dt

= �d[shuttlered]
dt

=
d[shuttleox]

dt
= k · [shuttlered]↵ · [FeIII]� (S1)

where k is the second order rate constant [M-1 h-1], [shuttlered] and [shuttleox] are the concentrations

of hydroquinone and quinone species of the EES, respectively, in electron equivalents, and [Fe(III)]

is the concentration of Fe(III) in the oxide. In all experiments, [shuttlered]=[Fe(III)] at all times t.

Under the assumption that the reaction is first order with respect to [shuttlered] and [Fe(III)](i.e.,

↵=�=1), equation S1 integrates to equation S2.

1
shuttlered

=
1

[shuttlered,0]
+ k · t (S2)

where [shuttlered, 0] is the initial concentration of reduced EES. The concentration of reduced EES

at each time t equals the fraction of total EES that was reduced at time t multiplied by the initial

concentration of reduced EES, i.e., [shuttlered]= fred·[shuttlered, 0]. Substituting this expression into

equation S2 and multiplying by [shuttlered, 0] yields equation S3.

1
fred
= 1 + k · [shuttlered,0] · t = 1 + kobs · t (S3)

We obtained kobs [h�1] from a linear fit of equation S3 to 1/ fred versus t. An exemplary fit is shown

in Figure S13c. We normalized r0 to the initial iron oxide surface area to obtain rSA [mol m-2 h-1]
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using equation S4 .

rSA =
k · [shuttlered,0] · [FeIII

0 ]
SA · Mw · [shuttlered,0]

=
k · [shuttlered,0]2

SA · Mw · [shuttlered,0]

=
k · [shuttlered,0]

SA · Mw
=

kobs
SA · Mw

(S4)

where SA is the surface area of the iron oxide (36 m2g-1 for goethite and 46 m2g-1 for hematite), and

Mw is the molar mass of goethite and hematite per Fe(III) (88.85 g mol-1
FeIII for goethite, ↵-FeOOH,

and 79.85 g mol-1
FeIII for hematite, ↵-Fe2O3).
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Figure S13. Example for the determination of hematite reduction rates by reduced anthraquinone-

2,6-disulfonate at pH 5.00 (initial concentrations: 0.32 mM hematite-Fe(III) and 0.16 mM reduced

anthraquinone-2,6-disulfonate). (a) Absorbance spectra of anthraquinone-2,6-disulfonate were

collected at multiple time points during the experiment. (b) Changes in the fraction of reduced

anthraquinone-2,6-disulfonate (AQDSH
2�
2 ) over the course of the experiment were determined from

deconvolution of the spectra in panel a as described in the Materials and Methods section. (c) The

observed rate constant for hematite reduction, kobs [h
�1

], was determined from a linear fit of equation

S3 to 1/(fraction AQDSH
2�
2 ) versus time.
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S5 Thermodynamic calculations

Terminology. We follow the IUPAC convention of writing the reduction/oxidation potential of a

compound in the reductive direction. All potentials are referenced to the standard hydrogen electrode

(indicated by the subscript H). Standard reduction potentials (i.e., equal activity of all species) are

depicted by the superscript 0. Reduction potentials that are corrected for H+ activity (but for which

equal activities of all other species are assumed) are depicted by the superscript 00. The subscript 1,2

refers to the average two-electron transfer of the electron transfer shuttle (EES), and the subscripts 1

and 2 refer to the first and second electron, respectively, transferred during the reduction of the EES.

Calculation of Gibbs free energies. We calculated the Gibbs free energy, �rG00
x [kJ mol-1 electrons

transferred], for the reductive dissolution of goethite and hematite by reduced EES according to

equation S6 (equivalent to equation 19 in the main manuscript). The subscript x refers to the

first (x=1) and second (x=2) electron transfer during the reduction of the EES and the averaged

two-electron transfer (x=1,2).

�rG00
x = �n · F ·

�
EH(oxide) � EH, x

�
(S5)

�rG00
x = �n · F ·

✓
E

0
H(oxide) � 2.303 · R · T

F
·
⇣
log({Fe2+

aq }) + 3pH
⌘
� E

0’
H, x

◆
(S6)

where n is the number of electrons transferred in the reaction (n = 1 for the reduction of ferric to

ferrous iron), F is the Faraday constant, EH(oxide) and EH, x are the reduction potentials of the iron

oxide and the EES at experimental pH and ferrous iron concentration, E0
H(oxide) is the standard

reduction potential of the iron oxide (E0
H(oxide)=0.768 V19 and 0.769 V19 for goethite and hematite,
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respectively), R is the gas constant, T is the absolute temperature, and {Fe2+
aq } is the activity of

dissolved Fe2+ (calculated as the product of an activity coe�cient of 0.785 and the concentration of

dissolved Fe2+ 9).

We calculated E0
H, x values for the i) quinone/hydroquinone (x=1,2; average two-electron

reduction potential), ii) quinone/semiquinone (x=1; reduction potential at which the second electron is

transferred from the semiquinone to the second Fe(III) atom), and iii) the semiquinone/hydroquinone

(x=2; reduction potential at which the first electron is transferred from the hydroquinone to the first

Fe(III) atom) redox couple of the EES. Table S1 lists E00
H, 1,2 and E00

H, 1 values from the literature.

We used these values to calculate E00
H, 2 (given that E00

H, 1,2 is the average of E00
H, 1 and E00

H, 2). We

calculated all E00
H, x values using the experimental proton activity and assumed equal activities of the

hydroquinone, quinone and semiquinone species of the EES. This assumption was necessary because

we could not experimentally quantify the concentrations of semiquinone EES. In the following, the

procedures for calculating E0
H, x values are presented for each EES.
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Table S1. Experimental reduction potentials of the quinone/hydroquinone (E0
0

H, 1,2
) and

quinone/semiquinone (E0
0

H, 1
) redox couples of two-electron EES used to calculate Gibbs free energy

values in this work. Experimental E0
0

H, 1,2
and E0

0
H, 1

values were compiled from the literature and used

to calculate reduction potentials of the quinone/semiquinone redox couples (E0
0

H, 1
), as described in

the text. For comparison, calculated E0
0

H, x
) values from the literature are reported (where available).

Two-electron EES E0
0

H, 1,2
(V)

experimental

E0
0

H, 1
(V)

experimental

E0
0

H, x
(V)

calculated

Anthraquinone-2,6-

disulfonate

0.228
20

(pH 0.00) -0.255
1

(pH 7.00) 0.253
21

(x=1,2; pH 0.00)

Riboflavin -0.219
22

(pH 7.00) -0.318
6

(pH 7.00) -0.313
5

(x=1; pH 7.00)

Juglone -0.003
23

(pH 7.00) -0.095
3

(pH 7.00) -0.093
3

(x=1; pH 7.00)

Viologen -0.14
7

31



Anthraquinone-2,6-disulfonate: The pH-dependencies of the reduction potentials for the anthra-

quinone-2,6-disulfonate system are illustrated in the Supporting Figure S5a and the corresponding

molecular structures in Supporting Figure S1. In the pH range investigated herein (i.e., 4.50 to 7.25),

E00
H, 1,2 decreases by 0.059 V pH-1 with increasing pH24 (equation S7).

E
0’
H, 1,2 = E

0
H, 1,2 �

2.303 · R · T

F
· pH (S7)

where E0
H, 1,2=0.228 V20. We calculated E00

H, 1 and E00
H, 2 according to equations S8 and S924 (i.e., in

the pH range 4.50 to 7.25 investigated herein, E00
H, 1 is constant and E00

H, 2 decreases by 0.118 V pH-1

with increasing pH).

E
00
H, 1 = E

0 pH 7.00
H, 1 (S8)

E
00
H, 2 = 2 · E

00
H, 1,2 � E

00
H, 1 (S9)

where E0 pH 7.00
H, 1 =�0.2551.

Riboflavin: The pH-dependencies of the reduction potentials for the riboflavin system are illustrated

in Supporting Figure S5b and the corresponding molecular structures in Supporting Figure S2. These

dependencies were reported for flavin mononucleotide but are equivalent to those of riboflavin5,6,20,25.

In the pH range investigated herein (i.e., 6.25 to 7.25), E00
H, 1,2 decreases by 0.059 V pH-1 with

increasing pHpKRBFH2
a = 6.722 of reduced riboflavin (equation S10) and by 0.030 V above this

pH (equation S11).

E
00
H, 1,2 = E

0 pH 6.72
H, 1,2 � 2.303 · R · T

F
· (pH-6.72) (at pH  pH 6.72) (S10)

E
00
H, 1,2 = E

0 pH 6.72
H, 1,2 � 2.303 · R · T

2F
· (pH-6.72) (at pH > pH 6.72) (S11)
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where E0 pH 6.72
H, 1,2 was calculated from E0 pH 7

H, 1,2 =�0.219 V22 using a slope of 0.030 V pH-1. We

calculated E00
H, 1 and E00

H, 2 according to equations S12 and S13 (i.e., E00
H, 1 decreases by 0.059 V pH-1

with increasing pH from 6.25 to 7.25 and E00
H, 2 decreases by 0.059 V pH-1 with increasing pH 

7.00 and is pH-independent above this pH5).

E
00
H, 1 = E

00pH 7
H, 1 � 2.303 · R · T

F
· (pH-7.00) (S12)

E
00
H, 2 = 2 · E

00
H, 1,2 � E

00
H, 1 (S13)

where E00pH 7
H, 1 =�0.318 V6.

Juglone: The pH-dependencies of the reduction potentials for the juglone systems are illustrated

in Supporting Figure S5c and the corresponding molecular structures in Supporting Figure S3. In

the pH range investigated herein (i.e., pH 4.50 to 5.00), E00
H, 1,2 decreases by 0.059 V pH-1 with

increasing pH at pH  pKa of 6.60 of the hydroquinone species4 (equation S14) and by 0.030 V

pH-1 above this pH3,8 (equation S15).

EH, 1,2 = E
00pH 6.60
H, 1,2 � 2.303 · R · T

F
· (pH-6.60) (at pH  6.60) (S14)

EH, 1,2 = E
00pH 6.60
H, 1,2 � 2.303 · R · T

2F
· (pH-6.60) (at pH > 6.60) (S15)

where E00pH 6.60
H, 1,2 was calculated from E00pH 7

H, 1,2 =�0.003 V23 using a slope of 0.030 V pH-1. We

calculated E00
H, 1 and E00

H, 2 according to equations S16 and S173,8 (i.e., in the pH range 4.50 to 5.00

investigated herein, E00
H, 1 is pH-independent and E00

H, 2 decreases by 0.118 V pH-1 with increasing

pH).

E
00
H, 1 = E

00pH 7
H, 1 (S16)

E
00
H, 2 = 2 · E

00
H, 1,2 � E

00
H, 1 (S17)
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where E00pH 7
H, 1 =�0.093 V3.

Cyanomethylviologen: Cyanomethylviologen undergoes pH-independent electron transfer reactions,

as illustrated in Supporting Figure S5d (corresponding molecular structures in Supporting Figure

S4). Viologen compounds have stable semiquinone species because the first electron transfer to the

compound during its reduction occurs at higher reduction potentials than the second, i.e., EH,1 >

EH,2. In our experiments, we used the semiquinone species of cyanomethylviologen as reductant for

goethite and hematite. Therefore, only E00
H, 1 was relevant for our experiments which was calculated

according to S18.

E
0’
H, 1 = E

0
H (S18)

where E0
H=�0.14 V for cyanomethylviologen7.
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