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Supplementary Note 1: Derivation of the mixed potential, the current at mixed
potential, and the overpotential under different approximations

We can derive the expressions for the mixed potential, the current at the mixed
potential, and the overpotentials (|r)m‘X| and |nm1x|) under different approximations. Here,
we consider three approximations: (a) the two half-reactions have the same transfer
coefficient, (b) Tafel approximation (different transfer coefficients), and (c) linear
approximation of Taylor expansion.

We assume that the equilibrium potential of half-reaction 2 is greater than that of half-

reaction 1 (gb; 1> gbf ). This means that half-reaction 1 proceeds in the anodic oxidation
direction, while half-reaction 2 proceeds in the cathodic reduction direction.

(a) The two half-reactions have the same transfer coefficient (¢, = a; = a)

In mixed-potential-driven catalytic reaction systems in which @; = a, = « exists, the
condition that the algebraic sum of currents for half-reaction 1 and 2 on component I and
II is zero becomes
( A-a)ff™ _ e—afn'l‘“") +i1° ( - _ —afnm”‘)

+il° (e(l—vz)fn‘z“iX —afnm”‘) (S1-1)
+ il ( a-afng™ _ —afnm”‘) =0

The overpotentials upon the formation of mlxed potential, n™* and n* are defined as:
= pmix — (S1-2)
le — d)le (81_3)

At the condition that g5 > ¢p;%, nix and niX are positive and negative, resepectively.
Substituting overpotentials into Eq. (S1-1) gives:
(87 + i) (-rtem =4 e—af(¢mix—¢eq>)

(S1-4)

By extracting the exponential terms of mixed potential e 1=®f ¢™ and e~ ™ one can

rearrange Eq. (S1-4) to Eq. (S1-5):

e(-a)fpmi (i{" + i{lo) ~A-a)f ¢St _ p-asem (i{" + i{l") eaf 7
+ e(-Oro™ (110 4 i) -3 (S1-5)
_ p—afem (i§° + l-g") e®f b5 =

ol

Then, by organizing e 1~®f ¢™ terms and e~ $™ terms to the left-hand and right-han,
sides of the equation, respectively, Eq. (S1-5) can be reduced to:
o (1—a)fpmix [( il® + i{lo) e—(1-a)f 5T 4 (i;" + l-g") e-(1—)f ¢

mix e e 81-6
e [ N R G S P (51-6)
Thus, the mixed potential p™* is given by:
o (i + %) e o 4 (id” + if17) e 2
d™X = ZIn (S1-7)
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Eq. (S1-7) indicates that the mixed potential ¢p™* must be located between cpf 9and ¢>§ 1,
Substituting the obtained ¢™* of Eq. (S1-7) into the current of reaction 1 or reaction 2
gives the current at mixed potential, i™* In this context, we present the expression for
i™X ysing the current of the anodic reaction 1, represented as i + ill:

l-mix — |l{ + l{ll — (l{‘) + l;I[IO)( (1- a)fnm”‘ _afnmu()

10 . .0 0 .10 (65_¢59) 1—a
([

it i) + (i + ) e (s (et o

( (i{o + i{lo) + (i%o + il ) af(¢31-91%) -
- (lI

'10 + i{lo) + (iéo + i”o) e~(1-@)f(¢3°-¢7")

(S1-8)

mix mix

The absolute value of overpotentials |77 | and |77 | can be written by using the ¢™* of

Eq. (S1-7) as below:

eq €q (l:IlO + iZIlIO)
eaf(d)z _¢'1 ) +—

0
ot T
HOETH “°)
e (1= (6;0-07%) 4 ( )
( + lHO)
(60 (-1 4 .110)

Egs. (S1-9) and (S1-10) indicate that the kinetic parameter, ratio of exchange current

o~ (1= (65-079) 4

| mix| — 4€d _ d)mix — 11]’1 (S1-10)
T’Z 2 f

0, .0\ (.10 , .10 . : e .
(lé + il ):(l{ + il ), determines the total overpotential partitioning in mixed-
potential-driven catalysis.

(b) Tafel approximation (different transfer coefficients)

Now we consider the case that both overpotentials are large enough (|n|)RT/F), such
that the reverse reaction current can be ignored. Under this condition, the requirement for
the sum of the four currents to be zero is as follows:

il 0, (1—ap) o= _|_lII e (—a) P _ iIO —apfngx _lél —af1 — o (S1-11)

Again, substituting overpotentials into Eq. (S1-11) yields:
(18" + 1) eCmans (@™ =07 = (110 4 i7) gmaas (O™-45%) (S1-12)

2

which can be rearranged to
o (1—ar)fpmix (i{ o i{lo) e~ (1-anf¢r?

(S1-13)

_ mix .10 110 eq
— o—f® (lé +ill )ea2f¢2

Eq. (S1-13) can be rewritten as:



O 0 IN L

10

11
12

13
14

15

e-anromx (174 f1%) s 95"
=75 5 g (S1-14)
e—azf® (ii + il ) e—(-a)f¢;
Thus, the mixed potential with Tafel approximation is given by:
| 1 (id° + i) ewar 2
mix _ n S1-15
d) (1 - 0(1 + az)f (l]I-O + i:ILIO) e_(l_al)fd)fq ( )

The current at mixed potential is:
imix = |l 4 11| = (i{O 4l ) (1—ay) fpinix

(i° + i)
= (iio + ii‘o) S T 7 paaf(#30-91%)
('IO + 'IIO

1—0(1

(1-a;+az) (S1-16)

Further, we show |nm‘X| and |nmlx| by applying the ™ of Eq. (S1-15):

10 , .10
| mlxl ¢mix ¢eq (¢ ¢EQ) + (lz e ) (Sl 17)
K (1—a +a) R Gy ( +l{10) -
0
B PP et N O S N G i PP
7 z T (A-atay) ! (1-a;+ az)f ( + 1110) )

which shows that the partitioning of total driving force gbz qbl mainly depends on the

. g0 .0\ /.10 . .10\ . . . .
ratio of (lé + il ) : (l{ + il ) with the logarithm dependence. Another important point
is that the transfer coefficient a; and a, will also contribute to the partitioning.

(¢) Linear approximation of Taylor expansion
At sufficient low overpotentials, current can be expressed by a linear expression:

i=i%n (S1-19)

2
when only zeroth-order and first-order terms of exp(x) =1+ x + x? + ---, are employed,

and second-order and higher terms are ignored. The condition of zero net current for
forming mixed potential under linear approximation becomes:

i Fr 4 1 frmix 4 f° pymix 4 g1° pymix = g (S1-20)

Substituting the overpotentials of Egs. (S1-2) and (S1-3) into Eq. (S1-20) and rearranging
it yield:

10 0, 0 .0 -
(l{ +i5+ i+ il )fcpmlx
__ (.10 .110 eq .10 .110 eq
—(l1 + 1 )f¢1 +(lz + 13 )f¢z
Thus, mixed potential ¢™* and current at mixed potential can be obtained as follows:
(110 n iIIO) eq (iIO n iIIO) eq
1 1 1 2 2 2

'IO .HO 'IO 'HO

(S1-21)

(S1-22)

¢mix —
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110 eq

_ ) (¢ - ¢ )

imix = (if° 4 1) i = (i1 + i{l")( ) ~ (S1-23)
L
The ¢™ of Eq. (S1-22) with the linear approximation greatly simplifies the mathematics
for the expression of the absolute value overpotential |nmlx| and |nmlx|.
10, .10

mix mix _ 4 eq (12 i eq _ seq

[n™| = ¢ — ¢y = 10 110 (02" = #17) (S1-24)

no , .10 I
i tip +ip; +i;

(i{ + i”o)

|77le| — ;q _ cpmix — —5 5 (¢ ¢1eq) (S1-25)
L] )
Then, an explicit equation for overpoten‘ual partitioning can be obtained as:
1 1
] 5| = : (S1-26)

0 + I::ILIO ".10 +i 'IIO
which suggests that the total driving force ;1 — ;1 is divided into |nm1x|and |r)m‘X|1n

. . 0
proportion to the reciprocal of exchange currents (l{ + il ) and (lé + il ) ,

respectively.
Furthermore, the dissipated heat of reaction 1 and 2 can be expressed by:

1X(l1 + l{l) Uﬁmx(lz + lél) _ |77le| % l-mix . |77le| % l-mix

= |17m1x| X (11 )fnmlx : |77le| X ( L2 lZ )fnénlx (81-27)
|77le| : |n£nix| _ 1 1

i+l i il
which indicates that between reaction 1 and reaction 2, the slower reaction consumes more
energy and generate more heat, as it requires the larger overpotential to proceed.
Substituting the equations of currents with linear approximation gives the heat production
of reaction 1 and 2 on each of components I and II as:

nimxll nimxlil 7,’mlxlé 7,’mlx 11

— nimx Xl fnmlx . 77mlx X lllofnmix . 7,’mlx Xl f’?mlx . 77mlx % lll fnmlx

- (nimx) X ll (nmlx) X i{l (nmlx) X lz (nmlx) % l%lo

2 2 2
= —1 )il ) <. —1 x ib’: —1 x iy (S1-28)
110 S WO e 110 z 110 2
+i; i +i; + i +L1

10 -110 -10 110

(8 + %) (2° +L;I°)2 (i +L;I°)2 (8°+ %)’
However, Eq. (S1-28) indicates that the faster reactions (with higher exchange current)
between the same half-reaction on difference components (for example, reaction 1 on
component I, i}, and reactlon 1 on component II, il') will consume more energy and
generate more heat because i} and i!! have the same overpotential.

Supplementary Note 2: Adjustment of the overpotential partitioning based on the
ratio of the exchange currents

Now, we understand that the total driving force (overpotential) is partitioned between
the two half-reactions, primarily based on the exchange current, i®. To facilitate some

6



O o0 3 NN W=

10
11
12
13
14
15
16
17
18

19
20

21
22
23

24

kinetically challenging half-reactions and enhance the net reaction rate by adjusting the
overpotential partitioning, it's crucial to comprehend the nature of the exchange current.
The exchange current (i°) is a parameter where the forward and reverse currents are equal
and opposite at any given composition. Furthermore, i® can be characterized by the
activation energy when the reaction is at an equilibrium potential relative to the solution
chemistry (/). Thus, i® is a kinetic parameter and correponds to catalytic activity.
Exchange currents i{o, i{lo, iéo and iélo of reaction 1 and 2 on components I and II are
expressed using the surface area, substance concentration, frequency factor, and activation
energy as:

i{o = nAlva{fe_%Col(l_“l)CRlal (S2-1a)
10 = AUl e~ RrC (-0 (S2-1b)
i1% = nAIZFvéfe_%Coz(l_“Z)CRZ“Z (82-1c)
iélo = nAIZIFvélfe_g_éTICOZ(1_“2)CR2“2 (S2-1d)

where A}, Al AL and AY are the available surface area of the reaction 1 and 2 on
components I and I, respectively, Cq,, Cg,, Co,, and Cg,are the concentration of species
01, Ri, Oz, and Ry, respectively, v;¢ and v, are the frequency factors of the reaction 1 and
2, respectively, E1, E', E} and El! are the activation energies at standard redox potential
of the reaction 1 and 2 on components [ and II, respectively, and n is the stoichiometric
number of electrons consumed in the electrode reaction (in our case, n = 1).

There are several ways to tune the overpotential partitioning. However, the
fundamental concept remains consistent: all adjustments should aim to modify the ratio of
the exchange currents. For simplicity, we assume a single oxidation reaction and a single

. . .10 110 .
reduction reaction take place on each catalyst component (while i}~ and i}l remain, but

10 110 . .
iL” and il are zero). Then, the two overpotentials can be written as:
.10
i
af (¢ 0-¢7") 4 L
e + 110

. . 1 L2
|nin1x| — ¢m1x _ 1eq =—In 10 (S2-2)
e~(-f (959-97%) 4 1L

ly
'HO

e(l—a)f(d’;q—(l)leq) + l,ZI_O
L

mix eq mix 1
N3] = ¢pg? — p™* =—In — (S2-3)

e e l
e_af(¢2q_¢1q) + 2_0

2!
In this case, we are particularly interested in the product O; generated in the slow oxidation
reaction Ry 2 0; + e~. We can use the polarization curve to understand how to enhance
the net reaction rate to get more O; by adjusting the overpotential partitioning, as shown in

Supplementary Fig. 1. Here, the key is to increase the ratio of (1/i1%): (1/i1®). Assumed

7
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a constant value of i{o , we can increase the value of i%lo of the reduction reaction O, +
e~ 2 R, by modifying the surface area, substance concentration, catalyst component (as
specific reactions have varying intrinsic activation energy, frequency factors, and transfer
coefficients on different catalysts), as Eq. (S2-1d). As a result, the position of the mixed
potential will approach to gl); 9 leading to a different overpotential partitioning based on
the ratio of the exchange currents. Essentially, more overpotential is allocated to the slower
oxidation reaction, while less overpotential is assigned to the faster reduction reaction. The
crucial outcome here is that this adjustment yields a higher net reaction rate or mixed
current (™).

Supplementary Note 3: Derivation of the Eqs. (23)—(25) for direction of the current
flow or electron transfer between components I and 11

The flow of currents or electrons into one component is balanced by currents or
electrons out of the other component. The direction of current flow or electron transfer
between components I and II is determined by whether the current values for each
component (il + i} and il + il for compoenet 1 and II, respectively) are positive or
negative. A positive value means current flows out, while a negative value indicates current
flows in. For instance, in Case A, the current flows out of component I and into component
II, calculated as i} + i} > 0 and il + i)' < 0. Note here that the current flow between
compoenets is what can be measured by using a single cell or H-cell as short-circuited
current between anode and cathode, as referenced in (2—4). This value differs from the
mixed current, {™X = |l{ + i{l| = |l£ + i£1|.

Noteworthy that both Tafel approximation and linear approximation can be employed
to derive the equations for determining the direction of the current flow or electron transfer
pathway between component I and II. Remarkably, the results obtained from both
approximations are identical.

First, we show the derivation process of Case A that component I is anode and
component II is cathode in total (that is, the current flows from component II to I) under
Tafel approximation. The currents of reaction 1 and 2 on components I and I under Tafel

approximation can be written by using the obtained mixed potential of Eq. (S1-13):
(1-ay)
10 .10 (1-ai+az)
it =it CRLY (83-1a)
(i{o + i{lo) PRGYICA o
0 0 c (1-aq) 5
.1 .11 1-ait+ay
1= 0 (67 + &) (S3-1b)
(i{o + iiIO) g2/ (927-¢:")
e
10 .10 (1-ai+az)
i, +1i
il =—° (2 2 ) (S3-1¢)
(l-{o n i{lo) e (1-a)f (670977
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0 0 1-a,+a
(l£ +lII) (A-ai+az)

I
2 | 70

___Tay (1-ay)
10 iL% 4 1%\ O-artaz) e(lzaT;z)f(d’;q ~91")
i +lHO

T . (S3-1d)
(ii + )e(l—al)f(qb -¢7%)
The condition of Case A is that the current flow is from II to I, as expressed by:
il+il>0andil'+il <0 (S3-2)
The former inequation
i+il>0 (S3-3)
is equivalent to:
l{
—>1 (S3-4)
Substituting the Egs. (S3-1a) and (S3-1c¢) into Eq. (S3-4) gives:
(1-ay)
o (l_éo + l;lo) (1—a1+a2)
lZIl 0 0 eq eq
(i° + i) emeas (03701
—— > 1 (S3-5)
.1 0 IIO (1—0{1+a2)
(1° + %)
2 (1{0 + iilo)e(l‘“l)f("’ 1)
which can be rearranged to:
10, .11 (1-ay)
p0( Tl \aa iy
l _ 1+a;z a,(1-aq) e e
1 (lio + i{‘°> eTarrayy (42 91)
>1 (S3-6)

The exponential term can be cancelled out. Thus, Eq. (S3-6) can be reduced to:

0TS
L{ il +ill

— (S3-7)
l;o l;o + 1“0
Similarly, the latter inequation
i'+il'<o0 (S3-8)
can be equivalent to:
i 1{0 +il°
110 110 (53-9)
i) + iy
through Egs. (S3-1b) and (S3-1d). Then combining Egs. (S3-7) and (S3-9) gives:
0 g0 110 110
i 11 + 05 Iy
10 110~ 10 (83-10)
i) + iy ly

Thus, we can obtain the equation for current direction in Case A:
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Case A: 11[0 >

110

(83-11)

(S3-11) becomes smaller-than sign and equal sign:

The equation for current direction in Case B and C is that the greater-than symbol in Eq.

1o 10
Case B: 75 < %5 (S3-12)
Case C: =5 = =5 (S3-13)
lH lH

Next, we derive Case A under linear approximation. The currents under linear

approximation can be written by using the obtained mixed potential of Eq. (S1-22):

;10 eq
, g0 \!2 (¢ ¢1 )
il =il f( - -110) - —5 (S3-14a)
ll +1 + lz +1,
10 110 eq eq
) o (2 t1z (27— ¢17)
lII - l:ILI ( IO 'IIO) 'IO 110 (S3-14b)
i +i; +iy; +1i;
110 eq
_ o (ll )(¢ — ¢59)
ip=—iy f TTCTLIT (S3-14c)
Ol il 4l
eq
0 ( )(¢ - %)
il =—il% i —5 (S3-14d)
The condition
il +il<o0 (S3-15)
can be written as:
.10 .0 ' 0
o, (B + 4 )(qb a2 T (" +af )(qb o) _
I ! (S3-16)
h 10 o0 o Tl f 10 o0 110
i+t 4+ +12 b+t 4+l +12
Solving Eq. (S3-16) gives:
i1 g+
— —0 (S3-17)
il + il
which is the same as Eq. (S3-7). Slmllarly, the condition:
T+l >0 (S3-18)
can be equivalent to:
110 .10 .110
iy ii +1i;
0 i’ 4 (5319
Thus, we can obtain the equation for current direction in Case A by combined Eqgs. (S3-17)
and (S3-19):
10 10
Case A: 10 > 110 (S3-20)

10
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which is the same as Eq. (S3-11). The similar derivations can be applied to Case B and C.
Thus, the same equations for Case A-C to determine the direction of the current flow can
be given by both Tafel approximation and linear approximation.

Furthermore, we consider the kinetic nature of Egs. (S3-11)-(S3-13). Now,
introducing the exchange currents of Eqs. (S2-1a)-(S2-1d) into Eq. (S3-11) or (S3-20)
gives:

E] E}
I, = (1-aq) a I I - (1-ay) a
nAiFvise RTCo, YCp, T S nAzFvyee RTCo,~ "2 Cgr, ?

(S3-21)

Ell E]!
nAlFvile RTC, 0 1 nAlFvile RTC, 1) 2
Recognizing that the constant term F and concertration terms in the Eq. (S3-21) can be
cancelled, the expression may also be reduced further by assuming that the product of
surface area and frequency factor for four currents are the same:

Aol = AVl = Al = A (5322
Then, Eq. (S3-21) can be simplified as:
B B
RT RT
e_n > e_n (S3-23)
E! EJl

e RT e RT

which can be rearranged to:

El —E)<E'~El (S3-24)

Here, the activation energies in Eq. (S3-24) are the activation energy at standard redox
potential, which can be defined by the activation energy where no potential difference
between electrode and electrolyte and the standard redox potential (5). For example, E}
can be expressed by:

El =Bl —a,Ff = B + (1 - a))F g (83-25)

where E{f and E{r is the forward and reverse activation energy where no potential
difference between electrode and electrolyte for reaction 1 on component I, and ¢? is its
standard redox potential. The same dedinition is applied to Eil, E} and E}'. Then, Eq. (S3-
24) can be rewritten as (here, using forward or reverse activation energy does not matter,
and we choose to use forward activation energy term)

(Bt = aaF 00) = (B3 — aoF 09) < (BI" — caFg?) = (EY" — o) (53-26)

which can be reduced into:

Case A: Bl — L < BN — gl (83-27)

As for case B and C, the derivation process is almost the same, and the equations expressed
by forward activation energy are:

Case B: E{f - Eéf > E{If - Eélf (S3-28)

Case C: EI' — ' = gll' — glIf ($3-29)

11
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Egs. (S3-27)-(S3-29) represent that the direction of the current flow or electron transfer is
determined by value of the difference of the intrinsic activation energy.

Supplementary Note 4: Estimation of error when using Tafel and linear
approximations

By solving the mixed potential condition that the net current is zero numerically: il +
il + il + ill = 0, one can get the exact mixed potential value of the system with the known
values of exchange current, the equilibrium potentials and transfer coefficients of each
reaction. By comparing the direct numerical result of mixed potential (denoted ¢piX ) with
the approximate forms of mixed potential (¢p™X, using Tafel approximation and ¢pIiX
using linear approximation), we can estimate the error and then determine the suitability of
different approximations for varying systems.

Which approximation method is more suitable mainly depends on the exchange
current of the two half-reactions for a specific mixed-potential-driven catalytic reaction
system. In other words, the ratio of iéo + iélo and i{o + i{lo is the key point to evalute the
suitability of approximations for one system. For simplicity’s sake, we can fix the value of
i{o + i{lo and change the value of iéo + i%lo. The exact values of parameters are shown in

Supplementary Table 1. The exact numerical results of pTX | pMIX, and pMIX can be
obtained based on the above given parameters, as shown in Supplementary Fig. 2.

It is not surprising that linear approximation performs significantly better than Tafel
approximation and is nearly consistent with the actual value in the case of Supplementary
Fig. 2A. The difference between qble 9 and ql);3 9 is very small and the mixed potential must
locate between d)f 9 and ql);3 9. Consequently, the overpotentials are sufficiently small,
satisfying the condition for the application of the linear approximation. Additionally, we
exmine a mixed-potential-driven catalytic reaction system characterized by a larger
equilibrium potential difference. Therefore, we modify ¢f 9 from 0.4 V to 0.1 V to check
the error when the difference between d)f 9 and ql);3 9 is large. All other parameter values
remian unchanged. The comparation of TIX  pMIX and ¢pMiX  under these conditions is
presented in Supplementary Fig. 2B. It is clear that Tafel approximation is much better

when the difference between gbfq and d);q is large. However, if the ratio of (ié0 +
igo): (i{0 + i{lo) is very large or small, Tafel approximation will give a mixed potential
that is outside the acceptable range, which should have located between d)f 9and ql);3 9 as
shown in both Supplementary Fig. 2A and B. In this case, we have to employ linear

. . . . . . .10 'HO . 'IO 'IIO .
approximation to obtain the mixed potential when the ratio of (i, +1i; ):(i; +1i; )is
very large or small whatever the difference between gl)f 9 and gl); 9,

Supplementary Note 5: Derivation of Eq. (30) for the energy conversion pathway in
the mixed-potential-driven catalysis

The change of the total Gibbs free energy of the reaction system, at constant presure
and temperature, for the net reaction Equation (3) in the main text is expressed by:

dGSyS = l’toldNol + ALledNRZ + ‘LlRldNRl + MOZdNOZ (SS'])

12



03 N D

10
11

12
13
14
15
16
17
18
19

20
21
22
23
24
25
26
27
28
29
30
31

where Ug,, Ur,, Ur,» and po, are the chemical potential of the species Oy, R, Ry, and Oy,
respectively, and dNg , dNg,, dNg,, and dNp, are the change in mole numbers of the
pecies 04, R,, Ry, and O,, respectively. The extent of reaction is defined as:

wn

df = —CUVO1 = _dNRZ = dNR1 = dN02 (85-2)
In general, we have:
dNy
dé =— (S5-3)
Vk

where vy 1s a stoichiometric coefficient of species k in the chemical reaction, which is
defined to be positive when species k is a “product” in the chemical reaction, negative
when species k is a “reactant” of the chemical reaction (6). Then, the rate of chemical
reaction can be written as:

v= % (mols™1) (S5-4)

The Gibbs free energy change of the net reaction, AG,, is obtained as the derivative
the total Gibbs free energy of the reaction system with respect to the extent of reaction as
follows:

dc
AG, =—L = Z Vichi (S5-5)
k

d¢
where py is the chemical potential for species k. Equation (S5-5) indicate that AG, is the
chemical potential difference between reactants and products (7, 8).

De Donder formulated the thermodynamics of irreversible chemical transformations
and was able to relate the “uncompensated heat” in a chemical reaction to the affinity A,
defined as the driving force for chemical reaction and given by chemical potential
difference between reactants and products (9). In our manuscript, we define the total
driving force is Gibbs free energy drop of the net reaction, which is also the chemical
potential difference between reactants and products. Thus, one can write:

dGgys _
p’T k

The driving force —AG, can be illustrated as the slope of G vs. ¢ plot at constant pressure
and temperature, as shown in Fig. S3. Since chemical potentials vary with the composition
of a reacting mixture, the slope of the G vs. ¢ plot changes as the reaction proceeds. A
reaction that spontaneously converts reactants to products has a negative slope, which
means that the driving force is above zero (—AG, > 0). Also noteworthy is that —AG, is a
concept that relates irreversible chemical reactions to entropy production, and —AG, drives
the reactions irreversibly towards equilibrium. At equilibrium, the driving force —AG, = 0
as the Gibbs free energy of the system reaches to its minimum value Gpjp at §eq (8).

The Gibbs free energy drop of the net reaction can be converted into the corresponding
equilibrium potential difference, which is the electromotive force of the reaction
considered (10, 11). The relationship of the Gibbs free energy drop, the equilibrium
potential difference, and overpotentials can be expressed by:

—AGI. — nF(¢>§q _ ¢f‘]) — an(d);q _ ¢mix + d)mix _ d)pr) — an(|ninix| + |n£nix|) (85-7)

—AGrEAE—<
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where n’ s the electron transfer number in the rate limiting step, respectively. We assumed
n=n’"=1 in the main text for simplicity so that we get Eq. (21). The following equation
demonstrates the proportionality between the rate of the chemical reaction and the reaction
current:

¢ i

== S5-8
dt nF ( )

where n = 1 in our case. Thus, one can write the equation for the conversion from Gibbs
free energy to electric energy in the mixed-potential-driven catalysis as:

¢ —AGy

dGeys -
- == (86 = =
F

df € mix mix|);mix
= & o (55— B )F T = (] + i | (55:9)

Supplementary Note 6: Expansion for general system with external electrochemical
work

The framework of mixed-potential-driven catalysis can be extended to systems that
perform electrochemical work for external parties. A typical example is a fuel cell in
operation. In biological systems, enzyme complexes such as complexes [ and IV of the
mitochondrial respiratory chain are classified as this system (/2). In complexes, anodic and
cathodic reactions are paired, and part of the difference in their equilibrium potential is
used for the electrochemical work of pumping protons out of the matrix and into the inner
membrane space (13). Letting the electrochemical work extracted externally be AW |

the total overpotential that can be used to drive the reactions is given by d);q — f 4

APWO™®  as shown in Supplementary Fig. 4. The overpotential distributed to anodic

reaction 1 and cathodic reaction 2 is given by solving il + il + i} + i}l = 0 under linear
approximation as follows:

(12 + ;IO)
b Sl i i
1 i

010
P11 I
L5

)
+ It
P Cll s I
2 IO+ “0+ Io+i£IO

I mix m1x| —

(¢;q _ ¢fq _ A¢work)
(S6-1)

+ l“o

As can be seen from equation (S6-1), the principle of overpotential partitioning remains
the same even when the reaction system performs external electrochemical work. The sum
of the overpotentials d); 1 f 1 — A¢p"WOrK is distributed between reaction 1 and reaction

2 according to the ratio of the exchange currents.

Supplementary Note 7: Effects of mass transport

In the case of no mass-transfer effects, the surface concentrations do not differ
appreciably from the bulk values and the current increases rapidly with greater
overpotential due to dominating exponential factors. However, with the consideration of
the mass transport effect, one must distinguish carefully between bulk and surface
concentrations. In the net reaction of Eq. (3), the reactants are R; and O, so that their
surface concentrations are smaller than their bulk concentrations. In contrast, the surface
concentrations of the products, O; and R, are greater than their bulk concentrations.

14
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We consider an extreme case where one reaction is solely charge-transfer controlled
and one reaction is completely diffusion limited. The mass transfer effects can be neglected
in the anodic half-reaction 1. However, the reaction current of the cathodic half-reaction 2
is expressed as a diffusion limiting current. With consideration of mass transport, the
current against potential curve levels off at extreme overpotentials. In these level regions,
the current is limited by mass transport rather than activation kinetics. Indeed, this situation
is applicable in the cases when (i) the difference between equilibrium potentials is large
(i.e., the driving force, qbze 1 qble 4 is large), (ii) the value of exchange currents is large (i.c.,
polarization curves rise steeply), and (iii) the concentrations of the reactants are low.

We can use illustrated polarization curves to understand how the mixed potential and
reaction current will change, as shown in Fig. S5. Then, the reaction current at mixed
potential i™¥ is equal to the diffusion limiting current of half-reaction 2. As a result, the
mixed potential would move away from reaction 2 and toward reaction 1 compared to the
case where there is no diffusion effect in reaction 2. The mixed potential is determined by
the equilibrium potential and exchange current of half-reaction 1 and the mass transfer
coefficients and reactant concentration of half-reaction 2.

15
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Supplementary Figure 1. Illustration of the polarization curves to understand how to
enhance the net reaction rate by adjusting the overpotential partitioning. The polarization
curves for half-reaction 1, R; 2 04 + e~, on component I (i}) and half-reaction 2, 0, +
e~ 2 R, on component II (i}). The driving force of knetically difficult half-reaction 1,
X can significantly be increased by coupling the more kinetically favorable half-
reaction 2 which has large l-1210_ In other words, more overpotential is given to the

kinetically difficult half-reaction 1 and thus enhances the net reaction rate according to the

. .10 .0
ratio of iy : iy .
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Supplementary Figure 2. The value ¢7X,, p™iX | and ¢pMIX_ as the change of ratio of

(5" +%): (8% + 1% when the difference between @2 and P is (A) 0.1 V
(7P =0.4Vand ¢,% =0.5V)and (B) 0.4 V (¢]P = 0.1V and ¢,* = 0.5V).
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Supplementary Figure 3. As the reaction proceeds (represented by motion from left to
right along the horizontal axis: Extent of reaction &), the slope of the Gibbs free energy
changes. Equilibrium corresponds to the zero slope where the extent of reaction goes to
$eq and Gibbs free energy of the system at its minimum value Gp;p.
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Supplementary Figure 4. Schematic diagram of the polarization curves and reaction
current when there is external electrochemical work A¢"°™* in the mixed-potential-driven
catalysis.
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[ No mass transport effect

Supplementary Figure 5. Schematic plots of polarization curves for two half-reactions
illustrate the mass transfer effect. Half-reaction 1 is solely charge-transfer controlled. The
solid and dash lines of half-reaction 2 represent the currents of no mass transport effect and
diffusion limiting, respectively. In this case, the mixed potential would shift to lower

potentials from ¢MX to GMiX’
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Supplementary Table 1. The set values of parameters for solving the numerical value of

mixed potential

Parameters Values

i1% 4 1° 1073 A cm™2

i+ i 10™° ~ 103 A cm™2
o3 0.4V (Fig. S2A); 0.1 V (Fig. S2B);
. 0.5V

aq 0.5

a, 0.5
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