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Table S-1. List of Symbols Used in This Work.

Symbol | Meaning®? Definition | Dimensionless
Symbol | Definition

ci concentration of species i in the solution eq 10 G eq S-1

[ surface concentration of species i eq 1l 0, eq S-5

I'm surface concentration of free adsorption site eq 1l G eq S-5

I total surface concentration of adsorption site eq9 K eq 17

v; ds rate for adsorption of species i eq 1l e eq S-5

; ds rate constant for adsorption of species i eq 1l — —

:ies rate constant for desorption of species i eq 1l lies eq 18
B equilibrium constant for adsorption of species i eq 12 e eq 19
E electrode potential eq 13 — —

a transfer coefficient eq 13 — —
vd adsorption-coupled reduction rate for species j eq 13 Vi eq S-11
kJrc d rate constant for reduction of species ] eq 13 — —
kJO . rate constant for oxidation of species j eq 13 — —
E) op apparent formal potential for ACET of species j eq 13 — —
kOC’J standard rate constant for ACET of species j eq S-8 AL eq S-11
E g’J formal potential for ACET of species j eq S-8 e eq S-11
V?Sads rate of inner-sphere reduction eq 15 V?Sads eq S-16




sat

k;)éoads standard rate constant of inner-sphere ET reaction eq 15 A %ﬂds eq S-16
E?S Ouws | formal potential of inner-sphere ET reaction eq 15 glosads eq S-16

v 85 rate of outer-sphere reduction eq 16 Vgs eq S-17
k%SO standard rate constant of outer-sphere ET reaction eq 16 A 85 eq S-17
E gé() formal potential of outer-sphere ET reaction eq 16 5702 eq S-17
let current eq7 1 eq9

A electrode area eq7 — —

v potential scan rate eq9 — —

D diffusion coeffiicent eq 10 — —

x distance from the electrode surface eq 10 X eq S-4

t time eq 10 T eq S-3

k gmt rate constant for protonation of species C eq S-18 K gmt eq S-22
V;ff rate for protonation of species Cags eq S-23 ;a:)dts eq S-24
ks;:)dts rate constant for protonation of species Cads eq S-23 srzgits eq S-25

B i diffusion-limited peak current Table S-4 | I Table S-6
12 current for reversible ET of saturated adsorbate Table S-4 | I5; Table S-6
ZET’ iy current for reversible ET of unsaturated adsorbate Table S-4 |1 %T, 0., Table S-6
i 1":“ limiting current for desorption of saturated adsorbate | Table S-5 | [ E‘; Table S-7
lpRcsat peak current for saturated adsorption Table S-5 |/ pRCads Table S-7
lde peak current for desorption of saturated adsorption Table S-5 nﬁr Table S-7




i i‘m limiting current for saturated adsorption Table S-5 |/ gm Table S-6
ads ads
’Iﬁ ; peak current for desorption of unsaturated adsorbate | Table S-5 |/ ﬁ ; Table S-7

@i=Ror O.?j=0 or Ou. ¢ See definitions of formal potentials.

Dimensionless Model. Cyclic voltammograms (CVs) of concerted and non-concerted
mechanisms were simulated in the dimensionless form by employing COMSOL Multiphysics 5.6
(COMSOL, Burlington, MA). The normalised current (eq 9) was simulated for the cycle of the potential
at the scan rate of v. A diffusion equation for species, i (= O or R), is given in either mechanism by eq 10

and solved in the dimensionless form given by

aC, aQCi
or | ox2 5-1)
with

Ci

Cizc— (S-2)
0
Fvt

T=ﬁ (8-3)

Fv
X=x, / RID (S-4)

The adsorption rate of species i is given by eq 11 and is normalised to yield

. . RT .

Vi =yi = {p.c.e —9.} (S-5)
ads adsr Fv des|"1 1" M 1

S

with

r.

0.=—

=T (S-6)

At the equilibrium, eq S-5 with V; ds=0 is equivalent to the Langmuir isotherm as given by
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p.C.= (S-7)

The rates of ET steps are defined by eqs 13—16 and normalised with dimensionless parameters
(Table S-2). The rate of the ACET step given by eq 13 is rearranged to yield

(l—a)F (E—Eg’o)]} (S-8)

0_70.0 _9F i pooy|_
vC—kC {COHMeXp[ RT(E EC ) 0 zexp

with
0,0_— (0] l—af O\ a -

kC _(kredc()) (kox) Iﬁs (5-9)

kO ¢

. RT 0
E0.0—F0 4 " (S-10)

C app F kO

(0).4

where k% Oand E g -0 correspond to rate constant and formal potential, respectively, at the standard

state, i.e., co=co= 1M and 6u = 6k = 0.5. Eq S-8 is normalised to define the dimensionless rate of the
ACET step as

RT
vg=vg—r - =Ag[cOaM( £Q) ~e-0,(€2) <1~a>] (S-11)
Similarly, eq 14 for the rate of the ACET step is rearranged to yield

Oads_ O’Oads _ﬂ — 0"Oads — (1_7&)17 _ Ov’oa(ls
vk {Hoexp[ T E-E,, C RO\ EXP = E-E_ (S-12)

with
0,0 (0] 1—-a
ads — ads O
ko —<kred) (koxco) T (S-13)
O
k adsc
' RT d 0
E) Qusm Oy = jp T (S-14)
ap F koads

[6).4



0,0 0,0 . . .
where k c ads and E c ads gre equivalent to rate constant and formal potential at the standard state with

cr=co=1Mand 6u = 6o =0.5. Eq S-12 can be normalised to yield the dimensionless ACET rate as

()uds— Ouds RT = Ouds Ouds & Oads (1-a) -
Vs =A 0o E¢ G ale (S-15)
S

In addition, the dimensionless rates of inner-sphere and outer-sphere ET steps are obtained from eqs 15

and 16, respectively, as

(0] (6] RT (6] (6] —a Oas(l_a)
Ve gy ool ) (5-16)
S
0
Yos [ RT . Y
Vgs:c—o FvD :Ags[co(égs) _CR(ggs)(l )] (5-17)

Eq S-1 is solved with dimensionless boundary conditions (Table S-3) to obtain a normalised
current response, /, against the electrode potential. In Case II, the surface concentration of adsorption sites

is given by I'y =I' — I' /= I';. The corresponding concerted mechanism involves an ACET step to yield
I= Vg. Alternatively, the non-concerted mechanism is based on an inner-sphere ET step to yield 7= VIC;adS.
In Case III, the surface concentration of adsorption sites is given by I', =I" — I',.. The normalised current

in the concerted mechanism is given by I= Vg. In the non-concerted mechanism, the normalised current

is given by I = Vgs/ x. The simulation of Case IV is detailed later.



Table S-2. Dimensionless Parameters and Nernst Equations for ET Steps

ET Rate Standard ET Rate Constant Electrode Potential Nernst Equation
Vo RT 0 [ F 0,0 J Co
(o 0 _10,0 $oc=exp| ——=| E-E_; 0 — —
As=kss \/ s 0S8 RT( 0s ) Gi6s c,
o) RT 0 F 0,0 4
Y ads Oads_ 0, Oads_ ads — _< _ 2 ads) 0,4 o)
IS A=k Fy Eig i =exp rr\E~Ei ™ =9
R
(0] . c. 0
VC AO0=£0,0 KT §8=exp[—(E—Eg’0)J £0= oM
C C TrFy ¢ Or
S
Vgads Aoads=k0’oads RT é ads=expli<E_ 0"Oads>J foads= 60
C C rst C RT C C CrOv




Table S-3. Electrode Surface Boundary Conditions of Concerted and Non-Concerted Mechanisms in Case II and IIT

Concerted Mechanism

Non-Concerted Mechanism

Case II Original Condition Dimensionless Condition Original Condition Dimensionless Condition
O dcg aC,, dcg aC,,
- e @ 0 _ e 04 yO _ o 50 _ — _ w0
D( Ox )_ VC vads ( 0X - K( VC+ Vads) g ox - vads 0X - Kvads
or a0 or 00
OadS _0 =VO 9 =yO0 _O =VO — yp_ads =yO _ Oads
ot ads or ads ot ads IS ot ads IS
Rads aFR =VO aHR =VO aFR =voads aHR _Voads
at - ot e dat 5 ot 15
Case 111
O dc ocC dc ocC
-D 0 =—0 - 0 =—xVO -D 0 =—0 - o =-yO
ox ¢ 0X < ox 08 0X s
R deg 0Cy deg 0C,
- —_ R _ — _ (VR _ —+0 _ R _ —yO0 _ VR
D( o )_ ads ( ox ) s Dl 17V 0s™ Yass ox )05 Vs
or 00 or 00
Raas __R =0 R E =yO4 yR K =yR R =VR
ot C ads or C ads ot ads or ads




Kinetic Zone Diagrams. We developed kinetic zone diagrams (Figures 1 and 2) by using both

numerical and analytical approaches as follows.

Step 1. CVs were simulated numerically for various combinations of ﬂides and x with a given p value to

find a characteristic CV for each kinetic zone.

Step 2. A peak or limiting current of a characteristic reversible CV was expressed analytically (Tables
S-4 and S-5). The analytical expression was confirmed by the corresponding current of a simulated CV

with an electrochemically reversible ET step.

Step 3. The boundary between two kinetic zones was defined by using the analytical expressions of their
characteristic peak or limiting currents. The resultant analytical expression of each boundary is given in

Table S-6 for Case Il and Table S-7 for Case II1.

In Step 2, characteristic currents are controlled by the ET (Table S-4) or adsorption (Table S-5)
steps. The characteristic current based on a reversible ET step can be controlled by a diffusing species
(entry 1 in Table S-4) or an adsorbate. In the latter case, different expressions are obtained to represent
peak currents when the surface concentration of the adsorbate is saturated, unsaturated and equilibrated,
or unsaturated and unknown (i.e., I'i = ['s, ['sfoco, or I'j in entries 2, 3, or 4, respectively). By contrast,
the current controlled by the adsorption step (Table S-5) is determined by the adsorption rate (eq 11).
The limiting current of the AKinDR/AKinDI zone is controlled by the steady-state desorption of the
reductant saturated on the electrode surface through the ACET step (entry 1 in Table S-5). The reductant

is also saturated through the non-concerted mechanism in the AIDPR zone to yield a pair of pre-peaks
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(entries 2 and 3). The heights of the pre-peaks are related to the adsorption or desorption rate and the
surface concentration of an adsorbate, which is half of the saturated concentration. A limiting current is
also expected in KinDR/KinDI and KinR'/KinI' zones (entry 4) to yield the same expression. The
limiting current is controlled by the steady-state desorption and adsorption of the unsaturated oxidant for
concerted and non-concerted mechanisms, respectively, but follows the same expression. The limiting
current of the DRAI zone (entry 5) is not observable but is defined as a measure of the steady and
irreversible adsorption rate of the unsaturated reductant. The adsorption step competes with the diffusion
of the reducant to determine the height of the diffusional peak current during the reverse scan. In the
DRKin zone, the desorption of the unsaturated reductant can be nearly equilibrated (entry 4 in Table S-
4) or kinetically controlled (entry 6 in Table S-5). In either case, a reverse peak current is obtained when
half of the adsorbate is desorbed. The latter also describes the maximum peak current expected for the
DRALI zone.

In Step 3, a boundary between kinetic zones is defined mainly when the corresponding
characteristic currents are equivalent. The only exception in Case II (Table S-6) is the boundary between
KinR and KinR' zones (boundary 6), where the liming current must be much smaller (i.e., ten times)
than the peak current. By contrast, a few exceptions are found in Case III (Table S-7). At boundary 1,
DMR and DPR zones are expected when the pre-peak is much smaller (i.e., 100 times) than the
diffusional peak). Similarly, boundary 4 compares the pre-peak with the limiting current, which must be
substantial (at least 10% of the pre-peak) in the AKinDR zone. Moreover, a transition between DRKin
and DRAI zones is defined by boundary 6, where the desorption peak is maximised for both zones but is
negligible (i.e., 100 times smaller) for the latter zone. Finally, a transition from the DRAI zone to the

DPR zone is defined by boundary 7. A limiting current is defined for the irreversible adsorption of the
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reductant in the DRAI zone. In the DPR zone, the limiting current becomes negligible (less than 10%) in

comparison with the diffusional current.

Table S-4. Characteristic Peak Currents Controlled by ET Steps

Reactant Kinetic Zone Current
Case I | Case III Original Dimensionless
Diffusing DO DMR, DO, DPR, " FvD b _ 0.4463
ldiff=0'4463FACO RT diff K
Species DRKin, DRAI“
Saturated AR ADMR, AKinDR, AR, F szFs ¢ =l
jp =—— ET 4
ET
Adsorbate ADPR, AIDPR 4RT
Unsaturated | KinR, — - ~ F ZVAFSﬂ oo I%T = p_O
ET,0 , Vaas 4
Adsorbate KinR' ads 4RT
— DO, DRKin? F szFR o /.
lET,Radsz W ET’Rads_ 4

“ ADMR, ADPR, and AIDPR zones are also included but are not used to define a boundary in Table S-

7. % From ref. S-1. ¢ From ref. S-2. ¢ The maximum value.
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Table S-5. Characteristic Peak and Limiting Currents Controlled by Adsorption Steps

Adsorbate Kinetic Zone Current
Case 11 Case 111 Original Dimensionless
. im — R Iim — )R
Saturated — AKinDR leat—FAk desr S 1 Rsm—i o
p R R
AIDPR e FAkadsc OFS ﬂdesp R
P = I =
sat 2 sat 2
AIDPR? FAKR T AR
. des s des
jpa = " 7 Jpa —
Roat 2 Rat 2
Unsaturated | KinDR, KinR' | — igr:ds =FAKSQ T B oc Ig:ds =10 06
c Jlim — R im — )R
_ DRAI i R, = FAk . dSFSc g 1 R, A Y
: d R R
— DRKin, DRATI . FAk desFR A deSHR
(P = P =
Rads 2 Rads 2

¢ Forward pre-peak. ® Reverse pre-peak. ¢ Not observable (see the text). ¢ The maximum value.
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Table S-6. Boundaries between Kinetic Zones in Case I1.

Kinetic Zones Conditions
Boundary | Concerted Non-Concerted Currents Parameters
1 AR DO AR DO Ter=Tan x=1.7852
2 DO KinR DO KinR Igiff=1gT,oads R
Po
. . Y . P — 7lim |
3 KinR KinDR KinR KinDR I ET.0_, I 0., 10 ——
des 4
4 DO KinDR | DO KinDR | b =7 o _ 0.4463
iff 0, =
des pO
_ _ i p —jlim I
5 AR KinDR I - I 0. ﬂgef
4p0
_ _ i inR' p =Jlm 1
6 KinR KinR IET’Oads Ic‘)adsx 10 10 —
des 4% 10
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Table S-7. Boundaries between Kinetic Zones in Case II1.

Kinetic Zones Conditions
Boundary | Concerted Non-Concerted Currents Parameters
1 DMR ADMR DPR ADPR | IR =1 X 10° k=1.7852%x 102
— — DPR AIDPR
2 ADMR | DO ADPR | DO 15r=Gse k=1.7852
AKinDR | DO AIDPR | DRKin
AR DO AIDPR | DRAI
: — R . —
3 DMR AKinDR | — — 1 gi =1 ﬁ‘z‘al A ek = 0.4463
ADMR | AKinDR
4 AKinDR | AR — — Iim x 10=1°_ R _ 1
" des™ 4 10
5 — — ADPR | AIDPR |T%,.=IF" R _ L
sat =
des 2
DO DRKin |Tgrp =k
6 — — DRKin* | DRAI® |IP =IP X 107 1
ET, Rads Rads A dReS = 2
2x 10
_ _ I = .044
7 DRAI DPR 1 ﬁTds x 10=1 L IR o 0.04463
des p R
8 — — AIDPR | DPR I pR:ds =1 IR e 0.8926
des p R

4 The maximum value in Table S-4. ® The maximum value in Table S-5.
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ET Equivalence. We obtained equivalences between the rates of ET steps as listed in Table 2.
Equivalences between ACET and non-ACET kinetics (entries 1-4 in Table S-8) were obtained by
considering the requirement of equilibrium adsorption or chemically irreversible ET. The kinetic
equivalences also satisty the thermodynamic equivalences between concerted and non-concerted
mechanisms (Table S-9). Entry 1 or 3 in Table S-8 is possible for Case II or Case III in Table 2,
respectively. In Case IV, two ET equivalences with the same requirement are possible, i.e., a
combination of entries 1 and 2 or 3 and 4 in Table S-8 for entries 3 or 4 in Table 2, respectively. When
both oxidant and reductant maintain equilibrium adsorption in Case IV, all ET steps are equivalent
(entry 5 in Table 2). In this case, ET equivalences are expected also between ACET steps as well as
between non-ACET steps (entries 5 and 6, respectively, in Table S-8). These equivalences do not result
from the chemical irreversibility of the ET steps, which are either reductive or oxidative.

Formal potentials of ACET and non-ACET steps are thermodynamically related to each other
(Table S-9) and, subsequently, are not useful for discrimination between concerted and non-concerted
mechanisms. The formal potential of an outer-sphere ET step is defined uniquely by the standard
chemical potentials of oxidant and reductant in the bulk solution [S-3]. Accordingly, an adsorption step
does not contribute to the formal potential of the outer-sphere ET step. By contrast, the formal potential
of an ACET step is related to the formal potential of an outer-sphere ET step and the equilibrium
constant of the common adsorption step. This relationship is shown by entries 2 and 3 in Table S-9. In
Case 1V, the formal potentials of inner-sphere and outer-sphere ET steps are thermodynamically related
to the equilibrium constants of both adsorption steps (see entry 4). Accordingly, formal potentials are

not useful to discriminate between inner-sphere and outer-sphere ET steps in Case IV.
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Table S-8. ET Equivalence and Requirements

ET Equivalence Requirement
ET Rate Standard ET Rate Constant® | Adsorption” ETe
O O O _ 2] VvO=_2%9 (é:O)(l—a)
Oo_— ads (0 ads (0 ads l—a
Ve©Vis Ve=Vis Ac=A 4 (pg) p C ~ 2 c R
00 GM o] o} o)
ads — ads, ads (1-a)
VIS - AIS 9R(§IS )
ads — 4,0 VO AO Oad__ Ods Oads (lI-a)
vC VOS Voads_ 0s Aoads= 0sS VC = ACa CRGM 5C
= F © k(py) 'm0y,
O __ 4O 0 (l-a)
Vos A 5sCr( ‘fos)
0_,,0 O O 4] vVO=A0C ¢ Oy —a
Yc=Vos Vo Vos 40 Aos p Co=—X c=AcCofmlé)
= = R"R™
O C xp_.20 Oy 0 _40 0 -
PrRYM Vos_AosCO(fos) ¢
0 0 0 0] 0 o) 0 . —a
ads — ads ads — ads ads — ads, a V Cads— A "ads@ ads
v Vis u Vis A=A (Pr) =A™l 6™
0 (0] O —a
ads — ads ads
VIS _AIS ‘90(515 )
0] 0] g
O— ads (0 ads ads l-a JR—
V=Y VC—VC o AC (po) p C.= e}
A = 0O~ 0 0
C p a M
R
VO _voads VO AO C _& —_—
0s~ IS 08 _ 1/O%uis 0,4 (o PrCr 0
IS IS _
K KOy(Po) '~ "

“ See Table S-2 for definitions. » Equilibrium. ¢ Only reductive or oxidative.
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Table S-9. Thermodynamic Equivalence and Relationships between Formal Potentials

Thermodynamic Equivalence Formal Potentials Case
Oa S i ', RT
£0= £ EgvozE?S Outs 4 7hlpo I and IV
c p,
0 ; , RT
£0= Sos E3’0=E%§O+ 7mPR III and IV
C” e
Ouws—, £0 0,0 ; RT
gc d —,00505 EC ads=E00éO+ _lnpo v
P 0.0 RT ~ RT
(@) (0] 0,4, NI _po.0, &
Eg = ——E04" Eyg o i o=Eqg™+ - Inpge

4 Equivalent to the combination of relationships in entires 1 and 2.

Quantitative Discrimination between Similar CVs. In Case II, similar voltammograms with a
broad peak before a limiting current during the forward scan are expected for concerted and non-
concerted mechanisms around the KinDR zone. The respective CVs are shown in Figure S-1A and S-1B
but can be discriminated from each other because the corresponding adsorption parameters are different.
Specifically, CVs with similar shapes are expected for both mechanisms at the boundary between
KinDR and DO zones (Figure S-1A). The normalised current is 2.5 x 10 times higher for the non-
concerted mechanism. This difference corresponds to a 2.5 x 10° times lower concentration of
adsorption sites when the scan rate and the electrode area are identical. By contrast, the x value is 2.0 x
10* times lower for the non-concerted mechanism. This difference corresponds to a 2.0 x 10* times
lower concentration of adsorption sites for the same scan rate and oxidant concentration as the concerted
mechanism in eq 17. Accordingly, the similarly shaped CVs are distinguishable by quantitatively

evaluating the current. Moreover, similar CVs around the boundary of the KinDR zone with KinR and
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AR zones are expected for concerted and non-concerted mechanisms, respectively, but are
distinguishable quantitatively (Figure S-1B). In this case, the normalised current is 1.05 x 10* times

higher for the non-concerted mechanism. The x value, however, is 2.0 x 10® times lower for the non-

concerted mechanism.

(A)

Il
o

Normalised Current, / (x 10‘6)
N

o concerted
—— non-concerted

-6 T T T T 5

¥ o concerted
-4 —— non-concerted

£ N
Normalised Current, / (x 10‘1)

Normalised Current, / (x 10‘4)
Normalised Current, / (x 10‘5)

06 04 02 00 -02 -04 -06 0.4 0.2 00 -02 -04  -06
Potential (V) Potential (V)

Figure S-1. CVs based on concerted and non-concerted mechanisms with po = 1 x 107 in addition to
(A) /Ic?es =2.5x 107 and x=1.79 x 10 and ﬂ(?es =1.25x 10 and x= 8.9 x 10, respectively, and (B)
Adoes =1.0x 10" and x= 1.0 x 10° and /1((1)65 =1.0 x 10° and x= 1.0 x 1072, respectively. The normalised
current is defined by eq 9. The potential is defined against E géo. Parameters for parts (A) and (B) are

indicated by closed and open circles in Figures 1A and 1B, respectively.

Adsorption-Coupled Reduction of Benzyl Chloride. We simulated dimensionless CVs for the
adsorption-coupled reduction of benzyl chloride reduction at the silver electrode by employing

concerted and non-concerted mechanisms (Figure 4). Diffusion equations are defined by eqs 10 and S-1
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for species A and B. The homogeneous chemical reactions of species C and D are irreversible and

considered in the diffusion equations as given by

dc 0%
C C
— _1C -
5 =D o kprotCC (S-18)
dc 02
2 —p| —2|+k€ ¢ (S-19)
ot Hiac2 prot C

where kgmt is the protonation rate constant. The corresponding dimensionless equations are given by

dC, [8%€,
— _xC -
e | oxz ) FCe (5-20)
aC a%C
D D
= K€ C (S-21)
ot | ax? e~
with
kC
KC =P (S-22)
prot Fv

In addition, an irreversible chemical reaction is defined for adsorbed forms of species C and D to yield a

reaction rate as

C C

ads — ads

prot kprot I_‘C (8-23)

where kpr‘fts is the protonation rate constant. The dimensionless reaction rate is given by

T
Vcads=vcads =Kcad59 (s_24)
prot prot ™ f, prot  C
$
with
kcadsRT

C

ads —

prot

prot

Fv

(S-25)

The current response was based only on ET steps and obtained for the concerted mechanism by



i—p A B Aads Bads -

= T Vo V™ g (S-26)
and for the non-concerted mechanism by

P —yA B Aads Bads -

= Vigg T Vgt Vg U (S-27)
The normalised current response was obtained by using eq 9 as

I=VA+ VB4 Viusy y0aas (S-28)

g “d” @ c
for the concerted mechanism and
A B

_ Vost Vos A

I= +V

B
p s V7 (S-29)

for the non-concerted mechanism. The normalised current based on each ET step is plotted in Figures
5B, 5C, 5E, and 5F. In both mechanisms, experimental conditions and concentration of adsorption sites

are common (Table S-10), thereby yielding the same x value from eq 17.

Table S-10. Common Parameters for the Adsorption-Coupled Reduction of Benzyl Chloride®

v [V/s] D [cm?/s] co [mM] I['s (mol/cm?) K

500 1.03 x 1073 5 6.64 x 10710 5.8

¢ Parameters were obtained from ref. S-4.

The diffusion equations were solved by considering the boundary conditions summarised in
Table S-11. Reaction parameters were obtained by fitting the major wave of experimental CVs with the
non-concerted mechanism [S-4] and used in this work. Specifically, parameters of inner-sphere and
outer-sphere ET steps in the non-concerted mechanism were converted to those of ACET steps (see
Table S-8) as listed in Table S-12. Parameters for adsorption and chemical reaction steps are common

for both mechanisms as listed in Table S-13, where the surface concentration of the adsorption site is
21



ry=r-r,-r,-r.-I,. Simulated CVs are shown in Figures 5SA-5C and the corresponding

concentrations of major species, A, D, Aags, and Cags, are shown in Figure S-2. In addition, CVs were
simulated without the irreversible chemical steps (Figures SD-5F). In Figures 5B, C, E, and F, only the

first or second ET step was considered to simulate the normalised current based on eqs S-28 and S-29.
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Table S-11. Electrode Surface Boundary Conditions for Non-Concerted and Concerted Reduction of Benzyl Chloride

Non-Concerted Mechanism

Concerted Mechanism

aIﬁD C
— |=y ads D
ot prot ads

Z FD C
— |=y adsjy D
ot prot ads

Species | Original Condition Dimensionless Condition Original Condition Dimensionless Condition
P g g
A 6cA 6CA 0CA OCA
_ — _ ,A _ A _ — _ VA _ .UA _ — _ yA_ A _ - _ A A
D( % J_ Vos ™ Vads ( ox | Vos ™V 2 dw | Ve Vads ox | K( Vet Vads)
Aads Oy A 00 A 0Ly A 90, A
—_— ads A o, ads A D ads A _— ads A
i ="V t Y sl Jc VIS +V d 5 =" V¢ t Y ads B - VC ¥ Vads
B dc B 0 CB 4] Gy i d CB i
_ A _ ,B _ ,B _ —_ VA _ yB _ B _ = ads_ ,B_ ,B _ — ads_ yB_ yB
D( Ix ]_Vos Vos ™ Vads ( ax ) oS Vos Vg | —D ax | T Ve Vass Y% _K(Vc Ve Vads)
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Table S-12. ET Parameters for Non-Concerted and Concerted Reduction of Benzyl Chloride

Non-Concerted Mechanism*

Concerted Mechanism®

ET Reaction E géi [V] a k%si [cm/s] A i)s" ET Reaction A iCC

A+te=B 08 0.28 358x 100 | 800x1010 | A+e=Bus |341x10

B+e=~C —1.45 0.50 1 2.23 B+e = Cads 534 % 10-10
E?;lads [V]e a k?élads [1/s]¢ Aigdsc Alcadsc

Aads +€ = Bads | —0.626 0.42 1.1 x10° 5.65 x 107 Auste =B 3.44 x 1076

Bags + € = Caas | —1.01 0.5 10 514 x 1074 Baste = C 5.75 x 10!

4 Parameters were obtained from ref. S-4. » Parameters were calculated from those of the non-concerted mechanism as listed in Table

S-8 except for A, which was adjusted to obtain a good fit between concerted and non-concerted mechanisms (see Figure 5A). ¢i= A

or B.
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Table S-13. Adsorption and Chemical Reaction Parameters for Reduction of Benzyl Chloride

Reaction Original Parameter? Dimensionless Parameter
A= Aws kA [1/MJs] 43 x 10* AL 470 x 102
B, [IM] 4.7 x 10! P A 2.35 x 10"
B = Bus kB T1/Ms] 1.0 x 102 A s 122 x 107
By [1/M] 4.2 x 10% Py 2.10 x 102
C = Cas kC [1/Ms] 1.0 x 10 A s 2.06 x 107
B [1IM] 2.5 x 1012 P 1.25 x 1010
D = Duas kD [1/MJs] 1.0 x 102 Ag 5.14 % 103
B [IM] 1.0 x 1076 28 50x 107
C-D kProt [1/s] 1.0 x 100 Kprot 5.14 x 10°
Cads = Dads kProt[1/s] 1.5 x 103 kPt 7.71 x 1072

¢ Parameters were obtained from ref. S-4.
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Figure S-2. Concentrations of major species (A) near and (B) on the electrode surface in concerted
(circles) and non-concerted (lines) mechanisms. Closed circles and solid lines represent the forward

scan. Open circles and dotted lines represent the reverse scan.
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