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The quantum theory of electron transfer reactions at metal electrodes was studied. The obtained potential dependence
of the electron transfer rate in the weak coupling case resembles the Butler—Volmer equation of classical electrochemistry.
The volcano-shaped dependence of the hydrogen exchange current on the adsorption energy of hydrogen on various
metals was explained microscopically, based on this theory. The mechanism of hydrogen evolution was also explained
microscopically based on this theory. The exchange current density for hydrogen evolution at Pt electrode calculated

quantitatively agreed well with the experimental value.

The general theory that is adapted commonly for electrode
kinetics is the activated complex theory based on the tran-
sition state theory.” Although this theory has been applied
successfully to electrode kinetics to describe the basic fea-
tures, it is a phenomenological theory that is not based on
the quantum theory. Therefore it can not describe the elec-
tron transfer process at electrodes from the microscopic view
point.

Major contributions to the microscopic basis for electron
transfer processes have been made by R. Marcus,” Hush,”
Levich,” Dogonadze,” Gerischer,” and others.”'? In these
theories the distribution of electronic states of redox species
is given in a Gaussian from.*%'? In many current theories, a
phenomenological frequency factor is used for the electron
transfer rate instead of electron exchange energy. The dif-
ference just corresponds to the problem of adiabatic or non
adiabatic process. The concept of distribution function is
widely accepted in semiconductor-photoelectrochemistry.*®
When Levich’s theory is applied to electrode reactions at
metal electrode, the obtained current potential relation is
also Gaussian.” However, the experimental current potential
relation universally observed in electrode-kinetic experiment
free of transport control is exponential. The Gaussian current
potential relation yields dar/d#n=0, here « is transfer coeffi-
cient and 7 is overpotential. In Dogonadze’s quantum the-
ory of molecular electrode kinetics, transfer coefficient also
varies depending on 7. However, there is no variation of
transfer coefficient, a, with overpotential, #7, in most electro-
chemical reactions.” This is inconsistent with observation.
In order to solve this difficulty, Bockris et al. proposed a
Boltzman distribution for electronic states in solution.?

In the present paper I would like to propose a quantum-
mechanical theory of electron transfer reactions at metal elec-
trodes and show that a Butler—Volmer type (exponential) cur-
rent potential relation can be derived in the weak coupling

case from the Gaussian distribution of electronic states of re-
dox species. This theory is successfully applied to hydrogen
evolution reaction and the molecular mechanism is discussed
from a microscopic viewpoint.

Theory

A) Cathodic Process. Let’s consider the following
cathodic reaction at a metal electrode.

Ateg — A (1)

Here A represents an electron acceptor molecule near the
electrode surface in the solution and e represents an electron
from the metal electrode.

For the above cathodic electron transfer from the elec-
trode to the electron acceptor, the electron transfer rate kc is
expressed by Yomosa’s electron transfer theory,” as follows,

ke = %"c,wz /f +: D.(E)D_(E)dE @)

The from of Eq. 2 resembles the theory of semiconductor
electrode of Gerischer,® electron transfer theory of Levich,?
and electron transfer theory of Hopfield.'”

In Eq. 2 Ca is the concentration of electron acceptor
molecules near the electrode and D.(E), D_(E), v, p(E),
and f(F) represent the following:

D, (E): Distribution function of an electron acceptor in
solution. It is called electron insertion spectrum.'®

D_(E): Distribution function of an electron in the electron
donor. It is called electron removal spectrum.'?

v: the electron exchange integral of an electron acceptor
with free electrons of the metal electrode at the electrode.”

In the cathodic reaction at an electrode, the metal electrode
works as an electron donor. For the electronic structure of
the metal, the free electron theory'" is adopted for simplicity.
Under this condition, for D_(E)
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D_(E) = p(E)f(E) 3)

can be used.?
Here,
p(E): State density of metal electrode
(E): Fermi—Dirac distribution function
The Fermi—Dirac distribution function is

1
—_— 4
1+expE £ @

f(E)=

Here, E; represent Fermi energy and k is Bolzmann constant.
By using Eq. 3, we can write Eq. 2 as,

ke=ew? / " DB ENEVE 5)

In order to solve Eq. 5, we assume the following approxi-
mations.

The temperature is room temperature or near room tem-
perature. At room temperature, the following distribution
function is assumed for D, (E) of electron acceptors in solu-
tion.

B 1 (E—~Ey—1)?
D(E)= meXP— AT (6)

Here E) is the energy at the redox potential of A/A™" and
A is the reorganization energy.

Equation 6 is used often by Gerischer’s theory® and also
by Hopfield’s theory.'”

D.(E) corresponds to the state density in solid state
physics.'” When Eq. 6 is substituted into Eq. 5, we obtain

(E—Eo— 1)

2
. PEVEME (T)

kc_zijch/+w ! exp—
h o VATAKT
Equation 7 is the fundamental equation of cathodic electron
transfer reactions at metal electrodes. We solve Eq. 7 under
the following two cases.

A-1. Weak Coupling Case. = We define the weak cou-
pling case where the overlapping between the state density
D, (E) and p(E)AE) is small. The situation is illustrated in
Fig. 1.

In this case, the energy E of the electrons which con-
tributes to Eq. 8 must be E— E;>>kT. Under this condition
Fermi distribution function is approximated by the following
equation.

fE = exp- ®
When Eq. 8 is used in Eq. 7, we get
275 2 p(E) _(E—Eo—/l)2 E-E
Ve / VATAKT P S S
()
Now we define E; and E, as follows.
—E =-Ey—1 (10)
—FE,=—F; an
If we use Egs. 10 and 11, Eq. 9 yields
e, [ B, E-EY L E-E
Y T e
(12)
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D.(E)

/

Ef= -V

/

p(E) K(E)

Solution

Electrode

Fig. 1. A schematic illustration of weak coupling case for
cathodic reaction at a metal electrode.

Equation 12 is rewritten as,

275 2 p(E) (E-E\) E-E
Ve / VAT { awr e
(13)
In Eq. 13, the following relation holds.
(E-E\) E-E| _(E-E+21) (Ei—A—E)
{ 4KT kT }‘ ZyY: Y
If we use Eq. 14, Eq. 13 yields
ke = 2n , VCa o p(E)
R oo NATAKT
@“E+Mf _E-A-B)

The state density p(E) of metals changes monotonously
depending on vE. The magnitude of the change of p(E)
is small within the overvoltage of 1 eV, as is shown later.
Since the energy of electrons which contributes most to the
integral is thought to be electrons excited thermally from the
occupied states near E, as seen in Fig. 1.

Therefore, we can assume p(E)=p(Er) in Eq. 15 in order
to solve Eq. 15.

Under the approximation of p(E)=p(E¢), p(E) can be taken
outside the integration.

oy HED_ [y (E- B2
ke=FvOn et ) P atkr OE
X exp — Er— A —Ey) (16)

kT
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After integration is carried out, Eq. 16 gives

_m

h

A-2. Effect of Adsorption and Imposed Potential on
D.(E). When an electrical potential is imposed on the
working metal electrode, the Fermi level of the metal elec-
trode shifts, since the Fermi level of the metal electrode is
equal to electrochemical potential of the electrode, E; is equal
to the electrode potential. Therefore

(E\ = A - E2)

k
¢ kT

V2 Cap(Er)exp — a7)

Ei=—eV (18)

Here V represents the electrode potential.

Imposed potential and the adsorption energy of A and A~
are expected to affect the distribution function D,(g). We
will discuss this problem according to Hopfield’s model.'?

In order to obtain electron insertion spectrum we define
the potential energy of A+eya, E(A+ey,c) and that of A™",
E(A™") as follows

E(A+en)= %koxz (19)

BAT) = shotx— ) + 20)

Now we consider the virtual reduction process of A+
evac—A ™" in order to obtain D,.(¢€) in the absence of adsorp-
tion and imposed potential. Here e, represents an electron
in the vacuum state.

From Egs. 19 and 20,

8=E(A_')—E(A+Cvac)= _kﬂxax+%k0x§+&) 2n

From Eq. 21, we obtain

x= M 22)
koxa

Here A is reorganization energy defined as Jkox2=1
Now we assume a Boltzmann distribution for E(A+ey,.).

E(A+ewe) _ kox®

D.(g)=exp— T xp—ﬁ (23)
From Egs. 22 and 23 we get
B 1 (e—a—A)
D.(g) = T exXp—— (24)

1

where = in Eq. 24 is the normalization factor of D.(¢).
Equation 24 has the same form as Eq. 6. & represents the
redox potential of A/A™" in the absence of adsorption on the
electrode. Now let’s consider the effect of adsorption on the
electrode surface and the imposed potential.
When reactant A interacts with the electrode surface and
feels the imposed electric field, Eq. 19 can be expressed as

E(A+eue) = %koxz — At — cain] 25)

Here the suffix i represents the initial state. —Agiy; rep-
resent the interaction energy of A with the electrode surface
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before the electron transfer and 7 represents overvoltage de-
fined as,
n=V—"Ve (26)

kT, Cox
Veg=Vo+ —1
q ot € n CR

Here Veq and Vj represents the equilibrium potential and
the redox potential of A/A™ system, respectively. Cox and
Cr represents the concentration of the oxidized and reduced
species, respectively. Equation 27 is identical with the equi-
librium potential in the classical electrochemistry.

In Eq. 25, parameter ¢; represents the shielding factor of
the overvoltage by the solvent layer between the electrode
surface and A. The imposed overvolutage is thought to be
shielded by such a solvent layer. Under this approximation,
the electron in A molecule is assumed to feel a shielded
electric field ¢;7. Parameter ¢; corresponds to the transfer
coefficients in the classical theory of electrochemistry, i.e.
the Butler—Volmer equation of electrode reaction, although
the physical meaning is different in the present case.

Similarly taking the effect of adsorption and imposed po-
tential into consideration for A™", we can write Eq. 20 as

@7

_. 1
B(Ay") = Sko(x — Xa)’ + & — Ay —e0r (28)

Here —Aéiq r represents the interaction energy of A~" with
the electrode surface at the same instant with the electron
transfer. The suffix f represents the final state. The in-
teraction energy A&in s plays an important role in hydrogen
evolution reaction as is seen later. It is a new concept charac-
teristic to quantum mechanical electron transfer theory at the
surface of metal electrodes. Hereafter we call this “Electron
transfer adsorption energy”.
From Egs. 25 and 28, we obtain

E=EAT)—E(A+ew)=—koax+a —Ag —easn+i  (29)

where,
A& = A& — A (30)
aq = 0 — @ (€2))
From Eq. 29
x=—£+&)—Agﬁ—eaﬁn+A 32)
koxa
We obtain from Eqgs. 23 and 32
1 kox®
D,(8)=——exp———
@ VarAkT P
1 (e —a@+Ag+easn—A)
= [ —_ 33
VanrAkT *P 4AkT (33)
If we assume
Eoy=g8— A& —easn (34)

Equation 32 becomes identical with Eq. 6. Moreover, Eq. 33
is reduced to Eq. 24 for Ag=7=0. Therefore Eq. 33 is the
genaral expression for the electron insertion spectrum D, (€)
irrespective of the presence or absence of adsorption and
imposed potential.
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Quantum Mechanical Butler— Volmer Equation.
Equations 10, 11, 18, and 34 yield

E1—/1—E2=E0+eV=£0—A€ﬁ+e(l—aﬁ)7]+eVeq (35)
Equations 17 and 35 give

& —Agi+e(l —an)n+eVy

ke = 2 CapEexp - = (36)
The cathodic current ic is
. < e(l — ap)
lc=1pexXp— —kTiﬁ (37)
Here,
i = ek((): = 2—;;eVZCAp(Ef) exp— b7 AETCVe A]f;,+ eVeq (38)

Equation 37 resembles the Butler—Volmer equation in clas-
sical electrochemistry. Since # is the current at =0, Eq. 38
expresses the exchange current.

Equation 37 is in the same form as the classical But-
ler—Volmer equation which is used successfully to explain
the potential dependence of cathodic (or anodic) current.''”
Consequently, it gives a quantum mechanical expression of
the Butler—Volmer equation. 1 — a5 in Eq. 37 corresponds to
transfer coefficient in the classical theory, although it has a
different physical meaning in the present case as was already
discussed.

A-3. Strong Coupling.  We define a strong coupling
case where the overlapping between the electron insertion
spectrum D, (E) and the state density of the occupied states
of the metal electrode p(E)AE) is good. In this case E>>kT
is not a good approximation. Therefore we cannot apply a
Bolzmann approximation for f(E). We have to treat the prob-
lem differently from the weak coupling case. The situation
of the strong coupling case for cathodic electron transfer is
illustrated in Fig. 2.

We solve the fundamental equation of Eq. 7 as follows.

In Eq. 7, we assume p(E)=p(Ef), because the energy of
electrons which contribute most to the integral is thought to
be near Ey, as is seen in Fig. 2. Under this approximation,
Eq. 7 is written as

2, pE) [ (E-E —A)
ke= FVCh—aees | e f(BAE (39)

Equation 39 is rewritten as

_2m 5. p(Ep) /fw _(E-Ep—A)
kc= 7 A\/m . exp{ 14T +Inf(E) pdE
(40)
Now we define
__(E-E Ay

F(E)= Wﬂnf@) 41

Then Eq. 40 can be written as,
ke = e LE) [ o FENE 42)

TR AN Ak oo

Equation 41 can be solved by Laplace’s method.?
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Solution D4®)

/

Ef:-CV

p(E) KE) /

Electrode

Fig. 2. A schematic illustration of strong coupling case for
cathodic reaction at a metal electrode.

The cathodic electron transfer rate obtained by this method

is
_2m . KT _E—E-A)
ke = 5 Ca gp(Ef)exp 2AKT 43)

Here E* satisfies the following equation.

(E*—Ey—A) 1
= E—E

24 1 +exp—p—"

(44)

In the presence of adsorption and imposed potential sub-
stitution of Eq. 34 into Ey of Eq. 43 gives

2 [ kT E* —g+Ag+eann — 1)
kczfnvch ﬁp(Ef)expv( & h+ean ) 45)

42kT

From Eq. 45 the current-potential relation in the strong cou-
pling case is obtained as follows.

Come , kT . (E'—a+Agteasn—A)
e = v Cay gy PEDexp 4AKT
(46)

B) Anodic Process.  Now let’s consider the following
anodic reaction at the metal electrode.

D — D' +eq 47

Here D represents an electron donor near the electrode.

For the above anodic electron transfer from the electron
donor D to a vacant state of the matal electrode, the elec-
tron transfer reta k4 is expressed by the following equation”
similar to Eq. 2.

ks = %’CCDVZ /_ +: D.(E)D_(E)IE (48)

Here, D,(E) in Eq. 48 is the state density of holes at the
metal electrode. It can be expressed as®

D.(E) = p(E){1 - f(E)} (49)
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Then, Eq. 48 can be written as,
2 +00
k=200 [ pB{1 ~fBID-(EXE  (50)

where D_(E): Distribution function of electrons in electron
donors, i.e. reduced species D in solution. It is also called
electron removal spectrum.'?

p(E): State density of the metal electrode.

f(E): Fermi—Dirac distribution function.

p(E)(1—f(E)): Distribution function of holes at the metal
electrode.

v: Electron exchange integral between an electron donor
D and a hole at the metal electrode.

Equation 50 can be solved under the following approxi-
mations.

For the distribution function D_(E) of the electron donor
D the following expression is used.*'?

(E—Ey+A)*
ALkT

D_(E)= (51)

1
exXp —
VATAKT P
Here Ey represents the energy level of the electron donor
which corresponds to the redox potential of the D*/D redox
couple. A is the reoganization energy.®'?
Substitution of Eq. 51 into Eq. 50 gives

(E—150+/1)2
4AKT

e / W p(B{1—f(E)}dE

(52)
Equation 52 is the fundamental equation of anodic electron
transfer rate at metal electrodes.

B-1. Weak Coupling Case. = We define the weak cou-
pling case where the overlapping between the state density
D_(E) of electron donor D and that of holes at metal elec-
trode p(E)(1—A(E)) is poor. The situation of weak coupling
case is illlustrated in Fig. 3.

In this case Ef— E>>kT must be a good approximation.
Under this condition,

—E

1 -f(E)= kT (53)
When Eq. 53 is substituted into Eq. 52,
2 _E—E  (E—Ep+A)
ka=T \/m‘ / pE)exp—=exp—— g OE
(54)

is obtained. Now we assume that the p(E) value that con-
tributes the most to the integral is p(E¥), i.e. the density of the
metal near the Fermi level. Then p(E) can be taken outside
the integral.

21 ch Cov’ p(Er) Ei—E (E—Ey+A)?
ka= - ~exp— dE
AT R AmAkT eXp P T T akr
(55)
Now we define
—E = —Eo+ﬂ, (56)
— Ey =—Ef 57

Equations 55, 56, and 57 yield
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pE)(1-(E) )
Solution
Ef =—V
D.(E)
Electrode
Fig. 3. A schematic illustration of weak coupling case for
anodic reaction at a metal electrode.
21 CDV p(Et) (E E]) E— E,
ka = dE (58
AR VATAKT TA4kT kT (58)

In Eq. 58 the following relation holds.

(E-E) E-E _(E—E,—2/1)2+(E2—E1—A) (59)
40T kT |~ 47kT kT
When this relation is used, Eq. 58 becomes
= 20 _Cov’p(Ep) (E-E-2) -
"R anikl k 41kT
(Ex — A)

X exp kT (60)

After the integral of Eq. 60 is carried out, we get
_23‘[ 2 A(Ez—E1—/‘L)
ka = WCDV p(Es)exp T 61)

B-2. Effect of Adsorption and Imposed Potential on
D_(E). Imposed potential and the adsorption energy of
D and D* on the electrode surface are expected to affect
the electron removal spectrum D_(¢). We will discuss this
problem according to Hopfield’s model.'”

In order to obtain electron removal spectrum we define
the potential energy of D, E(D) and D*"+eya¢, E(D* +ey,.) as
follows.

E(D) = ko(x xa) + & (62)

ED" +eye) = Ekoxz (63)
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From Egs. 62 and 63 we have

&=ED) ~ ED" +evac) = —koxaXx + %koxﬁ + & (64)
Equation 64 gives

_ —E+g+A

koxa (65)

where A is reorganization energy defined as %k0x§=/1 . Equa-
tion 65 gives

x_xa=—£+£0—l (66)
k()xa
Now we assume a Boltzmann distribution for E(D).
~ E(D) _ tho(x —x.)’ + &
D_(g)=exp T exp T
1 2
2ko(x — Xa)
— _2
=exp Y 67)

where the constant & was neglected in Eq. 67, since the
energy level of electron is thought to be located at & at the
initial state without thermal excitation.
Substitution of Eq. 65 into Eq. 66 gives
ko (—e+a—A1)

D_(£)=exp—ﬂ—7—,-—~(~k:)~;52— =exp

When Eq. 68 is normalized,

(—e+a—4)

%

B 1 (—e+m—A)
D_(g)= JaT exp 1T 69)

Equation 69 has the same form as Eq. 51. g represents the
redox potential of D**/D in the absence of adsorption on the
electrode surface.

Now let’s consider the effect of adsorption on electrode
surface and imposed potential on the electron removal spec-
trum of Eq. 69.

When an oxidized species D*" interacts with the electrode
surface and feels the imposed electric field, Equation 62 is
expressed as,

B +6ue) = 3 kor® — Acis + e (70)

Here —Acgiqy ¢ represent the interaction energy (adsorption
energy) of D** with the electrode surface at the same instant
with the electron transfer and parameter or represents the
shielding facter of overvoltage 7 by the solvent layer between
the electrode, surface and D*". —Agiq ¢ represents the anodic
“electron transfer adsorption energy” of D** on the electrode
surface.

Similarly taking the effect of adsorption and imposed po-
tential into consideration for the reactant D, Eq. 62 can be
written as,

E(D) = shotx— )’ + & — Aeims — e 1)
Here —Agiy; is the adsorption energy of D before electron

transfer. The suffix i represents the initial state.
Equations 70 and 71 yield
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£=ED) — E(D"" +evac)

1
= —koxox + Ekoxﬁ +8 — A& — a5en) (72)
Here
A"3ﬁ = Afint,f - At'?‘mt,i (73)
as =+ (74)

are defined. From Eq. 72

_ —(e— &+ — Agins + asen)

X—X, foxo (75)
Equations 75 and 67 yield
1 {&~ (80 + A& — aren) + A}
D_(&)= exp — - 76
O Vamaar AAKT 9
If we assume
Eo=&+ A& —easn ()]

Equation 76 becomes equal to Eq. 51. Moreover, Eq. 76 is
reduced to Eq. 68 for Ag;=7=0. Therefore Eq. 76 is the gen-
eral expression for electron removal spectrum D_ (&) which
expresses the effect of adsorption and imposed potential.

Quantum Mechanical Butler— Volmer Equation.
Equations 18, 26, 56, 57, and 77 give

— (Ez —FE —/‘L)Z —(Ef —E())= &+ A& +e(1 — aﬁ)17+eVeq (78)

Substitution of Eq. 78 into Eq. 61 gives

g+Ag+e(l —an)n+eVy

21 2
ka = 2= E, 7
A=z Cpv’ p(Er)exp T (79)
The anodic current iy is
. a e(l — as)
in=ioexp ———— 57 (80)
Here ) A v
= ECDv2p(Ef)exp &+ A& +CVeq 81

h kT

Equation 80 has a reasonable from, since i, increases with in-
creasing 77. Equation 80 resembles Butler—Volmer equation
in classical electrochemistry.

Since i is the current at 7=0, Eq. 81 expresses the ex-
change current.

Thus Eqgs. 80 and 81 form the quantum mechanical ex-
pression of Butler—Volmer equation and the exchange cur-
rent, respectively, for the anodic reaction in the case of weak
coupling.

B-3. Strong Coupling. = We define a strong coupling
case where the overlapping between the electron removal
spectrum D_(E) and state density of the unoccupied states
of the metal electrode p(E)(1—f(E)) is good. In this case
E¢—E>>kT is not a good approximation. Therefore we cannot
apply the Boltzmann approximation for fAE). We have to
treat the problem differently from the weak coupling case.
The situation of the strong coupling case for anodic electron
transfer is illustrated in Fig. 4.

In Eq. 52 the p(E) value that contributes the most to the
integral is reasonably assumed to be p(E¥) as is seen in Fig. 4.
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Under this approximation, p(E) can be taken outside the
integral. Furthermore we define

B =1 —f(E) = —— (82

L+exp—=

Then Eq. 52 is written as

=2_T‘V2CD_P(§Q,_/+°OCXP
h VARAKT /-0

Equation 83 is rewritten as

_(E—E0+/1)2

ka 4AkT

g(E)YAE  (83)

_2n 5 . p(Ep) /+°° _(E~Eo+/1)2
ka= hv Dm . exp i +Ing(E) pdE
(84)
Here we define
_ (E-E—A)
GE)=— T Ing(E) (85)
Then Eq. 84 becomes
21 p(Er) oo
ka=— —— G(EYdE 86
S Ayl expG(E) (86)
Equation 86 can be solved by Laplace’s method.*
The anodic reaction rate obtained by this method is
L2, [kT (E* — Eg— 1)
kA = fv CD ﬁp(Ef)exp——-——Ml T (87)

Here E* is determined by Eq. 44.

In the presence of adsorption and imposed potential, the
relation of Eq. 77 should be substituted into Eq. 87. Then
we get the following current potential relation for the anodic
electron transfer rate in the strong coupling case.

_2n, kT _(E*—sO—Aeﬁ+eaﬁ17—A)2
ka = v Coy [ 77 pEDexp 4IKT
(88)

Because of iy =eky, the current potential relation of anodic
electron transfer in the strong coupling case is obtained from

Solution
p(E)(l-f(E))\ D.(E)

= —

Ef= -V

Electrode

Fig. 4. A schematic illustration of strong coupling case for
anodic reaction at a metal electrode.
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Eq. 88 as

. 2me kT (E* — & — Agi+easn — A )
in= =V Coy 77 PEDexp 4AKT
(89)

Results and Discussion

A) Comparison of the Present Theory with the Clas-
sical Theory of Electrode Reaction.  Since the electron
transfer rate at metal electrodes based on quantum theory
is in a Gaussian form, it does not explain well the exper-
imental results of electrode reactions.¥ The weak coupling
case shown in Figs. 1 and 3 corresponds to the case of very
large overpotential which is larger than the width of the dis-
tribution function of an electron acceptor or electron donor.
The electrode reaction rates obtained in the weak coupling
cases of the present theory are exponential. They corre-
spond well to the classical Butler—Volmer equation. Since the
Butler—Volmer equation is applied well to electrochemistry,”
the above difficulty is solved in the weak coupling case of the
present theory. On the other hand in the strong coupling case
which corresponds to the small overpotential, the Gaussian
current—potential relationship is obtained. In this case, the
experimental data of the exponential relationship as plotted
by Khan and Bockris is only partly explained. Gaussian type
potential dependence in the strong coupling case agrees with
the result by Levich.¥

The classical theory is based on the transition state theory
that assumes an activated complex as an intermediate of
the electron transfer at the electrode surface.” However, the
present theory does not assume such an activated complex
nor an intermediate. It describes the electron transfer rate
at the metal electrode quantum mechanically based on the
direct interaction between the electrode and molecules near
the electrode.

The parameter ¢ introduced in Eq. 25 corresponds to the
transfer coefficient of the classical theory. Transfer coeffi-
cient of the classical theory reflects symmetry of the poten-
tial curves at the transition state.” However, « in the present
theory represents a shielding factor of the overvoltage, 7.
Although the properties of metal electrodes are not included
in the classical theory, the state density of metal electrode
p(Ef) is included in the present theory. Moreover the prop-
erty of metal electrode is reflected indirectly in the interaction
energy Agg and v.

Besides these characteristic features, the present theory
has the following advantages over the classical theory."

The rate of the electrode reaction is expressed in the clas-
sical theory as

ke = k2 exp— ZRI;—”
where F and «a represent Faraday constant and transfer coef-
ficient, respectively.

The reaction rate k2 is a mere parameter and can not be
evaluated quantitatively in the calssical theory. However,
the present theory can evaluate the magnitude of k2 in the
case of weak coupling.
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For instance, the standard rate constant k& for cathodic
reaction is from Eq. 38

21

—A
K = TV Cap(Eexp— L:;;ev“‘ (382)
The exchange current is written as
. 2 — A&
i = ekl = 220 p(Eryexp — LB HeVeg (38b)
h kT
The exchange current plays an important role in the present

theory.

Here let’s consider the physical meaning of exchange
current expressed by Eq. 38. Figure 5 shows the mean-
ing schematically. The electrode potential is located at the
equilibrium potential V.4 and the center of the distribution
function D.(F) is located at & — Ag; as shown in Fig. 5.
Electrons at electrode surface interact with electron accep-
tor molecules with the exchange integral v. The activation
energy is AE=g— Ag+eV,q. Then thermally excited elec-
trons are transferred from the metal electrode to the electron
acceptor molecules at the electrode surface.

The exchange current is the current that flows accompa-
nied with this electron transfer interaction as is illustrated in
Fig. 5.

For an anodic reaction, Eq. 81 is

id() ﬁ CD v p(Ef ) exp L k ﬁT 4 (8 1 b)
and
23( 2 & + A{;‘ﬁ +e L e ]
KOA ﬁ CD V P(El)exp 2 k T 4 (8 a)

These equations have clear expressions as well as the physi-
cal meanings and they can be evaluated quantitatively.

Now let’s consider the equilibrium condition.

At equilibrium Eqs. 37 and 80 yield

e(l-a)yp . e(l-—a)y
kT 0P

Here the suffix of o was omitted for simplicity. Equation D1
gives

igexp — (D)

D.(E)

/

Eo—ASfi

AE=¢ 0 -Ag fi +€Veq

—eV(_:q _

E)f(E) —™
Ay

Electrode
Fig. 5. Physical meaning of the exchange current of Eq. 38.
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KT

“2e(l-a) & ®2)

n
If i§=i§ is asuumed, Eq. D2 yields 7=0.
Equations 26 and 27 and the condition of #=0 yield
kT = Cox

V=Va=Vot " In 2

(D3)

Equation D3 represents the Nernst Equation. This result
agrees well with the classical theory.

In the case of if=ij=iy, we obtain the following cur-
rent—overpotential relation.

e(l—a)y
kT

e(l-a)ny
kT

i= *ic +ia =1y [— exp — +exp (D4)

Equation D4 is in the same form as the classical But-
ler—Volmer equation. In Eq. D4 the first term describes the
cathodic component current and the second gives the anodic
contribution.

Generally speaking ij is not equal to i§. This means that
the classical Nernst and Butler—Volmer equations are specific
cases in the present theory. It should be noted that Eq. 37 is
also in the same form as Tafel equation with the typical Tafel
slope of 0.118V for ¢=0.5. These results show that the weak
coupling case of the present theory corresponds well to the
theory of classical electrochemistry. In the present theory re-
dox species of strong coupling cases in cathodic and anodic
electron transfer correspond to strong oxidants and strong re-
ductants, respectively. Redox species of weak coupling cases
in cathodic and anodic electron transfer correspond to weak
oxidants and weak reductants, respectively. It is apparent
that the number of weak oxidants and weak reductants used
for electrochemical experiments is larger than that of strong
oxidants and strong reductants. This fact seems to answer
the question posed by Bockris et al.¥ why the Butler—Volmer
(exponential) equation can be applied successfully to a large
number of electrochemical reactions.

B) Application to Hydrogen Evolution Reaction. As
for the rate determining step of hydrogen evolution reaction,
the following two mechanisms are considered.'®'”

a) Electron transfer of Eq. D5 is the rate determining step.

H'+e — -Haq (D5)

b) Recombination reaction of Eq. D6 is the rate determin-
ing step.
*Hag + -Hag — Hp (D6)

Here -H,4 represents one hydrogen adsorbed on the elec-
trode surface.
c¢) Besides Eqs. D5 and D6, an electrochemical mechanism
is proposed, where following reaction is the rate determining
step.'s1?
Hi +e — H, D7)

For hydrogen evolution reaction, &=-2.1 eV,'¥ and
—eVp=—4.5"""7 from the vacuum level are reported. Con-
sequently & —(—eVy)=2.4 eV>>kT. This condition corre-
sponds well to the weak coupling case. Therefore Eq. 38 can
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be used for this reaction. Now we will discuss this problem
based on the present theory in the weak coupling case.
Now let’s consider A gy for the cathodic reaction of Eq. D5.
From Eq. 30
A& = Ainis — A& (30)

For the reaction of Eq. D5 cathodic “electron transfer ad-
sorption energy” Agiy ¢ represents the adsorption energy of
atomic hydrogen -H on the electrode surface which is formed
at the same instant with the cathodic electron transfer. Agip;
represents the interaction energy of H* on the electrode sur-
face.

Here we assume that Agi,; is negligibly small compared
with Agjy s. Under this condition, we have

A&y = Aginir = fEv—u (DB)

where Ey—y represents the adsorption energy of hydrogen
on a metal surface in the vacuum. Parameter [ represents
the shielding factor by which the adsorption energy of hy-
drogen is shielded by a solvent layer near the electrode.
This parameter was introduced here, because the adsorption
energy of hydrogen in the vacuum Epy—y is thought to be
weakened by a solvent layer near the electrode.
Here we define

27
Io= T" Cav? o(Er) (DY)
AE=g — Agi+eVeq (D10)

By using the relation of Eqgs. D8, D9, and D10, the ex-
change current of hydrogen evolution iy is expressed from
Eq. 38 as,

. AE (8 — Agsi+eVeq)
=1 —— =] —_— T
ion = loexp o exp T (D11)
The exchange current of Eq. D11 is rewritten as,
. +eVe A&
ion=1Ilpexp— %‘—) X exp k—Tﬁ
_ Agi _ BEvM—u
=C X exp T Cexp T D12)
. B Ev—u
= D
logion = Ci+ 3300k ®13)
where eV
¢ =log (10 exp— %) (D14)

C, is a constant. Equation D13 indicates that log io,H
plotted against Ey—y should be on a straight line if the theory
is correct.

Figure 6 shows the result of log iy gy plotted against En—g
on various kind of metal electrodes.'? It shows a volcano
shaped dependence with its maximum of logipg=—3.0 at
Ey—1u=2.6 €V for Pt. As is shown here, logipy values are
on a straight line, as was already point out by Trasatti.'?

This result supports Eq. D13. From the slope of the straight
line at the left branch of Fig. 6, the value of S can be de-
termined. The theoretical slope is 2’33%” from Eq. D13. The
slope of the solid line in the left branch in Fig. 6 is 6.8 eV.

Consequently %:6.8 eV.
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From this equation

£ =040 (D15)

is obtained. Next let’s compare the magnitude of io i at Pt
electrode with that at Hg electrode. The adsorption energies
of hydrogen on Pt and Hg are'®

EHg—H =1.26 CV, Ep‘—H =2.60—3.03eV

From Eq. D13 we get

B(Evcs — )
2.30kT
When we use Ep—y=2.6 eV, and $=0.40, we get Alog ipy=
9.1 from Eq. D16. For Ep—=3.03 eV and £=0.40, we get

Alog ip y=12.0 from Eq. D16. Therefore,

A lOg ioH E lOg iou(Pt) — log ioyH(Hg) = (D16)

Alogiou =logiou(Pt) — logion(Hg) = 12.0—9.1 D17

is obtained.

On the other hand, the experimental value of Alog iy
is about 9.3.'2 It agrees well with the calculated values of
Eq. D17.

From the above discussion, it is concluded that the large
io,y value at Pt electrode is caused by a large adsorption
energy of hydrogen on Pt, i.e. Ep—y. When Ey—y is large,
Agg becomes large according to Eq. D8. For a large Agg
the activation energy AE decreases (see Eq. D10). Then, ip g
increases as seen from Eq. D11. On the other hand, Ey—g
is small on Hg electrode. Therefore, AE becomes large,
resulting in a small ip i on Hg electrode.

From the above discussion, it is concluded that the left
branch (Ey—n < 2.6 eV in Fig. 6) is the electorn transfer lim-
ited region. Equation 8 shows that A&y is cathodic “electron
transfer adsorption”. Consequently, in the left hand branch
“electron transfer adsorption” plays very important role (see

ot
T
£
© 5
<
S~
T -8t
©
=
D -10
°
-12
-14 . L t 4 4
1.0 1.5 2.0 25 3.0 3.5 4.0
Ep_n/ eV
Fig. 6. Exchange currents for electrolytic hydrogen evolu-

tion vs. adsorption energy of hydrogen Ey—y on various
metals. Ey—y from Krishtalik.'”
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Egs. D8 and D13) in the left hand branch of Fig. 6. logioy
in the right hand branch (Ey—g > 2.6 €V in Fig. 6) is also on
a straight line as shown in Fig. 6. How is this right region
explained? This region is also related with the mechanism
of hydrogen evolution, as follows. In the region of Ey—y >
2.6 eV, desorption of -H (hydrogen atom) from the electrode
surface is considered to be the rate determining step, because
of the large Ep—n.
In this case, the reaction rate k would be expressed as,

AGdes
kT

k ocexp— (D18)

Here AGye represents the free energy change of the des-
orption of hydrogen atom from the electorde surface which
corresponds to the free energy change of the reaction (D6).
AGyes 18 expressed as,
AGyes = A&y — %D(H—H) (D19)
Where D(H-H) is the bonding energy of H, and Ag,, is
the adsorption energy of a hydrogen atom on the electrode.
Since D(H-H)=4.48 eV, we obtain from Eq. D19

AGyes = A&ag —2.24 (D20)
By substituting Eq. D20 into Eq. D18, we obtain
A& —2.24
k oc exp— === (D21)
Omitting the constant term, Eq. D21 yields
Afad
logk o< — 23k (D22)

Because log & is considered as log ip y, Eq. D22 is written as,

A Ead

2.3kT

logion oc — (D23)
From Eq. DS,

A& = Agin = BEv— (D24)

Here [ represents the shielding factor of the adsorption
energy defined by Eq. D8. Substitution of Eq. D24 into
Eq. D23 gives

lOg i(),H X — (DZS)

Equation D22 means that logipy is proportional to Ey—y.
The right branch of Fig. 6 is also on a straight line. The slope
of the solid line in the right branch in Fig. 6 is —6.65 eV.

The slope of Eq. D25 is — 5% The value of 8 determined
from Z;c"_7=6'65 is £=0.39. Thus the right hand branch of
Fig. 6 can be explained by the above theory. Moreover
£=0.39 is very close to £=0.40 which was determined from
the left branch of Fig. 6.

As shown in the above discussion, the volcano shaped
dependence of log ip i on Eyv—y is related with a microscopic
mechanism of hydrogen evolution and explained well by the
present theory. The left hand side of Fig. 6, i.e. Epp—<2.6
eV, is the electron transfer limited region. Since hydrogen is
adsorbed strongly on the metal surface with increasing Ey—y,
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the desorption and recombination of hydrogen becomes the
rate determining step in the right hand branch of Fig. 6,
i.e. Ey—y>2.6 eV. Thus, the above discussion leads us to
the conclution that the rate determining step of the hydro-
gen evolution is the electron transfer step of Eq. D5 or the
recombination step of Eq. D6 depending on the adsorption
energy of hydrogen. The electrochemical mechanism of
Eq. D7 can be ignored.

C) Theoretical Evaluation of the Exchange Current of
the Hydrogen Evolution Reaction. In the present theory,
the exchange current plays an importantrole. Itis well known
that the exchange current of hydrogen evolution change dra-
matically depending on the kind of metal electrode.'®'” This
problem was discussed by Trasatti et al.'>'>

As was already discussed, the hydrogen evolution reaction
is typical case of the weak coupling. Now we will discuss the
exchange current of hydrogen evolution based on the present
theory in the weak coupling case.

As seen from Eq. 38, for the theoretical evalution of the
exchange current the value of the state density near the Fermi
level, i.e. p(Ef) is necessary.

In the electrode reaction Fermi level changes depending
on the electrode potential.

From Eq. 18,

E;=—cV (18)

By dividing V into two components, Eq. 18 can be written
as

Ei = —~e(Vf + V,m) (D26)

where Vi, is the imposed potential (voltage) added on V.
Here —eV; represents the Fermi energy in the absence of the
imposed potential. In the free electron theory of metals, the
Fermi energy is about several eV. For instance, 7.00 eV for
Cu and 5.51 eV for Au' and 5.49 eV for Pt. From the free
electron theory of metal, the state density is given by

Vo /2m\3
pE) =5 <ﬁ> VE (D27)
From Eqgs. D26 and D27,
p(Er) = % (%’f) eV Vi) (D28)

The state density in the absence of imposed potential p(EY)
is from Eq. D28

3
V [/2m)\?2
oED =5 (ﬁ) Ve (D29)
From Egs. D28 and D29,
p(E¥) Vi + Vim Vim
= =4/1+— D30
pE) "\ Vi \ * Vi (D30)
For Vin=1.0V,
p(Er) 8.0
=4/ —=1.069 D31
pE) ~\ 70 30

is calculated for Cu.
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pfg’, =1.087 is calculated for Au and & =1.081 for Pt.

All the above calculations show that the effect of the im-
posed potential on the state density is small within the po-
larization less than 1.0 V. Therefore, p(E?): p(E¢) assumed
for the weak coupling case seems a good approximation.
Therefore, hereafter we use the state density in the absence
of imposed potential and write it p(Er). The state density
p(Er) can be obtained from the electronic heat capacity of
the metal as follows.

C-1). State Density and Electronic Heat Capacity.
The heat capacity Cg of the electron gas in a metal is ex-
pressed as'?

Ca= 3% pEDRT (D32)
When y = %nzp(Ef)kz (D33)

is defined,
Ca=7T (D34)

Parameter y is obtained experimentally from electronic heat
capacity.'” From the relation of Eq. D32,

3
n2—71:2 (D35)
is obtained. Therefore the state density at Fermi level p(Ef)
can be evaluated by using Eq. D35.

Table 1 shows the experimental value of y'' and p(E;) in
the absence of imposed potential for various metals calcula-
tion from Eq. D35.

C-2) Quantitative Caluculation of the Exchange Cur-
rent for Hydrogen Evolution.  C4=10?° molecules/cm?
is assumed. This concentration corresponds to 1 M (1 M=1
moldm™2). The magnitude of electron exchange energy v
is important for the calculation. However, its magnitude is
unknown. Now, let’s assume v=10 cm™! tentatively.

We use p(E;)=1.82x10'2 erg~'-molecule~! for Pt from
Table 1. Using these values, we obtain

p(Er) =

Io= 2—"'h”°vzp(E,-)cA =68.6x10°Acm™  (D36)
Next, let’s assume v=100cm™~".In this case, we obtain
2me 12 -2
Ip= Tv p(Ef)CA 68.6 x 10°A cm (D37)
by a similar calculation. Next, left’s evaluate AE and

exp —4L.

From Eqs. D8 and D15,

Aé‘ﬁ = A&m,f = ﬁEM—H =0.40 Epy—y (D38)

When Ep—3=2.60 eV is used, Ag;=1.04 eV is obtained.
Now let’s evaluate the activation energy AE. For the eval-

uation the value of Vi, is necessary. Ve, contain a concen-

tration term as seen in Eq. 27. Since this term is considered

to be small, we might neglect it. Under this assumption,
Veq = Vo = VNuE (D39)

isobtained. Here eVnyg represents the energy level of normal
hydrogen electrode in the vaccum scale.

Bull. Chem. Soc. Jpn., 69, No. 9 (1996) 2445

Table 1. Electronic Heat Capacity Constant ¥ (mJ mol ™!
K™?) and State Desity p(Er) of Various Metals.

Metal y p(Er) (10" molecule™'K~2)

Ti 3.35 8.94

Cr 1.40 3.74
Mn 9.20 24.6

Fe 4.98 133

Co 4.73 12.7

Ni 7.02 18.7

Cu 0.695 1.86

Zn 0.64 1.71

Ga 0.596 1.59

Zr 2.80 7.48
Nb 7.79 20.8
Mo 2.0 5.34

Ru 33 8.81

Rh 49 13.1

Pd 9.42 252

Ag 0.646 1.72

Cd 0.688 1.84

In 1.69 4.51

Sn 1.78 4.75

Sb 0.11 0.3

Pt 6.8 18.2

Au 0.729 1.95

La 10.0 26.7

Hf 2.16 5.76

Ta 59 15.8

w 13 3.47

Re 2.3 6.14

Os 24 6.41

Ir 3.1 8.28

Hg 1.79 4.78

Tl 1.47 392

Pb 2.98 7.96

Bi 0.008 0.02

0.0eV Vac.Level
H"'aq
-2.1eV ¢
0 — H+aq/H.aq
H'aq —> H+aq +€yac
-4.5¢V _eVO H+aq/H2
Fig. 7. A schematic illustration of & and eV} in the vacuum

scale for hydrogen evolution reaction.
Now we use the following values &'¥ and eVygg,'*'?
measuring energy level from the vacuum level, i.e. vacuum
scale.
CVNHE =4.5eV

g=-2.1¢V, (D40)

Figure 7 illustrates these energy levels in the vacuum scale.
If we use these values,
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AE=1.36¢eV (D41)
is obtained from Eq. D10.
Using this value, we can calculate
exp— % =exp— 0.16227 =1.042x 1072 (D42)
In the case of v=10 cm™!
ion=1o exp—i—f =7.15%x 10" *Acm™? (D43)

is obtained from Eqs. D36 and D42. This value is too small
compared with the experimental value.
In the case of v=100 cm™!,

AE _ _
ipn=lexp—= =7.15x 10 YA cm™? (D44)

is obtained from Eqgs. D37 and D42. This value is still too
small compared with the experimental value of mA at Pt.'?

In order to obtain the suitable value of mA, the electron
exchange energy v should be increased much more than 100
cm~'. However, this looks unrealistic. It seems reasonable
to change the value of AE. Now let’s assume g=—2.4 eV,
Ag;=1.1¢eV and eVnge=4.5 eV.

Under this assumption, AE=gy—Aggs + eVyge=1.0 eV is
obtained. When this value is used,

AE —17
exp—ﬁ =1.26x 10 (D45)
is obtained. In the case of v=100 cm™',
ion=0.86x10"*Acm™? (D46)

is obtained from Eqs. D37 and D45. This value is quite close
to the experimental value 1073 Acm™2.'?

As is seen in the above calculation, the exchange current
can be calculated by the present theory, whereas in the classi-
cal theory it is impossible. The above calculation shows that
accurate information about v and AE is important to obtain a
reliable value of the exchange current. Especially informa-
tion of AE is very important, because the exchange current
depends very sensitively on the value of AE.

The value of Ep—y is in the range of 2.6—3.0 eV. If we
use Ep—y=3.0 eV as the adsorption energy of hydrogen on
Pt, Agz=1.2 eV is obtained. Therefore, AE=1.0 eV used in
the calculation of Eq. D44 is possible. The activation energy
AE is influenced sensitively by the evaluation of & and Aeg
as shown in the above calculation.

At present the literature data on the species involved are
too fragmentary to solve the problem. If we can evaluate
AE based on more reliable data, we could calculation the
exchange current in a more accurate way.

The another important factor that affects the exchange cur-
rent is the state density of the metal electrode p(Ef). How-
ever, the change of the state density p(E¢) is at most 1000
times, as seen in Table 1. This change is much smaller than

Quantum Theory of Electrode Reaction

the change of the hydrogen exchange current of 10'°, More-
over there is no clear correlation between the state density of
Table 1 and the exchange cuurent.

Therefore the dependence of p(E¢) on the kind of metal
cannot explain the result of Fig. 6.

As is shown in the above discussion, the present theory can
explain microscopically the mechanism of hydrogen evolu-
tion as well as the quantitative explanation of the exchange
current, which can not be explained well by the classical
theory.'”

The author thanks Mr. K. Hara and Dr. N. Sonoyama
(Tokyo Institute of Technology) for kind help in drawing
figures and stimulating discussions.
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