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Generalized analytical expressions for Tafel slope,
reaction order and a.c. impedance for the hydrogen
evolution reaction (HER): mechanism of HER on
platinum in alkaline media*
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Following the generally accepted mechanism of the HER involving the initial proton discharge step
to form the adsorbed hydrogen intermediate, which is desorbed ¢ither chemically or electrochemically,
generalized expressions for the Tafel slope, reaction order and the a.c. impedance for the hydrogen
evolution reaction are derived using the steady-state approach, taking into account the forward and
backward rates of the three constituent paths and the lateral interactions between the chemisorbed
intermediates. Limiting relationships for the Tafel slope and the reaction order, previously.published,
are deduced from these general equations as special cases.. These relationships, used to decipher the -
mechanistic aspects by examining the kinetic data for the HER on platinum in alkaline media, showed .
that the experimental observations can be consistently rationalized by the discharge-electrochemical
desorption mechanism, the rate of the discharge step being retarded on inactive platinum compared
to the same on active platinum.

Nomenclature K _rate constant of the steps described in
Equations 1 to 3 (molcm™2s7)

C, double-layer capacity (uF cm™?) P Cjo

E., reversible electrode potential (V) Grnax saturation charge (uCcem ?)

F Faraday number (96 487 Cmol ") Ai, A9, AE Laplace transformed expressions for Ai,

R gas constant Af and AE

T temperature (K) B, Bs symmetry factors for the Equations 1

Y; Faradaic admittance (Q~'cm™?) and 3

Y, Total admittance (Q~'cm™?) y saturation value of adsorbed inter-

Z; Faradaic impedance (Q cm?) mediates (molcm?)

i total current density (A cm?) 7] overpotential

It nonfaradaic current density (A cm?) 0 coverage by adsorbed intermediates

j =) ® angular frequency

1. Introduction MH + MH %Hz + oM )

-2

One of the most extensively studied electrochemical
reactions is the hydrogen evolution reaction (HER) in
view of the perception of the simplicity of the reaction
and its direct industrial relevance in water electrolysis
and chlor-alkali operations. Hydrogen evolution is
generally accepted to proceed via the steps (Equations
1 to 3) noted below, where in the initial proton dis-
charge to form adsorbed H (Equation 1) is followed
by either the recombination of the adsorbed H to form
H, (Equation 2) or electrochemical desorption of the
adsorbed intermediate to form H, (Equation 3) [1-3].

k
MH + H* + ¢ =—H, + M 3)
k_3

Mechanistic studies aimed at elucidating the elemen-
tary steps involved in the HER are generally based on
the determination and interpretation of kinetic par-
ameters such as Tafel slope, reaction order, stoichio-
metric number, sometimes followed by an analysis of
the a.c. impedance data and open-circuit potential
decay transients, obtained on a given electrode material.
The diagnostic relationships employed in these analy-
sis are often deduced taking into consideration only

N N two of the three constituent steps (Equations 1 to 3)
M+ H" +e %, MH M involved in the overall reaction and assuming that the

* This paper is dedicated to Professor Brian E. Conway on the occasion of his 65th birthday, and in recognition of his outstanding
contribution to electrochemistry.
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steps prior to the rate-determining one are in quasi-
equilibrium, a situation that arises if these steps, in
either direction, have rate constants at least ten times
more than that for the rate-controlling reaction. More
often than not, the relationships used as the guidelines
for interpreting the kinetic parameters are based on
the limiting behaviour, i.e. when the coverage by the
adsorbed intermediates is either zero or unity.

In the course of a recent examination [4] of the
literature on electrocatalysis, it has become apparent
that a number of evaluations of the Tafel slope,
reaction order and the a.c. impedance data found in
the literature are inconsistent with the mechanisms
adduced in conjoint interpretation of such values. It is
the purpose of this communication to develop general
expressions for the Tafel slope, reaction order and a.c.
impedance based on the steady-state approach with
the involvement of all the kinetic steps in the HER
(Equations 1 to 3) and the lateral interaction parameter
between the adsorbed hydrogen intermediates. These
relationships are then used to elucidate the mechanism
of the HER on platinum in alkaline media, recently
examined [5,6].

2. Theory

2.1. General expression for the Tafel slope

The material balance for the adsorbed intermediates
for the reaction scheme described by Equations 1 to 3
may be written for the steady-state condition as:

dé

v = 0= N-2W-V @
where
Y = GualF (%)
and
V, = kCy(l — e)eﬁlhEe*ng _ kvlee—(l—ﬁl)hEe(lfﬂl)ge
= kCue™ e My — 0) (6)
k_,0
Y = 1 — —hE g0
Co e ek @)
V, = k,0°e® — k_,(1 — 0)Ye %’
= k%@ — X) ®)
X = ’fk:%(l — B)’e~%0 9
2

1/3 — k3CH9eﬂ3hEeﬂ3gg . k_::,(l _ O)e*(l—ﬂ_’.)hEe—(l_ﬁﬂge

= k,Cye™ 0 — 4) (10)

k_s

X (1)
where F/RT is written as # and Cy is the concentration
of the reactant H* ions. In equations 6 to 11, the Vs
refer to the reaction rates of Equations 1 to 3, the k’s
refer to the rate constant for the steps noted in the
subscript (equal to &? exp (8,4E...)), E to the electrode
potential and §, and f, to the symmetry factors for the

A = (1 — Q)e~Me=#

forward step of Reactions 1 and 3, respectively. The
exponential terms in the rate equations have been
written with a positive argument for the cathodic
direction of the hydrogen evolution reaction for the
sake of convenience. The quantity g in Equations 6 to
11 measures, in RT units, the change of the free energy
of adsorption with coverage under Temkin conditions
of adsorption [7].

The total faradaic current density, i, can be
expressed under steady-state conditions, based on
material and charge balance conditions as:

i

FEViHV= 2B (1)
The Tafel slope, b, defined by
dlni 1/ ¢i
-1 _ —_ = —
= (G ) i(aE>cH =
can be recast from Equation 12 as:
oV v,
-1 hil | 2’3
o= [(M) * <6E>CH]/(V‘ a9
where
N _ oV oV 00
<6E>CH = aE>g+ @ )\,
av; av; ov, <80>:|
=2 2= 1
<6E>CH (%), + (%) . 19

or

AR (ORI
(@) + (&) LG o

17)
where (00/0E).,,, obtained from Equation 4, is given

by:
(%)~ (%)
0E Cu - % % _ <_5ﬁ>
2(66>E+<60>E 30 ), Jey
(18)

Substitution of Equations 15, 16 and 18 into Equation
17 results in:

v = oenl(F)+(F)]
&)@
{FZ)(F). (%))
~@|(@) - (@), »

Equation 19 is the general description of the Tafel
slope for the HER proceeding via the pathways of
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Equations 1 to 3. Exact expression for the discharge-
recombination mechanism and discharge—electro-
chemical desorption mechanism can be obtained by
substituting the following derivatives into Equation
19:

VB (Y — 0) + (1 — Y]

v, N
<FE_>9,CH - Y -0 (20)
s\ _ Vih[Bi8 — 4) + A]
<—5E_>9,CH - g -4 (21)

v,
(%),
Vi{(Y — 1 —0) + g0(Y — 1) — (Y — O)]}
oY — 0)

(22)

AYEE
(—65) — Vg + M) @3)

2
0 + I

(1 — Oe 1 + 2g(1 — )]
0 — X

(%

520—)5,%

Vi{gd — O)[Bs(0 —~ A + 4] + (1 — 6 + 4)}
(-0 — A

(24)

(25)

2.1.1. Discharge-recombination. The Tafel slope for
this coupled sequence can be obtained, by substituting
Equations 20 to 25 into Equation 19 with ¥, — 0, as

b = g{MG(l—B)—(Y—O—I)

+ g0lY — 20 + 1 + B(Y — O]}/
{MO[B,(Y — 0 + (1 — Y)]
+ 2g6[Y(B; — 1) — 28,0 + 2]} (26)

which, when 8, = 0.5 and the first step is in quasi-
equilibrium, i.e. when Y = 6, degenerates to the
results reported earlier [8,9], as

o RT[ l+g0(1—9)]
T OF |20 + g0( — 0)

When g = 0, it can be noted from Equation 27 that
b=RT]2F as § — 0 and b — o as 0 —> 1,
which is a well-known result.

@7

2.1.2. Discharge-electrochemical desorption. The Tafel
slope for the sequence can be obtained from Equation
19 by substituting V, = 0 and ¥ — 6 = 660 — A)
where § = (k,/k;)e®®, the resulting expression being:
h =

(%) (LY — 0) + 66 — L)

+ g0(1 — O)BE — 1) + 1

— L2 — B, ~ B1}>/KO(1 — L)

x (1 =8 — poL) — {(1 —0)

x [0 — (1 — B)LIGL — 1)} + g6

x {(1 = O — (1 — B)LI2(1 — 6) — L]}
(28a)

where L = 8 — A. When k_; — 0 (i.e. 4 — 0)
and f§, = B; = P, the Tafel slope expression can be
deduced as

b = %{1 + gf[l — 61 + H)/PI1 + gb(1 — B)]

+ (1 + Bgd1 — 601 + d)]} (28b)
which degenerates to Equation 29 when the first step
is in quasi-equilibrium.

RT 1 + g6(1 — 0) :|
b = — 29
F[,B+(1—(9)(1+g9) @9)

Thus, when § = 0.5and § — 0, b = 2RT/3F and
when § — 1, b = 2RTJ/F.

2.2. General expression for the reaction order

The reaction order for the HER can be deduced in the
same manner as above by writing

) - () ()]
B alnCHE—I/]-l_V‘a‘ 0Cxq /i 0Cy Jg

(30)
where
() = [Ga)+ (F) ) o
e), = [G@)+ (B Gl o
or
* - rewlee) (@)L
(&), + (%), () e

Substitution of (00/0Cy ), expressed by
() - (%
(ﬂ) _ 9Cu Jy 0Cy /g
k. @),
a9 Jc, a0 Jc, 30 J, I
(34)

results in a general expression for the reaction order
as:

= rerla)l@), (%),
Gel(@), - (&), 1
(%), (&),
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v, v,
(&), - (L e

where

AN

(%“Z TG _§ (36)
and

AN

(W) = Gl = A) @7

2.2.1. Discharge-recombination. The reaction order
for this mechanism may be obtained by substituting
V; = 0 in Equation 35 as

# = 001 — 0)(2g + M)[(Y — H(2g + M)
— ¥ —0-1 + gb[(Y — 0) — (Y — 1)]
(38)
Equation 38 can easily be degenerated to the

previously known results when #, = 0.5 and when the
first step is in quasi-equilibrium as

201+ g1 - 0
% = 1+ g0(1 — 6) (39)

which showsthat # = 2when 8 — 0and Z = Qas

0 — 1.

2.2.2. Discharge-electrochemical desorption. The reac-
tion order for this mechanism can be deduced from
Equation 35 by substituting V; = 0 and ¥ — 0 =
(0 — A). Again, the # for this mechanism is a com-
plex function of 0 and g as can be noted from Equa-
tion 40.

# = 001 — 01 — L) + (I — SL)]
+ g{(1 — 00 — (A — B;)L]
+0[1 — 0 — (1 — B)YSLYY
L{(1 — 6) + 50 — L) + gb(1 — 6)
X [66 — 1) + 1 — 6L2 — B, — B)]}
(40)

However, when f, = ;, = f and k_; —> 0, &#
can be obtained as

(1 — 60 + 9Iad — pgb)

2 = 1 + g6(1 — 0)

1+

(40)

which degenerates to

R =2-10 (41)

when the discharge step is at quasi-equilibrium and
g = 0.

2.3 General expression for the a.c. impedance

The a.c. impedance for the HER can be deduced in the
same manner as above by writing

1 Ai
TR <AE>CH “2

and by linearizing Equation 4 as

dA8
Vg = AV - 241, - AV, (43)
where
oV, v,
AV, = (—‘) A0+<—'> AE (44
! 0 )uc, 6 )o, F Y
ov,
AV, = {2
4 (ae )E!CH AB (45)

AV,

it

oV, o
()02 + (5),, 22 @0

Substituting Equations 44-46 into Equation 43, fol-
lowed by Laplace transformation of Equation 43

results in
(%), - (%),
<E> _ OE Jy  \OE }, Jo,
o ) ()]
" P”*[z(ae)ﬁ % ), \@ )L,
47

Equation 12, in a linearized form, can be expressed as
Al _ an av; ]
F = %)+ (%) o
oV oV,
“|(5)+ (&)L, 2

Hence, the faradaic admittance can be obtained by
taking the Laplace transformation of Equation 48 and
substituting in Equation 47 as noted below.

&,
() - ()1 (8),
() (@),

Since i = i + iy, the total admittance for the HER,
Y, can now be written as

Y, = Y+ pG (50a)

The real and imaginary components of the impedance
can be obtained [10] from Equations 42 and 50 by
substituting p = jo. Complex-plane diagrams will
reveal two semicircles when (AB/AE)., is finite, and
when (AO/AE)., = 0, only one semicircle, originating
from Cy, is expected.

When there is coupling between the double layer
charging and faradaic process, the total admittance
can be derived to be, as outlined in [10]:

N,
Y, = Yf+pcd+p<%) (KT}) (50b)
Cu

However, calculations based on Equations 49 and 50b
showed negligible change in the total impedance from
the additional term arising from the faradaic—
nonfaradaic coupling.

(48)

Y, =

(49)
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3. Results and discussion

Global expressions for #, b and Z were derived for
reaction pathways such as those proposed for the
HER in Section 2 using the steady-state approach
without any assumption regarding the rate-determin-
ing step. These relationships, general in nature, were
shown to degenerate to the previously published |1 to
3] limiting values for the slow-recombination and
slow-electrochemical desorption mechanisms. The
methodology employed in Section 2 is novel, unique
and can be easily adopted for obtaining the b and #
dependence on # for other electrochemical reaction
pathways involved in oxygen evolution reaction, oxy-
gen reduction reaction, etc.

3.1. Components of Tafel slope
An examination of Equation 17 shows that the Tafel

slope, a complex function of 8 and # (see Equations
17), can be separated into two components as

1 1 1
3= b_l + -b_z (51
where
(%), (%))
—_— + —_—
1 oE J, OE Jy |c, 52)
b, Vi + Vi (
o av,
1 [(ﬁl * <%)E:|c C¢
— = H (53)
b, N+ V)
and
o6
Cy = y<ﬁ')c}, (54)

It can easily be seen from Equation 51 that adsorbed
intermediates, through the adsorption pseudocapaci-
tance defined as (06/0F ), , lowers the magnitude of
the Tafel value; the pseudocapacitance independent
value being given by Equation 52. Substitution of
Equations 6, 7, 10, 11, 20 and 21 in Equation 52 with
B, = B; = B, results in an explicit expression for by
as

oA +1—-7Y
—1 —
b ﬁh+h[6(5— 0 — o4 + Y] (53)
Expressing 0, from Equations 6 and 10, as
ksAd + kY
g = 22 T 717 56
kl + k3 ( )

and substituting it in Equation 55 results in a relation-
ship for b, as

RT 2k k(Y — A)
T[k%(l TY) + Fallod + kl)] 7

Thus, b, is a complex function of the coverage and the
constituent rate constants of steps 1 and 3, assuming
a limiting value of RT/SF as may be noted by neglect-
ing the backward rates for steps 1 and 3.

bl =

Deviation of the experimentally determined Tafel
slope from the pseudocapacitance independent value
of Tafel slope of RT/SF is indicative of the active
participation of the adsorbed intermediates in the
rate-controlling pathway. Hence, consistent mechanis-
tic evaluations should not only involve Tafel slope
determination but must be complimented by the
measurements of the overpotentially deposited
coverage by the adsorbed intermediates, and the often
neglected reaction orders. a.c. impedance measure-
ments do provide information related to (06/0E ),
but are not as direct and unambiguous as the data
obtained from the potential-relaxation technique as
convincingly demonstrated by Conway and his
coworkers [4]. The need for complimentary measure-
ments of C,, # and b to arrive at a mechanism can be
exemplified by considering a situation when b =
RT/BF, Cy ~ 0 (based on potential-relaxation studies)
and # = 2. These values are consistent with the slow-
discharge mechanism and should exhibit only one
semi-circle, obvious from Equations 49 and 50, corre-
sponding to the double-layer capacity in the Nyquist-
plots on planar electrodes. However, if the impedance
plot shows two semi-circles and b = RT/SF with
(00/0E)c, = 0, then either the slow-step is not the
primary discharge reaction or the measurements are
questionable.

Another case of interest is the explanation of b =
1.5RT|F with (06/0E)¢, = 0 during the course of the
HER. Assuming the mechanism to be slow-discharge-
fast-electrochemical desorption, b = 1.5RT/F can be
explained by proposing the f§ value to be 0.66. Alter-
nately, for § = 0.5, it is possible to estimate k, /k, for
various 6 values using Equation 58, obtained from
Equation 28 for k_; — O and g = 0.

b= EFZ[l + B —19(1 n 5)]

For b = 1.5RT|F, k;/k, would be ~ 83 for § = 0.01
and 17 for 8 = 0.05. These estimates of rate constants
may now be refined by iterative evaluation using
Equation 28 and experimental verification.

The kinetic data for the HER on platinum in alka-
line media using the relationships developed in Section
2 are now evaluated.

(38)

3.2. Mechanism of the h.e.r. on platinum from
alkaline media

The mechanism of HER on platinum in alkaline sol-
utions was recently examined by Conway er al. [11]
and Bai et al. [5] by the potential-decay method
[12, 13] complimented by steady state and a.c. impe-
dance studies. These investigations showed (see Fig. 1)
a Tafel slope value of ~125mV on unactivated Pt in
0.5M NaOH solutions which was cathodically
prepolarized at an overpotential of 0.1V for 1h,
whereas anodically activated platinum in 0.5 M NaOH
solutions exhibited a Tafel slope of 75mV in the low
overpotential range and, a b value of 125mV at over-
potentials of > 0.1 V. Analysis of potential relaxation



636

B. V. TILAK AND C.-P. CHEN

(b)

(a)

b=0125V

Overpotential / V

b=0.075V

log (Current density)/ A cm™2

Fig. 1. Schematic polarization data for HER on active platinum (a)
and inactive platinum (b) in 0.5M NaOH (from [11]).

transients showed significant pseudocapacitance in
the overpotential range of 0 to 0.1V with activated
platinum suggesting the low Tafel slope of 75mV to be
arising from the participation of adsorbed inter-
mediates in the rate-controlling pathway. On the other
hand, the coverage by adsorbed hydrogen inter-
mediates on unactivated platinum was found to be
~0.1. Complex-plane impedance plots obtained with
activated platinum, schematically depicted in Fig. 2,
showed a broad semi-circle with a minor end at the
high frequency end, at low 5 values; two overlapping
semi-circles in the # range of 0.1 to 0.15V and a single
semicircle with a shoulder at the low frequency end at
n values of >0.15V. The impedance spectra with
unactivated platinum revealed no distinct features,
mostly exhibiting two unresolved overlapping semi-
circles in the overpotential range of 0.1 to 0.3 V.
The a.c. impedance and the Tafel slope data were
explained [5, 11] in terms of initial discharge of H,O
followed by parallel recombination—electrochemical
desorption mechanism, the rates of these steps being
comparable. On activated platinum, the recombi-
nation step was considered to make a major contri-
bution to the reaction rate whereas, on unactivated
platinum surfaces, the discharge step was proposed to
be rate-controlling. A saturation coverage value of

tmaginary impedance / Q

0.10V
/\0.15 v

Real impedance / Q

Fig. 2. Schematic Nyquist plots for HER on active platinum in
0.5M NaOH at various overpotentials (from [5]).

(RT/F units)

dn/ding

L L
00.0 0.1 0.2 0.3 0.4 0.5

L

Relative potential / V

Fig. 3. Calculated Tafel slope variations with potential employing
the following rate constants: (a)k; = 1 x 1075, k_, =3 x 1077,
ky =28 x 1078, ky =2 x 107 (byk, = 1.5 x 1071, k_, =
15 x 107 &y =22 x 1079k, = 22 x 107" (@ &, = 5 x
107°, k=25 x 10,k =5 x 107%, k_, = 2 x 107°. The
rate constants reported in [5] and [11] are used in (a) and (b) and the
k values in [6] are used in (c).

70 uC cm~2 was used in the calculations with activated
platinum and 20 uC cm~? for unactivated platinum in
contrast to the generally chosen value of 210 uCcm ™2
for unit coverage by adsorbed hydrogen.

Ekdunge et al. [6], examining the kinetics of HER
on platinum in 1 M KOH solutions, obtained similar
results to that of Conway et al. [5, 11] and proposed
a coupled discharge-recombination mechanism. The
rate constants reported by Conway et al. [5, 7] and
Ekdunge et al. [6] are noted below for the HER on
platinum in alkaline solutions along with other kinetic
data.

It may be noted that although the platinum elec-
trodes of Ekdunge et al. [6] were electrochemically
activated for 10min by polarization every second
between + 1mAcm~2 and exhibited an i, value of
3.1 x 10~*Acm™2, similar to the activated platinum

1.0

08 |

Coverage / ©
e
»
1

o
=
T

021

0.0 . . .
0.0 0.1 0.2 0.3 0.4 0.5

Relative potential /V

Fig. 4. Calculated coverage dependence on potential for the three
cases quoted in Fig. 3 and Table.1
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Table 1. Kinetic data for HER on platinum in alkaline media at 25° C

Rate constants

Conway et al. [5,7] Pt in 0.5 M NaOH

Ekdunge et al. [6]

/molcm 257! Ptin 1M KOH*
Active Pt Inactive Pt

k, 1 x 1078 1.5 x 10710 5 x 107°

k_, 3 x 1077 1.5 x 1071 25 x 107°

k, 2.8 x 1078 22 x 107° 5 x 10°°

k_, 0 0 2 x 107°

ks 2 x 1071 22 x 1071 0

anjologi(v)t 0.075 to 0.125 0.125 ~0.12

iy(Acm™?) 3.1 x 107 8.7 x 107° 3.1 x 107*

Gnax (Cem™?) 70 20 210

Mechanism Discharge—parallel recombination-electrochemical Discharge-recombination

desorption

* Values quoted in Fig. 9 of [6]
T b = (8n/dlogi)/2.303

electrodes of Conway et al. [5], the n-logi curves
showed a constant slope of ~0.12V in contrast to the
dual slopes reported in [7].

Employing the kinetic rate constants in Table 1, the
Tafel slope behaviour and the potential dependence
of coverage was reexamined, using the generalized
relationship for », Equation 19, to understand the
rationale for the two different mechanisms quoted in
Table 1 for the HER on platinum in alkaline media at
~25°C. The Tafel slope and the coverage variations
with potential, are depicted in Figs 3 and 4 along
with the pseudocapacitance profiles in Fig. 5 using
Equation 18, and the #-logi plots in Fig. 6 for active
and inactive platinum based on the discharge-parallel
recombination—electrochemical desorption mechanism,
hereafter termed D-PRE route and the discharge-
recombination route using the £ values in Table 1. The
D-PRE mechanism shows §-# variations on active
platinum contributing to pseudocapacitance as observed
experimentally in [5], where as with inactive platinum,
which showed a & value of 120mV, the pseudocapaci-
tance was small, as it should be, since the rate of

2000

1666 |-

t

1333

1000

666 |-

Pseudocapacity / uF cm™2

333 -

0 L :
0.00 0.13 0.25 0.38 0.50

Electrode potential / V

Fig. 5. Calculated pseudocapacitance variation with potential for
the three cases cited in Fig. 3 and Table 1.

discharge is smaller by an order of magnitude com-
pared to the rate of the recombination or the electro-
chemical desorption step. Surprisingly, however, the
D-PRE route with the rate constants in Table 1 for
active platinum exhibits a jump in the y-logi curve
(Fig. 6), calculated using Equation 12, where the Tafel
slope value changes to 125 mV whereas the experimen-
tal curve shows a smooth transition during the change
over of the slope from 75 to 125mV. The rate con-
stants for the D-PRE sequence for inactive platinum
and the discharge-recombination path for platinum,
on the other hand, shows #-logi variations in agree-
ment with the experimental observations up to an
overpotential of 0.4V, beyond which the discharge-
recombination mechanism with the rate constants in
Table 1 calls for the Tafel slope to go to infinity (see
Fig. 6). The D-PRE mechanism, with the rate con-
stants in Table 1, also predicts abnormal Tafel slope
and reaction order dependence on potential for active
platinum as shown in Fig. 7.

An alternate mechanistic pathway involving the
discharge-electrochemical desorption mechanism
(Equations 1 and 3) is now examined to describe the
experimental observations outlined earlier. Tafel slope
values calculated using k, = 1 x 107%, k_, =1 x
107" and k; = 8 x 107" for active platinum [5, 7]
were found to vary from ~0.7RT/F in the low over-
potential region to 2RT/F at overpotentials greater
than 0.15V. Similar Tafel slope behaviour was observed
even when repulsive lateral interactions were con-
sidered in Equation 19; the potential dependence of
coverage and pseudocapacitance being significant in
the potential region where the Tafel slope is <2RT/F
(see Figs 8 to 11). The discharge-electrochemical
desorption mechanism, with the rate constants men-
tioned above, also predicts a normal pattern of varia-
tions of £, b and 6 with potential, shown in Fig. 12.
The complex plane impedance plots (see Fig. 13),
calculated using Equations 49 and 50a with k, =
1 x107% k_;=1x 107" and k, =8 x 1071
were also found to be in agreement with the exper-
imental data schematically shown in Fig. 2. Inclusion
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0.6

0.5 |-

04 |-

02

Electrode potential / V
o
w
T

0.1}

0.0

log i/Acm™

2

Fig. 6. Theoretical y-logi variations for the three cases described in Fig. 3 and Table 1.

of g in Equation 49, instead of reduction in the mag-
nitude of the saturation coverage [5], appears to
accentuate the overlap of the two semicircles simulat-
ing the experimental observations, as noted previously
[5]-

The inactive platinum electrode exhibited an i, of
8.7 x 107 °Acm™2 which may be compared to the
corresponding value of 3.1 x 107*Acm™2 on active
platinum, presumably as a result of the blockage of
active sites by impurities leading to the retardation of
the initial discharge step, following Conway et al. [5].
The variations of b, C, with 5 and the n-logi curves
were hence computed using k; = 1 x 1075, k-, =
1 x 1077and k; = 8 x 107" and illustrated in Figs
8 to 12. The corresponding a.c. impedance behaviour
is illustrated in Fig. 14. These simulations with
the retarded discharge rate for inactive platinum
in Fig. 12 are in close agreement with the experimental
observations.

Thus, the mechanism of HER in alkaline solutions
appears to follow the discharge-slow electrochemical

Reaction order, 3 / Coverage ©

Tafel siope, b (RT/F units)/

0
-0.1 0.0 0.1 0.2 03 0.4
Electrode potential/V

Fig. 7. Theoretical b, § and # variations with potential expected of
the behaviour of HER on active platinum in 0.5M NaOH solutions
for case a in Fig. 3.

desorption pathway on active platinum, the discharge
step being significantly slowed down on inactive plati-
num due to the blockage of the active sites.

4. Summary and conclusions

(i) A generalized procedure was developed to describe
the Tafel slope and reaction order of electrochemical
reactions involving several constituent steps.

(i) Following the well accepted pathways for the
HER, where the initial discharge step generating the
adsorbed hydrogen intermediate is succeeded by the
chemical or the electrochemical desorption of the
chemisorbed H-species, global relationships for the
Tafel slope, reaction order and the a.c. impedance
were derived for the HER employing the steady-state
approach. All the forward and backward rates of the
component pathways were taken into consideration in
these relationships along with possible lateral interac-
tions between the adsorbed intermediates.

25

dn/dini (RT/F units)

05 -

0.0 ] ] ] ]
0.0 0.1 0.2 0.3 04 05

Relative potential / V

Fig, 8. Calculated Tafel slope variations with potential using the

following rate constants: (a) k, = 1 x 1073, k_, =1 x 1077,
k,=8x107° g=0;, b) k;, =1 x 107%, k_, =1 x 107,
ky = = =1x 1077,

8 x 1079, g =10; () k, = 1 x 107%, k_;
= 0.

k, =8 x 107, ¢
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Fig. 11. Polarization curves calculated using the rate constants quoted in Fig. 8
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35 (iii) Limiting relationships for the Tafel slope and
w .2 - .
50 reaction order, deduced from the general equation as
e 051 special cases, are in agreement with those published
o previously.
oo e — — — — ] (iv) Analysis of the kinetic data for the HER on
"0 0.0 0.1 0.2 0.3 0.4 platinum in alkaline media showed the cathodic
Relative potential / V hydrogen evolution reaction mechanism to follow the

Fie. 12. Th cal on of Tafel <l 4 discharge-slow electrochemical desorption route, the
ig. 12. eoretical variation of Tafel slope, reaction order and - . s . .
coverage with potential using &y — 1 x 10-%, k_, = 1 x 10-7, dlscharge step being mgmﬁcantly_reta.rded on inactive
ky =8 x 107%and g = 0. platinum due to blockage of active sites.
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Fig. 13. Complex-plane diagrams computed using Equations 49
and 50 with the following rate constants for HER on active plati-
num in 0.5M NaOH at various overpotentials for g = 0 and
g=10. ki =1x10"% k_ =1x1077, k3 =8 x 107,
Cy = 25uFcem™2. Overpotential, n: (a) 0.05, (b) 0.10, and (c)
0.15V.
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