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T he processes of adsorption and evolution of hydrogen as well as its absorption o nto the surface of platinum in both 
acidic and alka line medi a have been studied by the method o f electrochemical impedance spectroscopy. In ac idic so lutions 
the Nyqui st plots consist of two overl apping semi-c ircles of variable diameters depending on the extent of the cathodic dc­
potential offse t. The semic ircle at the high frequency side of the spectrum enlarges upon increasing the cathodic shift and is 
assoc iated to the surface H up<!, while the size of the semi circ le at the low frequency end decreases in line with the behav ior of 
the charge transfer res istance due to the evolutio n o f hydrogen th rough surface H op<! . Equi valent circuits in perfec t agreement 
with the experimental fin ding have been proposed and the values of the circuit elements and the ir correspondence with the 
e lec trochemistry o f the processes discussed. In alka line solutions only one semicircle with its di ameter decreasing upon the 
cathodic shi ft has been observed which is exclusively due to the process of evolution o f hydrogen th rough H op<!. 

The study of hydrogen evolution and hydrogen ab­
sorption reaction on the noble metals by Jerkiwicz et 
01. has shown that the mechani sm of proton reducti on 
fo llows in two steps I. If protons reduce at the poten­
tial above the thermodynamic potenti al, Hupd (under­
potenti al depos i ted hydrogen) are fo rmed I. Under 
potenti al depos ited hydrogen is a monolayer2 or on 
top of monolayerl. Octahedral sites are occupied by 
Hupd which di ffu ses to subsurface and gets converted 
to H" . Hss are in acti ve at hi gh ox idation potential and 

'\ leave the surface' only by heat treatment. 

Over potenti al deposited hydrogen, Hopd, reduces at 
the potential below the hydrogen reducti on potenti al. 
Hopd are either combined with another atomic hydro­
gen and evolving over the surface or located on the 
tetrahedral site on the metalli c atom and diffuse 
th rough to subsurface layer and gets converted to Hss. 
H"pd prefer to evolve rather than to diffuse. 

Two intermediates were recogni zed in HER (hy­
drogen evolution reacti on) process on the platinum 
electrode by Raman Scattering Spectroscop/. Volmer 
Hyrovski mechani sm has been theoretically investi­
gated by electrochemi cal impedance model by Diard 
el 01.5. Accord ing to their studies, one capaciti ve 
semicircle followed by an inductive loop and in cer­
tain potential s only capaciti ve behaviors are shown . 
Each semi circle could be due to free sites or occupied 
sites depend ing on sy mmetrical factor, rate of each 

step and the resistance of free and occupied sites. 
Also Bai el al. used electrochemical impedance tech­
nique to detect the electrochemical double layer ca­
pacitance on the bright Pt6 and porous Pt? The Ny­
qui st di agram showed two semicircles in the alkaline 
solution. The first semicircle is due to the double 
layer capac itance and the second one (at more dc off­
set potentials) is ass igned to pseudo capacitance aris­
ing from Hopd adsorpti on and it is claimed that Hopd 

can only be adsorbed on the active sites . Dynamic 
electrochemical impedance measurements were em­
ployed to study adsorbed hydrogen on the pl atinum 
electrodes. Two pronounced peaks were recognized 
and their intensities reduce at higher frequencies. 

The impedance results of hydrogen absorption on 
the single crystal of platinum showed that, at high 
frequency, a semicircle was formed with its radi us 
increas ing upon reducing the potenti al to more nega­
ti ve va lues2

• This semicircle originated from the Hupd . 

At potenti al lower than zero point charge potenti al, 
another semicircle was recorded, due to anion co-ad­
sorption. 

The above impedance results and inves tigati ons 
were performed in the limit of 100 kHz to I 00 Hz. 
Only one semi circle foll owed by a vertical capacitive 
line was demonstrated in thi s frequency limi t2

. 

Conway el af. in another set of ex periments studied 
the HER process on different types of platinum crys-
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tals and proposed the diffusion of H2 to the bulk of the 
electrode l3

. 

Yang et af. studied hydrogen absorption on Pd 
electrode in alkaline solution. The Nyquist plot of this 
experiment showed a semicircle at high frequency, 
due to hydrogen absorption of Volmer reaction. At 
low frequencies , a Warburg behaviour was observed 
in the absence of HER and a semicircle due to relaxa­
tion of absorbed hydrogen in the domai n of HER9. 

In the present work, we wish to gain insight on the 
behavior of hydrogen absorption and evolution on the 
platinum electrode by e lectrochemical impedance 
techn ique at low frequencies and at more negative 
potentials. 

Materials and Methods 
Sulphuric acid and sodium hydroxide used in this 

work were analar grade of Merck. All solutions were 
prepared in doubly disti lled water and prevented from 
probable res idual chlorine impurity of the electrolyte. 
Electrochemical studies were carri ed out in a conven­
tional three electrode cell powered by a fu lly comput­
erized E G & G and electrochemical system capable 
of funnin g cyclic voltammetery and impedance spec­
troscopy . The pl atinum and silver wire electrodes 
(polycrystalline) were employed as the working elec­
trodes and their potential s were recorded against 
home made A g/A gCl electrode. The auxi liary elec­
trode was a graphite rod. Cyclic voltammetery studies 
were performed using E G & G model 273A poten­
tiostat/galvanostat, run by an IBM pc/value point 
computer through 270/250 softw are, while impedance 
studi es were carried out using a Solartron SI 1255 
freq uency response analyzer supported by 273A po­
tentiostatlgalvanostat or electrochemical interface 
model SI 1287 and run by the mentioned computer 
through M398 software or zplot or zview software. 
Photographs were obtained by camera model SZH I 0 
Olympus. 

Results and Discussion 
i) Acidic II/edia 

The cyclic voltammogram of the platinum elec­
trode in 0.5 N sulphuric acid solution is shown in 
Fig. I, first scan (a). Reduction and evolution of hy­
drogen are observed at ca -0.50 VI Ag-AgCI and 
-0.55 V/Ag-AgCI respecti vely; the peak current for 
the reduction was decreased upon cyc ling the poten­
tial in the range of 0.0 V to -0.5 VI Ag-AgCI. The re­
duction peak al most di sappeared in the second cycle 
even though the potential sweep rate was doubled. 
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Fig. I---CV's for Pt electrode in 0 .5 N H2S04 solut ion 
(a) first scan, v=IO mV/s, () second scan. \,= 10 mV/s, (c) third 
scan. v=20-mV/s 
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Fig. 2---Complex-plane impedance plots for PI c lectrode in 0.5 N 
H2S0 4 solution, in the range of 100 kH z to 30 mHz at different de 
offset poten ti als (a) -0.55 V/Ag-AgCl , (b) -0.60 V/Ag-AgCl. (c) 
- 0.65 V/Ag-AgCl, (d) -0.70 V/Ag-AgC l 

The results are presented in Fig. I and are in ag ree­
ment with our previous studies3

. The peak reducti on is 
attributed to the removal of Hupd and the presence of 
impurit ies 10. We do not consider such process because 

in the range of 0.15 to -0_55 V, hydrogen evolution is 
not observed and H 's cannot leave the surface. But 
Hupd's can di ffuse to the bulk o f electrode. Thi s 
mechanism is in accordance wi th ou r previous work'. 

Electrochemical impedance techn ique was em­
ployed to shed further light on the detai Is of the SUf­
face processes. The Nyquist pl ots of the hydrogen 
reduction in the potential range of -0.55 V to -0. 7V 1 
Ag-AgCI are shown in Fig. 2. Two partially overlap-
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ping semicircles have been observed where the radius 
of the first one increases with increase in the cathodic 
potential , while the radius of the second one de­
creases. Similar results have been reported by 
Conway I' . 

In a comparable study Conway et 0 1.2 associated 
the first semicircle to hydrogen adsorption on the sur­
face in the form of Hu p<!. The second semicircle is at­
tributed to the process of hydrogen evolution from the 
surface, where its charge transfer resi stance reduces 
upon increasing the cathodic potential. 

Formation of mono or multi layers of Hupd on the 
surface of platinum is reported by several research­
ersl.2. Accordingly, H upd'S have to leave surface be­
fo re any hydrogen reduction . Solubility of hydrogen 
onto the platinum is reported to be low l l

. So, Hupd dif­
fuses through the bulk of platinum. The diffusion co­
efficient of hydrogen to the bulk of the electrode is 
much small er than the diffusion coefficient of proton 
inside the so lu tion, consequently the rate of reduction 
of H op<! depends on the diffus ion coefficient" for the 
migration of hydrogens from surface through the bulk 
wh ich is actual ly the rate determining step for hydro­
gen red uction. Referring to impedance data, the first 
semicircle is sma ll and the second one is large at hi gh 
frequency and at dc offset potential of -0.55 V. At 
more negative potential the first semicircle ge ts larger 
and the second one gets smaller (Table I). This trend 
is contrary to the theoretical results calculated by Di­
ard5

. In our opinion the first se mi circle is due to hy­
drogen absorption. The increase in rad ius of the first 
semicircle is contributed to the increase in Rabs . At 
more negative potential the radius of the second semi­
ci rcle decreases. At thi s potenti al density of adsorbed 
hydrogen on the surface is very high 10. So a hi gh­
adsorbed capacitance is expected. On the other hand , 
as the potenti al moves through more negative values, 
the current density increases and resistance dimin­
ishes, as observed on the polarization curves. The 
equivalent circui t, Fi g. 3(a), is actuall y a part of gen­
eral hydrogen evolution equivalent ci rcuit. The first 
semicircle could no be due to the electrical double 
layer, since th e capaci tance of the electrical double 
layer is independent of the dc offset potential in the 
alka line med i}'. The Bode plots show that the ca­
pacitance of the first sem icircle is formed at med ium 
freque ncy (1000 Hz) (Fig. 4). Careful observation of 
the Bode plot shows a phase angle of 70 degree at low 
freq uency and dc offset potenti al of 0.0 V, which are 
due to absorption of anions2

.
12

. When the dc offset 
potenti al approaches to more negati ve values, the in-

T able I-Values of the eq ui valent circuit, calcu lated by 

data fitting 

Edcl RsoI/Q RI/Q R2/Q CI/I-lF C2/F 
Volt 

- 0.55 11 .47 32.54 76 6.25 2. l e-3 

-0.60 11 .38 54.44 36 6.3 2.23e-3 

- 0.65 11.36 88.65 35 6.6 1 2.53e-3 

-0.70 11.37 128.5 3 1 7.2 1 2.6e-3 

a b 

Fi g. }-Equivalent circuit , (a) for ac idi c soluti on. (b) for alkal ine 
solution 

10" 
-0-- a 

4 _ .. _ b 
10 .. ·0··· c 

3 
- ·e · · d 

- _ .¢ ... C 
N 10 

102 

10
1 

-100 

-75 

.9 -50 
'" :S -25 

0 

25 ~~II~"~"~_~UW~~~~~LUliW~-U~ 

10
0 

10
1 

10
2 

10
3 

10
4 

10
5 

Frequency (H z) 

Fig. 4--l3ode Phase plot for Pt e lectrode in O.5N H2S04 so luti on 
at different dc offset potential s. (a) 0.0 V/Ag-AgCI. (b) -0.3 
V/Ag-AgC I. (c) - 0.5 V/Ag-AgC I. (d) -0.6 V/Ag-AgCI. (c) -0.7 
V/Ag-AgCl 

tensity of the adsorption decreases . At medium fre­
quency a new bending appears and the phase angle 
increases upon increasing the cathodic potential. The 
new time constant is due to diffusion of hyd rogen 
through platinum forming a low capac itance. The 
simulated pattern is shown in Fig. 5. 

In order to differentiate between the behavior of 
surface metals having Hupd and surface metals lacking 
H"pd such as sil ver", similar experiments were per­
formed on the Ag electrode. The resul ts are presented 
in Fig. 6. On ly one rather squashed semi circle has 
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Fi g .5--Silllulated complex-pl ane impedance plots for Pt e lec­
trode according to the data prese nted in Table I, at different dc 
potentials (a) - 0.55 V/Ag-AgCl. (b) - 0.60 V/Ag-AgCI. 
(c) -0.65 V/Ag-AgC L (d) - 0.70 V/Ag-AgCI 

appeared on the Nyqui st plot, with its radius decreas­
ing upon increasing the cathodic potential. The im­
pedance spectra were obtained at the dc offset poten­
tial of -0.6 V/Ag-A gCl after cycling the potential of 
the platinum electrode once in the direction of -0.55 
to - 0.7 V/Ag-AgCI and again in the reverse direction . 
The Nyqui st plots of the two experiments are not su­
peri mposable. This attributes to the formation of Hupd 

during the first set of the potential cycling and low 
removal of hydrogens from the bulk in the course of 
impedance measurement. Obviously, the second i m­
pedance measurement at the potenti al of -0.6 V I Ag­
AgCl "sees" the precovered Hupd surface which 
would obviously perform di fferently. Oxidizing the 
electrode at the oxidation potenti al of hydrogen and at 
even hi gher potenti al (not so hi gh as to change the 
surface property , 0.0 V/Ag-A gCl) , no superposition of 
the Nyqui st plots was observed (Fi g. 7) . Interestingly, 
the fitting was onl y made after heat treatment of the 
surface (Fi g. 8), due to merging of free states again . 

According to our previous work" in acidic solu tion , 
absorbed bu lk hydrogens have low activity at the oxi­
dati on potential. In the cycli c voltammetry experi ­
ments, first, the electrode was pumped by hydrogen at 
the cathodic scan, then the reverse scan potential was 
imposed on it. The Nyquist plot of this electrode was 
recorded demonstrating a high charge transfer resi s-
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Fig. 6--Complex-plane impedance plots for Ag electrode in 
0.5 N H2S04 sol ution in the range of 100 kHz to I Hz at diffe r­
ent dc potentials (a) -0.30 V. (b) -OAO V. (c) -0.50 V. 
(d) -0.55 V. (e) - 0.60 V, ( f) -0.65 V, (g) - 0.70 V. (h) -0.75 
V, (i) -0.80 V, (j ) -0.90 V, (k ) -1.0 V. The inset is show n in 
the corner on the plot 
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Fig. 9--Photographic pi ctures of Pt electrode (a) norma l, 30 .'n­
Inrged. (b) after heat treatment. 30 enl arged. (c) after heat treat­
ment 60 enl arged 

ance arising from deep hydrogens which have low 
activ ity towards oxidizing. So the radius of the first 
semicircle is increased and cannot be fitted on the 
semicircle belonging to the impedance obtained after 
forward scan potential. When the electrode with deep 
hydrogens are preoxidized, the Nyquist plot showed 
an intermediate pattern, in comparison with one ob­
tained after the forward and the reverse scan poten­
ti als (Fig. 6) . The octahedral (Oh), and tetrahedral 
(Td) sites are occupied by Hupd and Hopd respectively . 
The EAM (embedded atomic method) has shown that 
Oh sites are more stable than Td sites. Therefore so me 
Hopd's are expelled duri ng the oxidation process, 
while Hupd's are preserved .The surface of the elec­
trode was destroyed upon heat treatment due to the 
loss of hydrogens originating from the subsurface lay­
ers. This drastic effect can be easily observed by na­
ked eyes and ordinary photograph ing (Fig. 9). Lack of 
fitting of the Nyqui st plots obtained for the fresh sur­
face and after heat treatment, is due to the damage to 
the surface signified as decrease in all the resi stances. 

ii) Alkaline media 
The impedance plots of platinum and sil ver elec­

trodes in the 0.05 N NaOH solution , present genera lly 
the same behavior in which the size of the entire pat­
tern decreases upon increas ing the cathodic potenti al 
(Figs 10 and I I) . Similar trend was observed at higher 
concentration of NaOH up to 0.5 N, but the resistance 
of the solution was decreased. The impedance pl ot of 
the silver electrode (hydrogen nonabsorbing) is as 
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Fig. 12--Complex-plane impedance plots for Pt electrode in 
0.05 N NaOH solut ion in the range of 100 kHz to 50 mHz at dc 
offset potential -1.3 V/Ag-AgCI (a) forward scan, (b) reverse 
scan 

expected, comprIsIng one semicircle at the potential 
of hydrogen evolution . The Nyquist pattern of plati­
num-solution interface consists of a semicircle termi­
nating to a segment of a straight line. We believe that 
due to the very low concentrati on of protons in basic 
sol utions there would be no contribution from the 
Hupd species on the surface, but their presence are 
only recognized in the impedance plot which was re­
corded after the reverse scan potential (Fig. 12), and 
therefore only the second semicircle is observed. The 
terminating segment signifies the mass transfer re­
striction imposed due to the negligib ly low concen­
tration of proton in alkaline solutions . 

The resistance of the solution in the alkaline me­
dium was apparent ly much higher than that in the 
acidic solution. In the alkaline solution coverage of H 
on platinum is much smaller than such coverages in 
acid ic media 10. Due to very low concentration of 
Hupd's, the capacitance of CI is so low that we can 
ignore this capacitance. The result is the equivalent 
circuit presented in Fig. 3(b). As can be eas il y no­
ticed, the resistance of solution is added to .he resi s­
tance of the process of migration of the surface hy­
drogen to the underlying si tes and only one high re­
sistance is detected at high frequency . Thi s resistance 
increases upon increasing the cathodic potential , 
which can be contributed to the covering of the sur­
face with more atomic hydrogen. Actually, we are 
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Fig. 13-Complex-plane impedance plots for Pt electrode in 
0.05 N NaOH solution in the range of 100 kHz to 50 mHz at dif­
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-1.1 V I Ag-AgCI. Note, emergence of semicircle and appearance 
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confronting with a "hydrogen surface" rather than a 
bare platinum electrode. On the other hand, the semi­
circles convert to straight line at dc offset cathodic 
potentials at this step. At this step bubbles of hydro­
gen are observed on the electrode, and when the next 
impedance was performed the semicircle was 
emerged again (Fig. 13). Since a blanket of hydrogen 
was covering the electrode, protons must diffuse 
through this region to reach the platinum and be re­
duced. Consequently a Warburg behavior is observed. 

After hydrogen evolution, the hydrogen blanket is 
removed, and normal behavior is observed again. 

Conclusions 
On the basis of this study the following conclusions 

could be made: 
(i) Hydrogen adsorption and evolution on the plati­

num electrode follows two different routes giving rise 
~ to Hupd and Hopd ; (ii) the formation of subsurface ab­

sorbed hydrogen atoms have been clearly and conclu­
sively demonstrated; (iii) in low alkali concentrations 
the real resistance at the initial high frequency side is 

partly due to the high resistance of the solution but 
largely associated with the accumulation of hydrogen 
atoms on the surface; and (iv) 4-Hss species cannot be 
removed from the surface by oxidizing at 0.0 V I Ag­
AgCl, but can be partly removed upon extensively 
heating of the surface, where the ensued damage to 
the surface is visible to the naked eye. 

Appendix 
The equations employed for obtaining the quanti­

ties in Table I are as follows's: 
Z(p) =R,/(1+ R, C, p) +11 C2 p 

= (1+ R, (C, +C2)p) I (C2 p (1+ R, C, p) ) 
Z (p) = K(1HN p) I [p(1HO p)] = K[I+P/wCN )] I 

[p(l+ P/wCO) ] 
K =11 C2 'tN = R , (C, +C2 ) 'to = R, C, 

wCN = II 'tN WCO = lI'tO 

Theoretical data obtained according to above equa­
tions are similar to the data obtained by simulation 
using Zplot software. . 

References 
I lerkiwics G & Zolfaghari A, J Elec chern Soc, 143 (1996). 
2 Morin S, Dumont H , Conway B E, J electroanal Chern, 412 

(1996) 39. 
3 lafarian M, Mahjani M G & Gobal F, Indian J Chern , 37 A 

(1998) 877. 
4 Tian Z Q, Ren B, Chen Y-X, Zou S Z & Mao B-W, J chern 

Soc Faraday Trans, 92 (1996) 3829. 
5 Diard 1 P, Gorrec B Le & Montella C, J electroanal Chern, 

255 (1998) I. 
6 Bai L, Gao L & Conway B E, J chern Soc Faraday Trans, 89 

(1993) 235. 
7 Bai L, .Gao L & Conway B E, J chern Soc Faraday Trans , 

89 (1993) 220 
8 Ohsaka T, Sawada Y & Yoshida T, J electrochem Soc, 123 

(1976) 1339. 
9 Tae Hyun Yang & Su I1pyun, J electroanal Chern, 412 

(1996) 30. 
10 Conway B E, Bai L, J electroanal Chern, 198 (1986) 149. 
11 Smyrlin W H, Comprehensive treatise of electrochemistry, 

edited by 1.0'M Bockris, B E Conway, E Yeagar and R E 
White, (Plenum Press, New York), Vol. 4, (1981) p.421. 

12 Laviron E, J electroanal Chern, 97 (1979) 135 . 
13 Barber 1, Morin S, Conway B E, J electroanal Chern. 446 

(1998) 125. 
14 Conway B E, Electrochemical supercapacitors: Scientific 

fundamentals and technological applications, (Plenum Press, 
New York) (1999) chapter 7. 

15 Diard 1 P, Legorcec B & Montella C, Cinetique Electro­
chimique Hermann (1996) p. 240. 


