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The effect of organic molecules adsorption on hydrogen absorp-
tion in relation to the hydrogen evolution reaction*
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The competitive adsorption of organic molecules (2,7-naphthalenedisulfonic acid)
and adsorbed H is of interest in relation to its influence on H absorption into a Pd-Ni electro-
deposited alloy. The experimental results, in acid solution, show an enhancement of the cov-
erage of the electrode surface with adosrbed H due to the competitive adsorption of organic
molecules that interfere with H atoms, through lateral attractive interactions between the ad-
sorbed species and communal electronic effects, leading supposedly to a decreased proba-
bility of H entry into the alloy. Chemisorbed H is, on the other hand, an intermediate in the
HER, so the enhancement of the electrode coverage in the presence of co-adsorbed organic
molecules promotes the hydrogen evolution reaction.
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INTRODUCTION

An interesting aspect of the process of cathodic evolution of hydrogen at some
transition metals or alloys is the transfer of H from its adsorbed state into the metal just
below the surface layer of metal and then the diffusion of H from this state into the bulk.

At the same time, it is known that the adsorption of site — blocking elements
called poisons, such as: S, SH-, H,S, Pb!~4 usually promotes the cathodic absorption of
H into some metal lattices, such as Fe, Ti, Ni or related alloys. However, it is also known
that the kinetics of the HER is influenced by the adsorption of such catalyst “poisons”
which decrease the coverage of overpotential deposited (OPD) H,5-¢ as well as the cov-
erage by underpotential deposited (UPD) H.%7 For these reasons the rate of the hydro-
gen evolution reaction is usually lowered in the presence of small amounts of poison.©

In the present work the influence of the competitive adsorption of organic mole-
cules on H absorption and hydrogen evolution reaction were examined in relation to the
thermodynamics of H in the absorbed state and the role of the effects of lateral interac-

* Dedicated to Professor Dragutin M. Drazi¢ on the occasion of his 70th birthday.

# Serbian Chemical Society active member.

799



800 VRACAR

tions on both the chemical potential of the absorbed H and the kinetics ofits transfer into
the electrode metal.

EXPERIMENTAL

The electrochemical measurements were performed using an electrochemically deposited Pd
(mol % 63) — Ni (mol % 37) electroded in 0.5 mol dm-3 H,SOy.

The competitive adsorption effect of organic molecules was studied using 2,7-naphtha-
lenedisulfonic acid (NDA) at a concentration of 5.0 x 104 mol dm3.

A conventional three-compartment glass cell was used. A reversible hydrogen electrode (RHE)
in the same basic solution (0.5 mol dm=3 H,SQy) as that of the working electrode was used. A platinum
gauze, spotwelded onto a platinum wire, sealed into a glass tube, was used as the counter electrode.

The solution in the working electrode compartment was saturated with N, at atmospheric
pressure, which was continuously bubbled through the solution.

RESULTS AND DISCUSSION

Steady-state measurement

The hydrogen evolution reaction was studied by steady-state measurements in
0.5 mol dm—3 H»SO4 both with and without NDA molecules.

A very positive steady-state potential [ #0.30 V (RHE) ], stable in time, was es-
tablished at the unpolarized Pd—Ni electrode, immersed in acid solution. It was recog-
nized that this potential was set due to the possibility that a passivation process could
have occurred, producing a surface oxide film at the electrode. The £ —log; relationship
obtained from this open circuit potential in the cathodic direction is given in Fig. 1
(curve a). The curve shows some kind of limiting current in the potential range between
this potential and the potential close to the reversible hydrogen potential, which is re-
lated to the reduction of the oxide present on the electrode surface.

In order to reduce any oxide from the electrode surface, the electrode was polar-
ized at £ = — 0.300 V (RHE) for 1 h. Starting from this potential to the new
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quasi-reversible potential close to 0.030 V (RHE), curve b (Fig. 1) was obtained. This
new quasi-reversible potential established after cathodic prepolarization is considered
to be a mixed potential determined by the hydrogen evolution reaction, as the cathodic
reaction, and the oxidation of hydride formed during cathodic polarization at
E=-0.300V (RHE), as the anodic reaction. In the potential region lower than this qua-
si-reversible potential the Tafel plot had a slope of —0.140 V dec!. The Tafel slope re-
mained the same at higher current densities region, but appeared to exhibit an unstable
region close to the open-circuit potential.

The hydrogen evolution reaction in acid solution proceeds by a two-step reaction
with adsorbed H as the intermediate either on metal or metal-hydride sites,”>? so it is not
clear if this change of the slope in the Tafel line in the lower current density region corre-
sponds to a change in the reaction mechanism with two processes in series or just to a
change of the coverage conditions of the adsorbed H intermediate. One should be aware
that this unstable potential region could also be caused by a significant appearance of the
back reaction.
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02k Fig. 2. Cathodic Tafel relations on
Pd-Ni electrode in the base 0.5 mol
dm™ H,S0, solution and (2) in the base
solution containing additionally NDA

at a concentration of 1x10~ mol dm3.
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In order to relate the effect of adsorption of the organic molecules on the kinet-
ics of the HER the E —log j relation was followed in the presence of 1x10~5 mol dm—3
2,7-naphthalenedisulfonic acid (Fig. 2, curve 2). Contrary to our previous results on
Fe, where this organic molecule acted as inhibitor for hydrogen evolution reaction, 1° this
time it acted in opposite direction, improving the electrocatalytic activity of the Pd-Ni elec-
trode. Comparing the curves 1 and 2 (Fig. 2) it can be seen that certain differences in the ex-
change current density exist, but the differences are more obvious when the Tafel plots are
concerned. Instead of one slope in the absence of the organic molecules, the Tafel relation in
the presence of organic molecules exhibits a linear region, with a slope of —0.035 V dec 1,
at low cathodic potentials, while the slope increases with potential at £ > —0.060 V (RHE).
This suggests that the difference is caused not only by a change of the reaction surface area,
but also that they exhibit a different potential dependence of the reaction rate and thus prob-
ably different reaction mechanisms or variably mixed mechanisms.
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Potential-decay measurements

VRACAR

Potential-decay transients were taken from constant overpotentials during stea-
dy-state polarization experiments, both in 0.5 mol dm— H,SO4 with and without or-

ganic molecules in a solution.
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Fig. 3. Potential-decay for HER on
Pd—Ni electrode in (1) the base solu-
tion and (2) the base solution contain-
ing NDA at a concentration of 1x1073
mol dm™3,

The primary data collected are plotted as £ — log ¢ (Fig. 3) and £ — log (— d£/d?)
(Fig. 4). Upon comparing these data, it can be seen that there are substantially different
kinds of behaviour in the absence and in the presence of organic molecules.

So, in the absence of organic molecules, the potential decay curves (curve 1, Figs.
3 and 4) have three principal regions. The first region arises when £ <—0.060 V (RHE)
and corresponds to the discharge of the double-layer capacitance through the non-linear
Faradaic reaction resistance.!! The second region is mostly flat with “plateau” around
E=-0.060 V (RHE) over the time range log  (#/ms) = 0 to log ¢ (#/ms) = 1.5. The third
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Fig. 4. Plot of E — log(—dE/d¢) for the
HER on Pd-Ni electrode in (1) the
base solution and (2) the base solution
containing NDA at a concentration of
1x10 mol dm"3.
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region arises when £>=—0.060 V (RHE) and corresponds to a continuing decline of £
with log ¢. The overall potential-decay process takes a relatively long time (¢ = 1 s) to
drop to the RHE potential.

In the presence of organic molecules the potential-decay curves (curve 2, Figs. 3
and 4) have only two principal regions. In this case, in the first short time region, there is
potential decay that is related to the process of discharge of the double-layer capaci-
tance which is almost complete within a very short time, when £ <—0.060 V (RHE).
The second potential decay corresponds to the H pseudocapacitance (potential depend-
ence of H coverage and/or extent of sorption of H). The overall potential-decay process
takes a relatively short time (¢ = 6.5 ms).

The flat second region (“plateau’) of the potential-decay (curve 1 Figs. 3 and 4),
in the absence of organic molecules, corresponds to the existence of a high H
pseudocapacitance, probably arising on account of the potential dependence of the lat-
tice fraction Xy of the sorbed H species. Thus, the open-circuit process involves “dis-
charge” of this Cy, which means a decomposition of the absorbed species in parallel
with that of the surface pseudocapacitance, 2 according to the following equation:

J=Cr — (1)

since Cy>> (Cyj.

Pseudocapacitance behaviour

The evaluation of the pseudocapacitance behaviour of the adsorbed OPD H spe-
cies is made directly using Eq. (1), with £ —log data (Fig. 2) together with £ — ¢ behav-
iour differentiated to give d£/dz. The obtained Cy— E curves for the case with (curve 2)
and without organic molecules (curve 1) present in the 0.5 mol dm=3 H,SOy4 solution
are shown in Fig. 5.

In both cases there are variations of Cr with £, showing a maximum, as is pre-
dicted theoretically.13 It can be seen that the half-widths of these curves are quite differ-
ent. In the case with organic molecules in solution the peak is wider than that required
for Langmuir adsorption and corresponds to g <0, i.e., suggests that some attractive in-
teractions are involved. When £ <—0.060 V (RHE), Crdecreases rapidly reaching the
value of Cq; (= 40 uF cm2).

By integration of the C¢— E curves the corresponding H deposition charges are
evaluated. Taking into account that the H deposition charge for a monolayer is similar to
that for a Pt surface, then the apparent coverage in equivalent monolayers of H is calcu-
lated. It was found that the apparent coverage by adsorbed H species in the absence of
organic molecules is about 4 monolayers, and in the presence of organic molecules it is
radically different being close to 1. Since it is difficult to cover an electrode with a film
of 4 monolayers in thickness, one possibility of explaining the behaviour is that the
OPD H in acid solution, in the absence of organic molecules is in the form of hydride in
the near surface region, on which or by means of which, proceed the elementary steps of
the HER. The possibility that the anomalous OPD H capacitance, i.e., apparent
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\ HER of Pd-Ni in (1) 0.5 mol dm™ H,SO,4 and (2)

0.02 0.04 0.06 the base solution containing NDA at a concentra-
-E/Vvs. RHE tionof 1x10” mol dm™.

multilayer adsoprtion of H, could be caused by active dissociation of Hy at Pd—Ni dur-
ing the potential decay should also be considered.

One principal problem here is how site blocking elements co-adsorbed with H on
Pd-Ni promote cathodic H, evolution and enhance the surface coverage by H.14-16
Since the abosrption of H into the metal is closely related to the adsorption behaviour of
the electrodeposited H atom intermediate involved in the steps of the H, evolution reac-
tion, then a generalized scheme of the overall process could be as shown below.

1. The primary step is proton discharge and chemisorption of H:

k
M +H30" +e° = MHygs +Hy )
-1
2. Phase transfer of H from the chemisorption state to the subsurface state just be-
low the surface and from that state into the bulk by diffusion along the chemical poten-
tial gradient of H normal to the metal surface:

MHags(oy) LS EN MHaps(xy) )

3. Desorption of the H adsorbed either on M or on MH as H; by the electrochemi-
cal desorption step:

MH,g, + H;O' + &= —5% 5 Hy + HyO + M (4a)
(MH)Hygs + H30* + e~ —X35 Hy + H,0 + MH (4b)
or by the chemical recombination steps:

MH_4s + MH,qs — ka0, Hy +2M (5a)
(MH)Hags + (MH)Hags —k“L) Hp + 2MH (5b)
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All experimental results show that the reaction steps in the cathodic hydrogen
evolution reaction are in relation to the thermodynamics of H in the absorbed state in
terms of fractional lattice occupancy (Xp) and the role of lateral interaction effects on
the chemical potential of the adsorbed H. With regard to the apparent generation of a
hydride state at the boundary region of a Pd-Ni electrode in 0.5 mol dm= HpSOy, it is
reasonable to suppose that such a surface would have a weaker affinity for chemisorbed
H, which could lead to the discharge of protons and the chemisorption of H as hydride
as the rate-controlling step in the hydrogen evolution reaction.

On Pd—Ni in the presence of organic molecules where 65 was found to be close to 1
the hydrogen evolution reaction could proceed with the chemical recombination step (5a)
being rate controlling. If this is the case then a Tafel slope close to —0.030 V (RHE) is to be
expected, as that was found experimentally in the potential range close to the open-circuit
potential. On the other hand, if this step were rate controlling then a limiting current would
be expected at high cathodic potentials, which was not observed experimentally.

The Tafel relation observed for the HER in the presence of organic molecules

suggests that the recombination and the electrochemical desorption steps are involved
in parallel parts and the total current density should be expressed in the form:

. FE
J=2EdeﬂVWmmem{—iT}*QFkﬁﬂw) ©

where Oy (o) is 0 the coverage by H in the presence of organic molecules, expressed
with Frumkin type of isotherm!7 which takes into account the relative number of
sites in the surface occupied by organic molecules:

O H(o) (7)

——— =Ko xp [-gOH(0) + 00)]
-0 110y —0, ©) R

0, 1s the coverage by organic molecules, g is an interaction parameter which is > 0
for repulsive interactions and < 0 for attractive interactions and I?H(O) is the electro-
chemical adsorption equilibrium constant for H when 6 — 0.

It can be seen from Eq. (7) that if g > 0 then O(o) tends to be increased, for a given
E. In term of the reaction energy profile, the Gibbs energy of activation for the transfer
of H across the interface just into the metal tends to increase, which decreases the trans-
fer rate according to:

AG* = AG7h(0)=0 — Bg [OH(0) T O(0)] ®

where [ is a barrier symmetry factor.

The overall effect of H transfer rate just into the metal is a combination of two ef-
fects: an increase of H coverage, and an increase of AG” for H absorption (Eq. (3)), the
rate of which is:
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K0y exp[-gO@ o) + 0 (0))l/ RT

V) =K —
1+ KH(O) exp[—g(G H(o) + 0 (0) )] / RT
exp[—AGg(o)=01exp[Bg @ 1oy +6,)] €)
where Oy(o) is:
Kyi0) exp[-gO@ o) + 0 (o))1/ RT
0 H(o) = (10)

1+ K o) exp[-gO@p) + 6 (0)))/ RT

according to Eq. (7) for small values of 0.

The interactions between H and organic molecules can be explained to occur
through the excess of electron density, depending on the electronegativity difference of
the adsorbed organic molecules and the substrate metal.

So, electron-donating lateral interactions between coadsorbed molecules and Hygg
arise from the partial donation of a non-bounding electron pair of the coadsorbed molecule
to the metal. Due to the enhanced surface “electron-gas” density the M—H,4s bonds tend to
be stronger and the bond length shortened, enhancing the absorption of H into the metal. An
opposite electronic effect arises in the case of electron-withdrawing interactions between
the coadsorbed molecule and Hygs, which will lower the “electron-gas’ density at the sur-
face metal atoms on which the H is adsorbed. This effect will weaken the M—H,45 bonds
leading to an increase of the bond length and a decrease in the rate of H absorption.

Potentiodynamic measurements

Potentiodynamic experiments were also conducted in 0.5 mol dm—3 H,SO4 solu-
tion both in the presence and the absence of organic molecules in the solution. The aim
was another attempt to elucidate the electrochemical behaviour of hydrogen in relation
to hydride formation.18.19

Figure 6 shows the shape of the voltammetric response of the system in acid solution
without organic molecules in the solution, after the electrode had been held at a potential of
0.00 V (RHE) for a certain time (8 min). As can be seen, a significant charge arises on the
anodic side of the voltammogram (curve 1). During subsequent cycling (curves 2, 3 and 4),
the anodic peak disappears showing that the quantity of charge passed in the anodic sweeps
is to be associated with the oxidation of some species generated during the holding time at
the potential of 0.00 V (RHE). On the cathodic side of the voltammetric profile, it is interest-
ing to notice a small charge that is not related to the anodic peak, but probably to the reduc-
tion of some earlier adsorbed O species at potentials more positive than the anodic peak po-
tential. Cyclic voltammetry results at various sweep rates show that the resulting anodic
peak currents are dependent on v!/2, meaning that a diffusion controlled process dominates
the anodic electrochemical behaviour.

Figure 7 shows the shape of the voltammetric response of the system with organic
molecules present in the 0.5 mol dm—3 H,SOy4, which was recorded after holding the
potential for the same time at 0.00 V, (RHE) as in the case without organic molecules.
As can be seen, the behaviour is quite different. It should be stressed that on the anodic
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Fig. 6. Subsequent cycling of the Fig. 7. Subsequent cycling of the Pd—Ni electrode, in base
Pd—Ni electrode, in 0.5 mol dm>  solution containing NDA at a concentration of 1x1073 mol
H,SO,, after holding the potential at dm3 after holding the potential for 8 min at 0.00 V
0.00 V (RHE) for 8 min. (RHE).

side of the voltammogram the peak appears at a more positive potential, and with a sig-
nificantly lower charge under the peak. On the cathodic side of the profile, it is evident
that at the potential of 0.00 V (RHE) the H, evolution reaction commences with signifi-
cant currents. During subsequent cycling (Fig. 7, curves 2, 3 and 4), the anodic peak
does not disappear and it is clear that processes in the positive-going sweep cannot be
well resolved as the reoxidation of Hy will unavoidably continue at significant currents.
The dependence of the resulting anodic peak currents on the square-root of the
sweep-rate shows that also in this case a diffusion controlled process dominates the an-
odic electrochemical behaviour in potential range where the huge anodic peak appears.

The question which first arises is what is the origin of the diffusion controlled
process in both cases.

So, as there is no significant Hy evolution at a potential of 0.00 V (RHE) in the ab-
sence of organic molecules, then a corresponding H reoxidation currents are not to be
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expected during the following anodic sweep. This means that diffusion and oxidation of
H absorbed within the alloy are the processes that generate the anodic profile.

In the presence of organic molecules, when there is a significant Hp evolution at
the potential of 0.00 V (RHE), it is to be expected that reoxidation of H, is the main rea-
son for the anodic peak.

These conclusions are in agreement with steady-state and potential-decay results.

CONCLUSIONS

1. Experimental procedures based on steady-state, potential relaxation and cyclic
voltammetry measurements at Pd—Ni electrochemically deposited alloy have enabled
the effect of the competitive adsorption of organic molecules on H adsorption and ab-
sorption, as well as on the hydrogen evolution reaction to be evaluated.

2. All the results show that coadsorbed organic molecules promote H adsorption
but inhibit H absorption and that these effects could be explained through the lateral at-
tractive interaction between the adsorbed species, i.e., including interaction effects in
the O function.

3. Coadsorbed organic molecules make the H coverage dependent on potential,
resulting in a Tafel relation for the HER having two slopes:

a) in the lower overpotential range this slope has a value of — 0.035 mV dec!,
where the hydrogen evolution reaction proceeds with the chemical recombination step
as the rate controlling one, and

b) in the higher overpotential range this slope has a value of — 0.120 mV dec!,
which can be explained only if the recombination and the electrochemical desorption
steps are both involved in parallel parts of the hydrogen evolution reaction.
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YTHUILA] KOATCOPBOBAHUNX OPITAHCKHMX MOJIEKYJIA HA ACOPITLIAUTY 1
AIICOPITINIY BOJOHUKA

JbMIbAHA BPAYAP

Texnonouwxo-meimianypuiku ¢arxyaitieii Ynusepauitieiia y beozpaoy, Kapuezujesa 4, 11000 Beozpao,
E-mail: ljyracar@elab.tmf.bg.ac.yu

HcnurrBame yTuIiaja KoajcopOoBaHUX OPraHCKUX MOJIEKYJIa Ha aJiCOPIIIH]Y 1 alcop-
MIIMjy BOAOHKUKA, Y KHCEIIOM PacTBOpY, Ha jerypu Pd—Ni, moka3aso je fa 300T NpUBIaYHUX
JaTepalHuX MHTepakuuja m3Meby agcopOoBaHMX 4eCTHIA pacTe CTENEeH MOKPUBEHOCTH
nerype ajicopboBaHUM BOJOHMKOM, ajii pacte n [ mGcoBa eHepruja akTUBaIyje 32 peakiujy
ancopryje. YKYIHH eeKkaT IpOMEeHe OBa JIBa lapaMeTpa ofjpaXkaBa ce Ha MHXUOWpambe
peakuuje ancopiiyje BOTOHHMKA, all M Ha MPOMEHY MeXaHH3Ma eJIeKTPOXEMHjCKOT M3/-
Bajarba BOJIOHMKA M 3HauYajHO yOp3aBame OBE peakiuje.

(ITpumibeno 11. jyna, pesupupano 28. asrycra 2001)
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