Transition Metal Complexes 67

ELECTROCATALYSIS OF HYDROGEN EVOLUTION BY TRANSITION
METAL COMPLEXES

Michael HEYROVSKY

J. Heyrovsky Institute of Physical Chemistry, Academy of Sciences of the Czech Republic,
Dolejskova 3, 182 23 Prague 8, Czech Republic; e-mail: heyrovsk@jh-inst.cas.cz

Received October 9, 2000
Accepted November 11, 2000

Dedicated to the memory of the late Professor Antonin A. Vicek.

Voltammetric reduction of monothiocyanate complexes of the iron group metals is accom-
panied by catalytic evolution of hydrogen in two potential regions. Around -1.3 V vs SCE,
hydrogen is evolved at the surface of the electrodeposited metal, around -1.6 V at the sur-
face of mercury. The catalyst is the protonated reduced, zero-valent form of the complex
which has limited stability. Minor differences in behaviour of the complexes of the three
metals are due to different values of their complexation constant.
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In his systematic research on polarography of complex compounds, Vicek
paid special attention to the behaviour of zero- and low-valent transition
metal complexes® and to their generation as products of electrode reac-
tions4. When following the reduction of [Ni(CN),]>", he observed an ac-
companying formation of hydrogen bubbles at the electrode surface; in
acid solutions, the front of the polarographic wave was overlapped by a
maximum decreasing with increasing mercury pressure. VI¢ek found? that
in acid medium, the primary reaction product, the zero-valent nickel com-
plex [Ni(CN),]*, was partly oxidised to the parent complex and partly de-
composed, yielding metallic nickel. It was evident that the low-valent
reduction product was connected with the hydrogen evolution. These re-
sults, relevant to the catalytic evolution of hydrogen at the dropping mer-
cury electrode (DME) in cobalt ion solutions containing thiols, the so-called
Brdicka reaction®’, led to the idea that in that reaction the catalyst is the
zero-valent form of the pertaining cobalt complex. The VIcek’s paper* has
been since then often quoted in that connection®8-19,
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When using hanging mercury drop electrode (HMDE) for their study of
the Brdicka reaction, Anzenbacher and Kalous described an additional pro-
cess of catalytic evolution of hydrogen, manifesting itself as a peak on
voltammetric curves in the potential range by some 300 mV more positive
than the usual Brdic¢ka catalysis!~13, which they denoted “peak P”. Later on
it was found4-16 that this peak dramatically increases when the rate of po-
tential scan slows down, and that the process is not confined to solutions
of cobalt ions. The aim of the present communication is to introduce ex-
perimental data concerning the catalytic evolution of hydrogen on HMDE
in the linear-scan (d.c.) voltammetric reduction of thiocyanate complexes
of some transition metals, and to interpret the newly observed phenomena
in agreement with the known facts about catalysis of electroreduction of
hydrogen ion and with VIcek’s results.

EXPERIMENTAL

Linear-scan voltammetric curves were recorded with the apparatus produced by the former
Laboratorni pfistroje Co., Prague: polarograph PA 4, electrode SMDE 1 in the HMDE func-
tion and xy recorder 4106. As auxiliary electrode, a small platinum foil was used, as refer-
ence electrode served a saturated calomel electrode (SCE); hence, the values of electrode
potential mentioned below refer to SCE.

The solutions studied were prepared from bidistilled water and the following chemicals:
CoCl,-6H,0, NiSO,-7H,0, FesO,-7H,0, KSCN, Na,B,0, , HCIO,, CH;COOH and NaOH, all
of analytical grade. Before measurements the solutions were thoroughly deaerated by pas-
sage of pure nitrogen; during measurements nitrogen was passed above the solution in the
cell.

RESULTS AND DISCUSSION

The experimental results reported below are limited to the effect of
thiocyanate ion on the voltammetric reduction of cobalt(ll), nickel(Il) and
iron(ll) ions at the hanging mercury drop electrode; the concentration lev-
els were kept within limits in which the corresponding monothiocyanate
complexes [M(SCN)]* were prevailing®”. It should be perhaps stressed that
thiocyanate ion by itself is not electroactive in the potential range studied.
In Fig. 1, the d.c. voltammetric curves due to reduction of hydrated
cobaltous ion in a borate buffer of pH 8.4 are shown, recorded with varied
rate of potential scan. The two-electron electrode process is irreversible; un-
der the given conditions, the peak current of electroreduction is controlled
by diffusion. The presence of a small concentration of thiocyanate anion in
solution changes the shapes of some of the curves, as can be seen in Fig. 2:
at scan rates below 20 mV s, a part of the curve at the foot of the peak
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-1.0 -1.5 E. V vs SCE -2.0

Fic. 1
Linear-scan voltammetric reduction of 1 - 107" mm CoCl, in 5 - 107 m borate buffer of pH
8.4, recorded at various scan rates (denoted on the curves in mV s‘l)

-1. -1. -2.
0 5 E, V vs SCE 0

FiGc. 2
Solution as in Fig. 1, containing 9 - 102 mm KCNS; the same dependence
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shifts toward positive potentials — the slower the rate the more marked is
the shift. Under the effect of ligands forming complexes with transition
metal ions, the electroreduction of the original aqua-cations becomes faster
and reduction curves are displaced in the positive direction. The ligands re-
leased in the course of electrode reaction react with the hydrated M(Il) ions
coming from the bulk solution and thus at the electrode new complexes are
formed that readily undergo further electroreduction. This process, the
so-called ligand catalysis, has been thoroughly studied (for the reaction of
Co(ll) with SCN-, see ref.18; for a general review see ref.1°). According to the
association constant of [Co(SCN)]*, the complex prevailing in dilute solu-
tions of cobaltous and thiocyanate ions??, the equilibrium bulk concentra-
tion of that complex in our case would be in the order of 107 mol I1 and
its reduction would hardly show on the voltammetric curve, especially at
low scan rates. The positive shifts of the lower parts of the curves at slow
scan are due to slow adsorption at the negatively charged electrode of the
positively charged thiocyanate complex ions and their ensuing surface cata-
lytic reduction.

A different picture of the d.c. voltammetric reduction of cobaltous ions is
obtained when the concentration of thiocyanate increases and the scan rate
is varied (Fig. 3). The whole front of the reduction wave shifts now to posi-

-1.5 -2.0
E, V vs SCE

Fic. 3
Effect of various scan rates (denoted on the curves in mV s‘l) on d.c. voltammetric reduc-
tion of 1 - 107 mm CoCl, in 5 - 1072 m borate buffer of pH 8.4, which is 9 mwm in KSCN
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tive potentials when the scan rate decreases indicating the importance of
adsorption of the electroactive species from solution, and the steep increase
in current points to the catalytic nature of the electrode process. The total
height of the first reduction step is controlled prevailingly by diffusion. The
curves recorded at relatively high-scan rates show a second, tall wave at
negative potentials; at scan rates slower than 200 mV s, a third wave ap-
pears between the two, that develops at 20 mV s and slower scans into a
prominent maximum that keeps steadily increasing. A voltammetric peak
increasing with the decreasing scan rate is the sign of a catalytic pro-
cess!®21 analogously to the increasing current with decreasing mercury
head in d.c. polarography??. The effect of different rates of individual
phases of the electroreduction of the cobaltous thiocyanate complex on the
outcome of the net reaction is demonstrated in Figs 4 and 5. When the
electrode is polarised at the rate of 10 mV s, the gradual addition of
thiocyanate creates the positive shift of the first wave and the appearance
of two maxima on its limiting current (Fig. 4). When, however, at the same
solution conditions, the scan rate is increased ten times, the positive shift is
hardly noticeable and only the more negative maximum appears at a

E, V vs SCE

Fic. 4
Effect of additions of KSCN on d.c. voltammetric reduction of CoCl,, scan rate v = 10 mV
s7L. Solution of 5 - 107 m borate buffer of pH 8.4 (a), being 1 - 107 mm in CoCl, (b); con-
centration of KSCN (in mmol I™1): 1.1 (), 2.1 (d), 3.2 (), 4.2 (f), 5.2 (g), 6.2 (h)
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higher thiocyanate concentration (Fig. 5). The relatively slow processes of
adsorption accumulation and of the catalytic reaction producing the first
maximum cannot come into play when the electrode potential is changing
fast. Similarly, when recording d.c. polarographic curves with DME of 3 s
drop-time in the same solutions as in Figs 4 and 5, virtually only the cur-
rent due to the fast process of the second maximum appears at negative po-
tentials.

Figure 3 resembles similar published pictures, showing the scan rate de-
pendence of reduction d.c. voltammograms of cobalt(ll) complexes with
thiols'#-16, There the first, more positive, maximum (the “P peak” of previ-
ous authors!-13) was interpreted as due to catalytic evolution of hydrogen
by the cobalt complexes on electrodeposited metallic cobalt in distinction
to the more negative maximum, where the hydrogen evolution is catalysed
on mercury surface. In the first step, the reduction of the cobalt(ll) com-
plex, in our case of [Co(SCN)]*, proceeds in the adsorbed state. The primary
product of the two-electron transfer reaction, [Co%SCN)]-, apparently
slowly decomposes into cobalt atom and the SCN- anion that gets involved
in the ligand catalytic process. Atomic cobalt atoms aggregate into metallic
cobalt, only slightly soluble in mercury?3; Eriksrud?* found that reduction

-1.0 T T

-1.0 -15 -2.0
E, V vs SCE
Fic. 5
Effect of additions of KSCN on d.c. voltammetric reduction of CoCl,, v = 100 mV s™. Solu-
tion of 5 - 107 m borate buffer of pH 8.4 (a), being 1 - 10! mm in CoCl, (b); concentration
of KSCN (in mmol I™Y): 2.1 (), 3.2 (d), 4.2 (e), 6.2 (f)

Collect. Czech. Chem. Commun. (Vol. 66) (2001)



Transition Metal Complexes 73

products on mercury electrode of CoCl, in thiocyanate solution are a com-
posite film of amorphous cobalt sulfide and cobalt crystals. On metallic co-
balt the electroreduction of hydrogen ions proceeds with considerably
lower overpotential than on mercury?®26; the cobalt sulfide is possibly
formed from cobalt thiocyanate in the course of hydrogen evolution on the
cobalt surface. The actual catalyst of hydrogen evolution is presumably the
reduced form of the cobalt complex, [Co%(SCN)]-, that, as a reduction prod-
uct, gets preferentially protonated?’. The protonation occurs, as obviously
in catalysts of the Brdicka reaction in general, at the sulfur atom bound to
cobalt?®. In the potential region of limiting current of the first reduction
step, the surface concentration of the cobaltous thiocyanate is zero; it is
supplied to the electrode by diffusion and the electron transfer does not oc-
cur at the electrode surface any longer, but the electrons tunnel to the
electroactive species over a distance which increases with increasing nega-
tive potential?®. Thus, the reduced product, the catalyst [Co°(SCN)]-, is
formed in the solution near the electrode and its decomposition therein
does not result any more in metallic crystals able to catalyse hydrogen evo-
lution, but presumably in products of a slow reaction of the zero-valent
complex with water. In that reaction, water appears as oxidising agent and
the products are probably some mixed hydroxocomplexes of divalent co-
balt that do not possess any longer catalytic ability. That is presumably the
cause of decrease in the more positive catalytic current. In the course of
continuing negative scan, the potential region is reached where the pri-
mary undecomposed reduction product, the zero-valent cobalt thiocyanate,
in its protonated form, is able to catalyze hydrogen evolution on the sur-
face of pure mercury; it can reach the surface from the site of its generation
within its life-time. That situation gives rise to the second catalytic maxi-
mum; however, as the distance of electron transfer increases further, the
catalyst undergoes the deactivation reaction before it can reach the elec-
trode, and the second catalytic maximum decreases (Figs 4 and 5) or it
merges with the increase in current due to reduction of the supporting elec-
trolyte (Fig. 3). The reduced form of some complexes, when generated out
of the contact with the electrode, obviously decomposes so fast that the
second hydrogen catalytic process does not occur at alll®15, Whereas the
appearance of the first catalytic peak on the voltammetric curve is condi-
tioned by a complex heterogeneous process, the catalysis in the negative
potential range consists in a mere short contact of the protonated catalyst
with the mercury surface; hence the latter net catalytic reaction is faster
than the former, as it follows from the above experimental curves. The
great difference in the second catalytic current when the voltammetric
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curve is recorded at the rates of 50 and 20 mV s~ (Fig. 3) can be explained
by the inhibitive action of the inactive products of the first catalysis that
occupy the electrode surface and hinder its contact with the freshly formed
catalyst.

In acid solutions, where the proton competes with the cobaltous cation
for the thiocyanate anion (HSCN is a relatively strong acid with K, = 0.142
mol I, ref.3%), the effects of thiocyanate additions in the same concentra-
tion relations as in Fig. 4 are incomparably weaker. In a 0.1 M acetate buffer
of pH 4.7 with scan rate of 10 mV s and highest SCN- concentration, a
slight increase in current appears at the foot of the first step, amounting to
about 30% height of the limiting current; this increase totally disappears
when the scan rate is increased to 100 mV s1. No effects due to catalytic
evolution of hydrogen could be observed. Itabashi®:32 obtained catalytic
maxima in d.c. polarography of acidic solutions containing Co(ll) and thio-
cyanate ions at higher concentration levels than in our experiment. The
maxima occurred in the potential region corresponding to our first catalytic
peak and they increased with increasing acidity; however, the author did
not ascribe them to hydrogen evolution.

The value of the association constant of ferrous monothiocyanate,
[Fe(SCN)T*, is slightly higher than that of its cobalt counterpart?® and the
d.c. voltammetric curves of ferrous and cobaltous ions in presence of
thiocyanate ions are similar. Figure 6 shows the effect of the scan rate on
the voltammetric reduction of ferrous ions in excess of thiocyanate ions. By
comparing Figs 3 and 6, we can see that slow accumulation by adsorption
of the ferrous complex also plays partly the role in ligand catalysis, and that
when sufficient amount of the catalyst of hydrogen evolution, [Fe°(SCN)T-,
is produced, the current due to hydrogen evolution appears. Its positive
range, where hydrogen presumably evolves on the electrodeposited metal-
lic iron, overlaps with the reduction peak of hydrated ferrous ion. To the
same conclusions point also the curves in Fig. 7, analogous to Fig. 4; only
the catalytic hydrogen evolution reactions are slower in the case of ferrous
complexes. In acetate buffer, the additions of thiocyanate ion in the extent
as in Figs 4 and 7 have no effect upon voltammetric reduction of ferrous
ion.

The nickel(ll) ion forms stronger monothiocyanate complex than cobalt
and iron ions!” and also the d.c. voltammetric results with Ni(ll) are quali-
tatively different from those with Co(ll) and Fe(ll). The dependence of the
voltammetric reduction of nickelous ions in excess of thiocyanate ions
(Fig. 8) indicates that there is no slow accumulation preceding the catalytic
onset of the electrode reaction by the ligand, and that the latter is not a
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-1.0

i, HA

0.0

E,VvsSCE

Fic. 6
Effect of the scan rate on d.c. voltammetric reduction of 1 - 107> mm FeSO, in 5 - 1072 m
borate buffer of pH 8.4, being 9 mm in KSCN. The scan rates are denoted on the curves in mV st

-1.0 -1.5 -2.0
E, V vs SCE

Fic. 7
Effect of additions of KSCN on d.c. voltammetric reduction of FeSO,, v = 10 mV s™*. Solu-
tion of 5 - 102 m borate buffer of pH 8.4, being 1 - 10t mm in FeSO, (a); concentration of
KSCN (in mmol I"1): 1.1 (b), 2.1 (c), 3.2 (d), 4.2 (e), 5.2 (), 6.2 (g)
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-1.0 g vvssce -15

Fic. 8
Effect of the scan rate on d.c. voltammetric reduction of 1 - 10°* mm NiSO, in 5 - 1072 m borate
buffer of pH 8.4, being 9 mm in KSCN. The scan rates are denoted on the curves in mV s

E, V vs SCE

Fic. 9
Effect of the scan rate on d.c. voltammetric reduction of 1 - 107 mm NiSO, in 1 - 107! m ac-
etate buffer of pH 4.7, being 6.2 mm in KSCN. The scan rates are denoted on the curves in
mv st
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kinetically simple process. Only at the slowest scan rates, there appears a
current peak of the faster of the two processes of catalytic hydrogen evolu-
tion on mercury, which lies at slightly more positive potentials than in the
case of the complexes of the other ions. As a stronger competitor for
thiocyanate ions than Co(ll) or Fe(ll) as compared with proton, the Ni(ll)
ion displays this type of hydrogen catalysis even better in acetate buffer
solution (Fig. 9). On the voltammetric curves recorded at scan rate of
10 mV s, addition of thiocyanate ions to Ni(ll) solution in borate or ace-
tate buffers shows the gradually developing ligand catalysis, but no hydro-
gen catalysis (Fig. 10).

CONCLUSIONS

The processes taking place in the course of electroreduction of
monothiocyanate complexes of the iron group metals can be approxi-
mately described by the following reactions.

— In the solution a relatively weak complex is formed (Eg. (1)).

M2+ SCN- <—= [M(SCN)]* (1)

-0.5
i, HA

-0.4

E, V vs SCE

Fic. 10
Effect of additions of KSCN on d.c. voltammetric reduction of NiSO,, v = 10 mV s™*. Solu-
tion of 1 - 107! m acetate buffer of pH 4.7 (a), being 1 - 107t mm in NiSO, (b); concentration
of KSCN (in mmol IY): 1.1 (), 2.1 (d), 3.2 (e), 4.2 (f), 5.2 (g), 6.2 (h)
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— The positively charged ion is adsorbed at the negatively charged elec-
trode (Eq. (2)).

[M(SCN)]* [M(SCN)I{ (2

— The adsorbed complex undergoes a two-electron irreversible reduction
(Ea. (3)).

[M(SCN)]{ + 2e - [M°(SCN)]; (3)

— The reduction product with zero-valent metal partially slowly decom-
poses at the electrode surface (Eq. (4)).

[MO(SCN)]; — M? + SCN- 4)

— At the deposited metal, atomic hydrogen is formed by electroreduction
of the buffer (Eq. (5)).

BHy, +e - Hy + B (5)

— The undecomposed reduction product at the electrode surface gets
protonated (Eqg. (6)).

[MO(SCN)I; + H{ — [MY(HSCN)], (6)

— The protonated reduction product catalyses hydrogen evolution on the
deposited metal (Eq. (7)).

[MP(HSCN)]s + Hy + e - [MOSCN)] + H, )

— At more negative potentials, the complex gets reduced in the non-
adsorbed state (Eq. (8)).

[M(SCN)]* + 2e - [M°(SCN)]~ (8)
— The zero-valent product partly decomposes (Eq. (9)).
[MCP(SCN)]- - products 9
— and partly gets protonated (Eq. (10)).

[MO(SCN)]~ + BH — [MO(HSCN)] + B~ (10)
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— At negative potentials on mercury, atomic hydrogen is formed by
electroreduction of the buffer (Eqg. (11)).

BH,+e - H,+ B~ (11)

— When the protonated complex (Eqg. (10)) reaches the electrode surface
(Ea. (12)),

[MO(HSCN)] - [MP(HSCN)], (12)
— it catalyses hydrogen evolution on mercury (Eq. (13)).
[MO(HSCN)], + H, + e - [M°(SCN)]; + H, (13)

— When the catalyst gets out of contact with mercury, it decomposes
(Eq. (14)).

[MO(SCN)]; — [MO(SCN)]- — products (14)

This research has been done within framework of the Grant Agency of the Czech Republic (Grant
No. 204/97/K084).
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