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Inverted and amplified waves in cyclic voltammograms of [PtH( PEt,),] + at a sitting mercury drop 
electrode are interpreted in terms of catalytic cycles for hydrogen production from water involving 
adsorbed species. The adsorption step on the cathodic sweep involves a two-electron reduction to 
the catalytically inactive species [PtH( PEt,),] - (ads.). On the reverse (anodic) sweep, a reductive 
catalytic cycle is initiated by oxidation to [PtH(PEt,),]' (ads.) and stops when the potential is 
insufficiently negative to reduce [Pt( PEt,),]" (ads.) {or [ PtH,( PEt,),]'+ (ads.)}. In second and 
subsequent forward scans the catalytic cycle restarts when the potential is sufficiently reducing 
to reduce [Pt( PEt,),]*+ (ads.) or [PtH,( PEt3),]*+ (ads.) and terminates when [PtH( PEt,),]' (ads.) 
is reduced to [ PtH (PEt,),] - (ads.). Variations in peak shape and position with [PtH( PEt,),] + 

(aq.) concentration are interpreted in terms of partial or full desorption of [Pt( PEt,),] (ads.) or 
[ PtH ( PEt,),]' (ads.) during the catalytic cyclic under certain conditions. Catalysis of hydrogen 
production at a mercury drop electrode with catalyst turnover numbers up to  2 x 1 O5 h-' for 
> 16 h is also described. 

Inverted peaks, which are often correlated with polarographic 
maxima have been observed in cyclic voltammograms of a range 
of different materials and generally take the form of reduction 
waves observed during the anodic sweep of the cyclic 
voI tammogram. 

The most common substrates for which these features are 
observed are alkyl halides 5-9 or 'onium' salts (tetra-alkyl- 
ammonium, phosphonium or ~ u l p h o n i u m ) , ' ~  which, in their 
reduced form may be capable of forming amalgams with the 
mercury drop e1e~ t rode . l~ .  ''-l4 In these cases, it has been 
proposed that amalgam formed during the cathodic sweep 
increases the overpotential for the reduction of the onium salt 
from solution before all of the species in the diffusion layer has 
been reduced. On the reverse sweep, the amalgamated anion 
radical is oxidised at a potential more negative than that 
required for reduction of the free onium salt so that any 
unreduced onium salt in the diffusion layer will be reduced 
despite the fact that an anodic sweep is taking place. It has also 
been suggested that a two-electron reduction of the onium ion 
may be i m p ~ r t a n t . ~  

For alkyl halides, the inverted peaks are also usually 
attributed to amalgam formation, this occurring by chemical 
reduction of the supporting electrolyte by radicals or diradicals 
derived from the alkyl halide.8 

have, however, suggested that all of these 
phenomena can be interpreted in terms of physical rather than 
chemical phenomena. These physical phenomena include 
inhomogeneous polarisation of the mercury drop, which is 
probable only in non-aqueous media, and/or an inhomogeneous 
adsorption of a surface active species. These inhomogeneities 
lead to differences in surface tension over the drop surface and 
hence to vibrations of the drop and stirring of the solution 
adjacent to the mercury drop; these vibrations account for the 
irregular or inverted peaks observed. 

These explanations are clearly plausible in a number of 
instances; indeed we have shown that they are responsible for 
inverted peaks in the cyclic voltammograms of e.g. CF,CHBrCI, 

Ginzburg et 

but the observation l 6  of inverted waves in cyclic voltam- 
mograms of HCO(0H) or C H 2 0  at a (solid) platinum electrode 
clearly cannot be explained in this way. In any case, it is 
generally agreed that adsorption of the substrate in its reduced 
or oxidised form is responsible for these inverted maxima. 

During the course of extensive studies into the use of low- 
valent platinum metal hydrides for hydrogen production from 
water 17-21 or alcohols,22 we have investigated the electro- 
chemistry of [PtH(PEt,),] + at a mercury drop electrode. 

In cyclic voltammograms of this complex we have observed 
inverted waves, but unlike those previously observed, these 
maxima show very substantial amplification relative to normal 
diffusion controlled processes. We now report details of these 
studies, for which a preliminary communication has been 
published.23 

Results and Discussion 
A d.c. cyclic voltammogram of [PtH(PEt,),]' (1.5 x lW4 
mol dm-') in phosphate buffer (0.5 mol drn-,, pH 6.88) is shown 
in Figure 1. In the first scan [Figure l(a)] there are only two 
very small reductive waves (A and B) during the cathodic sweep, 
prior to breakdown of the solvent. Since reversing the scan 
before or after wave B leads to identical subsequent scans, it is 
clear that wave B is not necessary for the chemistry of the 
subsequent scans and it will, therefore, be ignored during the 
following discussion. 

The first anodic scan shows a large approximately Gaussian 
reductive (i.e. inverted) wave (C) with a maximum at ca. - 1.5 V. 
The second cathodic scan [Figure 1(6)] also shows a similar 
large reductive wave, D, at ca. - 1.6 V. Subsequent cathodic and 
anodic scans are identical to those shown in Figure l(6). 
Hydrogen production (bubbles) is observed during passage of 
waves C and D. 

As pointed out above, inverted and amplified waves can often 
be explained l 4  in terms of oscillations of mercury drops caused 
by inhomogeneous coverage of the drop surface during ad- 
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(i) Adsorption 
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[PtH(PEt,),]+ (aq.) + 2e - [PtH(PEt,),]- (ads.) 

(ii) Initiation 

[PtH(PEt,),] - (ads.) - e - [PtH(PEt,),]' (ads.) 

(iii) Catalytic cycle 

[PtH(PEt,),]' (ads.) + H + [PtH2(PEt3),]'+ (ads.) 

1 .o 

1 

2.0 -E IV - 1.0 

Figure 1. Cyclic voltammograms of [PtH(PEt,),]+ (1.5 x mol 
dm-,) at a mercury drop electrode. (a) first scan; (b) second and 
subsequent scans. For peak assignments see text. Scan rate 100 mV s-' 

sorption or desorption processes. Certainly, drop oscillations 
do occur during the passage of waves C and D since vigorous 
hydrogen evolution is observed; however, we can show that 
these oscillations are not responsible for the inversion or 
amplification since identical cyclic voltammograms are 
obtained using a copper wire plated with a thin layer of 
mercury. Such electrodes have been shown24 to be 
quantitatively identical to sitting mercury drop electrodes. 
Furthermore, the height of waves C and D is proportional to the 
length of mercury-plated copper wire immersed in the solution, 
confirming that vibrations of a mercury drop are not a 
prerequisite for the observed inverted and amplified waves. 

We offer the following chemical explanation of the observed 
cyclic voltammetric behaviour of [PtH(PEt,),] +. Subsequently 
we discuss the effects of scan rate and changing concentration of 
[PtH(PEt,),]+ on the shapes and positions of each wave in 
turn, which support this chemical explanation. 

We believe that wave A represents a two-electron reduction of 
[PtH(PEt,),]+ (aq.) which leads to an adsorbed monolayer of 
[PtH(PEt,),] - (ads.). This species is not active for hydrogen 
production but remains on the electrode throughout the 
remainder of the first negative scan and the first positive scan 
until the potential is sufficient to induce the one-electron 
oxidation of [PtH(PEt,),] - (ads.) to the radical [PtH(PEt,),]' 
(ads.). This radical is then catalytically active for hydrogen 
production as shown in the Scheme and, since this reaction is 
reductive, an inverted wave, C, is observed. The catalytic 
reaction proceeds at a high rate until the potential is 
insufficiently reducing to drive one of the reduction reactions, at 
which point the hydrogen production switches off, accounting 
for the approximately Gaussian shape of wave C. 

Since a platinum species is still adsorbed on the electrode 
surface, by scanning negatively the catalytic cycle can be 
switched on again as soon as the potential is sufficiently negative 
to drive both reduction reactions of the catalytic cycle and hence 
a large reductive wave (D) is observed on all subsequent 
cathodic scans. The catalytic reaction proceeds until the 

[PtH,(PEt,),]'+ (ads.) + e - [Pt(PEt,),] (ads.) + H, 

[Pt(PEt,),] (ads.) + H +  - [PtH(PEt,),]+ (ads.) 

[PtH(PEt,),] + (ads.) + e - [PtH(PEt,),]* (ads.) 

(iv) Termination 

[PtH(PEt,)J' (ads.) + e - [PtH(PEt,),] - (ads.) 

Scheme. Proposed reactions occurring during cyclic voltammograms of 
[PtH(PEt,),]+ at a mercury drop electrode in aqueous phosphate 
buffer (0.5 rnol drn?, pH 6.88) 

potential is sufficiently negative for reduction of [PtH(PEt,),]' 
(ads.) to the catalytically inactive [PtH(PEt,),] - (ads.) to 
occur. Hydrogen production switches off and a Gaussian shape 
for wave D is also observed. These reactions are summarised in 
the Scheme. 

The inversion of wave C can then be attributed to an 
oxidative initiation of a reductive catalytic cycle whilst the 
amplification of waves C and D are attributable to catalytic 
hydrogen production. 

Wave A.-The shape of wave A changes from the very diffuse 
feature shown in Figure l (a)  to a much sharper feature as the 
concentration of [PtH(PEt,),]+ (aq.) is increased from 
1.5 x lo4 to 4 x 10-4 mol drn-,. This is consistent with the 
reductive deposition of a controlled amount of an adsorbed 
species since, at low concentrations, material will have to diffuse 
from considerable distances from the electrode, whilst at higher 
concentrations more material will be available close to the 
electrode and saturation coverage will occur more quickly, 
giving a Gaussian shape. 

The area of wave A, measured at a higher concentration of 
[PtH(PEt,),]+ (as.), corresponds to the passage of 5 x 1C6 
Coulombs for a drop with a diameter of 1 mm. 

Assuming that the area of a molecule of [PtH(PEt,),] + is 20 
A2, one monolayer on a 1 mm drop should contain 1.5 x lo', 
molecules. 

Clearly then, the area of wave A can be attributed to the 
formation of a monolayer of [PtH(PEt,),]- (ads.) by a two- 
electron reduction of [PtH(PEt,),] +. We cannot, however, on 
this basis strictly rule out the possibility of a one-electron 
reduction leading to a layer two molecules thick. 

Wuue C.-(a) Scan raze dependence. At low solution 
concentrations of [PtH(PEt,),]+ (as.), the shape of wave C is 
almost independent of scan rate, although its position varies. 

At higher concentrations of [PtH(PEt,),] + (aq.), however, 
this is not the case. At high scan rates [Figure 2(u)] wave C has a 
Gaussian shape, whilst at lower scan rates there is a more rapid 
reduction in current on the positive side of the wave [see Figure 
2(b) and (c)]. The probable explanation for this change in shape 
at low scan rates is that some species is desorbing from the 
surface of the drop during the catalytic cycle causing a rapid 
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Figure 2. Dependence of the shape of wave C upon scan rate in cyclic 
voltammograms of [PtH(PEt,),]+ (4 x 10-4 rnol dm-,): (a) 100, (6) 50, 
and (c) 20 mV s-' 

I2 1 I 1-6 1.8 1.2 1.4 1.6 1.8 

Figure 3. Dependence of wave D upon scan rate in cyclic 
voltammograms of [PtH(PEt,),]+ (10-4 mol dm-,): (a) 20, (6) 50, (c) 
100mVs-',(d) l00mVs-' held for 120sat -0.4V priortocathodicscan 

reduction in the rate of the catalytic reaction. The nature of this 
desorbing species is discussed below. 

(6) Concentration dependence. The height of wave C varies 
with concentration. Thus, at low concentrations the wave height 
increases with increasing [PtH(PEt,),] + (aq.) concentration. 
This is coiisistent with the partial coverage of the electrode 
surface, as deduced from the charge passed during wave A (see 
above). From ca. 2.5 x 1 P  to 5 x 10-4 mol dm-, the peak 
height remains approximately constant, as expected for mono- 
layer coverage, but it drops again at higher [PtH(PEt,),] +. (aq.) 
concentrations. This is presumably because the potential of 
desorption (Edes.) is more negative than that of the peak maxi- 
mum (Emax.). Finally, at higher concentrations of [PtH- 
(PEt3),]+ (aq.) ( > 2  x lW3 mol drn-,), wave C is not 
observed since Edes. is now more negative than the onset 
potential of wave C. 

One other point of interest is that the area of wave C is some 
250 times that of wave A, suggesting highly efficient catalysis of 
the hydrogen producing reaction. We shall return to this subject 
below. 

Wave D.-(a) Scan rate dependence. Cyclic voltammograms 
of [PtH(PEt,),]+ at different scan rates are illustrated in Figure 
3. These clearly show that the height of wave D is highly 
sensitive to scan rate, being similar to that of wave C at high 
scan rate (100 mV s-l) but almost non-existent at lower scan 
rates (20 mV s-l). Such a dramatic transition as the scan rate is 
altered by merely a factor of 5 is utterly inconsistent with a 
purely diffusional process and, as also deduced from the 
behaviour of wave C (see above), must be rationalised in terms 
of desorption of some species during wave C. That the 
desorption occurs during the passage of wave C and that the 
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Figure 4. Plot of log [PtH(PEt,),+ (aq.)] against wave maximum ZmX. 
(A) and start of wave Eads. (0) for wave D, scan rate = 100 mV s-'. 
Superimposed are wave D at [PtH(PEt,),+J of (a) 4 x 10-4, and (6) 
2.5 x 10-4 mol dm-' 

desorbing species is nor the species present on the surface at 
potentials less negative than - 1.3 V is confirmed by Figure 3(4 .  
In this voltammogram, the scan was stopped for 120 s at - 0.4 V 
after the positive scan before scanning negatively. The presence 
of wave D in this scan shows that no desorption occurs during 
the holding at -0.4 V .  Once again we conclude that desorption 
occurs during the catalytic cycle. 

(6) Concentration dependence. The concentration dependence 
of wave D is shown in Figure 4. First, the position of the 
maximum changes with the concentration of [PtH(PEt,),] + 

(aq.) and secondly the shape of the wave varies. At concen- 
trations below 3 x 10-4 mol dm-, (where &ds, > the 
onset potential for wave D) the position of the wave is essen- 
tially concentration independent. Thus, at scan rates of 100 mV 
s-' and concentrations below 3 x 1P mol dm-3, wave D has 
an approximately Gaussian shape. Between 3 x 10-4 and 
5 x 10-4 mol dm-3 of [PtH(PEt,),]+ the wave has an abrupt 
beginning and above ca. 5 x 10-4 mol dm-, wave D disappears. 

We interpret these phenomena in terms of readsorption of the 
species that desorbs during the passage of wave C. At low 
concentration, the potential for readsorption (Epds.) is less 
negative than that of the onset of wave D and hence a 
Gaussian wave is observed. In the intermediate region, &ds. lies 
between the potential of the maximum (Emax+) and whilst 
at higher concentrations &ds. < Emax.. 

The Natures of the Desorbing Species and the Species present 
at > - 1.3 V.-Species present at > - 1.3 V .  Certain of the 
observations described above make it possible to identify the 
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species present on the surface at more positive potentials than 
- 1.3 V. We have shown above that wave A corresponds to the 
reduction of [PtH(PEt,),] + from solution. Thus, since implicit 
in the mechanism (Scheme) is the idea that adsorbed [PtH- 
(PEt3),]+ is more readily reduced than the solution species, we 
must conclude that [PtH(PEt,),J+ does not adsorb from 
solution at potentials positive of ca. - 1.8 V. Hence the species 
present at potentials positive of -1.3 V cannot be [PtH- 
(PEt,),] +. Similarly, since the protonation reactions of the 
catalytic cycle are extremely rapid, the species present at - 1.3 V 
cannot be [Pt(PEf3),] (ads.), since this would protonate and 
desorb. We can also rule out [PtH(PEt,),]' (ads.) as the species 
present at - 1.3 V since, in order to start the catalytic cycle of 
wave D, the species present must undergo reduction. [PtH- 
( PEt,),]. (ads.) would, however, give the non-catalytically 
active [PtH(PEt,),] - (ads.) on reduction. This means that the 
species present at higher applied potentials must be [PtH,- 
(PEt3)J+ (ads.) or [Pt(PEt,),]'+ (ads.). We favour the latter 
since all the reactions in the catalytic cycle are rapid and hence 
[PtH,( PEt,),]' + (ads.) would rapidly produce [Pt(PEf3),]'+ 
(ads.) (loss of hydrogen from the Pt"' dihydride would be 
expected to be rapid by comparison with the Pt"25 dihydride 
and would probably precede reduction in the catalytic cycle, 
although we cannot be certain of this). 

It is possible to deduce that the reduction that requires the 
more negative potentials and is the rate-determining step on the 
positive side of waves C and D must be that of [Pt(PEt,),]'+ 
(ads.) (or [PtH2(PEt3),]'+ (ads.)). The rate-determining step 
on the negative side of these waves is the relevant reaction of the 
redox couple [PtH(PEt,),] -I' (ads.). Interestingly, diffusion- 
controlled processes never become rate determining in the 
catalytic waves. 

The species desorbing during the catalytic cycle. Clearly the 
species which desorbs cannot be [Pt(PEt3),]'+ or [PtH,- 
(PEt,),]*+ since these are the major species present at less 
negative potentials and do not desorb. [PtH(PEt,),] + cannot 
be the desorbing species since it would not readsorb during 
wave D. The desorbing species must, therefore, be [Pt(PEt,),] 
or [PtH(PEt,),]'. We favour the former since the radical is 
likely to be covalently bound to the surface and since at high 
concentration of [PtH(PEt,),] + (as.), where desorption occurs 
as [PtH(PEt,),J- (ads.) is oxidised, it is possible to see an 
orange colour around the drop similar to the known colour of 
[Pt(PEt,),J.26 Clearly, [Pt(PEt,),] should protonate since it 
does very rapidly during the catalytic cycle. However, in water 
the protonation reaction is slow, largely because [Pf(PEt,),] is 
an orange oil which is immiscible with water.25 

Possible Alternative Mechanism.4ne other possible mech- 
anism does appear to fit the observations described above. It 
requires that wave A corresponds to a one-electron reduction of 
[PtH(PEt,),]+ (aq.) to give an adsorbed layer of square planar 
[PtH(PEt,),]' (ads.) standing on its edge. In this state it is 
not catalytically active. However, on the first anodic scan, 
[PtH(PEt,),]' (ads.) starts to desorb and the remaining mole- 
cules lie down flat on the surface since there is more space 
available to them. In this state, they are more strongly adsorbed 
and catalytically active for hydrogen production. The remaining 
phenomena can then be described by the same catalytic cycle as 
discussed above but the switching off of wave D occurs because 
[PtH(PEt,),] + (aq.) reduces and adsorbs forcing the molecules 
on the surface of the drop to stand up again. Similar potential 
driven changes of adsorption mode between parallel with and 
perpendicular to the surface have been observed for e.g. aniline 
on a mercury drop ele~trode.~' 

However, at low concentrations of [PtH(PEt,),] + (aq.) we 
believe that only partial coverage of the drop occurs (see above), 
we would thus expect some molecules to be flat on the surface at 

highly negative potentials and hence hydrogen production 
should be observed. Since this is not the case, we do not favour 
this explanation for the observed features of the cyclic 
vol tammograms. 

Catalytic Hydrogen Production.-By sweeping anodically to 
- 1.7 V on wave C and potentiostatting, it is possible to observe 
catalytic hydrogen production over a period of at least 16 h. 
Provided that the solution is stirred continuously at a 
[PtH(PEt,),]+ (aq.) concentration of 2.5 x 10-4 mol dm-,, a 
constant current of ca. 250 pA can be passed by a 1-mm 
diameter Hg drop. Assuming monolayer coverage, this corre- 
sponds to an extremely efficient catalytic reaction with a 
catalyst turnover number of - 2 x lo5 h-'. 

Experimental 
Cyclic voltammograms were obtained using an Oxford 
Electrodes potentiostat with a linear sweep capability in a three 
compartment cell with a sitting mercury drop (radius 2 0.5 mm) 
or mercury-plated copper wire working electrode, a platinum 
gauze secondary electrode and a saturated calomel (s.c.e.) 
reference electrode. The electrolyte (triply distilled water) had a 
volume of 40 cm'. The supporting electrolyte was Na,HPO, 
(0.25 rnol drn-,) and KH,PO, (0.25 rnol dm-,) which also acted 
as a buffer at pH 6.9. 

[Pt(PEt,),] was prepared by a standard literature26 
method and dissolved in the above buffer to give a solution of 
[PtH(PEt,),] + (3.8 x 1W2 mol dm-3, determined gravimetric- 
ally).I9 Aliquots of this solution (typically 0.05 cm3) were 
added to the electrolyte to vary the concentration of [PtH- 
(PEt3),]+. All electrochemical studies were carried out on 
degassed solutions under nitrogen. All potentials are quoted 
relative to the saturated calomel electrode. 

Sustained Catalytic Hydrogen Production.-A solution of 
[PtH(PEt,),]+ (2.5 x 10-4 mol dm-,) was placed in the cell 
described above. The applied voltage was swept anodically to 
- 1.7 V and potentiostatted. The solution was stirred by 
bubbling with nitrogen. A continuous current of 250 pA was 
drawn from the drop for 1 h without noticeable reduction and 
catalytic hydrogen production (bubbles) was still occurring 
after 16 h. 
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