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Abstract

The electrochemical deposition of Co, Pt and Pt—Co alloy are studied with the electrochemical quartz crystal microbalance (EQCM) on a gold
substrate. Co is deposited from acidic sulphate bath containing boric acid. Different processes are identified in this bath. Electrodeposition of Co
on Au substrate is observed at potentials above redox potential, underpotential deposition, most probably due to formation of a Co—Au alloy. At
more cathodic potentials, below —0.5V, metallic Co is formed. The film is completely dissolved at positive potentials during the anodic scan,
probably mediated by Co(OH),. The electrodeposition of platinum from acidic PtCls>~ bath occurs below the thermodynamic potential (0.74 V)
with almost 100% efficiency. At potentials negative from 0.0 V the efficiency decreases due to parallel water reduction. The codeposition of Co
and Pt is also studied in acidic bath. Here, the decrease of pH due to water reduction on Pt deposits gives rise to precipitation of Co(OH),, together
with the deposition of metallic Pt and Co. The films contain as major component the Pt;Co alloy.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The electrodeposition of metal and alloys is a technique that
may have special interest for the synthesis of electrocatalysts for
proton exchange membrane fuel cells (PEMFC). It is low tem-
perature and non-vacuum technique, easily applied on different
scales, from micrometric to macroscopic areas [1]. It also allows
for a good control of the amount of electrocatalyst, and can be
used to deposit films or particles of metals, alloys and com-
pounds. For particles deposition, it is used the pulse deposition
variant [2-6]. With respect to PEMFC catalysts, the princi-
pal electrocatalyst used at present is platinum and its binary
alloys, that may enhance the activity towards water reduction
and favour tolerance to CO in the anode [7,8]. Two main issues
of major importance for PEMFC deployment, are the durability
and cost of the electrocatalyst [9]. The electrodes with stan-
dard performance (0.5 W cm™2) require about 0.5 mgcm ™2 of
platinum, which contributes to fuel cell cost with about US$
40kW~! (above 70% of stack cost) according to present plat-
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inum prize [10]. This charge would probably be increased in
case of massive production of fuel cells, requiring a significant
part of world-wide platinum resources.

Electrodeposition, due to its particularities, may help in the
preparation of electrodes with higher stability, using lower plat-
inum content, as well as the synthesis of alternative catalysts
based on new platinum forms, like incorporated in polymer
films [11-13], platinum alloys [14,15], or new non-platinum cat-
alysts [16]. During electrodeposition of platinum on carbon, the
growth of hemispheric particles take place by the transfer of elec-
trons from the electrode substrate to dissolved Pt(IV) species.
Particles will deposit preferentially on electrochemically more
active sites, like graphene edges (steps) and kinks, or surface
oxigenated groups of carbon (aldehydes, alcohols and ketones),
giving rise to a strong interaction with the substrate and more
stable particles.

In this work, the deposition of Pt, Co and co-deposition
of both are studied with the electrochemical quartz crystal
microbalance (EQCM). Pt—Co alloys have shown enhanced
kinetics towards oxygen reduction [17], and acceptable stability
[18,19] which is of interest for the synthesis of more efficient
electrocatalyst with lower Pt content. Co may be alloyed with
Pt by direct electrodeposition in acidic [20,21] and basic ammo-
nia solution [22,23]. Solid solution alloys can be obtained with
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composition and structure depending on deposition potential
[20,21], where cobalt deposits underpotentially due to the neg-
ative enthalpy of Pt—Co alloys. This study is, to our knowledge,
the first study of electrodepositon of PtCo alloy with EQCM.
The analysis of the reactions that participate in the process of
deposition of films is carried out, using the EQCM technique
[24]. Finally, the study will be completed with XRD and XPS
data for a structural and compositional characterisation of the
deposits.

2. Experimental

For electrodeposition of Pt and Pt—Co alloy, the electrolyte
composition includes HyPtClg (Aldrich), CoSO4-7H>O (Pan-
reac), H3BOj3 (Panreac), HySO4 (Panreac). The solutions were
prepared with deionised water. The pH of solutions measured
with electronic pH-meter (Crison) was adjusted with H,SO4 and
NaOH.

A commercial electrochemical microbalance has been used
(Maxtek), with Au substrate (5 MHz, AT cut). The microbalance
sensor is attached to the wall of an electrochemical cell as work-
ing electrode, using a platinum wire as counter electrode and a
Ag/AgCl saturated electrode (0.20 V versus NHE) as reference.
All potentials are given against NHE. The potential is controlled
with a potentiostat (Autolab, Eco Chemie). All measurements
are carried out at room temperature.

For XPS characterisation, a Perkin-Elmer PHI 5400 spec-
trometer was used, with Mg Ka radiation (hv=1253.6eV),
300 W source strength, and 25 mm x 25 mm beam size, under
10~° Torr pressure in the sample chamber. Detector was at 45°
with respect to substrate surface. For analysis and determina-
tion of binding energies, the signals were fitted to a symmetric
Gaussian—Lorentzian (0.8-0.2) sum function after subtracting
the background by the Shirley method. Binding energies were
adjusted by fixing de Cl1s signal from adventitious hydrocarbon
to Eg =285¢eV.

Before measurements, the EQCM was calibrated for the
determination of the proportionality constant (C) between the
change of resonance frequency (Af) and the deposited mass
(Am) [25]:

Am = C Af (1

The value obtained from electrodeposition of Cu from a CuSOq4
0.1 M, H>SO4 0.5 M solution, was C=43ng Hz~!.

For the analysis of the EQCM results, a function that we call
the equivalent function [Eq] was calculated from the experimen-
tal current and frequency change:

E 7 dm
[Eq] = F 0
where F is the Faraday constant and dm/d(Q is obtained by differ-
entiation of the mass change on the electrode (dm = C df) respect
to the electrochemical charge (dQ = I/(v dE, where v is the sweep
rate)) without sign. Curves of Af vs. E and AQ vs. E are aver-
aged to 3 points per 100 mV interval, and the plot of Afvs. AQ
is derived and multiplied by F and the calibration constant (C) to
obtain the equivalent function (Eq. (2)). The equivalent function

@

is positive for electrodeposition processes and negative for elec-
trodissolution. Its value equals the electrochemical equivalent of
a substance when it is being deposited with 100% efficiency, i.e.
without any other parallel process on the surface of the electrode.
If parallel electrochemical processes occur with lower electro-
chemical equivalent or no mass change, the equivalent function
will show a value decrease below the electrochemical equivalent
of the reaction considered. In fact, the equivalent function can
be written:

[Eql =) eqvi 3)

where eq; is the electrochemical equivalent of each process and
vj is its efficiency. With parallel chemical processes with deposit
of mass (electroless, precipitation, . ..) the equivalent function
will have higher value than given by Eq. (3).

3. Results and discussion

The electrodeposition processes of Co, Pt and codeposition
of Co and Pt are studied with EQCM in Figs. 1-4. For each
case, the electrochemical current, the frequency shift, and the
equivalent function are shown as a function of applied voltage.
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Fig. 1. (a) Current density and resonance frequency change for electrodeposition
of Co on Au. (b) Equivalent function. Conditions are: H3BO3 (0.2 M) and CoSO4
(10 mM) electrolyte; sweep rate: 50 mV s~ !; room temperature.
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Fig. 2. (a) Current density and resonance frequency change for electrodeposi-
tion of Pt on Au. (b) Equivalent function. Conditions are: H3BO3 (0.2 M) and
H,PtClg (1 mM) electrolyte; sweep rate 50 mV s~ !; room temperature.

3.1. Cobalt electrodeposition

Starting with the cathodic scan, electrodeposition from a
Co(I) solution is observed from 0.20V (Fig. 1), when the
equivalent function acquires a positive and constant value close
to 60 gmol. ~!'. According to E? values (Table 1), this process
cannot be attributed to electrodeposition of metallic Co”
(E°=—0.28 V). The formation of an alloy with the substrate
(Co—Au), leading to underpotential deposition of Co, is most
probable [26]. Another possibility could be the electrochemical
formation of cobalt(Il) oxide (CoO) if residual oxygen remains
in the solution (reaction (2), Table 1), however, measurements

Table 1

Reactions involved in the electrodeposition of Pt and Co

No. Reaction EO (V) Eq (g mol, ™)
1 Co(H,0)6>" +e~ <> Co(Hy0)s2* +1.83 0

2 Co?* +1/20, +2e~ <> CoO +0.83 375

3 PtClg?>~ +4e~ <> Pt+6CI~ +0.74 48.8

4 CoO+2H* +2e~ <> Co+H,0 —0.12 —4.0

5 Co?* +2e~ <> Co —-0.28 29.5

6 Co(OH); +2e~ <> Co+20H™ —-0.73 —17.0

7 CoO+H;0+2e™ <»Co+20H™ —0.95 —8.0
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Fig. 3. (a) Current density and resonance frequency change for coelectrodepo-
sition of Pt and Co on Au. (b) Equivalent function. Conditions: H3BO3 (0.2 M),
H,PtClg (1 mM) and CoSOy4 (10 mM) electrolyte; sweep rate 50 mV s~!; room
temperature.

in O saturated solution (not shown) show that current density in
this potential range does not increase with respect to deaerated
solutions, so underpotential deposition of Co is the most prob-
able explanation. Previous to this process the reduction of Au
oxides (see inset in Fig. 1a) might give rise to a negative value
of the equivalent function. The function has not a clear value in
this range, probably due to low current density and frequency
changes, close to the noise level. Co” electrodeposition is
thermodynamically possible at more negative potentials, below
—0.34 V (reaction (5) in Table 1, [Co**]=10mM). Close to
this potential a decrease in the equivalent function occurs, that
we attribute to lower alloying efficiency. At more negative
potentials, from —0.7V, the equivalent function increases
again to a value close to 30 gmol. ™!, that can be attributed
to metallic Co deposition. However, Co(OH), precipitation
at these negative potentials may also contribute, if a local pH
increase occurs due to proton reduction.

Turning to the anodic scan, Co deposition continues until
—0.5V, when the equivalent function changes suddenly to a
negative value in the range —60 to —30gmol.~!. However,
at this potential metallic cobalt is still thermodynamically sta-
ble, at least with respect to Co(II) formation (reaction (5)). One
possibility is the dissolution of Co(OH), upon increasing poten-
tial. Another possible explanation can be based on the oxidative
formation of Co(OH); (reaction (6)), followed by chemical
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Fig. 4. (a) Current density and resonance frequency change for coelectrodepo-
sition of Pt and Co on Au. (b) Equivalent function. Same conditions as in Fig. 3,
except CoSOy (0.1 M).

dissolution. Such a mechanism has been proposed in basic,
ammonia solution [27]. In the acidic solution, cobalt hydroxide
may be readily dissolved after formation. A third possibility is
the single electron oxidation of Co to Co(]) as the first step, which
would explain an equivalent function value close to 60 g mol, !,
followed by the chemical reaction in solution close to the sub-
strate surface from Co(I) to Co(II) and water reduction, like:

Cot +H,0 — Co** +OH™ +0.5H, )

Monoelectronic dissolution is observed for other divalent metals
like Zn [28]. The final value of 30 g mol. ~! at more anodic poten-
tial (0.0 to 0.2 V) indicates that Co is directly dissolved to Co(II).
Finally, at more positive potentials (V>0.2V), the Co film is
completely dissolved and frequency attains the starting value.

According to this EQCM analysis, the reaction sequence for
Co electrodeposition and electrodissolution would be, for the
cathodic scan:

Co’*t — Counderpotential — Co %)
and for the anodic:
Co — [Co(D] — Co*T (6)
3.2. Platinum electrodeposition

Electrodeposition of platinum (Fig. 2) starts at 0.5 V, close to

the thermodynamic potential (E=0.64V, for [Pt(IV)]=1mM,
reaction (3) in Table 1), except for the first scan which is shifted

to less positive potential (0.3 V). An overpotential for Pt elec-
trodeposition on Au is expected, and has been attributed to the
stability of the adsorbed PtClg?~ complex [29], but once the
electrodeposition of Pt is started, the overpotential is reduced.
Equivalent function in Fig. 2b corresponds to the second scan. In
the potential range from 0.5 to 0.1 V (cathodic scan), after plat-
inum oxides have been reduced, the equivalent function attains a
value close to the electrochemical equivalent for Pt(IV) (Table 1)
which indicates the electrodeposition of Pt with efficiency close
to 100%. Deposition current in this range has a constant value of
500 wA cm~2, which may reflect a kinetically controlled elec-
trodeposition [11]. At potentials negative from 0.1 V the value of
the function decreases due to competing water reduction. Turn-
ing to positive-going scan the electrodeposition continues, and
efficiency increases again when approaching O V.

3.3. Codeposition of cobalt and platinum

Codeposition of Co and Pt is studied in Figs. 3 and 4 at two
concentrations of the Co salt. Under low Co(II) concentration,
the features of the voltammetry are very similar to that of Fig. 2
for Pt deposition, except for a decrease in current value below
—0.1V, and a hysteresis at cathodic potentials. The equivalent
function does not take a definite value, but oscillates in the range
of 50 g mol, ! close to the equivalent of Pt and of the Pt—Co alloy
according to reaction:

3PtClg?~ + CoSO4 + 14e~ <> P3Co + 18Cl~ + S04~
,equiv = 58.9gmol{1 @)

The function decreases at potentials below 0.2V, due to com-
peting water reduction, but shows some higher values in the
cathodic limit, compare with platinum alone (Fig. 2b), that must
be ascribed to the contribution of Co deposition, and probably
some chemical precipitation of cobalt hydroxides due to local
pH increase.

Increasing Co concentration introduces changes in the elec-
trodeposition process (Fig. 4). From the frequency change,
it is apparent that only a fraction, around 20%, of the
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Fig. 5. XRD analysis of a Pt—Co alloy deposited under same conditions as
electrode in Fig. 3, over carbon black surface. Inset, detail of (1 1 1) line.
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Fig. 6. XPS signal of Pt 4f (a) and Co 2p (b), corresponding to a Pt3Co alloy electrodeposition under same conditions as electrode in Fig. 3.

electrodeposited film remains after a whole scan. The equiv-
alent function attains a negative value during cathodic scan,
—7gmol.~" at 0.3V, due to platinum oxides reduction
(PtO +2H* +2e~ — Pt+H,0, equiv. = —4 g mol, ~!). It is pos-
itive at more negative potentials, close to 30 g mol, ~!, reflecting
the electrodeposition of cobalt and platinum. From —0.55V
the equivalent decreases, in the same way as for Co alone
(Fig. 1), probably because water reduction reaction competes,
and the final increase from —1.0 V to values close to 50 g mol, !
that must be due to Pt and Co deposition, and probably some
Co(OH); precipitation.

The dissolution of a portion of the film in the anodic scan is
evident from the high negative values of the equivalent function.
This result indicates that the film is being dissolved both electro-
chemically and chemically, probably by dissolution of Co(OH)»
precipitated at most negative potentials of the cathodic scan or
after reaction (6). A high positive equivalent at 0.55 V must be
due to the electrodeposition of oxides.

The analysis by XRD of codeposited Pt and Co films shows
the formation of the Pt—Co alloy. According to JCPDS file 29-
499, it may be ascribed to the alloy Pt3Co (Fig. 5), although a
continuous solid solution is reported in literature as a function
of potential [18,19]. The XPS analysis shows that Pt (Fig. 6a)
is predominantly in the metallic form, as inferred from bind-
ing energies of Pt 4f5/2 signal (Eg=71.2eV) [30]. As for
Co (Fig. 6b) the signal corresponding to Co 2p3, shows two
contributions, at Eg =778.3eV due to metallic Co?, and at
Eg =781.3¢eV due to Co(OH);, with 44 and 56% relative inten-
sities, respectively. The presence of Co(OH); in the films (an
amorphous phase not detected by XRD) has been explained
from the EQCM experiments, as aresult of the electrochemically
induced precipitation by water reduction.

4. Conclusions

Co, Ptand codeposition of both have been studied by means of
the EQCM technique. Underpotential Co deposition to Co—Au
alloy seems to occur. The electrodissolution of Co is complete at
positive potentials and may take place by Co(OH); intermedi-
ate or by means of single electron transfer reaction (Co — Co(I))
followed, at more positive potential, by two electrons dissolu-

tion (Co — Co(II)). Pt is observed to deposit almost from the
thermodynamic potential with 100% efficiency, in the potential
range positive from water reduction. Finally, Pt and Co code-
position gives rise to a film which partially dissolves at anodic
potential. The remaining, stable film is analysed to be Pt—Co
alloy (Pt3Co).
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