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Codeposition of platinum and palladium onto molybdenum
bronzes under open-circuit conditions and the electrooxidation
of methanol on the resulting catalysts
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The composites nPt-mPd-(Hy_n+mM003) showed a much
higher activity in methanol oxidation in comparison with
electrodeposited platinum.
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Recently, attention has been focused on the use of electrode materials
containing platinum and the oxo compounds of molybdenum,
e.g., molybdenum bronzes, as anodes for hydrogen-oxygen and
direct methanol fuel cells.’* The promoting effect of molybdenum
compounds on the methanol electrooxidation reaction (MOR)
is associated with the acceleration of the oxidation of chemi-
sorbed species (mainly CO,q4), which block the oxidation of
MeOH through tight bonding with the electrode surface adsorbed
particles.*10 Platinum deposition onto the surface of hydrogen-
containing molybdenum bronzes under open-circuit conditions
is promising for enhancing the specific activity of Pt.4 The
nPd-(H,_,,M003;) catalyst, whose activity is not inferior to that
of Pt, was synthesized.%1® A synergistic catalytic effect toward
the MOR on mixed Pt-Pd catalysts was found.!-12 The partial
replacement of platinum by less expensive and less scarce palladium
is of practical interest. The aim of this study was (i) to prepare
mixed Pt-Pd-H,MoO; catalysts by deposition onto hydrogen-
containing molybdenum bronzes under open-circuit conditions
and (i) to measure their catalytic activity.

The reactions occurring on the currentless deposition of platinum
and palladium onto molybdenum bronze® can be represented by
the overall equation (1).

nPtC|4_ + rTPd2+ + HXMOO3 -
— nPt-mPd-(Hy_p(n+mM0O3) + 2(n+m)H* +4nCI~. (1)

Although this reaction seems to be the dehydrogenation of
molybdenum bronze, the Mo oxidation state actually increased.*1°
Note that n and mare not integers.

The rapid increase of the electrode potential up to ~0.26 V
[Figure 1(b)] is observed after bringing red molybdenum bronze
into contact with a solution containing K,PtCl, and PdCl, in small
concentrations (Table 1, Solution ). According to the anodic
scan of CVAs of H,MoO; [Figure 1(a)], this potential corresponds
to the red-ox transitions of molybdenum bronze. After that, the
prolonged plateau was observed in the E vs. t curve. The con-
jugate reactions of molybdenum bronze oxidation and Pt and Pd
deposition occur under these conditions at the electrode surface.
The chemical analysis data revealed that the ratio of Pt and Pd
atomic fractions in the deposit p(Pt)/p(Pd) = p and the solution
greatly differed even when the concentration of the salts was
below 102 M. Consequently, the red-ox reactions were not
diffusion controlled.

As follows from the results of chemical analysis (Table 1), the
value of p for the composite obtained from Solution 1 is 7.6; this

T The reagents used in the experiments were described elsewhere.#910
The red molybdenum bronze was uniformly spreaded onto the surface of a
glassy carbon (GC) electrode (Syeom = 1 cm?) without a binder. The weight
of molybdenum bronze was 2+0.2 mg, and the average thickness of the
molybdenum bronze layer was 5 pm. The electrode with molybdenum
bronze was placed in a 0.5 M deaerated aqueous solution of H,SO,. The
electrode was polarized at a potential of 0 V [electrode potentials are
given vs. a reversible hydrogen electrode (RHE) in the same solution]
during 30 min for the additional reduction of molybdenum bronze. After
that, the external polarization was switched off, and the solution of
sulfuric acid was replaced by the solution containing K,PtCl, and PdCl,
in 0.5 M H,SO,. The potential-time transient (E vs. t) was fixed in the
course of Pt and Pd deposition under open-circuit conditions. The weights
of the deposited Pt and Pd were determined by the dissolution of
NnPt-mPd- (H,_(h+mM0O3) in aqua regia followed by the analysis of the
solution using inductively coupled plasma atomic emission spectrometry
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(AES ICP). The morphology of prepared composites was studied by
scanning electron microscopy (SEM). The images of the electrode
surfaces were obtained on a Hitachi TM-3000 electron microscope with
an X-ray microanalyzer. The chemical composition of the surface layers
was studied by X-ray photoelectron spectroscopy (XPS) using an HB100
spectrometer (VVacuum Generators) with AlKo radiation (hv = 1486.6 eV,
200 W).

Al electrochemical measurements were performed in a standard three-
electrode electrochemical cell in an argon atmosphere. An IPC-Pro
digital potentiostat was used. The electrochemically active surface area
(EASA) was determined by measuring the charge corresponding to the
CO,¢s Monolayer desorption as described previously.#¥ The electro-
oxidation of methanol was carried out under potentiostatic conditions at
E =0.35-0.60 V in a solution containing 1.0 M MeOH and 0.5 M H,SO,.
The stationary currents of methanol oxidation were measured, and the
stationarity criterion was set to a current change of less than 1% per minute.
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Table 1 Solutions for the currentless deposition of Pt and Pd onto molybdenum bronzes and some properties of the deposits.

Concentration/mmol dm=3 c(Pt") /c(Pd) Weight of deposited metal/ng  p(Pt)/p(Pd), p(Pt)/p(Pd),
Solution in the solutior‘1 toep/s in the bulk Sop4pglcm? at the surface
K,PtCl, PdCl, Pt Pd of deposit of deposit
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Figure 1 (a) Cyclic voltammograms (v =2 mV s) of (1) H;Mo003/GC, (2) nPt-mPd-(Hy_o(n.mM0O3)/GC (p = 7.6) in 0.5 M H,SO,; (b) E vs. t during the
preparation of Composite I; (c) cyclic voltammogram (v =2 mV s) of NPt-mPd:(H,_5(1+mM003)/GC (p = 0.32) in 0.5 M H,SO, and (d) E vs. t during

the preparation of Composite I1.

material contains platinum doped by a small amount of palladium.
This electrode is referred to as nPt-mPd-(Hy_pn+mM003)/GC
(p = 7.6) or Composite I. Using the weights of deposited Pt and
Pd, we can calculate that n + m = 0.03, as described previously;*
i.e., only a small increase in the oxidation state of Mo atoms
occurred under the conditions of currentless deposition of Pt and
Pd from solution containing low concentrations of their salts.

The concentrations of platinum and palladium salts were
increased by a factor of about 10 to obtain more massive metal
deposits (Table 1, Solution I1). In this case, the rate of reaction
became much higher, and the duration of potential delay at
E =0.26 V on E vs. t curves was greatly reduced [Figure 1(d)].
The growth of electrode potential up to 0.7\ was further observed,
and this fact is consistent with published data.®° The electrode
with p=10.32, i.e, with an increased Pd content, was obtained from
Solution 11. It was referred to as nPt-mPd-(H,_5n+mM003)/GC
(p = 0.32) or Composite Il. The value of n+ mwas ~0.35, i.e.
deeper oxidation of molybdenum bronze in comparison with
Solution I took place.

The deposition of Pt and Pd onto the surface of hydrogen-
containing molybdenum bronze leads to the suppression of
peaks at potentials of 0.25-0.30 V, which correspond to the
red-ox transition of Mo on CVs [Figure 1(a),(c)]. The asym-
metry of cathodic and anodic branches of cyclic voltammograms
of nPt-mPd-(Hy_5n+mM0O3) electrodes was observed in the
‘hydrogen’ region of electrode potentials (0.09-0.30 V). The
charge passing through the electrode during the anodic scan of
CVs was much smaller than a charge passed during the cathodic
scan. This was especially pronounced for the electrode containing
a large amount of palladium (Composite I1). Apparently, the H,4
spillover into the bulk of composite occurred during the measure-
ments, and this led to the asymmetry of CVs. This effect together
with possible hydrogen dissolution in the Pt—Pd deposits make
incorrect the calculation of EASA based on the charge measured
in the ‘hydrogen’ region of potentials.

The SEM investigations revealed that the distributions of Pt
and Pd over the surfaces of Composites I and 1l were noticeably
different [Figure 2(a),(c)]. More often, platinum and palladium
were codeposited onto the surface of molybdenum bronze particles.
However, the separated Pd clusters were fixed at the surface of
Composite | [yellow spots in Figure 2(b)]. A rather uniform
deposition of Pt—Pd alloy was observed in the case of Composite 1.
The XPS data showed that the ratios of Pt and Pd atomic fractions
at the electrode surface and in the volume of composites differed
slightly (see Table 1). At the first sight, this fact contradicts the
formation of not only Pt-Pd but also Pd clusters. However,
XPS gives only an average magnitude; the spot diameter was
approximately 600 pum.

The electrochemical desorption of CO,y from the surface of
platinum metals allows us to estimate the electrocatalytic properties
of electrode materials for the oxidation reactions of small organic

Figure 2 SEM images of Composites (a) | and (b) Il and the distribution
of Pt and Pd over surface of Composites (c) | and (d) II.
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Figure 3 The electrodesorption of a CO,ys monolayer from the surfaces of
(@) nPt-mPd- (H,_5n+myM00O3)/GC (p = 7.6) and () nPt-mPd- (H,_5(+ myM0O3)/
GC (p=0.32) electrodes in 0.5 M H,SO,. v=1mV s

molecules since the strongly bonded species, which block the
active centers at the electrode surface, are mostly CO,q..24-16
The results of detailed studies on strongly bonded chemisorbed
species containing carbon revealed!”8 that their composition
was much more complicated. In addition to CO,g4, HCO,4s and
other species were present at the electrode surface.!”8 Despite
this fact, the regularities of CO,4 electrodesoption often correlated
with the catalytic activity of electrodes.®

A broad peak of CO,q electrodesorption with a maximum at
~0.7 V [Figure 3(a)] was observed in the potentiodynamic polariza-
tion curve for nPt-mPd- (Hy_5(n+mM0O3)/GC (p=7.6). A similar
peak with E,, = 0.68 V was obtained for nPt-(H,_,,M003).*
Thus, we can assume that the catalytic activity of these two
electrodes is comparable. For nPt-mPd-(Hy_5(+mM003)/GC
(p=0.32), the of CO,q desorption peak maximum was observed
at ~0.72 V [Figure 3(b)]. This value is much less positive in
comparison with that of electrodeposited palladium (Pd.)?° and
does not differ greatly from E,,,, for Composite I.

The specific rates of MOR per square cantimetre of EASA for
NPt-mPd-(Hy_(n+mM003)/GC (p = 7.6) [Figure 4(a), curve 1]
were not lower than those for nPt:-(H,_,,M003). According to
Figure 4(a), we can assume that the activity of platinum deposits
doped with the microquantities of Pd (Composite 1) was even
higher at E < 0.55 V. However, this relatively small difference
can be related to the incorrect estimation of EASA based on
the desorption of CO monolayer, namely, to the inaccuracy of
the graphical separation of CO,qs Oxidation currents from the
currents of Mo bronze oxidation (Figure 3) and to the possibility
of the adsorption of CO molecules in both a linear and a bridged
form. Note that, based on the charge corresponding to the CO
monolayer desorption, it is possible to find only the total surface
area occupied by both Pt and Pd atoms.?-22 This makes impossible
the separate determination of partial currents of MOR on Pt and Pd.

The specific currents of MOR on Composite | (curve 1) are
significantly higher than those on Pt,y/GC (curve 4) and especially
on Pd.q/GC (curve 5). For Composite Il, the MOR currents
[Figure 4(a), curve 2] were somewhat lower in comparison with
Composite I, but they were also significantly higher than those
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Figure 4 Stationary polarization curves of MOR in a solution containing
1M MeOH + 0.5 M H,SO, normalized on (a) EASA and (b) mass of platinum:
(1) nPt-mPd: (H,_,(n+mM0O5)/GC (p = 7.6), (2) nPt-mPd:(Hy_p(n+mM0O3)/
GC (p=0.32), (3) NPt-(H,_,,M0053)/GC, (4) Pty, and (5) Pd,g.

on Pt.4/GC (especially at E < 0.5 V). Previously,®1° we found the
high activity of a Pd deposit on the Mo bronze. In this regard, one
might expect a not lower activity of Composite Il as compared
with that of Composite I. However, it was marked®1° that the
promoting effect of molybdenum oxides toward MOR largely
depended on the length of Pd/MoO, interphase borders, and
it was shown!32122 that the activity of mixed Pt—-Pd deposits
depended on the distribution of Pt and Pd over the electrode
surface. The large quantities of palladium in Composite 11 led to
an increase in the portion of Pd atoms, which did not contact
with molybdenum bronzes, but the monocomponent Pd catalysts
are known to be inactive in MOR. The specific currents of MOR
on a platinum weight basis are of great interest for the practice
since they show the utilization degree of Pt. Figure 4(b) indicates
that the mass activity of the mixed deposits with both p=7.6 and
0.32 (curves 1 and 2) are far superior to the activity of Pt,4/GC.
At E <0.55V, the currents on Composites | and Il exceed those
on Pt.4/GC by a factor of 5-10 or higher.

This work was supported by the Ministry of Education and
Science of the Russian Federation (project no. 4.4584.2017/BY)
and the Russian Foundation for Basic Research (project no.
15-03-034364a).
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