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Platinum exhibits high electrocatalytic activity toward various reactions but might be poisoned by some
species. This communication reports a new finding that the electrocatalytic activity of platinum for
methanol oxidation will be largely lost in a lead-contaminated environment. This activity loss is demon-
strated in an electrochemical cell using a lead counter electrode for measuring the activity of platinum
electrode towards methanol oxidation. The recorded methanol oxidation current in this cell is signifi-
cantly decreased compared with that using a platinum counter electrode. The possible mechanism is
related to the adsorption of trace lead ions from the lead counter electrode, as confirmed by comparing
the calculated binding energies of platinum and lead ions with oxygen ion. This report is of great impor-
tance for reliably designing and efficiently managing direct methanol fuel cells, because trace lead might
be present in various components in the fuel cell systems or in air and attention should be paid to its

negative effect.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Many technologies have been explored for replacing fossil fuel
[1,2], among which hydrogen fuel cell is one of the most effi-
cient and sustainable [3,4]. However, challenges remain for hydro-
gen generation, storage and transportation. Therefore, searching for
alternatives to hydrogen fuel cells becomes one of the hottest top-
ics in the field of fuel cells [5,6]. Direct methanol fuel cell (DMFC)
is an ideal candidate, because methanol is easily available and can
be used directly without transformation, and DMFC shares almost
the same configuration as well as electrode materials with hydro-
gen fuel cell [7,8]. Platinum (Pt) is the most active electrocatalyst
for methanol oxidation but its activity is affected by the interme-
diates during methanol oxidation [9,10]. Lead (Pb) is detrimental
to many chemical reactions [11], but can help Pt electrocatalyst
resist the poisoning from the intermediates. This benefit brought
by Pb was demonstrated using Pt electrode with Pb atoms gained
from under-potential-deposition (UPD) in Pb(NO3), solution (10~4-
10~! mol/m3) [12]. Metal Pb might mitigate the electrocatalytic ac-
tivity when its usage is in a large amount, which can be ascribed to
the physical coverage of Pt [13]. While massive investigations were
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made to modify Pt by architecting microstructures or introducing
secondary elements or compounds to enhance the electrocatalytic
activity of Pt, less attention was paid to the effect of fuel cell envi-
ronment such as the compositions possibly dissolved in the solu-
tion.

In this communication, we report an abnormal phenomenon
that the electrocatalytic activity of Pt toward methanol oxida-
tion is largely lost in a Pb-contaminated environment resem-
bling the working conditions of DFMCs. The activity loss of Pt
is demonstrated in a three-electrode cell with H,SO,4 solutions
(0.5mol/dm3) with or without methanol (1 mol/dm3). It is found
that the methanol oxidation current that is obviously recorded on
Pt working electrode in the cell using Pt counter electrode de-
creases significantly when the Pt counter electrode is replaced by
Pb. The possible mechanism on the activity loss of Pt by Pb con-
tamination is given and confirmed by simulations.

Cyclic voltammetry (CV) and chronoamperometry (CA) were
performed to present direct evidences. CV was conducted on
CHI1040C electrochemical workstation (CH Instruments Ins., USA)
with a scan rate of 50mV/s and the cyclic voltammograms at
the 10t cycle were presented. A three-electrode cell with Pt disk
electrode of 0.3cm in diameter (0.07 cm?) as working electrode,
Hg/HgS0, in saturated K,SO,4 solution as reference electrode and
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Fig. 1. Cyclic voltammograms of Pt electrode in H,SO, solutions (0.5 mol/dm3) with
or without CH30H (1 mol/dm?) at room temperature in the cell using Pt as counter
electrode.

metal Pt or Pb used as counter electrode. To mitigate the effect
of Ohmic resistance, the counter electrode with much larger area
(1 cm?) than the working electrode was used. The electrolytes
were H,SO,4 solutions (0.5mol/dm3) with or without methanol
(1mol/dm3). To further confirm the effect of Pb%+ ions, CA was
conducted in H,S04 (0.5mol/dm3) and CH;O0H (1 mol/dm3) solu-
tions with or without Pb2* ions, using Pt as counter electrode
under a potential where methanol oxidation takes place. The Pb-
containing solution was prepared by adding excess Pb(NO3), in
H,SO,4 solution. Before all the measurements, nitrogen gas was
bubbled into the electrolytes to purge the dissolved oxygen. The
current densities reported in this work are referred to the geo-
metric surface area of the working electrode. All potentials are re-
ported with respect to standard hydrogen electrode (RHE).

Simulations were carried out to explain the mechanism on the
activity loss of platinum by Pb%* ions. The ionic structures were
optimized with density functional theory (DFT) using the Gaussian
09 package and B3LYP hybrid exchange-correlation function. The
calculations for oxygen and metal ions were performed based on
the standard 6-311++G(d) and SDD basis sets, respectively. In con-
sideration of the solvent environment effect, a dielectric constant
of water via polarized continuum model was used simultaneously.
Vibrational frequency was employed to confirm all the minimum
energy point of each structure.

In order to provide a reference, Pt was used as both working
and counter electrodes to carry out CV. Fig. 1 presents the cyclic
voltammograms of Pt electrode in H,SO,4 solutions (0.5 mol/dm?3)
with or without methanol (1 mol/dm3) in the electrolytic cell using
Pt as counter electrode. In the solution without methanol (black
curve in Fig. 1), hydrogen adsorption/desorption currents on/from
Pt can be observed in the potential range between 0 and 0.3V,
while the oxidation of Pt starts at 0.6V, forming platinum oxide
with low valence of Pt such as PtO [14]. The current is stable after
0.9V in forward sweeping, suggesting that the Pt on the surface
has been fully turned into platinum oxide that might contain high
valence Pt such as PtO,. In backward sweeping, the reduction peak
of platinum oxide could be found at around 0.7 V.

When switching to the solution with methanol (red curve in
Fig. 1), the hydrogen absorption/desorption current is still ob-
served but the curve shape changes slightly, suggesting that the
methanol oxidation process affects the rearrangement of the sur-
face Pt atoms. At the potentials higher than 0.4V in forward
sweeping, the recorded currents in the methanol-containing so-
lution are larger than those without methanol, suggesting that
the methanol oxidation happens at these potentials. Especially, the
methanol oxidation current increases significantly at the potential
for the formation of surface platinum oxide, indicating that the
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Fig. 2. Cyclic voltammograms of Pt electrode in H,SO4 solutions (0.5 mol/dm?) with
or without CH30H (1 mol/dm?) at room temperature in the cell using Pb as counter
electrode.

presence of partial surface platinum oxide plays an important role
in the electrocatalytic methanol oxidation on Pt [15]. When the po-
tential reaches 0.85V, the rising of current stops, which is a sign
that the Pt surface has been completely turned into platinum ox-
ide. In backward sweeping, the oxidation peak emerges again at
0.65V, which can be explained by the reduction of platinum oxide
and the recovery of the Pt electrocatalytic activity toward methanol
oxidation due to the co-existence of metal Pt atom and platinum
oxide [6].

When substituting Pb for Pt as counter electrode but keeping
the same Pt working electrode, different results were obtained, as
shown in Fig. 2. In the solution without methanol (black curve in
Fig. 2), the Pt electrode behaves similar to that in the cell using Pt
counter electrode (black curve in Fig. 1): The currents for hydrogen
adsorption/desorption and formation/reduction of platinum oxide
can be identified, suggesting that the introduction of Pb counter
electrode does not change the surface properties of Pt. In the solu-
tion with methanol, however, the cyclic voltammogram (red curve
in Fig. 2) is remarkably different from that with Pt as counter elec-
trode (red curve in Fig. 1). The methanol oxidation peak current
decreases significantly when Pt is replaced by Pb, with the forward
sweeping methanol oxidation peak reduced from 27.6 mA/cm? to
6.5mA/cm?, suggesting that the electrocatalytic activity of Pt to-
ward methanol oxidation is inhibited due to the introduction of Pb
counter electrode.

Since Pb2* is difficult to dissolve in H,SO,4 solution and no ox-
idation and reduction currents related to Pb can be recorded (the
same shapes of the black curves in Figs. 1 and 2), it can be in-
ferred that the activity loss of Pt toward methanol oxidation does
not result from the deposition of Pb as metal. To confirm that the
activity loss of Pt is not from the metal Pb, CA was conducted
in H,SO, and CH5;0H solutions with or without Pb?* ions, using
Pt as counter electrode under a potential where methanol oxida-
tion takes place. Fig. 3 presents the chronoamperograms of Pt in
H,S0, and CH3OH solutions with and without Pb?* ions after the
potential is stepped from open circuit potential to 0.74V. A signif-
icant reduction in methanol oxidation currents can be identified
when the Pb-free solution is replaced by the solution that con-
tains Pb%*. Since the potential bias was applied positively, Pb2*
ions in the solution will not be reduced to metal Pb and the re-
duced oxidation currents result from Pb2* ions rather than metal
Pb. It can be noted that there is a sharp drop and then increase
of current during the initial CA for the solution without Pb%* ions
compared to the monotonic drop for the solution with Pb?+ ions.
This difference indicates the electrocatalytic mechanism of Pt to-
ward methanol oxidation. The sharp drop of current results from
adsorption of methanol oxidation intermediates and double layer
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Fig. 3. Chronoamperograms of Pt electrode in H,SO4 (0.5mol/dm?) and CH30H
(1mol/dm?) solutions with and without Pb(NOs3), under 0.74V at room tempera-
ture in the cell using Pt as counter electrode.
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Fig. 4. Schematic illustration on the activity loss of Pt electrode toward methanol
oxidation by Pb contamination. (a) Electrocatalytic methanol oxidation on Pt elec-

trode and (b) the activity loss of Pt by the strong adsorption of Pb** on platinum
oxide.

charging, while the increase of current is attributed to the further
oxidation of the intermediates due to the available platinum ox-
ide. It was reported that the trace metal Pb from UPD on Pt was
beneficial for the activity improvement of methanol oxidation [12].
Apparently, there is an abnormal mechanism on the activity loss
of platinum when Pb is used as counter electrode or Pb2*t jons are
present in the solution.

The possible mechanism of platinum degradation can be ex-
plained as following. Pt exhibits electrocatalytic activity toward
methanol oxidation because there is an appropriate ratio of Pt
atom to platinum oxide on the surface of Pt electrode. The involved
electrocatalytic mechanism is illustrated in Fig. 4a. The methanol
oxidation results in intermediates CHxO (x < 4), especially CO.
These intermediates are strongly adsorbed on Pt and hinder the
subsequent methanol oxidation [16]. When a neighboring platinum
oxide is available, it plays a role of spilling over proton or oxygen,
which assists the further oxidation of the intermediates, providing
the Pt electrode with an electrocatalytic activity toward methanol
oxidation. Due to the steric hindrance from the intermediates and
the weak spillover effect from PtO, a pure Pt electrode does not
exhibit a satisfactory electrocatalytic activity toward the methanol
oxidation. This is why it is effective for improving the activity of Pt
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by delicately constructing the surface microstructures or by intro-
ducing the secondary elements or compounds [5]. In the case that
the electrocatalytic activity of Pt toward the methanol oxidation
was improved by the trace metal Pb from UPD [12], the deposited
Pb atoms provided appropriate space that facilitates further oxida-
tion of the intermediates.

Based on the role of PtO, we propose the mechanism on the ac-
tivity loss of Pt by Pb contamination, as shown in Fig. 4b. The trace
Pb%* jons dissolved in the solution from Pb counter electrode are
adsorbed on PtO via the combination of Pb2+ and 0%~ ions, sup-
pressing the spillover effect of PtO, which is important to eliminate
adsorbed intermediates, especially (CO),q, deteriorating the elec-
trocatalytic activity of Pt. To confirm this assumption, the geomet-
ric structures of 02, Pb>* and Pt2* were optimized and the bind-
ing energies of 0%~ with Pb?* and Pt2+ were calculated based on
density functional theory. The obtained binding energy of Pt2+-02-
and Pb2+-0%- is —564.77 and —1196.15 k]/mol, respectively. The far
lower binding energy of Pb%*-0%~ suggests that there is a strong
interaction between Pb%*and 02-. It is this strong interaction that
induces a strong adsorption of Pb2* ions on PtO and suppresses
the spillover effect of PtO, leading to the activity loss of Pt towards
methanol oxidation.

To conclude, we have demonstrated that the electrocatalytic ac-
tivity of Pt toward methanol oxidation will be severely lost in a
slightly Pb-contaminated environment. The trace Pb%* ions present
in the solution are easily adsorbed on PtO due to the strong in-
teraction between Pb?* and 02~ ions. It is this strong interaction
that suppresses the spillover effect of PtO, which is important to
eliminate adsorbed intermediates from methanol oxidation, espe-
cially (CO),q, and deteriorates the electrocatalytic activity of Pt to-
ward methanol oxidation. The stronger interaction between Pb2*
and 02~ ions has been demonstrated by the far lower binding en-
ergy of PbZ+ with 02~ than that of Pt2* with O?~. Since Pb might
be present in various components in the fuel cell systems or even
in air, attention should be paid to reliably design and efficiently
manage direct methanol fuel cells.
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