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Abstract The effect of electrolyte pH on the electrooxidation
of formic acid/formate is studied using cyclic voltammetry on
polycrystalline rotating disk and single-crystalline Pt and Au
electrodes in phosphate-based solutions over a wide range of
pH (1-12). A non-linear relationship between oxidation cur-
rent and pH at constant overpotential is identified for both
metals. Surface structure influences the reaction for both Pt
and Au electrodes. The results in terms of pH dependence are
in agreement with those reported in literature. However, ex-
perimental evidence shows that adsorbed phosphates cause
dramatic changes in the behaviour of the oxidation of formic
acid on Pt and Au electrodes due to site blocking and compet-
itive adsorption. The pH dependence on the catalytic activity
for formic acid oxidation on Pt is more complex, due to the
poisoning of the electrodes by adsorbed CO in addition to
intricate anion adsorption effects. The role of the phosphates
in the electrocatalyzed reaction is more than maintaining the
pH of the system. Rather, various phosphate anions strongly
adsorb on the surface, block reactive surface sites and quanti-
tatively decrease oxidation currents. The blocking effect of the
phosphate anions increases with increasing pH value. A more
considerable blocking effect is established for Au. In addition,
a strong pH dependence on overpotential is identified for Pt.
In general, oxidation kinetics of formic acid depends strongly
on pH, the nature of the adsorbed phosphate species and the
electrode potential.
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Introduction

The formic acid molecule with its simple structure is ideal for
fundamental studies in electrocatalysis of oxygenated organic
C1 molecules [1]. Formally composed of molecular hydrogen
and carbon dioxide, two chemical bonds have to be split dur-
ing complete oxidation. As weak acid with a pK, of 3.78 [2], it
is present essentially as formate in alkaline media, and only
the C—H bond has to be broken. Several recent observations
show that the electrocatalytic oxidation of formic acid exhibits
different kinetics in alkaline media compared to acidic media
[3-9]. Some studies established that the electrooxidation of
formic acid in acidic media is a lot faster than that of formate
in strong alkaline media (pH = 14) [8]. Others showed that the
oxidation currents of Pt increase with an increase in the molar
ratio of HCOO ™ at pH <5 [3, 4, 7]. Therefore, probing the
reaction over a wide pH range is crucial to obtain a deeper
understanding of the formic acid oxidation mechanism and to
improve its technological applications.

Among the most suitable buffers for such a purpose are
phosphate buffers [10—12]. However, it should be taken into
account that a change in the chemical nature of adsorbing
species is likely with changing pH, since phosphoric acid
has three dissociation constants. In turn, different adsorption
strengths are expected depending on the pH of the electrolyte,
electrode potential, and chemical nature and surface structure
of'the substrate. It is essential to note the effect of the nature of
spectator anions, which could adsorb on the electrode surface
more strongly than reactive molecules or reaction intermedi-
ates. Together with the solution pH, the different adsorption
strengths of spectator species could critically influence the
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reaction kinetics and eventually the reaction mechanism. It is
the principal purpose of the present work to study such ad-
sorption effects besides the pure pH effects.

Recent studies carried out with polycrystalline Pt in
phosphate-based electrolytes show bell-shaped pH depen-
dence for formic acid oxidation peaked at a pH close to the
pK, of HCOOH [10, 11]. These findings were corroborated by
a theory which states that for a two-proton—electron transfer
reaction, the optimal pH for catalysis is close or equal to the
pK, of the key intermediate [13]. In addition, the decrease in
currents at pH > pK, of HCOOH was explained by the forma-
tion of surface oxides and/or the adsorption of hydroxyl spe-
cies (OH,4s) which causes increased site blocking of the sur-
face [10, 11]. However, similar studies, also carried out on
polycrystalline Pt electrodes in different electrolytes (sul-
phate/perchlorate), show that the electrocatalytic activity in-
creases with increasing pH until pH = 5, followed by a plateau
up to pH = 10 [14]. The distinct difference in pH dependence
for HCOOH oxidation on polycrystalline Pt in the presence of
different anions clearly indicates that the optimum catalytic
activity should not necessarily occur at a pH close to the pK,
of the key intermediate and that OH,4 is not the reason for the
decrease in oxidation currents at pH above the pK, of
HCOOH. Such inconsistencies in experimental findings indi-
cate that this theory should be revisited. Instead, the combined
effects of pH and adsorption of specifically adsorbing anions
(in this case phosphate) clearly influence the mechanism for
formic acid oxidation.

The electrooxidation of formic acid is classified by a dual-
path mechanism [15], since the molecule is made up of H, +
CO, or H,O + CO. In the direct path, formic acid is directly
transformed to carbon dioxide via a reactive intermediate. In
the indirect path, which mainly occurs on Pt, a strongly
adsorbed CO intermediate blocks the surface and impedes
further oxidation of formic acid [16-20]. Nevertheless, the
nature and role of the surface-bonded intermediate involved
in this route has been liable to much debate [21, 22]. Recent
experimental findings have indicated that a main adsorbate
resulting from formic acid dehydrogenation on several noble
metals, including Pt and Au, is formate [23-26]. Using similar
experimental techniques, other findings have indicated that in
acidic solutions, formate is a spectator instead [27, 28].
Theoretical studies performed on Pt have also shown disagree-
ment on the nature of adsorbed intermediate and the role of
formate on the reaction mechanism [29, 30]. Moreover, a re-
cent study for formic acid oxidation on Au(111) shows that
formate adsorbed in different configurations can play the role
either of a reactive intermediate or of a strongly chemisorbed
spectator species [31].

Extensive research has been devoted to polycrystalline Pt
electrodes due to their specific catalytic properties for formic
acid oxidation [4, 7, 10-12, 14, 16, 30, 32]. Unlike Pt though,
Au is not poisoned by the adsorption of CO [15, 33]. Hence,
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despite of its lower activity, the use of Au electrodes may
provide a simpler understanding of the reaction mechanism.
In addition, since the electrooxidation of formic acid is very
structure-sensitive [34], the use of well-ordered surfaces with
low index planes would help provide detailed information of
its reaction kinetics.

Hence, the aim of this paper is to clarify the combined
effects of several experimental parameters such as solution
pH, presence of strongly adsorbing anions and electrode sur-
face structure on the electrooxidation of formic acid/formate
on Pt and Au electrodes. Systematic measurements using cy-
clic voltammetry, in phosphate-buffered supporting electro-
lytes over a wide pH range (1-12), are performed on polycrys-
talline rotating disk and single-crystalline electrodes with
(111) surface orientation. Emphasis is put on the fact that the
role of the phosphates in the electrocatalyzed reaction is more
than maintaining the pH of the system. The pH dependence of
Pt and Au electrodes for formic acid oxidation is greatly af-
fected by the specific adsorption of phosphate anions, which
act as spectators in this model catalytic reaction. In this way,
the co-adsorption of formate and phosphate ions and the effect
on the electrocatalysis of Pt and Au electrodes for formic acid
oxidation is studied. It will be shown that phosphate anions
block reactive surface sites, which results in a dramatic de-
crease in electrocatalytic activity.

Experimental

A conventional three-clectrode thermostatic glass cell was
used to perform cyclic voltammetric experiments at 293 K.
All experiments were conducted using a HEKA PG 590 or an
Autolab PG128N potentiostat—galvanostat. A Pt wire and a
graphite rod served as the counter electrodes for experiments
with Au and Pt electrodes acting as the working electrodes,
respectively. A saturated mercury sulphate electrode (MSE)
connected to the cell via a Luggin—Haber capillary served as
the reference electrode. Potentials in this study refer to the
standard equilibrium potential for the oxidation of formic acid
(1), after taking into account the activity of HCOOH,,q, and
COs(q) and correcting of the thermodynamic effect of the pH
on the electrode potentials [35]. The overpotential (1) is de-
fined as the difference between the measured electrode poten-
tial and the standard equilibrium potential.

Pt and Au rotating disk electrodes (RDE) were used. The
rotation rates were controlled by a CVT-101 Radiometer ap-
paratus. Prior to the initial use of Pt and Au (RDE), traces of
contaminations were removed by electrochemical polishing
and a chemical treatment, respectively. Pt and Au single-
crystalline electrodes with (111) surface orientation were also
used and prepared by using a flame annealing treatment. Prior
to each experiment, Pt electrodes were electrochemically
cleaned (cycling between surface oxidation and hydrogen
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adsorption—desorption regions) in 0.1 M H,SO, until stable
voltammograms were obtained. On the other hand, the quality
of Au electrode surfaces was checked by their cyclic
voltammetric profile (at potentials negative of the region of
surface oxidation) in 0.1 M H,SO,.

All solutions were prepared using Milli-Q water (18.2 M2
cm at 25 °C, TOC <2 ppb). In nearly all experiments, 0.2 M
phosphate buffer solutions prepared from H;PO, (Merck,
Suprapur), NaH,PO,4 or Na,HPO, (Sigma-Aldrich,
99.999%) and Na3;PO, (Sigma-Aldrich, >98%) with pH
values between 1 and 12 functioned as the supporting electro-
lyte. A few experiments required the use of other chemicals
such as HCIO4 (Merck, Suprapur) to bring the pH down to
values less than 1.5. Added to the electrolyte is 50 mM
NaHCOO (Sigma-Aldrich, 99.998%) which served as the
source of HCOOH/HCOO . All chemicals are used as re-
ceived without further purification. Solutions were purged
with nitrogen, preceding and during the experiments.

During the electrooxidation of formic acid, it is essential to
insure that the electrochemical release of protons during the
oxidation reaction does not significantly change the local pH
at the electrode surface. This change would affect the rate of
reaction and alter the relationship between the electrocatalytic
activity of the electrode and the solution pH, providing mis-
leading results. It is very difficult, however, to insure that such
change does not take place during the experiment. Therefore,
a ‘pHenomenal’ pH probe (VWR International) was used to
measure the electrolyte solution before and after purging with
nitrogen and after formate addition. No attempt was made to
control the pH at a constant value. No significant difference
was noted in the pH of the buffered supporting electrolyte
solution before and after purging with nitrogen. However,
unlike what is stated in [10, 11], a significant difference could
be noticed once NaHCOO was added as the source of formate,
especially at pH values ranging from 2 to 5.

Results and Discussion

Influence of pH on HCOOH Electrooxidation at Platinum
Electrodes

Investigations of HCOOH electrooxidation using polycrystal-
line Pt rotating disk electrodes in phosphate-based solutions
have recently been reported [10—12]. For the sake of compari-
son, similar measurements have been performed. Current—po-
tential curves for Pt (RDE) at 1000 rpm in 0.2 M phosphate-
buffered supporting electrolyte + 0.05 M HCOOH are recorded
for pH values ranging from 1 to 12 (Fig. 1).

Although the RHE scale is often used to characterize opti-
mum catalytic activity, the overpotential is a more straightfor-
ward representation since it also takes into account the activity
of carbonic acid [35]. Representative oxidation curves as a
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0.05 M NaHCOO +
4+ 0.2 M phosphate 1
o 1000 rpm, 10 mV s |
£ 3l 20°C |
<<::J pH 2.5 |
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Fig. 1 Current—potential curves for the oxidation of formic acid on a Pt
(RDE) in 0.05 M NaHCOO + 0.2 M phosphate-buffered solutions at
different pH values. Rotation rate 1000 rpm. Scan rate 10 mV s

function of overpotential at various pH values are plotted in
Fig. 1. The values chosen represent the main pH values of
interest, close to the pK, of formic acid/formate and pK,;
and pK,, of phosphate.

Partial suppression of hydrogen adsorption shows some
CO poisoning. For pH <5, as the potential increases, formate
adsorption and formic acid electrooxidation are enabled as
partial CO,q oxidation reveals a number of active sites.
Hence, the two oxidation peaks in the positive scan and the
single peak in the negative scan. For pH >5, current—potential
curves become simpler with only one oxidation peak in each
scan direction. There is a non-linear behaviour between peak
current densities at constant overpotential and pH. As the pH
increases, peak current densities continue to increase gradual-
ly, reach a maximum at pH 4.4 then decrease again.

It should be noted that for all pH values, measurements
with and without rotation (not shown) of the electrode have
been performed. The effect of rotation and gradually increas-
ing rotation rates from 1000 to 5000 rpm on current values and
voltammetric features of the Pt (RDE) is negligible. This
shows that the electrooxidation of formic acid/formate on Pt
is primarily controlled by reaction kinetics and not by mass
transport. The results, in terms of voltammetric profiles, pH
dependence and effect of electrode rotation, are in agreement
with those reported in literature [10—12]. A small variation in
current densities can be attributed to several factors. Most
important are (i) the use of slightly different phosphate con-
centrations in the supporting electrolyte, hence altering the
composition of species in solution, and (ii) changes in the
surface roughness of the Pt surfaces as a result of the different
pre-treatment of the working electrodes.

Analogous experiments in literature were also carried out
with the Pt RDE in the presence of sulphate or perchlorate,
where the electrocatalytic activity increases with increasing
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pHuntil pH = 5, followed by an activity plateau up to pH~ 10
[12, 14]. This behaviour is distinctly different from that in
phosphate-based electrolytes [10, 11]. In this case, the de-
crease in oxidation currents at pH >3.7 was explained by the
formation of surface oxides and/or the adsorption of hydroxyl
species (OH,4s) which would cause increased site blocking of
the surface. However, for a constant pH value, OH,q4s on its
own would not explain the distinct difference in pH depen-
dence for HCOOH oxidation on polycrystalline Pt in the pres-
ence of different anions.

According to these observations, we felt the need to under-
stand the reason for different current—pH dependencies in the
presence of various specifically adsorbing anions. Since the
study of formic acid/formate oxidation and anion adsorption
is strongly influenced by surface structure, measurements in
the same electrolyte are performed for various pH values using
awell-ordered Pt(111) single-crystal electrode. In addition, gold
electrodes are more appropriate to carry out these measure-
ments since no CO poisoning takes place on the electrode sur-
face and due to the fact that gold electrodes are less sensitive to
OH adsorption than platinum electrodes. For the sake of com-
parison, similar measurements are also carried out on a poly-
crystalline Au (RDE) and Au(111) single-crystal electrode.

Current—potential curves of Pt(111) in 0.2 M phosphate-
buffered solutions + 0.05 M HCOOH are recorded for pH
values ranging from 1 to 12 (Fig. 2). These measurements
show that the influence of pH on the electrooxidation of
formic acid for Pt electrodes is structure-sensitive in terms of
the general voltammetric profiles.

For pH <2, two oxidation peaks appear in the positive scan,
and after the reduction of surface oxide in the negative scan, a
single peak appears (Fig. 2a). As the pH increases, the second
peak in the positive scan, which is located at more positive
overpotentials, disappears gradually until a single peak forms.
Figure 2 shows that in general, the anodic peaks appear at
almost identical potentials in both the positive and negative
scans. This indicates that for this pH range, the CO coverage
on the Pt(111) electrode is not as high as that on Pt (RDE).

In principle, the pH dependence for both Pt electrodes is
similar. However, the highest current densities are obtained for

an electrolyte pH of 4.4 and 5.1-5.4 for Pt (RDE) and Pt(111),
respectively, which means that the maximum electrocatalytic
activity is not solely defined by the properties of the reactive
species, e.g., the pK, of formic acid. This difference could be
explained by the different adsorption strengths of phosphates
and/or different potential regions where the adsorption of OH
takes place on both electrodes. It should also be noted that the
pH of maximum activity changes with varying scan rate in the
case of Pt(111). More specifically, for a scan rate of say
50 mV s !, the peak maximum occurs at pH 4.4 already.

Figure 3 shows a plot of the onset overpotentials of oxida-
tion for both Pt (RDE) and Pt(111) taken from the negative
scans. The onset potential was arbitrarily defined as the
overpotential at which the current density goes below
10 pA cm 2.

The plot in Fig. 3 indicates that onset overpotentials are
clearly influenced by the surface structure for pH >8. For pH
values up to 8, both electrodes show an almost constant onset
potential of ca. 0.47 V. Above pH 8, while the pH dependence
on the onset potentials for Pt (RDE) is not prominent, an
obvious increase to more positive overpotentials is identified
for Pt(111). HPO,*~ species are already present in the solution
and could possibly be adsorbing on Pt(111) more strongly
than on Pt (RDE).

Influence of pH on HCOOH Electrooxidation at Gold
Electrodes

The potentiodynamic oxidation of formic acid/formate on a
polycrystalline Au (RDE) at 1000 rpm in 0.2 M phosphate-
buffered supporting electrolyte + 0.05 M HCOOH with pH
values ranging from 1 to 12 is investigated. Similar measure-
ments are performed for the same pH values on an Au(111)
single crystal electrode. Figure 4 compares the oxidation
curves of the Au (RDE) and the Au(111) electrode as a func-
tion of the overpotential. Since formic acid oxidation is greatly
affected by the presence of surface oxides [33], both elec-
trodes are cycled to potentials where structural changes of
the Au surfaces are avoided. For the sake of simplicity, only
the positive scans of the voltammograms performed for pH <7

Fig. 2 Current—potential curves Pt'(111)' ' ' ' (a) (b) ' ' ' ' ' (c)
for the oxidation of formic acid on 10.05 M NaHCOO | pH 11.5]
a Pt(111) electrode in 0.05 M ,?62 rz/'vp:,?s')hate
NaHCOO + 0.2 M phosphate- o f20°C '\ pH5.4 r H9.0
buffered solutions at different pH cr _A L —N .
values. Scan rate 10 mV s~ Sl — pH 3.1 L
E 10.2 pH7.6
= ,2'01 pH2.5 V2-Ol
[ -~ PH1.7
I — ;L | pH 44 pH 6.5
02 04 06 08 10 12 02 04 06 08 1.0 1.2 0.2 04 0.6 08 1.0 12

n/v
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Fig. 3 Plot of onset overpotentials versus pH for formic acid oxidation
(negative scan) on a Pt (RDE) and a Pt(111) electrode (black and red
lines; respectively) in 0.05 M NaHCOO + 0.2 M phosphate-buffered
solutions at different pH values. Rotation rate (RDE) 1000 rpm. Scan rate
10 mV s . Dissociation constants of HCOOH, HCOO™ (broken line) and
phosphate buffer (dotted lines)

are displayed. At higher pH values, oxidation curves look very
similar to those at pH 6.5 but with lower current densities (not
shown). The electrocatalytic activity decreases steadily up to
pH 11.5.

It is obvious that similar to the Pt (RDE), the Au (RDE)
shows a non-linear relationship between solution catalytic

250 - Au (RDE) (@) -
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Fig. 4 Current—potential curves (positive scans) for the oxidation of
formic acid on an a Au (RDE) and b Au(111) electrode in 0.05 M
NaHCOO + 0.2 M phosphate-buffered solutions at different pH values.
Rotation rate (RDE) 1000 rpm. Scan rate 10 mV st

activity and pH (Fig. 4a). The Au (RDE) shows much lower
catalytic activity for formic acid oxidation, compared with that
of Pt. The electrocatalytic activity increases with increasing
pH to achieve a maximum current density of 230 A cm ~ at
1.2 V for pH 3.1, followed by a decrease again as the pH
increases further. At even higher pH values, catalytic activities
decrease again and reach maximum current densities much
lower than those for acidic solutions.

It should be noted that no hysteresis is found for both the
positive and negative scan directions of the cyclic voltammo-
grams between 0.4 and 1.4 V (not shown), which is in agree-
ment with the absence of CO poisoning on Au. In addition, for
the Au (RDE), oxidation currents and voltammetric profiles
are independent of rotation and/or rotation rates (1000—
5000 rpm), verifying that formic acid/formate
electrooxidation is not controlled by mass transport limitations
under the present experimental conditions.

Measurements using an Au(111) electrode (Fig. 4b) show
that independent of surface structure, there is an influence of
pH on the electrooxidation of formic acid with a maximum
current density of 125 A cm 2 at 1.2 V, again for pH 3.1. The
reaction is, however, strongly structure-sensitive, in terms of
the general details of the current—potential curves, which are
clearly different for both the polycrystalline (RDE) and the
single-crystalline electrode. Unlike the polycrystalline sample,
Au(111) has no specifically identifiable maximum current
density peaks for the oxidation reaction at pH <4. At pH >4,
the small narrow peaks at ca. 0.93 V relate to the lifting of the
reconstructed Au(111) surface. In addition, a characteristic
current kink can be seen at more positive potentials for pH
<5. This kink is observed for well-ordered Au(111) surfaces
also in the absence of the phosphate buffer and is related with
a phase transition within the adsorbed formate adlayer [31]. At
pH>6, HPO,* and PO,> form a stable structure and undergo
adlayer phase transition after the lifting of reconstruction at
more positive overpotentials [36, 37]. The adsorption of
HPO427 and PO437 occurs at ca. 0.85-1.15 V versus RHE
for pH = 6.4 [38]. It is interesting to point out that the anodic
spikes in the current—potential curves in Fig. 4b start to appear
at pH 6.5 and are practically in the same potential range.

Surface structure also has a slight effect on the onset of
oxidation for all pH values as seen in Fig. 5. The onset poten-
tial is chosen to be the overpotential where the formic acid
oxidation current becomes lower than 1 pA cm ? in the neg-
ative scan. For comparison, the same criterion is used for the
Au (RDE). In acidic electrolyte (pH <5), E e for both elec-
trodes is at constant overpotential, where formate adsorption is
accompanied by simultaneous proton and electron transfer
reactions. For this pH region, the onset of oxidation in the case
of the Au(111) is shifted slightly to more positive
overpotentials, compared to the Au (RDE). This could be
explained by the more positive potential of zero charge of
the Au(111) surface. For higher pH values (pH 5-9), the onset
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Fig. 5 Plot of onset overpotentials versus pH for formic acid oxidation
(negative scan) on an Au (RDE) and an Au(111) electrode (black and red
lines; respectively) in 0.05 M NaHCOO + 0.2 M phosphate-buffered
solutions at different pH values. Rotation rate (RDE) 1000 rpm. Scan rate
10 mV s ", Dissociation constants of HCOOH, HCOO™ (broken line) and
phosphate buffer (dotted lines)

0.4

of oxidation of both Au (RDE) and Au(111) is shifted by
approximately 60 mV per decade to more positive
overpotentials. This finding signifies that for this electrocata-
lytic reaction, the adsorption of formate plays an essential role.

Influence of Phosphate Anions on HCOOH
Electrooxidation at Platinum

Due to the co-adsorption of CO, which increases with increas-
ing pH, and the surface oxidation of Pt, hysteresis is seen in
oxidation curves of the positive and negative scans. To avoid
any significant CO poisoning, oxidation current densities in
the negative scans for the Pt (RDE) and the Pt(111) electrode
have been plotted versus pH at constant overpotentials
(Fig. 6). The molar fractions of the different phosphate species
in the supporting electrolyte are represented as the coloured
traces in Fig. 6.

It is clear from the plot that the pH dependence of HCOOH
oxidation on the current densities is strongly influenced by
overpotential. To determine the electrocatalytic activity of
formic acid oxidation on Pt (RDE) with respect to the molar
fraction of formic acid and formate in solution, the plot in
Fig. 6a can be divided into three regions for overpotentials
greater than 0.7 V. As can be seen, there is an increase in
electrocatalytic activity until pH 3. At these low pH values
there is still undissociated formic acid present in solution.
Nonetheless, the increase in anodic current density with in-
creasing pH is supposed to be caused by an increase in the
molar fraction of HCOO ().

For pH >3 up to pH = 4.5, the current density continues to
increase for lower overpotentials (n = 0.7 V) due to the
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Fig. 6 Plot of oxidation current densities at constant overpotentials for
the oxidation of formic acid (negative scan) versus pH on a a Pt (RDE)
and ¢ Pt(111) electrode in 0.05 M NaHCOO + 0.2 M phosphate-buffered
solutions. Rotation rate 1000 rpm. Scan rate 10 mV s . Molar fractions
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increase of the HCOO ™ molar fraction. In spite of the further
increase until pH 5, anodic currents decrease at higher
overpotentials and this decrease becomes more pronounced
with increasing overpotential. Such a change in the reaction
behaviour could be related to the nature of the adsorbed spe-
cies found on the electrode surface. It must be noted that the
true pK, of species at the electrode surface changes from that
of the bulk solution. It is also complicated to identify particu-
lar phosphate species at the interphase in a certain pH region
due to different adsorption configurations. However, FTIR
studies have established clear changes in the nature of phos-
phate anions and related bands with pH and potential on poly-
crystalline Pt [39]. Adsorbed phosphate species dissociate on
the surface of the electrode at more positive potentials. For 3>
pH >4.5, H,PO, (g is the predominant species in solution.
Adsorbed H,PO, shows two different configurations in mild-
ly acidic solution (pH = 3) [39]. Below 0.8 V versus Pd/H,, it
is adsorbed onto the surface via two oxygen atoms [39].
Above 0.9 V versus Pd/H,, H,PO, transforms to single co-
ordination due to the presence of PtOH [39]. This indicates
that competition between HCOO ™ and H,PO, anions takes
place. At high overpotentials, free adsorption sites are blocked
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by H,POy4,q and OH,q which hamper further adsorption and
oxidation of formate.

A slight increase again in current density at pH = 5 could be
explained by one of two ways. First, once HCOO  is the
predominant species, the adsorption of H,PO, is not strong
enough at relatively high overpotentials to hinder the oxida-
tion reaction. Second, since at this pH region H,PO, is al-
ready adsorbed on the surface, the presence of OH at low
coverage could catalyse the reaction [40, 41]. Either way, it
is only reasonable to propose an explanation of such a trend.

A sudden decrease in the current densities is evident at 5<
pH <11. This decrease is attributed to the increase in site
blocking by adsorbed phosphate species. The HCOO  con-
centration in solution is constant from pH 5 onward, while the
mole fraction of strongly adsorbing phosphate species
(H,PO, and PO,>") increases. These species compete even
stronger and thus block the free sites more efficiently, hence
decreasing the activity further. At pH >9, co-adsorption of
formate, phosphate anions and surface hydroxide decreases
oxidation currents dramatically to even lower values than
those of highly acidic solutions.

Figure 6¢ shows that the optimum catalytic activity of the
Pt(111) electrode, like the Pt (RDE), changes with changing
overpotential. As the HCOO  concentration increases, the ac-
tivity increases up to pH ~ 3. Between pH 3 and 5, the activity
continues to increase for low overpotential (n < 0.8 V) but
decreases for higher overpotentials. In mildly acidic solutions
(pH = 3), the adsorbed species is H,PO,4  at low potentials and
HPO,” at higher potentials (0.7 V vs. Pd/H,) [42]. The pres-
ence of more strongly adsorbing HPO,*~ could explain the
decrease in activity in this pH region. It is possible that at
higher pH values H,PO, and HPO,*>  adsorb on the surface
and dissociate to HPO,” and PO, at higher potentials.
Again, the adsorption of phosphates slows down the
HCOOH oxidation reaction and changes from a competition
with formate at low pH values to a competition with adsorbed
OH at high pH values. This competition influences the
blocking effect of phosphate anions, which becomes relatively
larger with increasing pH. Interestingly, the strongest phos-
phate blocking effects take place on Pt(111) when the pH is
close to the dissociation constants of the phosphate species.

Influence of Phosphate Anions on HCOOH
Electrooxidation at Gold

Figure 7 shows the current densities of the positive scans for
the Au electrodes at constant overpotentials between 1.0 and
1.3 V. Four pH regions can be distinguished for Au (RDE) in
Fig. 7a. At pH <3, a steady increase in oxidation currents with
increasing pH is attributed to the increase in concentration of
HCOO (). The adsorption and oxidation of HCOO " is how-
ever blocked by the adsorption of phosphates. This is why for
all overpotentials, the maximum oxidation current densities
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Fig. 7 Plot of oxidation current densities at constant overpotentials for
the oxidation of formic acid (positive scan) versus pH on an a Au (RDE)
and ¢ Au(111) electrode in 0.05 M NaHCOO + 0.2 M phosphate-buffered
solutions. Rotation rate 1000 rpm. Scan rate 10 mV s '. Molar fractions
of HCOOH, HCOO' (dashed traces) and phosphate buffers (coloured
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are at pH = 3, close to the first dissociation constant of phos-
phoric acid (pK,; = 2.12) and HCOOH (pK, = 3.75).

For 3< pH <5, the competition of anions for free active sites
causes a decrease in currents. FTIR studies on the phosphate
adsorption on Au [38, 43] have shown that unlike the case of
Pt, in mildly acidic solutions (pH = 4) only bands related to the
adsorption of H,PO,  are present. The competition between
HCOO  and H,PO, decreases the current slightly but
H,PO,4 anions in this pH range do not act as site-blocking
species. At pH >5, currents dramatically decrease. A possible
explanation for this behaviour is that for pH = 6, the onset of
adsorption of HPO42_ and PO43_ occurs at almost the same
potential (0.6 V Pd/H,) [38, 43]. HPO, is probably triply
coordinated and adsorbs to the Au(111) surface via three ox-
ygen atoms [38]. The strong chemisorption of HPO,>~ (and
PO,>") leads to substantial site blocking and almost complete
deactivation of formate oxidation.

Figure 7c shows a similar plot for the oxidation current
densities of the Au(111) electrode at the same overpotentials
plotted versus pH. This plot can be divided into three regions.
Like the case of polycrystalline Au, the current density
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increases until pH 3 for each overpotential. This is again at-
tributed to the increase in HCOO ™ concentration. In contrast to
polycrystalline Au, there is only a small change in catalytic
activity between pH values 1.1 and 1.7 for Au(111). This is
probably due to the fact that the latter pH lies close to pKy;
(2.16) of phosphate and this causes a more strongly bound
phosphate to adsorb on the well-ordered Au(111) electrode.
The maximum oxidation current density is found at pH =~ 3 for
all constant overpotentials.

For 4> pH >11, oxidation current densities decrease steadi-
ly with increasing pH and are almost identical at all
overpotentials. This finding signifies that for this pH region,
around pK,; and pK,, (2.16 and 7.21) of phosphate, the cata-
lytic activity is limited by the number of free adsorption sites.
At higher overpotentials, the driving force which causes cur-
rents to increase is compensated by the blocking of active
surface sites. While the coverage of phosphate species in-
creases with potential, the number of free sites available for
formate oxidation decreases. The blocking of active sites
caused by phosphate is so strong, even at high overpotentials
that, in contrast to polycrystalline Au, Au(111) does not show
a shoulder in catalytic activity at pH ~ 8. At pH = 11.5, the
catalytic activity for HCOOH oxidation is almost zero.

It should be noted that at pH >1.5, with the exception of
pH 5.1, Au (RDE) shows a twofold to threefold increase in
current densities as compared to Au(111). In the absence of
phosphates, Au(111) is more active than polycrystalline Au
[14]. Obviously, the adsorption of phosphates is stronger on
Au(111), which leads to blocking of active sites at peak po-
tentials. In addition, assuming that phosphate adsorption is
strong on both Pt and Au surfaces, the lack of hysteresis in
the pH-current density plots of Au shows that blocking of
phosphate species is stronger for the Au electrodes than for
the Pt electrodes.

Finally, it is worth stating that there is no simple way
to define pH dependence for HCOOH oxidation for all
pH values. However, in general, the dependence can be
divided into two broad pH regions. Up to pH 5, the
reaction depends greatly on formate ion concentration
which increases with solution pH. Representing the elec-
trocatalytic activity as a function of overpotential pro-
vides good understanding of the pH dependence of this
reaction. On the other hand, for higher pH values, the
catalytic activity shifts to more positive overpotentials.
Therefore, determining the current densities at constant
electrode potentials (not overpotentials) would be more
appropriate.

The Blocking Effect of Phosphate Anions on HCOOH
Electrooxidation

Preliminary measurements in our laboratory for formic acid
oxidation on a Pt(111) and an Au(111) electrode in the
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absence of phosphate anions have been performed (not
shown). For the case of Pt(111), the current densities steadily
increase with increasing pH up to a pH = 4 then remain almost
constant till pH ~ 8 then decrease again. For Au(111), the
current densities continue to increase till pH =~ 5 then remain
constant for higher pH values. A sudden decrease in catalytic
current is observed for pH >12. Therefore, we conclude that
the decrease in electrocatalytic activity on both Pt and Au
electrodes is strongly influenced by site-blocking phosphate-
adsorbed species. This means that the buffering effect of phos-
phates is accompanied by substantial lowering of catalytic
activity. At constant potentials, with and without the presence
of phosphate anions, the decrease in currents is dramatic for
the Au(111) electrode and is evident in the five times decrease
in current densities at pH ~ 5 compared to the Au (RDE)
where a further increase in HCOO  concentration is not
enough to drive the reaction to higher catalytic currents.

In fact, a ‘blocking factor’ as shown in Fig. 8 can define the
extent of decrease in current density for formic acid/formate
oxidation on Pt(111) and Au(111) due to phosphate adsorp-
tion. The blocking factor is calculated as the ratio of oxidation
current densities at a constant potential at each corresponding
pH without and with the presence of phosphate anions in
solution. It is clear from the figure that the blocking effect
on Au(l11) is much greater than on Pt(111). This could be
explained by a stronger chemisorption of phosphates for
Au(111) which leads to substantial site blocking and almost
complete deactivation of formate oxidation.

Conclusions

A voltammetric study of pH dependence for the oxidation of
formic acid/formate on polycrystalline and single-crystalline
Pt and Au electrodes in phosphate-containing solutions in a
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Fig. 8 Plot of the blocking factor for Pt(111) and Au(111) (calculated as
the ratio of currents at a constant potential for HCOOH oxidation without
and with phosphate anions in solution) versus pH. Molar fractions of
phosphate buffers (coloured traces)
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wide range of pH (1-12) has been performed. Most impor-
tantly, the effect of strongly adsorbing phosphate anions on
the oxidation currents for this model electrocatalytic reaction
for Pt and Au is investigated.

There is a non-linear relationship between formic acid ox-
idation currents and pH, independent of surface structure. This
pH dependence is more complicated for the case of Pt, which
is, unlike Au, easily poisoned by adsorbed CO. The dramatic
decrease in catalytic activity for pH >3 in the presence of
strongly adsorbing species indicates that the nature of the
electrolyte anion greatly influences the oxidation of formic
acid. Competitive adsorption between reactive intermediates
for this reaction and strongly adsorbing anions causes pro-
nounced changes in pH dependencies. Experimental evidence
shows that phosphate anions act as site blocking spectator
species and hinder further adsorption of formate. The degree
of site blocking by phosphates increases with increasing pH.

Due to the different adsorption strengths of reactive and
spectator species involved in the reaction, different reaction
mechanisms probably take place for Pt and Au electrodes. The
combined effects of pH and specific adsorption of anions oth-
er than the reactive intermediates in solution should be taken
into consideration when discussing possible mechanisms for
formic acid oxidation on noble metal electrodes.
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