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bstract

The influence of ammonium ions on the activity and selectivity of the electrocatalytic oxygen reduction reaction (ORR) on polycrystalline Pt was
nvestigated in model studies under continuous mass transport, both in sulfuric and perchloric acid solutions. Ammonium was found to increase
he yield of hydrogen peroxide, particularly in sulfuric acid, but also in perchloric acid solutions, and also at higher potentials (0.80–0.90 VRHE)
ypical for fuel cell cathode operation, which may severely impair the long-term stability of membranes and electrodes in fuel cells exposed to
uel gases and/or air containing ammonia. Adsorbed species, assigned to ammonia and nitric oxide, were identified on a Pt film electrode using in

itu FTIR spectroscopy. Adsorbed nitric oxide could only be observed in perchloric acid solutions. The higher coverage of adsorbed ammonia in
ulfuric acid solution is attributed to a stabilization by coadsorbed (bi-)sulfate species; the higher total coverage in this electrolyte can explain the
arger effect of ammonium ions on the ORR activity and selectivity in sulfuric compared to perchloric acid solution.

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

Recently, there has been a growing interest in ammonia poi-
oning of polymer electrolyte fuel cells (PEFC) [1–3]. Ammonia
ay be present in the hydrogen fuel for several reasons: (i) due

o formation of NH3 in reformers operated with air [4], (ii) due
o metal hydride catalyzed formation of NH3 from traces of N2
n the H2 used to re-fuel these storages [5], or (iii) due to residual
H3 in the fuel gas, if NH3 is used as a hydrogen carrier. Ammo-
ia may also enter the fuel cell via ambient air fed to the cathode.
n the end, it is probably less important whether the ammonia
nters the fuel cell on the anode or cathode side, as the diffusion
f ammonium from one side to the other is fast. For instance, for
typical membrane thickness (l) of 10–100 �m and a diffusivity
f ammonium ions of 10−10 m2 s−1, the estimated characteristic
ime constant for diffusion is τdiff∼l2/DNH + = 1–100 s [3].
4
Ammonia may affect the PEFC performance in different

ays: (i) by reduction of the ionic conductivity of the mem-
rane, which in its ammonium form is by a factor of four lower
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han in the protonated form [2,3,6], (ii) by poisoning of the cath-
de catalyst in the oxygen reduction reaction (ORR) [7], and
iii) by similar effects on the anode catalyst, in the hydrogen
xidation reaction (HOR) [3]. Recently, fuel cell measurements
ave shown that the reduced membrane conductivity is not the
ajor reason for performance losses induced by ammonia [2,3].
he effect of ammonia on the HOR was found to be small at
urrent densities below 0.5 A cm−2, but to increase with higher
urrents, and the current density did not exceed 1 A cm−2 in the
resence of ammonia [3]. The reason for this current limit was
ot established; model studies in liquid electrolyte are difficult
o compare as the solubility of hydrogen and thus the limiting
urrent is low. However, it is clear that the effect of ammonia in
he fuel gas on the ORR is of large importance to understand the
erformance loss in fuel cells exposed to ammonia.

A significant influence of ammonium ions on the ORR has
reviously been reported in model studies in aqueous sulfuric
cid solution [7]. (In the following, we will refer to ammo-
ium ions as ammonium.) The exchange current compared to
hat in neat acid was 90% lower on pre-reduced Pt (positive-

oing scan in potentiodynamic measurements) and 75% lower
n pre-oxidized Pt (negative-going scan in potentiodynamic
easurements), when ammonium was present. The Tafel slopes
ere also affected, most noticeable at low current densities on

mailto:halseid@hotmail.com
mailto:juergen.behm@uni-ulm.de
dx.doi.org/10.1016/j.jpowsour.2007.08.067
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re-reduced Pt and at high current densities on pre-oxidized Pt.
inally, it is also known from studies of phosphoric acid fuel
ells that the ammonia-induced performance loss mainly occurs
t the cathode [8]. In addition to the activity, the presence of
mmonia in the feed may also alter the selectivity of the ORR, to
he (desired) four-electron pathway to H2O or to the (undesired)
wo-electron pathway to H2O2, which would be highly relevant
or technical applications because of the possible negative effect
f H2O2 on the long-term durability of the PEFC membrane and
lectrodes [9], although the hypothesis that H2O2 is the major
actor contributing to membrane degradation, was questioned
ecently [10].

Extending recent work, where the authors reported on the
nfluence of ammonium on the ORR activity in sulfuric solutions
7], we here present new data on the effect of ammonium on the
RR activity and selectivity on a polycrystalline Pt electrode in

ulfuric and perchloric acid electrolytes, both under potentiody-
amic and potentiostatic conditions. Due to the weak specific
dsorption of perchlorate on Pt, the latter is a better representa-
ion of the actual conditions found in a PEFC. The experiments
ere performed in a dual-electrode thin-layer flow cell, which

llows measurements under controlled, continuous electrolyte
ow [11]. Furthermore, we present complementary in situ FTIR
pectro-electrochemical data recorded on polycrystalline Pt film
lectrodes in O2-saturated electrolytes containing ammonium,
o identify the adsorbed species and thus obtain information on
heir impact on the ORR activity and selectivity.

. Experimental

.1. Bulk oxygen reduction with ammonium-containing
lectrolytes

The dual-electrode thin-layer flow cell used in these exper-
ments has been described in more detail elsewhere [11]. The
enerator electrode, a 9 mm diameter polycrystalline Pt cylinder
MaTecK, 99.95% purity), was mounted into the flow cell, press-
ng against an approximately 50 �m thick spacer. This exposes
.28 cm2 Pt surface to the thin-layer electrolyte volume. The
lectrolyte entered the center of the first compartment and flowed
n a radial pattern over the generator electrode towards the edge
nd into the second compartment. There the electrolyte flowed
ver the collector electrode, a polycrystalline 1.13 cm2 Pt foil,
eld at a fixed potential (1.10 V), where electroactive intermedi-
te species, in our case H2O2, were detected. The electrolyte flow
as approximately 5 �l s−1, resulting in a delay time between

he generator and collector of about 2 s.
A Pine AFRDE5 bipotentiostat was used for potential control,

nd data were logged using the LabVIEW software (National
nstruments). A reversible hydrogen electrode (RHE) was used
s reference electrode (RE) and was connected via a PTFE cap-
llary to the cell outlet; all potentials are quoted versus that of the
HE reference. Two Pt counter electrodes (CEs) interconnected

y an external resistor were used.

The potential of the generator electrode was swept at
0 mV s−1 in the potentiodynamic measurements. Prior to the
easurements, the electrodes were cleaned electrochemically

i
s
a
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y cycling the potential between ∼0 and 1.35 V at sweep rates
f 100–200 mV s−1.

The collection efficiency ηcoll of the collector was determined
y generating H2 at the generator, 1–45 �A, then oxidizing this at
he collector, biasing the collector at 0.40 V. The collection effi-
iency, ηcoll, increased by a few percent with generator current;
n the analysis of the ORR data a constant collection efficiency
f 80%, about four times higher than that attainable in conven-
ional RRDE experimental setup [12], was used. The collector
ata were filtered digitally with the filtfilt function in Matlab®.
he relative yield of H2O2 from the ORR, yH2O2 , was calculated

rom the following equation [12]:

H202 = icoll/2ηcoll

igen/4 + icoll/2ηcoll
(1)

here igen and icoll denote the currents on the generator and
ollector, respectively.

The real surface area of the electrodes was determined from
ydrogen underpotential deposition (Hupd), assuming a Hupd
onolayer charge of 210 �C cm−2 and that a Hupd coverage of

7% of a full monolayer is reached in the potential range used
or charge integration [13]. The real surface area of the electrode
etermined in sulfuric acid was used also when evaluating data
rom perchloric acid.

The kinetic current, ik, was determined from:

k = i
id

id − i
(2)

here i is the measured current and id is the mass transfer lim-
ted current observed at low potentials in the potential scans. To
etermine the Tafel parameters, the current recorded in neat acid
n the absence of O2 was subtracted from the ORR data recorded
n O2-saturated electrolyte to eliminate the current related to sur-
ace processes on Pt such as formation/removal of Pt oxides from
he ORR data. No corrections for ohmic effects were made.

.2. Ammonium adsorption/stripping experiments

After electrochemical pre-cleaning, the WE was exposed to
2-saturated acid containing ammonium, and the ORR tran-

ients at constant potentials (0.50, 0.60, 0.70, 0.75 and 0.80 V)
ere followed for 10 min before neat, O2-saturated acid was

ntroduced again. The relaxation transient, recorded in neat,
2-saturated acid solution while keeping the potential constant,
as then followed for another 5 min. Simultaneously, the H2O2
xidation current was measured by the collector.

Stripping of adsorbates formed on the electrode, after inter-
ction with O2-saturated, ammonium-containing solution at a
xed potential for 4 min, was performed in neat, O2-saturated
cid.

.3. ATR–FTIRS measurements
The cell used for the in situ FTIR spectroscopy measurements
n an attenuated total reflection (ATR) configuration [14,15] is
imilar to the cell used for generator/collector studies described
bove. In this case, however, the WE was a thin Pt film formed
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Fig. 1. Normalized ORR current (i/id) on a polycrystalline Pt electrode (a),
hydrogen peroxide oxidation current at the polycrystalline Pt collector (b) due to
H2O2 formed at the working electrode in ammonium-containing perchloric acid
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y electroless plating of a Pt film (∼50 nm) on the flat sur-
ace of a hemi-cylindrical silicon prism [16]. The flat surface
f the prism was pressed against a spacer so that a thin elec-
rolyte layer was formed, exposing a total geometric Pt area of
.13 cm2 to the electrolyte. The real surface area was determined
rom Hupd as described above, yielding a roughness factor of 5.8.
he electrode potential was controlled using a Bank Wenking
os 2 potentiostat, and IR spectra were measured with a Bio-
ad FTS 6000 instrument at 4 cm−1 resolution. Spectra were
ollected every 0.2 s and co-added for 1 or 5 s for potentio-
tatic adsorption experiments or potentiodynamic experiments,
espectively. The IR data are presented as relative absorbance,
efined as A = log10 R0 − log10 R, where R is the reflectance in
he respective measurement and R0 is the reflectance in the
eference spectrum (typically recorded in neat acidic solution
t low electrode potential). In this presentation positive peaks
ndicate an increased IR absorption, i.e., an increased con-
entration of the surface species. The absorption data were
ltered in the same way as described above for the collector
ata.

.4. Chemicals

Ammonium hydroxide (25%), perchloric acid and sulfuric
cid (all Suprapur from Merck) were used as received in all
xperiments and solutions were prepared using high purity water
rom a Millipore Milli-Q Plus system. 0.50 M solutions of the
cids were used with additions of NH4OH as noted. Solutions
ere deaerated with Ar (MTI Gase, N6) or saturated with O2

MTI Gase, N5.5). All experiments were carried out at room
emperature (∼22 ◦C).

. Results and discussion

.1. Effect of ammonium on the ORR kinetics

The effect of ammonium on the ORR activity in perchlo-
ic acid solution, as measured in potentiodynamic scans in
mmonium-free and ammonium-containing O2-saturated solu-
ion, is illustrated in Fig. 1a for pre-reduced (positive-going scan)
nd pre-oxidized (negative-going scan) Pt. The effect of ammo-
ium is negligible in the potential range of the ORR onset, both
n the positive-going and negative-going scan. In the range of
igher ORR currents, the presence of ammonium leads to an
ncreased overpotential of between 24 mV (0.1 M NH4OH) and
3 mV (0.25 M NH4OH) for pre-reduced Pt at a kinetic current
f 0.1 A cm−1 and between 38 and 75 mV for pre-oxidized Pt
nder the same conditions (see Tafel plots in Fig. 2a).

The hydrogen peroxide production and yield increased in
he potential region 0.20–0.80 V in the negative-going scans,
hen ammonium was present in the perchloric acid solution

Fig. 1b and c), but there was no effect of ammonium on the
RR selectivity in the positive-going scan. At very low poten-
ials, below 0.20 V, the H2O2 production is significant also in
eat acid, as has also been reported previously [12,17,18]. The
mall reductive current in the positive-going sweep at 0.92 V
s an artifact, caused by the use of two CEs. The impact can

p
i
a
a

olutions, and the relative yield of H2O2 in the ORR in the negative-going scan
c). Broken lines represent negative-going scans, solid lines positive-going scans
Ecoll = 1.10 V, ηcoll = 80%, 10 mV s−1, electrolyte as indicated in the figure).

e minimized by applying a large resistor in the circuit for
E2. The noticeable peak in the H2O2 formation rate appearing

n ammonium-containing solution in the negative-going scans
t 0.90–0.60 V can be explained by the presence of Pt-oxides
n neat acid and possible nitric oxides in solutions contain-
ng ammonium, which partially block the Pt surface and thus
nhance the formation of hydrogen peroxide. This interpreta-
ion is based on the findings in previous studies, where it had
een observed that adsorbates formed at high potentials are very
table [19,20]. Furthermore, it is known that the formation of
2O2 increases when adsorbates are present on the Pt surface

12,17,18,21,22]. Hence, the formation of ammonium-related
dsorbates at high potentials can explain why more H2O2 is
ormed in the potential range 0.9–0.75 V and also that its for-
ation extends to lower potentials than in neat acid (the onset

f H2O2 is at about 0.90 V in all solutions in Fig. 1).
Tafel plots of the ORR kinetic currents in perchloric acid

n the absence and presence of ammonium, derived from the

otentiodynamic data in Fig. 1, are depicted in Fig. 2. Sim-
lar Tafel data obtained from RDE measurements in sulfuric
cid have been reported previously in Ref. [7]. In perchloric
cid, the effect of ammonium on the ORR process on polycrys-
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Fig. 2. Tafel plots of the kinetic currents, ik, for O2 reduction during potentiody-
namic scans in (a) positive-going and (b) negative-going scan on polycrystalline
Pt. The oxidation rate was measured in a flow cell (scan rate 10 mV s−1,
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Fig. 3. Normalized ORR current (a), hydrogen peroxide oxidation formation (b)
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lectrolyte as indicated in the figure). The measurements were initiated at
ow potentials and reversed at 1.15 V. Tafel slopes corresponding to −60 and

120 mV dec−1 are shown as solid lines for comparison.

alline Pt was relatively small. Neither the Tafel slopes nor the
xchange current density were significantly affected by addition
f ammonium. However, the transition from the low-slope region
o the high-slope region occurred at lower current densities when
mmonium was present in the solution. In sulfuric acid, the
mmonium-induced effects were more significant; Tafel slopes,
xchange current density as well as the onset of the high-slope
egion were affected by the presence of ammonium [7]. Further-
ore, the kinetic currents in perchloric acid are higher than in

ulfuric acid. A similar anion effect on the ORR kinetics has
lso been reported in [12,17,23], it was ascribed to the stronger
pecific adsorption of (bi-)sulfate on Pt, whereas perchlorate
dsorbs only weakly.

Similar experiments as presented in Fig. 1 were performed
lso in sulfuric acid solution (Fig. 3). In that case, the effect of
mmonium on the ORR activity and on the H2O2 formation, i.e.,
n the ORR selectivity, was more severe than in perchloric acid.
he H2O2 yield was as high as 2–3% at potentials, where PEFC
athodes are typically operated (0.60–0.90 V). H2O2 formation
s assumed to be more pronounced in sulfuric acid than in per-
hloric acid because (bi-)sulfate adsorbs specifically on the Pt
urface, in addition to the oxide layer formed, which results in
ore extensive blocking of the Pt surface than in the case of per-
hloric acid (see also Section 3.4). This in turn is known to lead to
igher H2O2 yields (see Fig. 3c)), due to a decrease in the number
f neighboring Pt sites required for O2 adsorption/dissociation
nd reduction to water.

t
t
d
p

nd relative yield of H2O2 in the ORR (c) on polycrystalline Pt in O2-saturated
ulfuric acid solutions (Ecoll = 1.10 V, ηcoll = 80%, 10 mV s−1, electrolyte as indi-
ated in the figure). Scan directions are indicated with arrows.

In addition to the different adsorption strength of the anions,
lso the pH of the solutions, which significantly increased upon
ddition of ammonium hydroxide, may lead to modifications
n the ORR characteristics. To decrease the pH, a solution of
.00 M HClO4 + 0.25 M NH4OH was used, and the related data
re also shown in Fig. 2. They demonstrate that the effect of
mmonium addition on the ORR in perchloric acid is indeed pH
ependent.

.2. ORR transients in ammonium-containing electrolyte

In order to more closely simulate the situation in a fuel
ell, constant potential measurements were performed as well,
RR current transients were recorded upon changing from

mmonium-free to ammonium-containing sulfuric acid elec-
rolyte at different potentials between 0.50 and 0.80 V, and the
ime evolution of the hydrogen peroxide yield are shown in
ig. 4. The Pt surface was pre-reduced, i.e., the preceding poten-

ial sweep was stopped in the positive-going direction before

he transients were initiated. When the electrode was exposed
o ammonium-containing electrolyte at t = 0, the ORR current
ecreased rapidly. This current decay was much more severe for
otentials in the range 0.70–0.80 V than below 0.70 V. The dif-
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Fig. 4. ORR transients observed when changing from a flow of O2-saturated,
neat 0.50 M H2SO4 to O2-saturated 0.50 M H2SO4 + 0.125 M NH4OH through
the cell for 10 min, followed by 5 min of O2-saturated, neat 0.50 M H2SO4 at
different electrode potentials. (a) Normalized ORR current, i.e., ORR current
relative to the mass transfer limited current in the same solution and (b) H2O2

yield. The straight lines included in both plots were measured in O2-saturated
neat acid at the same potentials and are shown for comparison. All measurements
were performed on pre-reduced Pt, i.e., the electrochemical pre-cleaning scan
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n neat, O2-saturated acid was stopped at the desired potential in the positive-
oing scan before O2-saturated solution containing ammonium was admitted to
he cell.

erence results from the fact that at 0.7–0.8 V the ORR is largely
inetically controlled, while at lower potentials also the mass
ransfer limitations influence the attainable ORR current. The
RR currents in ammonium-containing electrolyte, shown as
ormalized ORR current i/id, were initially slightly higher than
hose observed in neat acid. This is due to an experimental arti-
act, resulting from normalizing the current by the id measured in
mmonium-containing electrolyte, and the finite time required
or exchanging the ammonium-free by ammonium-containing
lectrolyte. The limiting ORR current in neat acid is higher than
n the presence of ammonium due to salting-out effects in the
atter electrolyte [7], i.e., the solubility of O2 decreases with
ncreasing ionic strength of the solution. When switching from
mmonium containing, O2-saturated acid to O2-saturated neat
cid, the ORR activity of the electrode increased, but did not
ecover to the same level as prior to ammonium exposure. At
he highest potential, 0.80 V, the recovery of the ORR activity

as marginal. The formation of H2O2 also increased signif-

cantly during the adsorption transients and did not level off
ithin the time allowed for adsorption in this study (10 min).
urther, the H2O2 formation rate decreased when changing the

o
a
F
f
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lectrolyte to neat acid. But also then, the H2O2 formation rate
as significantly higher than before the cell was exposed to

mmonium. These data strongly suggest that both ORR activity
nd selectivity are severely influenced by irreversibly adsorbed
mmonium residues, whose coverage passes through a maxi-
um at 0.60–0.70 V. These issues were studied in more detail

t different adsorption potentials, as will be presented and dis-
ussed in the following section.

A second important observation from these data is the rather
ow rate of the ammonium-induced poisoning process. Even
fter 10 min in 0.125 M NH4OH containing electrolyte, steady
tate had not been reached; in particular not for the H2O2 forma-
ion rate (Fig. 4). This agrees well with previous observations
n potentiodynamic ORR experiments, where the applied scan
ate had a significant effect on the ORR polarization curve in
ulfuric acid containing ammonium [24]. This kinetic aspect is
f course also of practical importance for fuel cells being oper-
ted for long periods of time. In PEFC testing, it has been noted
hat the poisoning caused by ammonia is rather gradual and
akes a long time to approach a steady state [1–3]. This is partly
ue to the low content of ammonia in the gas phase, so that
he ammonium concentration in the fuel cell membrane, which
as a high solubility for ammonium, increased only slowly. To
nother part, it is caused by the slow uptake of ammonia and for-
ation of ammonium-related adsorbates on the cathode catalyst,

s indicated by the present data.

.3. Effect of ammonium pre-adsorption on the ORR

The effect of pre-adsorbed ammonium on the ORR activity
nd selectivity on polycrystalline Pt in sulfuric acid solution was
valuated in a series of slow potential scans (10 mV s−1) in O2-
aturated neat acid solution, recorded after 4 min ammonium
dsorption at different adsorption potentials (Fig. 5).

Exposure of the WE to O2-saturated, ammonium-containing
lectrolytes at 0.40 V and lower had no significant effect on
he ORR activity in the subsequent potential scan. In contrast,
he production of H2O2, i.e., the selectivity of the ORR, was

odified much more severely, yielding an increasing fraction
f incomplete O2 reduction to H2O2. For adsorption poten-
ials between 0.50 and 0.75 V, we find a significant decrease
f the ORR rate (Fig. 5a), and also increased formation of H2O2
Fig. 5b). Finally, above 0.75 V, there was no further effect on
he ORR. The formation rate for H2O2 on the adsorbate covered
lectrode, in the subsequent potential scan, reached a maximum
pon adsorption at potentials in the range of 0.65–0.70 V.

The effects on H2O2 formation were significant also in the
ubsequent negative-going sweep, after scan reversal at 1.15 V
Fig. 5d), indicating that not all of the ammonium adsorbates
ere removed oxidatively. In contrast, the ORR currents were
nly slightly affected in the negative-going sweep (Fig. 5c). In
he following positive-going sweep (i.e., after 1.5 sweeps), we
ound no measurable effects of the initial adsorption potential

n the ORR activity and H2O2 formation (data not shown here),
nd activity and selectivity are as shown in Fig. 5b in neat acid.
urthermore, if the sweep was initially negative-going, no dif-
erence compared to neat acid could be observed in the ORR
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Fig. 5. Positive-going (a and b) and negative-going (c and d) scans after ammo-
nium adsorption from a solution containing 0.125 M NH4OH in 0.50 M H2SO4

for 4 min at different adsorption potentials (potentials see figure). (a) and (b)
show the normalized ORR current during the positive-going scans and the cor-
responding H2O2 signals from the collector (Ecoll = 1.10 V, collection efficiency
c
i
P

a
a
b
t
l
f

p
m
d
F
a
m
t
i
t
i
t
t
t
t

t
t
o
l
p

3
i

t
F
a
a
c
o
a
s
s
a
t
a
t
n
a
t
a
T
t
Both peaks were observed also upon adsorption at potentials
of 0.20, 0.40 and 0.75 V, but not at 1.10 V. The 1280 cm−1 peak
is observed upon adsorption in both sulfuric and perchloric acid
solutions, but stronger in sulfuric acid solution.

Fig. 6. Selected IR spectra from a set recorded during exposure of the Pt film
a. 80%); (c) presents the normalized ORR current recorded during the follow-
ng negative-going scan and (d) the corresponding H2O2 signal (polycrystalline
t, 10 mV s−1, room temperature).

ctivity and selectivity in the subsequent positive-going scan,
fter the initially negative-going sweep to low potentials. In com-
ination, these results imply that the adsorbed species causing
he decay in ORR activity and in particular in selectivity were
argely removed reductively at low potentials. This is discussed
urther in the next sections.

The formation of hydrogen peroxide is promoted by the
resence of ammonium in perchloric acid (Fig. 1) and, even
ore pronounced, in sulfuric acid solution (Figs. 3–5). It also

epends strongly on the adsorption time and potential (see
igs. 4 and 5). While the ORR activity is hardly affected by
mmonium adsorption at potentials below 0.50 V, where the
ass transport limitations become important, the ORR selec-

ivity is still sensitive to that. Nevertheless, the highest decay
n selectivity during the adsorption transients (Fig. 4) occurs in
he same adsorption potential region in which also the decay
n ORR activity is strongest, at about 0.60–0.70 V. The fact,

hat changes in the ORR selectivity commence at lower poten-
ials than changes in the ORR activity, could indicate that
here are either different species involved, if we presume that
hese effects are due to adsorbed species, or, alternatively, that

e
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he ORR selectivity, is affected at lower surface coverages of
he adsorbed species than the ORR activity. The latter could
ccur, e.g., if the mass transfer of O2 to the electrode is too
ow to observe effects on the ORR activity at these lower
otentials.

.4. In situ ATR–FTIRS identification of adsorbed
ntermediates

To identify adsorbed ammonium residues and to evaluate
heir impact on the ORR activity, in situ spectro-electrochemical
TIRS measurements were conducted on a Pt film electrode in
thin-layer flow cell [15]. The formation of ammonium-related
dsorbates was monitored during exposure to ammonium-
ontaining, O2-saturated solutions at a constant potential
f 0.60 V. Changing to ammonium-containing solution, new
bsorption bands appeared in the IR spectra (see set of IR
pectra in Fig. 6). A band at 1280 cm−1 was observed in both
ulfuric and perchloric acid electrolytes, as well as a band at
bout 1460 cm−1. The former has previously been attributed
o the symmetric deformation (“umbrella”) mode of ammonia
dsorbed on Pt(1 1 1) via the lone pair orbital [25], whereas
he latter has been assigned to absorption of bulk-like ammo-
ium, via the δHNH bending mode [26,27]. ATR measurements
re little sensitive to bulk species, and it is therefore likely that
he bulk-like ammonium band observed at 1460 cm−1 is due to
mmonium ions adsorbed in the outer Helmholtz plane (OHP).
he absorption frequency for ammonium in the OHP is expected

o be very close to that of ammonium in the bulk solution.
lectrode to ammonium-containing solution at 0.60 V, after switching from neat
cid (O2-free) to O2-saturated solutions: (a) to 0.50 M H2SO4 + 0.25 M NH4OH
nd (b) to 0.50 M HClO4 + 0.25 M NH4OH solution. The reference spectrum was
ecorded in neat, O2-free acid at 0.60 V, just before the ammonium-containing
lectrolyte was admitted to the cell (adsorption times see figure).
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Fig. 7. Selected IR spectra from a set recorded during ammonium adsorbate
stripping in neat, O2-free acid after 5 min adsorption at 0.60 V in O2-saturated
(a) 0.50 M H2SO4 + 0.25 M NH4OH or (b) 0.50 M HClO4 + 0.25 M NH4OH
solution. The thick lines represent the spectra recorded in the first cycle (i.e., from
0.60 → 1.30 → 0.06 V), thin lines denote the spectra observed in the following
cycle (0.6 → 1.30 → 0.6 V). The reference spectrum was recorded in neat, O2-
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In sulfuric acid solution (Fig. 6a), there also seemed to be
shoulder to the 1280 cm−1 peak at 1240 cm−1, probably due

o increased adsorption of (bi-)sulfate on Pt in the presence of
mmonium. This agrees well with previous findings by Shin-
aya et al. [25], who found two bands at the same frequencies
n their study of the interaction of 0.01–0.1 M ammonium in
.1 M sulfuric acid solution with Pt(1 1 1) and assigned these to
oadsorbed ammonia and (bi-)sulfate species.

There is a further weak band at ∼1560 cm−1 in perchloric
cid containing ammonium that is not seen in sulfuric acid. This
and was not detected at other adsorption potentials used (0.20,
.40, 0.75 and 1.10 V, spectra not shown). Absorption bands in
his region have been reported for different NO species, depend-
ng on the adsorbate coverage, potential and surface orientation
28,29]. Absorption frequencies in the range 1580–1680 were
ssigned to νN–O of multifold coordinated NO on Pt(1 1 1) and
t(1 0 0), with pronounced Stark-tuning slopes in the range of
2–95 cm−1 V−1 [28]. Momoi et al. reported absorption features
t 1520 and 1543 cm−1 on Pt(1 1 1) at potentials above 0.95 V,
hich they attributed to the stretch vibrations νN O of �-NO2

nd nitrite ONO species in deuterated DClO4 and in HF solu-
ions [30]. The absorption band is also close to the absorption
and for water at 1630 cm−1, which makes it more difficult to
esolve these small effects. We tentatively assign the band at
560 cm−1 to adsorbed NO species, but there are other possi-
le species reported in the literature [28–30]. Considering that
his adsorbed NO species is only seen in perchloric acid, where
lso H2O2 formation is weaker than in sulfuric acid, this species
annot be responsible for the increased H2O2 formation in the
resence of ammonium.

IR spectra were also recorded during cyclic sweeps in neat,
2- and ammonium-free acid solution after the adsorption exper-

ments, i.e., during adsorbate stripping. In addition to the spectra
ecorded in the first cycle (adsorption potential → 1.3 → 0.06 V,
ig. 7, thick lines), we also present spectra recorded in the
ollowing sweep (0.06 → 1.30 → 0.06 V, Fig. 7, thin lines) for
omparison. Selected spectra from the set recorded after adsorp-
ion at 0.60 V are shown in Fig. 7. A band at 1280 cm−1

“umbrella” mode of co-adsorbed ammonia), which is marked
i) and (iii) in Fig. 7a and b, respectively, was found after
dsorption in sulfuric acid (Fig. 7a) as well as after adsorp-
ion in perchloric acid (Fig. 7b), similar to the observations in
mmonium-containing electrolytes (see Fig. 6). Although this
and appears in both electrolytes, it is more pronounced in sul-
uric acid solution. The peak marked (ii) in Fig. 7b at about
560 cm−1, which exhibits a Stark shift of about 100 cm−1 V−1,
s tentatively ascribed to adsorbed NO species (see Section 3).
he weak band at about 1460 cm−1 in Fig. 7b was already dis-
ussed as probably due to bulk-like ammonium adsorbed in the
HP (see Section 3 to Fig. 6a and b). The appearance of the
H3,ad related peak (1280 cm−1) at potentials around 0.4 V in

he negative-going scan, accompanied by a decrease of the NOad
elated peak at 1560 cm−1, suggests that the latter species are

educed and desorbed as ammonium when sweeping the elec-
rode potential in neat acid (see Fig. 7b). Reductive desorption
f adsorbed species resulting from ammonium adsorption has
lso been detected by differential electrochemical mass spec-

o
a
s
i

ree acid at 0.06 V, after adsorbate stripping. Assignment of bands: (i) and (iii)
umbrella’ mode of NH3,ads, (ii) tentative assignment to NOads.

rometry (DEMS) in alkaline solution, where an increase in
/z = 15 signal was found at low potentials in the negative-going
otential sweep after adsorption [31]. Furthermore, in acidic
olutions reduction of adsorbed NO species was claimed to result
n ammonium desorption [32].

The bands at 1280, 1560 and 1460 cm−1 were observed dur-
ng stripping, i.e., in ammonium-free electrolyte, for adsorption
otentials of 0.40 and 0.75 V as well, but not at 0.20 V (data
ot shown here). During adsorption (in ammonium-containing
lectrolyte), the NOad-related band at ∼1560 cm−1 was found
nly in perchloric acid solution and only at 0.6 V, but not in sul-
uric acid and not at other adsorption potentials used (0.20, 0.40,
.75 and 1.10 V, spectra not shown). Finally, the bands at lower
requencies (one band in perchloric acid, Fig. 7b, and two bands
n sulfuric acid, Fig. 7a) are due to adsorption of perchlorate and
bi-)sulfate and anions, respectively.

Combining the ORR results in Section 3.1 and the present
R results, the clear anion effect observed both for ORR activity
nd selectivity is probably due to co-adsorption of ammonia and
bi-)sulfate on Pt [25], which apparently reaches a higher total
overage than adsorption of ammonium alone, as is the case in
erchloric acid solutions. The selectivity of the ORR is also influ-
nced by these adsorbed species, in good agreement with results
f previous studies on the effect of adsorbed anions (chloride)

nd CO adlayers on the selectivity of the ORR [12,17,18,21,22],
howing that higher coverages of other adsorbates result in an
ncrease in partial reduction of O2 to form H2O2.
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ig. 8. Cyclic voltammograms recorded simultaneously with the IR spectra
hown in Fig. 7 in neat O2-free acid: (a) 0.50 M H2SO4 + 0.25 M NH4OH and
b) 0.50 M HClO4 + 0.25 M NH4OH. The thick lines represent the first stripping
ycle, the thinner lines show the following cycle.

CVs recorded simultaneously with the IR spectra during
hese adsorbate stripping experiments, after adsorption at
.6 V in sulfuric acid solution (Fig. 8a) and in perchloric acid
olution (Fig. 8b), respectively, are shown in Fig. 8. Again,
oth the first stripping cycle (thick line) and the second cycle
base voltammogram, thin line) are depicted. Reduction of the
dsorbed residues clearly affects the Faradaic current in the
tripping cycle, as evident from comparison with the subsequent
ase voltammogram (see also [19]). It is also noteworthy that
o further effects of previous adsorption of ammonium could be
oticed after the first cycle to low potentials, as the subsequent
Vs fully coincide with CVs recorded in the base solutions in
eat acid (not shown here).

In their characteristic features, the ammonium adsorbate
tripping CVs shown in Fig. 8 largely resemble data obtained in
ulk solutions of deaerated, ammonium-containing acidic solu-
ions [19]. The most striking feature is that at least one adsorbate
pecies, most likely an adsorbed nitric oxide species, can only be
emoved reductively at rather low potentials. The exact nature
f this species, however, is still open. Similar results have also
een observed for adsorbed NO species on Pt(1 0 0) [32] and for
dsorbed ammonia on polycrystalline Pt in alkaline solutions
20,23]. We interpret this close similarity in such a way that
n adsorbate which is different from the adsorbed NO species
haracterized by the 1560 cm−1 band, is formed in both per-
hloric acid and sulfuric acid solution at high potentials. This

dsorbate is responsible for the increased H2O2 formation rate in
he negative-going sweeps (see Figs. 1 and 3). In solutions with
mmonium and sulfuric acid, these adsorbates also influence the
RR rate at potentials >0.5 V (see Fig. 5a).

f
t
s
b
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The IR data help to understand the observation that in O2-
aturated bulk solutions the effect of ammonium is much more
oticeable in the negative-going sweep than in the positive-
oing sweep both in perchloric and sulfuric acid solutions. In
he negative-going scan the formation of hydrogen peroxide is

uch higher, at least down to potentials below 0.20–0.25 V, in
he presence of ammonium in both perchloric and sulfuric acid
olutions as compared to that in the neat acids (Figs. 1b and 3b).
he IR spectra in Fig. 7a and b show that the bands related to
dsorbed species originating from ammonium adsorption were
resent until the electrode potential was swept to potentials
elow ∼0.15 V, where they could be reductively removed. In
he subsequent sweep (spectra shown as thin lines in Fig. 7a and
), the bands due to ammonium adsorption were not present, and
nly those bands also seen in neat acid could be detected. At the
ame time, the formation of hydrogen peroxide was similarly
ow as that in the neat acids, showing that the species responsi-
le for the change in ORR selectivity also have been removed at
ow potentials. Reductive removal of adsorbates is further sup-
orted by the CVs shown in Fig. 8, where the CVs measured
fter stripping of pre-adsorbed species were identical to those
ecorded in neat acids.

In potentiodynamic measurements in ammonium-containing,
2-saturated perchloric and sulfuric acid solutions, the increased

ormation of hydrogen peroxide in the negative-going scans
s clearly seen (Figs. 1b and 3b). The increased H2O2 for-

ation rate closely resembles the higher H2O2 formation rate
uring adsorbate stripping in O2-saturated neat electrolytes. In
he positive-going scans, there was no effect of ammonium
n the ORR selectivity in perchloric acid solutions (Fig. 1b),
ut in sulfuric acid solution the formation rate of hydrogen
eroxide increased significantly in ammonium-containing solu-
ion compared to that in neat acid solution at potentials above
.25 V (Fig. 3b). IR spectra recorded on Pt electrodes exposed
o ammonium-containing solutions (not shown here) showed
band at 1280 cm−1 assigned to adsorbed ammonia (NH3,ad).
his adsorbate, however, has only an effect on the ORR selec-

ivity in sulfuric acid solutions, not in perchloric acid solution,
ndicating that the presence of the adsorbed ammonia species is
ot sufficient to affect the ORR selectivity. Marked variations
n the ORR selectivity, leading to increased H2O2 formation,
re only obtained for coadsorption of ammonia and (bi-)sulfate
pecies. In electrochemical quartz crystal microbalance mea-
urements in ammonium-containing sulfuric acid electrolyte
19], the formation of adsorbed species was proposed to explain
he hysteresis in the mass signal commencing at 0.30 V, which
s not seen in neat acid. The present data confirm and extend this
revious proposal: the increase in mass is related to ammonium
dsorbate formation at elevated potentials (0.6–0.7 V) and coad-
orption of (bi-)sulfate anions. These adsorbates are desorbed
(bi-)sulfate) or reductively removed (ammonium adsorbates)
t significantly more cathodic potentials, indicative of a sta-
ilizing interaction between these two adsorbed species. The

ormation of a pronounced hysteresis observed in Fig. 3b and,
o a lesser extent, also in Fig. 1b, is also supported by the
low adsorption of ammonium (formation of ammonium adsor-
ate) even at elevated potentials, which is illustrated by the
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dsorption transients in Fig. 4. This means, that the uptake of
mmonium adsorbates continues also, after scan reversal, in the
egative-going scan when reaching the active potential region
t about 0.8 V, leading to much more pronounced effects on
he ORR in the negative-going scan than in the positive-going
can.

. Conclusions

In electrochemical and in situ ATR–FTIRS flow cell mea-
urements with continuous controlled electrolyte transport the
ffect of ammonium on the ORR activity and selectivity on
olycrystalline Pt electrodes was found to depend sensitively
n the electrolyte and the reaction potential. The influence of
mmonium on the ORR activity in perchloric acid solutions was
ittle, while in sulfate solutions this was significant. Adsorbates
ormed at potentials above 0.40 V in solutions with ammonium
nd sulfuric acid are proposed to influence the ORR activity.
n increased yield of hydrogen peroxide in the presence of

mmonium was found, particularly in sulfuric acid solutions,
ut also in perchloric acid solutions. An increased H2O2 yield
n sulfuric acid solution was observed at lower potentials than
mmonium-related effects on the ORR activity in potentiody-
amic measurements, suggesting that, if the same species is
esponsible for both activity and selectivity effects, the ORR
electivity is affected at lower coverage than the ORR activity.
lternatively, different species may be responsible for activ-

ty and selectivity effects. The formation of H2O2 was highest
or adsorption potentials in the range from 0.6–0.7 V (potentio-
tatic measurements), but H2O2 formation was also observed
t higher potentials (0.80–0.90 V), where fuel cell cathodes
ypically operate. This is important due to its possible impact
n the long-term stability of fuel cells exposed to fuel gases
nd/or air containing ammonia. Adsorption transients show
hat ammonium-induced electrode poisoning is slow; no steady
tate was reached within 10 min. Adsorbed species, assigned to
mmonium and nitric oxide, were detected on a Pt film elec-
rode by in situ FTIRS. Adsorbed nitric oxide could only be
bserved in perchloric acid solutions, and is thus not likely to
e responsible for the effect of ammonium on ORR activity and
electivity. Adsorbed ammonia was detected in the IR spectra
n both electrolytes. In sulfuric acid solution, it is stabilized by
oadsorption with (bi-)sulfate, forming an adsorbate with higher
otal coverage than in perchloric acid. This can explain the larger
ffect of ammonium on the ORR kinetics and selectivity in sulfu-
ic acid compared to perchloric acid. Another adsorbed species,
robably an adsorbed nitric oxide formed at higher potentials,
nfluenced the selectivity of the ORR, in addition to oxidized
latinum, in both perchloric and sulfuric acid in the negative-

oing scans so that more hydrogen peroxide was formed. At
otentials below ∼0.15 V, these adsorbates were quantitatively
eductively removed in stripping experiments, and in subsequent
ositive-going scans the selectivity of the ORR was similar

[
[

[
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o that in neat acid solutions for both perchloric and sulfuric
cid solutions. The exact nature of this adsorbed nitrogen oxide
pecies was not identified.
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