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ABSTRACT: Ammonia electrooxidation has received considerable attention in
recent times due to its potential application in direct ammonia fuel cells, ammonia
sensors, and denitrification of wastewater. In this work, we used differential
electrochemical mass spectrometry (DEMS) coupled with attenuated total
reflection−surface-enhanced infrared absorption (ATR−SEIRA) spectroscopy to
study adsorbed species and solution products during the electrochemical ammonia
oxidation reaction (AOR) on Pt in alkaline media, and to correlate the product
distribution with the surface ad-species. Hydrazine electrooxidation, hydroxylamine
electrooxidation/reduction, and nitrite electroreduction on Pt have also been studied
to enhance the understanding of the AOR mechanism. NH3, NH2, NH, NO, and
NO2 ad-species were identified on the Pt surface with ATR−SEIRA spectroscopy,
while N2, N2O, and NO were detected with DEMS as products of the AOR. N2 is
formed through the coupling of two NH ad-species and then subsequent further
dehydrogenation, while the dimerization of HNOad leads to the formation of N2O. The NH−NH coupling is the rate-determining
step (rds) at high potentials, while the first dehydrogenation step is the rds at low potentials. These new spectroscopic results about
the AOR and insights could advance the search and design of more effective AOR catalysts.

1. INTRODUCTION
In recent years, the electrochemical ammonia oxidation
reaction (AOR) has attracted increased attention since it can
be potentially used as a green, renewable fuel for direct
ammonia fuel cells (DAFCs). Ammonia is a more promising
fuel than organic molecules such as methanol and ethanol due
to its carbon-free nature and widely available production,
storage, and transportation networks. Ammonia possesses a
high energy density (18.8 MJ/kg), and thus can be used as a
hydrogen storage medium, instead of pure hydrogen, since it
can be easily liquified and has a very high hydrogen storage
capacity (18 wt %). In addition, we believe that in the future it
will be possible to generate ammonia, on-demand, by on-site,
entirely carbon-free, electrolysis cells powered by renewable
electricity from solar or wind sources. While the AOR on Pt
group metals (PGMs) has been studied for several decades, the
mechanism is still not fully understood.1−9 So far, Pt and Ir are
the most active catalysts among pure PGMs.10 Among Pt
single crystals, the Pt(100) facet is the most active.11−13 Pt
nanoparticles with preferentially (100)-oriented facets also
exhibited an enhanced AOR activity when compared to poly-
orientated Pt nanoparticles.14 These studies suggest that the
AOR is a surface structure-sensitive process, and almost
exclusively takes place on Pt(100) facets.14 However, (100)-
oriented Pt nanoparticles still exhibit a very low activity for the
AOR and suffer from surface poising. The development of

next-generation catalysts has been hindered partially by the
limited understanding of the mechanism of AOR. The AOR is
easier to occur in alkaline media than in acidic media, so most
studies of AOR have been performed in alkaline media. So far,
there are two suggested AOR mechanisms including the
Oswin-Salomon (O−S) mechanism and the Gerischer-
Mauerer (G−M) mechanism.1,2

Oswin and Salomon studied the AOR kinetics on Pt for the
first time and suggested a successive dehydrogenation
mechanism, as shown below1

NH M OH M NH H O e3 2 2+ + + + (1)

M NH OH M NH H O e2 2+ = + + (2)

M NH OH M N H O e2= + + + (3)

M N N M 2M N2+ + (4)
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where M represents adsorption sites of transition metal
surfaces.
Later, Gerischer and Mauerer proposed a modified

mechanism involving the coupling of non-fully dehydrogenated
intermediates (NHx) and subsequent further dehydrogenation
to form nitrogen, as shown below2

NH (aq) NH3 3,ad (5)

NH OH NH H O e3,ad ad
( )

2,ad 2+ + + (6)

NH OH NH H O e2,ad ad
( )

ad 2+ + + (7)

NH NH N Hx y x y,ad ,ad 2 ( ),ad+ + (8)

x y

x y x y

N H ( )OH

N ( )H O ( ) e

x y2 ( ),ad ad
( )

2 2

+ +

+ + + +
+

(9)

NH OH N H O ead ad
( )

ad 2+ + + (10)

where OHad
(δ−) represents partially discharged adsorbed

hydroxyl species, and its charge is potential-dependent.
De Vooys et al. experimentally and theoretically studied the

AOR on Pt, Ir, Pd, Ru, Rh, Au, Ag, and Cu in alkaline media
and proposed that the G−M mechanism was also valid for the
AOR on other transition metals (TMs), i.e., NHx ad-species
were the active intermediate for the selective formation of N2
on all TMs, whereas adsorbed nitrogen (Nad) poisoned the
TM surfaces. Among them, only Pt and Ir possess a good
dehydrogenation capacity and a sufficiently low affinity to Nad,
and thus, active intermediates of NHx,ads, which are needed for
N2 formation, can be continuously produced.10

Mavrikakis et al. performed density functional theory (DFT)
studies of the AOR on a series of metal surfaces such as Pt, Ir,
Pd, Rh, Ru, Os, Re, Ni, Co, Au, Ag, and Cu in terms of the two
above-mentioned mechanisms. They found that the G−M
mechanism is kinetically more favorable than the O−S
mechanism and that Nad poisons TM surfaces. Based on the
Sabatier principle, they predicted that Pt is the most active

catalyst followed by Ir and then Cu, and other TMs have very
low activity.15

Rosca et al. compared the AOR on Pt(111) and Pt(100) and
proposed that NH2 ad-species, which are stabilized on
Pt(100), act as active intermediates for the AOR and their
dimerization to form hydrazine is the rate-determining step
(rds) for N2 formation.16 In contrast, Yang et al. performed
free-energy calculations of all AOR elementary steps on
Pt(100) by using ab initio molecular dynamics and claimed
that NH3 dehydrogenation to NH2 was the rds and that N2 was
formed through NH2 dimerization to N2H4 followed by further
dehydrogenation of N2H4.

8 However, Katsounaros et al.
proposed that N2 is formed through NH−NH coupling for
the AOR.6

Contrarily, Skachkov et al. employed first-principles
molecular dynamics and DFT calculations to study the AOR
on Pt(100) and proposed that the O−S mechanism acts at
moderate potentials (≥0.5 V), while the G−M mechanism
turns on at low potentials (<0.5 V). They claimed that the high
activity of Pt(100) could be ascribed to the facile dimerization
of bridge-bonded Nad to form N2, while the low activity of
Pt(111) and Pt(110) is due to strongly bound Nad at hollow
sites which poisons the surface.17

To elucidate the AOR mechanism, differential electro-
chemical mass spectrometry (DEMS), infrared, and Raman
spectroscopies have been used to identify the products and
intermediates. Besides N2 as the major product of the AOR,
DEMS results revealed that N2O and NO are also formed on
polycrystalline and single-crystalline Pt surfaces at high
potentials.5,11 NO2

− and NO3
− could also be formed at even

higher potentials.5 Vidial-Iglesias et al. studied the AOR on
nanostructured Pt electrodes by using surface-enhanced
Raman spectroscopy (SERS) and reported that the azide
anion was involved in the AOR as an intermediate to form
N2.

18 De Vooys et al. revealed by SERS that Nad was formed
during the AOR on a Pd electrode and thus poisoned Pd.19

Matsui et al. studied the AOR on Pt and CeO2- and Y2O3-
modified Pt electrodes by attenuated total reflection−surface-
enhanced infrared absorption (ATR−SEIRA) spectroscopy
and reported that NH3, N2H4, and bridged-bonded NO

Figure 1. CVs (a) and the corresponding MSCVs of m/z = 2 (b), m/z = 28 (c), m/z = 30 (d), and m/z = 44 (e) for NH3 oxidation on a Pt film,
sputtered on a porous Teflon membrane, in the conventional DEMS cell. Electrolyte: 0.1 M NH3 + 0.1 M KOH. Scan rate: 10 mV/s. Potential
region: 0−0.8 V (A, black dashed lines), 0−1.2 V (A, black solid lines), and 0.5−1.2 V (B, black solid lines). Red lines in (d) indicate the MS signal
of NO.
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(NOad,B) were formed as ad-species.20−22 Using ATR−SEIRA
spectroscopy, Cai et al. identified NH3, N2H4, linearly, bridged,
and hollow NO, bridged NO2

−, and NO3
− as ad-species for the

AOR on an Ir electrode.23

Endo et al. studied the AOR on Pt by using a rotating ring-
disk electrode (RRDE), and found that the peak current
density decreased with increasing rotating rate and a small
amount of NH2OH was also formed at potentials of N2
formation.24

NO, N2O, NO2
−, and NO3

− are involved in the electro-
catalytic reactions of the nitrogen cycle, and they are also
involved in the AOR as reaction intermediates or products.
The knowledge of their electrocatalytic reactions could
advance the understanding of the AOR mechanism. The
electrocatalytic reduction and oxidation mechanism of these
N-containing species have also been studied.3,25−39

The above comprehensive literature survey clearly indicates
that although the AOR has been studied by experimental and
theoretical methods, the mechanisms of the AOR are not yet
completely understood, especially for the N2 formation step.
There are even some contradictive statements about the AOR
mechanism. In an effort to achieve a molecular-level under-
standing of the AOR mechanism, in this work, we employed a
coupled spectroscopic platform that combined DEMS and
ATR−SEIRA spectroscopy to simultaneously identify solution
products and surface ad-species so that we could correlate the
products in solution with surface ad-species. A detailed AOR
mechanism is proposed based on our spectroscopic findings.

2. RESULTS AND DISCUSSION
2.1. Ammonia Electrooxidation. 2.1.1. DEMS Study of

the AOR Under Stationary Electrolyte Condition. Figure 1A
presents the DEMS data for the AOR on a Pt film, sputtered
on a porous Teflon membrane, in a conventional cell (Figure
S1a) under stationary electrolyte conditions. The conventional
DEMS cell was used due to its high sensitivity and fast time

response, as well as the stability of the Teflon membrane when
compared to a Si prism in alkaline media. Figure 1A(a) shows
the cyclic voltammograms (CVs) with an upper potential limit
of 0.8 and 1.2 V, while Figure 1A(b−e) displays the mass
spectrometric (MS) cyclic voltammograms (MSCVs) of H2 at
m/z = 2, N2 at m/z = 28, NO at m/z = 30, and N2O at m/z =
44. The contributions of hydrocarbon contamination to the
MS signals at m/z = 28, 30, and 44 were negligible (Figure S2).
The AOR started at around 0.5 V and reached a maximum at
ca. 0.7 V and then decreased due to the blockage by OH and/
or O ad-species. N2 started to form at ca. 0.5 V, while the
formation of N2O onset at ca. 0.75 V, where oxide species
started to form on the Pt surface. The MS signal of m/z = 30
was mainly attributed to the NO+ fragment of N2O. After
subtracting the contribution of NO+ fragment of N2O, the red
line in Figure 1A(d) represents only the MS signal of NO.
Only a very small amount of NO was formed at potentials of
>1.0 V. The AOR on Pt generated mainly N2, especially at
potentials <0.75 V. The current efficiencies of N2O and NO in
one potential cycle, between 0 and 1.2 V, were ca. 6 and <1%,
respectively. As the upper potential increased from 0.8 to 1.2
V, the peak current at 0.7 V became smaller and the Pt surface
lost its activity in the reverse scan. This suggests that the Pt
surface was poisoned by ad-species formed at high potentials.
The poisoning species were likely Nad, NOad, and NO2,ad (see
below).38

As the low potential limit was increased, the AOR was
significantly suppressed in the positive-going scan (Figures 1B
and S3), and the MS signals of N2 and N2O were also
suppressed. In contrast, the MS signal of NO slightly increased
due to the accumulation of NOad at high potentials. As the
upper potential limit went up to 1.2 V, a reductive peak
emerged at ca. 0.15 V in the subsequent negative-going scan,
[Figures 1A(a) and S4], while two MS peaks of N2O appeared
at potentials of <0.2 V [Figure 1A(e)]. This was ascribed to
the reduction of NOad and NO2

−, which were formed at high

Figure 2. CVs (a) and the corresponding MSCVs of NH3 (b) and N2 (c) for NH3 adsorbate stripping from a Pt film, sputtered on a porous Teflon
membrane, in the conventional DEMS cell. Electrolyte: 0.1 M KOH. Scan rate: 50 mV/s. (A) Potential was first scanned between −0.1 and 0.4 V
for 5 cycles (red lines), and then between −0.1 and 1.2 V (black lines). (B) Potential was scanned between 0.4 and 1.2 V (blue lines). CV of the Pt
film in 0.1 M KOH is indicated by the black dashed lines. NH3 was adsorbed at 0.4 V (A, B) and 0.6 (C, black lines), 0.8 (C, red lines), 1.0 (C,
green lines), and 1.2 V (C, blue lines) from 0.1 M NH3 + 0.1 M KOH for 5 min.
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potentials (Figure S5 and see below). The reduction peak
around 0.15 V was mainly attributed to the reduction of NOad
and NO2

− to form NH2OH and NH3, since there were no
corresponding signals at m/z = 28, 30, and 44.
In the CVs of AOR on Pt (Figure S4), the H adsorption

peak of Pt(100) facets at ca. 0.4 V was completely blocked by
NH3 ad-species, while the H adsorption peak of Pt(110) facets
at ca. 0.3 V was much less suppressed. This suggests that NH3
decomposition/oxidation mainly takes place at Pt(100) facets,
consistent with the fact that Pt(100) single crystals exhibited
the highest activity for the AOR.11−13 The redox currents at ca.
0.15 and ca. 0.5 V in the CVs for the AOR on Pt were higher
than those in the blank electrolyte, indicating that NH3 ad-
species were reduced/oxidized at these potentials.
DEMS data for NH3 ad-species stripping from the Pt film

are presented in Figures 2 and S6. After NH3 adsorption at 0.4
V from 0.1 M NH3 + 0.1 M KOH for 5 min and subsequently
exchanging the electrolyte to 0.1 M KOH, the potential was
initially scanned in the negative direction. NH3 was formed in
the hydrogen region (Figure 2A), indicated by the MS signal at
m/z = 15. This suggests that NHx (x = 0−3) ad-species were
formed during NH3 adsorption at 0.4 V. In the subsequent
positive-going scan, N2 was formed at around 0.7 V. The ad-
species could not be completely removed in the first positive-
going scan, and many cycles were required to completely
oxidize it (Figure 2A). Trace amounts of N2O were also
formed at potentials of >0.75 V (Figure S6). Upon the direct
oxidative stripping of NH3 ad-species, N2 was also formed at
potentials >0.5 V with a maximum at ca. 0.7 V (Figure 2B).
NH3 adsorption was also performed at higher potentials
(Figure 2C), and the highest coverage of NH3 ad-species was
obtained at 0.8 V. The coverage of NH3 adsorbates, estimated
from the suppression of hydrogen underpotential deposition
(H upd) and CO adsorption, was less than 8% (Figure S7). As
NH3 was adsorbed at 1.0 and 1.2 V, a small reduction peak
appeared at ca. 0.17 V, suggesting that a small amount of NOad
was formed (Figure S5).
In order to identify NH3 ad-species on the Pt surface and to

correlate the products formed in the AOR with the surface ad-

species, we further performed a coupled DEMS and SEIRA
spectroscopic study.

2.1.2. Coupled DEMS/ATR−SEIRA Spectroscopic Study of
the AOR under Well-Defined Electrolyte Flow Conditions. In
the conventional DEMS cell (Figure S1a), the electrolyte is
stationary so that the AOR products can readsorb and be
reduced in the following cathodic scan. In addition, the NH3
concentration at the electrode could be lower than the nominal
one due to possible (and likely) NH3 evaporation through the
porous electrode into the vacuum. These not only complicate
the analysis but may also lead to a false interpretation of the
AOR mechanism. To mitigate the effects of product read-
sorption and successive reduction at low potentials, and to
monitor surface ad-species changing with applied potential, a
home-built DEMS/ATR−SEIRA spectroscopic setup was
used, in which through a dual thin-layer flow cell (Figure
S1b),40,41 DEMS data and infrared spectra could be
simultaneously recorded during the AOR, enabling the
correlation of production formation in solution with surface
ad-species.
Simultaneously recorded DEMS data and SEIRA spectra for

the AOR on a Pt film, chemically deposited on a Si prism, are
presented in Figure 3. The DEMS data are similar to those for
a Pt film sputtered on a porous Teflon membrane, except that
N2O was not observed at potentials below 0.2 V in the
negative-going scan due to the electrolyte flow. The second
positive-going scan exhibited a smaller peak current than the
first positive-going scan due to the poisoning by ad-species. At
potentials below 0.7 V, the cathodic current, larger than that in
the blank electrolyte, was attributed to the reduction of NHx
ad-species formed at high potentials.
As we increased potential from 0.05 V, several upward and

downward infrared bands developed (Table S1). The band at
ca. 1227 cm−1 is assigned to the Si−O−Si stretching ν(Si−O−
Si) of SiO2.

42 This band intensity increased with increasing
potential due to the oxidation of the Si surface. The infrared
band at 1257 cm−1, onsetting at potentials >0.15 V, is assigned
to the symmetric bending δs(NH3) of adsorbed NH3 (NH3,ad),
and had a Stark tuning rate of 39 cm−1/V.43−49 Some authors

Figure 3. (A) CVs (a) and the corresponding MSCVs of N2 (b), NO (c), and N2O (d) for NH3 oxidation on a Pt film, chemically deposited on a
Si prism, in the dual thin-layer flow cell. Electrolyte: 0.1 M NH3 + 0.1 M KOH. Scan rate: 5 mV/s. Electrolyte flow rate: 10 μL/s. The red lines and
black lines denote the first positive-going scan and following scans, respectively. The blue line indicates the CV of the Pt film in 0.1 M KOH at a
scan rate of 50 mV/s. (B) Simultaneously recorded SEIRA spectra. The reference spectrum was taken at 0.05 V. (C) Intensities of infrared bands at
1257, 1456, and 1318 cm−1 plotted vs potential.
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have assigned this band to the wagging ω(NH2) of adsorbed
NH2NH2.

20−23 It is well known that NH2NH2 is easily
oxidized to form N2 at potentials >0.1 V (see below).
However, we did not observe the evolution of N2 at potentials
below 0.5 V using DEMS. In addition, NH2NH2 adsorption on
Pt exhibited three infrared bands at 1270, 1360, and 1435 cm−1

(see below), which are different from those of NH3,ad. Thus,
this band cannot be ascribed to adsorbed NH2NH2. There
might be an asymmetric bending δas(NH3) of NH3,ad at 1600−
1650 cm−1,48,50,51 which was likely infrared-inactive and/or
overlapped with the δ(HOH) band of water, thus preventing
further analysis. The band intensity of NH3,ad first increased
with increasing potential due to a decrease in the coverage of
upd H, indicating an increase in NH3 coverage. As the
potential went up beyond 0.35 V, the band intensity of NH3,ad
decreased (Figure 3C(a)), due to its further dehydrogenation
to form adsorbed NH2 (NH2,ad). Another weak infrared band
at 1456 cm−1 appeared at ca. 0.2 V and reached its maximum
at around 0.5 V and then decreased with further increasing
potential. We assigned this band to the symmetric bending
δs(NH2) of NH2,ad.

26,39,52 It had a Stark tuning rate of 39
cm−1/V. The third band at 1318 cm−1 appeared, as the band
intensity of NH2,ad started to decrease and the AOR onset. We
assigned this band to the bending δ(Pt−N−H) mode of
adsorbed NH (NHad), rather than bridge-bonded NO2

−,23

since NO2
− cannot be formed at such low potentials. It had a

Stark tuning rate of ca. 24 cm−1/V. This band reached a
maximum at about 0.7 V and then gradually decreased. The
Faradaic current also exhibited a maximum at ca. 0.7 V and was
parallel to the band intensity of NHad, suggesting that NHad
was the precursor for N2 formation through dimerization. This
is consistent with the finding of Pillai et al.9 The band of NHad
can be observed over a broad potential range from 1.2 V down
to 0.5 V, while the N2 formation was slow, suggesting that
NHad dimerization was slow, and thus determined the rate of
N2 formation (Figure S8). A very broad and weak band at ca.
1507 cm−1 appeared at potentials higher than 0.6 V, which can
be assigned to the stretching ν(NO) mode of NOad,B.

20−22,53

In contrast, this band was also assigned to the ν(NO) and/or
δ(ONH) of adsorbed nitroxyl (HNOad).

51,54−57 There are still
contradictions regarding this band assignment.55,58 Another
very weak band at 1338 cm−1 was observed in the reverse scan
and is assigned to the symmetric stretching νs(NO2) of
adsorbed NO2 (NO2,ad) (Figure S8).

59,60 The upward band at
1109 cm−1 is assigned to the bending δ(HOH) of hydrated
OH− anion in the double layer.42 In contrast, this band has
been assigned to δ(PtOH) of adsorbed OH by numerous
authors.61 It should be noted that adsorbed OH and OH−

anion are different species. Adsorbed OH species are adsorbed
on Pt through the formation of a Pt−O bond, while OH−

anion is likely present in the double layer without the
formation of a Pt−O bond.42 A band for the stretching ν(OH)
of OH− anion was observed at 3675 cm−1 (Figure S8). Two
downward bands, observed at 1635 and 3350 cm−1, are
assigned to the bending δ(HOH) and the stretching ν(OH) of
water (adsorbed or in the double layer), respectively.42 Their
band intensities decreased with increasing potential, opposite
to the band of OH− anion. This suggested that OH− anions
gradually displaced water in the double layer with increasing
potential.
This is further confirmed by the experiment of NH3

adsorption at a constant potential of 0.4 V (Figure 4). Upon
introducing 0.1 M NH3 into the electrolyte of 0.1 M KOH, the

band intensities of OH− (at 1109 and 3675 cm−1) increased
due to a higher OH− concentration after adding ammonia,
while the band intensities of adsorbed water (at 1640 and 3200
cm−1) decreased. This is due to the displacement of water by
OH− in the double layer. Besides the above-mentioned bands
of OH− and water, two upward bands appeared at 1259 and
1442 cm−1, respectively. They are assigned to the δs(NH3) of
NH3,ad and the δs(NH2) of NH2,ad respectively, as mentioned
above.

2.2. Hydrazine Electrooxidation on Pt. Some authors
have proposed that adsorbed NH2NH2 is the intermediate for
the AOR on Pt.16,20,23 To elucidate if NH2NH2 is the
intermediate for the AOR to form nitrogen, we also carried out
NH2NH2 electrooxidation on Pt. Figure 5A presents the CV
and corresponding MSCVs of m/z = 2, 15, 28, 30, and 44 for
NH2NH2 oxidation on a Pt film, sputtered on a porous Teflon
membrane, in the conventional DEMS cell. The electro-
oxidation of NH2NH2 onset at ca. 0.1 V, and N2 was the
dominant product, as indicated by the MS signal of m/z = 28
in Figure 5A(d). A small amount of H2 was generated,
especially in both the hydrogen and oxygen regions [Figure
5A(b)]. A very small amount of N2O was also formed at
potentials of >0.2 V [Figure 5A(f)]. The MS signal of m/z =
15 is ascribed to an isotope fragment (15N+) of N2, while the
MS signal of m/z = 30 is attributed to an isotope fragment
(15N2

+) of N2 as well as the fragment (NO+) of N2O. During
NH2NH2 oxidation at 0.2 V, three infrared bands appeared at
1270, 1360, and 1435 cm−1 (Figure 5B), which can be assigned
to the bending mode δ(NHx) of adsorbed hydrazine or
partially dehydrogenated hydrazine,43,47,49,62−64 and are very
different from NH3 adsorption.

2.3. Hydroxylamine Electrooxidation on Pt. N2
formation during the AOR on Pt onsets at ca. 0.5 V, where
OH ad-species are present on Pt surfaces, and thus might also
be involved in N−N coupling.7 NH2OH was also proposed to
be the intermediate for the AOR on Pt.24 NH2OH already has
a hydroxyl functional group, which allows us to study how it
affects N−N coupling and products.

2.3.1. DEMS Study of Hydroxylamine Electrooxidation
under Stationary Electrolyte Condition. CVs and the

Figure 4. Time-dependent SEIRA spectra for NH3 adsorption on a Pt
film, chemically deposited on a Si prism, at 0.4 V in 0.1 M NH3 + 0.1
M KOH in the dual thin-layer flow cell. The reference spectrum was
taken at 0.4 V in 0.1 M KOH.
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corresponding MSCVs of m/z = 15, 28, 30, and 44 for the
oxidation of NH2OH on Pt in 0.1 M NH2OH + 0.1 M KOH
are presented in Figure 6A. It should be noted that the MS
signal of m/z = 15 includes the contributions from the NH+

fragment of NH3 and the NO2+ fragment of NO. The MS
signal of m/z = 28 (N2

+) comprised the contributions from
both N2 and N2O, and the MS signal of m/z = 30 (NO+)
included the contributions from both NO and N2O. The red
lines in Figure 6A(b−d) represent the MS signals from NH3,
N2, and NO respectively, after subtracting contributions from
other species. The open circuit potential of NH2OH was ca.
0.35 V, where the disproportionation of NH2OH took
place,65−67 as indicated by the formation of N2O, N2, and
NH3. As the potential was swept negatively from 0.35 V, the
cathodic current increased, while the MS signal at m/z = 15

increased, suggesting that NH2OH was reduced to form NH3.
Upon increasing the potential from 0.35 to 0.6 V, the oxidation
current increased slowly, with N2O as the major product, as
indicated by the MS signal of m/z = 44. The MS signal of N2O
exhibited two peaks at 0.45 and 0.78 V in the positive-going
scan, while a third peak was not fully developed at potentials
below 1.2 V. The MS signal of N2 (red line) also exhibited two
peaks at 0.29 and 0.85 V in the positive-going scan, with a non-
fully developed third peak at high potentials. At potentials
higher than 0.6 V, the oxidation current increased steeply,
while a very large MS signal at m/z = 30 (red line) was
observed, suggesting that NO was the major product for
NH2OH electrooxidation on Pt at potentials of >0.6 V and at
high concentrations of NH2OH. The MS signal of NO (red
line) reached a maximum at ca. 1.0 V and then decreased due

Figure 5. (A) CV (a) and the corresponding MSCVs of m/z = 2 (b), m/z = 15 (c), m/z = 28 (d), m/z = 30 (e), and m/z = 44 (f) for NH2NH2
oxidation on a Pt film, sputtered on a porous Teflon membrane, in the conventional DEMS cell. Electrolyte: 0.05 M NH2NH2 + 0.1 M KOH. Scan
rate: 10 mV/s. (B) Time-dependent SEIRA spectra for NH2NH2 adsorption at 0.2 V in 0.025 M NH2NH2 + 0.1 M KOH on a Pt film, chemically
deposited on a Si prism, in the dual thin-layer flow cell. The reference spectrum was taken at 0.2 V in 0.1 M KOH.

Figure 6. CVs (a) and the corresponding MSCVs of m/z = 15 (b), m/z = 28 (c), m/z = 30 (d), and m/z = 44 (e) for NH2OH oxidation on a Pt
film, sputtered on a porous Teflon membrane, in the conventional DEMS cell. Electrolyte: 0.1 M KOH containing 0.1 M NH2OH (A) or 0.01 M
NH2OH (B, C). Scan rate: 10 mV/s. The red lines in (A, B) indicate the formation of NH3, N2, and NO, respectively, after subtracting the
contribution from NO and N2O fragments. (C) Effect(s) of the low potential limit on the oxidation of NH2OH with a low potential limit of 0.05
(black lines) and 0.35 V (blue lines). In C(b−d), the MS signals represent the contribution only from NH3, N2, and NO, respectively.
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to the Pt oxide formation and/or its further oxidation to nitrite.
The maximum NO signal was parallel to the valley of N2O and
N2 signals at ca. 1.0 V, suggesting that the formation of NO
competed with the formation of N2 and N2O. This is likely
caused by a lower NH2OH concentration due to its oxidation
to NO.
In 0.01 M NH2OH, the maximum MS signal of NO

negatively shifted to ca. 0.8 V (Figure 6B). The MS signal
valley of N2O, appearing at ca. 0.8 V, also paralleled the
maximum MS signal of NO due to their competition for
NH2OH. In the positive-going scan, three N2O peaks were
observed at 0.46, 0.66, and 0.95 V, respectively. In the
negative-going scan, two N2O peaks occurred at 0.52 and 0.12
V, respectively, which are ascribed to the oxidation of NH2OH
and the reduction of NO and NO2

− that were formed at high
potentials, respectively. In 0.01 M NH2OH, the MS signal at
m/z = 28 was mainly ascribed to the fragment from N2 (red
line). The MS signal of N2 exhibited three peaks at 0.35, 0.71,
and 0.94 V, respectively, in the positive-going scan [Figure
6B(c)]. The peak at 0.71 V is ascribed to the oxidation of NH3
formed in the hydrogen region since this peak disappeared
when the low potential limit was higher than 0.35 V [Figure
6C(c), blue lines]. As the low potential limit was increased
from 0.05 to 0.35 V, the formation of NO was enhanced at 0.8
V due to less NHx,ad poisoning, while the formation of N2O
and N2 was suppressed at ca. 0.95 V.
A reduction peak at 0.1−0.2 V in the CV in Figure

6B(a),6C(a) was observed in both negative- and positive-going
scan directions. It had no corresponding MS signals at m/z =
15, 28, 30, and 44, and thus can be assigned to the reduction of
NOad to form NH2OH and NHx,ad. NHx,ad is subsequently
oxidized to form N2 at ca. 0.7 V. In Figure 6A(a), the large
reduction current at potentials below 0.35 V is mainly
attributed to the reduction of NH2OH to form NH3 (Figure
6A(b)).
To identify surface ad-species formed during NH2OH

adsorption, time-dependent ATR−SEIRA spectra were
recorded (Figure 7A). At 0.4 V, two infrared bands, appearing
at 1550 and 1300 cm−1, respectively, are assigned to the

ν(NO) of NOad,B
20−22,53 and the δ(H−N−O) and/or δ(H−

N−Pt) of NH2OHad (Table S1).
68 A weak band, appearing at

1257 cm−1, could be assigned to NH3,ad. After NH2OH
adsorption at 0.4 V for 5 min, and subsequent removal of
NH2OH from electrolyte, the potential was scanned between 0
and 0.4 V (Figure 7B) and between 0.4 and 1.2 V (Figure 7C),
respectively. Upon reductive stripping of NH2OH ad-species in
the low-potential region, N2, N2O, and NH3 were generated, in
contrast to the NH3 ad-species stripping in which only NH3
was detected (Figure 2A). Similarly, the chemical reaction
between NO and H2 on Pt catalysts also generated N2, N2O,
and NH3.

69 The reduction peak at ca. 0.15 V in Figure 7B(a)
was attributed to the reduction of NOad,B to form NH2OH and
NHx,ad. The oxidative stripping of NH2OH ad-species
generated N2 and N2O (Figure 7C), exhibiting a much smaller
N2 signal and a much larger N2O signal than the oxidative
stripping of NH3 ad-species. After negative striping of NH2OH
ad-species, the MS signal of N2 at ca. 0.7 V significantly
increased in the following positive-going scan up to 1.2 V
(Figure S9). This suggests that more NHx ad-species were
formed in the negative-going scan due to the reduction of
NH2OH ad-species (mostly NOad,B). N2 and N2O were
generated in both negative stripping and positive stripping of
NH2OH ad-species. In contrast, N2 and N2O could only be
generated in the positive stripping of NH3 ad-species. Infrared
spectra revealed that only NHx,ad was formed during NH3
adsorption at 0.4 V (Figure 4), while NOad, NH2OHad, and
even a small amount of NHx,ad were formed during NH2OH
adsorption at 0.4 V (Figure 7A).

2.3.2. Coupled DEMS/ATR−SEIRA Spectroscopic Study of
Hydroxylamine Electrooxidation under Well-Defined Flow
Conditions. Simultaneously recorded potentiodynamic DEMS
data and SEIRA spectra for NH2OH electrooxidation on a Pt
film, chemically deposited on a Si prism, are presented in
Figures S10 and 8A. DEMS data (Figure S10) are similar to
those of the Pt film sputtered on a porous Teflon membrane
(Figure 6B), except that the Faradaic current density increased
due to the enhanced convection in the flow cell, and thus the
amounts of formed N2O and NO also increased. The infrared

Figure 7. (A) Time-dependent SEIRA spectra for NH2OH adsorption at 0.4 V in 0.1 M NH2OH + 0.1 M KOH on a Pt film, chemically deposited
on a Si prism, in the dual thin-layer flow cell. The reference spectrum was taken at 0.4 V in 0.1 M KOH. (B, C) CVs (a) and the corresponding
MSCVs of m/z = 15, 28, 30, and 44 (b−e) for reductive stripping (B) or oxidative stripping (C) of NH2OH ad-species from a Pt film, sputtered on
a porous Teflon membrane, in the conventional DEMS cell. Scan rate: 50 mV/s.
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band intensities and wavenumbers vs potential are plotted in
Figure 8B,8C, respectively. Two infrared bands, appearing at
1550 and 1670 cm−1, can be assigned to the ν(NO) of NOad,B
and linearly bonded NO (NOad,L), respectively (Table
S1).54−57 Their Stark tuning rates were over 500 and 200
cm−1/V in the low-potential region, respectively. These values
were much larger than the ca. 30−40 cm−1/V for atop CO and
35−80 cm−1 for bridged CO on Pt41,58,70−72 and also larger
than the values observed by other authors for atop and bridged
NO on Pt.73,74 Such a large Stark tuning rate could be
attributed to the presence of an unpaired electron in the 2π*
orbital of NO.58 NOad can act as an electron donor or
acceptor, which might be strongly dependent on the potential
and coverage.58,75,76 Rodes et al. reported a Stark tuning rate of
ca. 50 cm−1/V for the ν(NO) of NOad on Pt(100) in acidic
and neutral solutions.73 Osawa et al. reported that the ν(NO)
band wavenumbers of atop and bridged NOad on a Pt film with
increasing potential exhibited slopes of 73 and 61 cm−1/V,
respectively.74 Weaver et al. observed Stark tuning rates of 62
and 42 cm−1/V for the ν(NO) of a saturated NO adlayer on
Pt(111) and Pt(100) surfaces, respectively,58 and larger Stark
tuning rates of 85 and 95 cm−1/V for an NO adlayer at a
coverage of 0.3, respectively. A band at 1257 cm−1 appeared at
low potentials and overlapped with the ν(Si−O−Si), which is
assigned to the δs(NH3) of NH3,ad (Table S1). The band at
1300 cm−1 can be assigned to the δ(H−N−O) and/or δ(H−
N−Pt) of NH2OHad.

68 Two bands at 1338 and 1518 cm−1

occurred at potentials higher than 0.8 V in the positive-going
scan and in the following reverse scan down to ca. 0.5 V. These
two bands appeared when Pt oxides were present on the
surface, and thus can be ascribed to the symmetric stretching
νs(ONO) and asymmetric stretching νas(ONO) of NO2,ad,
respectively.59,60,77−84 The bands at 1615−1645 cm−1 are
assigned to the bending mode [δ(HOH)] of water adsorbed
on Pt.42 We did not observe the infrared band of N2O at 2224
cm−1,27 since it is difficult to adsorb on Pt and was swept away
after its generation due to the electrolyte flow. The band of
NOad,B at 1550 cm−1 appeared at potentials above 0.05 V, and

its intensity at first increased with increasing potential and then
decreased as the potential went beyond 0.3 V (Figure 8B). The
decrease of the NOad,B band intensity was parallel to an
increase in the NOad,L band intensity. The NOad,L band
intensity reached a maximum at 0.7 V in the positive-going
scan, while it occurred at 0.35 V in the negative-going scan.
The NOad,L band intensity was much lower in the negative-
going scan than that in the positive-going scan, likely due to
sluggish NO2,ad and Pt oxide reductions. As the potential went
up from 0.8 V, the intensities of NO2,ad bands at 1338 and
1518 cm−1 increased with increasing potential. Like oxygen
adsorption, the NO2 adsorption was also irreversible and the
bands disappeared at potentials below 0.5 V in the reverse
scan.
The MS signal of NO in both positive-going and negative-

going scans exhibited very similar profiles, intensities, and peak
potentials. In contrast, the NOad,L band intensity in the
negative-going scan was much smaller than in the positive-
going scan. This suggests that NH2OH is oxidized to NO likely
through a weakly adsorbed NO rather than NOad,L. The MS
signal of NO onset at 0.5−0.6 V, where a large amount of
OHad is present.

42 The MS signal peak of NO was positively
shifted as the concentration of NH2OH increased, similar to
the electrooxidation of methanol.85 Therefore, NO was likely
formed through the reaction between NH2OHad and OHad, as
shown below:

NH OH 3OH NO 3H O2 ad ad 2+ + (11)

At low potentials (in the hydrogen region), NH3 was formed
through a reaction between Had and NH2OHad as shown below

NH OH 2H NH H O2 ad ad 3 2+ + (12)

Meanwhile, N2O and N2 were generated at potentials below
0.3 V in the negative-going scan through the following
reactions, respectively:69,86

NO H HNOad ad ad+ (13)

Figure 8. (A) Potential-dependent SEIRA spectra for NH2OH oxidation/reduction in 0.01 M NH2OH + 0.1 M KOH on a Pt film, chemically
deposited on a Si prism, in the dual thin-layer flow cell. The reference spectrum was taken at 0.4 V in 0.1 M KOH. Scan rate: 5 mV/s. Flow rate: 10
μL/s. (B) Band intensities of NH2OHad at 1300 cm−1, NO2,ad at 1338 and 1518 cm−1, NOad,B at 1550 cm−1, and NOad,L at 1670 cm−1 plotted vs
potential. (C) Band wavenumbers plotted vs potential.
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2HNO H N Oad 2 2 2,ad (14)

H N O N O H O2 2 2,ad 2 2+ (15)

H N O 2H N 2H O2 2 2,ad ad 2 2+ + (16)

At potentials >0.3 V, N2O was likely formed through the
following reactions:27,87,88

NH OH 2OH HNO 2H O2 ad ad ad 2+ + (17)

2HNO N O H Oad 2 2+ (18)

while N2 was likely formed through the following reaction:

NH OH HNO N 2H O2 ad ad 2 2+ + (19)

At potential around 0.8 V (Figure 6B,6C) or 1 V (Figure 6A),
the formation of NO suppressed the formation of N2O and N2
due to their competition for NH2OH. At even higher
potentials (>0.95 V, Figure 6B), the MS signals of N2 and
N2O decreased due to the further oxidation of Pt and the
formation of NO2.ad.

2.4. Nitrite Electroreduction on Pt. 2.4.1. DEMS Study
of NO2

− Electroreduction under Stationary Electrolyte
Condition. As mentioned above, NO2

− was formed during
the AOR on Pt at high potentials, and it can also be reduced
back to form NH3. The study of NO2

− electroreduction on Pt
could lead to a further understanding of the AOR mechanism.
Thus, we also investigated NO2

− electroreduction on Pt. First,
we studied how the low potential limit affected the products of

Figure 9. CVs (a) and the corresponding MSCVs of m/z = 15 (b), m/z = 28 (c), m/z = 30 (d), and m/z = 44 (e) for NO2
− reduction at a Pt film,

sputtered on a porous Teflon membrane, in the conventional DEMS cell with the low potential limit of 0.4 (A), 0.2 (B), and 0 V (C). Electrolyte:
0.01 M NaNO2 + 0.1 M KOH. Scan rate: 50 mV/s. The blue lines in (a) present the CVs in 0.1 M KOH. The red lines in (c, d) indicate the MS
signals of N2 and NO, respectively.

Figure 10. (A) CV (a) and the corresponding MSCVs of m/z = 15 (b), m/z = 28 (c), m/z = 30 (d), and m/z = 44 (e) for NO2
− reduction on a Pt

film, chemically deposited on a Si prism, in the dual thin-layer flow cell. Electrolyte: 0.01 M NaNO2 + 0.1 M KOH. Scan rate: 5 mV/s. Flow rate:
10 μL/s. (B) Potential-dependent SEIRA spectra for NO2

− reduction on the Pt film. The reference spectrum was taken at 0.6 V in 0.1 M KOH.
(C) Wavenumber (a) and integrated band intensity at 1400−1600 cm−1 (b) plotted vs potential.
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NO2
− reduction, and the DEMS data are presented in Figure 9.

When the low potential limit was above 0.4 V, the MS signals
of N2O, N2, and NH3 were not observed. In contrast, as the
low potential limit went into the hydrogen region, N2O, N2,
and NH3 were formed. In the subsequent positive-going scan,
N2 and N2O were formed at potentials higher than 0.6 V, and
were ascribed to the oxidation of NH3 and NH2OH,
respectively, formed in the hydrogen region in the negative-
going scan.
In order to verify that the formation of N2O could be

attributed to the oxidation of NH2OH that formed in the
hydrogen region, rather than to the coupling between NO and
NHx ad-species formed during nitrite reduction, we performed
the nitrite reduction and AOR simultaneously in an 0.1 M
KOH electrolyte containing both 0.01 M NO2

− and 0.1 M
NH3 (Figure S11). Compared to the electrolyte containing
only NH3, the formation of N2 was suppressed in the
electrolyte containing both NH3 and NaNO2 due to the
blockage by NOad. When the low potential limit was set above
0.4 V, the N2O formation was not affected by the presence of
NaNO2 (Figure S11A). In contrast, as the low potential was set
below 0.4 V, the N2O formation increased (Figure S11B).
Thus, the formation of N2O at high potentials is ascribed to
the oxidation of NH2OH that was formed via the reduction of
nitrite in the hydrogen region.
2.4.2. Coupled DEMS/ATR-SEIRA Spectroscopic Study of

NO2
− Electroreduction under Well-Defined Electrolyte Flow

Conditions. Simultaneously recorded DEMS data and SEIRA
spectra for NO2

− reduction on a Pt film, chemically deposited
on a Si prism, in the flow cell are presented in Figure 10. The
DEMS data also showed that the formation of N2O and N2
occurred at potentials below 0.3 V, as well as at high potentials
in the following positive-going scan, similar to those of the Pt
film, sputtered on a porous Teflon membrane (Figure 9). NH3
was difficult to observe due to its low volatility and small
collection efficiency of the flow cell. An infrared band observed
at 1455−1600 cm−1, is assigned to the ν(NO) of NOad,B with a
Sark tuning rate of 212 cm−1/V [Figure 10C(a)]. The band for
NOad,L was not observed due to a lower NO coverage (Figure
S5), unlike the case of NH2OH oxidation. A weak band at
1257 cm−1, assigned to the δ(NH3) of NH3,ad, occurred in the
hydrogen region and disappeared at potentials higher than 0.6
V since it is oxidized to form N2. The band for NH2OHad was
too weak to be observed. The integrated band intensity at
1400−1600 cm−1 is plotted vs potential in Figure 10C(b). At
an initial potential of 0.6 V, the band of NOad,B appeared due
to NO2

− reduction. As the potential went down from 0.6 V, its
intensity increased first and then decreased at potentials below
0.2 V since it was reductively removed [Figure 10A(c,e)]. In
the subsequent positive-going scan, its intensity increased again
first and reached a plateau at potentials between 0.3 and 0.65
V. With further increasing potential, its intensity decreased
gradually due to its oxidation back to NO2

−.
The simultaneously recorded DEMS data and SEIRA

spectra for NO2
− adsorbate stripping from a Pt film, chemically

deposited on a Si prism, are presented in Figure S12. In the
negative-going scan, N2O, N2, and NH3 were formed in the
low potential region, similar to the bulk reduction of NO2

−.
The DEMS data for NO2

− adsorbate stripping from a Pt film,
sputtered on a porous Teflon membrane, also exhibited a
similar behavior (Figure S5). SEIRA spectra showed that
NOad,B was formed on the Pt surface, and most of it was
reductively desorbed to form N2O, N2, and NH3 in the

negative-going scan, while a portion of NOad,B was reduced to
form NHx,ad, as indicated by the band at 1257 cm−1 in Figure
S12B.

2.5. New Insights into the Mechanism of the AOR.
SEIRA spectra suggested that NH3,ad and NH2,ad species were
formed at potentials around 0.4 V, where N2 was not detected
by DEMS. Furthermore, during the AOR, the N2 formation
rate was parallel to the band intensity of NHad. This suggests
that NHad is the likely precursor for N−N coupling to form N2
rather than NH2,ad during the AOR on Pt. At more positive
potentials, NHad was further oxidized to N2O and NO, likely
through HNOad. Two HNOad could couple to form N2O or
could be further oxidized to NO. However, the band of HNOad
could not be identified by using SEIRA spectroscopy likely due
to its low coverage and/or its overlap with the NOad,B band.
The electrooxidation of NH2OH is much more facile than

ammonia due to the presence of the OH group. This is similar
to the trend for hydrocarbons in which methanol and ethanol
are more easily electrooxidized than methane and ethane. In
both cases, the more highly oxygenated, the more easily
oxidized the molecules are.
NH2OH electrooxidation generated a large amount of N2O

at potentials >0.2 V, while the AOR generated N2O at
potentials >0.75 V. These results suggest that N- and O-
containing species must be involved in the N−N coupling to
form N2O. These O- and N-containing species must also
contain H atoms since no N2O was formed for NO2

−

electroreduction above the hydrogen region. Therefore, the
O-, N-, and H-containing ad-species are likely HNOad or NOad
and NHx,ad co-adsorbates. N2O is formed through two HNOad
couplings rather than NOad and NHx,ad coupling, as mentioned
above.89

The Stark tuning rates for NOad,L and NOad,B were higher
than 200 and 500 cm−1/V, respectively, which are much higher
than previously reported values.73,74,90,91 This suggests that
besides the Stark effect, NOad,L and NOad,B might change their
chemical state from HNO/NO− to NO and further to NO+

with increasing potential.54−57,92 In addition, NOad might
gradually change its adsorption site with potential, resulting in
the large Stark tuning rate.58

In ultrahigh vacuum (UHV), Pt was found to be the most
active among pure metal catalysts for the catalytic oxidation of
NH3 with O2. The reaction between NH3 and O2 on Pt single
crystals and nanoparticles generated N2, N2O, and NO, which
were formed successively at low, medium, and high temper-
atures, respectively.52,93−95 In other words, the onset temper-
ature of the oxidation products increased in the sequence: N2 <
N2O < NO. Similarly, the onset potentials of N2, N2O, and
NO for the AOR on Pt increased in the same sequence. The
selectivity of extensive oxidation products such as N2O and
NO also increased with the increasing partial pressure ratio of
O2/NH3 for the catalytic oxidation of NH3 with O2 on Pt
surfaces.95 This is the same sequence as the AOR on Pt
electrodes in which the yield of extensive oxidation products
increased with increasing potential.
In the case of catalytic oxidation of NH3 with O2, it was

postulated that N2 was formed through the coupling reaction
between two NHx ad-species and then further dehydrogen-
ation of N2H2x,ad, while N2O was generated through the
dimerization of HNOad.

43−48,89 NO was proposed to be
formed through further oxidation of HNOad with adsorbed
O.52,95,96
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Due to the above-mentioned similarity between the AOR
and the oxidation of NH3 with O2, similar intermediates and
mechanism can be expected. Combined with our spectroscopic
observations, the alkaline AOR mechanism on Pt can be then
described by the following scheme/sequence:

NH NH3 3,ad (20)

NH OH NH H O e3,ad 2,ad 2+ + + (21)

NH OH NH H O e2,ad ad 2+ + + (22)

2NH N Had 2 2,ad (23)

N H 2OH N 2H O 2e2 2,ad 2 2+ + + (24)

NH 2OH HNO H O 2ead ad 2+ + + (25)

2HNO N O H Oad 2 2+ (26)

HNO OH NO H O ead 2+ + + (27)

NH OH N H O ead ad 2+ + + (28)

Our coupled DEMS and ATR−SEIRA spectra provided
clear evidence that NH ad-species are the precursors for the
N−N coupling to form N2 rather than NH2 ad-species, while
HNO ad-species are the precursors for the formation of N2O
rather than NHx and NO co-adsorbates. In addition, NH2OH
is less likely the intermediate for the AOR, since no infrared
bands of NH2OH were observed. The infrared band of NHad
could be observed at very high potentials, such as 1.2 V,
suggesting that the oxidation of NHad to form N2 was slow at
high potentials. As mentioned above, the electrooxidation of
hydrazine exhibits very fast kinetics. Once the NH−NH is
formed, it would be immediately oxidized to N2 and thus its
infrared band could not be observed. The presence of NHad on
Pt at high potentials suggests that the NH−NH coupling
became the rds for the AOR at high potentials.
Assuming that the adsorption of NHx species obeys a

Langmuir isotherm due to their low coverages and that the first
dehydrogenation step (eq 21) is the rds, the reaction rate
would be given by r1 = k1 θNHd3

exp(αFη/RT) and thus the Tafel
slope would be 118 mV/dec with α = 0.5.1 If the second
dehydrogenation step (eq 22) is the rds and the first
dehydrogenation step (eq 21) is in equilibrium, the reaction
rate r2 = k2K1θNHd3

exp[(1 + α)Fη/RT], and thus the Tafel
slope would be 39 mV/dec with α = 0.5.1 Here, η is the
overpotential, α is the electron transfer coefficient, F is
Faraday’s constant, θNHd3

is the coverage of NH3, K1 is the
equilibrium constant of eq 21, and k1 and k2 are the rate
constants for eqs 21 and 22, respectively. While the above
analysis assumed that the coverage of NH3 was (for simplicity)
independent of potential, it is likely that the value is potential-
dependent. Thus, the Tafel analysis is less rigorous. The
observed Tafel slope for the AOR on the Pt films in 0.1 M
KOH + 0.1 M NH3 at the initial N2 formation potentials
(around 0.6 V) was ca. 100−110 mV/dec (Figure S13),
suggesting that the first dehydrogenation step is likely the rds
at the initial N2 formation potentials. The observed Tafel slope
is much larger than the values observed in 1 M KOH (30−40
mV/dec).1,16,97 This could be caused by the OH− concen-
tration or pH difference. Li et al. reported that the AOR
current increased with increasing concentration of KOH.97

Increasing OH− concentration might enhance the first

dehydrogenation process (eq 21), shifting the rds from the
first to the second dehydrogenation step, and thus resulting in
a decrease in the Tafel slope from 100 to 30 mV/dec.
The Tafel slope for the AOR has also been reported to vary

on different single-crystal Pt surfaces.12 The AOR predom-
inantly occurred on Pt(100) facets, with stepped Pt(100)
surfaces exhibiting lower kinetics. As a result, the Tafel slope
changed from 28 mV/dec on Pt(100) to 94 mV/dec on
Pt(311). On Pt(210), the Tafel slope was 40 mV/dec at low
potentials and 128 mV/dec at high potentials, respectively.12

This indicates that the rds can vary with Pt facets and
potentials. For our Pt films, the H adsorption peak of Pt(100)
facets was completely suppressed by NH3 ad-species (Figure
S4), suggesting that Pt(100) facets adsorb NHx,ad more
strongly than the other facets.
With increasing potential, some water molecules were

gradually replaced by OH− anions in the double layer (Figures
3B and S8), and thus the pH increased at/near the electrode
surface. This further favored the ammonia dehydrogenation. In
eqs 21−28, hydroxide anion could be partially oxidized to form
hydroxyl ad-species and even oxides. To elucidate the effect of
hydroxyl ad-species on the AOR, we also studied the AOR on a
Ru-modified Pt film (Pt/Ru). It is well known that hydroxyl
ad-species can be formed on Ru at lower potentials than on Pt.
We found that the onset potential of AOR on Pt/Ru was
negatively shifted, relative to pure Pt, but the peak current
significantly decreased (Figure S14). This is similar to
methanol electrooxidation on Pt/Ru.98 The AOR enhance-
ment by Ru modification is attributed to the enhanced
dehydrogenation by adsorbed hydroxyl and/or increased
adsorption energy,10 while the suppression at high potentials
is due to the blockage by oxides.

3. CONCLUSIONS
The alkaline AOR on Pt has been studied using coupled
DEMS and ATR−SEIRA spectroscopy. NH2NH2 electro-
oxidation, NH2OH electrooxidation/reduction, and NO2

−

electroreduction on Pt have also been studied to further
elucidate the AOR mechanism. N2, N2O, and NO were
detected by using DEMS as the products of the AOR on Pt,
while NH3,ad, NH2,ad, NHad, NOad, and NO2,ad were identified
as surface ad-species by using ATR−SEIRA spectroscopy. As
the potential increased, NH3,ad was gradually dehydrogenated
to form NH2,ad and then NHad on Pt. The maximum intensities
of NH3,ad, NH2,ad, and NHad appeared at ca. 0.35, 0.5, and 0.7
V, respectively. The onset potentials of N2, N2O, and NO were
ca. 0.5, 0.75, and 1.0 V, respectively. With increasing potentials,
the selectivity of the extensive oxidation products increased.
NH2NH2 electrooxidation on Pt to form N2 onset at ca. 0.1

V and its kinetics are very fast. In contrast, the AOR formed N2
onset at around 0.5 V, where a maximum coverage of NH2,ad
was observed. Therefore, the formation of N2, for the AOR on
Pt, is unlikely through the dimerization of NH2,ad to form
NH2NH2,ad as intermediate, which was not observed with
SEIRA spectroscopy in this work. The MS signal profile of N2
for potentiodynamic AOR on Pt was parallel to the plot of
band intensity of NHad vs potential, suggesting that NHad is the
precursor for the N−N coupling to form N2.
NH2OH electrooxidation on Pt generated large amounts of

N2O and NO, and also small amounts of NH3 and N2, while
NOad,B, NOad,L, NH3,ad, NH2OHad, and NO2,ad were identified
as adsorbed species on Pt surfaces. The AOR on Pt is less likely
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through NH2OH as an intermediate since the electrooxidation
of NH2OH mainly generates N2O and NO rather than N2.
N2, N2O, NH2OH, and NH3 were formed during the

electroreduction of NO2
− in the hydrogen region, while NOad,B

and NHx,ad were identified as ad-species. NOad,B can be
oxidized back to NO2

− at potentials >0.8 V or reduced to form
N2, N2O, NH2OH, and NH3 in the hydrogen region.
The coupled DEMS and ATR−SEIRA spectroscopic

observations brought light to the alkaline AOR mechanism,
that was until now, not yet completely understood. To
facilitate the AOR to form N2, we need to find electrocatalysts
that can enhance the dehydrogenation of NH3 to form NHad
and also can facilitate the dimerization of NHad. These new
insights are crucial for the development of future highly active
AOR catalysts.
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