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ABSTRACT: The interaction of nitric oxide with metal surfaces has
been a traditional model system for (electrochemical) surface
science. Moreover, NO is an important intermediate within the
currently imbalanced nitrogen cycle. Here, we study the electro-
chemical reduction of adsorbed NO on Pt(111) and Pt(100)
electrodes by means of experimental and computational tools. Using
linear sweep voltammetry, we find that the onset potentials on
Pt(111) for the reduction of *NO on top and on fcc hollow sites
(approximately +0.40 and +0.25 VRHE, respectively) are independent
of the surface coverage. On the other hand, *NO adsorbed at a low
coverage on Pt(100) is more reactive than a compact, saturated *NO
adlayer is, and the reaction kinetics switches from first- to second-
order from high to low coverage. Density functional theory calculations offer an explanation for the experimental observations by
suggesting that the stability of the first hydrogenation product (*NHO or *NOH) and thus the reaction mechanism strongly
depends on the *NO coverage and the surface facet. Therefore, *NO reduction on platinum exemplifies a reaction in which not
only the rate but also the mechanism is sensitive to structure and coverage. These observations hint at the need for a wider scope
in materials design methodologies, as facet- and coverage-independent reaction pathways are typically used for materials
screening.

KEYWORDS: NO reduction, electrocatalysis, reaction mechanism, structure sensitivity, adsorbate coverage,
computational materials design

1. INTRODUCTION

Nitric oxide (NO) is an important intermediate during many
reactions within the nitrogen cycle, so that its efficient
conversion is paramount in environmental terms.1,2 In addition,
the interaction of NO with metal surfaces is a typical system for
fundamental studies in (electrochemical) surface science and
catalysis.3−5 The electroreduction of NO offers an excellent
opportunity to study a model multielectron reaction that
involves a wide spectrum of intermediate and final products.2

The reductive stripping of NO adsorbed on low- and high-
index Pt single crystals has been studied previously for saturated
NO adlayers.5−14 Here, we compare the reactivity and stability
of low-coverage and saturated nitric oxide layers on Pt(111)
and Pt(100) by means of (spectro)electrochemical experiments
and density functional theory (DFT) calculations. We revisit
this reaction to illustrate how the interplay of several factors can
alter the mechanism of a catalytic reaction. Our findings show
that the preferred catalytic pathway for NO on Pt catalysts
depends not only on the geometric arrangement of its surface
atoms but also on the coverage of spectators and adsorbed
intermediates and, interestingly, on the ability of the latter to
modify their adsorption configuration without substantially
affecting the overall adsorption energies. All these diverse
mechanistic features are, however, masked by the fact that the

final product of NO reduction on Pt is typically NH4
+,

independent of the Pt facet or surface coverage.
The deconvolution of these effects widens the current notion

of structural sensitivity in catalysis, which typically describes the
impact of the surface structure on reactivity.15−17 In particular
for electrocatalysis, structure−activity relationships are attrib-
uted to the structure-sensitive adsorption of a reactant,
intermediate, or electrolyte spectator, the relative stability of
which changes the reaction rate.18−20 However, an important
fact is often overlooked: beyond a mere change in rate, changes
in the catalyst’s morphology and coverage of adsorbates may
also change the reaction mechanism.21−23 This brings new
ideas that need to be taken into account in materials design,
where successful and widespread methodologies have helped in
the design of new catalysts for hydrogen evolution,24 oxygen
reduction,25−27 oxygen evolution,28,29 and carbon dioxide
reduction.30 Such designs were, however, based on low- or
constant-coverage energetics and/or on a single facet, and
further enhancement could, therefore, result from a wider
structural sensitivity perspective.
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2. METHODS

2.1. Experimental Details. The electrolyte was an Ar-
saturated 0.1 M HClO4 solution prepared with concentrated
HClO4 (70%, Merck Suprapur) and ultrapure water [Merck
Millipore, 18.2 MΩ cm, total organic carbon (TOC) of <3
ppb]. All experiments were performed in glass cells, using a
platinum counter electrode and a reversible hydrogen reference
electrode (RHE). The linear sweep voltammograms were
recorded from +0.85 to +0.07 VRHE at a rate of 2 mV s−1; the
cyclic voltammograms of the NO-free Pt surfaces were
recorded at a rate of 50 mV s−1. All glassware was cleaned in
an acidic solution of potassium permanganate overnight,
followed by rinsing with an acidic solution of hydrogen
peroxide and repetitive rinsing and boiling with ultrapure water.
The electrochemical measurements were performed with the
single-crystal electrode in the hanging meniscus configuration.
The potential was controlled with an Autolab PGSTAT302N
potentiostat. The current density shown herein represents the
measured current normalized to the geometric area of the
working electrode.
2.2. Preparation of NO Adlayers. The single-crystal

electrodes were Pt beads (kindly provided by J. Feliu ̀,
University of Alicante, Alicante, Spain) or platinum disks
(Mateck GmbH) for the electrochemical or infrared measure-
ments, respectively. To ensure the proper surface ordering, the
electrodes were prepared as previously described.31,32 Briefly,
prior to each measurement, the crystals were flame-annealed
and cooled to room temperature in an Ar/H2 (3:1)
environment. Subsequently, the crystal was protected with a
drop of water saturated in the same gas mixture and transferred
(unless otherwise stated) to an acidic solution of sodium nitrite,
in which nitric oxide forms spontaneously via the equilibrium33

⇄ + +3HNO HNO 2NO H O2 3 2 (1)

The single-crystalline surface was in contact with this
solution for 60 s, which is sufficient to form a complete layer
of NO. Afterward, the crystal was thoroughly rinsed with
ultrapure water to prevent any contamination from the acidic
nitrite solution and transferred to the (spectro)electrochemical
cell at +0.85 VRHE where the NO layer is stable toward either
reduction or oxidation. The successful ex situ NO adsorption
and complete blockage of the electrode were verified prior to
recording the linear sweep voltammograms with cycles between
+0.85 and +0.55 VRHE, in accordance to the methodology
described by Rodes et al.7

2.3. In Situ Infrared Spectroscopy. The in situ
spectroscopy measurements were performed with a Bruker
Vertex 80v vacuum spectrometer in the external reflection
mode, using an MCT detector and p-polarized light. The
spectroelectrochemical cell was similar to the one described
previously by Iwasita and Nart,34 and the experiments were
performed in the thin layer configuration. Each spectrum
represents the average of 100 interferograms collected with a
resolution of 8 cm−1. The spectra were intentionally recorded
under potentiostatic conditions to allow a high signal-to-noise
ratio while the compounds are at a steady state. The spectra are
shown as (R − R0)/R0, where R and R0 are the reflectance at
the sample and reference potential, respectively. In this way, for
the spectra presented in this work, positive bands correspond to
species in excess at the sample potential with respect to the
reference potential and negative bands to species that are

deficient at the sample potential with respect to the reference
potential.

2.4. Computational Details. The DFT calculations were
performed with the VASP code,35 using the projector
augmented-wave method36 and the PBE exchange-correlation
functional.37 The 2 × 2 (111) slabs contained four metal layers:
the two topmost were allowed to relax in all directions, whereas
the other two were fixed at the bulk distances. The 2 × 2 (100)
slabs contained five metal layers: the three topmost were
allowed to relax in all directions, whereas the other two were
fixed. The different choice of slab thickness for Pt(111) and
Pt(100) is motivated by recent findings38 and is explained in
section S4 of the Supporting Information. In all cases, the
adsorbates were allowed to relax in all directions. The
relaxations were made with a plane-wave cutoff of 450 eV
and a kBT of 0.2 eV using the conjugate-gradient scheme until
the maximal force on any atom was <0.05 eV Å−1, and we took
the extrapolated total energies at 0 K. We used Monkhorst−
Pack meshes39 of 6 × 6 × 1 for both surfaces, which ensured
convergence of the adsorption energies below 0.05 eV. The
distance between periodic images in the z direction was at least
14 Å, and dipole corrections were used. Isolated NO, H2O, and
H2 were simulated in cubic boxes of 15 Å × 15 Å × 15 Å using
the Γ point and a kBT of 0.001 eV. The free energies of
adsorption were calculated from the DFT total energies as ΔG
= ΔEDFT + ΔZPE − TΔS + ΔEsolvation, where ZPE is the zero-
point energy and TΔS is the entropy correction at 298.15 K,
corresponding to the sum of all types of entropy for NO, H2O,
and H2, and vibrational entropy for the adsorbates. We
modeled proton−electron transfers with the computational
hydrogen electrode.40 There are currently three common ways
of accounting for solvation in aqueous electrocatalysis: (1)
explicitly, i.e., including water molecules in each calculation,
which can be done using molecular dynamics41 or static
calculations;42,43 (2) implicitly, i.e., representing water by a
continuum with a suitable dielectric constant;44,45 and (3) by a
constant shift to the adsorption energies calculated in vacuum
that depends on the chemical nature of the solvent and
adsorbate.45−47 In our study, we took the values calculated
explicitly by Greeley and co-workers using ab initio molecular
dynamics.41 We added those values to the adsorption energies
in vacuum to account for the solvent stabilization. Regardless of
the method used to account for solvation, the result should
depend on adsorbate and spectator coverage, because steric
hindrance prevents or at least weakens the stabilizing
interaction between adsorbates and solvent molecules. Note
that the solvation corrections reported for the adsorbates for
low *NO coverage are, in principle, equal or larger than those
for high *NO coverage. Thus, we used the same solvation
corrections for both coverage regimes and note that future
studies could benefit from the incorporation of coverage-
dependent solvation corrections.

3. RESULTS AND DISCUSSION
3.1. Adsorption Configurations of NO on Pt(111) and

Pt(100) from DFT. From electronic structure calculations, we
find that the most stable adsorption site for NO on Pt(111) is
the fcc hollow at θ*NO = 0.25 ML, while at 0.5 ML atop *NO
co-adsorbs. The calculated N−O stretching frequencies at θ*NO
= 0.5 ML are 1486 and 1766 cm−1 for the NO adsorbed on the
fcc and top sites, respectively. On Pt(100), bridge-adsorbed
NO is the most stable configuration at any coverage of ≤0.5
ML. Two vibrational frequencies were calculated at θ*NO = 0.5
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ML at 1688 and 1623 cm−1, for symmetric and antisymmetric
N−O stretching, respectively. A detailed description of the
calculated energies for NO adsorption on different sites on
Pt(111) and Pt(100) and the corresponding N−O stretching
frequencies are shown in section S1 of the Supporting
Information (see Tables S1 and S2).
3.2. Reduction of *NO on Pt(111). We studied the

reduction of pre-adsorbed *NO by linear sweep voltammetry
(LSV), starting from +0.85 VRHE (where *NO is stable) and
scanning toward lower potentials. For the saturated *NO layer
on Pt(111) (black curve in Figure 1a), the characteristic
“butterfly” features for Pt(111) observed in the blank
voltammetry in the potential region from +0.85 to +0.5 VRHE
are absent, which suggests that the surface is completely
blocked by adsorbed NO.7 With a further decrease in the
potential, *NO reduction occurs with two waves located at
approximately +0.32 and +0.14 V. The two waves have been
assigned to the reduction of NO adsorbed on top and fcc
hollow sites, respectively,14 which are the most stable
adsorption sites at high coverage as described above.
We utilized in situ Fourier transform infrared spectroscopy

(FTIR) to characterize the NO adlayer as well as adsorbed and
desorbed reduction products as a function of the potential
(Figure 1c,d). A reference spectrum was first recorded at +0.85
VRHE, and sample spectra were then recorded sequentially at
+0.85, +0.50, and +0.20 VRHE. The spectra at +0.85 VRHE show
no features because they were collected in principle under the
same conditions as the reference spectrum, to ensure the
stability of the thin layer. At +0.50 VRHE, a symmetric bipolar
band centered at 1689 cm−1 was observed, with a negative
counterpart at 1697 cm−1 and a positive counterpart at 1670
cm−1 (Figure 1d for D2O). The frequency of the vibrational
bands of adsorbed species can shift when the electrode
potential is varied, and this effect is known as Stark tuning.48

As a consequence, bipolar bands arise from the change in the
band position with potential for adsorbed species without a
change in coverage. The observation of a bipolar band in the
spectra from +0.85 to +0.50 VRHE shows that NO remains
adsorbed in this potential range without a decrease in NO
coverage.7 At +0.2 VRHE, only the negative band at 1697 cm−1

was observed, which implies that the NO that was adsorbed at
the reference potential (+0.85 VRHE) has been depleted at the
sample potential (+0.2 VRHE) (Figure 1d). We assign this band
to NO adsorbed on top sites because this is expected from
previous DFT studies,4,49−52 and from our DFT calculations
(see Table S2). Moreover, it has been previously shown that
the species that give rise to the band in the region of 1670−
1697 cm−1 are not present at the surface at potentials as
positive as +0.3 VRHE.

12,14 Another band would be expected for
NO adsorbed in the fcc hollow site at lower wavenumbers (see
Table S2). Neither our results in Figure 1d nor other previous
studies have shown such a band,5,7 which is most likely related
to the low band intensity. The positive band at 1461 cm−1 at
+0.2 VRHE (Figure 1c for H2O) is attributed to dissolved NH4

+

and thus indicates that the latter is the main product of the
reduction of adsorbed NO, as also suggested previously.12,14

Moreover, a weak positive band is observed at 2230 cm−1 at the
same potential (Figure 1c). This band is attributed to N2O
dissolved in the solution, as confirmed by the transmission
spectrum. N2O formation was observed previously with NO in
solution and was attributed to an Eley−Rideal (E−R)
mechanism.41,53 The fact that N2O forms here with NO
present only at the surface proves that recombination of

adsorbed NO species via a Langmuir−Hinshelwood (L−H)
mechanism is feasible. It is not possible to conclude, however,
whether both mechanisms take place or if the L−H mechanism
is the only mechanism for N2O formation, favored at high
coverages that are maintained with NO in solution.
The integration of the two *NO stripping peaks in Figure 1a

yields a charge of 410 μC cm−2 for NO reduction (after

Figure 1. Electrochemical reduction of NO on Pt(111) in 0.1 M
HClO4. (a) Linear sweep voltammograms (negative direction) for
saturated and unsaturated NO adlayers recorded at 2 mV s−1. The
unsaturated layers were generated by partial reduction of a saturated
layer using chronoamperometry. The coverages in the caption were
calculated by the charge in the chronoamperometric transient. The
blank voltammograms for the NO-free surface recorded with 50 mV
s−1 and scaled as shown in the index are included for comparison. The
arrows indicate the direction of the scan. (b) Current−time transients
during chronoamperometry at an Estep as indicated in the caption,
starting from a saturated *NO layer. Before and after the application of
Estep, a potential of +0.85 VRHE was applied. (c and d) FTIR spectra
starting with a complete NO adlayer at +0.85 VRHE in H2O and D2O,
respectively. The reference spectrum was obtained at +0.85 VRHE. The
electrolyte was 0.1 M HClO4.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.7b01069
ACS Catal. 2017, 7, 4660−4667

4662

http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b01069/suppl_file/cs7b01069_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b01069/suppl_file/cs7b01069_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b01069/suppl_file/cs7b01069_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b01069/suppl_file/cs7b01069_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b01069/suppl_file/cs7b01069_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b01069/suppl_file/cs7b01069_si_001.pdf
http://dx.doi.org/10.1021/acscatal.7b01069


correction for the hydrogen adsorption). Assuming that this
charge originates from the transfer of five electrons per *NO
molecule (i.e., for the complete reduction to NH4

+), θ*NO at
saturation is calculated at ∼0.4 ML for Pt(111).5,7

Saturated *NO layers were reduced by applying a constant
potential (Estep) between +0.25 and +0.42 VRHE [where
NO(top) is reduced during the voltammetry]. The current-
versus-time transients recorded in parallel (Figure 1b) show a
monotonic decay characteristic of a first-order reaction with
strong lateral interactions.13 We were able to control the
coverage of the remaining *NO by controlling the Estep or the
time of the chronoamperometric experiment. It was not
meaningful, however, to record spectra during the chronoam-
perometric transients, because of the long time required to
record one spectrum with a sufficient signal-to-noise ratio (∼45
s for 100 interferograms). The generated nonsaturated *NO
adlayers were afterward again protected from further reduction
by application of +0.85 VRHE and characterized using LSV
starting from the same potential. From the comparison with the
LSV of the full *NO layer (Figure 1a), it is evident that only
the wave for the reduction atop NO has diminished. Moreover,
the shape of the LSVs for the nonsaturated *NO layers is the
same as for the saturated layer; i.e., *NO on the fcc hollow sites
and the remaining atop *NO are reduced at the same potential
as for the saturated *NO adlayer.
3.3. Reduction of *NO on Pt(100).We further studied the

interaction of NO with Pt(100). It is known that a Pt(100)
surface prepared by high-temperature annealing in ultrahigh
vacuum can be reconstructed as a (5 × 20) hexagonal
structure.54 However, molecular NO adsorption under the
same conditions lifts the reconstruction,55 while the Pt(100)
electrode is unreconstructed in the electrochemical environ-
ment independent of the applied potential.56 Therefore, we
consider that the electrochemical experiments presented below
take place always on the unreconstructed Pt(100)−(1 × 1)
surface.
On Pt(100), the LSV for a saturated *NO adlayer (black

curve in Figure 2a) shows only a single, sharp reductive peak at
approximately +0.27 VRHE while no features from the blank
NO-free Pt(100) voltammogram are observed at more positive
potentials, again because of the complete surface deactivation
by *NO.7 The single peak is assigned to the reduction of
*NO(bridge), which is the most stable *NO adsorption site
independent of its coverage as described above.
The infrared spectra on Pt(100) show a bipolar band for NO

at +0.50 VRHE centered at 1630 cm−1, which is assigned to the
shift of the vibrational frequency of *NO(bridge) from 1640
cm−1 at +0.85 VRHE to 1620 cm−1 at +0.50 VRHE (Figure 2d for
D2O).

9 As seen on Pt(111), we observe a strong positive band
at 1461 cm−1 and a weak positive band at 2230 cm−1 at +0.2
VRHE (Figure 2c for H2O), indicating that NH4

+ is the main
product of NO reduction, but some N2O also forms in parallel
via a Langmuir−Hinshelwood mechanism. The calculated θ*NO
on Pt(100) at saturation is 0.5 ML, using the charge associated
with *NO reduction and assuming a five-electron reduction.6

The current transients for which +0.27 V < Estep < +0.3 V
with initially saturated *NO adlayers are remarkably different
from those on Pt(111). On Pt(100), after the initial monotonic
current decay, a bell-shaped current transient is observed at
longer times (Figure 2b). The bell-shaped transient shifts to
shorter times, and the current peak increases after application
of a less positive Estep. Such bell-shaped transients have been
observed previously for NO reduction on Pt(110) electrodes.13

The shape of the transient points toward first-order kinetics at
high coverages (short times) and second-order kinetics at low
coverages (longer times).13 The reaction order appears to be
entirely controlled by the surface coverage: the plot of the
reductive current versus the coverage (calculated from
integration of the i−t curve for all times) shows that the
transition from first- to second-order kinetics always occurs at a
certain critical coverage, regardless of the potential (Figure S1).
Another striking difference between Pt(111) and Pt(100) is

evident from the LSVs of the incomplete layers. On Pt(100),
the *NO reduction starts at more positive potentials when the
*NO coverage is lower (Figure 2a), indicating that *NO-
(bridge) in a less dense layer requires a lower overpotential for
its reduction.
The incomplete NO adlayers were also characterized via in

situ infrared spectroscopy. Figure 3 shows the spectra in D2O
for a complete layer and for incomplete layers of NO on
Pt(100), with the reference spectrum at +0.20 VRHE, i.e., at a
potential where NO is no longer present on the surface. Thus,

Figure 2. Same as Figure 1, for Pt(100).
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positive bands in Figure 3 imply that NO is present at the
sample potential.
We first compare the spectra at different coverages of NO at

+0.85 and +0.50 VRHE in Figure 3a. With a decrease in NO
coverage, the N−O stretching frequency shifts to lower
wavenumbers, i.e., from 1640 to 1625 cm−1 at +0.85 VRHE or
from 1617 to 1602 cm−1 at +0.50 VRHE, for a decrease in
coverage from 0.5 to 0.25 ML. The coverages are
approximations based on the area of the bands relative to the
area for the complete NO adlayer in the beginning of the
experiment. Thus, an incomplete NO adlayer is characterized
by a lower frequency for the N−O stretching compared to the
saturated layer, at the same potential.
Figure 3b−d shows the spectra at different initial NO

coverages, for potentials from +0.85 to +0.3 VRHE. For the
complete NO layer (Figure 3b), the positive band for NO shifts
only with the potential but the intensity of the band is the same
at all potentials measured, indicating that the NO adlayer is
stable and the Stark shift is the only effect of the applied
potential on the adsorbed NO layer. When the initial coverage
with NO is lower (Figure 3c), the intensity of the band
decreases slightly by decreasing the potential below +0.4 VRHE,
implying that the NO coverage decreases accordingly.
Interestingly, when the initial NO coverage is significantly
lower (Figure 3d), the applied potential has a stronger impact
on the intensity of the NO-related band, which is no longer
present at potentials below +0.4 VRHE. Therefore, the results in
Figure 3b−d provide unambiguous evidence that NO adsorbed
at lower coverages is more reactive than NO present on
Pt(100) in a saturated NO adlayer, confirming the
interpretation of the linear sweep voltammograms in Figure 2a.
3.4. DFT Calculations on the *NO Hydrogenation

Steps. We analyzed by means of DFT calculations the effect of
the platinum surface configuration, namely, (111) or (100), and
the effect of the surface *NO coverage on the energetics of the
reaction steps from *NO to NH4

+ (Figure 4). We set the

electrode potential at 0 V, to facilitate a straightforward
comparison with the works of Greeley and co-workers.41,57

Figures S2 and S3 show the adsorbate configurations for the
competing pathways, which are useful for the interpretation of
the energy diagrams.
On Pt(111) at low coverages (Figure 4a), the reduction of

*NO(fcc) proceeds via *NOH and *N adsorbates, which are
also adsorbed on fcc hollow sites (Figure S3a). The formation
of *NOH from *NO and the formation of *NH2 from *NH
are potential-limiting.
For higher θ*NO values (≤0.50 ML), the situation is more

complex as either *NO(top) or *NO(fcc) might be reduced.
We thus calculated the energetics of the first hydrogenation
step for both cases (Figure S2a). In the first scenario, i.e.,
NO(fcc) being hydrogenated with NO(top) as a spectator, the
reaction still proceeds via *NOH(fcc), as at low coverages. In
the second scenario, where NO(atop) is hydrogenated and
NO(fcc) is a spectator, *NHO(atop) forms.
On the basis of only the inset of Figure 4a, we cannot make a

claim about which of the two species, *NO(fcc) or *NO(atop),
will be reduced first, as they are both equally favorable. Note
also that the calculations at low coverages show that the *NH
hydrogenation to *NH2 is also potential-limiting, so that the
onset potential for the reduction of *NO(atop) or *NO(fcc) at
high coverages may be determined by the fourth hydrogenation
step. The calculation of the potential-determining step for the
different pathways at high coverages would require the
computationally very demanding combinatorial analysis of all
steps from *NO to *NH3. The experimental results, however,

Figure 3. FTIR spectra for complete and incomplete layers of NO on
Pt(100). The spectra were recorded in D2O and 0.1 M HClO4 and are
expressed with reference to the spectrum at +0.2 VRHE. In panel a, we
compare the spectra for different NO coverages, at +0.85 and +0.50 V.
In panels b−d, we compare the spectra for different potentials, at
initial NO coverages of 0.5, 0.4, and 0.2 ML.

Figure 4. Energetics of the structure-sensitive reduction of NO on Pt
electrodes: (a) Pt(111) and (b) Pt(100), at θ*NO = 0.25 ML. The
reaction proceeds via NO adsorption and subsequent hydrogenation,
forming the various surface intermediates and products noted. After
*NO adsorption, the pathways bifurcate and the species denoted in
orange and red are the competing intermediates. The competing
pathways reunite at *NH, eventually forming the same final product,
NH4

+. Insets show the energetics of *NO adsorption and the first
hydrogenation at θ*NO = 0.50 ML for the two surfaces (see the
structures in Figure S2). In all cases, the numbers in blue show the
energy differences between the critical competing intermediates.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.7b01069
ACS Catal. 2017, 7, 4660−4667

4664

http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b01069/suppl_file/cs7b01069_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b01069/suppl_file/cs7b01069_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b01069/suppl_file/cs7b01069_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b01069/suppl_file/cs7b01069_si_001.pdf
http://dx.doi.org/10.1021/acscatal.7b01069


suggest that the *NO(top) reduction takes place at more
positive potentials.14

The behavior of Pt(100) is qualitatively and quantitatively
different from that of Pt(111). At low coverages, the reduction
of *NO adsorbed on bridge sites is inclined toward *NHO(4-
fold hollow) and *NHOH(bridge) as shown in Figure 4b and
Figure S3b. This is in contrast to the case for Pt(111) where the
reaction goes via *NOH(fcc) for the same coverage. The
pathway via *NHO is preferred on Pt(100) because of the
more stable bidentate adsorption configuration of *NHO,
which binds to four Pt atoms on hollow sites (Figure S3b).
However, at high θ*NO values, monodentate *NOH on a bridge
site dominates in view of the low surface availability and
deleterious lateral interactions (Figure S2b and inset of Figure
4b).
A noteworthy observation from Figure 4b and its inset is that

the first hydrogenation product is more stable (relative to
*NO) at low θ*NO values (*NHO) compared to high θ*NO
values (*NOH). This implies that the onset potential for the
reduction of *NO is expected to be more positive at low
coverages, assuming that the first electrochemical step is
potential-limiting at high coverages. Contrary to the case for
Pt(111), here it is reasonable to assume that the potential-
determining step at high coverages is the first hydrogenation
step, considering that this is clearly the case at low coverages
and that all further steps are exothermic.
3.5. Proposed Scheme for the *NO Reduction on

Pt(111) and Pt(100). Combining our theoretical and
experimental results, we propose the following scheme for
the structure- and coverage-sensitive reduction of NO on Pt
electrodes (see Figure 5).
On Pt(111), *NO(fcc) and *NO(top) are present at the

surface at high coverages. *NO(top) is reduced at more
positive potentials in the region from +0.40 to +0.25 VRHE.
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The reduction of *NO(top) proceeds via *NHO(top), while
*NO(fcc) remains a spectator (Figure 5b). The chronoam-
perometric results show that first-order kinetics is followed,
which is explained by the fact that *NO(top) and *NHO(top)
occupy the same number of atoms (in the case in which
hydrogenation of *NH to *NH2 is potential-limiting, the
reaction involves only a single active site). Once *NO(top)
reduction is complete and the *NO coverage is lower, a
potential of less than +0.25 VRHE is required to reduce
*NO(fcc) via *NOH(fcc) (Figure 5a). Therefore, the coverage
on Pt(111) affects the nature of the adsorbed/reactive species,
e.g., NO(top) or NO(fcc) at high or low coverages,
respectively, but the individual hydrogenation mechanisms of
NO(top) (via *NHO) or NO(fcc) (via *NOH) are
independent of the coverage. This is why two reduction
waves are observed on Pt(111) and why the individual onset
potentials do not shift with the coverage.
On Pt(100), only *NO(bridge) is adsorbed at high and low

coverages. Initially, this species is reduced via *NHO(bridge)
following first-order kinetics as both adsorbates occupy equal
numbers of Pt atoms (Figure 5d). To activate *NO(bridge) at
this high coverage, a potential of less than +0.3 VRHE is
required. As the coverage decreases and surface atoms become
available, *NO(bridge) is preferentially reduced via *NHO(4-
fold hollow), following second-order kinetics with respect to
θ*NO, which is explained by the fact that *NHO occupies twice
the number of atoms that *NO does (Figure 5c). Given that
*NHO(4-fold hollow) is significantly more stable than
*NOH(bridge), the hydrogenation of *NO at low coverages

starts at more positive potentials. The reason why the reduction
of *NO does not proceed via *NHO at high coverages is that
there are no available atoms to accommodate the 4-fold *NHO
adsorbate (Figure S2b). A striking difference between Pt(111)
and Pt(100) is that in the latter the change in the coverage
induces directly a change in the reaction mechanism of the
same species, NO(bridge).
Before closing the discussion, we analyze our results in the

context of materials design. The results and the scheme

Figure 5. Most stable adsorbed reaction intermediates of NO
reduction on Pt electrodes: (a and b) Pt(111) and (c and d)
Pt(100). Panels a and c and panels b and d correspond to low and high
coverages, respectively. The surface coordination of the adsorbates
appears in parentheses.
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described above show that the mechanism of *NO reduction is
sensitive to the surface coverage and the surface structure. If
one determines a reaction mechanism on Pt(111) at low *NO
coverages and extrapolates to high coverages, it is erroneously
recommended to enhance the stabilization of *NOH to reduce
the overpotential, because the adsorbate present under those
conditions is *NHO. Furthermore, if one extrapolates the low-
coverage mechanism found for (111) to (100) at an identical
coverage, the mistake would be the same. These qualitative
subtleties restrict the predictive power of descriptor-based
analyses, introduce sizable errors into the models [as large as
∼0.2−0.3 eV (see the blue numbers in Figure 4)], and might
lead to inappropriate design rules, as stabilizing *NHO is
different from stabilizing *NOH, in view of their different
adsorption configurations.
Finally, note that *NO, *NOH, and *NHO adsorption

configurations change depending on the surface geometry and
the coverage (see Figures 5, S2, and S3). They can adsorb on
hollow, bridge, or top sites, and this is what ultimately
introduces the differences between facets and coverages. For
instance, while bidentate adsorption is favored on square-
symmetry facets and low coverages, high coverages and
hexagonal symmetry prevent multifold adsorption. Avoiding
lateral interactions is so stabilizing in this case that *NHO
switches from 3-fold, bidentate adsorption at low coverages to
atop monodentate adsorption at high coverages.

4. CONCLUSIONS
In summary, we have shown that the reduction of pre-adsorbed
NO on Pt(111) and Pt(100) is dependent on the surface facet
and surface coverage, in terms of reaction mechanism, onset
potential, and reaction order. The DFT calculations offer an
explanation for the experimental observations based on the
relative stability of the adsorbed intermediates and their surface
coordination.
We have presented here an example of a reaction that

exhibits mechanistic sensitivity on the surface structure and
coverage with adsorbates, so different intermediates are formed
even though the final product is the same. Our results indicate
that when descriptor-based analyses assume a single catalytic
pathway the errors can be significant. Thus, a common reaction
pathway should be a fulfilled condition rather than a blind
assumption, so that more accurate predictions of catalytic
activities can be drawn from materials screening routines.
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