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ABSTRACT: Hydrogen permeable electrodes can be utilized for electrolytic ammonia synthesis
from dinitrogen, water, and renewable electricity under ambient conditions, providing a promising
route toward sustainable ammonia. The understanding of the interactions of adsorbing N and
permeating H at the catalytic interface is a critical step toward the optimization of this NH3
synthesis process. In this study, we conducted a unique in situ near ambient pressure X-ray
photoelectron spectroscopy experiment to investigate the solid−gas interface of a Ni hydrogen
permeable electrode under conditions relevant for ammonia synthesis. Here, we show that the
formation of a Ni oxide surface layer blocks the chemisorption of gaseous dinitrogen. However, the
Ni 2p and O 1s XPS spectra reveal that electrochemically driven permeating atomic hydrogen
effectively reduces the Ni surface at ambient temperature, while H2 does not. Nitrogen gas
chemisorbs on the generated metallic sites, followed by hydrogenation via permeating H, as
adsorbed N and NH3 are found on the Ni surface. Our findings suggest that the first hydrogenation
step to NH and the NH3 desorption might be limiting under the operating conditions. The study
was then extended to Fe and Ru surfaces. The formation of surface oxide and nitride species on iron blocks the H permeation and
prevents the reaction to advance; while on ruthenium, the stronger Ru−N bond might favor the recombination of permeating
hydrogen to H2 over the hydrogenation of adsorbed nitrogen. This work provides insightful results to aid the rational design of
efficient electrolytic NH3 synthesis processes based on but not limited to hydrogen permeable electrodes.
KEYWORDS: NAP-XPS, in situ, hydrogen permeation, ammonia synthesis, nitrogen, adsorption

■ INTRODUCTION
Ammonia (NH3) is an essential source of activated nitrogen,
required for the global production of N-based fertilizers (more
than 180 million tons per year).1 In addition, the demand for
ammonia is expected to grow because of its potential
application as a future energy carrier.2,3 The negative
environmental impact of the current fossil-based industrial
NH3 synthesis process,

4 the Haber−Bosch process, operating
at high temperatures and pressures, urges for a more
sustainable alternative. The renewable energy-driven electro-
synthesis of ammonia from dinitrogen (N2) and water under
mild conditions may represent an attractive solution to
produce fossil-energy-free NH3.

2 Although the electrocatalytic
reduction of nitrogen to ammonia has gained large scientific
interest,5 the hydrogen evolution reaction (HER) strongly
dominates over the nitrogen reduction reaction (NRR) in
aqueous environments due to the preferential hydrogen
activation.6−9 The lack of a selective catalyst for nitrogen
activation drove the scientific community to explore other
approaches to minimize and suppress the competition with
HER.10−14

In this context, the adoption of a hydrogen permeable
electrode proved to be a successful strategy to spatially separate

the aqueous electrolyte and the hydrogen reduction side from
the N2 activation and hydrogenation sites (Figure 1a).

11 In this
way, N2 can bond onto the catalytic surface in the absence of
other competing adsorbate molecules from the electrolyte.
NH3 is then formed on the catalyst surface from the
hydrogenation of adsorbed N via electrochemically permeating
atomic hydrogen under ambient conditions. In this way, when
the NH3 desorbs, it becomes available directly in the gas phase,
without the necessity of further separation from a liquid
electrolyte. While the catalytic reaction was demonstrated as a
proof of principle with strict isotope labeling control
experiments using a Ni hydrogen permeable electrode,11

other materials might speed up the rate of the reaction. Iron
and ruthenium are among the most promising catalysts
according to their reported activity toward nitrogen
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activation15−19 and hydrogen permeability20,21 under near
ambient conditions. Moreover, in our previous study, we have
seen how the presence of surface nitrides, besides protecting
the reactive Ni surface against oxidation, may act as a precursor
for a low-temperature Mars−van Krevelen (MvK) mecha-
nism.11 This two-stage mechanism consists of, first, the
hydrogenation of lattice N to yield NH3 and a nitrogen
vacancy (Nvac), and second, the filling of the Nvac with gaseous
dinitrogen.22 The use of metal nitrides (MN) as ammonia
synthesis catalysts has been proposed and offers several
advantages, such as a limited H adsorption.22−24 Even though
recently there have been some concerns on certain MN used as
electrocatalysts for nitrogen reduction reaction (NRR) in
aqueous electrolytes,25 the catalytic activity of MN was
demonstrated with isotope exchange experiments, revealing
the occurrence of a Mars−van Krevelen mechanism.23,26

Density functional theory (DFT) calculations showed that
such surface nitrogen vacancies can activate N2 by weakening
of the triple bond (N−N bond elongation), lowering the
barrier for nitrogen activation.27−29 However, the catalytic
MvK nitrogen activation typically requires high temperatures
to hydrogenate the surface lattice N with reactive H2 gas. In
contrast, electrochemically inserted and permeating atomic
hydrogen reduces surface N to form NH3 and Nvac at ambient
temperature.11

Yet, the ammonia production rates achieved until now using
H permeable electrodes remain far from commercially relevant
applications,30 and thus, further mechanistic understanding
and technical developments are needed. Consequently,
understanding how N2 and permeating H interact on the
catalytic surface during the reaction can aid the rational design
and development of better catalysts. Surface sensitive operando
and in situ techniques, such as near ambient pressure X-ray
photoelectron spectroscopy (NAP-XPS), can provide such

information, as has been shown for several systems recently in
the literature,31−34 including palladium hydrogen mem-
branes.35 XPS commonly operates under ultrahigh vacuum
(UHV) conditions due to the short inelastic mean free path
length of photoelectrons in a gas atmosphere. Recent
technological advances have made it possible to operate XPS
under more realistic conditions, bridging the gap between
UHV and operating pressure.36,37 NAP-XPS can thus measure
modifications in the surface electronic structure of the catalyst
and the nature of adsorbed molecules in an element-specific
manner. Numerous spectroscopic studies on nitrogen
adsorption and catalytic ammonia synthesis have been carried
out over the years.15,38−41 As a result, various adsorbed N
species and reaction intermediates have been identified using
XPS (Table 1). Remarkably, while extensive studies on the
adsorption of N2 with XPS are available for Ni and Fe, less
work has focused on XPS of nitrogen adsorption on Ru.
In this study, synchrotron-based soft X-ray photoelectron

spectroscopy was used to investigate the solid−gas interface of
nickel, iron, and ruthenium polycrystalline surfaces, and their
corresponding nitride phases, under electrochemical hydrogen
permeation and a dinitrogen atmosphere. This in situ XPS
study shows that the first hydrogenation step to NH and the
NH3 desorption on Ni might be limiting under the operating
conditions. We also provide further evidence of how
electrochemically inserted and permeating atomic hydrogen
can reduce the surface lattice N on Ni to form NH3 and Nvac at
ambient temperature, while the same process is not observed
on Fe and Ru.

■ EXPERIMENTAL SECTION
Sample Preparation. A total of six types of electrodes

were prepared for this study, respectively, Ni, Fe, Ru, and their
corresponding surface nitrides. The Ni and Fe electrodes

Figure 1. On the left, a schematic representation of the electrolytic cell for ammonia synthesis under investigation, which uses a hydrogen
permeable electrode (a). Reproduced from ref 11. Copyright 2021, American Chemical Society. A detailed description of the working principle can
be found elsewhere.11 On the right, a schematic cross section of the in situ electrochemical flow cell for near ambient pressure X-ray photoelectron
spectroscopy used in this study (b). The electrolyte is continuously circulated through the cell. Soft X-ray photoelectron spectroscopy was used to
investigate the solid−gas interface (right side of the electrode). The enclosure highlights the main steps involved in electrochemical hydrogen
insertion, dinitrogen activation, and nitrogen reduction to ammonia.
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consist of a polycrystalline nickel (12.5 μm) and iron (25 μm)
foil, respectively. The Ru electrode consists of a polycrystalline
nickel foil (12.5 μm) coated with 20 nm of sputter-deposited
ruthenium. All the samples were thoroughly cleaned in an
ultrahigh vacuum chamber under Ar/H2 plasma for 30 min.
The plasma was generated with a radio frequency power
supply at 20 W under a constant flow of Ar (35 sccm) and H2
(5 sccm). A pressure of 5 × 10−3 mbar was held in the reaction
chamber by means of a butterfly reducing valve mounted at the
inlet of the pumping stage. Surface nitrides were prepared by
exposing the cleaned sample surface to an additional plasma
nitriding step consisting of an Ar/N2 plasma (in 2 to 1 ratio) at
2 × 10−2 mbar for 10 min. This results in about a 30 nm thick
nickel nitride layer.11 The described sample preparation steps
were carried out ex situ, prior mounting the electrode in the
electrochemical cell. More details on the materials and
methods can be found in the Supporting Information. The
structural properties of the prepared samples were analyzed
with X-ray diffraction (XRD). XRD analysis was performed
with a Bruker D8 ADVANCE ECO equipped with a Cu Kα
source (1.54060 Å, 40 kV and 25 mA). The Bragg−Brentano
measurement geometry was applied with a fixed sample
illumination slit of 5.0 mm and a LynxEye XE-T detector. The
data were collected at 0.01° step size in the range of 5−110°.
The Fe sample was characterized using a Bruker D8
ADVANCE diffractometer equipped with a Co Kα source to
avoid the characteristic fluorescence emitted by iron when
using a Cu Kα source. The obtained results are included in the
Supporting Information (Figures S1−S3).
Electrochemical Hydrogen Permeation. The electro-

chemical hydrogen permeation rate of the different electrodes
under investigation is measured using the Devanathan−
Stachurski (DS) method42 (Figure S4). Electrochemical
hydrogen insertion is carried out in 0.1 M KOH solution
with a galvanostatic cathodic charging current density of 5 mA

cm−2. The permeating atomic hydrogen is then oxidized at the
anodic compartment (hydrogen exit side of the DS cell) at a
constant electrode potential of +0.3 V versus SHE in a 0.1 M
KOH electrolyte. The measured anodic current is directly
proportional to the atomic hydrogen permeation through the
specimen. The sample was physically grounded and the
multichannel potentiostat set in floating mode.
Ammonia Quantification. Ammonia quantification is

carried out directly in the gas phase with a gas chromatography
(GC) method, previously developed in our group. Details of
the detection method are available elsewhere.43,44 The
electrodes under investigation in this study were mounted in
a two-compartment polyether ether ketone (PEEK) electro-
chemical flow cell (Figure 1a). One side of the electrode, in the
liquid compartment, is in contact with the aqueous electrolyte
(0.1 M KOH), while the other side, in the gas compartment, is
in contact with only N2 at ambient pressure flowing at 1 mL
min−1 (the electrode geometrical active area is 2.5 cm2). The
gas composition of the gas compartment is continuously
analyzed via GC. The detection of ammonia was not possible
directly at the near ambient pressure XPS setups, mainly
because of the small surface area and the large volume of the
stainless steel analysis chamber, which is known for high NH3
physisorption.45,46

Spectroscopy. The in situ XPS spectra were recorded at
two different synchrotron facilities. The in situ electrochemical
near ambient pressure X-ray photoelectron spectroscopy
experiments were performed at the ISISS beamline at the
BESSY II electron storage ring operated by the Helmholtz-
Zentrum Berlin für Materialien und Energie using the existing
electrochemical flow cell,47 as shown in Figures 1b and S5. The
electrolyte (0.1 M KOH) was flown in the electrochemical cell
via a peristaltic pump with a flow rate of 1 mL min−1. The
electrochemical experiments were carried out using a Pt
counter electrode and a saturated Ag/AgCl reference
electrode. The electrochemical insertion and permeation of
atomic hydrogen through the metal lattice of the working
electrode was achieved with a constant negative polarization of
−1.5 V versus SHE (not iR corrected) using a Biologic SP-300
potentiostat. The applied potential matches the operating
conditions of our previous work,11 resulting in similar charging
current density (Figure S6). The operation under potentio-
static conditions was preferred due to better electrochemical
stability using the in situ electrochemical cell, compared to
galvanostatic operation. The pressure of the XPS analysis
chamber reached 10−7 mbar prior to starting the experiment.
Dosing of the gases in the near ambient pressure XPS chamber
was carried out with a set of dedicated mass flow controllers
(Bronkhorst) to a pressure of 0.1 mbar. A potential of 90 V
was applied to the nozzle of the analyzer to eliminate the gas
phase contributions in XPS measurements. The solid Ni
hydrogen permeable electrode provides a complete, physical
separation between the aqueous electrolyte and the NAP side.
Yet, hydrogen atoms can selectively diffuse through the lattice
of the Ni electrode, via electrochemical insertion under
negative polarization. With this configuration, the reaction
between permeating absorbed hydrogen and surface species at
the solid−gas interface can be studied in near ambient pressure
in the absence of liquid electrolyte.
Near ambient pressure X-ray photoelectron spectroscopy

experiments were performed at BL24-CIRCE beamline at the
ALBA Synchrotron Light Source, Spain, using a laser-heated
sample holder (Figure S5).37 The sample was heated from

Table 1. Review of N 1s Assignments of Adsorbed Nitrogen
Species on Nickel Surfaces

species surface BE (eV) references

Nad Ni(110) 397.0 39
Ni(100), Ni(110) 397.0 63
Ni(111) 397.8 59
Ni(110) 398.0 62
Ni(poly) 397.8 60, 61
Ni(poly) 397.3 70

N2
phys Ni(111) 405.5a 64

Ni(110) 405.3a 39
Ni(poly) 405.7a 60

N2
chem Ni(111) 401.0a 64, 71

Ni(110) 399.4a 39
Ni(poly) 400.6a 60, 61

N2O Ni(poly) 402.0a, 406.0a 60, 61
NO Ni(111) 399.8 65

Ni(poly) 399.5 60, 61
Ni(poly) 399.4 70

NO2 Ni(poly) 403.0 60
NHx(x = 1,2) Ni(100), Ni(110) 398.5 63

Ni(111) 399.7 59
Ni(110) 398.4 62

NH3 Ni(100), Ni(110) 400.5 63
Ni(110) 400.9 62

aAt temperature ≤80 K.
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behind using an infrared laser, while the sample temperature
was monitored by a K-type thermocouple. The pressure of the
XPS analysis chamber prior starting the experiment was about
6 × 10−8 mbar and gases were introduced by dedicated mass
flow controllers (Brooks). To prevent beam damage effects,
each spectrum was recorded on a fresh spot on the surface.
Additional ex situ XPS measurements were collected with a

Thermo Scientific K-alpha spectrometer with Al Kα mono-
chromator using a sealed sample holder to avoid air exposure
of the samples.
All the spectra in the present paper were recorded with a

photoelectron kinetic energy of 200 eV by adjusting the
incident excitation energy accordingly, unless stated otherwise.
The XPS intensity was normalized by the ring current and
photon flux to compensate for slight variations in incident X-
ray. More details on both beamlines and data analysis are
available in the Supporting Information. All fitting parameters
are given in Tables S1−S5.
Quantitative Model for Overlayer Thickness Calcu-

lations. The kinetic energy of the emitted photoelectrons
depends on the incident photon energy. Therefore, photo-
electrons with different escape depths can be collected by
varying the incident photon energy. Variable synchrotron
incident photon energy can thus be used to measure the
thickness of overlayers in a non-destructive way.48,49 The film
thickness is derived from the integrated XPS signal intensities
and the effective attenuation length (EAL) at different kinetic
energies, assuming an uniform overlayer of finite thickness over
a semi-infinite substrate, from the following equation

= ·[ ]
I
I

F

F
1 e et to

s

o o o EAL

s s s EAL

/ cos / coso

s

EALo EALo

(1)

where F is a value that depends on the emitted electron energy
and includes various instrumental parameters, ρ is the atomic
density, σ is the differential cross section, λEAL is the effective

attenuation length, t is the overlayer thickness, α is the
photoelectron emission angle measured with respect to the
surface normal, and I is the XPS intensity from the substrate
(s) and overlayer (o). More details on the quantification model
are available elsewhere.49 The effective attenuation length can
be approximated to the inelastic mean free path (IMFP) for
kinetic energies above 200 eV.48 The values of the IMFP are
obtained from the NIST Electron Inelastic-Mean-Free-Path
Database (NSRD 71 version 1.2).50 The parameters F and σ
are considered equals for both the substrate and overlayer. The
calculated Io/Is values are fitted against the measured ones by
stepwise varying the overlayer thickness, until reaching the
minimum standard deviation.

■ RESULTS AND DISCUSSION
Nickel. Nitrogen chemisorption occurs on reduced surfaces

of various transition metals, even at ambient temperature and
pressure.15 However, the presence of other reactive species
that compete for adsorption sites affects the dinitrogen
activation negatively.6,8,51,52 Chemisorbed atomic nitrogen
has been observed on metallic Ni.11,15,39,53,54 In contrast,
from our NAP XPS measurements, we found that a NiO layer
grown on the polycrystalline Ni does not present any reactivity
toward N2 adsorption (Figure S7). From these results, it
follows, that preserving an oxide-free Ni metal catalytic surface
is important to effectively activate N2. However, this is a
challenge as Ni readily forms surface oxide species even in the
presence of traces of oxygen or water due to the highly
negative and spontaneous oxide formation energy (about −240
kJ mol−1).55,56 Hence, it is no surprise that XPS measurements
performed on the initially clean metallic Ni foil reveal the
formation of a thin mixed oxide/hydroxide surface layer due to
the brief exposure to air during sample mounting in the in situ
electrochemical setup. The Ni 2p3/2 spectrum shows the
components corresponding to metallic, oxide, and hydroxide

Figure 2. On the left, the Ni 2p3/2 and O 1s XPS spectra show, over time (t0 = 0 min, t1 = +15 min, and t2 = +75 min), the in situ reduction of Ni
oxide/hydroxide via electrochemically permeating atomic hydrogen at room temperature under vacuum. Fit model using Ni0 (blue), metal oxide
(gray), metal hydroxide (orange), and adsorbed water (yellow). On the right, the ratio of the Ni 2p3/2 XPS peak areas of oxidized and metallic
species, at t0 = 0 min, as a function of photoelectron kinetic energy (between 200 and 600 eV). Measured values (symbols) and calculated fit
(dotted line). From this, the initial thickness of the oxidized surface layer is estimated to be 0.75 ± 0.02 nm.
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species (Figure 2). The data were fitted according to literature
(details are available in Tables S1 and S2).57

Consistent with this, the corresponding O 1s spectrum
reveals the components characteristic of oxide (529.3 eV),
hydroxide (531.1 eV), and adsorbed water (532.9 eV).57,58

The thickness of the oxide layer can be estimated using a non-
destructive depth profile analysis based on variable synchro-
tron incident radiation energy.48,49 By fitting the experimental
data with the simplified model described in eq 1, the thickness
of the oxide overlayer is estimated to be approximately 0.75
nm (Figure 2). Details on the quantitative model are available
in the Experimental Section. Our in situ observations reveal
that, once formed, surface Ni oxides are stable in both vacuum
and under gaseous H2 (0.1 mbar) at temperatures below 100
°C (Figures S8 and S9). As such, very stringent gas purity
would be necessary to maintain a metallic Ni catalytic surface
at temperatures close to ambient. However, here, we show that
it is possible to apply electrochemical permeating atomic
hydrogen to effectively reduce the surface Ni oxides and
hydroxides at room temperature (Figure 2). Under electro-
chemical hydrogen loading, the initial oxidized state of the
surface changes. The Ni0 contributions become increasingly
dominant, ultimately replacing all Ni+δ components. It was
observed that Ni oxides are the first species to be reduced,
followed by hydroxide components, until a metallic Ni surface
is obtained. Oxide decomposition by X-ray or vacuum was
ruled out with prolonged measurements under open circuit
potential (OCP), which do not show any signs of reduction.
This result is expected as the enthalpy of the formation of the
surface oxides and hydroxides is rather negative, which
indicates that these compounds are relatively stable. Although
the reductive action of continuously fed atomic hydrogen
maintains a metallic catalytic surface, re-oxidation is observed
upon interruption of electrochemical H permeation (Figure
S10). This is due to the presence of residual vacuum
contaminants, as traces of oxygen and water vapor (the
pressure in the analysis chamber prior starting the experiment
was about 7 × 10−7 mbar).
Having established how electrochemically permeating

atomic hydrogen can in situ reduce the Ni surface under
room-temperature conditions, we now turn our attention to
the interaction of this reduced surface with dinitrogen gas.
Figure 3a shows that a clean metallic Ni surface exposed to N2
results in a dominant N 1s peak centered at 397.8 eV
corresponding to chemisorbed atomic nitrogen.41,59−62 When
also electrochemical hydrogen permeation is active, an
additional component at higher binding energy (BE, 400.3
eV), assigned to adsorbed NH3,

41,59,63 appears in the N 1s
spectrum (Figure 3b). Other nitrogen species on Ni surfaces
have been detected at comparable BE, as reported in Table 1.
However, molecular dinitrogen on Ni has only been observed
at temperatures ≤80 K.39,60,64 While NO species can also be
excluded, as they have been observed at appreciable lower BE
(399.8−399.4 eV) and because of the absence of the respective
O 1s component at about 530.3 eV60,61,65 (Figure S11). The
assignment of this peak to adsorbed NH3 is also confirmed
from gaseous ammonia detected from a sample with higher N
coverage, where a peak at 400.3 eV is also observed upon
electrochemical H permeation (vide infra).
Ammonia is thus formed on the Ni surface as result of

hydrogenation of chemisorbed nitrogen. However, in this case,
on a flat Ni surface with limited N coverage, the ammonia
production rate is estimated to be lower than 10−13 mol cm−2

s−1 (corresponding to the instrument detection limit), as no
gaseous ammonia was detected with in-line GC in a separate
experiment. Reaction intermediates NH and NH2, reported on
Ni at around 398.5 eV,59,63 cannot be discriminated in the N
1s spectra; this indicates that the hydrogenation rate of NH to
NH2 and NH3 is much faster than the hydrogenation of N and
the desorption of NH3. The persistent presence of atomic
nitrogen species at 397.8 eV on the catalyst surface exposed to
N2 and constant H-permeation (Figure 3b), possibly indicates
that atomic N is constantly replenished by newly adsorbed and
dissociated dinitrogen. The subsequent evacuation of the N2
present in the analysis chamber in OCP (i.e., vacuum
conditions without H-permeation) does not alter the N 1s
spectrum (Figure S12), indicating that both the N and NH3
are stably bound on the surface. However, in the absence of
gaseous N2 to replenish the reacting adsorbed nitrogen (i.e.,
under vacuum), the N 1s peak at 397.8 eV progressively
disappears when electrochemical hydrogen permeation is
restored; leaving NH3 as the only N species on the surface
(Figure 3c). From these observations, it becomes evident how
the presence of stable intermediates and adsorbed reaction
products, such as adsorbed NH3, limits the availability of the
active sites for high rate catalysis. This indicates that NH3
desorption and the first hydrogenation step to NH might be
limiting factors for the studied process at room temperature.
The ammonia adsorption energy on Ni is reported to be about
80 kJ mol−166,67 and it desorbs at around 100 °C.68,69
Therefore, a slight increase in the operating temperature is
expected to significantly improve the performance of the
reaction, which will be part of future work.

Figure 3. N 1s XPS spectra of clean metallic Ni surface (a) after
exposure to N2 in OCP, measured ex situ using a sealed XPS sample
holder to avoid contact with air (which would hinder the N
chemisorption), (b) during the exposure to 0.1 mbar of N2 under
electrochemical atomic hydrogen permeation, and (c) after
subsequent evacuation to UHV under electrochemical atomic
hydrogen permeation. The reference spectrum (a) is recorded using
a K-alpha spectrometer, while the spectra (b,c) are recorded in situ at
the ISISS beamline. The larger width of the peak at 400.3 eV might be
due to disorder, which includes different adsorption sites.
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Following the above rationale, the observed overall reaction
on Ni0 might still be kinetically slow due to the large activation
barrier for the first nitrogen hydrogenation step and NH3
desorption. Remarkably, the N2 adsorption on Ni0 occurs
spontaneously until a certain coverage is reached. To overcome
these barriers, we extended our in situ study to a modified Ni
electrode with a nitrided surface layer, which acts as precursor
for a low-temperature MvK mechanism. Here, the rationale is
to have a higher density of surface N to facilitate the apparently
difficult first hydrogenation step, while the permeating atomic
hydrogen in situ generates NH3 and a large number of highly
active surface Nvac, accelerating the activation of gaseous
nitrogen compared to a metallic Ni site, as described in the
following section.
Surface Nickel Nitride. Nickel nitrides are characterized

by low nitrogen vacancy formation energy and relatively low
barriers for NH3 synthesis,

27,72,73 making this material a good
candidate for the process under investigation. We first verified
the stability of the surface nickel nitride under investigation
with in situ NAP XPS measurements under a H2 atmosphere
(0.1 mbar) at room temperature (Figure S13). The stability of
the nitrided Ni electrode was also tested at higher temper-
atures, up to 150 °C, under 1 bar hydrogen atmosphere in a
sealed PEEK cell while monitoring the gas composition with a
GC. No detectable amounts of ammonia were found within
the instrument detection limit (of the order of 10−13 mol cm−2

s−1), suggesting that the nitride surface is also stable under
these conditions. These results are consistent with the
previously reported inability of a nitrided Ni surface to
dissociate H2

11 and other stability reports.74,75

On the other hand, the surface lattice nitrogen (dominant
component at 397.8 eV in the N 1s spectrum) reacts with the
electrochemically inserted hydrogen atoms to form NH3,
leading to the appearance of a peak at 400.3 eV in the N 1s
XPS spectrum (Figure 4), as observed earlier for gaseous N2
adsorbed and activated on a clean Ni. However, in this case,
the production rate of gaseous ammonia is high enough and is
confirmed with GC detection in a separate electrochemical
experiment (Figure S14). The presence of stable NH3, which
remains on the metal surface even after the interruption of
hydrogen permeation, indicates that also in this case, product
desorption is limiting. However, the high density of adsorbed
surface N makes the limiting NH formation step to occur more
often and therefore NH3 can be produced at a faster rate than
with a lower N coverage. In addition, during the hydrogenation
of the surface nickel nitride layer, a distinctive new
contribution at 399.1 eV appears. This peak is tentatively
assigned to N atoms in the proximity of the formed N
vacancies on the Ni surface, which results in a shift toward
higher binding energy due to the redistribution of electrons left
after the hydrogenation of lattice N to NH3.

76−80 The peak
appears slightly broader, which might indicate the contribution
from N in the proximity of a different number of vacancies.
Even though it is difficult to determine the exact nature of this
component, we cannot entirely exclude the contribution from
some NHx species (with x = 1, 2), which have been reported
on Ni in a similar energy range (Table 1).62,63 Moreover, a
peak with limited intensity at 399.1 eV is noticeable in the
pristine sample (Figure 4), indicating that few Nvac might be
initially present on the subsurface of the nitrided Ni as result of
the plasma nitridation process. Thus, with in situ XPS, it
appears possible to directly observe the room-temperature
formation of NH3 and Nvac from reduction of nitrogen

adsorbed on Ni via electrochemical atomic hydrogen
permeation, while the activation of N2 was proven earlier
with 15N2 isotope labeling experiments.

11

Iron. Iron has been extensively studied for nitrogen
chemistry over the last century, and metallic Fe is well
known to activate dinitrogen even under ambient conditions,
but still in competition with oxygen and limited by oxidized
species.52 It is therefore interesting to study a polycrystalline
Fe surface under electrochemical hydrogen permeation and a
N2 atmosphere. The initial oxide layer formed on the Fe foil
after a short exposure to air or traces of oxygen represents one
of the major limitations in using Fe as nitrogen activation
catalyst in a hydrogen permeable electrode system. This layer
drastically blocks the atomic hydrogen permeation (Figure
S15), preventing the reduction of surface species (i.e., oxides
and adsorbed nitrogen) by permeating H. In our case, we
measured a reduction in H permeation flux of more than 100-
fold (Figure S4). As a consequence, in situ XPS measurements
carried out during electrochemical hydrogen loading do not
show any significant reduction of the oxide overlayer or the
formation of metallic Fe (Figure S16). Only a slight shift
toward lower binding energy is noticeable from the Fe 2p
spectra, and it can be associated to a limited partial reduction
of some Fe+3 species to Fe+2. Moreover, the highly negative
iron oxide formation energy might represent an additional
barrier for the oxide removal by permeating atomic hydrogen,
compared to nickel oxides.56 The higher stability of iron oxide
species is also confirmed by our in situ XPS experiments,
where temperatures higher than 250 °C under a hydrogen
atmosphere (1 mbar) are required to fully reduce the Fe
surface (Figure S17). The presence of only a minor metallic
Fe0 component after cooling of the thermally reduced iron

Figure 4. N 1s XPS spectra of the pristine nitrided Ni electrode (t0 =
0 min) and during electrochemical insertion of hydrogen under
vacuum conditions (t1 = +15 min and t2 = +90 min). The three
components are color coded and corresponding to surface and
subsurface atomic N (blue) to N in the proximity of Nvac (gray) and
to NH3 (orange).
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surface under H2 indicates that the reoxidation of iron reaches
a thicker layer, compared to the oxygen exposed Ni which still
shows a strong Ni0 contribution (Figure S8). Therefore,
contrary to what observed with Ni, the electrochemical
insertion of atomic H did not successfully reduce the surface
of the iron electrode.
Remarkably, although no metallic Fe0 could be observed,

when the oxidized iron surface is exposed to N2 (0.1 mbar) in
OCP, the N 1s XPS spectrum reveals the formation of two
nitrogen species (Figure 5a). Adsorbed molecular nitrogen on
Fe surfaces has been observed only at extremely low
temperatures.16 Moreover, as no H2(g) nor permeating atomic
H are available (only unavoidable traces of water are present),
we do not expect the formation of hydrogenated forms of N.
Recently, Degaga et al. reported analogous N 1s peaks on a
Fe3O4(001) surface exposed to N2.

38 Based on their
observations and theoretical calculations, these N 1s
contributions detected on the Fe oxide surface were assigned
to N−O (400.6 eV) and N−Fe3+ (399.1 eV) bonds.38 This
reveals that nitrogen activation is also possible on the oxidized
Fe surface. However, upon electrochemical hydrogen insertion,
we did not observe any hydrogenation of the adsorbed N
species, possibly due to the H blockage by the iron oxide layer,
which strongly limits the access of reactive atomic hydrogen to
the surface.
A nitride surface layer, generated via plasma nitridation, on a

reduced Fe surface can act both as a protective layer against
oxidation81 and as precursor for a MvK N2 activation
mechanism. However, the formation of a thin iron nitride
surface layer also blocks the atomic hydrogen permeation
(Figure S4). As such, no hydrogenation of surface iron nitride
is observed during in situ XPS due to the insufficient H flux or
too stable Fe−N bond.
Ruthenium. Both the materials investigated so far (Ni and

Fe) are prone to oxidation when exposed to air or water, which
blocks N active sites and obstructs the permeation of atomic
hydrogen. For this reason, it is interesting to extend our study
to more noble metals, such as ruthenium, which is a well-
established ammonia synthesis catalyst.82 The electrochemical
insertion of H through the Ru (and Ru nitride)-coated Ni
electrode results in a moderate H permeation flux in
comparison to the uncoated Ni (Figure S4).
As expected, the Ru 3p and 3d spectra reveal a metallic

surface and the absence of contributions from higher oxidation

states (Figure S18). During the exposure to N2 (0.1 mbar in
OCP), the N 1s spectrum shows two contributions, indicating
the presence of dissociated N adsorbed on the polycrystalline
Ru surface (397.3 eV) and a second N species at 399.0 eV
(Figure 5b). The latter appears at a binding energy close to
adsorbed N2, whose cleavage is established to be the limiting
step for N2 activation on Ru catalytic surfaces.

82−85 However,
the acquired data did not provide an unambiguous
identification of the nature of this species. Yet, the N 1s
spectrum remains nearly unchanged upon electrochemical
hydrogen permeation, showing no signs of other N species on
the Ru surface in the course of the experiment. Similarly, no
substantial variations in the N 1s spectrum are observed for the
nitrided ruthenium electrode under electrochemical H loading,
although the H-permeation is not blocked by the presence of a
surface nitride layer (Figure S4). In both cases, no NH3 was
detected with gas chromatography in separate electrochemical
experiments. Thus, the formation of H2 from surface
recombination of permeating H prevails over the hydro-
genation of the adsorbed N. The stronger Ru−N bond,
compared to Ni,86 might be too stable to be hydrogenated by
H-permeation under these conditions; aggravating the barrier
to the first hydrogenation. In fact, Ni has the least negative
adsorption energy of nitrogen, among the tested materials,
which indicates that the N−M bond follows the trend: Ni < Ru
< Fe.87 This may be the underlying reason why only Ni shows
appreciable NH3 formation in this study, next to the more
persistent presence of iron oxide. We thus envision that a
rational design of catalysts with optimal nitrogen-surface
interactions is needed to deploy the full potential of H
permeable electrodes for electrolytic ammonia synthesis under
near ambient conditions.

■ CONCLUSIONS
In this study, we used in situ near ambient pressure XPS to
investigate the solid−gas interphase of a polycrystalline Ni
electrode under electrochemical H permeation and a N2
atmosphere for NH3 synthesis. The availability of surface Ni0
sites is a primary requirement for the chemisorption of gaseous
N2, as we verified that a fully oxidized Ni surface does not
present any reactivity toward dinitrogen adsorption. We
showed how electrochemically inserted and permeating atomic
hydrogen can reduce surface Ni oxide and hydroxide species,

Figure 5. (a) N 1s XPS spectrum of the oxidized polycrystalline Fe under a 0.1 mbar N2 atmosphere in open circuit (i.e., no H loading). The N 1s
shows two adsorbed nitrogen species at 400.6 and 399.1 eV. (b) N 1s XPS spectrum of the polycrystalline Ru surface under a 0.1 mbar N2
atmosphere in open circuit (i.e., no H loading). The N 1s shows two components at 399.0 and 397.3 eV. Photoelectron kinetic energy was 300 eV.
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under conditions at which gaseous H2 alone does not.
Chemisorbed nitrogen is then detected on the metallic Ni
surface under a N2 atmosphere, followed by the formation of
NH3 from the reaction with permeating H. The presence of
stable adsorbed NH3 on the Ni surface, indicates that product
desorption might be limiting at room temperature, thus
reducing the availability of active sites. The first hydrogenation
step to NH may also be limiting, as higher production of NH3
is observed when more N is present on the surface. When a
thin nitride layer is present, the electrochemically permeating
atomic hydrogen reduces the surface lattice nitrogen to form
NH3 and Nvac at ambient temperature, as observed on the
surface of the electrode with in situ XPS. These defective sites
(i.e., Nvac) promote the activation of dinitrogen compared to
the slower N2 activation on Ni. Importantly, the hydrogenation
of surface lattice nitrogen was not observed with H2 at
temperatures up to 150 °C, emphasizing the benefit of
electrochemically permeating atomic H.
We extended the study of hydrogen permeable electrodes

for NH3 synthesis to Fe and Ru catalytic surfaces. The
presence of either Fe oxides or nitrides severely inhibits
permeating H from accessing the catalytic surface, hindering
the advancement of the reaction. Dinitrogen activation is
observed on the polycrystalline Ru surface. Still, no evidence of
hydrogenation of the adsorbed nitrogen species upon H
permeation is found under near ambient conditions. Based on
these results, it emerges that H permeability and M−N bond
strength are two key parameters to be taken in consideration in
the design of an optimal N activation catalyst using H
permeable electrodes.
In conclusion, our findings demonstrate the dual benefit of

H permeable nickel electrodes, which in situ generate active
sites by oxide and nitride reduction at the catalytic solid−gas
interface, while providing controllable flux of H atoms available
for hydrogenation of adsorbed N. Moreover, we show how in
situ NAP-XPS can be applied to investigate processes based on
hydrogen permeable electrodes, providing invaluable insights
needed for their efficient design.
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(24) Drazěvic,́ E.; Skuĺason, E. Are There Any Overlooked Catalysts
for Electrochemical NH3 Synthesis�New Insights from Analysis of
Thermochemical Data. iScience 2020, 23, 101803.
(25) Du, H.-L.; Gengenbach, T. R.; Hodgetts, R.; MacFarlane, D. R.;
Simonov, A. N. Critical Assessment of the Electrocatalytic Activity of
Vanadium and Niobium Nitrides toward Dinitrogen Reduction to
Ammonia. ACS Sustainable Chem. Eng. 2019, 7, 6839−6850.
(26) Hunter, S. M.; Gregory, D. H.; Hargreaves, J. S. J.; Richard, M.;
Duprez, D.; Bion, N. A Study of 15N/14N Isotopic Exchange over
Cobalt Molybdenum Nitrides. ACS Catal. 2013, 3, 1719−1725.
(27) Zeinalipour-Yazdi, C. D.; Hargreaves, J. S. J.; Catlow, C. R. A.
Nitrogen Activation in a Mars−van Krevelen Mechanism for
Ammonia Synthesis on Co3Mo3N. J. Phys. Chem. C 2015, 119,
28368−28376.
(28) Abghoui, Y.; Garden, A. L.; Hlynsson, V. F.; Björgvinsdóttir, S.;
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(73) Abghoui, Y.; Skuĺason, E. Computational Predictions of
Catalytic Activity of Zincblende (110) Surfaces of Metal Nitrides
for Electrochemical Ammonia Synthesis. J. Phys. Chem. C 2017, 121,
6141−6151.
(74) Baiker, A.; Maciejewski, M. Formation and thermal stability of
copper and nickel nitrides. J. Chem. Soc., Faraday Trans. 1 1984, 80,
2331−2341.
(75) Alexander, A.-M.; Hargreaves, J. S. J.; Mitchell, C. The
Reduction of Various Nitrides under Hydrogen: Ni3N, Cu3N, Zn3N2
and Ta3N5. Top. Catal. 2012, 55, 1046−1053.
(76) Wu, H.; Jiang, H.; Yang, Y.; Hou, C.; Zhao, H.; Xiao, R.; Wang,
H. Cobalt nitride nanoparticle coated hollow carbon spheres with
nitrogen vacancies as an electrocatalyst for lithium−sulfur batteries. J.
Mater. Chem. A 2020, 8, 14498−14505.
(77) Guo, S.; Zhang, H.; Yang, P.; Chen, Y.; Yu, X.; Yu, B.; Zhao, Y.;
Yang, Z.; Liu, Z. Visible-light-driven photoreduction of CO2 to CO
over porous nitrogen-deficient carbon nitride nanotubes. Catal. Sci.
Technol. 2019, 9, 2485−2492.
(78) Ketteler, G.; Yamamoto, S.; Bluhm, H.; Andersson, K.; Starr, D.
E.; Ogletree, D. F.; Ogasawara, H.; Nilsson, A.; Salmeron, M. The
Nature of Water Nucleation Sites on TiO2(110) Surfaces Revealed by
Ambient Pressure X-ray Photoelectron Spectroscopy. J. Phys. Chem. C
2007, 111, 8278−8282.
(79) Jackman, M. J.; Thomas, A. G.; Muryn, C. Photoelectron
Spectroscopy Study of Stoichiometric and Reduced Anatase
TiO2(101) Surfaces: The Effect of Subsurface Defects on Water
Adsorption at Near-Ambient Pressures. J. Phys. Chem. C 2015, 119,
13682−13690.
(80) Liu, B.; He, B.; Peng, H.-Q.; Zhao, Y.; Cheng, J.; Xia, J.; Shen,
J.; Ng, T.-W.; Meng, X.; Lee, C.-S.; Zhang, W. Unconventional Nickel

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.2c03609
ACS Catal. 2022, 12, 13781−13791

13790

https://doi.org/10.1016/0039-6028(74)90274-x
https://doi.org/10.1016/0039-6028(74)90274-x
https://doi.org/10.1016/0378-5963(79)90064-3
https://doi.org/10.1016/0378-5963(79)90064-3
https://doi.org/10.1098/rspa.1962.0205
https://doi.org/10.1098/rspa.1962.0205
https://doi.org/10.1039/d2se00123c
https://doi.org/10.1039/d2se00123c
https://doi.org/10.1021/acsenergylett.0c02219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nme.2016.08.016
https://doi.org/10.1016/j.nme.2016.08.016
https://doi.org/10.1016/j.nme.2016.08.016
https://doi.org/10.1016/0039-6028(78)90450-8
https://doi.org/10.1016/0039-6028(78)90450-8
https://doi.org/10.1007/s11244-018-1061-8
https://doi.org/10.1007/s11244-018-1061-8
https://doi.org/10.1007/s11244-018-1061-8
https://doi.org/10.1088/0957-0233/22/2/024007
https://doi.org/10.1088/0957-0233/22/2/024007
https://doi.org/10.1088/0957-0233/22/2/024007
https://doi.org/10.1016/s0368-2048(98)00300-4
https://doi.org/10.1016/s0368-2048(98)00300-4
https://doi.org/10.1016/0378-5963(81)90092-1
https://doi.org/10.1016/0378-5963(81)90092-1
https://doi.org/10.1524/zpch.1980.119.1.097
https://doi.org/10.1524/zpch.1980.119.1.097
https://doi.org/10.1002/bbpc.19800840317
https://doi.org/10.1002/bbpc.19800840317
https://doi.org/10.1016/0039-6028(79)90624-1
https://doi.org/10.1016/0039-6028(79)90624-1
https://doi.org/10.1016/0016-7037(86)90027-x
https://doi.org/10.1016/0016-7037(86)90027-x
https://doi.org/10.1016/0016-7037(86)90027-x
https://doi.org/10.1016/0016-7037(86)90027-x
https://doi.org/10.1016/j.jcat.2014.12.033
https://doi.org/10.1016/j.jcat.2014.12.033
https://doi.org/10.1016/j.jcat.2014.12.033
https://doi.org/10.1002/sia.3026
https://doi.org/10.1002/sia.3026
https://doi.org/10.1039/a908800h
https://doi.org/10.1002/1096-9918(200008)30:1<140::aid-sia820>3.0.co;2-5
https://doi.org/10.1116/1.568833
https://doi.org/10.1116/1.568833
https://doi.org/10.1116/1.568833
https://doi.org/10.1039/dc9756000051
https://doi.org/10.1039/dc9756000051
https://doi.org/10.1116/1.570833
https://doi.org/10.1116/1.570833
https://doi.org/10.1021/j100010a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100010a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100010a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100010a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0039-6028(86)90348-1
https://doi.org/10.1016/0039-6028(86)90348-1
https://doi.org/10.1016/0039-6028(81)90502-1
https://doi.org/10.1016/0039-6028(81)90502-1
https://doi.org/10.1021/j100379a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100379a042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/01614949508006451
https://doi.org/10.1080/01614949508006451
https://doi.org/10.1002/bbpc.19830870714
https://doi.org/10.1002/bbpc.19830870714
https://doi.org/10.1002/bbpc.19830870714
https://doi.org/10.1016/0926-860x(93)80251-k
https://doi.org/10.1016/0926-860x(93)80251-k
https://doi.org/10.1016/0926-860x(93)80251-k
https://doi.org/10.1016/0039-6028(79)90293-0
https://doi.org/10.1007/bf00619696
https://doi.org/10.1007/bf00619696
https://doi.org/10.1021/jacs.0c06624?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c06624?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b00196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b00196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b00196?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/f19848002331
https://doi.org/10.1039/f19848002331
https://doi.org/10.1007/s11244-012-9890-3
https://doi.org/10.1007/s11244-012-9890-3
https://doi.org/10.1007/s11244-012-9890-3
https://doi.org/10.1039/d0ta05249c
https://doi.org/10.1039/d0ta05249c
https://doi.org/10.1039/c8cy02509f
https://doi.org/10.1039/c8cy02509f
https://doi.org/10.1021/jp068606i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp068606i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp068606i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b02732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b02732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b02732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b02732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/advs.201800406
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c03609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Nitride Enriched with Nitrogen Vacancies as a High-Efficiency
Electrocatalyst for Hydrogen Evolution. Adv. Sci. 2018, 5, 1800406.
(81) Umeda, K.; Kawashimo, Y.; Nakasone, M.; Harada, S.; Tasaki,
A. Iron-Nitride Thin Films Prepared by Arc-Discharge-Type Ion-
Plating. Jpn. J. Appl. Phys. 1984, 23, 1576−1579.
(82) Muhler, M.; Rosowski, F.; Hinrichsen, O.; Hornung, A.; Ertl,
G.Ruthenium as catalyst for ammonia synthesis. In Studies in Surface
Science and Catalysis; Hightower, J. W., Nicholas Delgass, W., Iglesia,
E., Bell, A. T., Eds.; Elsevier, 1996; Vol. 101, pp 317−326.
(83) van der Ham, C. J. M.; Koper, M. T. M.; Hetterscheid, D. G. H.
Challenges in reduction of dinitrogen by proton and electron transfer.
Chem. Soc. Rev. 2014, 43, 5183−5191.
(84) Jacobi, K. Nitrogen on Ruthenium Single-Crystal Surfaces.

Phys. Status Solidi A 2000, 177, 37−51.
(85) Hinrichsen, O.; Rosowski, F.; Hornung, A.; Muhler, M.; Ertl, G.
The Kinetics of Ammonia Synthesis over Ru-Based Catalysts: 1. The
Dissociative Chemisorption and Associative Desorption of N2. J.
Catal. 1997, 165, 33−44.
(86) Vojvodic, A.; Medford, A. J.; Studt, F.; Abild-Pedersen, F.;
Khan, T. S.; Bligaard, T.; Nørskov, J. K. Exploring the limits: A low-
pressure, low-temperature Haber−Bosch process. Chem. Phys. Lett.
2014, 598, 108−112.
(87) Jacobsen, C. J. H.; Dahl, S.; Clausen, B. S.; Bahn, S.; Logadottir,
A.; Nørskov, J. K. Catalyst Design by Interpolation in the Periodic
Table: Bimetallic Ammonia Synthesis Catalysts. J. Am. Chem. Soc.
2001, 123, 8404−8405.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.2c03609
ACS Catal. 2022, 12, 13781−13791

13791

 Recommended by ACS

Plasma-Catalysis of Nonoxidative Methane Coupling: A
Dynamic Investigation of Plasma and Surface Microkinetics
over Ni(111)
Pierre-André Maitre, Panagiotis N. Kechagiopoulos, et al.
NOVEMBER 17, 2022
THE JOURNAL OF PHYSICAL CHEMISTRY C READ 

Lattice Oxygen-Induced d-Band Shifting for Enhanced
Hydrogen Oxidation Reaction on Nickel
Chang Sun, Wenchao Sheng, et al.
SEPTEMBER 15, 2022
ACS CATALYSIS READ 

Understanding the Effect of Ni-Substitution on the Oxygen
Evolution Reaction of (100) IrO2 Surfaces
Gaëtan Buvat, Daniel Guay, et al.
AUGUST 23, 2022
ACS CATALYSIS READ 

Favorable Electrocatalytic Ammonia Oxidation Reaction
Thermodynamics on the β-NiOOH(0001) Surface Computed
by Density Functional Theory
Rachelle M. Choueiri and Leanne D. Chen
OCTOBER 14, 2022
THE JOURNAL OF PHYSICAL CHEMISTRY C READ 

Get More Suggestions >

https://doi.org/10.1002/advs.201800406
https://doi.org/10.1002/advs.201800406
https://doi.org/10.1143/jjap.23.1576
https://doi.org/10.1143/jjap.23.1576
https://doi.org/10.1039/c4cs00085d
https://doi.org/10.1002/(sici)1521-396x(200001)177:1<37::aid-pssa37>3.0.co;2-y
https://doi.org/10.1006/jcat.1997.1447
https://doi.org/10.1006/jcat.1997.1447
https://doi.org/10.1016/j.cplett.2014.03.003
https://doi.org/10.1016/j.cplett.2014.03.003
https://doi.org/10.1021/ja010963d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja010963d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c03609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c03503?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c03264?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acscatal.2c02591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
http://pubs.acs.org/doi/10.1021/acs.jpcc.2c06174?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1669695073&referrer_DOI=10.1021%2Facscatal.2c03609
https://preferences.acs.org/ai_alert?follow=1

