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ABSTRACT: An unintended consequence of industrial nitrogen fixation through the
Haber−Bosch process is nitrate (NO3

−) and nitrite (NO2
−) contamination of ocean,

ground, and surface waters from fertilizer runoff. Transition-metal catalysts, particularly
those based on Pd, are effective in removing NO3

−/NO2
− through reduction to N2 or

NH4
+. Pd is regarded as the most effective metal for NO3

−/NO2
− reduction, and as

such, few studies have thoroughly explored the performance of other transition metals
as a function of varying reaction conditions. In this work, we investigated the NO2

−

reduction properties of alumina-supported Rh using Pd as a benchmark, where we
varied the bulk solution pH to probe the effect of reaction conditions on the catalytic
chemistry. Pd expectedly showed a high reduction activity (289 L/g-surface-metal/
min) and a high N2 selectivity (>99% at 20% conversion) at low pH and near inactivity
at high pH. Surprisingly, the Rh catalyst, while inactive at low pH, showed moderate
activity (22 L/g-surface-metal/min) and high NH4

+ selectivity (>90% at 20%
conversion) at high pH. Hydrazine (N2H4) was also detected as a reaction
intermediate when NH4

+ was formed. Microkinetic models built with energetics from density functional theory reveal that
Rh catalysts are poisoned by NO* at low pH because of the rapid dissociative adsorption of protonated nitrite (HNO2) under
acidic conditions, which was confirmed by in aqua surface-enhanced Raman spectroscopy. NO* poisoning of the Rh surface
lessens at increased solution pH because NO2

− does not dissociate as readily compared to HNO2, which explains why Rh
exhibits higher activity in basic solutions. The microkinetic models further elucidate the competition between N2H4 and NH3/
NH4

+ formation as a function of pH, where we find that hydrogen surface coverage dictates product selectivity. These results
update the common view that only Pd-based catalysts are effective for NO2

− reduction and suggest unexplored avenues for
nitrogen chemistry.

KEYWORDS: catalytic denitrification, rhodium catalyst, hydrazine detection, density functional theory, micro-kinetic model,
surface-enhanced Raman spectroscopy

1. INTRODUCTION

Nitrogen fixation is a fundamentally important chemical
process for the survival of all living organisms because of the
fact that atmospheric dinitrogen (N2) is not bioavailable for
plants and animals to utilize. The Haber−Bosch (H−B)
process, which is an industrial process that reduces
atmospheric N2 to ammonia (NH3), revolutionized the
agricultural industry, with approximately 80% of manufactured
NH3 being used for the production of agricultural fertilizers.1,2

The synthetic fertilizer produced from H−B and similar
processes is estimated to be responsible for feeding almost 50%
of the world’s population.3,4 Unfortunately, the efficiency of
nitrogenous fertilizer use is remarkably low, leading to the
pollution of ocean, ground, and surface waters with nitrate

(NO3
−) and nitrite (NO2

−) runoff. It is estimated that ∼20%
of the nitrogen applied as fertilizer globally is lost because of
leaching, with the primary loss pathways being the conversion
of NH3 to NO3

− and NO2
− by nitrifying bacteria in the soil

and the conversion of NO3
− back to N2 by denitrifying

bacteria.4−6 Nitrate/nitrite anions have significant adverse
health effects in humans, which include diseases such as
methemoglobinemia (blue baby syndrome) as well as cancer
and hypertension caused by metabolic conversion of nitrite
into N-nitroso compounds.7−10
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Over the past two decades, catalytic reduction of environ-
mental water contaminants has garnered attention as a
promising technology because of its potential for high
degradation activity and relatively low energy intensity.11,12

These catalysts can directly degrade nitrate/nitrite anions
under reductive conditions, potentially offering a more efficient
method for denitrification compared with more traditional
methods, such as ion exchange or reverse osmosis. Since the
first reports on the chemistry of nitrate/nitrite hydrogenation
by Vorlop and Tacke, Pd-based catalysts have been the most
widely investigated materials for this reaction.13−15 Mono-
metallic Pd itself shows very low activity for the reduction of
nitrate and requires a secondary promoter metal (usually Cu,
In, or Sn) to catalyze the initial reduction of nitrate to
nitrite.16−19 Pd-based catalysts demonstrate both high nitrite
reduction activity under ambient conditions and high
selectivity to harmless N2 over contaminating NH3/
NH4

+.14,15,17,20−22

Other noble metals (such as Pt, Rh, Ru, and Ir) are regarded
as being less active for nitrite reduction and less selective to
dinitrogen, compared to Pd.14,15 However, these conclusions
may not be entirely valid as they are based on reaction
conditions that favor Pd reduction catalysis. Hörold et al. first
identified reaction pH as a governing factor in nitrate/nitrite
hydrogenation, affecting both the nitrite conversion rate and
ammonium selectivity.15 Low pH values favor the conversion
of nitrite to dinitrogen. Hydroxyl anions are generated during
the course of the reaction, and therefore, an increase in pH
leads to decreased activity, unless the reaction is buffered
(Scheme 1). There are very few studies on pH effects on

nitrate/nitrite hydrogenation for other metals, with the
exceptions of Pt and Ru.23−25 The pH effect is well-observed
but poorly understood.
Rh is an intriguing metal to study for nitrate/nitrite

hydrogenation catalysis. Rh-based catalysts are effective for
related reactions, such as gas-phase NOx reduction, liquid-
phase reduction of nitroaromatic compounds, and electro-
catalytic reduction of nitrate.26−31 The early work of Hörold et
al. showed that the Rh metal loading normalized activity was
approximately one-third of that of Pd at pH 6,14,15 but few
studies followed. It remains unclear whether Pd remains more
active than Rh under alternative reaction conditions,
particularly outside of pH ≈ 5−6.32 The literature is
inconsistent with regard to the selectivity to N2 versus NH4

+

over Rh catalysts.15,20,32

In this work, we sought to establish a mechanistic
understanding of the pH effect on nitrite hydrogenation over
an alumina-supported Rh catalyst using the well-established
behavior of alumina-supported Pd for comparison. We carried
out batch-reactor studies in a wide pH range (i.e., pH 4 to pH
11.5) and estimated pseudo-first-order rate constants for the
nitrite reaction while measuring the concentrations of detected
reaction products. These studies show an opposite trend in
NO2

− reduction over Pd and Rh, where Rh primarily forms
NH3 and is only active at high pH and, expectedly, Pd rapidly

forms N2 at low pH. Density functional theory (DFT)
calculations were performed to understand the pH-dependent
activity and selectivity of Rh. We found that there is a strong
thermodynamic driving force and a low kinetic barrier for
protonated nitrite (HNO2) to dissociatively adsorb on Rh as
NO* and OH*. The kinetics of NO* dissociation and
hydrogenation are slow, which leads to NO* surface poisoning
at low pH. At higher pH, the nitrite in solution is
predominantly a deprotonated anion (NO2

−), which we
found has a higher adsorption and dissociation barrier. Thus,
surface NO* poisoning is relieved at higher pH. These
predictions were corroborated by in aqua surface-enhanced
Raman spectroscopy (SERS), which confirmed that high NO*
surface coverage is observed only under low pH conditions.
We also evaluated competitive N2H4 versus NH3/NH4

+

formation rates, which is correlated with surface hydrogen
coverage, reflecting the balance between hydrogenation and
coupling of nitrogen-containing surface intermediates.

2. EXPERIMENTAL SECTION
2.1. Materials. Commercial Rh/Al2O3 and Pd/Al2O3

catalysts (metal content of 1 wt %) were purchased from
Alfa Aesar, which were reported to be in the reduced form.
Sodium nitrite (NaNO2 > 99.5%) and monobasic sodium
phosphate (NaH2PO4 > 99.5%) were purchased from Fisher.
Dibasic sodium phosphate (Na2HPO4 > 99%), ammonium
chloride (NH4Cl ≥ 99.5%), sulfanilamide (≥99%), N-(1-
naphthyl)ethylenediamine (>98%), 4-dimethylaminobenzalde-
hyde (>99%), concentrated phosphoric acid (H3PO4, >85%),
concentrated sulfuric acid (H2SO4, 95−98%), and hydrazine
(35 wt % N2H4 in H2O) were all purchased from Sigma-
Aldrich. Nessler’s reagent was purchased from Macron.
Hydrogen gas (99.999%) was purchased from Matheson. All
experiments were conducted using deionized (DI) water (>18
MΩ·cm, EMD Millipore Synergy).

2.2. Catalyst Characterization. 2.2.1. Transmission
electron microscopy. Transmission electron microscopy
(TEM) was performed on a JEOL JSM 2010 microscope
(operation voltage of 200 kV). TEM samples were prepared by
suspending ∼10 mg of catalyst in 10 mL of ethanol and
ultrasonicating for 30 min to disperse the sample. Four drops
of this solution were placed onto a carbon-coated copper grid
and then dried in a desiccator for 12 h at room temperature to
ensure complete ethanol evaporation.

2.2.2. X-ray diffraction. X-ray diffraction (XRD) measure-
ments were performed on a Rigaku D/Max Ultima II
diffractometer using Cu Kα (λavg = 1.5418 Å) radiation.
Samples were measured with the detector tube set to 40 kV
and 40 mA, 1° divergence and scattering slits, a 0.30 mm
receiving slit, and a 10.00 mm divergence height-limiting slit
width. The scan speed was 1.5°/min with a sampling width of
0.02°.

2.2.3. CO Pulse Chemisorption. CO pulse chemisorption
was performed using a Micromeritics AutoChem II 2920
analyzer. The catalysts were heated to 350 °C (10 °C/min
ramp rate) under flowing 10% H2/Ar and soaked at 350 °C for
1 h to ensure full reduction of the metal and then for another
1.5 h under flowing He. The samples were cooled to 35 °C
before a known volume of CO was injected under a constant
He flow, until no more CO was adsorbed (as detected by the
thermal conductivity detector). All gas flow rates were set to 50
cm3/min at standard temperature and pressure. The metal
dispersion and particle size values were estimated assuming a

Scheme 1. Two Reactions of Nitrite Reduction, Leading to
Dinitrogen and Ammonia (with Free Energy Values at 25
°C, 1 M Reactant Concentrations, 1 atm)
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1:1 CO/metal-atom stoichiometry and a hemispherical particle
shape.33−35

2.2.4. N2 Adsorption Analysis. The Brunauer−Emmett−
Teller (BET) specific surface areas were calculated from N2
adsorption isotherms obtained at liquid-N2 temperature (77
K) using an Autosorb-iQ-MP system. Before measurements,
the sample was degassed for 12 h under vacuum (∼2 mmHg)
at 200 °C. The average pore size was calculated using nonlocal
DFT assuming a cylindrical pore shape.
2.2.5. SERS Analysis. Palladium-covered and rhodium-

covered gold nanoshells (“Au@Pd NSs” and “Au@Rh NSs”)
supported on silicon wafers were prepared in the same manner
as reported previously36−38 but with a higher Pd (or Rh) metal
loading [∼100% calculated Pd (or Rh) surface coverage of the
Au NS surface]. Briefly, the Au NSs were prepared by adding
400 μL of aminated silica colloid (120 nm diameter,
Nanocomposix) to 20 mL of 2-week-old Au NPs prepared
by the Duff method and aged overnight.39 This mixture was
then centrifuged and redispersed twice to remove free Au NPs
and concentrated into ∼3 mL volume. The Au-decorated silica
colloid suspension (30 μL) was then added to 3 mL of 370 μM
HAuCl4 and 18 mM K2CO3 solution and stirred. Form-
aldehyde (30 μL, 30 wt %) was used to reduce the gold salt
onto the cores, creating a continuous shell. Comparing the
ultraviolet-visible (UV−vis) spectra to that predicted by the
Mie theory indicated a shell thickness of ∼22 nm with a
concentration of 1.18 × 108 particles/mL. To a 3 mL sol of as-
synthesized Au NS, 6 μL volume of a stock solution of
H2PdCl4 or Rh(NO3)3 (2.49 mM) was added. The metals
were reduced onto the Au NS surface by bubbling with H2 gas
(100 sccm) for 1.5 min. Damping of the NS plasmon was
observed via UV−vis spectroscopy (Shimadzu UV-2401, slit
width = 0.2 cm) giving indirect evidence of metal reduction
onto the Au (the dielectric functions of Rh40 and Pd41 have
large ϵ2 at visible light frequencies). Following the reduction
step, the NSs were centrifuged and the supernatant was
removed, leaving behind a fluid volume of 300 μL. The
concentrated shells of 20 μL volume (concentration = 1.18 ×
109 NS/mL) were added to the poly(vinylpyrolidone)-coated
silicon chips. The next day, the chips were rinsed with DI water
before affixing to a microscope coverslip and plasma cleaned
prior to introduction into the SERS reaction chamber, as
previously reported.
Chemisorption SERS experiments were performed analo-

gously to our previous works.36,37 Nitrite solutions (5 ppm-
NO2

−) were prepared at two different pH values and buffered
with 25 mM phosphate buffer at 3.1 for the “low-pH” solution
and 9.4 for the “high-pH” solution. The solutions were
bubbled with nitrogen gas for 15 min to displace the dissolved
O2 and fill the headspace. Nitrite-free solutions at high and low
pH were also prepared and bubbled with N2 or H2 gas for
baseline measurements and catalytic metal regeneration. After
introduction of inert or reaction solution, measurements were
taken using a Renishaw Raman microscope with a 785 nm laser
using 0.5% laser power in the range of 100−2200 cm−1. Each
measurement took approximately 60 s. To correct for possible
drift of the focal plane, the Raman spectra were normalized to
the silicon peak at 520 cm−1.
2.3. Catalytic Experiments. Prior to the experiments, the

as-purchased Rh/Al2O3 catalyst was treated under flowing H2
(100 sccm) at ∼200 °C for 1 h before use. This was done to
maintain reproducibility of the results. For our convenience,
the as-purchased Pd/Al2O3 catalyst was not treated before use,

after we confirmed that the reductive treatment step had no
effect on the observed activity (which is due to the ease of Pd
reducibility during reaction testing). Batch nitrite reduction
experiments were conducted in 125 mL glass bottles with
poly(tetrafluoroethylene) (PTFE)-lined threads and PTFE−
silicone septum caps. The initial solution volume was fixed at
50 mL. Six initial pH values ranging from 4 to 11.5 (with a pH
step size of 1.5) were selected. pH values lower than 4 were
not considered because Rh catalyst activity was negligible. pH
values higher than 11.5 also were not considered because of
dissolution of the alumina support (see Table S1). To prevent
the pH of the reaction medium from changing significantly
during the reaction, monobasic sodium phosphate and/or
dibasic sodium phosphate (final concentration of 25 mM)
were added as a buffer, with further pH adjustments made with
either H3PO4 or NaOH. The ionic strength values at pH 4, 5.5,
7, 8.5, 10, and 11.5 were 25, 29, 50, 71, 75, and 78 mM,
respectively. Without the buffer, the pH increased from 6.5 to
>10 at the end of nitrite reduction testing (Figure S1). Final
pH values for the buffered reactions are given in Table S2.
The experimental conditions of 25 mg catalyst charge and

600 rpm stir rate were optimized to ensure that the reaction
was kinetically limited and not mass-transfer limited. This
analysis is detailed in the Supporting Information (Figure S2).
Before each experiment, the reactor (containing the buffer
solution and catalyst powder) was purged with H2 for 15 min
at a flow rate of 100 mL/min to remove the dissolved oxygen
and fill the headspace. All experiments were carried out in
triplicate at room temperature (∼23 °C) and atmospheric
pressure. The reactions were initiated by injecting 250 μL of
concentrated NaNO2 solution (10 mg-NO2

−/mL) into the
batch reactor for a starting NO2

− concentration of 50 ppm-
NO2

− (∼1 mM). Samples were collected at 0, 3.75, 7.5, 15, 30,
45, 60, 120, 240, and 360 min, as needed, and passed through a
0.2 μm filter to separate the catalyst from the reaction medium.
Three species were detected (NO2

−, NH4
+, and N2H4) and

their concentrations were determined colorimetrically using
UV−vis spectroscopy (Shimadzu UV-2401, slit width = 0.2
cm). Griess’s reagent was used to quantify the concentration of
NO2

− (limit of detection of 0.2 ppm-NO2
−). Nessler’s reagent

was used to quantify the concentration of NH4
+ (limit of

detection of 0.1 ppm-NH4
+). Ehrlich’s reagent was used to

quantify the concentration of N2H4 (limit of detection of 0.05
ppm-N2H4).
Because H2 gas was in excess, the observed reaction rate

constant k was calculated assuming a pseudo-first-order
dependence on the nitrite concentration within the first 2 h
of reaction

− =
−

−
C

t
kC

d

d
NO

NO
2

2 (1)

where CNO2
− is the nitrite concentration in mg/L and t is the

reaction time in minutes.
The initial surface metal-normalized rate constant kcat (in L

gsurface metal
−1 min−1) was then calculated from k (via kcat = k/

Ccat), where Ccat (in gsurface metal
−1 L−1) is calculated according

to the metal loading and percent dispersion obtained from CO
chemisorption.
The selectivity values to ammonium (SNH4

+) and hydrazine

(SN2H4
) were calculated from the following equations
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where C0 and C are the initial molar concentrations of nitrite
and the concentration of nitrite at time t, respectively. Nitric
oxide (NO) was assumed to be absent as a reaction byproduct,
based on previous isotopic labeling studies.19 Minor amounts
of N2O have occasionally been detected in the bulk as a
transient intermediate during nitrite reduction with 100%
selectivity to N2.

19,24 In this work, their concentrations were
not quantified, and it was estimated that N2 accounted for the
rest of the nitrogen balance during nitrite reduction.
2.4. Computational Methodology. DFT calculations

were performed using the Vienna Ab initio Simulation Package
(VASP 5.4.4).42 The exchange−correlation functional was
treated with the Perdew−Burke−Ernzerhof43 generalized
gradient approximation within the projector-augmented-wave
formalism.44,45 The 4d85s1, 4d10, 2s22p4, 2s22p3, and 1s1

valence electrons were treated self-consistently for Rh, Pd, O,
N, and H, respectively. All calculations were spin-polarized,
and the kinetic energy cutoff for plane wave basis sets was 450
eV. The Methfessel−Paxton smearing method46 was employed
with a smearing width of 0.2 eV. The Brillouin zone was
sampled using a 7 × 7 × 7 Monkhorst−Pack47 (MP) k-point
grid for bulk Rh and Pd unit cells, and a 4 × 4 × 1 MP grid was
used for the 3 × 3 × 1 simulation cell of Rh(111) and Pd(111)
surface facets. van der Waals corrections were included by
employing the Grimme’s D2 dispersion correction.48

The atomic force convergence cutoff for all geometry
optimizations was 0.02 eV Å−1, where convergence to an
energy minimum was verified in each case with a frequency
calculation to ensure that all imaginary frequencies were
eliminated. Frequency calculations were completed with finite
differences of ±0.02 Å with only atoms in the adsorbed species
populating the Hessian (i.e., all metal atoms in the surface were
fixed). The climbing image nudge elastic band (NEB)49,50

method was employed to identify the transition states.
Frequency calculations confirmed that each transition state
structure has only one imaginary frequency corresponding to
the saddle point of the reaction coordinate. All optimized
structures, total DFT energies, and vibrational frequencies are
reported in the Supporting Information.
Optimization of the bulk lattices of Pd and Rh resulted in

lattice constants of 3.89 and 3.77 Å, respectively, which are in
good agreement with the respective experimental values of
3.89 and 3.80 Å.51 We chose the (111) facet of Pd and Rh as
our surface models in this study because these surfaces are the
most stable,52 and all reported DFT results are computed with
the Rh(111) or Pd(111) surface models. However, since these
surfaces are the most stable, they are also expected to yield
high activation barriers for elementary reactions occurring on
the surface. Thus, we take our predicted barriers to represent
the ceiling for the actual barriers, yielding lower rates than
what is experimentally measured over metallic clusters that
expose more reactive undercoordinated reaction sites. As the
nature of these sites is unknown, we prefer to use the (111)
facet model as a conservative choice for studying activity trends
with respect to solution pH. We introduce a barrier scaling
parameter in our kinetic models to test the sensitivity of our

analysis against the possibility of lower reaction barriers. This
sensitivity analysis is presented in the Supporting Information
in Figure S3, where we find that, although overall rates are
sensitive to barrier heights, the activity trends with respect to
solution pH are not. Catalyst surfaces were modeled using slab
geometries with four layers that each contain nine metal atoms.
The bottom layer of the slab was fixed to approximate the
underlying bulk, and a vacuum layer of at least 15 Å was used
to separate periodic slabs in the z-direction. Isolated molecules
were treated with a 15 × 15 × 15 Å simulation cell and a 1 × 1
× 1 MP grid.
Free energies for all structures were computed using

standard formulae53 derived from statistical mechanics to
account for translational, rotational, vibrational, and electronic
degrees of freedom. Translational and rotational contributions
to the free energy were excluded for all surface-adsorbed
species. Multiple models were tested to account for the
entropy of transition states involving the adsorption or
desorption of molecular species at the surface, in which the
molecule can retain varying amounts of translational entropy in
the transition state (i.e., ranging from a fully adsorbed state
with no translational degrees of freedom to a preadsorbed state
with two-dimensional translational freedom).54 We found that
varying the translational entropy between these two extremes
did not alter our conclusions, as demonstrated by a sensitivity
analysis reported in the Supporting Information in Figure S4.
Reaction free energies were calculated at a temperature of 300
K, a H2 pressure of 1 atm, a nitrite concentration of 50 ppm, a
NH3 concentration of 2.5 ppm, a N2H4 concentration of 1
ppm, and a H2O concentration of 55 M. For each adsorbate,
the energy of the most favorable adsorption site is reported,
where adsorption on all high-symmetry fcc, hcp, bridge, and
top sites for each adsorbate was tested.
The free energy of charged species in solution was computed

as a function of solution pH using thermodynamic cycles and
experimental acid dissociation constants with the following
relationships

= + Δ+G G GNH NH protonation4 3 (4)

= + Δ−G G GNO HNO deprotonation2 2 (5)

Δ = · · −

Δ = −Δ

G RT K

G G

2.303 (pH p ) andprotonation a

deprotonation protonation (6)

where GNH3
and GHNO2

are the Gibbs free energies of neutral
molecules computed with DFT and statistical mechanics, and
ΔGprotonation and ΔGdeprotonation are the protonation and
deprotonation energies, respectively, of the neutral molecule
computed with the experimental pKa of the molecule and the
pH of the solution. We employ pKa values of 3.25 and 9.25 for
HNO2 and NH3, respectively.

55 We considered two reaction
paths for the dissociative adsorption of nitrite to account for
the effect of pH on the preferred reaction mechanism, that is,
we expect that dissociation of HNO2 will be most relevant
under acidic conditions when the protonated form of nitrite
dominates, whereas the adsorption of NO2

− will be relevant
under basic conditions. The apparent activation barrier for the
dissociative adsorption of HNO2 was computed with the
following sequence of elementary reactions

+− + FNO H HNO2 2 (7)
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+ * → * + *HNO 2 NO OH2 (8)

The apparent dissociation barrier for the overall reaction
(NO2

− + H+ + 2* → NO* + OH*) is computed as the sum of
the protonation energy required to form HNO2 in solution
(which is pH-dependent) and the reaction barrier required to
dissociate HNO2 over the catalyst surface. We do not consider
the nondissociative adsorption of HNO2 as we found that
HNO2 dissociation is highly exergonic and is effectively
barrierless over both Rh and Pd (see Figure S5 for NEB
calculations). The apparent barrier for this process will become
prohibitively large under very basic conditions. Therefore, we
also consider the direct adsorption and dissociation of NO2

−

with the following sequence of elementary reactions

+ + * → * + *− +NO H 2 NO H2 2 (9)

* + * → * + *NO NO O2 (10)

* + * → * + *O H OH (11)

The direct adsorption of NO2
− on the surface and its

conversion to NO2* involves transfer of negative charge from
NO2

− to the surface, where it is assumed that this charge is
quenched by coupled proton adsorption to form H*. Both the
nitrite adsorption processes, either through direct NO2

−

adsorption or through HNO2, are included in the microkinetic
model, where the preferred reaction path is determined by the
pH of the solution and the apparent barrier of each process.
HNO2 dissociation to NOH* and O* was also considered, and
we found a barrier of 0.77 eV for this reaction over the Rh
surface. This high barrier suggests that HNO2 dissociation to
NOH* and O* will not compete with the NO* and OH*
formation path that has no activation barrier.
Solvation was treated implicitly using the VASPsol56,57

continuum implementation with a dielectric constant of 78.4
for water. Solvation energy was included as a single-point
correction to geometries relaxed in vacuum. We also tested
mixed explicit−implicit solvation models for molecular species
and found that explicitly solvating the lone pairs of both
ammonia and hydrazine with hydrogen bonds to water
molecules leads to significantly enhanced stabilization of the
molecule in solution. Thus, we apply the mixed explicit−
implicit solvation correction to NH3(aq) and N2H4(aq) in our
main analysis. For comparison, we also report in the
Supporting Information results derived with the implicit-only
solvation model. The inclusion of the explicit water changes

the overall rate of NH3 and N2H4 production but does not
alter the relative activity/selectivity trends with respect to pH
(Figure S6).
We used the DFT energetics to build a microkinetic model

for analyzing nitrite reduction to NH3 and N2H4 at varying
solution pH over Rh. Twenty-one elementary reactions,
summarized in Table S4 and S5, were included in the
microkinetic model. The rate constant of each elementary
reaction was calculated using the Eyring−Polanyi−Evans
equation

= −Δ †
k

K T
h

e G RTB /
(12)

= Δ −† †
k

K T
h

e eS R E RTB / /a

(13)

where k is the rate constant of the reaction step, KB is the
Boltzmann constant, T is the temperature, h is the Planck’s
constant, R is the gas constant, ΔG† is the Gibbs free energy of
activation, ΔS† is the entropy of activation, and Ea

† is the
activation energy. The employed values for the change in
entropy (ΔS†) and activation energy (Ea

†) are listed in Table
S4, and the values for change in free energy (ΔG†) are listed in
Table S5. Rate expressions (including forward and backward
reactions) are obtained using the following equation

∏ θ= ηr kn n
i

i
i n,

(14)

where rn is the rate of the reaction n, kn is the calculated rate
constant, θi is the concentration of chemical species i in the
reaction step n, and ηi,n is the stoichiometric coefficient of
species i in the reaction step n. Using the net rate expression of
each species, the rate of coverage change is calculated using the
equation

∑θ
η=

t
r

d
d

i

n
i n n,

(15)

Equation 15 is a set of coupled differential equations, which
is combined with a site balance and integrated numerically to
obtain the coverage of each species as a function of time. A
degree of rate control, X̅RC,

58,59 analysis was performed to
identify rate-controlling elementary reaction steps during
NO2

− reduction to NH3 and N2H4. Further details regarding
X̅RC are provided in the Supporting Information.

Scheme 2. Proposed Reaction Pathways for the Reduction of NO2
− Leading to the Formation of NH3/NH4

+ (Blue), N2H4
(Red), and N2 (Orange); Green Labels Correspond to Elementary Reactions Except for R22, Which Lumps Multiple
Elementary Steps That Are Not Shown
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3. RESULTS AND DISCUSSION

3.1. Nitrite Reduction Pathways. The reaction network
for nitrite reduction is complex, with many possible reaction
paths that branch to yield N2, NH3, or N2H4.

23,24,60 The
reaction network investigated in this study is summarized in
Scheme 2. The reaction begins with the adsorption of nitrite,
which can either begin with NO2

− adsorption followed by
dissociation or with the direct dissociative adsorption of HNO2
to form NO* and OH* (* indicates that the species is
adsorbed). This will depend on the protonation state of the
nitrite anion, which in turn is determined by the pH of the
solution. Following NO2

− adsorption and dissociation, OH* is
removed from the surface through reaction with H* to form
H2O, where H* is generated from the dissociative adsorption
of H2. Over precious metal catalysts, adsorbed NO* is a crucial
intermediate that dictates reaction selectivity.19,23,61 NO* can
either dissociate directly to form N* and O* (i.e., the blue-
colored path in Scheme 2)62 or can undergo hydrogenation to
form HNO*, NOH*, and HNOH* prior to the dissociation of
the N−O bond (i.e., the pink-colored paths in Scheme 2).
NH* is hydrogenated to form NH2*, which can undergo
further hydrogenation to form NH3*/NH4

+ or can couple to
form N2H4.
N2H4 was observed experimentally (see Section 3.2.3), so

we also evaluated various pathways leading to the formation of
N2H4. DFT reaction energies demonstrate that coupling of two
NH2* species to form N2H4* has the lowest barrier (Table S6),
and thus we restrict our analysis of N2H4 formation to this
path. NO* can also react with nitrite to form N2O*, which

leads to N2 production (i.e., the orange path in Scheme 2).60,63

The detailed mechanism of N2O* formation is not yet
understood and will be the subject of future investigation. As
N2 formation was observed to be limited over Rh, we will not
explore the N2 formation pathway extensively in this work.

3.2. Rh and Pd Catalyst Behavior at Different pH
Values. 3.2.1. Catalyst Structure. The catalyst structures were
characterized using TEM, XRD, CO chemisorption, and N2

adsorption (Table 1). The alumina support had a nanorod
morphology of ∼40 nm in length and ∼10 nm in width, with
Rh/Al2O3 showing more agglomeration than Pd/Al2O3

(Figure S7). There were no discernible XRD peaks for the
metals, indicating high dispersion of the 1 wt% metal. The
detected diffraction peaks were those of the γ-Al2O3 phase
(Figure S8). The N2 isotherms indicated that the catalysts had
a similar porous structure and an average pore size (Figure S9).
On the basis of the metal particle sizes estimated from CO
chemisorption and TEM analysis, the Rh metal is more
dispersed on the alumina support than Pd.

3.2.2. Nitrite Reduction. Figure 1a shows the nitrite
concentration versus time profiles of the Pd catalyst at
different pH values. The Pd catalyst is highly active at acidic
pH values, and the activity becomes lower with increasing pH,
with the rate constant decreasing by over 99% from pH 4 to
pH 11.5 (Figure 1c). These normalized rate constants are
generally consistent with previous reports for Pd/Al2O3 where
CO2 is used as a buffer (pH ≈ 5.5).64 The 92% decrease in
activity from pH 4 to pH 8.5 is also in alignment with the

Table 1. Structural Characteristics of Pd/Al2O3 and Rh/Al2O3 (1 wt % Metal Loading)

catalyst
metal dispersion from CO

chemisorption (%)
particle size from CO
chemisorption (nm)

TEM particle size
(nm)

BET surface area
(m2/g)

average pore diameter
(nm)

Pd/Al2O3 28 3.4 3.3 ± 0.5 147 12
Rh/Al2O3 65 1.7 1.9 ± 0.5 150 11

Figure 1. (a,b) Nitrite concentration vs time during the nitrite reduction reaction with 1 wt % Pd/Al2O3 and Rh/Al2O3 with 25 mM phosphate
buffer at different initial pH values. (c) Initial first-order rate constant of nitrite reduction with 1 wt % Pd/Al2O3 and Rh/Al2O3 at different initial
pH values. The right panel shows the data points in the pH 7−11.5 range.
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∼80% decrease in activity from pH 4 to pH 8 in the initial
reports by Vorlop and Tacke.15

Rh/Al2O3 showed very low activity at low pH, with metal-
normalized rate constants consistent with the published results
for Rh/Al2O3 at pH 6.15 Counterintuitively, the Rh catalyst
became active at high pH, in contrast to Pd (Figure 1b).
Although Rh at pH 10 and 11.5 was much less active than Pd
at pH 4, this observation updates the viewpoint that nitrite
reduction catalysis needs an acidic environment to proceed.
Figure 1c shows a comparison of kcat (normalized to the

surface metal content) for Pd and Rh as a function of pH. The
Rh catalyst was not active under acidic conditions where Pd
catalysts were highly active, but these two catalysts showed
similar initial activity at pH 8.5, with the activity crossover
point occurring between pH 8.5 and 10. Although there have
been no studies that describe the pH effects on Rh-catalyzed
NO2

− reduction, Werth and Strathmann groups reported on
NO3

− reduction over monometallic Rh.25 They found that Rh
became the most active at pH 3 and showed essentially no
activity at pH 10. For NO3

− reduction, the initial reduction
step over Rh likely involves oxidation of the Rh surface, with
subsequent reduction of NO2

− surface species by the same
active site. This two-step reduction pathway would be similar
to that of the bimetallic Pd-based systems, in which the
promoter metal (e.g., In, Cu, and Sn) reduces NO3

−, and Pd
serves to reduce the NO2

− surface species (and to re-reduce
the oxidized promoter metal via hydrogen spillover).65−67 We
hypothesize that the basic reaction media could promote
oxidation of the Rh surface, making it unable to carry out the
initial NO3

− → NO2
− reduction step but still able to carry out

NO2
− reduction.

The effect of basic pH on the nitrite reduction rate for each
metal can also be investigated by running the reaction
unbuffered. The nitrite reduction generates hydroxide anions
(Scheme 1), which suggests that Pd (or Rh) catalytic activity

should decrease (or increase) over time if the reaction medium
is not buffered. Indeed, the Pd catalyst is deactivated after 6 h
of reaction time when tested in DI water (initial pH of 6.5),
and the nitrite concentration did not decrease any further after
1 day (final pH of 11.4) (Figure S1). It is generally accepted
that the deactivation of Pd catalysts is due, in part, to the
poisoning effect of hydroxyl groups generated during the
reaction.11,12,64,68 In comparison, the Rh catalyst rapidly
removed nitrite anions to nondetectible levels within ∼2 h
under unbuffered conditions (initial and final pH values were
6.6 and 10.9, respectively). The pseudo-first-order rate
constant was 8.9 L/g-surface-metal/min, which is ∼10 times
higher than the buffered cases (0.9 L/g-surface-metal/min, pH
7), indicating the promotional effect of the basic reaction
medium on nitrite reduction over Rh. The mechanistic origin
of this phenomena is investigated using DFT in Section 3.3.

3.2.3. Ammonium Formation. Ammonium is a byproduct
in the nitrite reduction reaction. Figure 2a shows that the
absolute concentration of ammonium formed over Pd was low;
less than 5 ppm was formed after 6 h for all conditions tested.
Ammonium selectivity (at 20% NO2

− conversion) was <1%
below pH 7, increasing to as high as 37% at pH 11.5 (Figure
2c). Both the total ammonium concentration and selectivity
increased with increasing pH for the Pd catalyst, reinforcing
observations that a high pH favors ammonium formation.15,23

Ammonium selectivities were relatively constant at NO2
−

conversions above 20% (Figure S10). In addition to pH,
ammonium selectivity over Pd is known to be a function of H2
concentration in solution, indicating that the surface coverages
of both N-containing surface species and H adatoms are
important to determine the final products of nitrite
reduction.69

Rh produced significantly more ammonium than Pd, except
under acidic conditions where Rh catalysts were marginally
active (Figure 2b). For Rh, the ammonium selectivity (at 20%

Figure 2. (a,b) Ammonium concentration vs time during the nitrite reduction reaction with 1 wt % Pd/Al2O3 and Rh/Al2O3 catalysts at different
initial pH values. (c) Ammonium selectivity for 1 wt % Pd/Al2O3 and Rh/Al2O3 catalysts at 20% nitrite conversion at different initial pH values
(N.C. = not calculated due to low activity). (d) Initial ammonium formation rate during the first hour of nitrite reduction reaction, with 1 wt % Pd/
Al2O3 and Rh/Al2O3 catalysts at different initial pH values.
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NO2
− conversion) was 68% at pH 7, increasing to 95% at pH

11.5 (Figure 2c). At higher NO2
− conversions, the ammonium

selectivity values over Rh were unchanged regardless of pH,
reaching close to 90% under all neutral and basic pH
conditions tested and >95% at the highest conversions
measured (Figure S10). We observed a clear pH effect on
NH4

+ selectivity, and the observation of Rh reducing NO2
−

principally to NH4
+ is consistent with the majority of the

literature on nitrite (or nitrate) reduction over supported
monometallic Rh.14,15,66,70 Figure 2d shows the ammonium
formation rates over the Rh and Pd catalysts in the pH range
tested. The formation rates were comparable at pH 7 and
below, but the rate increased much more over the Rh catalyst
than Pd at pH > 7. The rapid ammonium formation rates for
Rh (∼40 times faster than that for Pd at pH 11.5) have
implications in nutrient recovery from nitrate/nitrite waste-
water.
3.2.4. Hydrazine Formation. Hydrazine (N2H4) is a known

intermediate in the oxidation of ammonia to dinitrogen on
both metal and metal oxide surfaces, particularly under
conditions where there is limited oxygen available.71,72 It can
theoretically be generated from nitrite reduction with H2
(Scheme 3). It has been speculated to be a potential
intermediate in nitrite reduction reaction, but, to our
knowledge, it has never actually been detected.17

In our reactions, hydrazine was detected in the bulk over the
Pd catalyst at pH ≥ 7 (Figure 3). The overall quantity of
hydrazine formed over Pd increases as a function of pH, with a

maximum observed concentration of 0.5 ppm N2H4 at pH 11.5
(Figure 3a). In all cases where hydrazine is observed on Pd, its
concentration decreases as the reaction proceeds. Figure 3c
shows that the selectivity toward hydrazine increases
monotonically with pH for Pd/Al2O3, which is expected
based on its similarity to NH4

+. This indicates that their surface
formation mechanisms might be similar.
Hydrazine was detected at all pH values over Rh, also

mirroring ammonium formation conditions. The total quantity
and selectivity toward hydrazine were higher over Rh than
those over Pd under almost all pH conditions tested, with a
maximum observed concentration of 1.1 ppm N2H4 at pH 8.5.
Whereas the hydrazine concentration strictly decreased over
time for Pd, Figure 3b shows that the peak hydrazine
concentration detected for Rh/Al2O3 moves to shorter times
as the pH increases, with only pH 10 and pH 11.5 showing
peak hydrazine concentrations at the beginning of the reaction.
This strongly suggests that hydrazine behaves as a transient
intermediate in the reduction process, decomposing as the
reaction proceeds. This is also supported by the plot of
hydrazine selectivity versus nitrite conversion for both
catalysts, where the selectivity to hydrazine sharply decreased
with nitrite conversion (Figure S11).
Both the hydrazine selectivity (Figure 3c) and the maximum

observed hydrazine concentration (Figure 3b) display a
volcano-shaped behavior as a function of the pH, peaking at
pH 8.5. We attribute this trend in the hydrazine selectivity over
Rh/Al2O3 to competitive formation between NH3 and N2H4,
which is governed by the hydrogen concentration on the
surface. Hydrazine formation as a function of pH is
investigated further using DFT microkinetic modeling in
Section 3.3.2. Hydrazine is known to be an unstable
intermediate that is readily decomposed over Rh, and
additional experiments also confirmed that it is degraded
much more rapidly over Rh than over Pd at pH 10 under

Scheme 3. Nitrite Reduction to a Third Reaction Product,
Hydrazine (with Free Energy Values at 25 °C, 1 M Reactant
Concentrations, 1 atm)

Figure 3. (a,b) Hydrazine selectivity versus nitrite conversion during the nitrite reduction reaction with 1 wt % Pd/Al2O3 and Rh/Al2O3 catalysts at
different initial pH values. (c) Selectivity of hydrazine at 20% nitrite conversion [N.C. = not calculated due to low concentration (Pd) or low
activity (Rh)].
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similar buffered, hydrogen-saturated conditions (Figures S12
and S13).
3.2.5. Implication of Hydrazine Formation. Hydrazine can

be thought of as an additional source of N2 and NH4
+. Its

decomposition has been highly studied for H2 storage and
generation for fuel cell applications. In water, the generation of
hydrogen from hydrous hydrazine is accomplished through its
complete decomposition (N2H4 → N2 + 2H2), whereas
ammonia is generated from the incomplete decomposition
pathway (3N2H4 → 4NH3 + N2).
Rh(0) nanoparticles are among the materials that have been

highly investigated for room temperature H2 generation from
N2H4 in water. Singh et al. found that monometallic Rh shows
∼44% selectivity for the complete decomposition pathway
compared to the incomplete decomposition pathway, under
ambient conditions. Pd, on the other hand, was found to be
inactive for N2H4 decomposition to H2, although the N2H4
conversion was unreported.73

In our case, the reactor was saturated with hydrogen, and the
competition between N-species coupling to N2 and NHx*
hydrogenation to NH3* is shifted by the increased presence of
hydrogen atoms on the surface, increasing the observed
selectivity toward NH3. To explore hydrazine decomposition
under simulated nitrite reduction conditions, 1.2 ppm
hydrazine was injected into a hydrogen-saturated batch reactor
buffered at pH 10 (near the maximum detected concentration
during nitrite reduction). As mentioned previously, this
confirmed that hydrazine can be decomposed/hydrogenated
over the alumina-supported Pd and Rh catalysts under our
experimental conditions. Under these conditions, Pd showed
lower overall activity than Rh for hydrazine decomposition/
hydrogenation (Figure S12). Although N2H4 shows an
interference interaction with Nessler’s reagent, the ammonium
selectivity for both catalysts can be directly calculated after full
conversion of N2H4. Rh displayed ∼100% selectivity to NH4

+

after complete conversion. In comparison, Pd showed NH4
+

selectivity of ∼35%. These results indicate that the formation
and incomplete decomposition of hydrazine could play a
significant role in the minor quantities of NH4

+ observed with
Pd.

When a higher initial concentration of hydrazine is used (5
mg/L), Pd becomes deactivated, whereas the reaction remains
rapid over Rh (Figure S13). This could indicate that some
intermediate of N2H4 decomposition poisons the Pd surface,
which we hypothesize to be atomic nitrogen. This species has
been observed to poison Pd during ammonia adsorption74 and
has been speculated to be largely unreactive during nitrite
reduction when the reaction is near complete conversion.75

The observation of this species during N2H4 reduction
conditions via SERS will be discussed further in Section 3.4.
At the higher initial concentration, the selectivity toward NH4

+

remained at ∼100 and ∼35% for Rh and Pd, respectively. To
the best of our knowledge, this is the first time that hydrazine
formation and decomposition have been observed and
quantified for the nitrate/nitrite reduction reaction.
This reaction pathway has mechanistic implications for

hydrogen-generation applications, as the hydrogen-saturated
conditions in our study are similar to the reaction conditions of
hydrazine decomposition where the conversion is approaching
100%. Furthermore, the formation of N−N coupled species
other than N2 on metal surfaces under ambient aqueous
conditions shows promise for the possibility of new avenues for
nitrogen chemical transformations. Recently, researchers in the
field of nitrogen chemistry have placed a larger focus on the
development of more sustainable and efficient catalytic
processes to minimize the use of fossil fuels needed for
nitrogen transformation reactions.76 Further study on the
hydrazine formation pathway in the mechanism of nitrite
reduction could enable synthesis of fine chemicals from nitrate
and nitrite wastes.

3.3. DFT Calculations. 3.3.1. pH-Controlled NO2
−

Adsorption and Reduction to NH4
+. In this section, we

report the DFT analysis of NO2
− reduction mechanisms over

Rh, where we focused on answering two questions

(1) Why does the NO2
− reduction rate increase as the

solution pH is increased?
(2) Why does the N2H4 production rate exhibit a volcano-

like dependence on pH?

We first explored the effect of solution pH by considering its
effect on the initial adsorption and dissociation of nitrite in

Figure 4. (a) NO2
− adsorption and dissociation energetics with increasing pH. (b) Reaction energy diagram showing the reduction of NO2

− + 2H+

+ 3H2 → NH4
+ + 2H2O at T = 300 K, pH = 3.25, P[H2] = 1 atm, [NO2

−] = 50 ppm, and [NH3] = 2.5 ppm over Rh(111). Black markers and
curves represent pH-independent reactions, and green and pink colors represent pH-dependent reactions at pH 3.25 and pH 9.25, respectively.
Reaction energies and barriers involving the dissociation or association of surface reactants are computed relative to the energies of the reactant and
product species in separate simulation cells at infinite separation (e.g., barrier D is computed as ΔGact = GTS:H−OH* + G* − GOH* − GH*).
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varying protonation states (Figure 4a). The protonation state
of the nitrite anion will be controlled by the solution pH,
where HNO2 will be the dominant species below pH = 3.25
(i.e., the pKa of HNO2) and NO2

− will be the dominant
species above pH = 3.25.55 Thus, we considered the adsorption
and dissociation of both HNO2 and NO2

− in our analysis. We
found that HNO2 rapidly dissociates to form NO* and OH*,
where NEB calculations confirmed that there is no barrier for
HNO2 dissociation on the 0 K potential energy surface (Figure
S5) over Rh(111). The free energy barrier ΔGact = 0.15 eV
shown in Figure 4a is derived from the loss of translational
entropy as the molecule approaches the surface. This
corresponds to the HNO2 dissociation barrier when the
solution is at or below pH 3.25, where there is no free energy
“penalty” to form the HNO2 molecule.
Above pH = 3.25, we computed the apparent HNO2

dissociation barrier by accounting for the free energy required
to form the HNO2 molecule by protonating NO2

−, which
increases the apparent barrier for HNO2 dissociation because
there is an uphill energy penalty to form HNO2 above pH =
3.25. As such, the apparent barrier for HNO2 adsorption is pH-
dependent and increases as the solution pH increases. We also
considered the adsorption and dissociation of NO2

−, which is
pH-independent above pH = 3.25, where the molecule adsorbs
as NO2* and then dissociates on the surface to form NO* and
O*.
As seen in the DFT reaction free energy diagram shown in

Figure 4b, HNO2 dissociation to NO* and OH* over Rh is
highly favorable (i.e., ΔGrxn = −2.32 eV and ΔGact = 0.15 eV at
pH = 3.25). We inferred from this reaction energy diagram
that the catalyst surface may be easily poisoned by NO*, as
NO* will be rapidly deposited on the surface via HNO2
dissociation. We evaluated the formation of NH* from NO*
through three different pathways: NO* dissociation, HNO*
formation, and NOH* formation.77,78 Sequential NO* hydro-
genation to HNO* and HNOH* followed by dissociation to
NH* and OH* is the preferred pathway for NH* formation on
Rh, as this pathway has a smoother potential energy surface
compared to alternative paths leading to NH* (Figure S14).
The apparent barrier to dissociate NO* to form NH* is found
to be 1.48 eV on Rh, which suggests that NO* dissociation will
be slow. This further indicates that NO* poisoning over Rh
will play an important role in the overall kinetics, as NO* is
quickly deposited on the surface and is slowly removed from
the surface.
The reaction energy diagram suggests that rapid HNO2

dissociation is promoted at low pH, and when coupled with
slow NO* dissociation and hydrogenation, this leads to NO*
poisoning. Since the apparent barrier for HNO2 formation and
dissociation increases with increasing pH, we propose that
increasing the solution pH effectively suppresses NO* surface
poisoning by slowing down the rate at which NO* is deposited
on the surface. This possibility will be explored in the following
section, where a microkinetic model is employed to explore the
connections between pH, reaction rates, and surface coverage.
In comparison, when we evaluated the NH3 formation pathway
over Pd, we found an apparent barrier of 2.08 eV for NO* to
form NH* (Figures S15 and S16), which is consistent with
previous reports.79,80 The high NO* dissociation barrier over
Pd explains its significantly reduced selectivity toward NH3.
3.3.2. Microkinetic Model. We performed a microkinetic

modelling analysis of NO2
− reduction to understand the

changes in NH3/NH4
+ and N2H4 formation rates over the Rh

surface as a function of pH. We did not include a reaction path
leading to N2 formation in this model (i.e., reactions R22-R24
in Scheme 2) because Rh is not observed experimentally to be
selective toward N2 formation. In this model, the solution pH
only impacts reaction rates and energies by determining the
relative free energy of HNO2/NO2

− and NH3/NH4
+ molecules

(i.e., pH only affects reaction steps involving a proton, which
are shown in green and pink in Figure 4b). All reactions,
reaction energies, and reaction barriers used to build the
microkinetic model are reported in Tables S4 and S5. Figure
5a,b shows the results of the microkinetic model at varying pH,

which demonstrates that the NH3/NH4
+ formation rate

increases and NO* surface coverage decreases with increasing
pH on the Rh(111) surface. This can be attributed to the
increasing barrier for HNO2 adsorption, which mitigates NO*
build-up on the surface. It should be noted that the NO2

−

reduction rate and surface coverages are transient in nature,
and the data shown in Figure 5 corresponds to the state of the
catalyst surface after 105 s have elapsed (starting with an empty
surface). The full reaction transients are shown in Figure S18,
where we see that initially the reaction rate is higher at low pH
before the surface becomes poisoned with NO*, which would
be intuitive for a reaction that consumes protons in the
absence of any surface-poisoning effects. This trend reverses as
the surface approaches steady state, as NO* builds up on the

Figure 5. Microkinetic model showing (a) NH3/NH4
+ (blue) and

N2H4 (orange) formation rates and (b) NO*, H*, and H2O* surface
coverages at varying pH values and at 300 K after a time elapse of 105

s. (c) Degree of transient rate control (X̅RC) at pH 4, 7 and 11.
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surface and inhibits further reaction. The computational rates
predicted by the model are much lower than those observed in
the experiments because our model employs the least reactive
(111) facet, as discussed above in the Computational
Methodology section. Consequently, the timescales required
to reach steady state are much longer than those observed
experimentally, as seen in Figure S18. Thus, we restrict our
analysis of these models to only qualitative trends that can
yield mechanistic insight and do not rely on quantitative
comparisons to the experiment.
The model shows that increasing the HNO2 dissociation

barrier mitigates the NO* poisoning effect, which is evident in
the increased NH3/NH4

+ formation rate predicted at high pH.
The decrease in NO* coverage is coupled with an increase in
H* coverage (Figure 5b) because here we assume that excess
H2 is available (i.e., in the experiments the system was
presaturated with hydrogen). The rate plateau at pH ≈ 9 in
Figure 5a can be understood by noting that the barrier for
dissociative HNO2 adsorption is pH-dependent and increases
with pH (i.e., pH controls the free energy of NO2

− protonation
to form HNO2), whereas the barrier for direct NO2

−

adsorption/dissociation is pH-independent. The crossover of
these activation barriers occurs at pH ≈ 9, where the overall
reaction rate becomes insensitive to pH because direct NO2

−

adsorption becomes energetically favored at pH > 9. The
position of the rapid jump in rate followed by a plateau is in
good agreement with the experimentally observed increase in
rate between pH ∼5 and ∼10, given the accuracy of our DFT
calculations (i.e., ±2 pH units correspond to ±0.12 eV at 300
K). We also computed NO* adsorption energies with varying
OH* coverage to determine if adsorbate−adsorbate inter-
actions could also explain the observed pH effect (Table S7).

We found that the NO* adsorption energy varied only slightly
with varying OH* coverage (i.e., by ∼0.2 eV), and therefore,
we conclude that the primary effect of changing the solution
pH is to change the availability of protonated nitrite.
The formation of N2H4 was also evaluated using the

microkinetic model, which demonstrates that peak N2H4
formation occurs at pH ≈ 5 just prior to the takeoff in NH3
formation. This suggests that there is a competition between
NH2* coupling (i.e., NH2* + NH2* → N2H4*) and hydro-
genation (i.e., NH2* + H* → NH3*) that determines the
selectivity of the reaction. At low pH, both reactions are
poisoned by high NO* coverage and exhibit low rates. As the
pH increases, surface sites become available that enable NO*
dissociation, but the surface is not yet covered with a
substantial amount of H*, which in turn allows NH2* coupling
reactions to form N2H4. As the pH increases further, there is a
clear increase in the H* coverage, which tips the balance
toward NH3* production. Thus, we see that the N2H4
formation rate exhibits volcano-like dependence on the
solution pH. Note that the N2H4 formation rate is always
many orders of magnitude below the NH3 formation rate,
which is expected, given the energetically uphill nature of N2H4
formation compared to NH3. Also, in our model, we
considered only the Rh(111) facet, and thus we expect that
Rh nanoparticles that expose metal atoms with varying
topological environments (e.g., edges and steps) may be
more favorable for N2H4 production. Indeed, He et al. have
demonstrated computationally that N2H4 desorption becomes
more favorable with decreasing Rh nanoparticle size,81 leading
to easier formation and desorption of N2H4.
Finally, we performed a degree of rate control analysis to

further support our interpretation of the microkinetic model.

Figure 6. Accumulated SER spectra over metal-plated Au NSs of solutions containing 5 ppm NO2
− and water background for (a,b) Pd plating at

low and high pH and (c,d) Rh plating at low and high pH. Low pH = 3.1. High pH = 9.4.
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Figure 5c shows that HNO2 dissociation to NO* and OH*
(reaction R1) has a large negative X̅RC at low pH indicating the
significant poisoning effect of this reaction. The magnitude of
X̅RC for R1 decreases as pH increases, which demonstrates that
increasing the barrier for HNO2 dissociation delays the onset
of NO* surface poisoning. At higher pH, X̅RC for R2 grows
more negative indicating that NO* is derived from direct
NO2

− adsorption and dissociation under basic conditions. R9
and R10 (i.e., NH3* formation from NH*) have small but non-
zero, X̅RC values at low pH, which further demonstrates the
rate-limiting nature of NH3* formation when the surface is
poisoned. This confirms that at lower pH, NHx species are
slowly hydrogenated to NH3*, allowing for NH2* coupling to
form N2H4. R14 (i.e., HNO* formation from NO*) has the
largest positive X̅RC, which demonstrates that HNO*
formation is the preferred path for N−O bond dissociation
via the NO* + 2H* → NH* + OH* reaction.
Reaction R14 controls the rate at all pH values, which

demonstrates that breaking the N−O bond in NO* is the
essential step that determines the overall steady-state rate of
NO2

− reduction. Here, we are reporting a transient degree of
rate control (X̅RC), which captures the cumulative effect of a
barrier change at t = 0 s on the state of the surface and the
corresponding rates at some later time of interest (e.g., at t =
105 s in this analysis). This differs from the instantaneous
degree of rate control (XRC),

58 and a more detailed discussion
of X̅RC versus XRC is provided in the Supporting Information
(Figures S17−S20).
3.4. SERS Evidence for Nitrogen Surface Species.

Inspired by the stark differences in NO* coverage at varying
pH predicted by the microkinetic model, we employed in aqua
SERS to study and compare the adsorbed intermediates of the
nitrite reduction reaction at low (∼3) and high (∼9) pH values
(Figure 6). Pd was again used for comparison here because of
our previous experience in the application of model Au@Pd
NS catalysts for the in-situ investigation of transient reaction
intermediates36,37 as well as the existing literature on the pH-
dependence of reaction intermediates on Pd during nitrite
reduction.23 In all of the experiments, a broad background was
observed from 1000 to 1800 cm−1 typical of NS SERS
experiments,37,38 with broad peaks at 1000 and 1550 cm−1

typical of Si−O of the silicon wafer and carbonaceous residues.
A broad oxide peak centered at ∼540 cm−1 was apparent

after the introduction of the N2-saturated low pH solution
(Figure S21a, 1−5 min), which is indicative of PdO
formation.82 The H2-saturated low pH solution was introduced
after 5 min and was effective at re-reducing Pd, as evidenced by
the disappearance of the oxide peak (Figure S21a, 6−10 min).
The low pH nitrite solution was introduced after 10 min and
monitored over 10 min (i.e., scans 11−20). Figure 6a shows
the normalized accumulated spectra of the nitrite-containing
solution and the previous H2-saturated solution (background).
Upon the introduction of nitrite, a number of new bands
appear. The band at 261 cm−1 is consistent with the Pd−N
stretch of surface-bound atomic N.75,83 Bands at 359 cm−1

(νPd−N) and 870 cm−1 (NO2
− deformation) and the broad

feature at 1600 cm−1 (symmetric NO2
− stretching) agree with

surface-bound NO2
−.83,84

High-pH, H2-saturated water was introduced after 20 min of
total reaction time, followed by the high-pH NO2

− solution
after 25 min. Figure 6b shows the normalized accumulated
spectra from these high pH experiments. While surface NO2

−

likely is still on the surface (bands at 351 and 857 cm−1 and

increase in broad feature ∼1600 cm−1), species not found in
the low pH conditions are also apparent. The low-frequency
mode at 303 cm−1 is consistent with the Pd−N stretch of
surface-bound NO.84,85 The emergence of the small peak at
441 cm−1 may be due to the formation of trace amounts of
ammonium from H2 left over from the H2 treatment.74 Finally,
we observe small modes at ∼1954 and 2102 cm−1, which may
be related to bridging and terminally bound N2O species
(Figure S21c).85,86

The SERS experiment was performed analogously using the
Rh-plated Au NSs. Similar to the Pd case, a broad oxide peak
centered at ∼520 cm−1 was apparent after the introduction of
the N2-saturated low pH solution (Figure S22a, 1−5 min).82

The H2-saturated low pH solution was introduced after 5 min
and was effective at re-reducing the Rh, as evidenced by the
disappearance of the oxide peak (Figure S22a, 6−10 min). The
low pH nitrite solution was introduced after 10 min and
monitored for 10 min. Figure 6c shows the normalized
accumulated spectra of the nitrite-containing solution and the
previous H2-saturated solution (background). We attribute the
band at 292 cm−1 to the Rh−N stretch of surface-bound
atomic N,87 while we tentatively assign the band at 249 cm−1

to the Rh−N stretch of surface-bound NO adsorbed in a linear
fashion (e.g., the fcc or atop position). This assignment is
based on the observation of similar red shifts for the adsorption
of NO compared to atomic N on both Pd and Pt in SERS85 as
well as from the vibrational frequencies we calculated using
DFT on the Rh(111) surface, which also show a red-shifted
frequency of NO compared to N (Table S8). Molecularly
adsorbed NO has also been observed on Rh(111) in acidic
solutions of nitrite using in situ Fourier transform infrared
(FTIR) spectroscopy, and thus we also expect to observe it
under these very similar conditions.88

The small feature at 471 cm−1 may be due to the Rh−N
stretch of surface-bound NOH formed by reaction of the NO
species with H2,

89 or it could also correspond to the N−O
bending mode of adsorbed NO in the atop position.90 Surface-
bound NH3 has been ruled out in this case because of the
much higher intensity of the feature compared to control
experiments of direct NH3 adsorption onto the metal NSs
(Figure S23) as well as the negligible NH3 formation rate
observed at pH 4 in our catalytic experiments (Figure 2).
Finally, the bands at 853 cm−1 and the broad band at 1600
cm−1 are consistent with surface-bound NO2. The shoulder
around the Si peak at 520 cm−1 suggests that the Rh surface
was partially oxidized by the nitrite. A very faint feature ∼2100
cm−1 is consistent with the trace formation of N2O (Figure
S21b).85,86

In contrast, much fewer adsorbates were observed during the
high pH experiments (Figure 6d). A slight increase in the
bands ∼853 and ∼1600 cm−1 suggest that there still may be
some surface-bound NO2.

87 The trace feature at ∼455 cm−1

may be related to surface-bound ammonium. In the case of Pd,
the peaks observed in our SERS experiments can be compared
to those from the Lefferts group using attenuated total
reflectance infrared (ATR-IR) spectroscopy.23 For Pd, NO is
not observed at low pH, which suggests that the reaction
happens quickly under these conditions. This is further
supported by the observation of adsorbed atomic N, which is
hypothesized to be formed when the reaction is near complete
conversion and to react very slowly with hydrogen to form
ammonia.75 Adsorbed N2O is not observed at low pH, likely
due to the rapid reduction of N2O to N2 that has been
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observed for Pd.91 At high pH, the observation of NO
indicates that the reaction proceeds much more slowly under
these conditions, which is well-known in the literature and
expected based on the results presented in Figure 1. Combined
with the lack of features observed for atomic N, this also
supports the notion that N−O bond dissociation is extremely
slow under basic conditions over Pd. The observation of trace
N2O on Pd suggests that the formation of N2 also proceeds
much more slowly under these conditions and supports our
hypothesis that the NO surface coverage is low, as NO and
N2O are known to be competitively adsorbed with NO
adsorption being known to prevent N2O adsorption and
dissociation to N2.

83 The lack of a peak corresponding to
atomic N along with the observation of NH3 at high pH
strongly suggests that the H coverage is high under these
conditions. Interestingly, N2O was not observed by the Lefferts
group at pH 9 over Pd, whereas it could be observed in small
amounts over Pt.23 However, this is probably due to the
increased sensitivity of SERS for measuring ultralow
concentrations of bound molecules when compared to ATR-
FTIR techniques.92

For Rh, NO is observed at low pH, supporting the notion
that NO dissociation is hindered under acidic conditions
because of the lack of available surface sites (from rapid NO2

−

dissociation). The preponderance of features corresponding to
NO/NOH and atomic N observed in the SERS experiments
over Rh suggest that the Rh surface has a high surface coverage
of these more unreactive N-species, which is consistent with
the surface coverages calculated by our microkinetic model
(Figure 5b). Conversely, this implies that the hydrogen surface
coverage is low,93 and the subsequent ammonium formation
rates (through hydrogenation of atomic N) will also be low,
consistent with our experimental results. Furthermore, the
observation of trace quantities of N2O indicates that the N2
formation pathway can proceed over Rh, albeit very slowly. At
high pH, the lack of a peak corresponding to adsorbed NO
supports our conclusion that the NO surface coverage should
be low under these conditions because of the fact that NO2

−

dissociation is slowed allowing for rapid N−O bond
dissociation. Furthermore, the observation of NH3 without a
feature corresponding to atomic N indicates that hydro-
genation to NH3 is rapid under these conditions, consistent
with the ammonium formation rates observed in our
experiments at pH > 8.5 (Figure 2d).
Last, we note that features corresponding to adsorbed

hydrazine were not detected in any of the experiments in
Figure 6 or in control experiments at significantly increased
concentration (∼500 mg N2H4/L), consistent with the
reported literature on hydrazine detection via SERS.94 Control
experiments at 10 mg N2H4/L were performed analogously to
the “high pH” conditions in Figure 6 (Figure S24). The
resulting spectra of the Au@Pd NS showed a weak feature at
∼290 cm−1, which could suggest the formation of atomic N
from N2H4, consistent with the catalytic results discussed in
Section 3.2.4. The spectra for the Au@Rh NS appears to be
consistent with the experimental results, with small features at
∼300 and ∼420 cm−1 suggesting both atomic N and NH3
formation.
In summary, our observations using SERS corroborate the

notion that the NO* surface coverage during nitrite reduction
helps to determine the activity of precious metal catalysts.
Adsorbed atomic N, a speculated unreactive intermediate for
Pd, has been observed during nitrite reduction conditions, as

well as bound N2O, confirming the hypotheses deduced from
previous FTIR experiments.23,75 Furthermore, the presence or
absence of NO on both metals at high and low pH serves to
validate our analysis of nitrite adsorption energetics as a
function of pH for both Pd and Rh as well as the more in-
depth surface coverage analysis done using the microkinetic
model for Rh.

4. CONCLUSIONS

In this work, Rh supported on alumina was tested for its
activity in the nitrite reduction reaction over a range of pH
conditions. As a control, this behavior was benchmarked
against a Pd on alumina catalyst which was active toward
nitrite reduction at low pH values and exhibited a decreasing
trend in activity as the pH increased. Pd was found to show
selectivity predominantly to dinitrogen, with traces of
ammonium and hydrazine observed at higher pH values. In
contrast, the Rh catalyst was inactive at low pH but became
active at higher pH values. The selectivity of Rh was primarily
to ammonium, with small quantities of hydrazine formed as
well.
Experimental observations and DFT calculations demon-

strated that nitrite reduction over Rh is strongly impacted by
NO* surface poisoning and that this poisoning effect is
controlled by solution pH through the rate of dissociative
HNO2 adsorption. This prediction was corroborated by the
experimental SERS analysis, which shows that the Rh surface is
indeed covered with NO* at low pH. The microkinetic model
also demonstrated that the competition between NH3 and
N2H4 formation is regulated by the hydrogen surface coverage,
which is also influenced by the pH of the solution. While the
NO/H surface ratio has long been hypothesized to be the
crucial parameter in determining the nitrite reduction activity
and selectivity over Pd (affected by the NO2

− concentration,
NO2

− conversion, and the H2 flow rate/reductant concen-
tration), our work demonstrates that the surface NO/H ratio is
also modulated by the pH of the reaction medium through the
relative abundance of protonated and deprotonated nitrite,
which changes the barrier for nitrite dissociation to NO*.
Typically, the adsorption of NO2

− as a function of pH is only
considered from an electrostatic point of view; however, we
have shown using DFT that the acid dissociation equilibrium
of NO2

− also plays a significant role in the energetics of the
nitrite reduction reaction.
This study expands the frontiers of the catalytic nitrite

reduction process and has provided initial insight into the
aqueous nitrogen reduction chemistry of other precious metals
outside the scope of conditions which have been optimized for
Pd. Additional fundamental investigation of denitrification
reaction pathways presents an opportunity to develop
technologies for the formation of fine chemical species through
N−N coupling or the coupling of N-species with other
heteroatoms or carbonaceous species present in real waste-
water.
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(14) Hörold, S.; Vorlop, K.-D.; Tacke, T.; Sell, M. Development of
Catalysts for a Selective Nitrate and Nitrite Removal from Drinking
Water. Catal. Today 1993, 17, 21−30.
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(88) Goḿez, R.; Rodes, A.; Peŕez, J. M.; Feliu, J. M. FTIRS and
Electrochemical Characterization of the NO Adlayer Generated by
Immersion of a Rh(111) Electrode in an Acidic Solution of Nitrite. J.
Electroanal. Chem. 1995, 393, 123−129.
(89) Williams, C. T.; Tolia, A. A.; Weaver, M. J.; Takoudis, C. G.
Surface-Enhanced Raman Spectroscopy as an in-Situ Real-Time
Probe of No Reduction over Rhodium at High Gas Pressures. Chem.
Eng. Sci. 1996, 51, 1673−1682.
(90) Mamede, A.-S.; Leclercq, G.; Payen, E.; Granger, P.; Grimblot,
J. In Situ Raman Characterisation of Surface Modifications during NO
Transformation over Automotive Pd-Based Exhaust Catalysts. J. Mol.
Struct. 2003, 651-653, 353−364.
(91) De Vooys, A. C. A.; Koper, M. T. M.; Van Santen, R. A.; Van
Veen, J. A. R. Mechanistic Study on the Electrocatalytic Reduction of
Nitric Oxide on Transition-Metal Electrodes. J. Catal. 2001, 202,
387−394.
(92) Halas, N. J.; Lal, S.; Chang, W.-S.; Link, S.; Nordlander, P.
Plasmons in Strongly Coupled Metallic Nanostructures. Chem. Rev.
2011, 111, 3913−3961.

(93) Tolia, A. A.; Williams, C. T.; Weaver, M. J.; Takoudis, C. G.
Surface-Enhanced Raman Spectroscopy as an in Situ Real-Time Probe
of Catalytic Mechanisms at High Gas Pressures: The NO-H2
Reaction on Rhodium. Langmuir 1995, 11, 3438−3445.
(94) Gu, X.; Camden, J. P. Surface-Enhanced Raman Spectroscopy-
Based Approach for Ultrasensitive and Selective Detection of
Hydrazine. Anal. Chem. 2015, 87, 6460−6464.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.9b03239
ACS Catal. 2020, 10, 494−509

509

http://dx.doi.org/10.1021/acscatal.9b03239

