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Water molecules can enhance or inhibit hydrogenation reactions depending on the nature of the reactive
species and active sites. In metal-catalyzed nitrite (NO3) reduction the presence of protons is essential to
complete the reaction in the aqueous phase. By coupling rigorous kinetics studies of nitrite hydrogena-
tion on Pd with kinetic isotope studies and theoretical calculations we have shown that, contrary to pre-
viously proposed mechanisms of surface H-insertion on NO* in aqueous environments the reaction
proceeds via H-shuttling in which protons move via the aqueous environment while the electrons reach
the NO* through the metal in a concerted fashion. This unique mechanism flattens the energy landscape,
which leads to the same apparent activation energy barrier (0.6 eV) for the formation of HNO* and
HNOH*. These results are consistent with the hydrogen reaction orders, kinetic isotopic experiments,
and micro-kinetic modeling including co-limiting reaction steps for NO* hydrogenation to HNO* and
HNOH*. This work provides new insights that will be key in developing more efficient catalysts and pro-
cesses for catalytic removal of micro-pollutants, such as nitrate and nitrite, in drinking water and more
broadly to hydrogenation reactions in aqueous phase.
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1. Introduction

In nature water plays a crucial role in facilitating the operation
of bio-chemical redox processes like those involved in the carbon
and nitrogen cycles. For instance, in nitrogen reducing, molybde-
num enzymes (NR-Mo) it has been shown that four ordered water
molecules located near the metal site define the binding site of
nitrates.[1]This is not surprising as proton transfer reactions, that
are enhanced by hydrogen bonding provided by water, are
required in the reduction of nitrate to nitrite. These N oxyanions
are essential in the pathway to N, that closes the N-cycle. When
conducting these reactions in solid catalysts these localized molec-
ular interactions, ubiquitous to aqueous environments, cannot be
captured using classical solvation theories, such as those proposed
by Debye and Hiickel,[2] Kirkwood,[3]| and Kamlet and Taft,[4] as
the continuum description cannot capture the complexity that
arises at the solid-liquid interface. It is clearly the role of molecular
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water in the catalytic cycle what makes a detailed knowledge of
these interactions essential in heterogeneous catalysts.|5,6].
Aqueous environments are often avoided in heterogeneous
catalysis as water can be detrimental for the reaction due to either
strong adsorption to the catalyst active sites inhibiting the rate,
degradation of the support via hydrolysis, oxidation of metal clus-
ters, or the lixiviation of the catalyst active phase. In many cases,
however, water presence is unavoidable. This is the case of cat-
alytic reduction of nitrate (NO3) and nitrite (NO3) in drinking
water.[7-9] The reaction has gained renewed interest primarily
due to the leakage of nitrogen-based fertilizers from intensive agri-
cultural activities into natural aquifiers.[10] These contaminants
can directly or indirectly cause a series of diseases in humans, such
as blue baby syndrome, cancer, and hypertension, and severely
damage to the environment via eutrophication of water bodies.
[11] This has resulted in strict limits of these micropollutants in
drinking water. According to the World Health Organization
(WHO), the maximum allowable levels of nitrate, nitrite, and
ammonia concentration in drinking water are 50 mg/L, 3 mg/L,
and 1.5 mg|/L, respectively.[12] Depending of the reaction condi-
tions, media, and catalyst chemistry the selectivity can be steered
towards nitrogen or ammonia.[13-15] The latter, however, is an
undesired product as its toxicity is even higher than that of nitrite.
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Considering the low concentrations of nitrates and nitrite in drink-
ing water it is essential to use catalysts with extremely high activ-
ity and selectivity to nitrogen at near ambient conditions.[16]
While the hydrogenation of nitrates to nitrite readily occurs on
oxophilic Cu-based catalysts,[17,18] the reduction of the latter to
dinitrogen, requires catalysts that can activate both H, dissociation
and N-N bond formation. This is typically achieved using noble cat-
alysts (e.g. palladium and rhodium).[17-21] Here, protons, molec-
ular hydrogen, nitrates, and nitrite actively participate in the
reaction. Specifically, protons play an essential role in this reaction.
For instance, on Rh catalysts it has been shown that slow reaction
kinetics are obtained in acidic pH due to the strong adsorption of
NO* species on the surface, which are readily formed from
HNO, [22] Notably, deprotonation of HNO, at high pH led to mea-
surable rates and high selectivity towards ammonia. This was
attributed to slower dissociation rates of NO3 to NO* on Rh. In con-
trast, on Pd very fast reaction kinetics and nearly complete selec-
tivity to nitrogen was observed at low pH. [23,24] This trait of
nitrite hydrogenation makes it a perfect reaction probe for study-
ing the role of water on the reaction activity and selectivity of
metal catalysts.

The reaction mechanism of nitrite has been extensively studied
in the past using experimental,[23-31] spectroscopic,[7,32-34]
and computational tools.[22,29,35-37] On Pd-based catalysts
detailed spectroscopic and reaction kinetic studies have shown
that NO3 undergoes hydrogenolysis to NO* and H,O in the pres-
ence of protons and hydrogen. [25,26,34] This critical intermediate
could either dissociate into N- and O- atoms,[27]| or undergo
dimerization with another NO,[28] or couple with H
[22,23,25,26,34] before forming N,. Density functional theory
(DFT) calculations have shown that dissociation of N-O is kineti-
cally unfavorable with barriers of 1.46 eV.[22] Likewise, NO*
dimerization reactions are considered unlikely to occur due to
the increased repulsion forces caused by the dipole-dipole interac-
tion of chemisorbed NO*.[29] In this scenario, the H-insertion on
surface NO* species seems to be the most possible pathway.

In-depth analysis of the reaction kinetics of the published liter-
ature (see Table 1) reveals that significant changes in the reaction
order take place with the reactant concentration. For instance,
when the concentration ranges used were relatively narrow with
nitrite concentrations and hydrogen pressures of 0.1-1 mM and
0.1-1 bar, respectively, the apparent reaction orders in hydrogen
varied between 0 and 0.5, while the nitrite orders ranged from 0
to 1. These observations suggest that the rate limiting step involves
hydrogen insertion on surface nitrosyls species (NO* and/or HNO*).
Notably, when low partial pressures of hydrogen were employed
the reaction order increased to ~2, while nitrite orders became
negative. This change in the hydrogen reaction order reveals that
the rate limiting step drastically shifts with surface coverage to a
late step in the hydrogenation mechanism.[23] These drastic
changes in the rate determining step are common in electrocat-
alytic processes as the surface coverages can be widely varied with
the applied potential. However, in low temperature thermo-
catalytic reactions such observations are difficult to be rationalized
as surface coverages are often low. An alternative explanation
could be that the apparent energy barriers for the different H-
insertion steps start to reach similar values. That is that the energy
landscape flattens. In this description, the degree of rate control
can readily shift from different steps in the mechanism as a func-
tion of the surface coverage.

In heterogeneous catalysts water can exert multiple effects on
reactivity, stability, and selectivity, including: (1) alteration of
the energetics of bulk, surface, and activated complexes,[38-40]
(2) participation in the reaction mechanism via H-bonding and
proton transfer,[37,41,42] and (3) competitive adsorption with
reactive species.[43] In this contribution, we have combined
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detailed catalyst characterization, catalytic measurements, kinetic
isotope studies, DFT calculations, and micro-kinetics to unambigu-
ously establish the fundamental role of water molecules in the
nitrite reduction on Pd. First, we developed a set of pore-less
spherical SiO, particles decorated with Pd clusters with well-
controlled cluster size to ensure that internal mass transport limi-
tations can be disregarded. This rigorous approach is required
because selectivity in nitrite reduction appears particular sensitive
to internal concentration gradients, even when catalyst efficiency
is not yet affected according the Weisz-Prater criterion.[23,44]
The resulting materials shows near complete selectivity to nitro-
gen (>99 %) and high intrinsic activity characteristic of Pd catalysts.
The concerted use of catalytic testing, kinetic isotopic effects, and
DFT revealed that H-insertion is facilitated by the water molecules
via proton shuttling in which the electron from the H* moves via
the metal, while the corresponding proton is transferred via a net-
work of water molecules. This results in facile insertion of hydro-
gen on NO* and HNO* surface intermediates, explaining the
change of the reaction order of hydrogen from 0 to 1.5 at high
and low surface coverages, respectively. This is further illustrated
using the degree of rate control of these reaction steps as a function
of the hydrogen partial pressures and temperature. These new
insights expand our understanding of the nitrite reduction chem-
istry, providing additional strategies to optimize the catalyst activ-
ity and selectivity.

2. Experimental section
2.1. Materials

Tetraethyl orthosilicate (TEOS, 98 %), ammonium hydroxide
solution (NH4OH, 25 % (NHs3 basis)), Tetraamminepalladium(II)
nitrate solution (Pd(NHj3)4(NOs),, 10 wt% in H,0, 99.99%), sodium
hydroxide (NaOH, 99 %), methanol (99.9%) and ethanol (99.8%)
were purchased from Sigma-Aldrich and used as received. All the
aqueous solutions were prepared using ultra-purified water
obtained on a water purification system (Millipore, Synergy).

2.2. Catalyst preparation

2.2.1. Synthesis of the SiO, spheres

SiO, spheres were prepared by the hydrolysis of TEOS in an
ethanol solution in the presence of ammonia and water following
the procedure originally described by Stdber et al.[47] The proce-
dure can be summaried as follows. Firstly, two solutions were pre-
pared. For the solution, 15 mL of TEOS dissolved in 200 mL of
ethanol in an oven-dried beaker. For solution II, 50 mL of NH4,0H,
30 mL of water and 100 mL of ethanol were added. After that,
the solution I was added to solution II and the reaction was
allowed to proceed for 22 h at room temperature under continuous
stirring (400 rpm). Then, the SiO, spheres were rinsed with ethanol
twice. After that, the particles were dried in a vacuum oven at 50 °C
overnight.

2.2.2. Synthesis of Pd/SiO, catalyst

Pd/SiO, catalyst was prepared by a strong electrostatic adsorp-
tion (SEA) method.[48,49] First, the point of zero charges (PZC) of
the synthesized SiO, spheres was investigated (Fig. S1). The PZC
of the synthesized SiO, is 2.3. Then, 2 g of SiO, were dispersed in
60 mL of deionized water via sonication for 5 min. The pH of the
solution was adjusted to 10.5 by adding NHs-H,O solution. After
that, 1.12 g Pd(NH3)4(NO3), was added dropwise to the SiO, dis-
persion, and the reaction took place for 1 h at room temperature
under continuous stirring (300 rpm). During the adsorption
process, the pH was kept constant at 10.5 by adding the NH3-H,0
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Table 1
Kinetics of nitrite hydrogenation at room temperature reported in the literature.
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Catalyst Reactor pH Hydrogen pressure (bar) Nitrite concentration (mM) Hydrogen order Nitrite order
Pd/Al,05 [21] Membrane 7 0.01-1 0.24-2.4 0 N/A
Pd/y-Al,03 [30] Slurry 4.7 0.11-1 0.11-0.65 0-0.5 0-1
Pd/Al,03 [23] Batch 55 0.01-0.8 0.3-10 03-2.3 -1-04
Pd/CNF [45] Membrane 7 0.2-1 0.044-0.22 <0 N/A
Pd/AC [44] Fixed bed 4.5-9 0.3-0.7 0.27-0.45 0.4 0.7
Pd/ACC [46] Slurry 4.5-8 1.8-6.4 1.63 0 1

solution. The resulting solution was filtered via sequential vacuum
and filtration membranes. Then, the sample was dried in a vacuum
oven at 40 °C overnight. Finally, the samples were calcined at
300 °C in the air for 0.5 h and reduced in H, for 3 h with a heating
rate of 2 °C /min.

2.2.3. Catalyst characterization

Brunauer-Emmett-Teller (BET) surface area analysis was con-
ducted using a Micromeritics Model ASAP 2400 instrument. For
each study, 0.2-0.3 g of sample was degassed at 120 °C for 24 h
before measurement. The transmission electron microscopy
(TEM) analysis results were obtained using a Tecnai F30 field emis-
sion TEM, with an acceleration voltage of 300KV and coupled with
a HAADF detector (Fischione). The Scanning Electron Microscopy
(SEM) was conducted to investigate the particle size by using a
JEOL, LA6010 with a resolution of 4 nm @ 20 kV. The metal loading
of the Pd/SiO, samples were determined by X-ray fluorescence
(XRF) (Bruker, S8 TIGER). The metal dispersion of the Pd/SiO; sam-
ples was determined by CO chemisorption at room temperature
(Micromeritics, Chemisorb 2750). The samples were reduced in
H, at room temperature for 1 h and then flushed in He for
30 min. After that, CO was introduced as pulses, and the response
was recorded using a TCD detector.

2.3. Catalytic tests

The reaction was conducted using the previously reported setup
from our group.[23] Catalytic activity and selectivity were mea-
sured at atmospheric pressure with a temperature range from 25
to 50 °C. A pH value of 5.5 is maintained by buffering continuously
CO; at a pressure of 0.1 bar. The glass reactor (DURAN © baffled
wide mouth bottle GLS 80) has four connections on the lid used
for gas-in, gas-out, thermometer and sampling with a capacity of
1 L. The reaction conditions are summarized in Table S2. For a stan-
dard experiment, 0.05 g catalyst was suspended in 0.3 L deionized
(DI) water and stirred at 500 rpm under 0.8 bar hydrogen (0.1 bar
CO,, 0.1 bar He) for at least 1 h, removing dissolved oxygen and
reducing the catalyst. After that, the hydrogen pressure is switched
to the value of choice. The reaction was started by introducing of
3 mL NaNO, solution (100 mM) in the glass reactor. Hydrogen
pressure was varied between 0.01 and 0.9 bar, and the nitrite con-
centration was varied between 0.5 and 5 mM. The reaction temper-
ature is controlled by an IKA contact thermometer ETS-D5. During
the catalytic reaction, the samples were collected using a 5 mL syr-
inge (BD Plastipak) and filtered with a syringe filter (PTFE 0.2 pm,
Whatman). The nitrite and ammonium concentrations were
explicitly analyzed using a ion-chromatography (DIONEX, ICS
3000) equipped with an autosampler and a channel for anions
and cations separately for simultaneous measurement.

The apparent reaction orders and activation barriers were
determined in a broad range of nitrite concentrations (0.5-
5 mM), hydrogen partial pressures (0.01-0.9 bar), and tempera-
tures (25-50 °C), using the initial rate calculated from the slope
of the nitrite concentration profile as a function of time. By consid-
ering exclusively data at conversion lower than 10% it was possible
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to avoid the concentration effects on the rate characteristic of
batch reactor operation (Fig. S4). For the activation energy investi-
gation, the decrease of hydrogenation concentration in the solution
caused by increasing the temperature is compensated by increas-
ing the partial hydrogenation pressure according to Henry’s Law.
The Kinetic Isotope Effect (KIE) test was conducted by using '°N-
labeled NaNO, to replace the unlabeled NaNO, to investigate the
influence of nitrogen atoms and by using D,/D,0 to replace H,/
H,0 to examine the impact of hydrogen atoms. The nitrite conver-
sion and ammonium selectivity were calculated according to Eq.
(1) and eq. (2). Since nitrogen and ammonia are the only prod-
ucts,[23] thus the nitrogen selectivity was calculated based on
the mass balance.

[NO, i — [NO, 1,4
=—=———=04x100
[NO, ;o

NO, conversiony =

(1)

[NH, ]y

=———"""——x 100
[NO, ;o — [NO, ],

NHj selectivity, (2)
Here, [NO,|,, is initial nitrite concentration, [NO,],, is the con-
centration of nitrite at t1,.[NH,],,

2.4. Computational methodology

The calculations were carried out using periodic plane-wave
DFT implemented in VASP.[50-52] The Perdew-Burke-Ernzerhof
(PBE) functional within the generalized gradient approximation
(GGA)[53] was used for the exchange-correlation energy.
Electron-ion interactions was described by the projector aug-
mented wave (PAW) approach, and van der Waals (vdW) interac-
tions[54] were included using the DFT-D3 method.[55] All
electronic energies in calculations were converged within 107
eV, and the force on each atom was converged to below
0.02 eV A~'. The simulated Pd bulk has lattice constant of 3.89 A
which is in agreement with measured crystallographic properties
of Pd. The Pd (111) facet was optimized and used to build a
close-packed 3x3 Pd(111) surface with thickness of 4 layers and
a vacuum layer of 15 A along z direction as the previous research
[56]. The supercell as a lattice of about 1 nm, which is long enough
to avoid the interaction from periodic surface. The 3 x 3 x 1
Monkhorst-pack k-point mesh was used to sample the first Bril-
louin zone during structural optimization. In calculations, two
NO adsorbates were positioned on the Pd surface, equaling to 2/9
surface coverage. Two different solvation models were compared.
The implicit solvation effect was computed by VASPsol.[57] The
explicit model was investigated by incorporating different num-
bers of water molecule near the NO molecules and the most stable
local configuration was used for activation barrier calculations.
Total energies of several initial geometries of explicit water were
compared(Fig. S 8-g), and the most stable one was adopted for cal-
culations of activation barriers and transition states. The transition
state searches were performed using the dimer method[58] with
the initial guesses obtained through the nudged elastic band
(NEB) method.[58,59] The transition states were further confirmed
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by calculating the vibrational frequencies. The adsorption energy
E.4s was calculated by Eq. (3).

(Eslub—ads - Eslab - nEads—gas)

Eads = n

3)

Where Eggp_qaas, Esiap, and Eqgs_gqs are the total energy of adsor-
bate/slab system, clean metal slab, and the isolated adsorbate in
gas phase, respectively, and n is the number of adsorbates in the
calculations. The adsorption free energy of liquid-phase NO3 on
Pd surface was obtained by thermodynamic cycle discussed in SI
section 5.1. For hydrogen adsorption calculations, the residual H
entropy upon adsorption was assumed to be the value reported
for adsorption of H over Pd black.[60] The discussion on H entropy
is covered and shown in Fig. S6 and section 5.2 in SI. Also in SI, sec-
tion 5.4 and 5.5 validate the micro-solvation model (1,2,3 water
molecules) and investigate the entropy and enthalpy contribution
on activation free energies as well as loss of water entropy in the
proposed mechanism.

2.5. Data reconciliation and parameter estimation

The kinetic model was evaluated by determining the parameter
values that minimize the objective function given in Eq. (4).[61].

SSE = Z (loglo(TOFEXPi) — IOg]O(TOFMODi))Z

i=1

(4)

The square error for any experiment i was obtained by the dif-
ference between measured Turnover Frequency (TOF) and the cor-
responding model prediction at the same condition. The residual
sum of squares (SSE) was combined with the total sum of squares
(SST, Eq. (5)) to obtain the determination coefficient (R?, Eq. (6))
and the Akaike Information Criterion (AIC, Eq. (7)) for each least
squares solution.[62] Especially, the AIC involves a regression for
variable parameter numbers, which helps identify the over-
fitting case and determine a statistically preferred model.

2

n -l n
SST = " (l0g;(TOFexp,) - - > " logio(TOFgxp,) (5)
i=1 i=1
> . SSE
R =1-35 (6)

AIC = 2n, + In(SSE) (7)

In equations (5)-(7), n is the experimental measurements num-
bers and ny is the number of adjustable parameters regressed in a
model.

3. Result and discussion

3.1. Nitrite hydrogenation over Pd/SiO, catalyst

3.1.1. Catalyst structure

The catalysts were characterized using SEM, HR-TEM, N,
adsorption, and CO chemisorption (Table 2). The SEM image shows
that the synthesized silica support has a diameter of ~500 nm
(Fig. S2). The specific surface area of SiO, and Pd/SiO, shows a very
similar value, suggesting that the structure and porosity of the sup-
port remained unaltered after metal deposition. In addition, the
value is very close to that theoretically estimated for a non-
porous spherical silica particle with a diameter of 500 nm (Table 2).
TEM characterization shows an average metal particle size of
2.5 nm (Fig. S3), which agrees with the average particle size
regressed from CO-chemisorption measurements.

255

Journal of Catalysis 413 (2022) 252-263

3.1.2. Mass transfer effects

To discern mechanistic information we conducted rigorous
analysis of role of mass transfer effects on the experimentally mea-
sured rates. Heat transport limitations were assumed to be negligi-
ble due to the high heat capacity of water (4.2 k] kg~! K1), low
conversion levels employed, and diluted nitrite concentrations
(0.5-5 mM). Internal diffusional limitations were negligible in this
Pd/SiO, catalyst since the specific surface area of the silica support
is very close to the theoretical specific surface area of a non-porous
material (i.e. sphere of 500 nm). The external mass transport lim-
itations were assessed by measuring the turnover frequency
(TOF) as a function of the agitation rate in the baffled reactor
(Fig. S5), increasing the agitation to 250 rpm plateaued the TOF,
indicating that external mass transfer limitations can be excluded
at the conditions hereto employed. These results agree with the
estimated mass transport rates for the reactants. For instance,
when the nitrite concentration is 1 mM, the calculated mass trans-
fer rate is 4.3 x 10> mM min !, which is five orders of magnitude
larger than the highest reaction rate measured (5.0 x 10> mM
min~!) at the same nitrite concentration. Likewise, the Mears crite-
rion shows that external transport of hydrogen in the G-L and/or L-
S interface does not limit our measurements (Section 4.1.2 and
4.1.3 in SI). Considering that the system is free of mass transfer
effects one could use the information from the apparent reaction
orders to extract mechanistic insights.

3.1.3. Apparent reaction orders and activation energy

As shown in Fig. 1d the apparent activation energy barrier for
the nitrite reduction in aqueous phase was 29 + 1 k] mol~!, which
is within the range reported in the literature for Pd catalysts oper-
ating at similar reaction conditions (22.6 to 35.3 k] mol').
[24,44,63] Next, we studied the reaction orders for nitrite and
hydrogen in a broad window of concentrations at low and high
temperature, the overall reaction order is summarized in Table 3.
The reaction order investigation presented in Fig. 1a and 1b, indi-
cates that regardless of the reaction temperature (25 °C and
50 °C) the nitrite apparent reaction orders varied from 0.7 to O at
high hydrogen partial pressures (0.8 bar). Notably, reducing the
partial pressure of hydrogen to 0.05 bar drastically changed the
reaction order to —0.9 and —0.2 at 25 °C and 50 °C, respectively.
Here, the large reaction orders observed at the high hydrogen par-
tial pressures would be consistent with the molecular chemisorp-
tion of nitrite, while the strong inhibition of nitrite observed at low
hydrogen partial pressures reveals that hydrogen and nitrite com-
pete for the same active site on the Pd surface. In contrast to pre-
viously proposed mechanisms summarized by Rosca et al.[64] who
claim the N-O bond breaking is the rate-determining and hydro-
genation happens on the dissociated fragments, the results herein
obtained would suggest that the RDS only requires one surface N-
containing surface specie as the highest apparent reaction order is
significantly lower than 2 even at the low nitrite concentration
region. These observations are not unique to this Pd/SiO, catalyst.
For instance, Xu et al.[23] obtained a nitrite reaction order of —1, at
low hydrogen partial pressures, when studying the hydrogenation
of nitrite on Pd catalysts supported on alumina at 25 °C in a similar
buffered reaction system.

In the case of hydrogen, the reaction orders varied between 1.4
and 1.2 at low partial pressures when the experiments were con-
ducted at 25 °C and 50 °C, respectively (Fig. 1c). Above 0.1 bar
the reaction reaches an asymptotic behavior characteristic of satu-
ration kinetics regardless of the temperature employed. While the
modest decrease of the reaction orders with increasing tempera-
ture could be explained in terms of the entropic contributions to
the Gibbs free energy of adsorption (AGus = AHggs — TASqes) that
effectively reduced the inhibition of the reaction rate caused by
surface coverage, the significant changes of reaction orders of
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Table 2
Characterization data of Pd/SiO, and support material SiO,.
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TEM XRF

CO-chemisorption

N,-physisorption

Sample Pd particle size (nm) Pd loading (wt. %) Pd dispersion (%) Specific surface Theoretical specific Pore
area (m?/g) surface area (m?/g) volume (cm?/g)
Si0, - - - 7.5 6.4 0.002
Pd/SiO, 2.5 0.2 55.5 7.9 6.7 0.002
1.6
s (@) 20r PP E——)
— e ®
08} / 0
0.7 0
15} 0.6
_ 00} =
5 T8
3 3
c 08} = 10f -0.2
1.6
05F
e 0.8 bar hydrogen-298K e 0.8 bar hydrogen-323K
241 4 0.05bar hydrogen-298K 4 0.05 bar hydrogen-323K
-0.7 0.0 0.7 1.4 21 2.8 -0.75 0.00 0.75 1.50 2.25
In (Nitrite concentration) In (Nitrite concentration)
2| 0.2 () (d)
18F =
1}
15} 29+1 kJ/mol
T o} 5
o 2
= c12¢
£41
09}
2} o
= 1mM nitrite-298K
» 1mM nitrite-323K 0.6
-5 -4 -3 -2 -1 0 341 3.2 3.3 3.4

In(Hydrogen pressure)

103 1K)

Fig. 1. (a) and (b) effect of nitrite concentration on reaction rate for 0.05 and 0.8 bar hydrogen pressure at 25 °C and 50 °C. (c) Effect of hydrogen pressure on reaction rate for
1 mM nitrite concentration at 25 °C and 50 °C, (d) Temperature dependence of turnover frequency (TOF) over temperature. The shadow shows the error margin.

Table 3

Overview of the apparent reaction orders in nitrite and hydrogen information in all ranges of the nitrite and hydrogen concentrations.

Temperature (°C) Low hydrogen pressure

Hydrogen order Nitrite orde

T

High hydrogen pressure

Hydrogen order Nitrite order

-09+0.1
-02+0.1

1.4 +£0.1
1.2+0.1

25
50

0.7 £0.1
0.6 +0.1

0.4 +0.1
0.2+0.1

hydrogen from 1.5 to close to 0 are more difficult to rationalize.
Here, one could argue these high reaction orders are associated
to a late rate-determining step in which multiple pre-
equilibrated hydrogenation reactions are needed before reaching
the RDS. This postulate was previously proposed by Xu et al.[23]
during the hydrogenation of nitrite in buffered systems over Pd/
Al;Os. In that case, the authors obtained reaction orders for hydro-
gen that varied from 0.3 to 2 at 20 °C. This considerable variation
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was attributed to the changes in the surface coverage assuming
that the rate-determining step is fixed regardless of the partial
pressure of hydrogen and nitrite concentration. In this rationale,
it is assumed that NO* is readily formed on the Pd surface at the
pH employed in this reaction (pH ~ 5.5), which is stepwise hydro-
genated to (H)NO* and (H),NO* before reaching the RDS involving
the decomposition of (H),NO*. An alternative proposition is that
these changes are caused by a switch in the degree of rate control
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of two consecutive rate-determining steps. In this scenario, at low
hydrogen partial pressures the mechanism is controlled by the
hydrogenation of partly hydrogenated nitro-species, e.g. (H)NO*,
leading to high reaction orders, which upon increasing the pres-
sure shifts to the preceding step in the sequence (e.g. NO* hydro-
genation) with the concomitant decrease in the reaction order.
To further evaluate the aforementioned postulate we conducted
kinetic isotope labelling experiments.

3.1.4. "*N-labelling experiments

In these experiments, the nitrogen in NaNO, was isotopically
labelled with >N while all the reaction conditions were kept con-
stant. The observed turnover frequency (TOF = 2.58 min~!) for the
reduction was similar to that of unlabeled NaNO, reduction (TOF =
2.68 min~'). The resulting kinetic isotope effect (kyis/knis) was
1.04 £ 0.02 (Table 4), which is in line with previous reports on
reduction of nitrite containing aromatic molecules.*> Considering
that the maximum ratio of specific rate constants for *N to >N
is 1.14 at 25 °C,|65] it is clear that the small values obtained here
suggest that there is no significant primary KIE. This further sup-
ports the idea that the rate determining step is not related to N-
N bond formation nor N-O cleavage as previously suggested.[64].

3.1.5. Hydrogen-Deuterium isotope effect

By conducting kinetic experiments using deuterated hydrogen
and water we explored the role of hydrogen insertion in the nitrite
hydrogenation. Here, we obtained primary kinetic isotope effect
with a Ky/Kp value of 2.4 at 25 °C. When increasing the tempera-
ture to 50 °C, the isotope effect of Ky/Kp is 1.5 (Table 4), which is
consistent with the literature that deuterium reacts less readily
than hydrogen at room temperature, thus increasing the tempera-
ture the value reaches of v/2.[66] From the Kinetic isotope effect, it
is clear that the hydrogen atom is involved in the rate-determining
step.

Table 4
Kinetic isotope effect.

KIE(Ky/Kp)'! KIE(Ku/Kp) * KIE(KEY/KL?) 2
25C 50°C 25
Pd/SiO, 237 £0.1 1.51+0.1 1.04 £ 0.02

Note: 1. using D,/D,0 to replace H, and H,0. 2.using Na'>NO, to replace Na'“NO.

2.1 2.4
(a) —=—25°C (b) —=—25°C
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3.1.6. Effect of the hydrogen pressure, nitrite concentration and kinetic
isotope effect on ammonium selectivity

The selectivity to ammonium increased with the hydrogen
pressure (Fig. 2a), especially when the reaction was conducted at
high temperature. This is in agreement previous work that
reported higher ammonia formation as H, pressure and tempera-
ture increased when using a Pd/Al,O5 catalyst.[31] In contrast,
the nitrite concentration decreased the selectivity to ammonium
(Fig. 2b).[23] Experimental data on ammonia selectivity have a lar-
ger error margin, especially in the case of low hydrogen pressure
and nitrite concentration. This is caused by the fact that ammonia
concentration is relatively low at the beginning of the reaction,
especially with a low concentration of reactant, increasing the
experimental scattering.

The Kkinetic isotope effect results revealed that, within the
experimental error, the ammonium selectivity remained unaltered
upon switching to the isotopically labelled hydrogen and water
(see Table S1). The same observations were obtained when N'#
was replaced by N5, This suggests that the rate determining step
is before the N-N and N-H bond formation that leads to either
nitrogen and ammonia, respectively.

3.2. DFT calculations

3.2.1. Nitrite reduction mechanism on a clean Pd surface

As previously mentioned, many reaction mechanisms have
been proposed for nitrite reduction in aqueous solutions using
Pd-based catalysts.[29,63,67-71] These reaction mechanisms com-
monly start with nitrite adsorption and dissociative adsorption of
hydrogen to form H*, followed by hydrogenation of nitrite to form
adsorbed NO*, which has been claimed as a crucial intermediate.
[68,72,73] The N-O bond could dissociate directly to form N*
and 0*[26,27,68,74] or assisted by hydrogen via hydrolysis of
HNO*, NOH* and HNOH* species. The NO* direct dissociation is
hindered by its high activation barrier on Pd(111).[35] Instead,
NO* hydrogenation is favored. The N-O dissociation barrier in
HNO*, NOH*, and HNOH* were calculated to be higher than those
of the sequential hydrogenation steps.[36] Therefore, in the follow-
ing DFT calculations, we follow the hydrogenation of NO* to form
NHOH, hydrolysis of which produces NH*, another surface domi-
nant specie. The N-N bond could form between NH* and another
surface species to form N,. Instead, NH* can also proceed with

Nitrite concentration (mM)

Fig. 2. (a) Selectivity to ammonium at 10 % nitrite conversion as a function of (a) hydrogen pressure, with 1 mM nitrite concentration and (b) nitrite concentration, with

0.8 bar hydrogen pressure.
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(8) NO, (1) - Surface attack (b) Combined  True barrier
= Proton shuttling species (eV)
NO+NH 1.7
g 21 HNO+NH 14
= HNOH+NH 1.4
2 HNOH+N 17
g 4} 44 HNOH+HNOH 1.8
L NH+NH 2.0
2 NO+N 2.0
6 (NH':) N+N 2.0

Fig. 3. (a) Free energy diagram of NO3 reduction on a Pd(111) surface. Black line: hydrogen directly attacks surface species. Blue line: proton shuttle through H,0 to the
surface species illustrated as solvent effect in Fig. S7. The atomic structures of transition state for the first hydrogenation reaction with and without proton shuttling are
shown as insets. (b)The true barriers for possible N-N coupling species. The H adsorption requires H-insertion with a free energy of c.a. 0.6 eV. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

two more hydrogenation steps to form NHs. The free energy profile
is plotted in Fig. 3.

The adsorption energy of NO,~ from liquid phase onto the Pd
surface is - 0.7 eV, and its conversion to form NO* is exothermic
by 0.6 eV. It suggests the NO,~ favors the adsorption on Pd surface
and converts to NO easily, agreeing with a previous report[29]. NO*
adsorbs strongly on Pd with an adsorption energy of —2.8 eV, much
stronger than hydrogen adsorption (-0.6 eV). This energy differ-
ence between NO* and H* suggests NO* likely covers the Pd surface
and competes for sites, in line with the experimentally measured
negative reaction order in nitrite at low hydrogen pressures. The
first hydrogenation can happen at either the N or O in NO*. Our
results shows the formation of NOH* is slightly favorable than
HNO* (see comparison in Fig. 3). However, the kinetic barrier of
HNO* toward HNOH* is feasible by difference of 0.7 eV comparing
to the barrier of NOH*. Thus, Fig. 3 shows the most favorable path-
way following the sequence of NO*, HNO*, HNOH*, NH* and NH,*.
Among all the elementary steps, the transition states (TS) of the
first, second, and third steps to form HNO, HNOH and NH have a
similar energy with the highest values. The RDS should thus be
within the first three steps. Given the polar nature of the surface
species the transition state energy of these steps will be very sen-
sitive to the presence of water molecules via so-called “solvation
effects”.

3.2.2. Solvent effects on the hydrogenation and hydrogenolysis

We consider the solvent effect in two approaches: an implicit
model, which includes the effect of electrostatics, cavitation, and
dispersion on the interaction between a solute and reactant.
Another one is the explicit model, where the actual H,O molecules
are included in the calculations. Fig. S7 shows the free energy pro-
file of NO* hydrogenation towards HNOH* using either the implicit
model or the explicit model. Here, one could notice that a similar
change in the free energy of the TS and chemisorbed species has
been observed for the steps of NO and HNO hydrogenation in
two solvent models. In the following section, we focus on the expli-
cit solvent model to include the proton shuttling mechanism
where explicit water needs to be present to participate in the reac-
tion. Strikingly, the results indicate that the proton shuttling has a
pronounced effect in promoting the first three hydrogenation/hy-
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drogenolysis steps, i.e. lowering their intrinsic activation barriers
by 0.4, 0.2, and 0.5 eV, respectively (Fig. 3). Such an enhancement
is because H,O shortens the hydrogenation path, reducing the
energy of the TS by stabilizing the positive charge at H;0" (see
Fig. S8). As a result, this shuttling mechanism lowers the apparent
barriers. This flattening of the energy landscape leads to similar
barriers for the first two hydrogenation steps.

The proton shuttling path was investigated with extra water
molecules to test the convergence of the explicit model (see
Fig. 4). The results with more than one H,O molecule shows a com-
parable stabilization of the TS, very similar to the model with one
water molecule, suggesting that the key chemistry required in this
model has been captured with just one water in the proximity
(Fig. S9). The true barriers for each hydrogenation, listed in Fig. 4,
shows the most pronounced water promotion on the NOH* forma-
tion. When the O atom in NO* is targeted for hydrogenation, the
true barrier of shuttling is reduced by 1.0 eV, almost independent
on the number of water molecules. NO* adsorbs on Pd with N, leav-
ing the O interfacing with the solvent. The H,O molecules open a
favorable shuttling path for the surface hydrogen to attack O as
observed in other hydrogenation of oxygenates.[37] Yet, such a
promotion effect is strictly limited for hydrogenation of O in
HNO*, because in the tilted configuration of HNO*, the hydrogena-
tion path from the surface is already shortened and facilitated. Dif-
ferent from the O hydrogenation, hydrogenation of N in NO* is
promoted moderately by 0.5 eV, because of the extra energy cost
for water to approach the surface and hydrogenate the N that is
strongly bonded with Pd. A similar effect is shown for hydrogenat-
ing N in NOH*; the water enhancement for hydrogenating N in
NOH* is minor. While these results might indicate that H-
insertion on the O of NO* should be the most preferable pathway
in the explicit water model (red curve in Fig. 4a i-iv), the barriers
obtained for this mechanism are significantly larger than those
obtained in the H-NO* pathway. Furthermore, the hydrogen addi-
tion to the O of NO* would result in reaction orders for hydrogen
that vary between 1 and 1.5. That is, 1.5 hydrogen insertions have
occurred on the system before the RDS. Such mechanism, however,
would not explain the low reaction orders in hydrogen herein
observed (Fig. 1c). Instead, it is more likely that hydrogen is
inserted at the nitrogen atom of NO* leading to similar apparent
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Fig. 4. Free energy diagram for NO reduction on the Pd(111) surface assisted by water in different clusters (a-I) Gas; (a-II) 1 H»0; (a-IIl) 2H,0; (a-I¥) 3H,0.(b) The relative

barriers of each hydrogenation step via NOH to HNOH or via HNO to HNOH.

barriers in the two subsequent hydrogenation steps, resulting in
two co-limiting rate limiting steps with reaction orders varying
from O to 1.5 (blue curve in Fig. 4a i-iv).

It is worth noting that the reactions mediated by different num-
ber of water at the interface may require disruption of hydrogen
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bonds and displacing water molecules from the bulk to the inter-
face, which can add an additional free energy change. We thus
quantitively estimate the free energy change of water reconstruc-
tion (e.g., move a cluster of water (1-3 molecules) from the bulk
to the interface) at room temperature (section 5.4 in SI). The
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enthalpy and entropy change result from breaking hydrogen bonds 3. NO;* +H' + H"==NO" + H,0 + x (barrierless NO* formation, K3)
between the water clusters and the water bulk during the recon- 4. NO" + H" — HNO" +  (hydrogenation of NO*, k,) TS1 RDS
struction. Previous studies showed that such disruption of hydro- 5. HNO" + H* — HNOH" + x (hydrogenation of HNO", ks) TS2 RDS
gen bonds could lead to a noticeable free energy cost (~1 kJ/mol 6. HNOH® + H*=HN" 4+ H,0 + * (hydrogenation of HNOH", ks) TS3
per hydrogen bond), which includes the enthalpy loss and entropy

gain by breaking one hydrogen bond[75,76,77]. Such a free energy The underlaying assumption in this mechanism is that protons
cost associated with large water clusters at the interface was also are readily available in this system and that chemisorbed hydrogen
discussed in olefin epoxidation, though the exact entropy change on Pd is required to provide the electrons for the reduction reac-
is different as in the latter case water is partitioned from organic tions. As a result, hydrogen atoms have been included in the site

nitrile rather than bulk water[78]. Formation of large water clus- balance equation. This results in the following rate expression
ters at the interface, which requires breaking multiple hydrogen (Eg. (8)).

bonds, is thus less likely than the model with one interfacial water
molecule.

ksky * K1**K,K3[H,)*[NO, ] [H']

1+ KV2[H, + K5[NO, ™| + K)2K,K 5 [Ho] V2 [NO, ] H]+-
K1K>K3Ka[Ho][NO, | [H']

Tno, =
ks + ks [Hlt] +

Overall, presence of water molecules does not change the reac- If one considers that the concentration of the [H'] is low and
tion mechanism as the hydrogenation of NO* still follows the HNO constant (about 107> mol L) in comparison to NO3 and H, concen-
path. However, there is a subtle but noticeable change of the rela- trations (~1072 mol L"), then it is possible to neglect the influence
tive difference between TS1 and TS2. That is, the second hydro- of protons in this buffered system. In this sense, the expression

genation has either a larger (by 0.2 eV) or comparable apparent above can be simplified to Eq. (9).
barrier, as compared to the first hydrogenation. This finding is in
good agreement with our further kinetic fitting analysis.

Finally, we want to briefly discuss the selectivity to N, and NH; ksksK1>/ KoK [Ha) 2 [NO, 7]
based on the DFT calculations. Fig. 3 suggests that the N-N coupling 'no, = V2rer 12 P 2 C))
barriers between different surface species (N*, NO*, NH*. HNO*, {k—4 + ksKy“[H] ] * [1 + K;“[H2]? + K3 [NO, }]

HNOH™) are all higher than the corresponding hydrogenation bar-
riers, indicating NH; formation to be more favorable. However, it
should be noticed that NO* and its reaction intermediates bind
stronger with Pd than hydrogen does. The prominence of the N,
product observed in experiments could be due to the high coverage
of NO* and its intermediates on the Pd surface, which leads to a
competitive coupling reaction toward N, over the hydrogenation.
This explains the high selectivity of the catalyst towards nitrogen 3.4. Kinetic fitting analysis
(>98 %) for the different reaction conditions employed. This inter-

In this rate expression (Eq. (9)), one can immediately recognize
that the reaction order for hydrogen and nitrite vary from O to 1.5
and -1 to 1, respectively.

pretation is in good agreement with the observation that at the end We employed the extensive kinetic data presented in Fig. 1 to

of a batch experiment, the Pd surface is almost completely covered  evaluate the validity of the dual RDS mechanism. For this purpose,

with remarkably stable N atoms.[69]. we used as input values for the error minimization algorithm the

Gibbs free energies calculated by DFT for steps 4, —4, and 5. In this

3.3. Langmuir-Hinshelwood reaction kinetics analysis, we limited our fitting to the regression of the equilibrium

and reaction constants. Here, it is important to mention that the

3.3.1. Rate expression development optimized values of the Gibbs free energies of adsorption and acti-

As previously explained, the mechanism for nitrite hydrogena-  vation were close to those obtained from the DFT calculation, indi-
tion involves barrierless formation of NO* on the palladium surface cating that these optimized values are physically meaningful.

from chemisorbed NO3 and H, followed by sequential hydrogena- Here, we observed that the model involving step 6 as RDS leads

tion reactions to form HNO*, HNOH*, and HN*. As shown in the SI to large residual error, AIC, and low correlation coefficient at low
Section 6, the only possible mechanism that would lead to reaction and high temperatures (see Table S1). In contrast, when the RDS
orders for hydrogen that vary from 0 to 1.5, and thus fitting our  is moved earlier in the mechanism to either steps 4 or 5 the good-
results, is that involving co-limiting hydrogenation of NO* and ness of the fitting improves. We observe that when the reaction
HNO*. Choosing a single RDS would unavoidably lead to variations temperature is 25 °C, step 4,5 both as RDS has the smallest residual
of the reaction orders for hydrogen that vary between 0 and 1 for  error, AIC and high correlation coefficient, which means the best
NO* hydrogenation or 0.5-1.5 for HNO* hydrogenation, which fitting is obtained. However, when the temperature increased to
would be inconsistent with experimentally measured values. In 25 °C, steps 4 as RDS lead to the smallest residual error, AIC and

this scenario, the elementary steps are as follows: high correlation coefficient. Essentially, this analysis suggests that

as the reaction conditions are varied the system is either controlled
1. H, + 2 » = 2H" (dissociative hydrogen adsorption, Kj) by step 4, 5 or both. The kinetic fitting of step 4,5 as RDS are show
2. NO; + +=NO;" (molecular nitrite adsorption, K>) in Fig. S11.
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3.5. Degree of rate control

We examined the degree of rate control of the step 4 and 5 over
a large range of experimental conditions using the dual RDS model.

We defined the Degree of Rate Control, Xgc, for elementary step, i,
as described by Campbell (Eq. (10)). [79,80].

(%)
Ki /i,

J

XRC.i = 5 (10)
r

In order to assess the influence of temperature on the Xgc we
estimated the values of the heat and entropies of adsorption using
the Van't Hoff equation for the equilibrium between the reactants
in the liquid phase and the palladium surface, while the activation
enthalpies and entropies were regressed using transition state
treatments. To ensure thermodynamic consistency, we followed
the criteria proposed by Vannice,[81] including; (1) heat of adsorp-
tion must be negative for adsorbing species, (2) there must be a
decrease in entropy upon adsorption, and (3) the molecule cannot
lose more entropy than it possesses before adsorption (see Sec-
tion S7 and S8).

Our statistically optimal model predicts that, in general, both
surface reactions are kinetically significant and the degree of rate
control from each is sensitive to the operating conditions. As
shown in Fig. 5a, at 25 °C the rate control lies primarily with step
5 at low hydrogen partial pressures (c.a. 0.01 bar), explaining the
high reaction orders measured. Increasing the partial pressure of
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hydrogen above 0.1 bar drastically led to a shift in the Xgc to step
4, which is consistent with the low reaction orders of hydrogen
experimentally observed. Likewise, increasing the temperature
shifted the rate control from step 5 to step 4 (Fig. 5b) at low hydro-
gen partial pressure (0.01 bar). These results are in line with the
slight decrease in the apparent reaction orders in hydrogen from
1.4 to 1.2 at 25 °C and 50 °C, respectively. Notably, at high hydro-
gen partial pressures (0.8 bar) the Xgc is dominated by step 4 of the
reaction (Fig. 5¢). This explains the low sensitivity of the reaction
orders near the saturation regime. These results illustrate the key
role of the surface coverage in the large variations of the reaction
orders for hydrogen in hydrogenation reactions.

4. Conclusions

We have provided new experimental and theoretical insights
into the reaction mechanism of nitrite hydrogenation on Pd cata-
lysts that suggests that the large variations of the apparent reac-
tion orders with the partial pressures of hydrogen, nitrite
concentration, and temperature are correlated to a co-limiting rate
limiting step.

Rigorous Density Functional Theory calculations shows that the
hydrogenation of NO via the nitrogen adatom is kinetically favored
HNO over the NOH pathway. Furthermore, when explicit water
molecules are included in the model to actively participate in the
reaction via proton shuttling the activation energy barriers are

1.0
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L 2
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Fig. 5. Degree of Rate Control as a function of hydrogen pressure (a) at 25 °C. Degree of Rate Control as a function of temperature:(b) pH, = 0.01 bar, (c) pH; = 0.8 bar. Results
were generated using the optimal parameter set from the kinetic fitting in section 3.4.
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reduced in comparison to non-assisted hydrogenation using impli-
cit solvent models. This flattening of the energy landscape is in line
with the observed reaction kinetics, and kinetic isotope effect mea-
surements that suggest that NO* and HNO* hydrogenation reac-
tions are co-limiting this reaction. Finally, the interdependence of
the surface coverages and the extent of kinetic control of these
two steps is clearly showcased by the LH kinetic modelling and
degree of rate control analysis. Our results, reveal the importance
of considering both chemical potentials of reacting species (partial
pressures and surface coverages) and the Gibbs free energies of
activation (rate and adsorption constants) in analyzing the seem-
ingly simple nitrite hydrogenation reaction on palladium.
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